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Environmental enrichment has become an essential tool for maintaining captive animals and improving 
their welfare. The information necessary to implement enrichment practices is largely restricted to a 
few species, mainly mammals, while studies on reptiles lag behind. However, current research shows 
that reptiles, like other species, can benefit from well-designed enrichment. In this study, we evaluated 
the effects of three types of enrichment on welfare-related indicators in the European common wall 
lizard, Podarcis muralis, including behavioural measures and faecal corticosterone metabolites (FCMs). 
We used chemosensory (conspecific  scents), thermal/structural (basking platforms) and nutritional 
(feeding device) enrichment designed to provide ethologically relevant challenges. All enrichment in
terventions yielded a significant  decrease in abnormal behaviour (interacting with transparent 
boundaries) and a significant increase in exploration compared to baseline, indicating improved welfare. 
FCM levels increased with time spent in captivity, but less markedly when lizards were exposed 
to enrichment than when it was absent. Taken together, our results suggest positive effects of all three 
enrichment types and highlight the importance of using an ethologically informed approach to 
enrichment design. We discuss how, when grounded in species-specific knowledge, similar strategies 
can contribute to improving welfare in a broader range of captive reptiles.
© 2026 The Author(s). Published by Elsevier Ltd on behalf of The Association for the Study of Animal 

Behaviour. This is an open access article under the CC BY-NC license (http://creativecommons.org/ 
licenses/by-nc/4.0/).

Environmental enrichment is a widely used welfare tool in the 
management of captive animals. Its use has become widespread 
because of growing concern about animal welfare among the 
general public, legal institutions and the zoo and pet care sectors 
(Kagan et al., 2015; Whitham & Wielebnowski, 2013). The ultimate 
goal of enrichment is to improve the welfare of captive animals by 
promoting normal behaviour and positive use of space, reducing 
stress and abnormal or stereotypic behaviours and providing 
biologically relevant challenges (Burman et al., 2008; Young, 
2003).

Successful design and implementation of enrichment relies on 
two key aspects. First, environmental enrichment must be evalu
ated empirically to determine its effectiveness. Behavioural mea
sures are most commonly used for this purpose, but current 

welfare frameworks emphasize the importance of combining 
behavioural and physiological indicators (Dawkins, 2021; Mason & 
Mendl, 1993). Among physiological measures, noninvasive 
assessment of glucocorticoid activity (e.g. faecal cortisol/cortico
sterone metabolites: FCMs) provides an integrated measure of 
hypothalamic—pituitary—adrenal axis activity over time and is 
particularly suited to assessing chronic stress in captive animals 
(Palme, 2019). Second, environmental enrichment strategies need 
to be carefully designed and based on detailed knowledge of each 
species' behaviour and life history (Mellen & Sevenich MacPhee, 
2001; Newberry, 1995; Shepherdson, 2003). Thus, evidence- 
based welfare methods require species-specific  knowledge, 
which remains scarce for many taxa because of a marked taxo
nomic bias in enrichment and welfare research (Melfi,  2009; 
Mellor, 2015), which has led to a disproportionate focus on 
mammals and birds relative to other groups, such as reptiles (de 
Azevedo et al., 2007; Rose et al., 2019). For reptiles in particular, 
this lack of species-specific  knowledge has important conse
quences, often resulting in captive environments with reduced 
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environmental complexity, restricted behavioural opportunities 
and compromised welfare (Arena & C. Warwick, 2023; Whitehead, 
2018). This lack of information, coupled with traditional notions 
regarding reptiles as stoic or low-maintenance animals 
(Burghardt, 2013; Font et al., 2023; Warwick, Steedman, et al., 
2018), promotes husbandry practices that lack scientific  valida
tion (i.e. ‘folklore husbandry’: Arbuckle, 2010, 2013), highlighting 
the need to broaden the taxonomic scope of welfare research and 
adopt an evidence-based approach to reptile enrichment 
(Bartolom�e et al., 2023; Riley & Rose, 2020; Tuite et al., 2022). With 
more than 12 000 recognized species (Uetz et al., 2025), reptiles 
are a highly diverse group. Research on reptile welfare and 
enrichment is particularly important given the diversity of species 
and the large number of individuals kept in captivity in zoos and 
private collections (Conde et al., 2013; Sparrow et al., 2024) and 
the widespread use of reptiles, particularly lizards, as model or
ganisms in research (Hubrecht & Kirkwood, 2010). Their ecto
thermic physiology, distinctive morphology and behaviour imply 
that the requirements for captive reptiles may differ from those of 
endothermic animals (Mendyk & Augustine, 2023) and enrich
ment design requires an ethologically informed approach 
(Greenberg, 2023). For instance, as ectotherms, reptiles regulate 
their temperature mainly through behavioural means (e.g. bask
ing, microhabitat selection and posture changes: Black et al., 2019; 
Vitt & Caldwell, 2014), so thermal enrichment should provide 
opportunities for behavioural thermoregulation by offering a 
range of temperatures and microhabitats. Nutritional enrichment, 
one of the most commonly used forms of enrichment along with 
structural changes to an animal's environment (Bartolom�e et al., 
2023; Eagan, 2019; Riley & Rose, 2020), can offer effective 
enrichment opportunities when it takes into account the lower 
metabolic rates and specific foraging behaviours of reptiles (Huey, 
1982; Kuo et al., 2019; Vitt & Caldwell, 2014). Similarly, consid
ering the sensory capabilities of reptiles is essential for good 
husbandry, although this has often been overlooked in captivity 
(Burghardt, 2013; Crowe-Riddell & Lillywhite, 2023). Despite 
reptiles possessing complex visual and chemosensory systems 
(Cooper, 1995; Fleishman & Font, 2019; Vitt & Caldwell, 2014), few 
studies have investigated the use of sensory stimuli as enrichment 
for these animals (Bannister et al., 2021; Bashaw et al., 2016; 
Londo~no et al., 2018; Waterman et al., 2021).

Despite these challenges, the literature on environmental 
enrichment for reptiles has grown in recent years, leading to 
important advances in herpetological husbandry (Mendyk, 2018; 
Mendyk et al., 2016; Warwick et al., 2023). Although some studies 
have failed to find positive effects of enrichment on behavioural 
and physiological measures (in Anolis carolinensis: Borgmans 
et al., 2018; in Sceloporus undulatus: Rosier & Langkilde, 2011), 
most available evidence suggests that reptiles benefit  from 
properly designed enrichment protocols. Enrichment increases 
activity, exploratory behaviour (Almli & Burghardt, 2006; 
Waterman et al., 2021) and behavioural diversity (Bashaw et al., 
2016; Spain et al., 2020) and reduces aggressive behaviour, ste
reotypies and abnormal behaviour (Burghardt et al., 1996; 
Londo~no et al., 2018; Rickman et al., 2025; Therrien et al., 2007). 
When given the opportunity to choose, reptiles prefer enriched, 
more complex environments (Case et al., 2005; Crisante et al., 
2025; Hoehfurtner et al., 2021), and the positive effects of 
enrichment can improve reptiles’ problem-solving and discrimi
nation abilities (Almli & Burghardt, 2006; Nagabaskaran et al., 
2021). Finally, physiological measures have rarely been vali
dated as indicators of welfare in reptiles (Benn et al., 2019) and 
have only been used in a handful of studies (Carbajal et al., 2024), 
but there is evidence that enrichment may be linked to reduced 
levels of biochemical markers of stress (e.g. reduced heterophil to 

lymphocyte ratios in Terrapene carolina: Case et al., 2005). In this 
study, we evaluated the effects of different environmental 
enrichment types in the common wall lizard, Podarcis muralis. We 
employed three enrichment methods designed to provide etho
logically relevant challenges: (1) chemosensory enrichment, us
ing scents from conspecifics  as a territorial challenge; (2) 
nutritional enrichment, using a device that allowed animals to 
search for food in drilled log holes simulating natural crevices 
where lizards typically forage in the wild; and (3) thermal/ 
structural enrichment, expanding the temperature range within 
the enclosure and enabling animals to choose their preferred 
temperature. We conducted behavioural observations before, 
during and after each enrichment intervention for a group of 
treatment lizards in a counterbalanced single-subject design. We 
also measured faecal corticosterone metabolite (FCM) levels 
noninvasively to assess changes in stress-related adrenocortical 
activity, providing an integrated measure suitable for detecting 
potential effects of enrichment on chronic stress throughout the 
experiment. Finally, we included an external control group that 
was not exposed to enrichment for both behavioural and physi
ological measures.

METHODS

Study Species and Housing Conditions

The European common wall lizard is a small lacertid lizard that 
is widely distributed across Europe, with introduced populations 
in the U.S.A. and Canada. It is commonly used in research and kept 
in zoos and as a pet (Cooper, 2024). In September 2021, we 
captured 24 adult male lizards (mean snout—vent length, SVL ± 
SE = 66.12 ± 0.46 mm; mean weight ± SE = 7.57 ± 0.13 g) in the 
Cerdanya Valley, Eastern Pyrenees, Spain. Lizards were captured by 
noosing, using a pole with a slipknot that tightened around the 
lizard's neck. They were individually held in cloth bags and 
transported by car to our laboratory facilities on the day following 
capture.

Experimental/housing terraria measured 70 × 30 cm and 40 cm 
high. A 40 W Parabolica RP50 Radium lightbulb (Radium Lamp
enwerk, Wipperfürth, Germany, https://www.radium.de) was 
suspended on one side of the terrarium to create a thermal 
gradient, with mean temperature (± SE) ranging from 23.5 ± 
0.19 ◦C on the cold side of the enclosure to 32.43 ± 0.19 ◦C on the 
basking stones directly under the heat lamps, reflecting  the 
preferred temperature gradient of this species (Avery, 1978; Bra~na, 
1991; Trochet et al., 2018). Each terrarium was furnished with 
coconut husk substrate, two basking stones, three shelters along 
the thermal gradient, a piece of slate and a water dish. The terraria 
were housed in a room with a 12:12 h light:dark cycle, and the 
temperature (20 ◦C) and humidity (57%) were monitored daily. In 
addition, daylight/UV-enriched lamps (F30W ‘Reptistar’, colour 
temperature 6500 K; Sylvania Lighting, Budapest, Hungary, 
https://www.sylvania-lighting.com) were used. These lamps were 
positioned 25—35 cm above the enclosure floor and switched on 
for 2 h (1130—1330 hours) five  times weekly. Every other day, 
lizards were fed mealworm larvae, Tenebrio molitor, or small 
crickets, Acheta domesticus, dusted with JBL Terravit vitamin and 
mineral powder (JBL, Neuhofen, Germany, https://www.jbl.de). All 
lizards (both enriched and control animals; see Experimental 
Design) were fed according to the same schedule and received the 
same total amount of prey. The difference between treatments lay 
in the mode of presentation: during the nutritional enrichment 
phase (see below), enriched animals received mealworms exclu
sively from the nutritional enrichment device. Water was available 
ad libitum.
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Experimental Design

We used a single-subject design with 18 experimental lizards 
sequentially subjected to three types of enrichment, counter
balanced to minimize potential order-related effects (Fig. S1). 
Additionally, we included six animals that did not receive 
enrichment at any point during the experiment as an external 
control group. Upon arrival at the laboratory, lizards were housed 
and left in their enclosures for 10 days to acclimatize prior to the 
experiment, as described above. The experiment consisted of a 
baseline phase that lasted 12 days, three enrichment phases (E1, E2 
and E3) lasting 9 days each and a post-treatment phase lasting 10 
days (Fig. 1). The enrichment phases were separated by two resting 
periods (R1 and R2) lasting 8 days each to avoid carryover effects. 
During the enrichment phases, enrichment devices and/or stimuli 
were introduced into the terraria 2 h before lights were turned on 
and remained inside the enclosure for the duration of phase. The 
only enrichment items present in the enclosure were those 
assigned to each individual for that enrichment phase. The 
enrichment devices were removed on the final  day of each 
enrichment phase after the lights were turned off to minimize 
disturbance to the animals.

Nutritional enrichment
For nutritional enrichment, we used a feeding trunk made from 

a cylindrical piece of wood drilled with six holes (2.5—3.5 cm deep) 
of two diameters (2 cm and 1.5 cm; Fig. 2a; Mendyk, 2012; Mendyk 
& Horn, 2011). We loaded three of the holes with mealworm larvae 
before placing the feeding trunk into the enclosures. The trunk 

allowed lizards to explore the holes and feed at their own pace in a 
naturalistic context, reflecting  the natural foraging behaviour of 
this species, which actively explores holes and crevices in search of 
prey.

The feeding trunks provided prey every other day during each 
enrichment phase (i.e. on 4 of the 9 days). We lined the interior of 
the holes with thin plastic to prevent larvae from escaping, which 
also allowed us to record when and how many larvae each lizard 
consumed.

Thermal enrichment
Thermal/structural enrichment consisted of two platforms at 

different heights above the terrarium floor, each topped with a 
slate tile (higher platform: 13 × 10 cm and 14 cm high; lower 
platform: 10 × 7 cm and 9 cm high; Fig. 2b). The platforms allowed 
lizards to climb and approach the heat lamp, increasing the 
structural complexity and expanding the range of temperatures 
available within the terrarium. The mean temperature (± SE) was 
41.0 ± 0.9 ◦C on the higher platform and 28.3 ± 0.8 ◦C on the lower 
platform.

Chemosensory enrichment
Chemosensory enrichment consisted of introducing 2 × 2 cm 

pieces of paper previously exposed to other males to simulate 
encounters with conspecific  scents in the wild (Londo~no et al., 
2018; Fig. 2c). To implement the enrichment, we placed four 
2.5 × 2.5 cm tiles in the corners of the enclosure to provide a 
surface for the scent-marked papers and facilitate their removal 
for cleaning. Each enclosure had its own tiles, which were present 

Treatment

Control

Post-treatmentBaseline E1 E2 E3R1 R2

N = 18

N = 6

12 days 10 days E: Enrichment periods, 9 days R: Resting periods, 8 days  

Chemosensory 

Nutritional 

Thermal 

Counterbalanced order  

Faeces collection: 3/5 days  B: Behavioural observations   

B  B  B  B  B  B  B  

10 days 

Acclimatization

Figure 1. Overview of the experimental schedule and timeline. The experiment consisted of an acclimatization period, a baseline phase, three enrichment phases (E1, E2 and E3) 
separated by two resting periods (R1 and R2) and a post-treatment phase. Behavioural observations were made during all phases except the acclimatization period. Faecal samples 
were collected during all phases except the resting periods.
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Figure 2. (a) Feeding device used for the nutritional enrichment. (b) A lizard basking on the higher of the two platforms used for thermal/structural enrichment. (c) Diagram of 
the terrarium with the chemosensory enrichment (modified from Londo~no et al., 2018). Numbers indicate the contents of the terrarium: (1) a clean 4 × 4 cm piece of paper used to 
collect the scent of donor males; (2) 2 × 2 cm pieces of paper containing donor scent; (3) basking stone; (4) slate tile; (5) clay tiles; (6) shelter; and (7) water dish.
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only during the chemosensory enrichment phase. Every day, we 
used small pieces of adhesive putty to attach a 4 × 4 cm piece of 
clean filter  paper to each male's basking stone. After 24 h, we 
replaced these papers with clean ones and cut the scent-marked 
papers into four 2 × 2 cm pieces, which were then introduced 
into the terraria of lizards undergoing chemosensory enrichment. 
All lizards in the enriched group were exposed daily to the scents 
of two different donors, with two pieces from each donor placed 
on opposite sides of the terrarium. To ensure a variety of chemical 
stimuli, we changed the scent donors for each lizard every 2 days 
during the enrichment phase. We randomly assigned scent donors 
so that each lizard served as a donor.

Behavioural Observations

We performed behavioural observations during all phases of 
the experiment except the acclimatization phase. Relative to the 
total duration of each phase (see Fig. 1 and Experimental Design), 
behavioural observations were conducted on 11 days during the 
baseline phase, 8 days during each enrichment phase, 4 days 
during each resting period and 8 days during the post-treatment 
phase, resulting in a total of 51 observation days. We recorded 
the behaviours described in a partial ethogram (Table 1) compiled 
from the published literature on this species (Abalos et al., 2020; 

Avery, 1978; Bra~na, 1991; Font, Carazo, et al., 2012) and our own 
observations. The ethogram included the behaviours most 
commonly observed in this species in the wild and in captivity, 
excluding social interactions. Every day, after the lights came on 
(0845 hours), we recorded the behaviour of all animals from 
behind a hide to avoid disturbance, using scan sampling with an 
instantaneous recording rule at 25 min intervals (from 0910 to 
1320 hours). Between consecutive scan samples, we conducted 10 
min focal sampling observations using a continuous recording rule 
(Bateson & Martin, 2021; Lehner, 1998). We used BORIS logging 
software (Friard & Gamba, 2016) to record behaviours live, 
measuring the duration of state behaviours and the total number 
of occurrences of events. Finally, we counted the number of tongue 
flicks using a hand-held tally counter during the first 60 s of each 
focal sampling to calculate tongue-flicking  rate. To ensure that 
behavioural observations were evenly distributed across the 
observation period and were representative of each lizard, we 
implemented a schedule with a randomized order of observations 
and rotated this schedule throughout the experiment. In addition 
to the laboratory experiment, we conducted behavioural obser
vations of free-ranging lizards in their natural habitat. Details of 
the methods and results of these field observations are provided in 
the Supplementary Material (Fig. S2 and Tables S1 and S2). Ob
servations were always made by the same observer (A.B.).

Table 1 
Partial ethogram of Podarcis muralis with empirical descriptions of the behaviours

Category Behaviour Description

Orientation and 
locomotion

Posture change* Adjustment of body posture not associated with locomotion, (e.g. turning, tail twitching, head 
movement)

Walking Relatively slow displacement of the lizard resulting in a change in location
Running Fast-paced forward movement of the lizard resulting in a change in location
Jumping* Leaping into the air with all four feet leaving the substrate, either from the floor to an elevated 

position (and vice versa), or between elevated positions
General behaviour Foraging Chasing or lunging at prey from a stationary position, followed by biting or grasping prey with the 

jaws
Drinking Placing the snout into water, accompanied by tongue extension and retraction
Defecating Extrusion of faecal material
Cloacal drag* Slowly moving forward while keeping the cloaca in contact with the substrate
Hiding Not visible to the observer (i.e. inside a shelter or under the substrate)
Head out Motionless inside a shelter with the head fully or partially sticking out (not beyond the forelimbs)
Basking Motionless and immediately under the heat source, with the lizard's abdomen dorsoventrally 

flattened and oriented at right angles to the heat source
High perching Motionless (either fully exposed or with the body sticking out beyond the forelimbs from a shelter) 

in an elevated posture (i.e. head and body elevated with the forelegs partially or fully extended)
Low perching Motionless (either fully exposed or with the body sticking out beyond the forelimbs from a shelter), 

with ventral side fully in contact with the surface (i.e. the head either resting on the substrate or 
slightly elevated and parallel with the substrate)

Burrowing Digging in the substrate and/or crawling under the substrate
Tongue flicking Rapid extrusion and retraction of the tongue, either contacting the air (air licks) or directly 

contacting any surface of the enclosure (tongue touches), except when directed at chemical 
enrichment stimuli (see interaction with enrichment objects)

Abnormal 
behaviour

Interaction with transparent 
boundaries (ITB)

Stereotyped interaction of the lizard with the limits of the terrarium consisting of: (1) scratching or 
clawing the walls repeatedly with the forelegs (2) pressing the snout against or attempting to bite 
the walls of the terrarium

Jumping against wall* Leaping into the air with all four feet leaving the substrate, from an elevated position to the walls of 
the terrarium, usually followed by ITB

Scratching Scraping or clawing the surface of an object repeatedly with the forelegs and/or rubbing the snout 
against enclosure furniture

Biting furniture* Biting the surface of enclosure furniture, usually associated with scratching and/or ITB
Interaction with 

enrichment 
objects

Basking on platform For thermal enrichment: Motionless on top of the basking platform, with the lizard's abdomen 
dorsoventrally flattened and oriented at right angles to the heat source

Feeding from nutritional device (FND) For nutritional enrichment: Inserting the head into a hole in the feeding trunk and pulling prey out
Enrichment-directed tongue flicks For chemical enrichment: tongue flicks directed at chemical stimuli, including air licks aimed at 

paper containing the stimulus (when the lizard's snout is within a distance no greater than the 
length of its head from the stimulus) and tongue touches (when the tongue directly contacts paper 
containing the stimulus)

Other enrichment-directed 
interactions

For thermal, chemical and nutritional enrichment: Touching the object with any part of the body 
(climbing, moving on top or pawing the object)

Behaviours were classified as states or events. Asterisks indicate events.
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Faecal Corticosterone Metabolites (FCMs)

We collected faeces during the last 3 days of the acclimatiza
tion, baseline and enrichment phases (Fig. 1) and during the last 5 
days of the post-treatment phase. We checked the terraria three 
times on the morning of each collection day and collected only 
faeces voided that day (fresh samples), as degradation by intestinal 
bacteria can affect corticosterone metabolite concentrations, 
which also increase as samples become drier (Palme et al., 2005). 
Faeces were collected using tweezers cleaned with alcohol to 
avoid cross-contamination, placed in zip-sealed plastic bags and 
frozen at —20 ◦C immediately after collection.

We measured FCMs using two group-specific  enzyme immu
noassays (EIAs): 5α-pregnane-3β,11β,21-triol-20-one (hereafter 
referred to as 37e: Touma et al., 2003) and 11-oxoaetiocholanolone 
(hereafter referred to as 72T: M€ostl et al., 2002). Both EIAs have 
been used to measure glucocorticoid in other reptile species 
(Borgmans et al., 2018; Ganswindt et al., 2014; Scheun et al., 2018) 
and have been validated for P. muralis (Bartolom�e et al., 2025). 
Based on the validation experiments, both assays were expected to 
detect changes in FCMs: the 37e assay showed greater sensitivity 
to increases in FCMs in response to stress-inducing conditions, 
whereas the 72T assay yielded higher absolute metabolite con
centrations (Bartolom�e et al., 2025). We therefore included both 
EIAs to provide a more robust characterization of adrenocortical 
activity.

Statistical Analyses

We selected the following behaviours for analysis based on 
their frequency and relevance to welfare assessment: interaction 
with transparent boundaries (ITB), walking, hiding, head out, 
basking, high perching and tongue flicking. Basking included only 
observations in which lizards were on the basking stones (Table 1). 
Regarding enrichment-directed behaviours, we recorded the 
behaviour basking on platform, which referred to observations of 
lizards on the enrichment platforms during the thermal enrich
ment phase (Table 1; Video S1). We calculated total basking as the 
sum of the time spent basking on the stones and the time spent 
basking on the platforms. Other enrichment-directed behaviours 
included feeding from the nutritional device (FND), enrichment- 
directed tongue flicks  and other enrichment-directed 
interactions (Table 1). The latter two enrichment-directed behav
ioural categories were grouped into the functional category 
exploration of enrichment objects (EEO; Video S1) for statistical 
analyses because locomotion and tongue flicking are associated 
with exploration (Burghardt et al., 1986; G�omez et al., 1993; 
Greenberg, 1993, 2002), and exploratory behaviours are important 
for animal welfare (Mench, 1998; Wood-Gush & Vestergaard, 
1989). Behaviours that were rarely observed were not statisti
cally analysed (behaviour frequencies are provided in Table S3). 
Model selection information and additional details of the statis
tical analyses and post hoc tests are provided in the Supplemen
tary Material. All data were analysed using R version 4.2.2 (R Core 
Team, 2022).

Effect of enrichment on behaviour
To evaluate the effect of enrichment on behaviour, we used 

counts of behaviours recorded during daily scan observations, that 
is, the number of sampling points at which each behaviour of in
terest was scored. For tongue flicking,  the analysed variable was 
the frequency of tongue flicks  per min, hereafter referred to as 
tongue-flicking rate. First, to assess whether there was a difference 
in the occurrence of behaviours between treatment and control 
animals during the enrichment and no enrichment phases, we 

fitted generalized linear mixed models (GLMMs) with a Poisson 
distribution. We included the variables enrichment on/off, group 
(treatment or control) and their interaction as fixed effects, and 
lizard identity and experimental day as random effects to account 
for individual variation and repeated measurements. Enrichment 
on/off was coded as 0 during phases in which enrichment was not 
provided (baseline, resting and post-treatment phases) and as 1 
during the enrichment phases (E1, E2 and E3).

To assess the impact of environmental enrichment on behav
ioural variables relative to baseline, we fitted  GLMMs with a 
Poisson distribution, except for tongue-flicking rate, for which we 
fitted a GLMM with a zero-inflated negative binomial distribution 
because this distribution provided a more appropriate fit for the 
data (Hu et al., 2011). In both models, we included enrichment 
type (baseline, chemosensory, nutritional or thermal) as a fixed 
effect, and lizard identity and experimental day as random effects. 
Additionally, we analysed whether enrichment affected behaviour 
across all phases of the experiment. To do so, we fitted a model 
with phase (baseline, E1, R1, E2, R2, E3 and POST) as a fixed effect, 
and lizard identity and experimental day as random effects, 
separately for treatment and control animals.

Temporal dynamics of enrichment effects
We performed a temporal analysis to evaluate the effect of 

enrichment throughout the experiment using focal sampling data 
(over 80 h of observations; Table S3b), with the total number of 
seconds spent engaged in a specific  behaviour during focal ob
servations as the response variable. First, to analyse the effect of 
time across the experiment on enrichment-directed behaviours, 
we fitted a GLMM with a zero-inflated negative binomial distri
bution in which the response variable was the total number of 
seconds (recorded as integers) spent exploring enrichment objects 
(EEO). We assessed whether there was an effect of time both 
across and within enrichment phases. For the first model (across 
enrichment phases), we included enrichment type (chemo
sensory, nutritional and thermal), enrichment phase (a continuous 
integer covariate representing the three successive enrichment 
phases) and their interaction as fixed effects, and lizard identity as 
a random effect. For the second model (within enrichment pha
ses), we created the variable enrichment day. This covariate ranged 
from 1 to 8, reflecting the order of days within each enrichment 
phase while combining data from all three enrichment types to 
account for counterbalancing. We included enrichment type, 
enrichment day and their interaction as fixed effects, and lizard 
identity as a random effect.

Second, we investigated whether the effects of enrichment on 
behaviour persisted after enrichment was removed. Our experi
mental design included three postenrichment periods: two resting 
phases (R1 and R2; Fig. 1) following the first (E1) and second (E2) 
enrichment phases, and one post-treatment phase following the 
final enrichment phase (E3). To analyse behavioural changes over 
time, we divided the experiment into 2-day intervals and created 
the variable subphase, which was used as a continuous covariate 
to assess temporal trends in behaviour. Each enrichment phase (8 
observation days) was divided into four subphases (subphases 
1—4: days 1—2, 3—4, 5—6 and 7—8, respectively). The resting phase 
(4 observation days) and the post-treatment phases (the first  4 
observation days) were divided into two subphases (subphases 
5—6: days 1—2 and 3—4, respectively). To evaluate the persistence 
of the effects of each enrichment intervention, we created another 
variable, enrichment, that assigned each individual the enrich
ment type (chemosensory, nutritional or thermal) experienced 
during the preceding phase for each postenrichment period (R1, 
R2 and post-treatment). This allowed us to assess behavioural 
changes across enrichment and postenrichment phases (i.e. after 
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enrichment removal) for each enrichment type while incorpo
rating data from all phases to account for counterbalancing. We 
fitted separate models for interaction with transparent boundaries 
(ITB), walking, high perching and tongue-flicking rate, including 
subphase as a continuous covariate, enrichment (chemosensory, 
nutritional and thermal) and their interaction as fixed effects, and 
lizard identity as a random effect.

Faecal corticosterone metabolites
For FCMs analysis we used linear mixed models (LMMs) with 

lizard identity as a random effect to deal with unbalanced design 
(because of missing data for some lizards on some days) and 
repeated measures from the same individuals (Crawley, 2013).

We first  evaluated the effect of each phase and type of 
enrichment by fitting  two separate models with phase (with six 
levels: acclimatization, baseline, E1, E2, E3 and post-treatment) 
and enrichment type (with six levels: acclimatization, baseline, 
chemosensory, nutritional, thermal and post-treatment) as fixed 
effects and lizard identity and experimental day as random effects. 
We also evaluated the effect of time across the experiment on FCM 
levels by fitting  a model with the covariate day within phase 
(which referred to faeces sampling days), enrichment on/off (0 
during the phases in which enrichment was not provided and 1 
during enrichment phases) and their interaction as fixed effects, 
and lizard identity and experimental day as random effects. Con
trol individuals were not included in this analysis because of low 
defaecation rates.

Ethical Note

Lizards were captured and housed in the laboratory under 
research permit number SF/024/21 issued by the Departament de 
Territori i Sostenibilitat, Direcci�o General de Polítiques Ambientals 
i Medi Natural, Generalitat de Catalunya, Spain. All research 
complied with the ASAB/ABS Guidelines for the ethical treatment 
of nonhuman animals in behavioural research and teaching 
(https://doi.org/10.1016/j.anbehav.2025.123421) and all applicable 
local (Decreto 13/2007), national (Real Decreto 53/2013) and Eu
ropean legislation (Directive 2010/63/EU). The University of 
Valencia Ethics Committee was consulted and confirmed  that 
formal approval was not required because the study was obser
vational. Nevertheless, we recognize that the capture and tem
porary confinement of wild reptiles can impose stress and affect 
their welfare, with potential short- and long-term consequences 
(Borgmans et al., 2021; Langkilde & Shine, 2006). To minimize 
these effects, we prioritized minimal and careful handling, avoided 
disturbance from human observers and closely monitored each 
individual in our care.

Aside from the initial handling required to measure the animals 
and place them in their enclosures, all procedures were noninva
sive and consisted solely of behavioural observations. Capture by 
noosing is a selective method that does not harm lizards (P�erez i de 
Lanuza, Carazo, & Font, 2014). Upon arrival at the laboratory, liz
ards underwent mite treatment before the experiments. Lizards 
were sprayed with a doramectin suspension formulated for rep
tiles (Ophionol: doramectin 0.2 mg, Sera GmbH, Heinsberg, Ger
many, https://www.sera.de) according to the manufacturer's 
instructions, and were subsequently rinsed with tepid water 
(28—29 ◦C) to help remove any remaining mites, following the 
recommendations of Castro et al. (2019), Kaplan (2014) and 
Pasmans et al. (2008).

All lizards were housed individually to prevent co-occupant 
aggression. The enclosures were designed to meet the basic 
spatial and behavioural needs of the species, allowing lizards to 
thermoregulate across a temperature gradient. According to the 

‘size—diameter’ formula by Warwick, Jessop, et al. (2018), 70 cm 
long enclosures are suitable for the temporary housing of Podarcis 
lizards and comply with European recommendations for mini
mum enclosure size (e.g. terrestrial lizards up to 20 cm in body 
length require at least 1600 cm2: Ewert et al., 2004).

Throughout the experiment, we visually inspected the lizards 
daily to monitor their wellbeing (Warwick et al., 2013). We also 
monitored food intake to ensure appropriate feeding and prevent 
prey from accumulating in the terraria. Observations were con
ducted from behind a hide to reduce disturbance to the animals 
and minimize observer effects (Bateson & Martin, 2021; Lehner, 
1998). Wooden enrichment devices were sterilized in an oven 
(120 ◦C for 2 h) before use. All devices (e.g. the plastic lining of 
feeding devices, platforms and tiles used for chemical stimuli) 
were cleaned with water between enrichment phases, and the 
terraria were cleaned only minimally (removal of faeces, uneaten 
prey and shed skin) throughout the experiment to maintain hy
giene. Thorough cleaning during the experiment was avoided to 
minimize disturbance because excessive removal of familiar 
scents has been shown to induce stress and alter behaviour in 
reptiles (Chiszar et al., 1980; Mendyk & Augustine, 2023). No 
deaths or injuries occurred during the experiment. Snout—vent 
length and weight were measured before and after the experi
ment. On average, lizards gained weight during the experiment 
(mean initial weight ± SE = 7.57 ± 0.13 g; mean final weight = 7.73 
± 0.11 g). All lizards were released back at their georeferenced 
capture location after the experiment.

RESULTS

Effect of Enrichment on Behaviour

We found significant  interactions between enrichment on/off 
(enrichment versus no enrichment phases) and group (control 
versus treatment) for ITB (GLMM: χ2 = 43.62, P < 0.001), walking 
(χ2 = 9.12, P = 0.003), high perching (χ2 = 5.03, P = 0.025), tongue- 
flicking rate (χ2 = 35.76, P < 0.001) and basking (χ2 = 7.44, P =
0.006), but not for total basking (χ2 = 1.84, P = 0.175; Table S4a). To 
further explore these interactions, we conducted posthoc pairwise 
comparisons separately for treatment and control groups. These 
comparisons showed that ITB, walking, tongue-flicking  rate, 
basking and high perching changed significantly  during enrich
ment periods in the treatment group but not in the control group 
(Table S4b). Within the treatment group, high perching (Fig. S3c), 
ITB (Fig. 3a) and basking (Fig. 3b) decreased, whereas walking 
(Fig. 3c) and tongue-flicking  rate (Fig. 3d) increased during 
enrichment periods compared with no enrichment periods. Hiding 
and head out did not change significantly  between enrichment 
and no enrichment periods in either the control or treatment 
groups (Fig. S3).

In the model evaluating the effect of enrichment type on 
behaviour (Table 2), we found a significant  effect of enrichment 
type on ITB (χ2 = 45.04, P < 0.001), walking (χ2 = 20.90, P < 0.001), 
hiding (χ2 = 16.07, P = 0.001), basking (χ2 = 195.24, P < 0.001), 
high perching (χ2 = 9.29, P = 0.026) and tongue-flicking rate (χ2 =

46.18, P < 0.001). In contrast, no significant effect of enrichment 
type was found for head out (χ2 = 2.95, P = 0.399). Pairwise 
comparisons (Table S5) using Tukey's honest significant difference 
(HSD) test showed that all three enrichment interventions 
decreased ITB (chemosensory: P = 0.021; nutritional: P < 0.001; 
thermal: P < 0.001; Fig. 4a) and increased tongue-flicking  rate 
relative to baseline (chemosensory: P < 0.001; nutritional: P < 
0.001; thermal: P < 0.001). There was no difference in tongue- 
flicking rate between the three enrichment types (Fig. 4d). How
ever, chemosensory enrichment resulted in a significantly smaller 
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Figure 3. Mean relative frequency (± SE) for (a) interaction with transparent boundaries (ITB), (b) basking, (c) walking and (d) tongue-flicking rate according to whether 
enrichment was present (on) or absent (off). Brown triangles represent the control group (N = 6) and green circles represent the treatment group (N = 18). In (b), the dashed line 
and yellow data point indicate time spent basking on the basking stones, whereas the solid line and green data point with a black outline indicate total basking time.

Table 2 
Results from generalized linear mixed models assessing the effect of enrichment type on the occurrence of behaviours in treatment animals (N = 18) during scan sampling

Behaviour Model χ2 df P

ITB ITB ~ enrichment type 45.04 3 <0.001
Basking Basking ~ enrichment type 195.24 3 <0.001
Total basking Total basking ~ enrichment type 6.62 3 0.085
Walking Walking ~ enrichment type 20.90 3 <0.001
Hiding Hiding ~ enrichment type 16.07 3 0.0011
Head out Head out ~ enrichment type 2.95 3 0.399
High perching High perching ~ enrichment type 9.29 3 0.026
Tongue-flicking rate Tongue-flicking rate ~ enrichment type 46.18 3 <0.001

Tukey's post hoc contrast tables can be found in Table S5, illustrating which enrichment types had a significant effect on behaviour relative to baseline. All models included 
an offset term, and lizard identity and experimental day as random effects. Significant  effects (P < 0.05) are highlighted in bold. ITB = interaction with transparent 
boundaries; total basking = the sum of basking and basking on the platform.
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reduction in ITB relative to baseline (Fig. 4a). Similarly, the three 
enrichment interventions significantly increased hiding relative to 
baseline (chemosensory: P = 0.004; nutritional: P = 0.014; ther
mal: P = 0.001; Fig. S4a). Nevertheless, this effect may not be 
attributable to enrichment, as the analysis including phase as a 
factor showed that the increase was also significant  in control 
lizards (control: χ2 = 40.47, P < 0.001; treatment: χ2 = 40.87, P < 
0.001; Table S6). Post hoc analyses (Table S5) also showed that 
both chemosensory and thermal interventions led to a significant 
increase in walking (chemosensory: P < 0.001; thermal: P = 0.021; 
Fig. 4c), with thermal enrichment also decreasing high perching 
(P = 0.045) compared with baseline (Fig. S4c). Additionally, 
nutritional enrichment produced a marginally nonsignificant  in
crease in walking (P = 0.078; Fig. 4c). Analyses of the effect of 

phase on the remaining behaviours can be found in the Supple
mentary Material (Fig. S5, Table S6). Percentages of activity bud
gets during baseline, post-treatment and the three enrichment 
interventions for both scan and focal data are presented in 
Table S3a and S3b, respectively. The occurrence of event behav
iours for both scan and focal data is presented in Table S7.

Temporal Enrichment Effects

We did not find a significant  interaction between enrichment 
type and phase in the model evaluating the effect of enrichment 
type across enrichment phases on EEO (GLMM: χ2 = 2.34, P =
0.310), although we found a significant main effect of enrichment 
type (χ2 = 29.7, P < 0.001; Fig. 5a, Table 3). Tukey's HSD tests 
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Figure 4. Mean percentage change (± SE) relative to baseline for (a) interaction with transparent boundaries (ITB), (b) basking, (c) walking and (d) tongue-flicking rate. Data were 
normalized relative to individual baseline values, with each animal acting as its own control. For each individual and day, we calculated behaviour rates (BR) and then computed 
relative changes from baseline as (BR during treatment — BR during baseline)/BR during baseline. We added a constant (pseudocount = 0.009) to all values to minimize visual 
distortions caused by zero baseline values. Values above the dashed line indicate increases relative to baseline, whereas values below the line indicate decreases. In (b), yellow 
points indicate basking on the basking stones, whereas green points with a black outline indicate total basking time. Red asterisks indicate outlying data points.
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showed that the three enrichment types differed significantly 
from one another (chemosensory versus nutritional: P < 0.001; 
chemosensory versus thermal: P = 0.008; nutritional versus 
thermal: P = 0.008). Overall, lizards interacted most with the 
nutritional enrichment device (mean percentage of time ± SE =
7.39 ± 1.50%), followed by thermal enrichment (4.06 ± 0.66%) and 
the chemosensory enrichment (1.28 ± 0.40%; Table S3b). Other 
enrichment-directed behaviours included basking on the plat
forms, which was preferred by lizards during thermal enrichment 
(36.12 ± 3.60%) compared with basking on the basking stones 
(19.98 ± 3.63%) and feeding from the nutritional device, which was 
very infrequent (0.18 ± 0.13%; Table S3b). The device was used 
during a mean of 69.44% of the total enrichment periods across the 
experiment, with 36.56% of the larvae provided being consumed 
(Table S8). We did not find  a significant  interaction between 
enrichment type and enrichment day in the model evaluating the 
effect of enrichment type on EEO within enrichment phases 
(GLMM: χ2 = 4.04, P = 0.133). We found significant main effects of 
enrichment day (χ2 = 15.38, P < 0.001) and enrichment type (χ2 =

36.02, P < 0.001; Fig. 5b—Table 3).
We next assessed whether the effects of enrichment on 

behaviour persisted after removal. We did not detect a significant 
enrichment*subphase interaction for any of the behaviours ana
lysed, although we found a marginally nonsignificant interaction 
for tongue-flicking rate (GLMM: χ2 = 5.42, P = 0.067). We detected 

a significant  main effect of subphase for all behaviours (Fig. S6, 
Table S9). We conducted post hoc pairwise comparisons to identify 
between which subphases the most pronounced changes 
occurred. Table 4 presents the changes in behavioural duration 
(rate in the case of tongue flicking) between consecutive phases 
(ratios with 95% confidence intervals) for the behaviours analysed. 
We observed the largest decrease in walking, high perching and 
tongue flicking between subphases 4 and 5 (Fig. S6), that is, after 
enrichment removal (Table 4). In contrast, we observed an increase 
in ITB across phases (except between postenrichment subphases; 
Fig. S6a). This change was more pronounced between subphases 3 
and 4, with a ratio of 1.84 (1.05− 3.22), and was similar to the 
change after enrichment removal (between subphases 4 and 5), 
with a ratio of 1.83 (1.04− 3.22); that is, between these subphases, 
the duration of ITB almost doubled (Table 4). Mean values per 
subphase for the behaviours analysed can be found in the Sup
plementary Material (Table S10).

FCMs

We found an effect of enrichment type on FCM levels in both 
the 37e assay (LMM: χ2 = 19.59, P = 0.002; Fig. 6a) and the 72T 
assay (χ2 = 37.21, P < 0.001; Fig. 6b). Post hoc pairwise compari
sons showed a significant  increase in FCM levels following che
mosensory enrichment relative to acclimatization for both assays 
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Figure 5. Mean percentage (± SE) of exploration of enrichment objects (EEO) (a) across enrichment phases and (b) within enrichment phases. (a) shows mean percentage of EEO 
during each phase (E1, E2 and E3) for each type of enrichment (N = 6, as the experiment was counterbalanced, with six lizards receiving a different type of enrichment in each 
phase). Coloured data points with a black outline show mean overall EEO for each enrichment type. Purple indicates chemosensory, blue indicates nutritional and yellow thermal 
enrichment. Letters indicate a compact letter display from post hoc pairwise comparisons. Means not sharing a letter differ significantly (P < 0.05) according to Tukey tests. (b) 
shows mean percentage of EEO within the enrichment phase (N = 18, with means calculated for each day across E1, E2 and E3). Open data points with a black outline show mean 
overall EEO for each day within each enrichment phase.

Table 3 
Results from generalized linear models examining the effects of enrichment type and its interaction with enrichment phase and enrichment day on exploration of 
enrichment objects (EEO) in treatment animals (N = 18) during focal sampling

Behaviour Model Term χ2 df P

EEO EEO ~ enrichment type *enrichment phase Enrichment type*enrichment phase 2.34 2 0.310
Enrichment type 29.70 2 <0.001
Enrichment phase 0.20 1 0.657

EEO ~ enrichment type *enrichment day Enrichment type*enrichment day 4.04 2 0.133
Enrichment type 36.02 2 <0.001
Enrichment day 15.38 1 <0.001

Models included an offset term and lizard identity as a random effect. Statistics for nonsignificant interactions are reported at the point of their removal from the model. 
Significant effects (P < 0.05) are highlighted in bold.
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Table 4 
Changes between consecutive subphases expressed as ratios (95% confidence intervals) for the behaviours analysed in relation to the persistence of enrichment effects in 
treatment animals (N = 18)

Contrast ITB Walking High perching Tongue-flicking rate

E2/E1 0.99 (0.57− 1.73) 0.94 (0.61− 1.46) 0.70 (0.39− 1.23) 0.82 (0.57− 1.19)
E3/E2 0.74 (0.42− 1.28) 1.08 (0.70− 1.65) 1.19 (0.67− 2.12) 0.97 (0.68− 1.39)
E4/E3 1.84 (1.05− 3.22) 0.84 (0.54− 1.29) 1.02 (0.56− 1.85) 0.85 (0.60− 1.22)
POST1/E4 1.83 (1.04− 3.22) 0.70 (0.45− 1.07) 0.68 (0.37− 1.25) 0.59 (0.41− 0.85)
POST2/POST1 0.79 (0.44− 1.43) 1.04 (0.66− 1.64) 0.97 (0.51− 1.83) 0.80 (0.54− 1.18)

We were interested in identifying the consecutive subphases between which the most pronounced changes in the response variables occurred. Therefore, we examined 
contrasts exclusively between consecutive subphases. Values highlighted in bold represent the contrasts showing the greatest increase (ratios > 1) or decrease (ratios < 1) 
for each behaviour. ITB = interaction with transparent boundaries.
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Figure 6. Mean faecal corticosterone metabolite (FCM) levels (ng/g ± SE) for lizards in the treatment group (N = 18), measured within each enrichment treatment using the (a) 
37e and (b) 72T assays and across phases using the (c) 37e and (d) 72T assays. Dashed lines in (c) and (d) represent the range of individual FCM variation observed during the 
baseline period of the validation experiment for Podarcis muralis (Bartolom�e et al., 2025). Purple data points indicate chemosensory, blue indicate nutritional and yellow thermal 
enrichment. Letters represent a compact letter display from post hoc pairwise comparisons (see Table S11). Means not sharing a letter differ significantly (P < 0.05) according to 
Tukey tests.
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(Table S11a). Compared with baseline levels, we found a significant 
effect of chemosensory enrichment in the 72T assay and a 
marginally nonsignificant effect in the 37e assay (Table S11a). We 
found a significant  overall effect of phase in both the 37e assay 
(χ2 = 18.62, P = 0.006; Fig. 6c) and the 72T assay (χ2 = 31.01, P < 
0.001; Fig. 6d). The mean phase increase in FCM levels throughout 
the experiment was 3.55% and 10.98% for the 37e and 72T assays, 
respectively. Post hoc pairwise comparisons for the 37e showed a 
significant increase in FCM levels between the acclimatization and 
post-treatment periods (Table S11b). For the 72T assay, we also 
found increases in FCM levels from both the acclimatization and 
baseline phases to the post-treatment phase and a marginally 
nonsignificant increase from the acclimatization phase to the first 
enrichment period (Table S11b).

Finally, to evaluate whether changes in FCM concentration over 
the course of the experiment differed between enrichment and no 
enrichment phases (Table 5), we analysed the interaction between 
day within phase and enrichment on/off, which was significant for 
the 37e assay (χ2 = 7.73, P = 0.005) and marginally nonsignificant 
for the 72T assay (χ2 =3.43, P = 0.064; Table 5, Fig. S7). This in
dicates that the increase in FCM levels differed between phases in 
which the treatment group received enrichment and the remain
ing phases. A summary of mean FCM levels for control and treat
ment groups is provided in the Supplementary Material 
(Table S12).

DISCUSSION

In this study, we tested three types of enrichment for P. muralis 
and evaluated their effects using behavioural and physiological 
indicators. All three enrichment interventions increased normal 
behaviours (exploration) and decreased an abnormal behaviour 
(ITB). The effects of enrichment on these behaviours tended to 
return to baseline levels once the enrichment was removed. 
Physiological data showed an increase in FCM levels over the 
course of the experiment, although this increase was less pro
nounced during enrichment phases. Overall, our results suggest 
that enrichment improved welfare, highlighting the importance of 
designing and evaluating enrichment that is informed by species- 
specific behaviour.

Effect of Enrichment on Behaviour: Welfare

Enrichment produced behavioural changes associated with 
improved welfare. We observed increases in walking and tongue- 
flicking rate during all enrichment types. Exploratory behaviours, 
such as locomotion and tongue flicking, are associated with posi
tive welfare and are considered intrinsically reinforcing (Benn 
et al., 2019; Boissy et al., 2007; Mellor, 2015; Warwick et al., 
2013). However, interpretation is not always straightforward. 
Tongue flicking,  an indicator of chemical exploration (Burghardt 

et al., 1986), increases in novel environments or with novel ob
jects (Greenberg, 1993; Moszuti et al., 2017) but may also reflect 
arousal due to stress or fear (Greenberg, 2002). More specifically, 
changes in the type of tongue-flicking behaviour (air licks versus 
tongue touches; see Table 1) have been shown to differ depending 
on novelty or stress-inducing conditions (e.g. A. carolinensis: 
Greenberg, 1985) and husbandry conditions, including enrichment 
(e.g. Pogona vitticeps: Crisante et al., 2025). These examples high
light the importance of considering taxon-specific differences and 
suggest that distinguishing between different tongue-flicking be
haviours may provide additional insights into affective states in 
other species or contexts. Similarly, locomotion needs to be 
interpreted according to the behavioural context (Watters et al., 
2021). In captivity, perimeter pacing is often associated with ste
reotypic behaviour (Warwick, 2023), making it crucial to distin
guish between locomotion types. We defined  walking as slow- 
paced locomotion (usually accompanied by tongue flicking: 
Greenberg, 1993; Warwick et al., 2013) and ITB as rapid pacing 
with scratching or snout rubbing (Divers, 1999; Warwick, 1990). 
ITB is one of the most frequent abnormal behaviours in captive 
reptiles and can cause physical damage, such as rostral abrasions 
(McCracken et al., 2017; Warwick et al., 2013). Our findings  for 
P. muralis are consistent with previous studies. For example, 
conspecific  scents in a closely related species, Podarcis liolepis, 
reduced ITB and facilitated habituation in exploration tests 
(Londo~no et al., 2018). Similarly, structural enrichment increased 
activity and hiding opportunities in corn snakes, Pantherophis 
guttatus (Hoehfurtner et al., 2021), and chuckwallas, Sauromalus 
ater (Rose et al., 2014), as well as reducing abnormal behaviour in 
the latter.

In contrast to exploratory and abnormal behaviours, hiding 
appeared largely unaffected by enrichment. Providing sufficient 
shelters for reptiles is a crucial part of their husbandry (Arena & 
Warwick, 2023; Hennig & Dunlap, 1978). However, excessive 
hiding can be problematic if it impairs other behaviours such as 
feeding or thermoregulation (Warwick, 2023; Warwick et al., 
2013). In reptiles in particular, abnormal hiding has been pro
posed to be specifically  associated with behaviours such as 
persistent head hiding (Johnson, 2017; Warwick et al., 2013). In our 
study, hiding behaviour did not increase in response to enrichment 
and was not associated with suppression of other behaviours. 
Moreover, we did not observe head-hiding behaviour. Given that 
increases in hiding frequency occurred across all phases (including 
post-treatment) and in both control and treatment groups, this 
change may reflect  a general trend associated with captivity. 
Therefore, prolonged increases in hiding could potentially inter
fere with normal behaviour and should be considered when 
interpreting behavioural responses in captive reptiles.

Finally, our results regarding the effects of enrichment on 
welfare-related behaviours must be interpreted within the 
broader context of reptile husbandry. Captive environments for 

Table 5 
Results from linear mixed models evaluating the effect of day within phase and its interaction with enrichment on/off on faecal corticosterone metabolite (FCM) levels in 
treatment lizards (N = 18) using two enzyme immunoassays (EIAs): 37e and 72T

EIA Model Term χ2 df P

37e LogFCM ~ day within phase*enrichment on/off Day within phase *enrichment on/off 7.73 1 0.005
Day within phase 0.64 1 0.422
Enrichment on/off 8.10 1 0.004

72T LogFCM ~ day within phase*enrichment on/off Day within phase *enrichment on/off 3.43 1 0.064
Day within phase 1.43 1 0.232
Enrichment on/off 3.32 1 0.069

Day within phase refers to the days in which faecal samples were collected during each experimental phase, whereas enrichment on/off refers to phases in which 
enrichment was provided to the treatment group or to periods without enrichment. All models included lizard identity and experimental day as random effects. Statistics for 
nonsignificant interactions are reported at the point of their removal from the model. Significant effects (P < 0.05) are highlighted in bold. Marginally nonsignificant effects 
are noted in italics.
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reptiles are often impoverished (Arena & Warwick, 2023; 
Burghardt, 1996; Warwick et al., 2019), and enrichment studies 
frequently use baseline conditions that do not meet the species' 
basic husbandry and behavioural requirements, or compare 
enrichment interventions with barren conditions (Borgmans et al., 
2018; Nagabaskaran et al., 2021; Roe et al., 2015). In some cases, 
enrichment proposals are in fact basic husbandry rather than true 
enrichment (see Bartolom�e et al., 2023; Mendyk & Augustine, 
2023). What constitutes enrichment may also vary depending on 
context and specific  management objectives (Meehan & Mench, 
2007). In our study, we therefore focused on enrichment strate
gies that were easy to implement and relevant to laboratory- 
housed reptiles. Prior to enrichment, enclosures were designed 
to meet the species’ basic needs, providing adequate space and a 
thermal gradient (Ewert et al., 2004; Warwick, Jessop, et al., 2018), 
substrate (Griffing  et al., 2018; Wilkinson, 2015) and diverse 
shelters and textures following an ethologically informed 
approach (Greenberg, 2023).

Effect of Enrichment on Behaviour: Ethological Validity

Thermal enrichment
A thermal gradient that includes the species’ preferred tem

perature should be considered a basic husbandry requirement for 
captive reptiles (Burghardt & Layne-Colon, 2023; Lillywhite, 
2023). Thermal opportunities depend on spatial constraints and 
can thus be limited in captivity (Arena & Warwick, 2023). The 
inclusion of structural complexity can provide reptiles with a 
greater degree of control and choice over their environment (Rust 
et al., 2024), increasing thermal flexibility and climbing opportu
nities and promoting physical activity (Almli & Burghardt, 2006; 
Bashaw et al., 2016; Rose et al., 2014). In our study, we ensured that 
the enclosures provided a complex thermal gradient including the 
preferred temperature range for P. muralis, with enrichment 
basking platforms reaching temperatures above this range. In our 
experiment, thermoregulatory behaviour was largely unaffected 
by enrichment. The apparent decrease in basking during thermal 
enrichment is artefactual, as basking referred only to time on the 
basking stones, whereas total basking showed only a small in
crease. This suggests that lizards were not exposed to suboptimal 
thermal conditions prior to enrichment. Such conditions may 
otherwise induce compensatory behaviours such as hyperbasking, 
characterized by excessive basking due to an inability to reach 
preferred body temperatures (Warwick et al., 2013).

Nutritional enrichment
Enrichment that promotes naturalistic feeding has been shown 

to change behavioural profiles  of different species, suggesting 
improved welfare (Fernandez & Timberlake, 2019; Hocking et al., 
2015; Waterman et al., 2021; Whilde et al., 2021). In our study, 
we used a feeding trunk similar to those used in studies with 
monitor lizards (Mendyk & Horn, 2011), which allows active for
agers such as P. muralis to express a range of natural foraging be
haviours (e.g. climbing, jumping or exploring crevices). In our 
experiment, we were able to track device use and number of prey 
consumed, but observations of feeding from the log (i.e. feeding 
from nutritional device) were rare. However, lizards interacted 
with the feeding trunk in other ways, such as basking on its upper 
surface. The incidental use of the device is consistent with other 
studies showing that lizards use vertical and structurally complex 
elements of their environment (Abalos et al., 2020; Avery et al., 
1993), even in primarily ground-dwelling species (Bashaw et al., 
2016; Rose et al., 2014). Although we did not measure the tem
perature on top of the device, it is possible that the proximity to 
the lightbulb increased the temperature of the wood, making it 

attractive for thermoregulation. Therefore, the positive changes 
observed in behaviour could be partially due to the structural and/ 
or thermal aspects of the device.

Our device could be modified into a puzzle feeder to increase its 
complexity (Leal & Powell, 2011; Manrod et al., 2008; P�erez i de 
Lanuza, �Abalos, Bartolom�e, & Font, 2018). Provision of problem- 
solving opportunities that engage a species’ cognitive processes 
may help maintain interest in enrichment and improve psycho
logical wellbeing (Krebs & Watters, 2017; Watters, 2009). Given 
the growing evidence on reptiles' cognitive abilities, which chal
lenges the traditional view of reptiles as limited and passive ani
mals (Burghardt, 2020; Font, 2019, 2020; Font et al., 2023; LaDage 
et al., 2012), cognitive enrichment appears to be a promising 
avenue of research for this understudied group (Clark, 2017, 2020; 
Garcia-Pelegrin et al., 2022).

Chemosensory enrichment
Wall lizards rely on chemical stimuli in many contexts, 

including the assessment of conspecific familiarity and individual 
recognition (Carazo et al., 2007, 2008; Font & Desfilis, 2002). In our 
experiment, the choice of chemical stimuli was therefore groun
ded in the species’ natural chemosensory behaviour, in which male 
wall lizards actively patrol their territories to gather information 
about neighbouring or intruding rivals and potential mates, 
exploring scent marks, especially new or displaced ones (Carazo 
et al., 2008; Font, Barbosa, et al., 2012). An increase in explora
tion rates in response to conspecific  scents, as observed in the 
present study, was therefore expected. Frequent renewal of odours 
in our experimental design simulated a functional challenge that 
lizards naturally encounter in their environment, which could 
potentially make this intervention less prone to habituation than 
other stimuli (i.e. external reinforcers: Tarou & Bashaw, 2007). 
Two aspects should be considered regarding the ethological val
idity and future application of this type of enrichment.

First, although territorial behaviour dominates much of 
P. muralis and other territorial species’ daily activity during the 
reproductive season (Edsman, 1989), responses to scent marks and 
exploratory behaviour vary seasonally (Baird et al., 2008; Carazo 
et al., 2007; Jenssen et al., 1995). Second, male and female Podar
cis lizards differ in their chemosensory behaviour and use of 
chemical stimuli (Barbosa et al., 2006; Carazo et al., 2011; Font, 
Barbosa, et al., 2012). Responses to enrichment may therefore 
vary between sexes and seasons and this should be taken into ac
count when using chemical stimuli as enrichment. Other chemo
sensory stimuli, such as snake scent or bedding from mammal 
exhibits, have been used in leopard geckos and monitor lizards 
(Bashaw et al., 2016; Waterman et al., 2021), producing similar 
increases in exploration to those observed in our study. Neverthe
less, chemosensory enrichment remains relatively understudied in 
reptiles (Bartolom�e et al., 2023) and other taxa, with most existing 
studies focusing on felids and primates (Clark & King, 2008).

Overall, all three enrichment interventions had similar effects 
on welfare-related behaviours. This may be because they all tar
geted basic, functionally relevant aspects of behaviour, eliciting 
intrinsically motivated responses such as scent exploration, a form 
of information gathering (Boissy et al., 2007). However, inspective 
exploration (i.e. exploration in response to change) typically de
clines as novelty fades (Veissier et al., 2024), so the temporal dy
namics of enrichment should be considered when evaluating their 
impact.

Temporal Dynamics of Enrichment Effects

Lizards engaged with enrichment devices in all phases of the 
experiment, although enrichment-directed behaviours decreased 
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within each phase, particularly after the first  day. Similarly, 
Waterman et al. (2021) found that engagement with enrichment in 
monitor lizards waned significantly  within sessions for both 
nutritional and sensory enrichment. It is important to note that 
our behavioural category exploration of enrichment objects (EEO) 
includes a behaviour exclusive to chemosensory enrichment 
(enrichment-directed tongue flicks;  Table 1), so direct compari
sons with the other two enrichments may not be appropriate. 
However, it provides insight into how lizards engaged with each 
type of enrichment. For chemosensory enrichment, we collected 
scents from the basking stones using filter  paper, which may 
include faeces and other sources of semiochemicals, such as 
femoral secretions or skin lipids (Font, Barbosa, et al., 2012; Font & 
Desfilis, 2002). As we lack information on the active space of lizard 
scent marks, we probably underestimated the percentage of EEO 
during chemosensory enrichment, given our conservative 
description of this behavioural category (i.e. touch and/or tongue 
flicks directly on top of or within a distance no greater than the 
lizard's head length from the stimulus; Table 1).

We also evaluated whether behavioural changes persisted after 
enrichment removal. We found that behaviours affected by 
enrichment tended to return to baseline levels after enrichment 
withdrawal. Maintaining the efficacy of enrichment over time (i.e. 
avoiding enrichment protocols becoming ‘band-aid solutions’: 
Markowitz & Aday, 1998) has proven to be difficult  (Mellen & 
Sevenich MacPhee, 2001). Enrichment can be kept ‘enriching’ 
(Kuczaj et al., 2002) by adopting strategies to avoid habituation or 
reinforce desired behaviours (see Tarou & Bashaw, 2007). Strate
gies such as alternating enrichment types, increasing unpredict
ability of enrichment presentation, avoiding prolonged use of the 
same enrichment and varying exposure time have all been shown 
to be effective (Bassett & Buchanan-Smith, 2007; Watters, 2009; 
Watters et al., 2011). However, some evidence suggests that 
continuous rather than intermittent exposure may yield longer- 
lasting effects, such as reduced stereotypies (Anderson et al., 
2010). Other studies show that enrichment duration influences 
both impact and persistence, with longer periods associated with 
improved learning (Ahlbeck Bergendahl et al., 2016) and faster 
habituation to novelty (Amaral et al., 2008).

Effect of Enrichment on FCMs

We observed an overall increase in FCM concentration over 
time, although this increase was less marked during enrichment 
than during no enrichment phases. Captivity alone can impose 
restrictive and potentially aversive conditions (Carlstead & 
Shepherdson, 2000; Morgan & Tromborg, 2007) that can in
crease stress-related hormone levels (Martín et al., 2023; 
Sparkman et al., 2014). If these conditions are sustained, they can 
lead to chronic stress, impairing health and welfare (Dantzer et al., 
2014; Sapolsky et al., 2000). Data from the validation study for 
FCM measurement in this species (Bartolom�e et al., 2025) can help 
contextualize the observed changes in our experiment. Despite the 
overall increase in FCMs, levels remained below the upper range of 
variation during the baseline period of the validation, indicating 
that the increase did not fall within elevated levels for the animals 
and did not indicate chronic stress.

Prior studies on the effects of enrichment on glucocorticoid 
levels have reported mixed results (decrease: Boinski et al., 1999; 
increase: Marashi et al., 2003; no effect: de Almeida et al., 2018). 
Although information on reptiles is scarce (Borgmans et al., 2018; 
Case et al., 2005; Rosier & Langkilde, 2011), evidence from mam
mals and birds shows that enrichment can increase an animal's 
capacity to cope with sporadic stress-inducing situations, 
improving adaptation to captivity (Carlstead & Shepherdson, 

2000), and that long-term exposure to enrichment may reduce 
levels of glucocorticoid metabolites even after an initial increase 
(Fairhurst et al., 2011), consistent with our observation that 
enrichment attenuated FCM elevation. A limitation of the present 
analysis is that FCM data from control animals could not be 
included due to the low number of samples obtained (Table S12). 
Low defaecation rates are a well-known constraint in reptiles and 
can limit the applicability of noninvasive glucocorticoid mea
surements (Bartolom�e et al., 2025; Borgmans et al., 2018; 
Ganswindt et al., 2014). As a result, changes in FCM levels could not 
be directly compared between treatment and control groups. 
However, the experimental design followed a single-subject 
approach, allowing meaningful evaluation of within-individual 
changes in FCM levels in response to enrichment, which was the 
primary aim of the study.

We also observed a small increase in FCMs during chemo
sensory enrichment, which is to be expected after perception of 
conspecific scents (Barja et al., 2011; Watson et al., 1999). Short- 
term stress responses can have beneficial  effects, influencing  an 
animal's physiological and behavioural responses to overcome the 
stressor, and enhancing exploration, learning or immunity (Bassett 
& Buchanan-Smith, 2007; Carlstead & Shepherdson, 2000; Meehan 
& Mench, 2007). Additionally, an animal's perception of the stim
ulus and surrounding context influence the valence of the response 
to a stressful situation (Veissier & Boissy, 2007). In our experiment, 
lizards were exposed to other males' scents, but they never 
encountered the potential rival, thereby avoiding the costs of an 
agonistic encounter. Nevertheless, although short-term stress may 
not necessarily have a negative impact on welfare, it is important to 
manage it to prevent it becoming chronic (Moberg, 2000).

Although the present results should be considered preliminary, 
they provide a first  empirical reference for FCM variation in 
P. muralis in captivity and under enrichment conditions. Future 
studies should consider that low defaecation rates may limit the 
application of noninvasive glucocorticoid measurements in rep
tiles and that physiological data should be interpreted within the 
framework of natural FCM variability and combined with com
plementary measures (e.g. behavioural indicators) to obtain an 
integrated assessment of welfare.

Conclusions

Our results show that environmental enrichment can promote 
normal behaviour and reduce indicators of poor welfare in 
P. muralis. Behavioural effects were consistent across enrichment 
types but did not persist after enrichment was removed. The 
attenuated rise in FCMs during enrichment suggests a potentially 
beneficial  physiological response, although further research is 
needed given the limited knowledge of stress-related indicators in 
reptiles (Benn et al., 2019; Carbajal et al., 2024). We emphasize the 
need for an integrated approach to enrichment evaluation, incor
porating multiple welfare indicators that have been carefully 
selected and previously validated. Our findings  support the 
growing recognition that reptiles, like other vertebrates, benefit 
from enrichment strategies that consider species-specific  traits 
and use an ethologically informed design (Greenberg, 2023). We 
propose that the strategies used here could be adapted for other 
reptile species, provided that species-specific and individual dif
ferences are considered and efficacy is continually assessed within 
an evidence-based framework.

Author Contributions

Alicia Bartolom�e: Writing — review & editing, Writing —

original draft, Visualization, Validation, Methodology, 

A. Bartolom�e et al. / Animal Behaviour 239 (2026) 123692 13



Investigation, Funding acquisition, Formal analysis, Data curation, 
Conceptualization. Rupert Palme: Writing — review & editing, 
Supervision, Resources. Sabine Macho-Maschler: Writing — re
view & editing, Investigation. Pau Carazo: Writing — review & 
editing, Supervision, Methodology, Conceptualization. Enrique 
Font: Writing — review & editing, Resources, Methodology, 
Funding acquisition, Conceptualization.

Data Availability

The complete data set and R code used for analyses are avail
able as Supplementary Material.

Declaration of Interest

None.

Acknowledgments

We thank James Waterman and Luis M. Carrascal for their help 
with the statistical analysis of this study. We also thank Claudia 
Londo~no and Javier �Abalos for their valuable statistical advice and 
support, and Carla Salcedo and Ferr�an de la Cruz for their help 
during lizard capture. A.B. was supported by a Formaci�on de Pro
fesorado Universitario predoctoral fellowship from the Spanish 
Ministerio de Universidades (FPU18/04021). This project was 
funded in part by a grant from the Spanish Ministerio de Ciencia e 
Innovaci�on (PID2019-104721GB-IOO).

Supplementary Material

Supplementary material associated with this article is available 
at https://doi.org/10.1016/j.anbehav.2026.123692.

The Supplementary Material has not been copy-edited and 
the content, formatting and file  functionality are the sole 
responsibility of the author(s).

References

Abalos, J., P�erez i De Lanuza, G., Bartolom�e, A., Liehrmann, O., Laakkonen, H., 
Aubret, F., Uller, T., Carazo, P., & Font, E. (2020). No evidence for differential 
sociosexual behavior and space use in the color morphs of the European 
common wall lizard (Podarcis muralis). Ecology and Evolution, 10(20), 
10986—11005. https://doi.org/10.1002/ece3.6659

Ahlbeck Bergendahl, I., Salvanes, A. G. V., & Braithwaite, V. A. (2016). Determining 
the effects of duration and recency of exposure to environmental enrichment. 
Applied Animal Behaviour Science, 176, 163—169. https://doi.org/10.1016/ 
j.applanim.2015.11.002

Almli, L. M., & Burghardt, G. M. (2006). Environmental enrichment alters the 
behavioral profile of ratsnakes (Elaphe). Journal of Applied Animal Welfare Sci
ence, 9(2), 85—109. https://doi.org/10.1207/s15327604jaws0902_1

Amaral, O. B., Vargas, R. S., Hansel, G., Izquierdo, I., & Souza, D. O. (2008). Duration 
of environmental enrichment influences the magnitude and persistence of its 
behavioral effects on mice. Physiology & Behavior, 93(1), 388—394. https:// 
doi.org/10.1016/j.physbeh.2007.09.009

Anderson, C., Arun, A. S., & Jensen, P. (2010). Habituation to environmental 
enrichment in captive sloth bears―Effect on stereotypies. Zoo Biology, 29(6), 
705—714. https://doi.org/10.1002/zoo.20301

Arbuckle, K. (2010). Suitability of day-old chicks as food for captive snakes. Journal 
of Animal Physiology and Animal Nutrition, 94(6), e296—e307. https://doi.org/ 
10.1111/j.1439-0396.2010.01011.x

Arbuckle, K. (2013). Folklore husbandry and a philosophical model for the design 
of captive management regimes. Herpetological Review, 44(3), 448—452.

Arena, P. C., & Warwick, C. (2023). Spatial and thermal factors. In C. Warwick, 
P. C. Arena, & G. M. Burghardt (Eds.), Health and welfare of captive reptiles (2nd 
ed., pp. 417—445). Springer. https://doi.org/10.1007/978-3-030-86012-7_13. 

Avery, R. A. (1978). Activity patterns, thermoregulation and food consumption in 
two sympatric lizard species (Podarcis muralis and P. sicula) from central Italy. 
Journal of Animal Ecology, 47(1), 143. https://doi.org/10.2307/3928

Avery, R., Basker, A., & Corti, C. (1993). “Scan” behaviour in Podarcis muralis: The 
use of vantage points by an actively foraging lizard. Amphibia-Reptilia, 14(3), 
247—259. https://doi.org/10.1163/156853893X00444

Baird, T., Sloan, C., & Timanus, D. (2008). Intra- and inter-seasonal variation in the 
socio-spatial behavior of adult male collared lizards, Crotaphytus collaris 
(Reptilia, Crotaphytidae). Ethology, 107, 15—32. https://doi.org/10.1046/j.1439- 
0310.2001.00628.x

Bannister, C. C., Thomson, A. J. C., & Cuculescu-Santana, M. (2021). Can colored 
object enrichment reduce the escape behavior of captive freshwater turtles? 
Zoo Biology, 40(2), 160—168. https://doi.org/10.1002/zoo.21583

Barbosa, D., Font, E., Desfilis,  E., & Carretero, M. A. (2006). Chemically mediated 
species recognition in closely related Podarcis wall lizards. Journal of Chemical 
Ecology, 32(7), 1587—1598. https://doi.org/10.1007/s10886-006-9072-5

Barja, I., Silv�an, G., Martínez-Fern�andez, L., & Illera, J. C. (2011). Physiological stress 
responses, fecal marking behavior, and reproduction in wild European pine 
martens (Martes martes). Journal of Chemical Ecology, 37(3), 253—259. https:// 
doi.org/10.1007/s10886-011-9928-1

Bartolom�e, A., Carazo, P., & Font, E. (2023). Environmental enrichment for reptiles 
in European zoos: Current status and perspectives. Animal Welfare, 32, Article 
e48. https://doi.org/10.1017/awf.2023.43

Bartolom�e, A., Palme, R., Macho-Maschler, S., Carazo, P., & Font, E. (2025). Valida
tion of two enzyme immunoassays for non-invasive glucocorticoid measure
ment in a lacertid lizard (Podarcis muralis): Effects of pharmacological and 
biological stimuli on faecal corticosterone metabolites and behaviour. Physi
ology & Behavior, 290, Article 114751. https://doi.org/10.1016/ 
j.physbeh.2024.114751

Bashaw, M. J., Gibson, M. D., Schowe, D. M., & Kucher, A. S. (2016). Does enrichment 
improve reptile welfare? Leopard geckos (Eublepharis macularius) respond to 
five types of environmental enrichment. Applied Animal Behaviour Science, 184, 
150—160. https://doi.org/10.1016/j.applanim.2016.08.003

Bassett, L., & Buchanan-Smith, H. M. (2007). Effects of predictability on the welfare 
of captive animals. Applied Animal Behaviour Science, Conservation, Enrichment 
and Animal Behaviour, 102(3), 223—245. https://doi.org/10.1016/ 
j.applanim.2006.05.029

Bateson, M., & Martin, P. R. (2021). Measuring behaviour: An introductory guide (4th 
ed.). Cambridge University Press. 

Benn, A., McLelland, D., & Whittaker, A. (2019). A review of welfare assessment 
methods in reptiles, and preliminary application of the welfare quality® pro
tocol to the pygmy blue-tongue skink, Tiliqua adelaidensis, using animal-based 
measures. Animals, 9(1), Article 27. https://doi.org/10.3390/ani9010027

Black, I. R. G., Berman, J. M., Cadena, V., & Tattersall, G. J. (2019). Behavioral ther
moregulation in lizards: Strategies for achieving preferred temperature. In 
V. Bels, & A. Russell (Eds.), Behavior of lizards: Evolutionary and mechanistic 
perspectives (pp. 13—46). CRC Press. 

Boinski, S., Swing, S. P., Gross, T. S., & Davis, J. K. (1999). Environmental enrichment 
of brown capuchins (Cebus apella): Behavioral and plasma and fecal cortisol 
measures of effectiveness. American Journal of Primatology, 48(1), 49—68. 
https://doi.org/10.1002/(SICI)1098-2345(1999)48:1%3C49::AID- 
AJP4%3E3.0.CO;2-6

Boissy, A., Manteuffel, G., Jensen, M. B., Moe, R. O., Spruijt, B., Keeling, L. J., 
Winckler, C., Forkman, B., Dimitrov, I., Langbein, J., Bakken, M., Veissier, I., & 
Aubert, A. (2007). Assessment of positive emotions in animals to improve their 
welfare. Physiology & Behavior, Stress and Welfare in Farm Animals, 92(3), 
375—397. https://doi.org/10.1016/j.physbeh.2007.02.003

Borgmans, G., Palme, R., Sannen, A., Vervaecke, H., & Van Damme, R. (2018). The 
effect of environmental provisioning on stress levels in captive green anole 
(Anolis carolinensis). Animal Welfare, 27(1), 35—46. https://doi.org/10.7120/ 
09627286.27.1.035

Borgmans, G., Palme, R., Sannen, A., Vervaecke, H., & Van Damme, R. (2021). The 
effect of long term captivity on stress levels in Anolis carolinensis lizards. 
Journal of Applied Animal Welfare Science, 24(3), 321—330. https://doi.org/ 
10.1080/10888705.2021.1916937

Bra~na, F. (1991). Summer activity patterns and thermoregulation in the wall lizard, 
Podarcis muralis. Herpetological Journal, 1, 544—549.

Burghardt, G. M. (1996). Environmental enrichment or controlled deprivation? In 
G. M. Burghardt, G. M. Bielitski, J. T. Boyce, & J. R. D. O. Schaefer (Eds.), The well- 
being of animals in zoo and aquarium sponsored research (pp. 91—101). Scientists 
Center for Animal Welfare. 

Burghardt, G. M. (2013). Environmental enrichment and cognitive complexity in 
reptiles and amphibians: Concepts, review, and implications for captive pop
ulations. Applied Animal Behaviour Science, 147(3—4), 286—298. https://doi.org/ 
10.1016/j.applanim.2013.04.013

Burghardt, G. M. (2020). Box B9. The learning repertoire of reptiles. In V. A. Melfi, 
N. R. Dorey, & S. J. Ward (Eds.), Zoo animal learning and training (pp. 227—230). 
J. Wiley. https://onlinelibrary.wiley.com/doi/10.1002/9781118968543.oth12. 

Burghardt, G. M., Allen, B. A., & Frank, H. (1986). Exploratory tongue flicking  by 
green iguanas in laboratory and field.  In D. Duvall, D. Müller-Schwarze, & 
R. M. Silverstein (Eds.), Chemical signals in vertebrates 4: Ecology, evolution, and 
comparative biology (pp. 305—321). Springer. https://doi.org/10.1007/978-1- 
4613-2235-1_23. 

Burghardt, G. M., & Layne-Colon, D. G. (2023). Effects of ontogeny, rearing condi
tions, and individual differences on behaviour: Welfare, conservation, and 
invasive species implications. In C. Warwick, P. C. Arena, & G. M. Burghardt 
(Eds.), Health and welfare of captive reptiles (2nd ed., pp. 287—321). Springer. 
https://doi.org/10.1007/978-3-030-86012-7_9. 

Burghardt, G. M., Ward, B., & Rosscoe, R. (1996). Problem of reptile play: Envi
ronmental enrichment and play behavior in a captive Nile soft-shelled turtle, 

A. Bartolom�e et al. / Animal Behaviour 239 (2026) 123692 14

https://doi.org/10.1016/j.anbehav.2026.123692
https://doi.org/10.1002/ece3.6659
https://doi.org/10.1016/j.applanim.2015.11.002
https://doi.org/10.1016/j.applanim.2015.11.002
https://doi.org/10.1207/s15327604jaws0902_1
https://doi.org/10.1016/j.physbeh.2007.09.009
https://doi.org/10.1016/j.physbeh.2007.09.009
https://doi.org/10.1002/zoo.20301
https://doi.org/10.1111/j.1439%2D0396.2010.01011.x
https://doi.org/10.1111/j.1439%2D0396.2010.01011.x
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref6
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref6
https://doi.org/10.1007/978%2D3%2D030%2D86012%2D7_13
https://doi.org/10.2307/3928
https://doi.org/10.1163/156853893X00444
https://doi.org/10.1046/j.1439%2D0310.2001.00628.x
https://doi.org/10.1046/j.1439%2D0310.2001.00628.x
https://doi.org/10.1002/zoo.21583
https://doi.org/10.1007/s10886%2D006%2D9072%2D5
https://doi.org/10.1007/s10886%2D011%2D9928%2D1
https://doi.org/10.1007/s10886%2D011%2D9928%2D1
https://doi.org/10.1017/awf.2023.43
https://doi.org/10.1016/j.physbeh.2024.114751
https://doi.org/10.1016/j.physbeh.2024.114751
https://doi.org/10.1016/j.applanim.2016.08.003
https://doi.org/10.1016/j.applanim.2006.05.029
https://doi.org/10.1016/j.applanim.2006.05.029
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref18
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref18
https://doi.org/10.3390/ani9010027
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref20
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref20
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref20
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref20
https://doi.org/10.1002/%28SICI%291098%2D2345%281999%2948:1%26amp;percnt%3B3C49::AID%2DAJP4%26amp;percnt%3B3E3.0.CO%3B2%2D6
https://doi.org/10.1002/%28SICI%291098%2D2345%281999%2948:1%26amp;percnt%3B3C49::AID%2DAJP4%26amp;percnt%3B3E3.0.CO%3B2%2D6
https://doi.org/10.1016/j.physbeh.2007.02.003
https://doi.org/10.7120/09627286.27.1.035
https://doi.org/10.7120/09627286.27.1.035
https://doi.org/10.1080/10888705.2021.1916937
https://doi.org/10.1080/10888705.2021.1916937
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref25
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref25
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref26
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref26
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref26
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref26
https://doi.org/10.1016/j.applanim.2013.04.013
https://doi.org/10.1016/j.applanim.2013.04.013
https://onlinelibrary.wiley.com/doi/10.1002/9781118968543.oth12
https://doi.org/10.1007/978%2D1%2D4613%2D2235%2D1_23
https://doi.org/10.1007/978%2D1%2D4613%2D2235%2D1_23
https://doi.org/10.1007/978%2D3%2D030%2D86012%2D7_9


Trionyx triunguis. Zoo Biology, 15(3), 223—238. https://doi.org/10.1002/ 
(SICI)1098-2361(1996)15:3%3C223::AID-ZOO3%3E3.0.CO;2-D

Burman, O. H. P., Parker, R. M. A., Paul, E. S., & Mendl, M. (2008). Sensitivity to 
reward loss as an indicator of animal emotion and welfare. Biology Letters, 4(4), 
330—333. https://doi.org/10.1098/rsbl.2008.0113

Carazo, P., Font, E., & Desfilis,  E. (2007). Chemosensory assessment of rival 
competitive ability and scent-mark function in a lizard, Podarcis hispanica. 
Animal Behaviour, 74(4), 895—902. https://doi.org/10.1016/j.anbehav.2007.02. 
011

Carazo, P., Font, E., & Desfilis,  E. (2008). Beyond “nasty neighbours” and “dear 
enemies”? Individual recognition by scent marks in a lizard (Podarcis hispan
ica). Animal Behaviour, 76, 1953—1963. https://doi.org/10.1016/j.anbehav.2008. 
08.018

Carazo, P., Font, E., & Desfilis, E. (2011). The role of scent marks in female choice of 
territories and refuges in a lizard (Podarcis hispanica). Journal of Comparative 
Psychology, 125(3), 362—365. https://doi.org/10.1037/a0023404

Carbajal, A., Serres-Corral, P., Olvera-Maneu, S., & L�opez-B�ejar, M. (2024). Non- 
invasive measurement of glucocorticoids: The reptile perspective. Journal of 
Zoology, 323, 87—96. https://doi.org/10.1111/jzo.13157

Carlstead, K., & Shepherdson, D. (2000). Alleviating stress in zoo animals with 
environmental enrichment. In G. P. Moberg, & J. A. Mench (Eds.), The 
biology of animal stress: Basic principles and implications for animal welfare 
(pp. 337—354). CABI Publishing. https://doi.org/10.1079/ 
9780851993591.0337. 

Case, B. C., Lewbart, G. A., & Doerr, P. D. (2005). The physiological and behavioural 
impacts of and preference for an enriched environment in the eastern box 
turtle (Terrapene carolina carolina). Applied Animal Behaviour Science, 92(4), 
353—365. https://doi.org/10.1016/j.applanim.2004.11.011

Castro, P. D. J., Pietzsch, M., & Pantchev, N. (2019). Ectoparasites in captive reptiles. 
Veterinary Nurse, 10(1), 33—41. https://doi.org/10.12968/vetn.2019.10.1.33

Chiszar, D., Wellborn, S., Wand, M. A., Scudder, K. M., & Smith, H. M. (1980). 
Investigatory behavior in snakes, II: Cage cleaning and the induction of defe
cation in snakes. Animal Learning & Behavior, 8(3), 505—510. https://doi.org/ 
10.3758/BF03199642

Clark, F. E. (2017). Cognitive enrichment and welfare: Current approaches and 
future directions. Animal Behavior and Cognition, 4(1), 52—71. https://doi.org/ 
10.12966/abc.05.02.2017

Clark, F. E. (2020). What is there to learn in a zoo setting? In V. A. Melfi, N. R. Dorey, 
& S. J. Ward (Eds.), Zoo animal learning and training (pp. 83—100). J. Wiley. 
https://doi.org/10.1002/9781118968543.ch5. 

Clark, F. E., & King, A. J. (2008). A critical review of zoo-based olfactory enrichment. 
In J. L. Hurst, R. J. Beynon, S. C. Roberts, & T. D. Wyatt (Eds.), Chemical signals in 
vertebrates 11 (pp. 391—398). Springer. https://doi.org/10.1007/978-0-387- 
73945-8_37. 

Conde, D. A., Colchero, F., Gusset, M., Pearce-Kelly, P., Byers, O., Flesness, N., 
Browne, R. K., & Jones, O. R. (2013). Zoos through the lens of the IUCN red list: A 
global metapopulation approach to support conservation breeding programs. 
PLoS One, 8(12), Article e80311. https://doi.org/10.1371/journal.pone.0080311

Cooper, J. W. E. (1995). Foraging mode, prey chemical discrimination, and phy
logeny in lizards. Animal Behaviour, 50(4), 973—985. https://doi.org/10.1016/ 
0003-3472(95)80098-0

Cooper, J. E. (2024). Terrestrial reptiles: Lizards, snakes and tortoises. In 
C. Richardson, & H. Golledge (Eds.), The UFAW handbook on the care and 
management of laboratory and other research animals (9th ed., pp. 853—880). J. 
Wiley. https://doi.org/10.1002/9781119555278.ch46. 

Crawley, M. J. (2013). The R book (2nd ed.). Wiley. 
Crisante, A., Wilkinson, A., Pike, T. W., Rickman, E. L., & Burman, O. H. P. (2025). 

Does environmental enrichment impact the behaviour and welfare of bearded 
dragons (Pogona vitticeps)? Applied Animal Behaviour Science, 292, Article 
106751. https://doi.org/10.1016/j.applanim.2025.106751

Crowe-Riddell, J. M., & Lillywhite, H. B. (2023). Sensory systems. In C. Warwick, 
P. C. Arena, & G. M. Burghardt (Eds.), Health and welfare of captive reptiles (2nd 
ed., pp. 45—91). Springer. https://doi.org/10.1007/978-3-030-86012-7_3. 

Dantzer, B., Fletcher, Q. E., Boonstra, R., & Sheriff, M. J. (2014). Measures of phys
iological stress: A transparent or opaque window into the status, management 
and conservation of species? Conservation Physiology, 2(1), cou023. https:// 
doi.org/10.1093/conphys/cou023

Dawkins, M. S. (2021). The science of animal welfare: Understanding what animals 
want. Oxford University Press. 

de Almeida, A. C., Palme, R., & Moreira, N. (2018). How environmental enrichment 
affects behavioral and glucocorticoid responses in captive blue-and-yellow 
macaws (Ara ararauna). Applied Animal Behaviour Science, 201, 125—135. 
https://doi.org/10.1016/j.applanim.2017.12.019

de Azevedo, C. S., Cipreste, C. F., & Young, R. J. (2007). Environmental enrichment: A 
GAP analysis. Applied Animal Behaviour Science, 102(3—4), 329—343. https:// 
doi.org/10.1016/j.applanim.2006.05.034

Divers, S. J. (1999). Clinical evaluation of reptiles. Veterinary Clinics of North 
America: Exotic Animal Practice, Physical Examination and Preventive Medicine, 
2(2), 291—331. https://doi.org/10.1016/S1094-9194(17)30126-3

Eagan, T. (2019). Evaluation of enrichment for reptiles in zoos. Journal of Applied 
Animal Welfare Science, 22(1), 69—77. https://doi.org/10.1080/ 
10888705.2018.1490182

Edsman, L. (1989). Territoriality and competition in wall lizards [University of Stock
holm] https://www.researchgate.net/publication/233820960_Territoriality_ 
and_Competition_in_Wall_Lizards.

Ewert, J. P., Cooper, J. E., Langton, T., Matz, G., Reilly, K., & Schwantje, H. (2004). 
Background information: On the species-specific  proposals for reptiles. In 
Presented by the Expert Group on Amphibians and Reptiles. In Working party for 
the preparation of the fourth multilateral consultation of parties to the European 
convention for the protection of vertebrate animals used for experimental and 
other scientific purposes (ETS 123). 8th Meeting of the Working Party (pp. 1—41). 
Council of Europe. https://www.coe.int/t/e/legal_affairs/legal_co-operation/ 
biological_safety_and_use_of_animals/laboratory_animals/revision. 
%20of%20appendix%20a.asp.

Fairhurst, G. D., Frey, M. D., Reichert, J. F., Szelest, I., Kelly, D. M., & Bortolotti, G. R. 
(2011). Does environmental enrichment reduce stress? An integrated measure 
of corticosterone from feathers provides a novel perspective. PLoS One, 6(3), 
Article e17663.

Fernandez, E. J., & Timberlake, W. (2019). Foraging devices as enrichment in captive 
walruses (Odobenus rosmarus). Behavioural Processes, 168, Article 103943. 
https://doi.org/10.1016/j.beproc.2019.103943

Fleishman, L. J., & Font, E. (2019). Sensory processing in relation to signaling 
behavior. In V. Bels, & A. Russell (Eds.), Behavior of lizards: Evolutionary and 
mechanistic perspectives (pp. 207—257). CRC Press. 

Font, E. (2019). Rapid learning of a spatial memory task in a lacertid lizard (Podarcis 
liolepis). Behavioural Processes, 169, Article 103963. https://doi.org/10.1016/ 
j.beproc.2019.103963

Font, E. (2020). Squamate cognition. In J. Vonk, & T. Shackelford (Eds.), Encyclopedia 
of animal cognition and behavior (pp. 1—10). Springer International Publishing. 
https://doi.org/10.1007/978-3-319-47829-6_93-1. 

Font, E., Barbosa, D., Sampedro, C., & Carazo, P. (2012). Social behavior, chemical 
communication, and adult neurogenesis: Studies of scent mark function in 
Podarcis wall lizards. General and Comparative Endocrinology, 177(1), 9—17. 
https://doi.org/10.1016/j.ygcen.2012.02.015

Font, E., Burghardt, G. M., & Leal, M. (2023). Brains, behaviour, and cognition: 
Multiple misconceptions. In C. Warwick, P. C. Arena, & G. M. Burghardt (Eds.), 
Health and welfare of captive reptiles (2nd ed., pp. 211—238). Springer https:// 
link.springer.com/10.1007/978-3-030-86012-7_7. 

Font, E., Carazo, P., P�erez i De Lanuza, G., & Kramer, M. (2012). Predator-elicited foot 
shakes in wall lizards (Podarcis muralis): Evidence for a pursuit-deterrent 
function. Journal of Comparative Psychology, 126(1), 87—96. https://doi.org/ 
10.1037/a0025446

Font, E., & Desfilis, E. (2002). Chemosensory recognition of familiar and unfamiliar 
conspecifics by juveniles of the Iberian wall lizard Podarcis hispanica. Ethology, 
108(4), 319—330. https://doi.org/10.1046/j.1439-0310.2002.00782.x

Friard, O., & Gamba, M. (2016). BORIS (Behavioral Observation Research Interactive 
Software) [Computer software] https://www.boris.unito.it/.

G�omez, A., Font, E., & Desfilis,  E. (1993). Chemoreception in the Lacertidae: 
Exploration and conspecific discrimination in the Spanish wall lizard, Podarcis 
hispanica. In W. B. Valakos, W. B€ohme, V. P�erez-Mellado, & P. Maragou (Eds.), 
Lacertids of the mediterranean region: A biological approach (pp. 213—230). 
Hellenic Zoological Society. 

Ganswindt, S. B., Myburgh, J. G., Cameron, E. Z., & Ganswindt, A. (2014). Non- 
invasive assessment of adrenocortical function in captive Nile crocodiles 
(Crocodylus niloticus). Comparative Biochemistry and Physiology Part A: Molec
ular & Integrative Physiology, 177, 11—17. https://doi.org/10.1016/ 
j.cbpa.2014.07.013

Garcia-Pelegrin, E., Clark, F., & Miller, R. (2022). Increasing animal cognition 
research in zoos. Zoo Biology, 41(4), 281—291. https://doi.org/10.1002/ 
zoo.21674

Greenberg, N. (1985). Exploratory behavior and stress in the lizard, Anolis caro
linensis. Zeitschrift für Tierpsychologie, 70(2), 89—102. https://doi.org/10.1111/ 
j.1439-0310.1985.tb00503.x

Greenberg, N. (1993). Central and endocrine aspects of tongue-flicking  and 
exploratory behavior in Anolis carolinensis. Brain, Behavior and Evolution, 
41(3—5), 210—218. https://doi.org/10.1159/000113865

Greenberg, N. (2002). Ethological aspects of stress in a model lizard, Anolis caro
linensis. Integrative and Comparative Biology, 42(3), 526—540. https://doi.org/ 
10.1093/icb/42.3.526

Greenberg, N. (2023). Ethologically informed design and DEEP ethology in theory 
and practice. In C. Warwick, P. C. Arena, & G. M. Burghardt (Eds.), Health and 
welfare of captive reptiles (2nd ed., pp. 379—416). Springer. https://doi.org/ 
10.1007/978-3-030-86012-7_12. 

Griffing,  A. H., Sanger, T. J., Matamoros, I. C., Nielsen, S. V., & Gamble, T. (2018). 
Protocols for husbandry and embryo collection of a parthenogenetic gecko, 
Lepidodactylus lugubris (Squamata: Gekkonidae). Herpetological Review, 49(2), 
230—235.

Hennig, C. W., & Dunlap, W. P. (1978). Tonic immobility in Anolis carolinensis: Ef
fects of time and conditions of captivity. Behavioral Biology, 23(1), 75—86. 
https://doi.org/10.1016/S0091-6773(78)91180-X

Hocking, D., Salverson, M., & Evans, A. (2015). Foraging-based enrichment pro
motes more varied behaviour in captive australian fur seals (Arctocephalus 
pusillus doriferus). PLoS One, 10(5), Article e0124615. https://doi.org/10.1371/ 
journal.pone.0124615

Hoehfurtner, T., Wilkinson, A., Nagabaskaran, G., & Burman, O. H. P. (2021). Does 
the provision of environmental enrichment affect the behaviour and welfare of 
captive snakes? Applied Animal Behaviour Science, 239, Article 105324. https:// 
doi.org/10.1016/j.applanim.2021.105324

Hu, M.-C., Pavlicova, M., & Nunes, E. V. (2011). Zero-inflated and hurdle models of 
count data with extra zeros: Examples from an HIV-risk reduction intervention 

A. Bartolom�e et al. / Animal Behaviour 239 (2026) 123692 15

https://doi.org/10.1002/%28SICI%291098%2D2361%281996%2915:3%26amp;percnt%3B3C223::AID%2DZOO3%26amp;percnt%3B3E3.0.CO%3B2%2DD
https://doi.org/10.1002/%28SICI%291098%2D2361%281996%2915:3%26amp;percnt%3B3C223::AID%2DZOO3%26amp;percnt%3B3E3.0.CO%3B2%2DD
https://doi.org/10.1098/rsbl.2008.0113
https://doi.org/10.1016/j.anbehav.2007.02.011
https://doi.org/10.1016/j.anbehav.2007.02.011
https://doi.org/10.1016/j.anbehav.2008.08.018
https://doi.org/10.1016/j.anbehav.2008.08.018
https://doi.org/10.1037/a0023404
https://doi.org/10.1111/jzo.13157
https://doi.org/10.1079/9780851993591.0337
https://doi.org/10.1079/9780851993591.0337
https://doi.org/10.1016/j.applanim.2004.11.011
https://doi.org/10.12968/vetn.2019.10.1.33
https://doi.org/10.3758/BF03199642
https://doi.org/10.3758/BF03199642
https://doi.org/10.12966/abc.05.02.2017
https://doi.org/10.12966/abc.05.02.2017
https://doi.org/10.1002/9781118968543.ch5
https://doi.org/10.1007/978%2D0%2D387%2D73945%2D8_37
https://doi.org/10.1007/978%2D0%2D387%2D73945%2D8_37
https://doi.org/10.1371/journal.pone.0080311
https://doi.org/10.1016/0003%2D3472%2895%2980098%2D0
https://doi.org/10.1016/0003%2D3472%2895%2980098%2D0
https://doi.org/10.1002/9781119555278.ch46
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref47
https://doi.org/10.1016/j.applanim.2025.106751
https://doi.org/10.1007/978%2D3%2D030%2D86012%2D7_3
https://doi.org/10.1093/conphys/cou023
https://doi.org/10.1093/conphys/cou023
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref51
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref51
https://doi.org/10.1016/j.applanim.2017.12.019
https://doi.org/10.1016/j.applanim.2006.05.034
https://doi.org/10.1016/j.applanim.2006.05.034
https://doi.org/10.1016/S1094%2D9194%2817%2930126%2D3
https://doi.org/10.1080/10888705.2018.1490182
https://doi.org/10.1080/10888705.2018.1490182
https://www.researchgate.net/publication/233820960_Territoriality_and_Competition_in_Wall_Lizards
https://www.researchgate.net/publication/233820960_Territoriality_and_Competition_in_Wall_Lizards
https://www.coe.int/t/e/legal_affairs/legal_co%2Doperation/biological_safety_and_use_of_animals/laboratory_animals/revision
https://www.coe.int/t/e/legal_affairs/legal_co%2Doperation/biological_safety_and_use_of_animals/laboratory_animals/revision
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref58
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref58
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref58
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref58
https://doi.org/10.1016/j.beproc.2019.103943
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref60
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref60
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref60
https://doi.org/10.1016/j.beproc.2019.103963
https://doi.org/10.1016/j.beproc.2019.103963
https://doi.org/10.1007/978%2D3%2D319%2D47829%2D6_93%2D1
https://doi.org/10.1016/j.ygcen.2012.02.015
https://link.springer.com/10.1007/978%2D3%2D030%2D86012%2D7_7
https://link.springer.com/10.1007/978%2D3%2D030%2D86012%2D7_7
https://doi.org/10.1037/a0025446
https://doi.org/10.1037/a0025446
https://doi.org/10.1046/j.1439%2D0310.2002.00782.x
https://www.boris.unito.it/
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref68
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref68
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref68
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref68
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref68
https://doi.org/10.1016/j.cbpa.2014.07.013
https://doi.org/10.1016/j.cbpa.2014.07.013
https://doi.org/10.1002/zoo.21674
https://doi.org/10.1002/zoo.21674
https://doi.org/10.1111/j.1439%2D0310.1985.tb00503.x
https://doi.org/10.1111/j.1439%2D0310.1985.tb00503.x
https://doi.org/10.1159/000113865
https://doi.org/10.1093/icb/42.3.526
https://doi.org/10.1093/icb/42.3.526
https://doi.org/10.1007/978%2D3%2D030%2D86012%2D7_12
https://doi.org/10.1007/978%2D3%2D030%2D86012%2D7_12
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref75
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref75
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref75
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref75
https://doi.org/10.1016/S0091%2D6773%2878%2991180%2DX
https://doi.org/10.1371/journal.pone.0124615
https://doi.org/10.1371/journal.pone.0124615
https://doi.org/10.1016/j.applanim.2021.105324
https://doi.org/10.1016/j.applanim.2021.105324


trial. American Journal of Drug and Alcohol Abuse, 37(5), 367—375. https:// 
doi.org/10.3109/00952990.2011.597280

Hubrecht, R., & Kirkwood, J. K. (Eds.). (2010). The UFAW handbook on the care and 
management of laboratory and other research animals (8th ed.). J. Wiley. 

Huey, R. B. (1982). Temperature, physiology, and the ecology of reptiles. In C. Gans, 
& F. H. Pough (Eds.), Biology of the reptilia (Vol. 12, pp. 25—95). Academic Press. 

Jenssen, T. A., Greenberg, N., & Hovde, K. A. (1995). Behavioral profile  of free- 
ranging male lizards, Anolis carolinensis, across breeding and post-breeding 
seasons. Herpetological Monographs, 9, 41—62. https://doi.org/10.2307/1466995

Johnson, R. (2017). Behaviour in the wild and in captivity. In Reptile medicine and 
surgery in clinical practice (pp. 33—43). J. Wiley. https://doi.org/10.1002/ 
9781118977705.ch3. 

Kagan, R., Carter, S., & Allard, S. (2015). A universal animal welfare framework for 
zoos. Journal of Applied Animal Welfare Science, 18(S1), S1—S10. https://doi.org/ 
10.1080/10888705.2015.1075830

Kaplan, M. (2014). Getting rid of reptile mites. Anapsid. https://www.anapsid.org/ 
mites.html#effective. 

Krebs, B., & Watters, J. (2017). Simple but temporally unpredictable puzzles are 
cognitive enrichment. Animal Behavior and Cognition, 4, 119—134. https:// 
doi.org/10.12966/abc.09.02.2017

Kuczaj, S., Lacinak, T., Fad, O., Trone, M., Solangi, M., & Ramos, J. (2002). Keeping 
environmental enrichment enriching. International Journal of Comparative 
Psychology, 15(2), 127—137. https://doi.org/10.46867/C4XK5N

Kuo, C.-Y., Mu~noz, M. M., & Irschick, D. J. (2019). Lizard foraging: A perspective 
integrating sensory ecology and life histories. In V. Bels, & A. Russell (Eds.), 
Behavior of lizards: Evolutionary and mechanistic perspectives (pp. 87—105). CRC 
Press. 

LaDage, L. D., Roth, T. C., Cerjanic, A. M., Sinervo, B., & Pravosudov, V. V. (2012). 
Spatial memory: Are lizards really deficient?  Biology Letters, 8(6), 939—941. 
https://doi.org/10.1098/rsbl.2012.0527

Langkilde, T., & Shine, R. (2006). How much stress do researchers inflict on their 
study animals? A case study using a scincid lizard, Eulamprus heatwolei. Journal 
of Experimental Biology, 209(6), 1035—1043. https://doi.org/10.1242/jeb.02112

Leal, M., & Powell, B. J. (2011). Behavioural flexibility and problem-solving in a 
tropical lizard. Biology Letters, 8(1), 28—30. https://doi.org/10.1098/ 
rsbl.2011.0480

Lehner, P. N. (1998). Handbook of ethological methods (2nd ed.). Cambridge Uni
versity Press. 

Lillywhite, H. B. (2023). Physiology and functional anatomy. In C. Warwick, 
P. C. Arena, & G. M. Burghardt (Eds.), Health and welfare of captive reptiles (2nd 
ed., pp. 7—44). Springer. https://doi.org/10.1007/978-3-030-86012-7_2. 

Londo~no, C., Bartolom�e, A., Carazo, P., & Font, E. (2018). Chemosensory enrichment 
as a simple and effective way to improve the welfare of captive lizards. 
Ethology, 124(9), 674—683. https://doi.org/10.1111/eth.12800

M€ostl, E., Maggs, J. L., Schr€otter, G., Besenfelder, U., & Palme, R. (2002). Measure
ment of cortisol metabolites in faeces of ruminants. Veterinary Research Com
munications, 26, 127—139. https://doi.org/10.1023/A:1014095618125

Manrod, J. D., Hartdegen, R., & Burghardt, G. M. (2008). Rapid solving of a problem 
apparatus by juvenile black-throated monitor lizards (Varanus albigularis albi
gularis). Animal Cognition, 11(2), 267—273. https://doi.org/10.1007/s10071-007- 
0109-0

Marashi, V., Barnekow, A., Ossendorf, E., & Sachser, N. (2003). Effects of different 
forms of environmental enrichment on behavioral, endocrinological, and 
immunological parameters in male mice. Hormones and Behavior, 43(2), 
281—292. https://doi.org/10.1016/S0018-506X(03)00002-3

Markowitz, H., & Aday, C. (1998). Power for captive animals: Contingencies and 
nature. In D. J. Shepherdson, J. D. Mellen, & M. Hutchins (Eds.), Second nature. 
Environmental enrichment for captive animals (pp. 47—58). Smithsonian Insti
tution Press. 

Martín, J., Barja, I., Rodríguez-Ruiz, G., Recio, P., & Cuervo, J. J. (2023). Hidden but 
potentially stressed: A non-invasive technique to quantify fecal glucocorticoid 
levels in a fossorial amphisbaenian reptile. Animals, 13(1), Article 109. https:// 
doi.org/10.3390/ani13010109

Mason, G. J., & Mendl, M. (1993). Why is there no simple way of measuring animal 
welfare? Animal Welfare, 2(4), 301—319. https://doi.org/10.1017/ 
S0962728600016092

McCracken, H., Carmel, B., Chitty, J., Doneley, B., Johnson, R., Lennox, A. M., Monks, D., 
& Olsson, A. (2017). Differential diagnoses. In B. Doneley, D. Monks, R. Johnson, & 
B. Carmel (Eds.), Reptile medicine and surgery in clinical practice (pp. 217—253). J J. 
Wiley. https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118977705.ch17. 

Meehan, C. L., & Mench, J. A. (2007). The challenge of challenge: Can problem 
solving opportunities enhance animal welfare? Applied Animal Behaviour Sci
ence, Conservation, Enrichment and Animal Behaviour, 102(3), 246—261. https:// 
doi.org/10.1016/j.applanim.2006.05.031

Melfi, V. A. (2009). There are big gaps in our knowledge, and thus approach, to zoo 
animal welfare: A case for evidence-based zoo animal management. Zoo 
Biology, 28(6), 574—588. https://doi.org/10.1002/zoo.20288

Mellen, J., & Sevenich MacPhee, M. (2001). Philosophy of environmental enrich
ment: Past, present, and future. Zoo Biology, 20(3), 211—226. https://doi.org/ 
10.1002/zoo.1021

Mellor, D. J. (2015). Enhancing animal welfare by creating opportunities for posi
tive affective engagement. New Zealand Veterinary Journal, 63(1), 3—8. https:// 
doi.org/10.1080/00480169.2014.926799

Mench, J. A. (1998). Environmental enrichment and the importance of exploratory 
behavior. In D. J. Shepherdson, J. D. Mellen, & M. Hutchins (Eds.), Second nature. 

Environmental enrichment for captive animals (pp. 30—46). Smithsonian Insti
tution Press. 

Mendyk, R. W. (2012). Reaching out for enrichment in arboreal monitor lizards. 
Animal Keepers Forum, 39(1), 33—36.

Mendyk, R. W. (2018). Challenging folklore reptile husbandry in zoological parks. 
In M. Berger, & S. Corbett (Eds.), Zoo animals: Husbandry, welfare and public 
interactions (pp. 265—292). Nova Science Publishers. 

Mendyk, R. W., & Augustine, L. (2023). Controlled deprivation and enrichment. In 
C. Warwick, P. C. Arena, & G. M. Burghardt (Eds.), Health and welfare of captive 
reptiles (2nd ed., pp. 323—355). Springer. https://doi.org/10.1007/978-3-030- 
86012-7_10. 

Mendyk, R. W., Baumer, M., Augustine, L., & Herrelko, E. S. (2016). A comparative 
assessment of varanid lizard thermal husbandry in zoos and private collec
tions: Disparate ideologies or a paradigm disconnect?. In M. Cota (Ed.), Pro
ceedings of the 2015 interdisciplinary world conference on monitor lizards (Vol. 1, 
pp. 175—197).

Mendyk, R. W., & Horn, H. G. (2011). Skilled forelimb movements and extractive 
foraging in the arboreal monitor lizard Varanus beccarii (Doria, 1974). Herpe
tological Review, 42(3), 343—349.

Moberg, G. P. (2000). Biological response to stress: Implications for animal welfare. 
In G. P. Moberg, & J. A. Mench (Eds.), The biology of animal stress: Basic principles 
and implications for animal welfare (pp. 1—21). CABI Publishing. https://doi.org/ 
10.1079/9780851993591.0001. 

Morgan, K. N., & Tromborg, C. T. (2007). Sources of stress in captivity. Applied 
Animal Behaviour Science, 102(3—4), 262—302. https://doi.org/10.1016/ 
j.applanim.2006.05.032

Moszuti, S. A., Wilkinson, A., & Burman, O. H. P. (2017). Response to novelty as an 
indicator of reptile welfare. Applied Animal Behaviour Science, 193, 98—103. 
https://doi.org/10.1016/j.applanim.2017.03.018

Nagabaskaran, G., Burman, O. H. P., Hoehfurtner, T., & Wilkinson, A. (2021). Envi
ronmental enrichment impacts discrimination between familiar and unfa
miliar human odours in snakes (Pantherophis guttata). Applied Animal 
Behaviour Science, 237, Article 105278. https://doi.org/10.1016/ 
j.applanim.2021.105278

Newberry, R. C. (1995). Environmental enrichment: Increasing the biological 
relevance of captive environments. Applied Animal Behaviour Science, 44(2—4), 
229—243. https://doi.org/10.1016/0168-1591(95)00616-Z

P�erez i de Lanuza, G., �Abalos, J., Bartolom�e, A., & Font, E. (2018). Through the eye of 
a lizard: Hue discrimination in a lizard with ventral polymorphic coloration. 
Journal of Experimental Biology, 221. https://doi.org/10.1242/jeb.169565. 
jeb.169565.

P�erez i de Lanuza, G., Carazo, P., & Font, E. (2014). Colours of quality: Structural (but 
not pigment) coloration informs about male quality in a polychromatic lizard. 
Animal Behaviour, 90, 73—81. https://doi.org/10.1016/j.anbehav.2014.01.017

Palme, R. (2019). Non-invasive measurement of glucocorticoids: Advances and 
problems. Physiology & Behavior, 199, 229—243. https://doi.org/10.1016/ 
j.physbeh.2018.11.021

Palme, R., Rettenbacher, S., Touma, C., El-Bahr, S. M., & M€ostl, E. (2005). Stress 
hormones in mammals and birds: Comparative aspects regarding metabolism, 
excretion, and noninvasive measurement in fecal samples. Annals of the New 
York Academy of Sciences, 1040(1), 162—171. https://doi.org/10.1196/ 
annals.1327.021

Pasmans, F., Blahak, S., Martel, A., & Pantchev, N. (2008). Introducing reptiles into a 
captive collection: The role of the veterinarian. Veterinary Journal, 175(1), 
53—68. https://doi.org/10.1016/j.tvjl.2006.12.009

R Core Team. (2022). R: A language and environment for statistical computing. R 
Foundation for Statistical Computing [Computer software] Version 4.2.2. 
https://www.r-project.org/.

Rickman, E. L., Wilkinson, A., Pike, T. W., & Burman, O. H. P. (2025). The impact of 
enriched housing on the behaviour and welfare of captive leopard geckos 
(Eublepharis macularius). Applied Animal Behaviour Science, 283, Article 106487. 
https://doi.org/10.1016/j.applanim.2024.106487

Riley, L. M., & Rose, P. E. (2020). Concepts, applications, uses and evaluation of 
environmental enrichment: Perceptions of zoo professionals. Journal of Zoo 
and Aquarium Research, 8(1), 18—28. https://doi.org/10.19227/jzar.v8i1.384

Roe, J., Frank, M., & Kingsbury, B. (2015). Experimental evaluation of captive- 
rearing practices to improve success of snake reintroductions. Herpetological 
Conservation and Biology, 10(2), 711—722.

Rose, P. E., Brereton, J. E., Rowden, L. J., De Figueiredo, R. L., & Riley, L. M. (2019). 
What's new from the zoo? An analysis of ten years of zoo-themed research 
output. Palgrave Communications, 5(1), Article 128. https://doi.org/10.1057/ 
s41599-019-0345-3

Rose, P., Evans, C., Coffin,  R., Miller, R., & Nash, S. (2014). Using student-centred 
research to evidence-base exhibition of reptiles and amphibians: Three 
species-specific  case studies. Journal of Zoo and Aquarium Research, 2(1), 
25—35. https://doi.org/10.19227/jzar.v2i1.23

Rosier, R. L., & Langkilde, T. (2011). Does environmental enrichment really matter? 
A case study using the eastern fence lizard, Sceloporus undulatus. Applied An
imal Behaviour Science, 131(1—2), 71—76. https://doi.org/10.1016/ 
j.applanim.2011.01.008

Rust, K., Clegg, I., & Fernandez, E. J. (2024). The voice of choice: A scoping review of 
choice-based animal welfare studies. Applied Animal Behaviour Science, 275, 
Article 106270. https://doi.org/10.1016/j.applanim.2024.106270

Sapolsky, R. M., Romero, L. M., & Munck, A. U. (2000). How do glucocorticoids 
influence  stress responses? Integrating permissive, suppressive, stimulatory, 

A. Bartolom�e et al. / Animal Behaviour 239 (2026) 123692 16

https://doi.org/10.3109/00952990.2011.597280
https://doi.org/10.3109/00952990.2011.597280
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref80
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref80
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref81
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref81
https://doi.org/10.2307/1466995
https://doi.org/10.1002/9781118977705.ch3
https://doi.org/10.1002/9781118977705.ch3
https://doi.org/10.1080/10888705.2015.1075830
https://doi.org/10.1080/10888705.2015.1075830
https://www.anapsid.org/mites.html%23effective
https://www.anapsid.org/mites.html%23effective
https://doi.org/10.12966/abc.09.02.2017
https://doi.org/10.12966/abc.09.02.2017
https://doi.org/10.46867/C4XK5N
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref88
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref88
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref88
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref88
https://doi.org/10.1098/rsbl.2012.0527
https://doi.org/10.1242/jeb.02112
https://doi.org/10.1098/rsbl.2011.0480
https://doi.org/10.1098/rsbl.2011.0480
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref92
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref92
https://doi.org/10.1007/978%2D3%2D030%2D86012%2D7_2
https://doi.org/10.1111/eth.12800
https://doi.org/10.1023/A:1014095618125
https://doi.org/10.1007/s10071%2D007%2D0109%2D0
https://doi.org/10.1007/s10071%2D007%2D0109%2D0
https://doi.org/10.1016/S0018%2D506X%2803%2900002%2D3
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref98
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref98
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref98
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref98
https://doi.org/10.3390/ani13010109
https://doi.org/10.3390/ani13010109
https://doi.org/10.1017/S0962728600016092
https://doi.org/10.1017/S0962728600016092
https://onlinelibrary.wiley.com/doi/abs/10.1002/9781118977705.ch17
https://doi.org/10.1016/j.applanim.2006.05.031
https://doi.org/10.1016/j.applanim.2006.05.031
https://doi.org/10.1002/zoo.20288
https://doi.org/10.1002/zoo.1021
https://doi.org/10.1002/zoo.1021
https://doi.org/10.1080/00480169.2014.926799
https://doi.org/10.1080/00480169.2014.926799
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref106
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref106
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref106
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref106
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref107
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref107
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref108
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref108
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref108
https://doi.org/10.1007/978%2D3%2D030%2D86012%2D7_10
https://doi.org/10.1007/978%2D3%2D030%2D86012%2D7_10
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref110
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref110
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref110
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref110
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref110
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref111
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref111
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref111
https://doi.org/10.1079/9780851993591.0001
https://doi.org/10.1079/9780851993591.0001
https://doi.org/10.1016/j.applanim.2006.05.032
https://doi.org/10.1016/j.applanim.2006.05.032
https://doi.org/10.1016/j.applanim.2017.03.018
https://doi.org/10.1016/j.applanim.2021.105278
https://doi.org/10.1016/j.applanim.2021.105278
https://doi.org/10.1016/0168%2D1591%2895%2900616%2DZ
https://doi.org/10.1242/jeb.169565
https://doi.org/10.1016/j.anbehav.2014.01.017
https://doi.org/10.1016/j.physbeh.2018.11.021
https://doi.org/10.1016/j.physbeh.2018.11.021
https://doi.org/10.1196/annals.1327.021
https://doi.org/10.1196/annals.1327.021
https://doi.org/10.1016/j.tvjl.2006.12.009
https://www.r%2Dproject.org/
https://doi.org/10.1016/j.applanim.2024.106487
https://doi.org/10.19227/jzar.v8i1.384
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref125
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref125
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref125
https://doi.org/10.1057/s41599%2D019%2D0345%2D3
https://doi.org/10.1057/s41599%2D019%2D0345%2D3
https://doi.org/10.19227/jzar.v2i1.23
https://doi.org/10.1016/j.applanim.2011.01.008
https://doi.org/10.1016/j.applanim.2011.01.008
https://doi.org/10.1016/j.applanim.2024.106270


and preparative actions. Endocrine Reviews, 21(1), 55—89. https://doi.org/ 
10.1210/edrv.21.1.0389

Scheun, J., Greeff, D., & Ganswindt, A. (2018). Non-invasive monitoring of gluco
corticoid metabolite concentrations in urine and faeces of the Sungazer 
(Smaug giganteus). PeerJ, 6, Article e6132. https://doi.org/10.7717/peerj.6132

Shepherdson, D. J. (2003). Environmental enrichment: Past, present and future. 
International Zoo Yearbook, 38(1), 118—124. https://doi.org/10.1111/j.1748- 
1090.2003.tb02071.x

Spain, M., Fuller, G., & Allard, S. (2020). Effects of habitat modifications  on 
behavioral indicators of welfare for Madagascar giant hognose snakes (Leio
heterodon madagascariensis). Animal Behavior and Cognition, 7(1), 70—81. 
https://doi.org/10.26451/abc.07.01.06.2020

Sparkman, A. M., Bronikowski, A. M., Williams, S., Parsai, S., Manhart, W., & 
Palacios, M. G. (2014). Physiological indices of stress in wild and captive garter 
snakes: Correlations, repeatability, and ecological variation. Comparative 
Biochemistry and Physiology Part A: Molecular & Integrative Physiology, 174, 
11—17. https://doi.org/10.1016/j.cbpa.2014.03.023

Sparrow, L., Gill, I., Michaels, C. J., & Turner, C. J. (2024). Trends in reptile holdings 
across UK zoos: Identification of the factors responsible for declining numbers of 
venomous snake. Zoo Biology, 43(6), 556—569. https://doi.org/10.1002/ 
zoo.21868

Tarou, L. R., & Bashaw, M. J. (2007). Maximizing the effectiveness of environmental 
enrichment: Suggestions from the experimental analysis of behavior. Applied 
Animal Behaviour Science, 102(3—4), 189—204. https://doi.org/10.1016/ 
j.applanim.2006.05.026

Therrien, C. L., Gaster, L., Cunningham-Smith, P., & Manire, C. A. (2007). Experi
mental evaluation of environmental enrichment of sea turtles. Zoo Biology, 
26(5), 407—416. https://doi.org/10.1002/zoo.20145

Touma, C., Sachser, N., M€ostl, E., & Palme, R. (2003). Effects of sex and time of day 
on metabolism and excretion of corticosterone in urine and feces of mice. 
General and Comparative Endocrinology, 130(3), 267—278. https://doi.org/ 
10.1016/S0016-6480(02)00620-2

Trochet, A., Dupou�e, A., Souchet, J., Bertrand, R., Deluen, M., Murarasu, S., Calvez, O., 
Martinez-Silvestre, A., Verdaguer-Foz, I., Darnet, E., Chevalier, H. L., Mossoll- 
Torres, M., Guillaume, O., & Aubret, F. (2018). Variation of preferred body tem
peratures along an altitudinal gradient: A multi-species study. Journal of Thermal 
Biology, 77, 38—44. https://doi.org/10.1016/j.jtherbio.2018.08.002

Tuite, E. K., Moss, S. A., Phillips, C. J., & Ward, S. J. (2022). Why are enrichment 
practices in zoos difficult to implement effectively? Animals, 12(5), Article 554. 
https://doi.org/10.3390/ani12050554

Uetz, P., Freed, P., Aguilar, R., Reyes, F., Kudera, J., & Ho�sek, J. (2025). Species Sta
tistics September 2025. The Reptile Database. http://www.reptile-database.org/ 
db-info/SpeciesStat.html.

Veissier, I., & Boissy, A. (2007). Stress and welfare: Two complementary concepts 
that are intrinsically related to the animal's point of view. Physiology & 
Behavior, 92(3), 429—433. https://doi.org/10.1016/j.physbeh.2006.11.008

Veissier, I., Lesimple, C., Brunet, V., Aub�e, L., & Botreau, R. (2024). Review: 
Rethinking environmental enrichment as providing opportunities to acquire 
information. Animal, 18(9), Article 101251. https://doi.org/10.1016/ 
j.animal.2024.101251

Vitt, L. J., & Caldwell, J. P. (2014). Herpetology: An introductory biology of amphibians 
and reptiles (4th ed.). Elsevier Academic Press. 

Warwick, C. (1990). Reptilian ethology in captivity: Observations of some problems 
and an evaluation of their aetiology. Applied Animal Behaviour Science, 26(1—2), 
1—13. https://doi.org/10.1016/0168-1591(90)90082-O

Warwick, C. (2023). Psychological and behavioural principles and problems. In 
C. Warwick, P. C. Arena, & G. M. Burghardt (Eds.), Health and welfare of captive 
reptiles (2nd ed., pp. 239—285). Springer. https://doi.org/10.1007/978-3-030- 
86012-7_8. 

Warwick, C., Arena, P. C., & Burghardt, G. M. (Eds.). (2023). Health and welfare 
of captive reptiles (2nd ed.). Springer. https://doi.org/10.1007/978-3-030- 
86012-7. 

Warwick, C., Arena, P., Lindley, S., Jessop, M., & Steedman, C. (2013). Assessing 
reptile welfare using behavioural criteria. Practice, 35(3), 123—131. https:// 
doi.org/10.1136/inp.f1197

Warwick, C., Arena, P., & Steedman, C. (2019). Spatial considerations for captive 
snakes. Journal of Veterinary Behavior, 30, 37—48. https://doi.org/10.1016/ 
j.jveb.2018.12.006

Warwick, C., Jessop, M., Arena, P., Pilny, A., & Steedman, C. (2018). Guidelines 
for inspection of companion and commercial animal establishments. 
Frontiers in Veterinary Science, 5, Article 151. https://doi.org/10.3389/ 
fvets.2018.00151

Warwick, C., Steedman, C., Jessop, M., Arena, P., Pilny, A., & Nicholas, E. (2018). 
Exotic pet suitability: Understanding some problems and using a 
labeling system to aid animal welfare, environment, and consumer protection. 
Journal of Veterinary Behavior, 26, 17—26. https://doi.org/10.1016/j.jveb.2018.03. 
015

Waterman, J. O., McNally, R., Harrold, D., Cook, M., Garcia, G., Fidgett, A. L., & 
Holmes, L. (2021). Evaluating environmental enrichment methods in three 
zoo-housed Varanidae lizard species. Journal of Zoological and Botanical Gar
dens, 2(4), 716—727. https://doi.org/10.3390/jzbg2040051

Watson, S. L., Ward, J. P., Davis, K. B., & Stavisky, R. C. (1999). Scent-marking 
and cortisol response in the small-eared bushbaby (Otolemur garnettii). 
Physiology & Behavior, 66(4), 695—699. https://doi.org/10.1016/S0031- 
9384(99)00005-0

Watters, J. V. (2009). Toward a predictive theory for environmental enrichment. 
Zoo Biology, 28(6), 609—622. https://doi.org/10.1002/zoo.20284

Watters, J. V., Krebs, B. L., & Eschmann, C. L. (2021). Assessing animal welfare with 
behavior: Onward with caution. Journal of Zoological and Botanical Gardens, 
2(1), 75—87. https://doi.org/10.3390/jzbg2010006

Watters, J. V., Miller, J. T., & Sullivan, T. J. (2011). Note on optimizing environmental 
enrichment: A study of fennec fox and zoo guests. Zoo Biology, 30(6), 647—654. 
https://doi.org/10.1002/zoo.20365

Whilde, J., Whitmore, L., Yang, C., Taylor, A., Schaffner, B., Eastman, C. B., 
Thomas, R., Ramia, R., & Duffy, D. J. (2021). Effects of food-based enrichment on 
the behaviour of juvenile green turtles (Chelonia mydas) in a rehabilitation 
facility in Florida. Testudo, 9(3), 64—79.

Whitehead, M. L. (2018). Factors contributing to poor welfare of pet reptiles. Tes
tudo, 8(5), 47—61.

Whitham, J. C., & Wielebnowski, N. (2013). New directions for zoo animal welfare 
science. Applied Animal Behaviour Science, 147(3—4), 247—260. https://doi.org/ 
10.1016/j.applanim.2013.02.004

Wilkinson, S. L. (2015). Reptile wellness management. Veterinary Clinics: 
Exotic Animal Practice, 18(2), 281—304. https://doi.org/10.1016/j.cvex.2015.01. 
001

Wood-Gush, D. G. M., & Vestergaard, K. (1989). Exploratory behavior and the 
welfare of intensively kept animals. Journal of Agricultural Ethics, 2(2), 161—169. 
https://doi.org/10.1007/BF01826929

Young, R. J. (2003). Environmental enrichment for captive animals. Blackwell 
Science. 

A. Bartolom�e et al. / Animal Behaviour 239 (2026) 123692 17

https://doi.org/10.1210/edrv.21.1.0389
https://doi.org/10.1210/edrv.21.1.0389
https://doi.org/10.7717/peerj.6132
https://doi.org/10.1111/j.1748%2D1090.2003.tb02071.x
https://doi.org/10.1111/j.1748%2D1090.2003.tb02071.x
https://doi.org/10.26451/abc.07.01.06.2020
https://doi.org/10.1016/j.cbpa.2014.03.023
https://doi.org/10.1002/zoo.21868
https://doi.org/10.1002/zoo.21868
https://doi.org/10.1016/j.applanim.2006.05.026
https://doi.org/10.1016/j.applanim.2006.05.026
https://doi.org/10.1002/zoo.20145
https://doi.org/10.1016/S0016%2D6480%2802%2900620%2D2
https://doi.org/10.1016/S0016%2D6480%2802%2900620%2D2
https://doi.org/10.1016/j.jtherbio.2018.08.002
https://doi.org/10.3390/ani12050554
http://www.reptile%2Ddatabase.org/db%2Dinfo/SpeciesStat.html
http://www.reptile%2Ddatabase.org/db%2Dinfo/SpeciesStat.html
https://doi.org/10.1016/j.physbeh.2006.11.008
https://doi.org/10.1016/j.animal.2024.101251
https://doi.org/10.1016/j.animal.2024.101251
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref144
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref144
https://doi.org/10.1016/0168%2D1591%2890%2990082%2DO
https://doi.org/10.1007/978%2D3%2D030%2D86012%2D7_8
https://doi.org/10.1007/978%2D3%2D030%2D86012%2D7_8
https://doi.org/10.1007/978%2D3%2D030%2D86012%2D7
https://doi.org/10.1007/978%2D3%2D030%2D86012%2D7
https://doi.org/10.1136/inp.f1197
https://doi.org/10.1136/inp.f1197
https://doi.org/10.1016/j.jveb.2018.12.006
https://doi.org/10.1016/j.jveb.2018.12.006
https://doi.org/10.3389/fvets.2018.00151
https://doi.org/10.3389/fvets.2018.00151
https://doi.org/10.1016/j.jveb.2018.03.015
https://doi.org/10.1016/j.jveb.2018.03.015
https://doi.org/10.3390/jzbg2040051
https://doi.org/10.1016/S0031%2D9384%2899%2900005%2D0
https://doi.org/10.1016/S0031%2D9384%2899%2900005%2D0
https://doi.org/10.1002/zoo.20284
https://doi.org/10.3390/jzbg2010006
https://doi.org/10.1002/zoo.20365
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref157
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref157
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref157
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref157
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref158
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref158
https://doi.org/10.1016/j.applanim.2013.02.004
https://doi.org/10.1016/j.applanim.2013.02.004
https://doi.org/10.1016/j.cvex.2015.01.001
https://doi.org/10.1016/j.cvex.2015.01.001
https://doi.org/10.1007/BF01826929
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref162
http://refhub.elsevier.com/S0003-3472(26)00230-7/sref162

	Ethologically informed enrichment improves behavioural and physiological indicators of welfare in a captive lizard
	Methods
	Study Species and Housing Conditions
	Experimental Design
	Nutritional enrichment
	Thermal enrichment
	Chemosensory enrichment

	Behavioural Observations
	Faecal Corticosterone Metabolites (FCMs)
	Statistical Analyses
	Effect of enrichment on behaviour
	Temporal dynamics of enrichment effects
	Faecal corticosterone metabolites

	Ethical Note

	Results
	Effect of Enrichment on Behaviour
	Temporal Enrichment Effects
	FCMs

	Discussion
	Effect of Enrichment on Behaviour: Welfare
	Effect of Enrichment on Behaviour: Ethological Validity
	Thermal enrichment
	Nutritional enrichment
	Chemosensory enrichment

	Temporal Dynamics of Enrichment Effects
	Effect of Enrichment on FCMs
	Conclusions

	Author Contributions
	Data Availability
	Declaration of Interest
	Acknowledgments
	Supplementary Material
	References


