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ABSTRACT 22 

Recently, biologists have become increasingly interested in cognitive variation among individuals, and 23 

how it relates to differences in fitness. However, very few studies so far have studied the long-term 24 

repeatability and heritability of cognitive performance in wild animals. This is nevertheless crucial 25 

information to fully understand the potential ecological and evolutionary impact of individual variation 26 

in cognitive performance. In 2019, we assessed exploration, problem-solving and spatial and reversal 27 

learning in 66 Aegean wall lizards (Podarcis erhardii), then released them in semi-natural enclosures 28 

consisting of either simple or complex habitat. One year later, we recaptured and retested the surviving 29 

lizards and their offspring to estimate the long-term repeatability and heritability of these behavioural 30 

and cognitive characteristics. We found that exploration and spatial learning were moderately 31 

repeatable, but reversal learning only marginally and learning flexibility and problem-solving not at all. 32 

Reversal learning ability declined over time in lizards kept in simple habitat, but not in those kept in 33 

complex habitats – suggesting habitat-dependent cognitive plasticity. To our knowledge, this is the first 34 

study demonstrating (long-term) consistency in cognitive traits within a non-avian reptile. The 35 

combination of modest repeatability and low heritability does suggest that within our study species, 36 

personality and cognitive variation among individuals and populations is mostly moulded by 37 

environmental effects. 38 

Keywords: cognition, animal personality, Podarcis, behavioural repeatability, behavioural plasticity, 39 

  40 
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INTRODUCTION 41 

The evolution of cognition, i.e. the acquisition, retention and use of environmental information (Dukas, 42 

2004), is sometimes regarded as one of the most enigmatic topics within the study of biology (Thornton, 43 

Isden, & Madden, 2014). The benefits of cognition seem obvious: learning and problem-solving equip 44 

animals with the necessary behavioural flexibility to deal with changing environmental conditions (Sol, 45 

2009). However, cognition is also costly, as it requires energetically expensive neural processes and 46 

tissues (Aiello & Wheeler, 1995; Buechel et al., 2018). Recently, the field of cognitive ecology has 47 

started to adopt an individual-based approach to identify the drivers of cognitive evolution (Boogert et 48 

al., 2018). Individuals can differ remarkably in their cognitive abilities, and such variation can provide 49 

the raw material for natural and sexual selection to act on. Hence, a small, but growing, number of 50 

studies have tried to relate individual variation in cognition to individual differences in fitness (reviewed 51 

in Boogert et al., 2018; Morand-Ferron, 2017; Morand-Ferron, Cole, & Quinn, 2016). Although valuable 52 

and informative, these studies have nonetheless been criticized for several reasons. To establish that a 53 

cognitive trait evolves by natural selection, one should not only prove its link with survival and/or 54 

reproduction, but also show that cognitive variation among individuals is consistent (i.e. repeatable) and 55 

heritable (Boogert et al., 2018; Cauchoix & Chaine, 2016; Griffin, Guillette, & Healy, 2015; Morand-56 

Ferron, 2017; Thornton et al., 2014). Yet, few studies have verified these assumptions in non-human 57 

animals (but see references below). 58 

Repeatability (R) is an estimate of how much of the phenotypic variation in a population can be 59 

explained by consistent differences among individuals (Bell, Hankison, & Laskowski, 2009; Boake, 60 

1989; Nakagawa & Schielzeth, 2010). Behavioural repeatability does not necessarily exclude plasticity 61 

at the individual level. For instance, repeatability of cognitive performance would be demonstrated if 62 

over multiple repetitions of a learning task the relative order of fast to slow learners remains stable, even 63 

if intrinsic (e.g. age) or extrinsic (e.g. season) conditions influence individual performance (Griffin et 64 

al., 2015). Animals can either be retested on the same, slightly altered, task (temporal repeatability) or 65 

can be subjected to different protocols designed to measure the same cognitive ability (contextual 66 

repeatability) (Cauchoix et al., 2018). 67 
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Measuring the repeatability of cognitive performance, or behaviour in general, is deemed essential for 68 

various reasons. Firstly, repeatability sets the upper limit to heritability (h²) (Boake, 1989; but see Dohm, 69 

2002), and as such determines whether and how fast a trait may respond to selection (Boake, 1989; 70 

Croston et al., 2015; Morand-Ferron et al., 2016; Troisi et al., 2021). Secondly, measuring whether 71 

differences in cognitive traits are consistent is needed to understand the ecological and evolutionary 72 

relevance of their relation with a multitude of other biological traits (Soha et al., 2019), such as life-73 

history (Cole et al., 2012), secondary sexual traits (Alvarez-Quintero, Velando, & Kim, 2021) or 74 

personality (consistent interindividual differences in behaviour across time and context, Réale et al., 75 

2007). There is currently a strong interest in exploring how personality and cognition covary (Dougherty 76 

& Guillette, 2018). However, interpretation of such relationships (or the lack thereof) often assumes that 77 

cognition is repeatable as well, yet this is rarely verified (Griffin et al., 2015; Sommer-Trembo & Plath, 78 

2018). Last but not least, many authors have pointed out that performance on a cognitive task can be 79 

influenced by other, non-cognitive, factors, such as distraction, motivation or previous experience 80 

(Morand-Ferron et al., 2016; Rowe & Healy, 2014). Repeated measurements are thus necessary to 81 

validate whether we are accurately quantifying cognitive variation. 82 

While measuring repeatability of non-cognitive personality traits has almost become standard procedure 83 

in behavioural research (Bell et al., 2009), studies assessing the repeatability and consistency of animal 84 

cognition are much rarer in comparison (but see e.g. Ashton et al., 2018; Brust & Guenther, 2017; 85 

Cauchoix et al., 2018; Cole, Cram, & Quinn, 2011; Cooke et al., 2021; Gibelli & Dubois, 2017; Langley 86 

et al., 2018; Mason et al., 2021; Reichert et al., 2020; Rodríguez & Gloudeman, 2011; Schuster, Carl, 87 

& Foerster, 2017a; Schuster et al., 2017b; Shaw, 2017; Shaw et al., 2019; Soha et al., 2019; Sommer-88 

Trembo & Plath, 2018; Sorato et al., 2018; Tello-Ramos et al., 2018; Troisi et al., 2021). A recent meta-89 

analysis by Cauchoix et al. (2018) reported low to moderate values for repeatability of cognitive 90 

performance (temporal: R = 0.18 – 0.28, contextual: R = 0.20 – 0.27), albeit this was based on a small 91 

number of (mostly unpublished) datasets (Ntemporal =  22 studies, Ncontextual = 27 studies). Nevertheless, 92 

most of these past studies had three major limitations. 93 
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Firstly, repeatability of cognition, and personality, is commonly measured on relative short timescales, 94 

e.g. days or weeks in between repeated tests (estimates from > 1 year: 9 % in Bell et al., 2009; 31 % in 95 

Cauchoix et al., 2018 albeit only five species). Within a short timeframe,  individuals are more likely to 96 

be tested under similar intrinsic and extrinsic conditions, leading to an inflation of repeatability estimates 97 

and potentially pseudo-repeatability (Dingemanse & Dochtermann, 2013). Over a longer period, plastic 98 

responses to differential environmental or developmental alterations may decrease the repeatability of 99 

the behavioural traits under study (Bell et al., 2009). Secondly, behavioural repeatability is frequently 100 

tested in animals raised and/or kept in controlled lab conditions. These will experience less 101 

environmental variation than their wild counterparts, which may result in biased repeatability estimates 102 

not representative for natural populations (Archard & Braithwaite, 2010; Stamps & Groothuis, 2010). 103 

Hence, verifying how consistent interindividual differences in cognition and personality are over longer 104 

timescales in natural conditions is critical information when trying to understand the role of such 105 

variation in ecological and evolutionary processes, but such data is largely lacking (but see e.g. Carlson, 106 

Tetzlaff, & Rutz, 2020; Debeffe et al., 2015; Payne et al., 2021 for personality and e.g. Ashton et al., 107 

2018; Cole et al., 2011; Shaw, 2017; Tello-Ramos et al., 2018 for cognition). Lastly, to our knowledge, 108 

no study to date investigated the long-term repeatability of cognition and personality within the same 109 

(wild) study system, despite the growing evidence that both aspects of behaviour are closely linked 110 

(Dougherty & Guillette, 2018). 111 

Repeatability is often used as an estimation of heritability (Boake, 1989; but see Dohm, 2002), here 112 

defined in its narrow sense as the proportion of phenotypic variation in a population that can be explained 113 

by additive genetic effects (Falconer & Mackay, 1996). An alternative approach, however, is to measure 114 

behaviour of both parents and offspring and employ modern statistical methods to determine the amount 115 

of additive genetic variation (Colby, Kimock, & Higham, 2021; de Villemeuril, 2012). This also allows 116 

to determine the relative contribution of genetic versus permanent environmental effects in shaping 117 

phenotypic variation, which is key to understanding how a trait evolves (Croston et al., 2015). Although 118 

evidence for a genetic basis of cognition has been inferred by artificial selection studies (e.g. in guppies: 119 

Buechel et al., 2018; in parasitoid wasps: Liefting et al., 2018; in fruit flies: Mery & Kawecki, 2002), 120 
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common garden experiments (e.g. in black-capped chickadees: Roth, LaDage, & Pravosudov, 2010) and 121 

genome-wide association studies (e.g. among dog breeds: Gnanadesikan et al., 2020), actual heritability 122 

estimations for cognition are rare. Cognitive abilities tend to be heritable in humans (h² = 0.26 – 0.85), 123 

primates (h² = 0.21 – 0.91) and laboratory mice (h² = 0.21-0.50) (reviewed in Croston et al., 2015) but 124 

data on non-traditional study taxa are scarce (Croston et al., 2015; but see: Carrete et al., 2017; Langley 125 

et al., 2020; Quinn et al., 2016; Smith, Philips, & Reichard, 2015; Vardi et al., 2020). The few data 126 

available often come from laboratory populations (Croston et al., 2015), and thus heritability estimates 127 

may have been biased due to founder effects, inbreeding and artificial selection (Langley et al., 2018; 128 

Sorato et al., 2018; but see Dochtermann et al., 2019) and to all individuals being raised under the same 129 

standardized conditions (Croston et al., 2015; Smith et al., 2015; Vardi et al., 2020). More research on 130 

the heritability of cognitive traits in wild populations is needed (but see: Carrete et al., 2017; Quinn et 131 

al., 2016), in order to advance our understanding of their evolution in nature. 132 

We aimed to test the long-term repeatability and heritability of spatial cognition, problem-solving and 133 

exploration within the Aegean wall lizard (Podarcis erhardii Bedriaga 1882). In 2019, we measured 134 

personality and cognition in 66 individual lizards and released them in semi-natural enclosures for a 135 

survival experiment. After one year, surviving lizards and their offspring were recaptured and re-136 

subjected to the same behavioural assays. We specifically addressed some of the aforementioned 137 

limitations of previous research by 1) using a non-traditional study organism: to our best knowledge this 138 

is the first study to measure repeatability of cognition in a non-avian reptile, 2) measuring behavioural 139 

repeatability over a sufficient long timescale (20 % of this species’ average lifespan, Valakos 1990), 3) 140 

keeping and raising lizards in semi-natural environments and 4) studying both personality and cognition. 141 

This way, we hope to gain more ecologically relevant insights regarding the repeatability and heritability 142 

of cognition within this species. In addition, our lizards were kept in two contrasting habitats (either 143 

structural simple or complex). Habitat complexity is known to affect spatial learning within this species 144 

(De Meester, Pafilis & Van Damme, 2022), and by keeping adults and juveniles in two different 145 

environments, we hope to learn more regarding the role of selection versus plasticity in shaping such 146 

variation. 147 
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MATERIAL AND METHODS 148 

Study species and overall experimental design 149 

The Aegean wall lizard is a medium-sized (40 -75 mm) insectivorous lizard, which is widespread across 150 

the Southern Balkans (Lymberakis et al., 2018; Valakos et al., 2008). It can be considered an ecological 151 

generalist, as demonstrated by its broad habitat use (e.g. Mediterranean scrublands, open sand dunes, 152 

urban habitats, ... - Lymberakis et al., 2018; Valakos et al., 2008) and its dietary flexibility (arthropods, 153 

snails, eggs, fruits and occassionally conspecifics - Adamopoulou, Valakos, & Pafilis, 1999; Brock, 154 

Donihue, & Pafilis, 2014; Madden & Brock, 2018). 155 

The initial batch of lizards was collected in May 2019 on Naxos Island (Cyclades, Greece), at five 156 

locations that differed in structural habitat complexity: two “complex” sites (Eggares: 37°07'49.1"N, 157 

25°26'18.9"E and Rachi Polichnitou: 37°00'53.0"N, 25°24'10.7"E), covered in dense phrygana and 158 

maquis vegetation, dry stone walls and rock outcrops and three “simple” sites (Manto: 37°05'22.0"N, 159 

25°21'42.1"E, Grotta: 37°06'41.8"N, 25°23'09.8"E and Alyko: 36°58'45.3"N, 25°23'21.0"E) that were 160 

characterized by small patches of vegetation in an overall open landscape. Seventy-one lizards were 161 

captured (by lasso, hand or pitfall) and transported to the National and Kapodistrian University of Athens 162 

(NKUA)  for housing and behavioural experiments (see later). Lizards were kept in cotton bags in a cold 163 

cool box to reduce stress during transportation (Heathcote et al., 2014). Five of these lizards died in 164 

captivity. The behavioural data of the adult lizards collected in 2019 was previously reported in De 165 

Meester et al. (2022), as part of a larger study on whether variation in personality and cognition across 166 

populations of lizards could be explained by differences in structural habitat complexity, but was re-167 

used here to specifically test the long-term repeatability, plasticity and heritability of personality and 168 

cognition. Upon completion of the experiments, the remaining 66 adults (Nfemale = 32, Nmale = 34) were 169 

then released in four semi-natural enclosures on Naxos, in order to follow up their survival and 170 

reproduction over the course of one year. Lizards were released in July 2019 and recaptured in July 171 

2020. We then transported the survivors (Nfemale = 22, Nmale = 21) back to the NKUA and repeated a 172 

subset of the original behavioural experiments with them. The 2019 protocols were followed as closely 173 

as possible in order to measure the long-term temporal (rather than contextual) repeatability of 174 
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personality and cognition. In addition, we collected and tested new individuals found within the 175 

enclosures, both juveniles (N = 43) and adults (Nfemale = 9, Nmale = 12) for heritability estimations. These 176 

new adults were unmarked, and thus did not belong to the previous released batch. At the moment of 177 

capture, it was still unclear whether these ‘unknown adults’ were intruders or the full-grown offspring 178 

from a previous batch of lizards. All data collected in 2020, on both adults and juveniles, was new and 179 

has not been published before. 180 

Housing   181 

Lizards were housed at the animal facilities of the NKUA, individually in plastic terraria (adults: 22 x 182 

20 x 17 cm, juveniles: 18 x 9 x 13 cm l x w x h). Terraria contained a water bowl, sand and stone bricks 183 

(adults) or coconut fibre and a plastic refuge (juveniles), and were placed underneath 60 W incandescent 184 

lamps for thermoregulation. Animals were fed three times per week: adults with mealworms (Tenebrio 185 

molitor) and juveniles with either maggots (larva of a calliphorid fly) or small mealworms. Prey items 186 

were always dusted with Terravit Powder (JBL, GmbH & Co. KG). Room temperature was maintained 187 

around 28 ± 2 °C. 188 

Behavioural experiments 189 

Initially, in 2019, lizards were subjected to four cognitive tasks and three separate personality assays 190 

(described in De Meester et al., 2022). Due to time constraints, we only retested the surviving adults on 191 

a subset of these tasks in 2020: an exploration assay, a spatial + reversal learning task and a problem-192 

solving task (in this order). Their offspring were submitted to the same tests, excluding the problem-193 

solving task. 194 

Experiments were conducted from May until July in 2019, and from August until September in 2020, 195 

and were performed between 10:00 and 19:00. Each individual received 20 – 30 minutes basking time 196 

underneath a 100 W heat bulb prior to transferring them to experimental arenas, in order to achieve 197 

sufficiently high body temperatures. All experiments were filmed using a digital camera (JVC Everio 198 

GZ-HM400) or a GoPro (Grundig HD 720P). Experimental equipment (e.g. refuges, novel objects, etc.) 199 

was cleaned between trials with 70 % alcohol and water (Vicente & Halloy, 2017). 200 



10 

 

Exploratory behaviour 201 

Exploratory behaviour is the tendency of an individual to gather new environmental information 202 

(Verbeek, Drent, & Wiepkema, 1994). It facilitates the discovery and exploitation of novel habitats and 203 

resources, but may be costly due to e.g. an increased risk of predation and parasite infection (Bajer et 204 

al., 2015; Baxter-Gilbert, Riley, & Whiting, 2019). Aegean wall lizards on Naxos experience strong 205 

seasonal fluctuations in food availability (De Meester et al., 2021), during which they may benefit from 206 

more exploratory behaviour to find alternative food sources. Exploration was tested using a classical 207 

novel arena test (cfr. Carazo et al., 2014; Damas-Moreira et al., 2019; De Meester et al., 2022; McEvoy 208 

et al., 2015). Two distinct novel arenas (60 x 60 x 30 cm l x w x h, either plywood or sand substrate), 209 

which contained four identical objects (either pinecones or stones, one in each corner) and four plastic 210 

refuges (either black or white) were used ( Supplementary Figure S1a-b). We specifically used two 211 

different arenas to avoid a confounding effect of habituation (McEvoy et al., 2015). A lizard was put in 212 

the centre of the arena on a platform underneath an opaque container. After three minutes, the container 213 

was lifted and the animal was free to explore the arena for ten minutes. On the videos, we divided the 214 

arena in four equal quadrants and scored the following behaviours (starting from the moment the lizard 215 

left the platform): the latency until the first transition from one quadrant to another, total number of 216 

transitions between quadrants, number of times it investigated an object or refuge (by touching it with 217 

the snout or front legs), number of times it entered a refuge, the total time spent within refuges and the 218 

latency to explore all four quadrants of the arena. Lizards were tested once in each novel arena (random 219 

order – but 2019 adults retained the same order in 2020) with at least one day in between trials. 220 

Spatial and reversal learning 221 

Spatial cognition is the capacity of an animal to learn and remember the location of resources in its 222 

environment and is thus deemed a key aspect of an individual’s fitness (Dukas, 2004; Tello-Ramos et 223 

al., 2018). Small lizards, including P. erhardii, tend to escape towards a refuge (e.g. a crevice in a rock 224 

wall, underneath a log, etc) when approached by a predator. This antipredator strategy is likely to be 225 

more successful if lizards are capable of remembering the location of adequate safe hiding spots (Noble, 226 
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Carazo, & Whiting, 2012). Field observations suggest that lacertid lizards often repeatedly flee towards 227 

the same shelter, thus implying an important role of spatial memory (Font, 2019) 228 

We tested spatial learning in our lizards using an ecological relevant antipredator task, in which subjects 229 

needed to learn the difference between a safe and unsafe refuge in order to make a successful escape 230 

(following the methodology of Carazo et al., 2014; De Meester et al., 2021; Font, 2019; Noble et al., 231 

2012; Vardi et al., 2020). Lizards were tested in a large arena (60 x 60 x 30 cm) with two identical 232 

refuges (black plastic cups) opposite of each other. In and around the arena, visual spatial cues were 233 

presented to allow orientation (Supplementary Figure S1c-e). At the start of each trial, a lizard was 234 

positioned in the centre of the arena underneath a transparent cover for two minutes. After lifting the 235 

cover, we ‘attacked’ the lizard by poking and chasing it with a paintbrush. We always tried to attack the 236 

animal from straight above in order to avoid influencing in which direction it fled. Subjects needed to 237 

escape either to the left or the right refuge (relative to the observer, counterbalanced among original 238 

populations). Entering the ‘safe’ refuge resulted in two minutes of undisturbed rest, after which the 239 

individual was brought back to its terrarium. Entering the ‘unsafe’ refuge was penalized by continuing 240 

the predator attack. Trials ended when the lizard entered the safe refuge or until 120 s had passed (after 241 

which it was captured and allowed to rest in the correct refuge for two more minutes). Trials were limited 242 

to 120 s to reduce the amount of stress inflicted on the animal and avoid exhaustion. Each lizard received 243 

three trials per day for five consecutive days, and per trial we noted how many times the lizard entered 244 

the unsafe refuge (‘errors’). 245 

Lizards living in a dynamic environment need to keep track of changes in their environment, update 246 

their memories frequently, and adjust their behaviour accordingly (Noble et al., 2012). Replacing old 247 

obsolete with new information requires cognitive flexibility, which is commonly measured using a 248 

reversal learning task (Audet & Lefebvre, 2017; Noble et al., 2012; Tebbich & Teschke, 2014). 249 

Following previous reversal learning protocols (e.g. Bebus et al., 2016; Boussard et al., 2020; Madden 250 

et al., 2018; Mason et al., 2021; van Horik et al., 2018), we changed the identity of the refuges after a 251 

standardized number of trials (15) for each individual: safe became unsafe and vice versa. Lizards 252 

received fifteen more trials over five days in order to relearn the location of the safe refuge. Adults 253 
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retested in 2020 started the spatial learning phase with the same refuge designated as safe as in 2019 to 254 

make performances in both years comparable. 255 

Escape Box 256 

Problem-solving requires animals to express a new behaviour or apply an old behaviour in a novel 257 

context, and is therefore considered an indicator of behavioural flexibility (Griffin & Guez, 2014; 258 

Tebbich & Teschke, 2014; but see Audet & Lefebvre, 2017). Lizards with better problem-solving skills 259 

may increase their foraging efficiency, e.g. by being better at extracting hidden or difficult prey (Cooper 260 

et al., 2019). We tested problem-solving using an escape box task (Supplementary Figure S1f-g). A 261 

lizard was locked in a transparent Plexiglas box (17.4 x 17.4 x 6.5 cm l x w x h) which was placed 262 

opposite of a pile of stones underneath a 60 W heat bulb inside a larger arena. Hence, the lizard needed 263 

to escape from the box in order to get access to this hiding/basking spot. This was possible by performing 264 

a novel motor act i.e. sliding open a white opaque door (3.2 x 2.4 cm l x h). The door was already slightly 265 

opened and contained grooves to allow manipulation. Lizards received a single 30 min trial, and we 266 

recorded the time it took each lizard to escape. If lizards did not escape, we assigned them the maximum 267 

time as score. 268 

In 2019, lizards were tested in two batches, either before or after the spatial cognition protocol for 269 

logistic reasons. In 2020, lizards were either tested on the same day as the spatial cognition protocol or 270 

later. Juveniles were not tested in the escape box as they proved to be unable to move the door in a few 271 

pilot trials. The video of one lizard in 2020 was lost. 272 

Semi-natural enclosures 273 

Upon completion of the experiments in 2019, 66 adult lizards were released in four semi-natural 274 

enclosures on Naxos as part of a survival experiment. Prior to release, each individual was photographed 275 

and individually marked by toe clipping for the purpose of identifying them upon recapture. Toe-276 

clipping is a standard procedure to allow individual recognition in reptilian studies and is generally 277 

considered to have little to no negative effects either short- or long-term (Langkilde & Shine, 2006; 278 

reviewed in Perry et al., 2011). We removed maximum two toes per lizard (depending on already 279 

missing toes upon capture). In addition, we took small tail clips (± 1 cm) from each individual for 280 
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parentage assignment (cfr. Huyghe et al., 2009; Huyghe et al., 2010). Tissues were stored in 96 % 281 

ethanol at 4 °C. 282 

The four enclosures were located on a private field on Naxos, consisting of abandoned agricultural 283 

terraces with dense Mediterranean maquis and phrygana. Each enclosure was rectangularly shaped and 284 

constructed by fencing in approximately 100 m² of land with smooth metal fences (70 cm height and 30 285 

cm deep). In two enclosures, we pruned the vegetation in order to mimic an open environment 286 

comparable to the structural simple sites where lizards were captured. The two other enclosures 287 

mimicked the more complex habitats (see Figure 1 and Supplementary Figure S2). Within each 288 

enclosure, we placed four piles of stones (± 30 cm high) for basking and shelter. We released 16 – 17 289 

individuals in each enclosure based on their overall performance on the spatial cognition task (as to have 290 

more or less comparable numbers of good and bad learners in each enclosure) with approximately an 291 

equal number of a) males and females and b) lizards originating from complex and simple habitats (see 292 

Figure 1). 293 

Terrestrial predators (e.g. snakes) were removed from the enclosures, although Megarian banded 294 

centipedes (Scolopendra cingulata), which are capable of catching and consuming P. erhardii 295 

(Deimezis-Tsikoutas, Kapsalas, & Pafilis, 2020), could not be entirely eliminated, and on one occasion 296 

a brown rat (Rattus norvegicus) intruded a complex enclosure, but was quickly removed. We also 297 

attempted to scare off avian predators by suspending reflective disks above the enclosures. Enclosures 298 

were normally checked biweekly by volunteers, who also placed leftover fruits and vegetables in each 299 

enclosure to attract flying insects. Vegetation around the enclosures was routinely cut down twice a year 300 

(early spring and mid-summer). Unfortunately, due to the Covid-19 pandemic, the enclosures were only 301 

irregularly checked throughout spring 2020, and early-spring maintenance had to be postponed until 302 

summer. Although this resulted in both enclosures growing denser vegetation, their relative differences 303 

in complexity did not change. 304 

Sixty-six known lizards were released in the enclosures in July 2019. In July 2020, we recaptured every 305 

lizard in the enclosures during a seven-day recapture session. Survivors were identified based on toe 306 

clips and photographs of dorsal patterns. In total, we collected 43 survivors (59 – 71 mm snout-vent 307 



14 

 

length SVL), 45 juveniles (29 – 37 mm) and 21 unknown adults (54 – 69 mm) from the enclosures (see 308 

Figure 1 for sample sizes per enclosure), all of which were then transported to the NKUA for subsequent 309 

personality and cognition tests (see above). We were unable to estimate the exact age of our animals at 310 

the time of capture, although the presence of umbilical scars in juveniles indicated that they had hatched 311 

relatively recent. Upon completion of the behavioural experiments in 2020, we also collected tail tissues 312 

for genetic analyses from unknown adults and juveniles (same protocol as described above for the adults 313 

in 2019). 314 

Parentage assignment 315 

Genetic analyses were conducted based on the protocol of Huyghe et al. (2010). DNA was extracted by 316 

placing ± 2 mm3 of tail tissue in Chelex extraction buffer (consisting of 0.2 mL 10 % Chelex, 20 µL 1 317 

% SDS and 2 µL of 20 mg/mL proteinase K), which was then put inside a stirring incubator (Eppendorf, 318 

thermomixer comfort), initially at 65°C for 60 minutes followed by 95°C for 15 minutes (modified from 319 

Small et al., 1998). 320 

Parentage was assessed using microsatellite genotypes from nine loci that have been successfully used 321 

in congeneric species before (Pmeli-02, Pmeli-04, Pmeli-07, Pmeli-13, Pmeli-14 and Pmeli-19 from 322 

Huyghe et al., 2009; B3, B4 and B6 from Nembrini & Oppliger, 2003). For each DNA-sample, we 323 

prepared three different primer mixtures, each of them containing fluorescently labelled primers for 324 

three of the nine loci. Next, we mixed 1.25 µL of each primer mix with 6.25 µL Qiagen multiplex PCR 325 

master mix 2x and 3.5 µL water, to which we then added 1.5 µL of DNA extract. Mixtures were 326 

centrifuged and placed in the thermocycler (Biometra, T-professional thermocycler) for PCR 327 

amplification. PCR conditions were as follows: 15 minutes of denaturation at 95°C, 30 cycles of 30 s 328 

denaturation at 72°C, 90 s of annealing at 57°C or 60°C (Huyghe et al., 2009; dependent on the primers, 329 

see Nembrini & Oppliger, 2003) and 60 s of extension at 72°C. This was followed by another 30 minutes 330 

of extension at 60°C. Success of the PCR was then visually checked via gel-electrophoresis. After 331 

appropriate dilution, successful PCR-products were sent to an external lab (X) for microsatellite 332 

detection on an AB 3130XL Genetic Analyser (Life Technologies, Carlsbad, CA, USA). 333 
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Microsatellite data was first processed in the Geneious Prime software version 2021.0.3. 334 

(http://www.geneious.com/) for loci identification and then in Cervus version 3.0.7. (Kalinowski, Taper, 335 

& Marshall, 2007) for parentage assignment. We conducted separate parentage analyses for each 336 

enclosure, and used the unknown adults both as potential offspring of the 2019 adults and as potential 337 

parents of the juveniles. Proportion of mistyped loci was set to 5 % and relaxed and strict (trio) 338 

confidence intervals were equal to 80 and 95 % respectively. 339 

Statistical analyses 340 

Statistical analyses were performed in R version 3.5.1. (R Core Team, 2018). Prior to analysis, data were 341 

transformed where necessary to meet model assumptions. 342 

First, we reduced the number of variables measured in the exploration test using a principal component 343 

analysis (PCA) with the ‘princomp’ function (with a correlation matrix to standardize variables) (‘stats’ 344 

package, R Core Team, 2018). We retained the first two principal components as these both had an 345 

eigenvalue > 1 (Kaiser-Guttman criterion, Kaiser, 1991) (cfr. Petelle, Martin, & Blumstein, 2015; Thys, 346 

Pinxten, & Eens, 2021; Vanden Broecke et al., 2021). 347 

Secondly, to verify that lizards did learn during our spatial + reversal learning task, we used two separate 348 

generalized mixed-effect models (GLMMs), with a negative binomial distribution ('glmer.nb' function 349 

in 'lmer4' package, Bates et al., 2015) for the spatial and reversal phase respectively. The number of 350 

errors per trial was fitted as response variable, while trial number, side of the safe refuge (left/right, 351 

relative to the observer) and lizard age group (adults 2019, adults 2020, unknown adults & juveniles) 352 

were included as predictors. To test whether learning was consistent across age groups and independent 353 

of the rewarded side, we added age*trial and safe side * trial interactions as well. Original population, 354 

batch and lizard ID (with a random intercept and slope for trial) were included as random effects. Model 355 

assumptions were checked using the ‘RVAideMemoire’ (Hervé, 2020) and ‘performance’ (Lüdecke et 356 

al., 2021) packages. Statistical significance of GLMMs was tested with Wald Chi-square tests using the 357 

‘Anova’ function ('car' package, Fox & Weisberg, 2019) Interactions were removed if not-significant. 358 
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Next, we estimated long-term (temporal) repeatability in personality and cognition in the subset of 359 

lizards that were tested in both 2019 and 2020 (N = 43) using a series of linear mixed-effect models 360 

(LMMs) ('lmer' function, 'lmerTest' package, Kuznetsova, Brockhoff, & Christensen, 2017). For 361 

exploration, we used PC1 and PC2. Next, we used the mean number of errors made over 15 trials as 362 

scores for spatial (SL) and reversal learning (RL), as better learners should more quickly learn the 363 

location of the correct refuge and thus make fewer wrong entrees (cfr. Sonnenberg et al., 2019; Tello-364 

Ramos et al., 2018). The mean number of errors over both stages of the task was used as an indicator of 365 

overall learning flexibility (FLEX score). For the repeatability of the escape box task, we used escape 366 

times (ESC time). Lower scores on the cognitive tasks generally reflect better cognitive performance 367 

(fewer errors, less time to escape). We started by fitting global full models including the following 368 

variables: year (2019/2020), original habitat (simple/complex), enclosure type (simple/complex), sex, 369 

SVL (scaled, as risk-taking behaviour may be size-dependent, e.g. Bajer et al., 2015), tail status 370 

(complete/damaged, as this can affect lizard behaviour, cfr. Michelangeli et al., 2020) and side of the 371 

safe refuge (left/right, for the spatial + reversal task only). We also included all two- and three-way 372 

interactions between year, original habitat and enclosure type to see whether cognitive performance and 373 

personality would change over time in a habitat-dependent way. The following random factors were 374 

added to the models: lizard ID, arena type (plywood/sand, only for exploration), original population, 375 

enclosure ID and batch (only for spatial cognition and escape box). Where necessary, the ‘bobyqa’ 376 

optimizer was used to ensure model convergence (Bates et al., 2015). Next, we adopted a model 377 

selection approach (Symonds & Moussalli, 2011). Starting from the full global model, we generated a 378 

set of candidate models with the ‘dredge’ function ('MuMIn' package, Barton, 2013). The top model 379 

with the lowest Akaike information criterion corrected for small sample sizes (AICc) was selected, as 380 

well as alternative candidate models within ≤ 2 AICc units from it (cfr. Gomes et al., 2020; Symonds & 381 

Moussalli, 2011). We then determined the relative importance (RI) of all predictors by calculating their 382 

summed Akaike weights over all candidate models. Variables with a RI  ≥ 0.50 (Gardner et al., 2020; 383 

Gomes et al., 2020; Simpson & McGraw, 2018, 2019) were used to construct a final model to test which 384 

factors influenced personality and cognitive performance, and to calculate the (adjusted) repeatability 385 

with the ‘rptR’ package (Stoffel et al., 2017). We built a series of similar models to estimate the short-386 
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term repeatability of personality within each subgroup of lizards (all 2019 adults, surviving 2019 adults 387 

, 2020 adults, unknown adults and juveniles). Significance of predictors is based on F-tests calculated 388 

using Kenward-Roger Degrees of Freedom Approximation (‘anova’ function, ‘stats’ package). 389 

Narrow-sense heritability (h²) was estimated by employing Bayesian mixed-effect animal models with 390 

the ‘MCMCglmm’ package (Hadfield, 2010). Animal models use both phenotypic data (here 391 

behavioural measurements) and pedigree information (based on our paternity assignment) to calculate 392 

the additive genetic variance of a given trait (σ²a). For these analyses, we used the complete dataset of 393 

all lizards that were released and captured in the enclosures, including the repeated measures of the 2020 394 

adults. All response variables were z-transformed, but given the strong side bias (see results), SL and 395 

RL scores were z-transformed per rewarded side, to make cognitive performance among individuals 396 

comparable (cfr. Guillette et al., 2009). We once again used a model selection approach, starting from 397 

full global models with the following predictors: enclosure type (simple/complex, as structural 398 

complexity of the environment may affect behavioural development of individuals e.g. Spence, 399 

Magurran, & Smith, 2011), age group (adults 2019/adults unknown/juvenile, to account for age-400 

differences in mean levels of behaviour, e.g. Rohrer et al., 2020), SVL (standardized per age group), tail 401 

status, and an age group*enclosure type interaction. We included the following random effects: lizard 402 

ID linked to the pedigree (σ²a, additive genetic variance), lizard ID independent of pedigree (to account 403 

for repeated measurements and permanent environmental effects), enclosure ID, novel arena 404 

(exploration data only), batch (SL + RL + FLEX only) and mother ID (to avoid that maternal effects 405 

would inflate h²). We calculated a dominance matrix using the ‘nadiv’ package (Wolak, 2012) and 406 

implemented this as an additional random factor in the MCMCglmms to account for (genetic) 407 

dominance effects. Heritability was calculated from the final models as  σ²a / σ²p  with σ²p being the total 408 

phenotypic variance (de Villemeuril, 2012). Each animal model was initially run for 1 000 000 409 

iterations, with a burn-in period of 100 0000 iterations and a 200 iteration thinning interval, and a 410 

parameter expanded prior  (v = 1, nu = 1, alpha.mu = 0, v.mu = 1) (de Villemeuril, 2012). We checked 411 

convergence of chains and autocorrelation of all models, and in case of high autocorrelation (>0.10) we 412 
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increased the number of iterations, the burn-in period and/or the iteration thinning interval. One juvenile 413 

was removed from the animal models due to missing data. 414 

For both the (G)LMMs and the MCMCglmms, post-hoc multiple comparisons between different levels 415 

of a significant fixed factor and/or different slopes were performed with the ‘emmeans’ and ‘emtrends’ 416 

functions respectively using Tukey’s method (Lenth et al., 2019). 417 

Ethical note 418 

All experiments and procedures were approved by the Ethical Committee of the University of Antwerp 419 

(file ID: 2017-67) and the Greek Ministry of Environment and Energy (permit IDs: 7ΖΠΡ4653Π8-Ε76, 420 

ΨΗ424653Π8-ΩΥ2 and 69I44653Π8-ΔƩ1). Experiments and procedures were conducted in accordance 421 

with national legislation and adhered to the ASASB/ABS guidelines for the use of animals in 422 

behavioural research and teaching. Animals were checked daily while in captivity to monitor their 423 

welfare. Adult lizards were released at the initial site of capture, juveniles and intruders were retained 424 

for a follow-up experiment. Five lizards died in captivity in 2019, one lizard in 2020, and another one 425 

escaped from captivity in 2020. 426 

RESULTS 427 

We identified parents of 37 (82 %) juveniles. We were unable to identify the parents of any of the 428 

unknown adults (neither when matched with the current or previous batch of released lizards), 429 

suggesting that these lizards originated from the surrounding field and somehow managed to get into 430 

the enclosures. Four of these ‘intruders’ interbred with known adults and sired/birthed five of the 431 

juveniles in our dataset. Hence, their data was retained for the analyses. From the 66 lizards initially 432 

released, 14 males (42 %) and 17 females (52 %) reproduced (parent of at least one juvenile). Within 433 

that subset, males fathered on average 2.50 ± 0.28 (SE) juveniles (max. 6) and females birthed on 434 

average 2.00 ± 0.32 young (max. 5). Of the ‘intruders’, only two males (17 %) and two females (22 %) 435 

reproduced. Each male fathered a single juvenile, while the females birthed one and two juveniles 436 

respectively. 437 
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Descriptive statistics for all behavioural tests are given for the subset of adults tested in both years and 438 

per age group in the Appendix (Table A1 and A2). 439 

Exploration PCA 440 

The results of the PCA on the explorative behaviours are summarized in Table 1. The first principal 441 

component (eigenvalue = 1.76) explained 44.33 % of the total variance. Higher scores on PC1 442 

corresponded to a higher number of transitions in the arena, more frequently touching objects, more 443 

refuges entered and more time spent in them, a lower latency to explore the entire arena and to enter the 444 

first refuge, and thus to overall more explorative behaviour. PC2 (eigenvalue = 1.29) explained 23.60 445 

% of the total variance and represented a contrast between faster exploration (lower latency to first 446 

transition, more transitions, lower latency to explore the whole arena) versus more time spent inside the 447 

refuges (Table 1). 448 

Exploration – short term repeatability within each group 449 

Composition and output of the final models are reported in Table 2, as well as adjusted and unadjusted 450 

(short-term) repeatability estimates within each age group. 451 

The short-term repeatability of exploration PC1 showed considerable variation across groups, e.g. being 452 

moderately high in 2020 adults but almost non-existent in intruders, 2019 adults and juveniles (see Table 453 

2). Exploration PC1 increased with size in 2020 adults (est = 0.612 ± 0.224, F1,52 = 6.465, p = 0.014) 454 

and tended to be lower in 2019 adults with an intact tail (intact: 0.843 ± 0.133, damaged: 1.732 ± 0.216, 455 

F1,64 = 3.064, p = 0.085) and male 2020 adults (females: -0.024 ± 0.227, males: -0.405 ± 0.312, F1,37 = 456 

4.071, p = 0.051).  457 

Exploration PC2 was moderately repeatable within intruders but not in 2020 adults or juveniles. 2019 458 

adults showed significant repeatability for PC2 in the entire dataset, but not in the subgroup of survivors 459 

(Table 2). Exploration PC2 was higher in 2019 adults (both complete dataset and survivors only) with 460 

an intact tail (intact: 0.290 ± 0.107, damaged: -1.069 ± 0.362,  F1,61 = 8.731, p = 0.004),  females in 2020 461 

(females: 0.630 ± 0.210, males: -0.098 ± 0.190,  F1,35 = 5.970, p = 0.020; Figure 2), and tended to be 462 
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higher in larger juveniles (0.242 ± 0.123, F1,40 = 3.3776, p = 0.059) and 2019 adults originating from a 463 

simple habitat (complex: -0.194 ± 0.136; simple: 0.546 ± 0.151; F1,3 = 6.134, p = 0.094). 464 

Exploration – long term repeatability 465 

Final models for the long-term repeatability of exploration are given in Table 3. PC1 scores differed 466 

significantly between years (F1,152 = 41.171, p < 0.001), with lizards having lower scores in 2020 than 467 

2019 (682 ± 450 % decrease, t = -6.552, p < 0.001, Figure 3a), and larger lizards were more explorative 468 

(0.472 ± 0.150, F1,134 = 8.812, p = 0.004). Sex and enclosure type did not affect exploration PC1 (all p 469 

> 0.10, Table 3). Interindividual variation in PC1 was moderately repeatable from 2019 to 2020 (Radj = 470 

0.280, CI = [0.091; 0.436], LRT: p < 0.001; Table 3). 471 

Male and female lizards differed in their exploration PC2 scores (F1,35 = 9.032, p = 0.005). Males 472 

obtained lower scores, meaning that they explored more slowly and spent more time hiding (females: 473 

0.484 ± 0.134, males: -0.065 + 0.130; t = -3.021, p = 0.005; Figure 2). Original habitat type did not 474 

predict exploration PC2 scores (F1,3 = 2.276, p = 0.237). No other variable or interaction had sufficient 475 

high importance to be included in the final model. Lizards did not show long-term consistency in 476 

interindividual variation in PC2 (Radj = 0.060, CI = [0.000; 0.201], LRT: p = 0.178, Table 3). 477 

Exploration – heritability 478 

The selected animal models (MCMCglmm) are reported in Table 4. The final model for exploration 479 

PC1 included age group and SVL (Table 4), albeit the latter did not affect explorative behaviour 480 

(posterior mean + 95% credibility interval: 0.057 [-0.044; 0.160]). Juveniles had lower exploration 481 

scores than adults (post-hoc pairwise comparisons: adults ’19 – juveniles: 1.135 [0.864; 1.423], adults 482 

’20 - juveniles: 0.494 [0.185; 0.783], intruders - juveniles: 0.590 [0.204; 0.972]). Adults in 2019 behaved 483 

more explorative than intruders (intruders - adults ’19: -0.548 [-0.893; -0.209]) and 2020 adults (adults 484 

‘19 – adults ’20: 0.642 [0.409; 0.858]). (Figure 3b; Table A3). Heritability of exploration PC1 did not 485 

differ from zero (h² = 0.031, CI = [0; 0.110]), meaning that additive genetic variance contributed almost 486 

nothing to the observed phenotypic variation. 487 
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The best model explaining variation in exploration PC2 was the null model (Table 4), thus exploration 488 

PC2 was unaffected by age, enclosure type, SVL or tail status. Heritability for exploration PC2 scores 489 

was not different from zero either (h² = 0.057, CI = [0; 0.178]). 490 

Spatial + reversal learning – within-year performance 491 

Full results of the GLMMs on learning performance over time are given in Table A4 – A5 but 492 

summarized here. During the spatial learning task, lizards significantly decreased the number of errors 493 

they made over consecutive trials (-0.027 ± 0.008, χ² = 11.970, df =1, p < 0.001) independent of safe 494 

side (safe side * trial: χ² = 2.063, df =1, p = 0.151) and consistent across age groups (age * trial: χ² = 495 

3.846, df =3, p = 0.279) (Figure 4). Nevertheless, a side-bias was observed (χ² = 307.027,df =1, p < 496 

0.001) with lizards committing more errors when the safe refuge was on the right side of the arena (left: 497 

0.230 ± 0.018, right: 1.253 ± 0.039, z = -17.522, p < 0.001). In addition, the age groups also differed in 498 

their overall number of errors (χ² = 28.202, df =3, p < 0.001). Juveniles made fewer errors (0.519 ± 499 

0.040) than 2019 adults (0.824 ± 0.041, z = 5.204, p < 0.001), 2020 adults (0.770 ± 0.050, z = 3.615, p 500 

= 0.002) and intruders (0.812 ± 0.061, z = 3.497, p = 0.003) (Table A5) 501 

During the reversal phase, learning curves differed among age groups (age * trial: χ² = 10.387, df =3, p 502 

= 0.016). Within each group, the number of errors decreased significantly with trial number (adults’ 19: 503 

-0.027 ± 0.012, z = -2.606, p = 0.009; adults ’20: -0.073 ± 0.014, z = -2.767, p = 0.029; intruders: -0.036 504 

± 0.020, z = -2.319, p = 0.020; juveniles: -0.070 ± 0.017, z = -4.071, p < 0.001; Figure 4), but adults 505 

learnt faster (steeper slope) in 2020 than 2019 (z = -2.767, p = 0.029) and juveniles tended to learn faster 506 

than their parents in 2019 (z =2.325, p = 0.092) (Table A5). Similarly, lizards improved over time 507 

independent of whether the safe refuge was left or right in the arena, but did so faster in case of the 508 

former (left: -0.069 + 0.015, z = -4.931, p < 0.001; right: - 0.034 ± 0.009, z = 4.007, p < 0.001; safe side 509 

* trial: χ² = 4.577, df =1, p = 0.032). 510 

Spatial + reversal learning – repeatability 511 

Adults did not differ in SL scores between both years (F1,1 = 3.331, p = 0.317), independent of either 512 

original habitat and/or enclosure (neither included in final model, Table 3). We did find evidence for a 513 

side bias in cognitive performance (F1,37 = 106.93, p < 0.001) with lizards making more errors if the 514 
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safe refuge was on the right side of the arena (left: 0.305 ± 0.463, right: 1.376 ± 0.083, t = 10.806, p < 515 

0.001), and there was a trend for lizards with an intact tail to make more errors (intact: 0.899 ± 0.084, 516 

damaged: 0.667 ± 0.168, F1,63 = 3.602, p = 0.062). Lizards showed relatively modest consistency in their 517 

spatial learning performance across years, even when adjusting for this side bias (Radj = 0.398, CI = 518 

[0.124; 0.622], LRT: p = 0.004; Table 3). 519 

In contrast, RL scores differed between years depending on the enclosure in which lizards were kept 520 

(enclosure*year: F1,39 = 7.924, p = 0.008). Nevertheless, post-hoc pairwise comparisons did not reveal 521 

any significant differences (all p > 0.10, see Table A5). Visual inspection of the data suggested that 522 

lizards kept in simple enclosures made more reversal errors in 2020 compared to 2019 (75 ± 34 % 523 

increase), which was less prominent in the complex enclosures (12 ± 17 % increase) (Figure 5). Once 524 

again, lizards made fewer errors if the safe refuge was on the left side of the arena (left: 0.292 ± 0.032, 525 

right: 1.338 ± 0.074, F1,34 = 195.677, p < 0.001). There was no overall effect of original habitat nor of 526 

sex, SVL or tail status, as these were either not included in the final model or non-significant (Table 3). 527 

Reversal learning, corrected for side bias and the enclosure*year interaction, showed moderate long-528 

term repeatability, although this was only marginally significant (Radj = 0.251, CI = [0.000; 0.545], LRT: 529 

p = 0.061) (Table 3). 530 

None of the variables or their interactions explained variation in FLEX scores, as the null model was 531 

the best model (Table 3). Long-term repeatability of learning flexibility was low and not significant (R 532 

= 0.192, CI = [0.000; 0.460], LRT: p = 0.105). (Table 3). 533 

Spatial + reversal learning – heritability 534 

Variation in SL scores was explained by neither age, nor enclosure type, nor SVL as none of these 535 

variables had sufficient high importance (all R < 0.50) to be included in the final (Bayesian) animal 536 

model (Table 4). Tail status was included in the final model but did not affect SL score (0.346, CI = [-537 

0.026; 0.780]). The heritability of spatial learning performance did not differ from zero (h² = 0.054, CI 538 

= [0; 0.175]). 539 
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The final animal model for RL scores included the enclosure type * age interaction. A series of post-hoc 540 

pairwise comparisons (see Table A3) revealed that: juveniles from simple enclosures made fewer errors 541 

than their parents (adults) in either 2019 or 2020 (adultssimple ’19 – juvenilessimple: 0.692 [0.014; 1.449]; 542 

adults ’20simple – juvenilessimple: 1.187 [0.355; 1.946]). Juveniles from complex enclosures likewise 543 

performed better than their parents in either year (adults’ 19complex – juvenilescomplex: 0.961 [0.266; 1.698];  544 

adultscomplex ’20 – juvenilescomplex: 0.833 [0.095; 1.530]) but also than the adults from the simple 545 

enclosures in 2020 (adultssimple ’20 – juvenilescomplex: 1.271 [0.264; 2.437]) (Figure 6). Curiously, RL 546 

scores from juveniles from simple and complex enclosures did not differ from each other, and neither 547 

from the RL scores of 2019 adults in the opposite enclosure type (Table 4, Table A3; Figure 6). 548 

Heritability of reversal learning was also not different from zero (h² =0.074, CI = [0.000; 0.249]). 549 

Learning flexibility was not predicted by any of the aforementioned variables (Table 4), and did not 550 

show significant heritability (h² = 0.053, CI = [0; 0.167]). 551 

Escape box – repeatability 552 

Most lizards succeeded in escaping from the box (2019: 34/41, 2020: 38/41). Neither year, original 553 

habitat, enclosure, SVL, sex or any of their interactions was included in the final model, and thus did 554 

not explain variation in escape times among individuals.  Overall, long-term consistency of escape time 555 

was non-existent (Radj = 0.000, CI = [0.000; 0.307], LRT: p = 1) (Table 3). 556 

DISCUSSION 557 

In the last few years, a growing number of studies has focused on interindividual variation in cognition. 558 

Despite this interest, information on the long-term consistency of such individual differences, as well as 559 

on their heritability, is still lacking. Here, we report moderate repeatability in explorative behaviour 560 

(PC1) and spatial learning in Aegean wall lizards kept in semi-natural conditions for one year (20 % of 561 

their average lifespan). In contrast, reversal learning was only marginally repeatable, and showed 562 

habitat-dependent plasticity. Problem-solving and learning flexibility were not repeatable. Last, 563 

heritability estimates were not different from zero for any of the traits. 564 
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Exploration 565 

Our lizards displayed repeatable individual variation in exploration PC1 (general exploratory behaviour) 566 

across years (Radj = 0.280). This result corroborates previous findings that personality variation can be 567 

consistent over long and considerable portions of a species life (eastern box turtles: Carlson et al., 2020; 568 

roe deer: Debeffe et al., 2015; sleepy lizards: Payne et al., 2021; zebra fishes: Thomson et al., 2020; 569 

European starlings: Thys et al., 2017a; zebra finches: Wuerz & Krüger, 2014), although not always 570 

(collared flycatchers: Garamszegi et al., 2015). In contrast, exploration PC1 did not show significant 571 

heritability (h² =  0.031). Explorative behaviour is generally found to be moderately heritable 572 

(Dochtermann et al., 2019) albeit this varies greatly among studies (R² = 0.019 - 0.25 in European green 573 

lizards: Bajer et al., 2015; h² = 0.22 - 0.37 in great tits: Dingemanse et al., 2002; h² = 0.355 - 0.362 in 574 

yellow-bellied marmots: Petelle et al., 2015; h² = 0.08 in red squirrels: Taylor et al., 2012). 575 

Thus, the consistent individual variation in exploration PC1 could not be explained by additive genetic 576 

differences among individuals. We should, however, take into account that our sample size (37 juveniles, 577 

16 fathers, 19 mothers) was relatively small compared to former studies on heritability (median N = 578 

336, range =  6 - 11 092, only 14 % with N < 100 in the meta-analysis of Dochtermann et al., 2019) 579 

Hence, it is not impossible that additive genetic variance does contribute to behavioural variation in P. 580 

erhardii, but we were simply unable to detect it (Blanckenhorn & Perner, 1994). Nonetheless, the low 581 

genetic variation in our lizards could also be due to going through a genetic bottleneck when introduced 582 

in our enclosures (Carrete et al., 2017) or could be a consequence of strong directional selection on 583 

explorative behaviour in the past (Boake, 1989; Falconer & Mackay, 1996; Wheelwright, Keller, & 584 

Postma, 2014). Large seasonal fluctuations in precipitation and accordingly arthropod abundances on 585 

Naxos (Adamopoulou et al., 1999; De Meester et al., 2021; Karamaouna, 1987; Parashi, 1988) may 586 

exert strong selection on explorative behaviour within Aegean wall lizards if it facilitates the discovery 587 

and acquisition resource acquisition (Bajer et al., 2015; Baxter-Gilbert et al., 2019). However, we did 588 

observe negative selection on exploration in a previous batch of lizards from 2018 to 2019, but not in 589 

the current batch (De Meester et al., submitted). Ideally, we should thus verify the heritability of 590 

personality (and cognition) in completely natural populations. 591 
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Regardless of the reasons, low heritability (if accurate) but moderate repeatability does imply that 592 

personality variation in P. erhardii mostly arises due to strong environmental effects (Petelle et al., 2015; 593 

Quinn et al., 2016; Vardi et al., 2020). This is further supported by the extremely low short-term 594 

repeatability of exploration PC1 within juveniles (R = 0.005). In hindsight, juveniles were captured and 595 

transferred to captive lab conditions too soon after hatching (as indicated by the presence of umbilical 596 

scars) and thus effectively grew up in the same standardized environment. A lack of genetic differences 597 

plus little divergence in personal experiences may explain their low behavioural repeatability (Archard 598 

& Braithwaite, 2010; Stamps & Groothuis, 2010). Short-term repeatability is slightly higher (but not 599 

significant) in 2019 adults (Radj = 0.079 - 0.085) and moderate in 2020 adults (Radj = 0.333), giving 600 

additional support for the hypothesis that personality variation develops over time. Behavioural 601 

repeatability is often predicted to change with age, although in which direction is highly debated 602 

(Carlson et al., 2020). Both within- and among- individual variance in a population can increase or 603 

decrease over time due to a multitude of processes (overview in Carlson et al., 2020), including selection 604 

(Bell et al., 2009), divergence in personal experiences (Stamps & Groothuis, 2010), state-behaviour 605 

feedback loops (Kok et al., 2019; Sih et al., 2015), canalization (Kok et al., 2019), changes in the costs 606 

of behavioural flexibility (Polverino et al., 2016) or in the developmental dynamics of the physiological 607 

mechanisms underlying behaviour (Bell et al., 2009; Stamps & Groothuis, 2010). Such changes are not 608 

necessarily monotonic over time (Thys et al., 2021). A valuable follow-up experiment would be to 609 

measure personality multiple times across the lifetime of the same cohort of lizards starting from birth, 610 

to test more explicitly how and when personality variation develops in this species. 611 

Following up on this, we did find evidence for changes in (average) explorative behaviour with age. 612 

Adult lizards behaved more explorative in 2019 than 2020, which could simply reflect senescence 613 

(Brommer & Class, 2015). In addition, juveniles had lower PC1 scores than adults, which is in line with 614 

the idea that younger animals should behave more cautious to allow future reproduction, while adults 615 

should take more risks to increase current reproduction (Schuster et al., 2017a; Wolf et al., 2007). 616 

Nevertheless, we should note that all lizards tested in 2020 (intruders included) behaved less explorative 617 

than the 2019 adults. Lizards were tested in May and August during 2019 and 2020 respectively, thus 618 
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seasonal fluctuations in behaviour (Aragón, López, & Martín, 2001; Jenssen, Greenberg, & Hovde, 619 

1995; Kerr & Bull, 2006) may explain the differences between years. Indeed, Naxian P. erhardii become 620 

less active as ambient temperatures rise during summer (Catsadorakis, 1984). Alternatively, restricted 621 

space use and physical activity within the enclosures compared to a natural environment could also have 622 

led to a plastic decrease in explorative behaviour over time in every group (Oosthuizen et al., 2013). 623 

In sharp contrast, individual differences in exploration PC2 (fast exploration versus hiding) were not 624 

consistent across years (R = 0.060), nor did they show significant heritability (h² = 0.057). Interestingly, 625 

exploration PC2 showed considerable short-term repeatability within the complete dataset of 2019 626 

adults (Radj = 0.211), but not within the subset of survivors in either 2019 (Radj = 0.130) or 2020 (Radj = 627 

0.162). Lower repeatability among survivors may be a consequence of strong directional selection on 628 

exploration PC2 (Bell et al., 2009). Indeed, female PC2 scores were higher in the survivors than in the 629 

complete batch of released adults (survivors: 0.339 ± 0.167; all: 0.212 ± 0.142) while the opposite 630 

occurred in males (survivors: -0.031 ± 0.180; all: 0.165 ± 0.160). Interestingly, male and female 631 

survivors differed in PC2-scores in 2020 but not 2019. This implies that sex-dependent plasticity also 632 

occurred across years. Male and female lizard can indeed differ in how their behaviour changes over the 633 

breeding season (Aragón et al., 2001). Sex-dependent selection and plasticity would have respectively 634 

decreased inter-individual and increased within-individual variance (Carlson et al., 2020), and thus both 635 

contributed to overall lower behavioural repeatability of PC2 on the long-term. 636 

Cognition 637 

Adult lizards showed moderate repeatability in spatial learning performance across years (Radj = 0.398). 638 

Our study hence adds to a small body of evidence that individual variation in spatial learning abilities 639 

can be repeatable over longer timescales (pheasants: Langley et al., 2018; Eurasian harvest mice: 640 

Schuster et al., 2017b; mountain chickadees: Tello-Ramos et al., 2018; but see Soha et al., 2019 on song 641 

sparrows). To our best knowledge, this is the first study demonstrating cognitive repeatability (either 642 

short- or long-term) in a non-avian reptile. On the other hand, heritability for spatial learning was not 643 

different from zero (h² = 0.054). While heritability estimates for spatial learning vary greatly across 644 

literature (h² = 0.27 in chimpanzees: Hopkins, Russell, & Schaeffer, 2014; h² = 0.09 - 0.23 in pheasants: 645 
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Langley et al., 2020; h² = 0.27 in rose bitterlings: Smith et al., 2015), our results are in line with the only 646 

other study investigating heritability of (spatial) cognition in lizards (no significant mother-offspring 647 

regression in delicate skinks: Vardi et al., 2020). 648 

Whether his low heritability is a consequence of directional selection, founder effects or too low sample 649 

sizes can unfortunately not be verified with our current dataset. It would not be unreasonable to expect 650 

selection for spatial learning in P. erhardii, as it may contribute to successfully escaping predators (Font, 651 

2019) and remembering the location of resources during periods of food scarcity (De Meester et al., 652 

2021). We did indeed observe selection on spatial learning in our enclosures, although in the opposite 653 

direction and only in females (De Meester et al., submitted). 654 

We previously reported differences in spatial learning performance between lizards originating from 655 

structural simple and complex habitats (De Meester et al., 2022). Assuming that spatial learning is not 656 

heritable, then such intraspecific variation would be entirely due to plasticity (Morand-Ferron et al., 657 

2016), as also hypothesized for the lizards in Vardi et al. (2020). Indeed, being reared in structural 658 

complex environments has a positive effect on brain (size) and cognitive development in fish and lizards 659 

(Carbia & Brown, 2019; LaDage et al., 2016; Spence et al., 2011; Vardi et al., 2020). Our juveniles 660 

made fewer errors during the spatial learning compared to adults, which indicates that spatial cognition 661 

may indeed be plastic in P. erhardii. Higher learning abilities in juveniles could be a consequence of the 662 

higher need for behavioural plasticity in early life (Fischer et al., 2014; Szabo et al., 2019) or of cognitive 663 

decline with age (Bonte, Kemp, & Fagot, 2014). Alternatively, juvenile lizards should be more 664 

motivated to find the safe refuge due to an higher vulnerability to predation (Martín & López, 1995). 665 

Interestingly, in contrast to reversal learning, spatial learning performance did not show habitat-666 

dependent plastic changes across years. This implies that if variation in spatial learning is caused by 667 

permanent environmental effects, such effects may be limited to a critical period during early life. It 668 

could thus be an interesting follow-up experiment to test the cognitive performance of newly born 669 

lizards, release them in our enclosures, and follow up their cognitive development in both habitat types. 670 

Demonstrating that individual variation in learning is repeatable validates that we are truly measuring 671 

cognitive variation (Ashton et al., 2018; Thornton et al., 2014) and helps us to understand its ecological 672 
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and evolutionary relevance (Boake, 1989; Morand-Ferron et al., 2016; Soha et al., 2019). Nevertheless, 673 

we should be aware of the possibility of pseudo-repeatability (Cooke et al., 2021; Dingemanse & 674 

Dochtermann, 2013; Mason et al., 2021), i.e. behavioural repeatability could be a consequence of 675 

consistent differences in other non-cognitive variables among individuals. For example, Cooke et al. 676 

(2021) demonstrated that problem-solving performance in great tits (Parus major) was highly 677 

repeatable, until corrected for hunger motivation and experience. Nonetheless, the long time-interval 678 

between repeated tests should have drastically reduced the chances of pseudo-repeatability (Niemelä & 679 

Dingemanse, 2017). Spatial learning was also unaffected by lizard personality in this dataset (De 680 

Meester et al., 2022), and tail status was corrected for, thus it is also unlikely that individuals simply 681 

differed consistently in their willingness to seek shelter. Biases for certain stimuli, such as a colour 682 

(Mason et al., 2021) or a side preference (our results) could also increase repeatability estimates if test 683 

subjects differ consistently in whether they are trained to pick the preferred or unpreferred cue. However, 684 

learning performance remained significantly repeatable even after adjusting for the side bias of our 685 

lizards. Lastly, behavioural repeatability could as well be influenced by memories from a previous 686 

testing round (Griffin et al., 2015). Yet, if lizards remembered the location of the safe refuge from the 687 

previous year, they should have made fewer errors or learnt faster in 2020, which was not the case. 688 

Nonetheless, it would be good to test the contextual repeatability of spatial learning in P. erhardii as 689 

well. Using various tasks aimed at measuring the same cognitive ability, e.g. training lizards to locate 690 

food or mates instead of shelter, or testing spatial learning at different scales, may help to minimize the 691 

influence of pseudo-repeatability and memory (Brust & Guenther, 2017; Cauchoix et al., 2018; Griffin 692 

et al., 2015; Troisi et al., 2021). 693 

Next, we found that reversal learning was only marginally repeatable (Radj = 0.251) and learning 694 

flexibility not at all (R = 0.192), and that neither showed significant heritability (h²RL = 0.074, h²FLEX = 695 

0.053).  Previous studies reported reversal learning to be both repeatable (song sparrows: Soha et al., 696 

2019) and not repeatable (mountain chickadees: Tello-Ramos et al., 2018) , while overall being modestly 697 

heritable (R² = 0.31 among 51 strains of lab mice: Laughlin et al., 2011; h² = 0.26 in red junglefowl: 698 

Sorato et al., 2018). The low repeatability of reversal learning and learning flexibility is in sharp contrast 699 
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with the rather high repeatability of spatial learning. A similar result was obtained for wild mountain 700 

chickadees by Tello-Ramos et al. (2018). One possible explanation may be that cognitive flexibility is 701 

more plastic and sensitive to environmental changes (Tello-Ramos et al., 2018). Indeed, lizards kept in 702 

simple enclosures seemingly made more errors during the reversal in 2020 than in 2019. If individuals 703 

within a group change their behaviour inconsistently from each other, due to differential personal 704 

experiences, then behavioural repeatability is indeed expected to decrease (Brommer & Class, 2015). 705 

Changes in reversal learning performance may be a consequence of deviations in neurogenesis rates, a 706 

process known to be stimulated by spatial complexity and impaired by structural simplicity, even in 707 

adults (Dunlap, 2016; Kempermann, Kuhn, & Gaga, 1997; LaDage et al., 2013). Neurogenesis facilitates 708 

reversal learning but importantly, appears to be less relevant for the initial acquisition of information 709 

(Burghardt et al., 2012; Kalm et al., 2013; Swan et al., 2014). In addition, stress is known to down-710 

regulate neurogenesis (Mirescu & Gould, 2006). Lizards in the simple open enclosures may have 711 

experienced more stress, due to e.g. feeling more exposed to aerial predators or more intense competition 712 

for the fewer resources. Thus, stress and habitat simplicity may have inhibited the rate of neurogenesis, 713 

leading to reduced reversal learning in lizards kept in simple enclosures. Importantly, the fact that 714 

changes in neurogenesis are not expected to influence the capacity to learn an initial (spatial) association 715 

may explain why habitat complexity did not lead to differential changes in spatial learning performance. 716 

The rate of neurogenesis is also often believed to decline with age (Amrein et al., 2004; Molowny, 717 

Nacher, & López-García, 1995), which possibly explains why juvenile lizards showed better reversal 718 

learning than adults. Yet, strangely enough, juveniles only outperformed the adults in their own 719 

enclosure, but did not differ from adults in the opposite enclosure type (with the exception of juveniles 720 

from complex enclosures making fewer errors than 2020 adults in simple enclosures). Why these age-721 

differences seem habitat-specific is unclear to us, especially given that 2019 adults were tested prior to 722 

release into the enclosures. 723 

Finally, problem-solving ability, here measured with an escape box task, showed the lowest repeatability 724 

(R = 0) of all cognitive traits. Long term consistency of problem-solving is very rarely tested, and 725 

previous studies have demonstrated both low (R = 0.002 - 0.02 in North Island robins, Shaw, 2017) and 726 
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relative high temporal repeatability (R = 0.27 - 0.54 in great tits: Cole et al., 2011). Cauchoix et al. 727 

(2018) found that (contextual) repeatability of cognition was significantly lower for latency measures, 728 

such as our escape times, likely due to ceiling or floor effects. Among-individual variation may be 729 

lowered because all failing individuals were assigned the same maximum score, or because most lizards 730 

solved the task within a comparable short time due to its apparent ease.  731 

Problem-solving assays have been criticized, as it is often unclear whether individual variation in 732 

performance truly reflects cognitive variation or is due to non-cognitive differences (e.g. hunger, 733 

motivation, …) among test subjects  (Audet & Lefebvre, 2017; Morand-Ferron et al., 2016; Shaw, 2017). 734 

Especially when only measured once, the outcome of a problem-solving task can be strongly influenced 735 

by intrinsic and extrinsic conditions (Cauchoix et al., 2018). The fact that escape times were not 736 

repeatable in our study seems to validate such concerns, and illustrates the danger of linking performance 737 

in a (single) problem-solving task to e.g. personality, life-history or fitness without any information 738 

regarding its repeatability. Following the suggestion of Thornton et al. (2014), problem-solving should 739 

have been tested over multiple trials within each year, and measure the repeatability of lizards’ 740 

improvement or the mean solving time (Cauchoix et al., 2018). 741 

CONCLUSION 742 

Very few studies so far have tested the long-term consistency and heritability of personality and 743 

cognition, especially so for wild animals, despite the fact that this information is crucial to understand 744 

the potential evolutionary and ecological impact of such behavioural variation (Boogert et al., 2018; 745 

Cauchoix & Chaine, 2016; Dukas, 2004; Griffin et al., 2015; Morand-Ferron et al., 2016). Our study 746 

showed that individual differences in some, but not all, aspects of exploration and cognitive performance 747 

were consistent in semi-wild Aegean wall lizards across years, but neither cognition nor personality 748 

were heritable. 749 

The low heritability estimates would imply that all of our behavioural traits have very little evolutionary 750 

potential, even if selection would act upon them, although this needs to be verified in natural 751 

populations. Our results do suggest that both cognition and personality within Aegean wall lizards are 752 
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at least partially plastic, changing with age, depending on both sex and habitat complexity. Our study 753 

thus illustrates that long-term studies on the repeatability of cognition in wild animals can advance our 754 

understanding of the role of both genetic and environmental factors in shaping cognitive variation. 755 
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TABLES 1197 

Table 1. Principal Component Analysis of exploration behaviours. Loadings with an absolute value > 0.3 (bold) were 1198 

considered to substantially contribute to a principal component (cfr. Boon, Reale, & Boutin, 2007; Dammhahn, 2012; Thys et 1199 

al., 2017b). 1200 

 
Comp 1 Comp 2 Comp 3 

Eigenvalue 

% variance 

1.76 

44.33 

1.29 

23.60 

1.00 

14.16 

First transition 

# transitions 

Latency to explore all quadrants 

# touches 

# refuges entered 

Latency to enter first refuge 

Time spent hiding 

-0.130 

0.422 

-0.347 

0.335 

0.462 

-0.432 

0.413 

-0.411 

0.357 

-0.474 

0.287 

-0.339 

0.286 

-0.448 

0.739 

0.268 

0.156 

0.556 

 

0.177 

-0.122 

 1201 

  1202 
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Table 2. Overview of the final models and their results for the short-term (within-year) repeatability of exploration within each 1203 

age group. Models were constructed based on a model selection approach (see main text), using predictors with an relative 1204 

importance (RI) ≥ 0.50. Repeatability (R) was calculated using the ‘rptR’ package in R (Stoffel et al., 2017). Both the adjusted 1205 

and unadjusted repeatability are given, with their 95% confidence interval (square brackets). Their significance was tested 1206 

using a log-likelihood ratio test. For the meaning of the exploration PCs, we refer to Table 1. Statistical significance is reported 1207 

as: ‘°’ p < 0.10, ‘*’ p < 0.05, ‘**’ p < 0.01, ‘***’ p < 0.001. 1208 

Personality 

Trait 

Age group N RI Confounding 

factors 

F-stats P 

Exploration PC1 

 

Adults ‘19 

(Box-cox λ = 1.4) 
66 0.62 

 

 

Tail 

 

Radj 

R 

F1,64 = 3.064 

 

0.085 [0.000; 0.310] 

0.101 [0.000; 0.314] 

0.085 ° 

 

0.242 

0.202 

Adults ‘19 

(survivors only) 

(Box-cox  λ = 1.3) 

43 / / 

 

Radj 

R 

/ 

 

/ 

0.079 [0.000; 0.370] 

/ 

 

/ 

0.303 

Adults ‘20 43 0.79 

1.00 

Sex 

SVL 

 

Radj 

R 

F1,37 = 4.071 

F1,52 = 6.465 

 

0.333 [0.087; 0.602] 

0.449 [0.167; 0.652] 

0.051 ° 

0.014 * 

 

0.007 ** 

< 0.001 *** 

Intruders 21 / / 

 

Radj 

R 

/ 

 

/ 

0.010 [0.000; 0.393] 

/ 

 

/ 

0.480 

Juveniles 44 / / 

 

Radj 

R 

/ 

 

/ 

0.005 [0.000; 0.237] 

/ 

 

/ 

0.480 

Exploration PC2 

 

Adults ‘19 

(Box-cox λ = 0.8) 

66 1.00 

1.00 

Habitat 

Tail 

 

Radj 

R 

F1,3 = 6.134 

F1,61 = 8.731 

 

0.211 [0.000; 0.436] 

0.239 [0.022; 0.433] 

0.094 ° 

0.004 ** 

 

0.034 * 

0.011 * 

Adults ‘19 

(survivors only) 

43 1.00 

1.00 

Habitat 

Tail 

 

Radj 

R 

F1,3 = 4.183 

F1,38 = 6.215 

 

0.130 [0.000; 0.410] 

0.169 [0.000; 0.430] 

0.145 

0.017 * 

 

0.197 

0.104 

Adults ‘20 43 1.00 Sex 

 

Radj 

R 

F1,35 = 5.970 

 

0.162 [0.000; 0.445] 

0.227 [0.000; 0.465] 

0.020 * 

 

0.136 

0.064 ° 

Intruders 21 0.71 Tail 

 

Radj 

R 

F1,31 = 2.679 

 

0.448 [0.038; 0.722] 

0.386 [0.000; 0.686] 

0.111 

 

0.018 * 

0.030 * 

Juveniles 44 0.68 SVL 

 

Radj 

R 

F1,40 = 3.776 

 

0.075 [0.000; 0.335] 

0.093 [0.000; 0.352] 

0.059 ° 

 

0.280 

0.228 
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Table 3. Overview of the final models and their results for the long-term (across-year) repeatability of exploration and 1209 

cognition. Models were constructed based on a model selection approach (see main text), using predictors with an relative 1210 

importance (RI) ≥ 0.50. Repeatability (R) was calculated using the ‘rptR’ package in R (Stoffel et al., 2017). Both the adjusted 1211 

and unadjusted repeatability are given, with their 95% confidence interval (square brackets). Their significance was tested 1212 

using a log-likelihood ratio test. For the meaning of the exploration PCs, we refer to Table 1. Statistical significance is reported 1213 

as: ‘°’ p < 0.10, ‘*’ p < 0.05, ‘**’ p < 0.01, ‘***’ p < 0.001. 1214 

 1215 

  1216 

Personality/Cognition Trait N RI Confounding factors F-stats P 

Exploration PC1 43 0.67 

0.52 

1.00 

1.00 

 

 

Enclosure 

Sex 

Year 

SVL 

 

Radj 

R 

F1,2 = 2.047 

F 1,38 = 2.409 

F 1,152 = 41.171 

F 1,134 = 8.812 

 

0.280 [0.091; 0.436] 

0.188 [0.021; 0.335] 

0.284 

0.129 

< 0.001 *** 

0.004 ** 

 

< 0.001 *** 

0.003 ** 

Exploration PC2 43 0.83 

1.00 

Habitat 

Sex 

 

Radj 

R 

F 1,3 =  2.276 

F 1,35  = 9.032 

 

0.060 [0.000; 0.201] 

0.117 [0.000; 0.249] 

0.237 

0.005 ** 

 

0.178 

0.039 * 

SL Score 

(log) 

42 0.77 

1.00 

0.86 

Year 

Safe side 

Tail 

 

Radj 

R 

F 1,1 = 3.331 

F 1,37 = 106.93 

F 1,63 = 3.602 

 

0.398 [0.124; 0.622] 

0.786 [0.515; 0.868] 

0.317 

< 0.001 *** 

0.062 ° 

 

0.004  

< 0.001 *** 

RL Score 

(log) 

42 1.00 

0.64 

0.58 

0.64 

1.00 

0.64 

Habitat 

Enclosure 

Sex 

Year 

Safe side 

Enclosure * Year 

 

Radj 

R 

F 1,2 = 4.932 

F 1,2 = 0.242 

F 1,33 = 2.798 

F 1,2 = 2.006 

F 1,34 = 195.677 

F 1,39 = 7.924 

 

0.251  [0.000; 0.545] 

0.805 [0.530; 0.874] 

0.141 

0.672 

0.104 

0.324 

< 0.001 *** 

0.008 ** 

 

0.061 ° 

< 0.001 *** 

Flex Score 42 / / 

 

Radj 

R 

/ 

 

/ 

0.192 [0.000; 0.460] 

/ 

 

/ 

0.105 

ESC Time 

(Box-cox  λ = 0.2) 
41 / / 

 

Radj 

R 

/ 

 

/ 

0.000 [0.000; 0.307] 

/ 

 

/ 

1 
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Table 4. Overview of the final animal models (MCMCglmm) and their results for the heritability of exploration and cognition. 1217 

Models were constructed based on a model selection approach (see main text), using predictors with an relative importance 1218 

(RI) ≥ 0.50. Posterior means + 95% credible intervals (between square brackets) are reported. Predictors were considered to be 1219 

important if the 95 % credible interval did not overlap with zero (bold). Heritability was calculated from both the final and null 1220 

models. Higher exploration scores correspond to more explorative behaviour, while higher scores for spatial learning (SL), 1221 

reversal learning (RL) and learning flexibility (FLEX) reflect more errors and thus worse cognitive performance. 1222 

 1223 

1224 

Personality/Cognitive trait RI Confounding factors Posterior mean + CI 

Exploration PC1 / 

1.00 

 

 

0.65 

Intercept 

Age (Adult ’19) 
Age (Adult ’20) 
Age (Juv) 

SVL 

 

h² 

h²null model 

-0.035 [-1.616; 1.268] 

0.549 [0.209; 0.893] 

-0.093 [-0.450; 0.282] 

-0.587 [-0.972; -0.204] 

0.057 [-0.044; 0.160] 

 

0.031 [0.000; 0.110] 

0.027 [0.000; 0.092] 

Exploration PC2 / Intercept 

 

h² 

h²null model 

-0.001 [-1.376; 1.581] 

 

/ 

0.057 [0.000; 0.178] 

SL Score 

(log) 

/ 

0.72 

Intercept 

Tail (intact) 

 

h² 

h²null model 

-0.378 [-1.046. 0.307] 

0.346 [-0.026. 0.780] 

 

0.054 [0.000; 0.175] 

0.056 [0.000; 0.184] 

RL Score 

(log) 

/ 

0.65 

0.65 

 

 

0.65 

 

Intercept 

Enclosure (Simple) 

Age (Adult ’19) 
Age (Adult ’20) 
Age (Juvenile) 

Enclosure (Simple)*Age (Adult ‘19) 
Enclosure (Simple)*Age (Adult ‘20) 
Enclosure (Simple)*Age (Juveniles) 

 

h² 

h²null model 

-0.077 [-0.870; 0.617] 

0.558 [-0.828; 2.003] 

0.367 [-0.368; 1.000] 

0.245 [-0.358; 0.808] 

-0.586 [-1.366; 0.200] 

-0.748 [-2.022; 0.588] 

-0.122 [-1.487; 1.227] 

-0.476 [-1.842; 0.968] 

 

0.074 [0.000; 0.249] 

0.063 [0.000; 0.218] 

Flex Score / Intercept 

h² 

h²null model 

-0.103 [-0.701. 0.623] 

 

/ 

0.053 [0.000; 0.167] 
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FIGURE CAPTIONS 1225 

Figure 1. Graphical representation of the four enclosures (structural simple on top, structural complex bottom). Per enclosure, 1226 

sample sizes per group and per sex are given. Small letters next to the numbers represent whether the lizards originated from a 1227 

complex (c) or simple (s) habitat. 1228 

Figure 2. Exploration PC2 scores for surviving adults that were tested in both year (Nfemale = 22, Nmale = 21). Orange boxplots 1229 

represent exploration PC2 scores in 2019, light grey boxplots visualize PC2 scores when retested in 2020 and dark grey boxplots 1230 

are the pooled data over both years (long-term repeatability – LTR). Statistical significant differences are indicted as follows: 1231 

‘°’ p < 0.10, ‘*’ p < 0.05, ‘**’ p < 0.01, ‘***’ p < 0.001.  Higher scores represent lizards that are faster in exploring a novel 1232 

arena and spent less time hiding. 1233 

Figure 3. A) boxplots representing the exploration PC1 scores for adult Aegean wall lizards tested in both 2019 and 2020 (N 1234 

= 43). Statistical significant differences are indicted as follows: ‘°’ p < 0.10, ‘*’ p < 0.05, ‘**’ p < 0.01, ‘***’ p < 0.001.  B) 1235 

boxplots with the exploration PC1 scores per age group (Nadults ‘19 = 66, Nadults ’20 = 43, Nintruders = 21, Njuveniles = 45).  Age groups 1236 

were considered different from each other if the 95 % credibility interval of their difference (as obtained from a MCMCglmm) 1237 

did not overlap with zero, which is indicated with an ‘*’. In both graphs, higher scores represent more explorative behaviour, 1238 

but see Table 1 for a more detailed explanation of the PC scores. 1239 

Figure 4. Performance of lizards (number of errors made) over consecutive trials in the spatial and reversal learning task. 1240 

Significant regressions are indicated by a solid line, grey areas visualize the standard errors. Sample sizes are as follows: Nadults 1241 

’19 = 66, Nadults ’20 = 42, Nintruders = 21, Njuveniles = 44. 1242 

Figure 5. Boxplots visualising the reversal learning (RL) scores per year and per enclosure type. Higher scores indicate that 1243 

lizards made more errors and thus correspond to lower cognitive performance. The same individual lizards were tested both in 1244 

2019 (orange) and 2020 (grey) after spending one year in semi-natural enclosures mimicking either a complex or simple habitat. 1245 

Albeit a significant interaction was found between enclosure type and year, post-hoc pairwise comparisons did not reveal any 1246 

significant differences among groups. Sample sizes were as follows: Ncomplex =  25, Nsimple = 17. 1247 

Figure 6. Boxplots with the reversal learning (RL) scores per age group in enclosures with a complex habitat (left: Nadults ‘19 = 1248 

33, Nadults ’20 = 25, Nintruders = 18, Njuveniles = 21) and simple habitat (right: Nadults ‘19 = 33, Nadults ’20 = 17, Nintruders = 3, Njuveniles = 1249 

22). Age groups were considered different from each other if the 95 % credibility interval of their difference (as obtained from 1250 

a MCMCglmm) did not overlap with zero, which is indicated with an ‘*’. In both graphs, higher scores represent more errors 1251 

and thus worse cognitive performance. 1252 

 1253 

  1254 
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APPENDIX 1255 

Table A1. Performance (mean ± SE) on the exploration test and cognitive tasks for lizards that were tested in both 2019 and 1256 

2020, given per original habitat and enclosure type. For the meaning of the exploration PCs, we refer to Table 1 in main text. 1257 

 Complex habitat Simple habitat 

Enclosure Complex Simple Complex Simple 

Exploration PC1 

2019 

2020 

N = 13 

1.20 ± 0.31 

-0.14 ± 0.38 

N = 9 

0.32 ± 0.38 

-0.58 ± 0.49 

N = 13 

1.25 ± 0.25 

0.07 ± 0.31 

N = 8 

0.76 ± 0.23 

-0.37 ± 0.37 

Exploration PC2 

2019 

2020 

N = 13 

-0.18 ± 0.25 

0.19 ± 0.27 

N = 9 

-0.21 ± 0.20 

0.25 ± 0.25 

N = 13 

0.49 ± 0.23 

0.55 ± 0.28 

N = 8 

0.59 ± 0.25 

-0.02 ± 0.39 

# Spatial Errors 

2019 

2020 

N = 12 

0.80 ± 0.20 

0.58 ± 0.15 

N = 9 

0.79 ± 0.19 

0.85 ± 0.29 

N = 13 

1.12 ± 0.23 

0.97 ± 0.19 

N = 8 

1.03 ± 0.29 

0.76 ± 0.23 

# Reversal Errors 

2019 

2020 

N = 12 

1.0 ± 0.20 

0.82 ± 0.18 

N = 9 

0.79 ± 0.26 

1.13 ± 0.23 

N = 13 

0.61 ± 0.16 

0.63 ± 0.15 

N = 8 

0.61 ± 0.18 

0.79 ± 0.25 

# Flexibility Errors 

2019 

2020 

N = 12 

0.90 ± 0.07 

 0.70 ± 0.06 

N = 9 

0.79 ± 0.09 

0.99 ± 0.13 

N = 13 

0.85 ± 0.07 

0.80 ± 0.05 

N = 8 

0.82 ± 0.11 

0.78 ± 0.10 

# Escaped from Box 

2019 

2020 

N = 11 

9 

11 

N = 9 

7 

8 

N = 13 

12 

11 

N = 8 

6 

8 

Escape Time (s) 

2019 

2020 

N = 11 

885 ± 179 

492 ± 93 

N = 9 

772 ± 243 

767 ± 182 

N = 13 

717 ± 169 

809 ± 150 

N  = 8 

804 ± 228 

546 ± 130 

  1258 
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Table A2. Performance (mean ± SE) on the exploration test and cognitive tasks for each age group. For the meaning of 1259 

exploration PCs, we refer to Table 1 in main text. 1260 

Enclosure Adults 2019 Intruders Juveniles 

Exploration PC1 

 

N = 66 

0.91 ± 0.13 

N = 21 

0.02 ± 0.22 

N = 45 

-1.14 ± 0.17 

Exploration PC2 

 

N = 66 

0.19 ± 0.11 

N = 21 

-0.00 ± 0.19 

N = 45 

-0.54 ± 0.12 

#  Spatial Errors 

 

N = 66 

0.82 ± 0.08 

N = 21 

0.57 ± 0.07 

N = 44 

0.55 ± 0.09 

# Reversal Errors 

 

N = 66 

0.85 ± 0.08 

N = 21 

0.70 ± 0.10 

N = 44 

0.53 ± 0.08 

# Flexibility Errors N = 66 

0.83 ± 0.03 

N = 21 

0.64 ± 0.05 

N = 44 

0.54 ± 0.04 

 1261 

  1262 
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Table A3. Results of the post-hoc pairwise comparisons on the differences in exploration PC2 and RL scores between different 1263 

age groups. Data was analysed using a MCMCglmm and pairwise comparisons were conducted using the ‘emmeans’ function 1264 

in R (Lenth et al., 2019). For each pairwise comparison, the estimated difference + 95 % credible interval (CI, between brackets) 1265 

is given. Bold indicates that the CI did not overlap with zero and the groups thus differed from each other. 1266 

Model Predictor Groups Estimate + CI 

Exploration 

PC2 

 

Age Intruders  - Adults ‘19 

Intruders – Adults ‘20 

Intruders – Juveniles 

Adults ’19 – Adults ‘20 

Adults ’19 – Juveniles 

Adults ’20 - Juveniles 

-0.548 [-0.893; -0.209] 

0.096 [-0.282; 0.450] 

0.590 [0.204; 0.972] 

0.642 [0.409; 0.858] 

1.135 [0.864; 1.423] 

0.494 [0.185; 0.783] 

RL Scores Enclosure * Age Intruderscomplex – Intruderssimple 

Intruderscomplex – Adultscomplex ‘19 

Intruderscomplex – Adultssimple ‘19 

Intruderscomplex – Adultscomplex ‘20 

Intruderscomplex – Adultssimple ‘20 

Intruderscomplex – Juvenilescomplex 

Intruderscomplex – Juvenilessimple 

Intruderssimple – Adultscomplex ‘19 

Intruderssimple – Adultssimple ‘19 

Intruderssimple – Adultscomplex ‘20 

Intruderssimple – Adultssimple ‘20 

Intruderssimple – Juvenilescomplex 

Intruderssimple – Juvenilessimple 

Adultscomplex ‘19– Adultssimple ‘19 

Adultscomplex ‘19– Adultscomplex ‘20 

Adultscomplex ‘19– Adultssimple ‘20 

Adultscomplex ‘19– Juvenilescomplex 

Adultscomplex ‘19– Juvenilessimple 

Adultssimple ‘19– Adultscomplex ‘20 

Adultssimple ‘19– Adultssimple ‘20 

Adultssimple ‘19– Juvenilescomplex 

Adultssimple ‘19– Juvenilessimple 

Adultscomplex ‘20– Adultssimple ‘20 

Adultscomplex ‘20– Juvenilescomplex 

Adultscomplex ‘20– Juvenilessimple 

Adultssimple ‘20– Juvenilescomplex 

Adultssimple ‘20– Juvenilessimple 

Juvenilescomplex – Juvenilessimple 

-0.565[-1.966; 0.790] 

 -0.370 [-1.055; 0.293] 

 -0.188 [-1.131; 0.766] 

-0.248 [-0.833; 0.328] 

 -0.692 [-1.609; 0.236] 

0.582 [-0.169; 1.370] 

 0.494 [-0.529; 1.606] 

 0.200 [-1.138; 1.729] 

 0.373[-0.885; 1.581] 

 0.330 [-1.040; 1.680] 

 -0.124 [-1.251; 1.173] 

 1.160 [-0.381; 2.612] 

 1.066 [-0.252; 2.394] 

 0.180 [-0.634; 0.977] 

 0.126 [-0.401; 0.740] 

 -0.319 [-1.304; 0.648] 

 0.961  [0.266; 1.698] 

 0.856 [-0.187; 1.947] 

 -0.057 [-0.977; 0.865] 

 -0.503 [-1.070; 0.173] 

 0.779 [-0.140; 1.861] 

 0.692 [0.014; 1.449] 

 -0.438 [-1.348; 0.455] 

 0.833  [0.095; 1.530] 

 0.743 [-0.259; 1.840] 

 1.271  [0.264; 2.437] 

 1.187  [0.355; 1.946] 

 -0.088 [-1.076; 0.834] 
  1267 
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Table A4. Full model outcome of the GLMMs testing the performance of lizards over consecutive trials during the spatial and 1268 

reversal learning task. If an interaction was non-significant, it was removed and main effects would be reported from an main-1269 

effect model only. Significance levels are indicated as follows: : ‘°’ p < 0.10, ‘*’ p < 0.05, ‘**’ p < 0.01, ‘***’ p < 0.001. 1270 

Response 

variable 

Predictor Wald-stats P 

Spatial 

learning 

 

Trial 

Safe Side 

Group 

Trial * Group 

Trial * Safe side 

χ² = 11.970, df =1 

χ² = 307.027,df =1 

χ² = 28.202, df =3 

χ² = 3.846, df =3 

χ² = 2.063, df =1 

<0.001 *** 

<0.001 *** 

<0.001 *** 

0.279 

0.151 

Reversal 

learning  

Trial 

Safe Side 

Group 

Trial * Group 

Trial * Safe Side 

χ² = 24.311, df =1 

χ² = 6.001,df =1 

χ² = 10.395, df =3 

χ² = 10.387, df =3 

χ² = 4.577, df =1 

< 0.001 *** 

0.014 * 

0.015 *  

0.016 * 

0.032 * 

 1271 

  1272 
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Table A5. Post-hoc multiple pairwise comparisons for the (G)LMMs, using Tukey’s method with the ‘emmeans’ and 1273 

‘emtrends’ functions in R (Lenth et al., 2019). Significance levels are indicated as follows: : ‘°’ p < 0.10, ‘*’ p < 0.05, ‘**’ p < 1274 

0.01, ‘***’ p < 0.001. 1275 

Model Predictor Groups Ratio + SE Stats 

Spatial 

learning 

(per trial) 

Age group Adult 20 – Adult 19 

Adult 20 – Intruder 

Adult 20 – Juvenile 

Adult 19 – Intruder 

Adult 19 – Juvenile 

Intruder – Juvenile 

0.848 ± 0.104 

0.925 ± 0.151 

1.669 ± 0.237 

1.090 ± 0.165 

1.968 ± 0.256 

1.805 ± 0.305 

z = -1.340, p = 0.537 

z = -0.478, p = 0.964 

z = 3.615, p = 0.002 *** 

z = 0.572, p = 0.940 

z = 5.204, p < 0.001 *** 

z = 3.497, p = 0.003 *** 

Reversal 

learning 

(per trial) 

Age * trial slopeAdult 20 – slopeAdult 19 

slopeAdult 20 – slopeIntruder 

slopeAdult 20 – slopeJuvenile 

slopeAdult 19 – slopeIntruder 

slopeAdult 19 - slopeJuvenile 

slopeIntruder - slopeJuvenile 

-0.046 ± 0.017 

-0.037 ± 0.023 

-0.003 ± 0.021 

0.009 ± 0.022 

0.043 ± 0.019 

0.034 ± 0.024 

z = -2.767, p = 0.029 * 

z = -1.619, p = 0.368 

z = -0.146, p = 0.999 

z = 0.418, p = 0.976 

z = 2.325, p =  0.092 ° 

z = 1.410, p = 0.493 

RL Scores 

LTR 

 

Enclosure * 

Year 

Complex 19 – Simple 19 

Complex 19 – Complex 20 

Complex 19 – Simple 20 

Simple 19 – Complex 20 

Simple 19 – Simple 20 

Complex 20 – Simple 20 

1.112 ± 0.057 

1.029 ± 0.048 

0.964 ± 0.055 

0.926 ± 0.053 

0.867 ± 0.047 

0.936 ± 0.048 

t = 2.081, p = 0.277 

t = 0.614, p = 0.921 

t = -0.647, p = 0.911 

t = -1.344, p = 0.592 

t = -2.653, p = 0.151 

t = -1.293, p = 0.605 
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