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Summary

SUMMARY

Cognition, i.e. the neural processes involved in the acquisition, processing, retention and
use of environmental information, is essential within the life of every individual animal.
Yet, across the animiingdom, biologist observe great variation in cognitive abilities,

both among species, among populations and even among individuals within the same
population. Such variation likely arises due to ecological conditions shifting the balance
between the costand benefits of cognition. However, which exact (sdeawlogical

forces favour, orhamper the evolution towards higher cognitive abilities remains

speculative.

Both the spatial complexity and the temporal variability of the environment have been
advarted as important selective pressures driving the evolution of cognition. While past
research has often reported (reldgyaarger brains in animals living in more complex

or more dynamic environments, this trend is not universal. In addition, data on how
environmental complexity and variability favour actual cognitive performance is

currently lacking.

In this thesis, | have studied how habitat complexity and variability shape cognitive
variation both among and within lacertid lizard species. The Lacertidaa speciose
family of lizards, whose members can be found along a broad gradient of ecological

conditions across Eurasia and Africa. This ecological diversity, both among and within
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species, makes them ideal to answer broader questions regardialg thieecology in

cognitive evolution.

The first part of my thesis investigated cognitive variation at the intraspecific level, by
looking at the evolution of relative brain size across Squamata (lizards + snakes), and by
comparing the performance of tigien species of Lacertidae on five cognitive tasks. In

contrast to expectations based on the prevailing literature, relative brain size was not
associated with habitat complexity in Squamata, and social species hadlyetatiaker

brains than solitary @s.Lacertid species differed considerably in their performance in

all cognitive testsbut this variatiowas unrelatetb differencesim peci es ® ecol og
life-history. However, | did observesometrends implying that species from more

seasonal habitadisplayedower behavioural flexibility

The second part of my PhD looked at the link between environment and cognitive
variation among populations of the Aegean wall liz&ddarcis erhardij. Wall lizards

from the island of Naxos experience strongeseasonal fluctuations in resource
availability compared to mainland conspecifics. Insular lizards concomitantly performed
better during a spatial learnirggsaythan mainland lizards, but demonstrated lower
cognitive flexibility during a reversal learnirigsk.Secondly, lizards from structurally
complex habitatsvere superior spatial learners compareadaspecifics frommore
simple environments, but no other differences in cognition or personality were observed.
Interestingly, several aspects of lizard personality and cognition agsieciated with

each otherbut such behavioural covariance was often yeard habitadepemlent.

Finally, | investigated variation at the individual level. First, | tested the-femg

repeatability and heritability of cognition and personality in Aegean wall lizards kept in
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seminatural enclosures for one year. Spatial learning and explositamed moderate
long-term repeatability, but reversal learning less so and preb@#wng not at allMy

data did not provide convincing evidence tbagnition or personality were heritable.

Next, | followed up the survival and reproductive successdividual lizards with
known cognitive abilities and personality traits in large outdoor encloshegacterized
by either complex or simple vegetation. This allowed mspiecifically test whether
cognitionwould bemore advantageous in complex enviromtsel found that cognition
was indeed associated witburvival, albeit in unexpected ways. Spatial learning
performancevas negativelyassociateavith femalesurvival, but was unrelated to male
mortality. Problemsolving ability was linked to survival in a nonlinear way, with
moderate solvers suffering higher mortality than -solvers or consistent solvers.
Lastly, @gnition was unrelated t@productive success. In contrast to expectatios,

thelink between any cognitive trait and fitness wadepemlent of habitat complexity.

Overall, my thesis shows that the role of ecology on cognitive evolution is not
straightforward, and the same ecological factor can have different effects depending on
which cognitive trait is investigated and at which taxonomic level. One seemingly
commontrend, however, was the negative association between environmental variability
and behavioural flexibility. My results alsshow that at least part of the observed
cognitive variation across populationskferhardiiis shaped by environmental rather
than genetic effects. This thesis thus illustrates how an integrative approach, looking at
both macreevolutionary patterns and selection within species, can provide valuable new

insights in the evolution of cognition

[9]
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SAMENVATTING

Cognitie, d.i. de verwervingleverwerking,deopslag en het gebruik van informatie uit

de omgeving, speelt een essentiéle rol binnen het leven van elk individueel dier.
Desondanks zien biologen grote verschillen in cognitieve vaardigheden doorheen het
dierenrijk, zowel tussen soorten, tussen populaties, als tussen individuen binnen dezelfde
populatie. Dergelijke variatie ontstaat waarschijnlijk omdat lokale ecologische factoren
de balans tussen de voeren nadelen van cognitie veranderen. Maar exaiiten
ecologische condities de evolutie naar hogere cognitieve vaardigheden bevoordelen, of

juist afremmen, blijft alsnog een open vraag.

Twee factoren die vaak naar voren worden geschoven als mogelijke drijfveren achter
cognitieve evolutie zijn de ruimtelijkecomplexiteit en temporele variatie in de
omgeving. Vergelijkend onderzoek in het verleden heeft inderdaad aangetoond dat
dieren uit meer complexe of dynamische omgevingen vaak relatief grotere hersenen
hebbenzij hetniet altijd. Data over hoe deze omg®ysfactoren effectief de cognitieve

vaardigheden van een dier beinvloeden is echter schaars.

Het doel van deze thesis was om te testen hoe habitat complexiteit en stabiliteit leiden
tot cognitieve variatie tussen en binnen soottaertide hagedissen. Déacertidae
(Echte Hagedissen) zijn een soortenrijke groep, waarvan devedspreid voorkomen

over een groot deel vakurazié en Afrika,enin een breed scala van ecologische
omstandigheden. Dit maakt hen eeteressantgroep om algemene vragen overrol

van ecologie in cognitieve evolutie te beantwoorden.
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Het eerste deel van mijn thesis onderzocht cognitieve variatie tussen soorten. Eerst
analyseerde ik de evolutie van relatieve hersengrootte binnen de Squamata (hagedissen
+ reptielen) en daarnaasergeleek ik de prestatie van dertien soorten lacertide
hagedissen op vijf cognitieve taken. In tegenstelling tot ilvaterwachte o.b.v. de
literatuur, bleek dat habitat complexiteiet geassocieerd was niefrsengrootte binnen

de Squamata, en dat salei soorten kleinere hersenkaddendan solitaire soorten.
Binnen de Lacertidae documenteerde ik aanzienlijke s@oschillen in cognitieve
vaardigheden, doch deze verschillen konden in het algemeen niet worden gelinkt aan de
ecologie en levensgeschigilevande bestudeerdmorten. E€n uitzondering was echter

dat soorten uit meer seizoenale omgevingen lagere gedragsflexibiliteit leken te vertonen.

In deel twee bestudeerde ik de link tussen omgeving en cognitie overheen verschillende
populaties van de deische muurhagedisPddarcis erhard). Muurhagedissen
afkomstig van Naxos, een eiland, leefden in een omgeving met meer seizoensgebonden
variatie in de beschikbaarheid van hulpbronnen dan hun soortgenoten op het vasteland.
Eilandhagedissen scoorden imdaad beter op een ruimtelijke leertaak, maar
vertoonden lichtjes lagere flexibilitaite dur ende een 6 r Raarpaass a |
hadderhagedissen uiheercomplexe omgevingen betere ruimtelijke leervermogens dan
soortgenoten uit meer simpele, og@bieden, hoewel er geen verschil werd gevonden

in andere cognitieve vaardigheden. Verschillende aspecten van cognitie en
persoonlijkheid waren met elkaar gecorreleerd in deze soort, doch deagate was

sterk afhankelijk van jaar en habitat.

Tot slot onderzocht ik cognitieve variatie op het individuele niveau. Eerst testte ik de

langetermijn herhaalbaarheid en heritabiliteit van cognitie en persoonlijkheid in

[11]
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Egeische muurhagissen die in grote openluctdrrariawerden gehuisvest voor een

jaar . Ruimtelijk | eren en exploratie war et
minder, en probleemoplossend vermodmtemaalniet. Mijn data leverde ook geen

overtuigend bewijs voor heritabiliteit in de gemeten aspectan cognitie en

persoonlijkheid.

Vervolgens werden hagedissen met gekende cognitieve vaardigheden en
persoonlijkheidskenmerken losgelaten in grote openligctaria erhun overleving en
reproductief succesverden opgevolgd De terraria bevatten simpele & complexe
vegetatie, zodat ik expliciet kon testen of hogere cognitieve vaardighederamelijk
voordelig zouden zijn in meer complexe omgeving€lngnitie was inderdaad
geassocieerd met daverlevingskansvan individuele hagedissen, doch niet in de
vewachte richting. Vrouwelijke hagedissen met betere ruimtelijke leervermogens
hadden een lagere overlevingskamsarvoor mannetjesvas ergeen verband tussen
ruimtelijk leren en overleving®robleermoplossend vermogen had een 1liie¢air effect

op overleing, waarbij matige oplossers de hoogste mortaliteit kenden. Cognitieve
prestaties waren niet gerelateerd aan voortplantingssucces. In tegenstelling tot de

verwachtingerverschildede link tussen cognitie en fitness niet tussen habitattypes.

Mijn thesis toont dusiandat dezelfde ecologische krachten een verschillend effect
kunnen hebbenp cognitieve variatieal naargelangjetexacte cognitiev&enmerk en

het taxonomisch niveau dat wordt bestude&edn algemene trend leek echter de
negatieve associatie tussen temporele variatie en gedragsflexibiliteit te zijn. Mijn
resultaten suggereren ook dat de verschillen in cognitie tussen populatfeerzardii

eerder te wijten zijn aan plasticiteit dan aan genetische verschillen. Met deze thesis hoop

[12]
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ik dus te illustreren hoe een geintegreerde aanpak, waar bij zowel vergelijkend als op
individueel niveau wordt gewerkt, kan leiden tot interessante migngichten in de

evolutie van cognitie

[13]
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Introduction

fiThere is no intelligence where there is no change and no need of change. Only those

animals partake of intelligence that have to meet a huge variety of needarayet®

- H. G. Wells (The Time Machine)

All animalsare capablef and need to learn to sordegreeA lizard hasto learn where

it can safely hide within its territory to quickly escagleen danger ariseé. chickadee
needsto memorizethe location of itfood caches or else it will fail to recover these
duringthe upcoming wintetAnd a PhD studerghouldremembeits deadlinego obtain

his degree.The ability to learn ishighly conserved across the animal kinggawen
nematodes areapable oflearring simple associations between a cue and a reward
(Ginsburg & Jablonka, 2010; Moradieerron, 2017)Neverthelessearning, and other
cognitive abilities, havediverged immensely throughout the animal kingdom. Species,
populations and even individuals within the same population can differ drastically in the
extent of their cognitiveapacitiegBoogert et al., 2018; Henken der Malsburg et al.,
2020) This variation has intgued biologists for ages, especially since it may be the key
to understanding howhe human intellect arosgMacLean et al., 2012)nfortunately

the evolution of cognition within the animal kingdom remains one of the most poorly

understood topics within biologyrhornton et al., 2014)

The main goal of this thesis is to gain new insights regarding the raeotdgy in
cognitive evolution Specifically, | will look at cognitive variation in lacertid lizards,
both among and within species, and test which ecological forces may shape this variation

and under which environmental conditions higher cognitive esildre favoured.

[16]



Chapterl

WHAT IS COGNITION?

Cognition is defined athe mechanisms by which animals acquire, process, store and
use environmental information (Dukas, 2004) Theseinclude perception, learning,
memory,attentionand decisiormaking(Dukas, 2004; Shettleworth, 2010; Cauchoix &
Chaine, 2016) Perception is the conversion of external stimuli into mental
representationd_earning is the abilitya acquire new information, in the form of new
associationsor novel motor patterns. Memory involvestoring these mental
representationsgither for a short time (sherérm memory), a long time (lortgrm
memory) or in relation to an ongoing task (workingmory) Attention is the ability to
focus on a particular subset of mental representations. Finally, deaiaskingis the
process otleterminingan actiorby taking into account both the current environmental
context and previously acquired mental esmntationgdDukas, 2004; Cauchoix &
Chaine, 2016; Roth et al., 202Researchers have designed a wide variety of protocols
to test aspects of animal cognition, more in particular the animals capacity to learn and

to remember things (s@&@wox 1).

[17]
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BOX 1. MEASURING COGNITION

Measuring the cognitive abilities of an animal is challenging, both on a conc

and methodological level, as discussed in great detRibime and Healy (2014)nd
Thornton et al. (2014)As cognition cannot be directly observed, it has to be infe
from cautious behavioural experimeBoogert et al., 2018)Vhen designing suc
experiments, researchers should consider a) which exact cognitive processes {
to measure, as this is not always eviq&uwe & Healy, 2014; Thornton et al., 201
and b) which nortognitive influences, such as the experience or motivatio
animals, could affect task performanaad how to account for the(Rowe & Healy,

2014)

Inhibitory control is theability to supress aredominantbut no longer relevan
behaviour in favour of a new actifBiamond, 2013)Inhibitory control, also referre
to as response inhibition or selfntrol, is considered a key aspect of behavio
flexibility, i.e. the ability of an individual to adjust its behaviour to chang
environmental conditionglones, 2005; Daniels et al., 2019; Szabo et al., 20R0H
commonly measured using detour tasks, in which an animal needs to move

around a (semjtransparent barrier to reach a reward instead of directly going

(MacLean et al., 2014; Kabadayi et al., 2018; Johtdloich & Holekamp, 2020
Szabo et al., 2020b; Figure 1&)hibitory control is sometimes also measured ug

a reversal learning tagkee below)Szabo & Whiting, 2020)

[18]
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BOX 1. (continued)

Figure 1. Measuringa) inhibitory control in spotted hyena€iocuta crocuta using the
transparent cylinder (detour) taflohnsorUlrich & Holekamp, 2020)b-d) problemsolving
with a variety of puzzles boxes and extractive foraging tasks in a Guatemalan beade
(Heloderma charlesbogertib) (Cooper et al., 2019k lion Panthera leo- ¢) (Borrego &
Gaines, 2016and a New Caledonian cro@¢rvus moneduloide d) (McCoy et al., 2019)
€) a spotted bowerbirdPtilonorhynchus maculatyisluring a shape discrimination tasiyere
the wells with triangles hiffood (Isden et al., 2013j) an emerald anoléAfolis evermanni

in a colour/pattern discrimination ta@keal & Powell, 2012)

[19]
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BOX 1. (continued)

Problem-solvingis the capacity to solve a novel problem, either by inventing a

behaviour or applying a familiar one in a new context, and is thus believed to
an ani mal 6s i rfGrifinvéaGuezyv2614; T ebbich & Tascke, 2014
Typical problemsolving assaysequire the animal to remove an obstacle,
manipulate a tool, in order to reacteavard(Overington et al., 2011; Bensédmram
et al., 2016; Borrego & Gaines, 2016; Cooper et al., 2019; Figude. Nonetheless
problemsolving tasks are criticized because it is mftieclear which exact cognitiy
processes underly an ani mal 6s perf-o

cognitive factorgThornton et al., 2014; Audet & Lefebvre, 2017)

Associative learningrequires animals to learn the association between a cue a
presence/absence of a reward/punishr@riffin et al., 2015) An extension of thig
is discrimination learning, where animals need to distinguish betwaemnltiple
stimuli predicting different outcomég6riffin et al., 2015; Griffin et al., 2016Many
animals can be successfully trained to discriminate between e.g. c@leafs&
Powell, 2012; Buechel et al., 201&hapeqSzabo et al., 2019ayisual patterng
(Paulissen, 2014pdours(Namekawa et al., 2018&nd sound§Guillette et al., 2009

(Figure - 1).

Spatial cognition refers to thecapacity of an animal to learn and remember
location of resources in its environmeAmnimals can use different strategies

spatial earning: they can use egocentric c(eeg. turn left in maze, Sheenaja &

[20]
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BOX 1. (continued)

Thomas, 2011)use a local cue associated with the goal as guidddgez et al.,

2000; Lopez et al., 2001jorm a mental representation of the environment, i,
cognitive map(Toledo et al., 202Q)or a mix of thos€Stone et al., 20005 patial
learning is usually tested in a broad assortment of mazes and éfenas 2ab,
Lépez et al., 2001; Liu et al., 2016; Matzel et al., 2020; Vardi et al., 20203) using
spatial feeding array&igure 2c, Shaw et aR019) Outdoor enclosurgdoble et al.,
2012)or tracking deviceg¢Figure 2d, Roth & Krochmal, 2(5; Toledo et al., 2020
allow to test spatial cognition under more natural conditions. Probe tests, in
cues in and around the maze/arena are manipulated, can provide more inform

the strategies employed by animals to l§adpez et al., 2001)

To testreversal learning, individuals are initially trained on a discriminatifireal
& Powell, 2012)or spatial learning tasfNoble et al., 2012)After either reaching
certain level of success (e.g. Leal & Powell, 2012; Tebbidre&chke, 2014; Mazz
et al., 2018) ocompleting dixed number of trials (e.g. Bebus et al., 2016; Mdid
et al., 2017; van Horik et al., 2018; Madden et al., 2018; Mason et al., 202!
meaning of thecues/locations is reversed and animals need to inhibit the prev
learnt behaviour in favour of switching to the former unrewarded cue or loc
Reversing an association is generally considered to be more cognitively dem
than learning a tasdle novg and is thus seen as an indicatorbehavioural and

cognitiveflexibility (Tebbich & Teschke, 2014; Buechel et al., 2018)

[21]
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BOX 1. (continued)

Experimenter

Computer screen for projecting the demonstration
Food bowl with mca)wo
LA

Figure 2. @) a poison frog Pendrobatus auratyswithin a twearm maze. Each wall of th
starting chamber has a different{ayt to allow orientatiorfLiu et al., 2016)b) Y-maze useq
to test spatialearning in delicate skinks&mpropholis delicatpby Vardi et al. (202Q)Only
one of both arms contains an assible sheltec) Feeding array utilized to test spatial mem
in wild New Zealand robinsRetroica longipesby Shaw et al(2019) Birds had to remembe
under which lids food was hidden based on spatial cues from their tedjtdhe use of
cognitive maps by freeangingEgyptian fruit batsRousettus aegyptiaculsas been inferre
with the use of ATLAS tracking devid@oledo et al., 2020) social learning test in beardé
dragons Pogona vitticepsfrom (Kis et al., 2015) Lizards first saw a video of a conspeci

sliding open a door to obtain a food reward, and were then given the same task

[22]
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BOX 1. (continued)

Social learningis the process by which individuals acquire information eithe

observing or interacting with other individugldeyes, 1994) This can range fron
simply interfering information about e.g. the presemceabsence of resource
(DamasMoreira et al., 2018)to copying novel motor actions and behaviol
patterngKis et al., 2015)Social learning is usually measured by exposing individ
to a demonstrator (either live or video, Figue 2erforming a novel task, and testi

whether they copy th behaviour or not (Noble et al., 2014; Guillette & Healy, 20

Albeit the aforementioned protocols axften referred to a§ | e a itasks they éan
also be highly informative regarding otheognitive mechanismd®Discrimination
learning assays help us to understandtireeptive abilities of animals, e.dqRérez i
de Lanuza et al. (2018rained common wall lizard$?odarcis muralis}o find food
in one of four coloured wells, three of which corresponded to natural occurring \
colours inadult wall lizards (white, yellow, orange). The fact that lizards were caj
of learning this task, also provided evidetitat they should be able to perceive &
assess the colour morphs of conspecifics. Once an animal has learnt a task, it
be retested days, weeks, months or even years lgetiethe strength and accura
of its memory (du Toit et al., 2012; Cooper et al., 2020; Ko et al., 20R6gision-
making processes can be studied by observing how animals use acquired kng
in new contextsFor instanceeastern painted turtleChrysemys picla previously
trained to associate a particular arm of -an#ze with food, were able tgnorean

innate bias for blue light in favour of going to this rewarded armstiilbavoided

[23]
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BOX 1. (continued)

yellow light even if they knew food was present underneafRath et al., 2021)

Italian wall lizards Podarcis siculuswould forsake their personal knowledge ab
the location of a food reward if they observed a conspecific foraging in ar|

location(Gavriilidi et al., 2022)

THE GAINS AND PAINS OF BEING SMART

Someanimals have evolved remarkable cognitive skills to solve ecological problems.
For i nstance, spati al memory enablses m
nutcrackers Nucifraga columbiang to hide and recover numerous food items (up to
more than 10000) with great accuradBrodin, 2005; Healy et al., 2009; Pravosudov

& Roth I, 2013) which is crucial to survive during harsh winter condigi(®onnenberg

et al., 2019)Other birds (e.g. crows and woodpecker finches) use tools totehitden

prey (Tebbich et al., 2002; McCoy et al., 201®)dividual painted turtlesQ. picta)

follow the same migration routes between temporary ponds each year with great
precision, unless being treated with memblycking drugqRoth & Krochmal, 2015;

Roth & Krochmal, 2018) Likewise, African elephantgLoxodonta africana) and
Egyptian fruit batgRousettus aegyptiacusmake use of extensive cognitive mdps

navigate between familiaesourcegPresotto et al., 2019; Toledo et 2020)

Cognition helps animals to deal with these, and many other, environmental challenges,
because learning and probleolving allowcognitivebehavioural flexibility(Godfrey

Smith, 2002; Sol, 2009Behavioural flexibility is a general term referring to the ability

[24]
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of an animal to adjust its behaviour response to changy environmental stimuli
(Jones, 2005; Daniels et al., 2019hich canbe facilitated by multiple cognitive
processege.g. inhibitory control, problersolving andreversal learning, Griffin &
Guez, 2014; Audet & Lefebvre, 2017; Szabo et al., 2020b; see also Bdkdi) often

used interchangeahl cognitive flexibility refersmore specificallyto the capacity to
learn new informatiomvhich requires theeversl of previously acquired contingencjes

i.e. reversal learnin¢Croston et al., 2017; TeHBamos et al., 2019)

Several studiesacross speciebBave provided evidence for the advantagésigher
cognitive abilitiesand behaviour&ognitive flexibility. Species with larger brains
(relative to their body size) hatégher rates of innovation and social learnjpgmates:
Reader & Laland, 2002; birds: Sol et al., 200Ba¢more successful in colonizing new
habitats(in birds: Sol et al., 2005a; in mammals: Sol et al., 2008; in amphibians and
reptiles: Amiel et al., 2011; but not in fish: Drake, 2Q@nd suffer from lower mortality

in the wild (Sol et al.,2007) Higher behavioural flexibility (in terms of feeding
innovations) also lowers extinction risk in bir3ucatez et al., 2020Within species,
individual brain size and cognitive performance hbaeen linked to fitness in small

number of studie6 s ee paragraph 6Cognition and fitne

Nevertheless, behavioural flexibility comes with dacer Cognition is costly, as it
requires energetically expensive neuiasue (Expensive Brain/Tissue Hypothesis
EBH - Aiello & Wheeler, 1995; Isler & van Schaik, 2006b; Isler & van Schaik, 2009)
Larger brains and higher cognititinus often meaneduced investmerh other traits
and processes, such fesundity (Isler & van Schaik, 2009; Kotrschal et al., 2013;

Ebneter et al., 20163omatic maintenand&otrschal et al., 2019; van der Woude et al.,

[25]
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2019) immunity (Kotrschal et al., 2016 )growth (Kotrschal et al., 2013)competitive
ability (Mery & Kawecki, 2003) antipredator defencgStankowich & Romero, 2¥)

anddigestive system@otrschal et al., 2013; Liao et al., 2016)

It is proposed thatognitive variationarises due teenvironmentaforces shifting the
balance between thecosts and benefits of cognitiorlowever, which exact socio
ecological factors favour or constrain the evolution towards higher cognitive aliilities
which taxaremains heavily disputeMacLean et al., 2012; Mettkdofmann, 2014;
MorandFerron, 2017; Henkeon der Malsburg et al., 2020)dentifying how
environmental pressures shape cognitive abilities has thus become a major goal within

the field of cognitive ecologiMettke-Hofmann, 2014)

THE DRIVERS OF COGNITIVE EVOLUTION

Two school of thoughts have tried to explain the evolutiboognition(Henkevon der
Malsburg et al., 2020)Both campsseemingly agree that cognition is favoured by
environmental complexitfGodfreySmith, 2002) but the first one regards complexity
in the social environent as the driver of cognitive evolution, while the second

emphasisetherole of ecological challenges posed by the physical environment.

Social challenges

The Social Intelligence Hypothesis (SIH a.k.a. the Machiavellian Intelligence
Hypothesis or 8cial Complexity Hypothesis$tates that higher cognitive abilities,
especially in the social cognition domain, evolved to help animals, specifically primates,
with the challenges of grodjving: e.g. maintaining and remembering social

relationships, pradting and manipulating the behaviour of conspecifics. etc

[26]
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(Humphrey, 1976; Byrne & Whiten, 1988; Holekamp & Benganram, 2017)Later
research gradually shiftedward linking social complexity with(relative) brain size
hence rebranding the SIH as the Social Brain Hypottig&kl, Dunbar, 1998; Dunbar,
2009) Although initially proposed specifically to explain primate intelligence, wetl
supported withirthis group(e.g. Sawaguchi, 1990; Dunbar, 1992; Dunbar, 1998; Street
et al., 2017)the SBH was extended and supported in other mammalian taxa ées.guell

in cetaceans: Marino, 1996; in ungulates: Shultz & Dunbar, 2006; in Carnivora,
Artiodactyla and bats: Dunbar & Shultz, 2007; in ungulates and Carnivora:- Perez
Barberia et al., 2007However, recently, several studies have failed to support the SBH
in e.g. birds(Fedorova et al., 2017; Wagnon & Brown, 202@plerats(Kverkova et

al., 2018) fish (Reddon et al., 201&nd even primateeCasien et al., 201Powell

et al., 2017; ManyPrimates et al., 202h)fact, it has been proposed that brain size and
sociality ceevolve in primates as both are being selected in response to the same

ecological challengewan der Bijl & Kolm, 2016)

Unfortunately, and in spite d@he original proposed SlHery little researcthastested
the relation betweesocial complexityandactualcognitive performancerhe handful
of studies doing so have found mixedpport for the SIHBoth social learning and
relative brain size were related to social group size across pri(atest et al., 2017)
Australian magpiesQracticus tibicen dorsaljsfrom larger groups perform better on a
variety of cognitive taskgAshton et al., 2018xnd spotted hyenasQrocuta crocuti
from larger groups show stronger inhibitory cont(@hnsorUlrich & Holekamp,
2020) Conversely, problersolving success across 39 caone species was predicted

by their relative brain size, but not by social complet@gnsorAmram et al., 2016)
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Across primate species, neithegeneral intelligence(compiled from mtural
observations, 62 species, Reader et al., 20@d3elf-contrd (23 speas, MacLean et

al., 2014)was related to group size.

Ecological challenges

A second line of researctas proposed thabn-socialecological challengegspecially
thoseregardingfood acquisition, are the main driver of cognitive evoluti¢Bcological
Intelligence Hypothesis EIH - Parker & Gibson, 1977; Milton, 1981; Henken der
Malsbug et al., 202Q)For instance, object manipulation and tool usprimatesmay
have evolved to allow more efficient foragingsaasonally limited food sourc@arker
& Gibson, 1977)Severala s pect s of a s p e cindeesh@enfinbeda gi n
to relative brain size and cognition, such as @attton-Brock & Harvey, 1980; Harvey
et al., 1980; MacLean et al., 2014; DeCasien et al., 20drdging strategyDay et al.,
1999a; Day et al., 1999b; Clarin et al., 2Q18me range sizg2owell et al., 2017and
food hoarding(Garamszegi & Eens, 2004; Healy, 20240 otheroften suggested factor

is structural habitat complexity.

Navigating through, finding resources and avoididangersin complex habitats is
supposed to beognitively demandingAnimals will need to process and store vast
amounts of information fast andfieiently, while filtering out large gquantities of
irrelevant background nois€Safi & Dechmann, 2005; Shumway, 2008; Mettke
Hofmann, 2014; Powell & Leal, 2014; Pamela Delarue et al., 2015; Calisi et al., 2017;
Steck & SnellRood, 2018) For instance, an animal wishing to return to a previously
visited location (e.g. shelfein a densely vegetated, and thus visually restricted, habitat

likely needs to memorize mooelies along the way compared to a conspecific living in
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a more operenvironment Comparative studies have indeexvealedthat species or
populations living in mag complexenvironment®ften possesselativdy larger brains,

or regions thereofe.g. in chipmunks: Budeau & Verts, 1986; anurans: Taylor et al.,
1995; storrrpetrels: Abbott et al., 1999; bats: Safi & Dechmann, 2005; fish: Pollen et
al.,2007; Shumway, 2008; Axelrod et al., 2018; lesser earless lizards: Calisi et al., 2017;
chondrichthyans: Mull et al., 2020; squirrels: Bertrand et al., 2@Rhpugh this pattern

does not seem to be univergalg. primates: ClutteBrock & Harvey, 1980; Powell et

al., 2017:Anolislizards: Powell & Leal, 2014; Storks et al., 2020; anurans: Liao et al.,

2015; threespined sticklebacks: Ahmed et al., 2017; mammals: Heldstab €dH8), 2

On the other hand gl habitat complexitaffects actual cognitive performarttas only
been tested in a select number of species, and their results are inconclusive. For instance,
habitat complexityhas a positive effect ospatial learning in fistfiOdling-Smee et al.,
2008; Shumway, 2008; White & Brown, 2014; White & Brqw®15) in bats(Myotis

sp., Clarin et al., 2013, but only during the most complex taskd)in molerats
(Costanzo et al., 2009but not inAfrican striped mice(Rhabdomysp., Mackay &
Pillay, 2017) In contrast, memory retention seems to be unaffectébyat structure

in these speciefCostanzo et al., 2009; Mackay & Pillay, 201Whether and how
habitat complexity affects performance in othepgnitive domains is also
underexplored, save for a single study showing trailes @nolis evermanni
occupying a dense cancpyink microhabitat learnt a novel motor task faster than a
related trunkgrourd ecomorphA. cristatellug (Storks et al., 2020 he role of habitat

complexity in cognitive evolution is thus inconclusive.
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Another challengingspect of the environment temporal variability. Tk Cognitive
Buffer Hypothesis (CBH¥tates that larger braiasd higher cognitive abilitiemainly
evolvedto buffer animals from the negative impactabfanges in the sockecological
environment(Allman et al., 1993; Deaner et al., 2003; Sol, 2009p sensethe CBH
represents reonciliation between the EIH and Si{€auchoix & Chaine, 2016)n
tempordly variable (e.g. highly seasonal) habitatstfand flexible learning may be
necessary talways have the most t#ip-date information regarding the availability and
distribution of resourcesyhile problemsolving helps to acquireovel resourceshen

the traditional onesbecomescarce(Parker & Gibsa, 1977; Tebbich et al., 2002;
Greenberg, 2003; Sol, 2009; Tebbich & Teschke, 2014; Griffin et al., 2016; Morand
Ferron et al., 201950me esearch has supported the ideaé&maironmental variability

is associated witlgreaterearning abilities(e.g. climbing perch: Sheenaja & Thomas,
2011; woodpecker finches: Tebbich & Teschke, 2014;-tdngued skinks: Szabo &
Whiting, 2020) higherbehavioural diversitg.g.tool use(woodpecker finches: Tebbich

et al., 2002; chimpanzees: Kalan et 2020) enhancegroblemsolvingskills (black
capped chickadees: Roth et al., 2018 larger braingirds: SchuckPaim et al., 2008;
Fristoe et al., 2017; Sayol et al., 201Byrther evidence for the CBH comes from the
observation that species feeding on more unpredictable food sources often have better
spatial cognition{Henkevon der Malsburg et al., 202@hdresidentirds specig, who
have to deal with seasonal changes, often have larger brains than migratg§obees

al., 2005b; Vincze, 2016)

However,one might just as well maintain that environmental variability is likely to

constrain (rather than promotehe evolution of high cognitionFirstly, if the
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environment is too unpredictable, animaf#l be incapable ofearring fast enough to
keep up with the pace of changdiemela et al., 2013; Mettkdofmann, 2014)
Secondly, aimals living influctuatingenvironmentswill regularly experience periods

of low resource availabilityand food intake, and hencenay be unable t@ustain
energetically expensive cognitipgocessegAiello & Wheeler, 1995; van Woerden et
al., 2010; Luo et al., 2017%everal studies have supportée tdea of reduced learning
performancdgobies: White & Brown, 2014; mountain chickadees: Croston et al., 2017;
great tits: Hermer et al., 2018nhdbrain sizgstrepsirrhine primates: van Woerden et al.,
2010; marsupials: Weisbecker et al., 2015; arairdmo et al.,, 2017)n arimals
inhabitingenvironmentsnore variable in timelnterestingly, a recent study Ifyistoe

and Botero (201%9howed that birdpeciedrom themost northern anttmporallymost
variable regions of our planet either have very large or very small brains (relative to their
body size) Environmental variability cathussimultaneously favour and corgn the

evolution of higher cognitive abilities.

It should be noted thatognitive variation may not be due to selection (alone). The
structural complexity and predictability of the environment experienced during (early)
life canalsoinducenorntgeneticchanges in brain and cognitive developm@tutrschal

& Taborsky, 2010; Spence et al., 2011; du Toit et al., 2012; LaDage €1d;,LaDage

et al., 2016; Roy et al., 2016; Carbia & Brown, 2019; van Horik et al., 2019a; Vardi et

al., 2020)
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STUDYING THE EVOLUTION OF COGNITION: THE COMPARATIVE

METHOD

iNevertheless the difference in mind bet
certainly is one of degree and not of kind. We have seen that the sensesiindsn

the various emotions and faculties, such as love, memory, attention, curiosity, imitation,
reason, etc., of which man boasts, may be found in an incipient, or even sometimes in a

wellkdevel oped condition, in the | ower animn
- Charles Dawin (1871)

The interest in the evolution of animal cognitistarted with Darwin himselfHis
propositionthat humans and animals shamnilarities in mental abilitiesvas a drastic
departure from the Cartesian (Darwewi87&;n an
Lamontagne et al., 2020)he idea thathe minds of animaldike their bodies, undergo
evolution through natural or sexual selection eventually provided the stage for
comparative studies on animal cognition. One of the first attempts to do so was by
George Romanes, who intensively leoted anecdotesegarding the intellectual
performanceof animals in order taompare andeconstruct the evolution of cognition
throughout the animakingdom (Romanes, 1883; Wasserman, 1993Jthough
anecdotical natural observations can be usefuddgnitive researcfsee e.g. Reader &
Laland, 2002; Sol et al., 2005a; Ducatez et al., 20R@manes was nonetheless
criticized by contemporaries and successors. Pioneers such as C. LIlyod Morgan, Edward
Thorndike John Watsorand Ivan Pavlowshifted towards mexpeimental approach

studyinganimal learningn a standardized, controlled and replicable @WAfasserman,
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1993; Olmstead & Kuhlmeier, 2015; Lamontagne et al., 2020jortunately,at the
same time,lte number and diversity of species in cognitive research rapidly deamed
Watson and successdoeused on uncovering general cognitive processes in a limited

set of modebkpeciegBitterman, 1965; Krasheninnikovaat, 2020)

The development ophylogenetic statistical methods in tt&®th century allowed
biologists to more explicitly test evolutionary hypotheses regarding cog(iliacLean

et al., 2012; Cauchoix & Chaine, 201&omparing the performancgcross a large
number of related speciashosen over a broad so@oological gradient, and gezably

over a diversity of cognitive tasks, couli a powerful approach to uncover the
environmental forces driving cognitive evolutidiMacLean et al., 2012; Mettke
Hofmann, 2014; Cauchoix & Chaine, 2016; Shaw, 2017; Krasheninnikova et al., 2020)
Despite a first step ithe rightdirection by Mortm E. Bitterman in thd 960s(Bitterman,
1960; Bitterman, 1965; Bitterman, 197%he majority of comparative studidésve
mostly beedimited to two, and rarely more than fivepeciegHenkevon der Malsburg

et al., 2020) Albeit such comparisons can beeresting usng only a fewspeciess
obviously insufficient to establish whether robust evolutionary relationships between

cognition and ecology exi¢krasheninnikova et al., 2020)

It also quickly becam@opularto use (relative) brain size asproxy for cognitive
capacity,due to the easef collecting such datalhe general assumption here is that
animals with larger brains, after reecting for body size (either bgalculating an
encephalization quotierit E QUing residuals from bbg-log brain size on body size
regressionor by including body size as controlling covariable in the analysid)ave

overall greater cognitive capaciti@@eaner et al., 2007; Foxat, 2017; Iwaniuk, 2017)
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Comparative brain size studies haseghtus a lot{see above)ut despite their ubiquity

they are not without issugroth & Dicke, 2005; Healy & Rowe, 2007; Logan et al.,
2018; Smaers et al., 202Byrain sizanay simply be too crude of a measaféspecific)
cognitive abilities.True, it hasbeen linked to e.g. innovation rates, learning abilities,
general intelligence andglemsolving both acrosrimates: Reader & Laland, 2002;
Reader et al., 2011; birds: Sol et al., 2005a; Carnivora: Beluswam et al., 2016and

within specieqguppies: KotrscHeet al., 2013; Kotrschal et al., 2015b; Buechel et al.,
2018) but not all studies show a straightforward relationshipsBéth relative larger
brains are more likelybut not fasterto learn anew associatiofCollado et al., 2021)
Absolute brain size predicted performance on some, but not all cognitive tasks across
dog breedgHorschler et al., 2019Within guppiesPoecilia reticulatj, the effect of

brain size on cognition was both seand taskdependentKotrschal et al., 2013;
Kotrschal et al., 2015b; Buechel et al., 2Q1a)d relative brain size did not predict
olfactory memory at all in parasitic wasfi$asonia vitripennisvan der Woude l.,

2019) Studies using brain size as proxy for cognition also often assume that all parts of
the brain evolve togethehut it is perhaps more likely that differeateasevolve
independenthffrom each other in response ddferential selective pressurgdlosaic

Brain Evolution, or Adaptive Specialization Hypothesis: Metdamann, 2014)Yet,

even looking at size variation in very specific brain areas may not be informative enough
(Healy & Rowe, 2007)For instance, foegtoring bird species have relatively larger
hippocampi, the brain region involved in spatial cognition, than-stornng birds
(Garamszegi & Eens, 2004)lthough it could thus be concludekat foodhoarding
selects for spatial cognition, such conclusion would be an oversimplification at best

Several more detailed experiments showed that hoarders do not show superiority in
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every single aspect dheir spatial cognition compared to nboarders (reviewed in

Healy et al., 2009; Healy, 202For instance,dod-hoarding coal titsRoecile palustriy
excelled in spatial memory duration, but not capacity (i.e. number of items) or agcuracy
compared to nohoarding great tits Rarus majoj (Biegler et al., 2001)Actual
cognitive comparisons across species were necessary to understand which exact
cognitive traits were selected for relation to fooehoarding and how birds exactly
manage such a difficult taskhis is not to say #it comparative brain size studies are a
pointless pursuit. They can provide interesting starting pdaméuture comparative

work on cognitionput they have too often become andpoint(Healy & Rowe, 2007)

Notwithstanding a few remarkabkexceptions(general intelligence in 62 primates:
Reader et al., 2011; inhibitpcontrol in 36 species of birds and mammals: MacLean et
al., 2014; problensolving in 39 Carnivora: Benselimram et al., 2016; habituation in

13 species of pit vipers: Krochmal et al., 2018saxiative learning in 16 bee species:
Collado et al., 2021; sint-term memory in 41 primate species: ManyPrimates et al.,
2021) largescale crosspecies comparisons in cognitive performance are extremely
rare for a number of reasonsirst of all, measuring cognition is notoriously time
consuming. Researchevidll often face the difficult choice betweerestricting the
number of species, or the number of cognitive tg8kasheninnikova et al., 2020)
Secondly, these stuah will also struggle with the issue ofstandardizing cognitive
assays across spec(&hittka et al., 2012; MacLean et al., 2012; Krasheninnikova et al.,
2020) which becomes even more troublesome the greater the phylogenetic distance
between themNon-cognitive differences between species (e.g. body size, colour vision,

motivation,the presence of appendages wiattbw object manipulation, etamay bias

[35]



Introduction

the results of such crospecies comparisons, and should thus be accounted for
(MacLean et al., 2012; Krasheninnikova et al., 202@stly, there are the plenty of
obvious logistical challenges involved with collecting, housing and testing a large
number of species within a reasonable timefrafibeit these challenges may seem
difficult to overcome(but see e.g. BlcLean et al., 2012; Krasheninnikova et al., 2020
for suggestions)the lack of a truly comparative perspective is severely limiting our

understanding of cognitive evoluti¢@hettleworth, 2009; Krasheninnikova et al., 2020)

Intrasp ecific comparisons- populations

One possible solution to at least the problem of standardization, wouldcbepare
cognition acrospopulations of the same species along an ecological gradient. In fact,
some authors have claimed that lookingrataspecificvariation mayevenbe more
informativethan studying interspecific differencess we can tell with greater certainty

to which eological conditions theggopulations are currenttyr were recentlgxposed
(Roth et al., 2010b)Contrariwise, @riation across speciésshapedy a long series of
(often unknown) selective pressures throughout their evolutionary hifoth et al.,
2010b) Various hypotheses regarding the environmental drivers of cognitive evolution
can be answered by carefully picking study species with populations exposed to various
levels of e.g. environmental variabilifiRoth et al., 2010b; Croston et al., 2017; Herm

et al., 2018; Kalan et al., 202@yredation pressu(@rown & Braithwaite, 2005)habitat
complexity (Sheenaja & Thomas, 2011)rbanization(Audet et al., 2015)etc. These
comparisons can bsupplemented witha@nmon garden experiments determine to
what extent the link between an environmental variable and cognitisihajzed by

selectionor phenotypic plasticityRoth et al., 2010b)
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Artificial selection experiments are another promising approdchthe past, very
valuable insights regarding the costs and benefits of cognition have been revealed by
comparing lines of animals artificially selected felative brain sizéguppies: Kotrschal

et al., 2013; Kotrschal «l., 2015a; Kotrschal et al., 2015b; Kotrschal et al., 2016;
Kotrschal et al., 2019 asoniawasps: van der Woude et al., 2008)earning/memory
performancghoming pigeons: Sherry et al., 1992; fruit flies: Mery & Kawecki, 2003;
Lagasse et al., 2012; parasitic wasps: van den Berg et al., 2011; Liefting et al., 2018)
Artificial selection studies on other traits, suchraternal investmerfapanese quails:
Ebneter et al., 2016personality(great tits: Groothuis & Carere, 2005; Amy et al., 2012)
schooling behavioufguppies: Vegdrejo et al., 202Q)friendly behaviour towards
humanga.k.a. domestication, dog breeds: Hare, 208f¢), have also revealed parallel
changes in cognition and/or brain size, thus further advancing our understanding of
cognitive evolutionAnimals from different lines can then be tested in their response to
different ecological challengée.g. predation: Kotrschal et al., 2015akkernatively, it
should be possible to expose animfals several generations to different ecological
conditions (e.g. structural complexity, food availability, temporal variation), and
measure whether this would induce changes in cognitive ability over timeSafmk

et al. (2018)compared the brain size of sticklebacks after two generations in

experimental ponds with or without predation.

Comparatre studies may be a powerful approach to advance our understanding of
cognitive evolution, bupossiblyeven more exciting insights can be gained by zooming

in at the individual level.
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INDIVIDUAL VARIATION IN COGNITION

Individual differencesin cognitionhavebeen ignored imon-human research up until

very recently(Boogert et al., 2018Remarkably, therbasbeen some grourdreaking

work on individual variation in the early days of cognitive research. Charles H. Turner,
a contemporary of Thorndike and Watson, conducted rigorous experiments in which he
documented differences in learning abilisnd speedccuracy tradeffs among
individual antsand cockroache@urner, 1907; Turner, 1913almost a centurpefore

Sih and Del Giudice (2012pined the Cognitive Style Hypothediffortunatelyas an
African Ameican in the early 1900s, Turner would face many difficulties in advancing
his academic careeandin the end, this pioneer left very little impact on the field of
animal cognition(Dona & Chittka, 2020; Lee, 2020)lence biologistsin the decades

to come would treandividual variation in cognition (or any behavidior that mattex

as random noise around a golden m@ache et al., 2016Dnly recentlythe field of
cognitive ecology has shifted its attention to understanding the causes and consequences
of individual differences in cognitio(Boogert et al., 2018)perhapsnspiredby the

contemporary emerging field of animal personality (see Box

Nowadays, it iclear that animals not only differ in their cdiive abilities, but also in

their cognitive stylesi.e. the specific strategy used to acquire, process and use
environmental informationSpecifically,individualsface a tradeff between fasbut-
inaccurate or slovbut-attenuative learning and decisionaking (Cognitive Style
Hypothesis: Sih & Del Giudice, 2012; Bensky et al., 2017; Dougherty & Guillette, 2018;
Mazzaetal.,,2018Ani mal s with a o6fastod6 cognitive

yet superficially, enabling quick learning and probhsolving. This comesat the
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expense of lower accuracy and flexibijithe superficial knowledge of faster learners

renders them less capable of responding to environmental ch&gasary, fow
learnersacquire new information with more precisionpaling for higher accuracy and
behavioural flexibility (Sih & Del Giudice, 2012)Indeed, animalsnaking faster
decisionsoftenmake more mistakean a cognitive taske.g. in guppies: Burns & Rodd,

2008; in zebrafish: Wang et al., 2015; in bank voles: Mazza et al., 2018; in archerfish:
Jones et al., 2020; but not in e.g. African striped mice: Rochais 2021) Studies also

frequently report a tradeff betweenan i ndi vi dual és ability/s
association, amhhis/herability/speed to reverse (e.g. in Indian mynas: Griffin et al.,

2013; in Florida srub-jays: Bebus et al., 2016; in bank voles: Mazza et al., 2018; in red
junglefowl: Sorato et al., 2018Jthoughthis is not alvays the casge.g. inbumblebees:

Raine & Chittka, 2012; in Chimango Caracaras: Guido et al., 2017; in guppies: Vila
Poucaetal.,,2021An i ndi vidual 6s cognitive style ha
intertwined withhis/herpersonaty type(seeBox 2), specifically with his/her boldness,
explorative behaviour, aggressiveness,iviagt and sociability (the five broad

behavioural categories in which personality variation is typically measured cfr. Smith &

Blumstein, 2008; McEvoy et al., 2015; Dougherty & Guillette, 2018)

Albeit biologists are now acknowledging the existence of indixt variation in
cognitive abilities and stylestill very little is known regarding the repeatability or
heritability of such variatioi{Croston et al., 2015; Cauchoix & Chaine, 2016; Morand
Ferron et al., 2016; Boogert et al., 2018; Cauchoix et al., 201Bje estimating the
consistency of amonmdividual variance in personality traits has become an almost

standard procedure within behavioural ecology, few attempts have been ndadédo
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same forcognition (Cauchoix et al., 2018)Likewise, althoughcommon garden
experimentgRoth et al., 2010bartificial selectionprogramge.g. Buechel et al., 2018)

and genomavide association studi€&nanadesikan et al., 202did provide evidence

for a genetic basis of cognitioagual estimations of heritability are rare, leaving us in
the dark regarding how much of the cognitive variatioa populatiorcan be attributed

to genetic differences among individuals, or is shaped by environmental effects
developmental or activianal plasticity (Croston et al., 2015Both assumptions are
nonetheless critical to understantiether and how fast a cognitive trait my respond to
selection Measuring cognitive performance multiple times across the lifetime of
individuals will also inform us about the withindividual consistency. It has become
increasingly clear that cognition is plastic, and specific environmental characteristics
may promeée or enhance cognitive development, even in adelty. Kotrschal &
Taborsky, 2010; Spence et al., 2011; du Toit et al., 2012; Carbia & Brown, 2019; Fong
et al., 2019)From an evolutionary perspective, it is important to take this into account,
assuch contextlependenplasticity may counter selection and slow down evolutionary

changegCrosbn et al., 2015)
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BOX 2. COGNITION AND PERSONALITY

Animal personalityrefers to the existence of consistent interindividual variatio

behaviour across time and cont@Xéale et al., 2007Personality variation in anima
is generally measured in five @@ categorie§McEvoy et al., 2015)aggressior|
towards conspecifics, explorative behaviour (reacting to novelty), boldness
taking), activity and sociability. Multiple personality traits correlated witthezher
are referred to as a behavioural syndrd8ib et al., 2004)Consistent interindividug
behavioural variation has now been demonstrated for a broad divdisityciegBell

et al., 2009; Dougherty & Guillette, 2018hd it has become increasingly clear t
such personality variation plays an important role in ecological and evoluti
processe¢Réale et al., 2007; Reale et al., 2010a; Reale et al., 2010b; Moiron
2020) A central question within personality research is how scghsistent
individual behavioural variation is maintained within populations. An often prop
explanation is that different personality types correspond to different niskward
tradeoffs (Wolf etal.,,2007) O Fast er 6 p er sxonizatheir cugent
reproductive success, and have to behave aggressive, active, explorative anc
acquire and monopolize resourc&ich behaviours, however, are risky, and t
faster personalities will face a penalty in the form of higher moyt@ig. being very
active and explorative may increase the chance of encountering predators).
personality types, on the other hand, value survival over current reproductio
thus behave more cautio(Wolf et al., 2007; Smith & Blumstein, 2008; Reale et

2010b)
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BOX 2. (continued)

Similar riskreward tradeoffs are hypothesized to underly variation in cognititydes

among individual¢Sih & Del Giudice, 2012; Liedtke & Fromhage, 2019a; Mazz
al., 2019) and hence cognitive styles and personality should be closely linked t
other (Figure 3). In particular, it is predicted that faster personality types should
a fastbutinaccurate learning strategy because 1) this will allow them to maxi
resource acquisition, 2) high mortality associated with-taging behaviours ma
select for the need to learn fast and 3) high mortality in fast personalities
theoretically makecognitive flexibility useless, as the animals will not live Ig
enough to experience changes in the environrtiReale et al., 2010b; Sih & D¢
Giudice, 2012; Mazza et al., 2019Jow personality types should exhibit a sibut-
flexible learning style, as they prioritize survival and are thus more likely to reg
(long-term) benefits of behavioural flexibilifgih & Del Giudice, 2012; Mazza et &

2019)

Nonetheless, literature has reported mixed results regarding the link be
cognition and personalitisee e.g. metanalysis by Dougherty & Guillette, 201§
Some studies have indeed found evidence that fast personalities align wi
learning and problersolving(e.g. in back-capped chickadees: Guillette et al., 20
Carib grackles: Overington et al., 2011; tegened sticklebacks: Bensky et al., 20
bank voles: Mazza et al., 201&)t lower flexibility (e.g. in bl@k-capped chickadees

Guillette et al., 2011; woodpecker finches: Tebbich et al., 2012; bank voles: Mg

[42]



Chapterl

BOX 2. (continued)

al., 2018) Others, however, failed to (fully) support these proposed relatior(ghgp

in delicate skinks: Chung et aR017; Chimango Caracaras: Guido et al., 2(
pheasants: Madden et al., 2018; thspmed sticklebacks: Bensky & Bell, 202
common waxbills: Gomes et al., 202@ognitioni personality covariance can al
vary across agef&Zidar et al., 2018) sexes(Titulaer et al., 2012)and habitats
(Dalesman, 2018)t is thus possible that ecological forces not only shape cogr
and persnality, but also their correlatioMost authors agree that, due to their cl

connection, personality and cognition should be studied together (Griffin et al.,

4 fast—slow N\ - speed-accuracy
behavioural types in cognitive styles

boldness, aggressiveness, >
activity, exploration,
proactive behaviour

=

risk-reward
tradeoff

sampling, learning,

memory, sensitivity,
impulsivity, neophilia,
o choosiness

faster strategies
result in higher risk
and rewards

Figure 3. The hypothesized connection between personigitgs and cognitive styles, and
how both are driven by risteward tradeoffs. Figure fromSih and Del Giudic€2012)

Cognition and fitness
Comparative studies can detect maeewolutionary relationships between
cognition/brain size and ecology, but their results remain purely correlatideally et

al., 2009; Cauchoix & Chaine, 201@ndividual differences in cognitio represent the
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raw material upon which natural and sexual selection can act and thus, studying this
variation will learn us more about the costs and benefits of specific cognitive traits, and
how these depend on so@oolodcal context(Chittka et al., 2012; Cauchoix & Chaine,
2016; MoraneFerron et al., 2016; Boogert et al., 2018; Branch et al., 2B¥@ooming

in onto the individual level, we may be able to identify the secidlogical selective
pressures on cognition in re@he (Cauchoix & Chaine, 2016; Morasfeerron et al.,

2016; Preiszner et al., 201 Regrettablyhowever, very few attempts have been made

so far to relate individual cognitive variation to fitness.

Studying selection on cognition in the wildlaorious Quantifying cognitive variation

in a sufficient large number of individualsill be time-consuming, and following up
their survival and (lifetime) reproductive success in the wéd be difficult Survival
estimatesnay be biased if animals dispersel@havevery secretively(Rochais et al.,
2022a) For most speciegienetic pedigree analyses will be necessary to accurately
estimate individual reproductive succ€Sgabo et al., 2022Nonetheless, some studie
have been able tovercomethese limitations.Cognition can be measuraging a
problemsolving assay with only a single or a few trigdsy. Keagy et al., 2009; Cod¢

al., 2012; Preiszner et al., 2017; but see BoarBe represented by relative brain size
(Kotrschal et al., 2015a; Jaatinen et al12, Wagnon & Brown, 2020; Colby et al.,
2021; but see earlier discussioWarious strategies have also been used to ensure
unbiased survivagstimates, such dscusing onanimals in a stage of their lifehen
dispersal is limiteqMaille & Schradin, 2016; Dayananda & Webb, 2017; Sonnenberg
et al., 2019)using trackingdevices(Madden et al., 2018)r studyinganimals in more

or less enclosed aregsildlife release pens: Madden et al., 2018; islands: Colby et al.,
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2021) Several studies were conducted riest box populations of birds, where
reproductive success can more easily be monitored by regular nest box clfeaking

Cole et al., 2012; Cauchard et al., 2017; Preisenal., 2017; Wetzel & Koenig, 2017)

Results from the few studies the link between individual cognitive performance and
survival have been quite divergent. Some supported the popular notion théibadgni
advantageous/elvet geckoesAmalosia lesueurjiand mountain chickadeeBdecile
gambel) demonstrating superior spatial learning had a higher chance of survival in the
wild, presumably due to being more efficient in remembering the location of respectively
safe shelter and food caches their environment(Dayananda & Webb, 2017;
Sonnenberg et al., 2019ndo-Pacific bottlenose dolphinsTgrsiops aduncysusing

tools were more likely to survivenaextreme heat wavas they may havexploitedan
alternative less severely affect@doraging nichgWild et al., 2019)But not all sudies
corroboratd these positive results. Grey house lemiiicfocebus murinusprofited

from neither problemsolving nor spatial learning in terms of survival, although
problemsolving efficiency did have a positive impact on their body cond{tiarebner

et al., 2018) Similarly, problemsolving ability was unrelated to adult survival in great
tits (Parus major,Cole et al., 2012)Cogniton might even be selected against in some
cases. Fadearning bumblebee@Bombus terrestrishad a reduced lifespgivans et

al., 2017) Pheasant chick@hasianus colchicysscoring better in aeversal learning

tasksuffered from higher mortalitfMadden et al., 2018)

Otherresearchevealed that the effect of cogoimi on survivatan becontextdependent.
Relativdy largerbrains increassurvival of female guppied( reticulata) and eider

ducks Somateria mollissimaunder high predation risk, bueduce itunder safer
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conditions (Kotrschal et al., 2015a; Jaagim et al., 2019; Kotrschal et al., 2019)
Associailve learning speed had opposite effects on survival of small versus heavy
pheasant chickMadden et al., 2018ndanother study on the same species showed
that learning was beneficiahly when living in groups of fewer thdive individuals
(Langley et al., 2020b)The cognitiorfitness link may also be salependent: spatial
cognition had a positive impact on the survival of male African striped Rigaufnilig

but the opposite was observed in feméMaille & Schradin, 2016)Relative brain size
predicted survival in female, but not male guppiesthe presence of a predator
(Kotrschal et al., 2015aFinally, a longterm study on cliff swallowgPetrochelidon
pyrrhonotg showed that individuals with relative smaller brains were more likelieto d
due to extreme cold weather conditiolngt not due to other caus@#/agnon & Brown,

2020)

Froman evolutionary perspective, survival is still pointless if animals do not reproduce.
Another |line of research has thus | ooke
reproductive success. ftomespecies, females were found to prefer males with higher
cognitive performancgmale satin bowerbirds: Keagy et al., 2009; guppies: Shohet &
Watt, 2009; threepined sticklebacks: Minter et al., 2017; budgesg&hen et al.,

2019; but not in spotted bowerbirds: Isden et al., 2041&) one study found that males
prefer females with better spatial mem@oyown-headed cowbirds: White et al., 2021)

How exactly individuals recognizeGmarted partnersis unclear.Only one of these
studies(Chen et al., 2019nllowed £maledo directly observenale performance on a
cognitive (problemsolving) task.One hypothesis has been that secondary sexual traits

may actas honest signals for cognitive abilitpdeed, inbirds, learning abilities have
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been positively associated with song complexity and attractivfBesgert et al., 2008;
White et al., 2021)Yet, although sexual signals were unrelated to either spatial learning
in male guppiegShohet & Watt, 2009pr inhibitory control inmale treespined
sticklebackgGasterosteus aculeatuslinter et al., 2017)females of both specavere

still able to pick out thenales with better cognitive performance

There are two reasons why femalesy prefer acognitively superior maleeither
because of its #h gulnblegpeovide belter paemtal dieagya u s e
et al., 2009; Isden et al., 2013; Minter et al., 2017; Branch et al., .2B&8)e studies
support the former hypothesis. Female chickadees lay larger clutgbeseifiwith a

better spatial learneHowever, male cognitive performance wawgelated tdledgling

mass, implying that females pretegtter learnerfor indirect genetic rather that direct
parental care benefitBranch et al., 2019)More studies have reported a positive
relationship between reproductive success and gittodnlemsolving skills(great tits:
Cauchard et al., 2013; Cauchard et al., 2017; Preiszner et al., 2017; house sparrows:
Wetzel & Koenig, 2017)spatialcognition(mountain chickadee®ranch et al., 2019;

male New Zealand robins: Shaw et al., 2019; female bifweaaled cowbirds: White et

al., 2021)or general cognitive abilitffemale Australian magpies: Ashton et al., 2018)

and a few of these indeed confirmed that parents better cognitive performance
provide their offspring with more and/or higher quality fa@huchard et al., 2017,
Wetzel & Koenig, 2017; Shaw et al., 2019n the other hand, problesolving spotted
hyenas did produce more offspg, but fewer of them survive@ohnsorUlrich et al.,

2019) and similarly, problensolving great tits did produce larger clutches but also

deserted their nests more of{€@wole et al., 2012)esuting in no net impact of cognition
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on reproductive success in either stuly.was the case with survival, the link between
cognition and reproductive success seems to be cafgprindent, varying across years
(Cawchard et al., 2017; Branch et al., 20@895epending on the mating strategy adopted

by the individualgrose bitterlings: Smith et al., 2015)

To summarize, the fitnessonsequences of individual variation in cognition are not
straightforward, and vary greatly depending on the species (or even population), specific
cognitive trais and socieecological contextDisheartening as this may seem at first,
several researchers have proclaimed that comparing selection on cognitive traits under
different socieecological conditionsouldbecome aery powerful approach to identify

the ecological forces drivingognitiveevolution.Such selectiostudies could alsbe a

first step in examining to what extent cognitive variation among populations or species
across an ecological gradient is due to differential selegtiersuresor caused by
phenotypic plasticity, espechglif survivors are retested on their cognitive performance
(e.g. as in Bell & Sih, 2007Ynfortunately, while studies on the link betwessgnition

and fitness are rare, those that study this lin#terdifferent environmental calitions
areeven rarefbut see e.g. Kotrschal et al., 2015a; Kotrschal et al., 2019; Jaatinen et al.,
2019 for various levels gbredation risk; Pasquier & Gruter, 2016 for simple versus
complex habitats; Preiszner et al., 2017 for urban versus forest habitats; Wagnon &
Brown, 2020 for different causes of mortalitfhis thesiswill try to fill in that gap by
explicitly testing whether selection on cognition depends on the structural complexity of
the environment. In addition, | will combine this approach with the more traditional
comparativemethod, in order to gain more insiglmso the role of ecology in shaping

cognitive variation My research will focus on an underrepresented taxon within
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cognitive research: squamate reptiles, and in particular the famityueflizards

(Lacertidae).

STUDY SYSTEM: LACERTID LIZARDS

A short history of reptile cognition

As explained above, ever since the start of th& @éntury, cognitive research has
suffered from a severe taxonomic bias, with most focus being placed on mammals and
birds(Bitterman, 1975; Shettleworth, 2009; Beran et al., 2014; Agrillo &#4a, 2017;
Lamontagne et al., 2020)The lack of diversity in study species was especially
concerning for the field of comparative cognition, aegeralauthors haveointed out

that thisis constrainingour understandingf the evolution of cognitioriShettleworth,

2009)

Oneparticulargroup of animals that received very little attention in cognitive research

up until recently, are neavian reptiés (turtles, squamates, tuatara, and crocodiles)

(Agrillo & Bisazza, 2017; Szabo et al., 2021bikely, this neglect was due to the lang

held belief that reptileseres | o w, i nfl exi bl €Turaen WBI920RbbimMb 6 cr €
1973) and were nothing but simpl eJeGsoref | ex n
1973) The st ereotype of t he ofahecdoticalevedpnce,thee 8 | ar
relative small size and simplicity dhe reptilebrain, and early experimental work
seemingly confirming t h eéleveveralater anthdrsiveuldc o gni t
point out that the underperformance of reptiles could often be explained by the poor

experimental design of sucstudies, which failed to t&kinto account the natural
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behaviairt and ecology of reptiles (e.g. suboptimal room temperature) or struggled with
motivating reptiles to lear(Burghardt, 1977; Font, 2020YVhile food rewards can be
strong motivators for rodents and birds to participate in many trials pgedpyup to

50 trials/day in Ashton al., 2018) it is far less effective for reptiles with their lower
metabolic rate and infrequent feeding reginfBarghardt, 1977; Szabo & Whiting,
2022, e.g. some shake species only consume one large prey every few (Ramthet

al., 2015)

Recently however, the tide has turned. The last two decades have experienced a drastic
increase in the number of cognitive studies on reptiles, and in particular lizards
(Burghardt, 2021; Szabo et al., 2021ore appropriate methods have been designed
and applied to measure learning and probsatring within this taxon(reviewed in
Whiting & Noble, 2018) including, but not limited to, strictly controlling hunger
motivation(Amiel et al., 2014; Emer et al., 2015b)sing alternative rewards.g. access

to heat: Day et al., 2001; safe shelter: Paulissen, 20&8)ng animals in their home
enclosures to avoid stress of a ffamiliar environmen{Paulissen, 2008; Szabo et al.,
2018)studying cognition in more natural conditiofidoble et al., 2012; Storks & lag

2020; Pettit et al., 2021and designing experiments which better align with the

behavioural repertoire and ecology of the studied sp@emd, 2020)

1 One striking examplecomes fromPowell (1967) Powelltested green anolesArfolis
carolinensi in a classical twavay shuttle box, wherthe animalsneeded to escape towards
another part of the box after a cue (light) was shown to avoid being electrocuted. Rodents
generally learn to avoid the unsafe part of the box as soon as the cue is gilendiahmot show

such avoidance learning. Nonetheless, as pointed ddtitghardt (1977)this is an unfaitask

as anoles are arboreal, and thus more inclined to escape in a vertical dihe¢tion Powelldid
reportanoles crawling the walls of thensafe room, albeit he did not ndtew often and when
exactly they showed this behaviour, making it very difficult to deduce whether the animals did
or did not in fact learn an association between the light cue and danger.
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This new wave of experiments hawealed that lizards peess a quite impressive set of
cognitive skills, even on par with some mammals and ffirelsl & Powell, 2012; Szabo

et al., 2019h)Lizards have been shown to quickly learn to discriminate between two or
multiple visual stimuli(colours, patterns or shapes, Day et al., 1999b; Leal & Powell,
2012; Clark et al., 2013; Szabo et al., 2018; Pérez i de Lanuza et al., 2018 ; Rodrigues &
Kohlsdorf, 2019and are also capable of fast spatial learfiNmple et al., 2012; Carazo

et al.,, 2014; Dayananda & Webb, 2017; Batabyal & Thaker, 2019; Font,.2019)
Considerable cognitive flexibility was also demonstrated in multiple species, by showing
response inhibition during deto(fszabo et al., 2019b; Storks & Leal, 2020; Szabo et
al., 2020bjpnd reversal learning tastseal & Powell, 2012; Noble et al., 2012; Batabyal

& Thaker, 2019; Szabo et al., 2019a; Szabo & Whiting, 20089y also rapidly acquire
novel motor actions to solve new problefesy. Leal & Powell, 2012; Storks et al.,
2020) which seems to be especially wediveloped in monitor lizarddanrod et al.,
2008; Coaoper et al., 2019; Cooper ket 2020) Several lizard species can learn to dvoi
noxious or toxic prey, or a novel invasive predator, even after a single encounter with
them, and will continue to exhibit this avoidance up to several wé¢gkanbhag et al.,
2010; WardFear et al., 2016; WaiBear et al., 2017; Ko et al., 2020; Robbins &
Langkilde, 2021) Numerical cognition, i.e. being able to judge the relative size
difference between two groups of items, is less awelestigated in lizards, and studies
have reported mixed findings on how well lizards perform in this@éatto Petrazzini

etal., 2018; Recio et al., 2021; Szabo et al., 20Fi=ally, in spite of their often solitar
nature, social learning has been documented in liZargsNoble et al., 2014; Kis et al.,

2015; Gauvriilidi et al., 2022)even across specié®amasMoreira et al., 2018)The
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stereotype of ngtiles as dumb, clueless instinct machines is thus clearly ready to be

abandoned.

What can lizards tell us about the evolution of cognition?

The Squamatathe reptilian ordeconsisting of snakes and lizards, is a highly diverse
group, both in number of specieés11 000 sp., Uetz et al., 2024nd in their ecology

and sociality. Throughout their evolutionary history, squamate reptiles have colonized
and adapted to a broad variety of ecosystems and habitat types, ranging from arid deserts
to tropical pngles, and from being cryptic fossorials to having completely arboreal
lifestyles (Pianka & Vitt, 2003; Allemand et al., 2017; Whiting & Noble, 2018)
Squamate reptiles differ greatly in foraging ecoldBgilly et al., 2009)and mating

system(Whiting & While, 2017)

In addition, they also show great variation in their sociality. While many species are
solitary, others do formocial groups, which can either be temporary aggregations (e.g.
gravid female pit vipers in rookeries) or stable associations across seasoees pears

with consistent membership (e.g. letgm monogamy ifiliqua rugosa family-living

in Egerniasp.) (Gardner et al., 2016; Halliwell et al., 2017; Whiting & While, 2017)
This ecological and social diversity, both among and within species, provides great
potential to test some of aforementioned hypotheses regarding the environmental drivers
of cognitive evolution. From an evolutiongpgrspective, the phylogenetic position of
lizards (and reptiles in general) relative to mammals and @rigiarri et al., 2017¢ould

also inform us about witiger shared cognitive characteristics among these taxa are due

to a shared ancestry or convergent evolution. Studying their cognitive abilities can also
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provide further insights in the hypothesis that endothermy facilitated the evolution of

larger brains ad higher cognitior{Gillooly & McCoy, 2014)

This thesis will mainly focus on the familgf Lacertidae, a speciose group of lizards
(362species, Uetz et al., 202d)despread across Eurasia and Africa. As all lizards, they
exhibit great ecological diversity both within and among spdéigsld, 1989; Arnold

et al., 2007)For instance, one of its members, the common liZavdtbca viviparais

the reptile with the largest geographic distribution, and across its range it can be found
in temperate, boreal, Atlantic, continental afijgine climategHorreo et al., 2021)Vhat

makes this family ideal for comparative cognitive research is that despite their great
ecological diversity, they are rather conservative in other aspects of their biology, such
as foraging $yle (majority are active foragersiliet, body plan, thermoregulatory
behaviour etc. (Arnold, 1989; Arnold et al., 2007)naking standardizationf dasks

across species feasible.

The ecologicatliversity of lizards has already been used in the past to address questions
regarding the effect of e.g. habitat variabili{gzabo & Whiting, 202Q) habitat
complexity (Storks et al., 2020Q)territory harshnes@Rodrigues & Kohlsdorf, 2019)
foraging style(Day et al., 1999h)invasivenes¢Bezzina et al., 20149nd urbanization

(Kang et al., 2018; Batabyal & Thaker, 20b8)cognitive performance (both within and
across species). Recently, four studies have compared cognition across more than two
species: taste aversion learningtwo basilisk speciesB@siliscussp.) and two skink
speciegParadis & Cabanac, 20Q4nhibitory control in five species of skinkSzabo et

al., 2020b) problemsolving in three varanid and one helodermatid sp&€esper et

al., 2019)and habituation in 13 species of pit vipéfsochmal et al., 2018 However,
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these either lacked the sample size or the phylogenetic informed statistical analyses to

draw firm conclusions regarding the link between cognitive performance and ecology.

THIS THESIS

The overall goal of this thesis to study how ecology shapes cognitive variation, both
across species, populations and individuals, using lacertid lizards as a model system. The
first part of my thesis will adopt a traditional comparative method. logithpare both
relative brain size and cognitive performance across species and populations sampled
across an ecological gradient. In the second part, | switch tmdividuatbased
approach, and test whether the fitnemssequences of cognition dependtanstructural
complexity of the environment. Byombining both approaches, | hope that my thesis
will help tounravel the ecological forces driving the evolution of animal cogniBor.

3 gives a more detailed overview of the specific cognitive abilititegch will be
investigated throughout this thesis, why they are ecological relevant to (lacertid) lizards,
and in which direction and why exactly a link with habitat complexity and/or

environmental variability is to be expected.

In Chapter 2,1 test how elative brain size evolebwithin Squamata in respect to habitat
and social complexity, using a dataset on relative brain sizes of 171 species of squamates

compiled from literature.

Chapter 3 zooms in on the Lacertidae. Performance on five cogritiskes(inhibitory
control, two problersolving assays, spatial and reversal learnisgineasured in
thirteen species of lacertid lizards, and related to the quality, complexity and variability

of their habitat, as well as to their lfgstory traits.
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Next, | move to the intraspecific level. I€hapter 4, | test whether environmental
variability stimulates Cognitive Buffer Hypothes)sor constrains Expensive Brain
Hypothesi} the evolution towards higher cognitive abilities and behavioural flexibility,

by comparing neophobia, problesolving, spatial and reversal learning between an
island (variable, resource scarce) and mainland (stable, more resources) population of

the Aegean wall lizardRodarcis erhardi.

Chapter 5 deals with the effect of structural hedii complexity on cognitive
performance(problemsolving, spatial learning, reversal learninghd personality
(aggression, neophobia and exploraticemd their covariancegcross populations of

Aegean wall lizarden Naxos island.

Finally, I look at individual variation in cognition. Bhapter 6 | measure the lonterm
repeatability and heritability of exploration and spatial cognition within Aegean wall
lizards, two implicit assumptions often made but rarely verified in selestigiies on
cognition. In addition, | examine how habitat complexgyassociated witlplastic

changes in cognitive performance over time.

In the penultimat€hapter 7, | test how lizards with known cognitive performance and
personality scores survive areproduce in either structural simple or structural complex
habitats. This allows me to directly test the hypothesis that structural complex

environmentselect for higher cognitive abilities.

Chapter 8is the synthesis and general discussion of ki@sis
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BOX 3. LIZARD COGNITION AND ECOLOGY: PREDICTIONS

Many studies investigating the evolution of cognition use either relative brain g

performance on a single cognitive task as indicators feradivcognitive ability. The
implicit assumption here is that most, or all, cognitive abilities evolve together
same direction and animals will thus perform consistently well or poorly a
multiple cognitive tasks (domain general learning/the egagnPurpose Probler
Solving Brain Hypothesis, Magphail & Bollsy 2001; MettkeHofmann, 2014
Holekamp & Bensomram, 2017; Qi et al., 2018). However, support for
exi stence of a genegbadl fiact elr|l agppra:f
human animalgPoirier et al., 2020; Aellen et al., 2022lggesting that differer
cognitive traits evolve independently. Spec#logical conditions may favour of
aspect of cognition, while having no impact on or selecting against other cog
skills. Performance on one cognitive task will then not necessarily pi
performance on another. Rpaut rhpeors etdh a
different animal species and populations will possess a unique set of cognitive &
shaped by the particular set of ecological problems they face (demedific
learning or the Adaptive Specialization Hypothesis; Magphail &hBis, 2001;
Mettke-Hofmann, 2014; Qi et al., 2018). For this reason, | have chosen to inc
broad range of cognitive tasks within my thesis (fegir definitions, see Box 1
aimed to sample different cognitive domains which are supposedly ecoletprant

for lacertid lizards
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BOX 3. (continued)

Inhibitory control is considered to be an important ability within a foraging cont

For instancelizards may increase their foraging success by waiting until the
moment to attack aisible prey (Szabo et al., 2020b). Most lacertid lizards are a
foragers (Arnold, 1989; Arnold et al., 2007) and therefore expected to perform
on detour tasks (a common method to measure inhibitory control) due to a hig
to move around/oveobstacles when pursuing prey, especially in more structu
complex habitats (Kabadayi et al., 2017). Inhibitory control is also expected
particularly beneficial in changing environments, as animals will need to refrain
responding to enviranental cues that are no longer relevant (e.g. returnin
locations where food is no longer available) or may profit from ignoring fan
resources in favour of more valuable alternatixes Horik et al., 2019a; Szabo
al., 2020b; Coomes et al., 202Thus, weexpect lizards to show higher inhibito
control (i.e. be faster and more likely to inhibit an ineffective behayimumore

complex and more variable environments.

High problem-solving abilities (i.e. being more likely and faster to solve a no
problem) are likely to increase foraging success and efficiency because thg
expedite the discovery of new resources or resource acquisition strategies (Gre
2003; Griffin et al., 2016). Most lacetditiizards are active foragers, and the ability
6invent 6 and | earn novel motor patt

otherwise inaccessible prey (e.g. invertebrates hidden undernedihrikgaside
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BOX 3. (continued)

rock crevices, burrows, é Mendyk-voh

der Malsburg et al., 2020) or manipulating dangerous or difficult food items
venomous arthropods; Castilla et al., 2008; Herr et al., 2016). In more co
habitats, lizads are more likely to encounter such cryptic or hidden prey, and m
required more often to remove obstacles in order to obtain certain resources (N
& Horn, 2011; MettkeHoffman, 2014). In addition, complex habitaight select for
better and mordiverse motor skills, which may be a prerequisite for prokdeiing
ability (Griffin et al., 2016; Stork et al., 2020). As problswiving is predicted tq
increase foraging success, it should be particularly useful during periods o
scarcity in flictuating environments (Tebbich & Teschke, 2014; Kalan et al., 2
For instance, tool use in woodpecker fincheadtospiza pallidais mostly observe(
during the dry season (Tebbich et al., 2002). Hence, | predict that lizards will
higher problerrsolving skills in more complex and more variable environments,
that lizards will benefit from problerrolving upon arrival in a new environme

(Griffin et al., 2016).

Small (lacertid) lizards are also expected to benefit from stemagial learning
abilities due to their natural antipredator behaviour. Lacertids approached by pre
flee towards safe hiding spots (e.g. rock crevices, underneath logs and
burrows) and remembering the location of and the path towards these hiding {

expected to increase the probability of an successsuhpeNlartin & Lépez, 2003
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BOX 3. (continued)

Paulissen, 2008Yoble et al., 2012; Font 201%patial learning should also allo

individual lizards to memorize the location of othressources (e.g. food, mate
basking spots) in their environment (Dukas, 2004). Navigating between resou
spatially complex environments is typically expected to require stronger s
cognition, as animals will need to learn and remember a suoplesvironmental
information, while also sifting out meaningful cues from irrelevant background
(Safi & Dechmann, 2005; Shumway, 2008; Mettk@fmann, 2014; Powell & Leal
2014; Pamela Delarue et al., 2015; Calisi et al., 2017; Steck & Roet, 218).
Spatial learning is aldoelievedto increase foraging efficiency (e.g. due to being &
to remember where food can be found, which patches have already been deple
and would thus be valuable to survive periods of food scarcity in vai
environments(Croston et al., 2017; Hermer et al., 2018; T&&mos et al., 2018
Fast (spatial) learning should also allow individuals to quickly become familiar
a new environment (Szabo et al., 2020a). Thus, | expect lizards from more cq

and nore variable environments to be faster and more successful in spatial leg

As environmental conditions change (e.g. food patches get depleted), lizards w
to update information about their environment regularly and adjust their beh
accordngly. The ability to do so is typically measured by usiagersal learning
tasks (Noble et al., 2012), and individuals adept at reversal learning (i.e. more

to relearn, faster in relearning, making fewer errors) are considered to be
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BOX 3. (continued)

behaviourally more flexible (Audet & Lefebvre, 201 Reversal learning is expectg

to be especially beneficial in temporally variable habitats, such as environmen
strong seasonality (Tebbich & Teschke, 2014; FBi&omos et al., 2019; Szabo
Whiting, 2020). Structurally complex habitats are als@rfassumed to be mo
variable in time as well. Animals living in such habitats may encounter new situ
and/or resources more often (e.g. due to a higher diversity of microhabitats ar
items) (MettkeHofmann et al., 2002) and could thus also nexjatronger reversg
learning skills. For instance, (lacertid) lizards on Mediterranean islands often §
to alternative food sources during dry and hot summers, which may indicate a
degree of cognitive flexibility (Péreglellado & Corti, 1993 Adamopoulou et al.

1999; Lo Cascio et al., 2001; Rodriguez et al., 2008; Sagonas et al., 2015).

Note however, that environmental variability may also have an opposite effe
these cognitivabilities Inhibitory control, problersolving and learninghay be too
costly to maintain when lizards are unable to uphold a continuously high energy|

in habitats with fluctuating levels of food availabil{tyan Woerden et al., 2010)

Neophobia(the fear of novelty cfr. Tebbich & Teschke, 2014) influencas likely
an individual is to come into contact with new information, and thereby detert
its propensity to learn and innovate (Tebbich et al., 2010; Tebbich & Teschke,
Lower levels of neophobia may facilitate the discovery and exploitation vef

resources by lizards (Greenberg, 1983; Greenberg, 2003) and permit them to
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BOX 3. (continued)

innovative feeding techniques (Daniels et al., 2019)cbuldbe a disadvantage whe

foraging becomes dangerous, e.g. due to toxic prey, predation or competition {\
Hofmann et al., 2002; Mettkdofmann, 2014; Warérear et al., 2020). Neophobia
therefore predicted to be more advantageous in environments with low predati
but high potential rewards (Metthéofmann et al., 2002). Lizards are expecte(
show lower levels of neophobia (i.e. faster to approach novelty) in temporally
variabke habitats due to the frequent scarcity of resources (Metkmann et al.
2002; Tebbich & Teschke, 2014). Lizards should also demonstrate lower le\
neophobia in structural more complex habitats, as animals in habitats with
vegetation coverliely experience a greater safety from predation (Crane et al., 2
Lastly, reduced neophobia should be beneficial for individuals introduced in a
environment (Candler & Bernal, 2014or similar reasons, | expect higher levels
exploration (thetendency to sample new environmental informatifsnVVerbeek et
al., 1994 in more complex and more variable environmeiise to their strong
impact on information gathering, neophobia and exploration are some
considered cognitive adaptations adlv®lettke-Hofmann, 2014). In accordan
with the prevailing framework of personality variation across the five behavi
axes (exploration, riskaking, aggression, sociability and activity, see Bxir2
literature | will nonetheless refer to them personality traits throughout this thes

(with neophobia being an aspect of rtsking).
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BOX 3. (continued)

Table 1. Overview ofthe predicted effects of structural habitat complexity and environm

variability (in time) on different cognitive abilities and neophobia and exploratigmvard
arrows { Jndicate that lizardare expectedb perform betteli.e. being more successful
faster making fewer errorgh this cognitivetask Grey colours indicate thagsel on literature
| expect this cognitive ability to be especially useful to deal with that ecological challeng
thus predict aparticular strong effect of the ecological variable mperformance in thig
cognitive task.

Complexity Variability
Neophobia Z z
Exploration % y
| nhibitory control % y
Problem-solving % y
Spatial learning % y
Reversal learning g y

Overall, | thus predict that the effect of habitat complexity and environm
variability will be in the same direction for mostthEse cognitive abilitiealbeit this
does not necessary exclude the possibility that particular cognitive skills wo
more strongly selected for in response to particular ecological challéagesTable
1 for an overview). For the sake of simphgit will thus often simply speak abo
Ahi gher or | ower (or b et whderstatmg hypothesq
in the following chapters, e.g. because | expected that habitat complexity woul

a positive effect on performance in all oitgve tasks used in that chapter.
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CHAPTZER

BRAI N SH@E OGY AND SOCIALITY

A REPTI LI AN PERSPECTI V

Adapted from:

De Meester, G., Huyghe, K. & Van Damme, R(2019). Brain size, ecology and
sociality: a reptilian perspectivé. Biological Journal of the Linnean Society

126, 381391.
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ABSTRACT

It is often hypothesized that larger brains evolved to deal with environmental complexity,
by means of enhancexdgnition and behavioural flexibility. Decades of research have
tried to relate relative brain size to either habitat or social complexity, however, often
with conflicting results. Which selective pressures favour larger brains and whether they
act in thesame way in different taxa is unclear, especially as the majority of studies
focused on either mammals or birds. We present the first-¢ai@e comparative study
investigating the effect of habitat and social complexity on brain size evolution in
Squama (lizards and snakes), using a dataset of 171 species. Our analyses confirmed
earlier findings that both the degree of limb reduction and the biogeographical origin of
a species affected relative brain size, and should be controlled for. Habitat complexit
had no effect on brain size, and solitary species had larger brains than social species.
These results suggest that different selective forces may drive brain size evolution in
Squamata compared to other taxa. Future comparative studies should albercmisg

other, nortraditional, taxa. This will contribute to a more comprehensive understanding

of how the vertebrate brain evolved.
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INTRODUCTION

Biologists have long been fascinated by the question of why some species have relatively
larger brains tan othergJerison, 1973t is often postulated that enhanced cognition,
and therefore higher behavioural flexibility, is the major advantagessfessing a large

brain (lwaniuk, 2017) Indeed, relative brain size has been positiasgociated with
several cognitive aspects in different t§Reader & Laland, 2002; Lefebvre et al., 2004;
BensorAmram et al., 2016; but see: Healy & Rowe, 2007; MacLean et al., 2014)
Nevertheless, given the high energetic cost of brain ti&xmensive Brain Hypothesis:
Aiello & Wheeler, 1995; Isler & van Schaik, 2006b; Heldstab et al., 2058&ction
should only favour larger brains if the cognitive benefits outweigh the (®sits2009;

BensonrAmram et al., 2016)

It is often hypothesized that larger brains will enable species to deal with more complex
information, and will ther®re be selected for in species with cognitive demanding
lifestyles or habitat§Harvey & Krebs, 1990; Safi et al., 2005; Lefebvre & Sol, 2008;
Sol, 2009; Sobrero et al., 201&specially those living in complex threémensional,
heterogenous, environments (e.g. saxicolous or arboreal species), would be expected to
evolve larger brains, in order to process a surplus of environmental inforr{2diomet

& Harvey, 1985 Harvey & Krebs, 1990; Safi &®echmann, 2005and to find and
exploit more diverse and heterogeneously distributed reso{fetren & Case, 1998;
Pamela Delarue et al., 2015; Steck & S¥dlod, 2018)Such species will also benefit
from improved spatial memor§Bafi & Dechmann, 2005; Shumway, 2008; Powell &
Leal, 2014; White & Brown, 2015; Sobrero &t 2016; Calisi et al., 201 7petter motor

coordination, navigation and manoeuvrabiliBennet & Harvey, 1985; Taylor et al.,
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1995; Calisi et al., 2017; Stankowich & Romero, 201@rger brains are indeed
associated with structural habitat complexityfish (Pollen et al., 2007; Shumway,
2008) frogs(Taylor et al., 1995)birds(Bennet & Harvey, 198nd mammaléHarvey

et al., 1980; Eisenbe& Wilson, 1981; Meier, 983; Bertand et al., 2017)

Environmental complexity may also include the social environment of an animal. Living
in a group is cognitively demanding, due to tlexessity to maintain and memorise
social relationships, and may, therefore, select for larger bfgimse & Whiten, 1988;
Dunbar, 1998; Dunbar & Shultz, 2007; PeBarberia et al., 2007; Dunbar, 2009;
Dunbar & Swiltz, 2017) This Social Brain Hypothesis (SBH) has found support in birds
(Dunbar & Shultz, 2007; WesR014) mammals(Shultz & Dunbar, 2006; Perez
Barberia et al., 2007; Foat al., 2017)and especially in primatg8yrne & Whiten,

1988; Dunbar, 1998; Dunbar & Shultz, 2007; Dunbar & Shultz, 2017; Street et al., 2017)

Nevertheless, a large number of studies have also failed to find a positive association
between brain size dreither habita{Clutton-Brock & Harvey, 1980; SchueRaim et

al., 2008; Powell & Leal, 2014, Liao et al., 2015; Powell et al., 2017; Heldstab et al.,
2018) or social complexity(Finarelli & Flynn, 2009; MacLean et al., 2014; Benson
Amram et al., 2016; DeCasien et al., 2017; Fedorova et al7; Patwell et al., 2017;
Kverkova et al., 2018)Which selective forces shape brain size variation is, therefore,
still under discussiofHealy & Rowe, 2007; West, 2014piven these diverse results,

the context in which large brains evolve may differ amwadebrate taxdHealy &

Rowe, 2007) In particular, whether the SBH can be considered as a general rule for
brain evolution, rather than being specific for primates has been brought into question

(Holekamp,2006; Finarelli & Flynn, 2009; van der Bijl & Kolm, 2016; Kverkova et al.,
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2018) Unfortunately, most studies on brain size evolution appear to focus on either
mammals or bird¢lwaniuk, 2017) a major weakness within the field of comparative

cognition(Shettleworth, 2009)

The Squamata (lizards and snakes) provide an interestingtopippto test the effect

of environmental complexity on relative brain size. Squamata show immense ecological
diversity and have adapted to a variety of lifestyles in a broad range of terrestrial
ecosystemgPianka & Vitt, 2003; Whiting et al., 2018Yhile often overlooked,
Squamata also show varying levels of sociality, ranging from solitary species, over
species that form transitory aggregations, to those living in stable associations with
consistent membership across seasons or ykbston, 2011; Gardner et al., 2016;

Halliwell et al., 2017; Whiting & While, 2017)

To date brain evolution in Squamata has been studied in the context of sexual selection
(Hoops et al., 2017afommunicationRobinson et al., 2015nd ecology(Powell &

Leal, 2012; Powell & Leal, 2014; Allemand et al., 2017; Hoefpal., 2017bEcologcal

studies, however, have mostly focused on brain morphology in specific taxa and rarely
tested the differences in whole brain size. We hereby present the firststaige
comparative study investigating the effect of habitat complexity and sociallbyaim

size evolution within Squamata, using a dataset of 171 species. We hypothesize that
arboreal and saxicolous species have relatively larger brains compared to fossorial and
grounddwelling species, and social species to have relatively larger lthaimsolitary
squamates. In addition, as it is hypothesized that larger brains facilitate behavioural

flexibility, large-brained species should be found in a broader range of habitats.
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METHODS

Data collection

Data on body and brain masses fr@ifil Squamata (155 lizards & 16 snakesre

obtained from the l'iteratur e, by sear
famphi sbaeniad or fAreptiled in combinat:.i
Abrain volumeod, f#Abrai nA bwe@bychd yo ,r aiteinacdte pihra

of Science and Google Scholar (see Supplemeii@e S2.). Brain and body mass

data from the tuatare&Sphenodon punctatusvas also included. Both published and
unpublished data (e.g. uenupivelsity ilibsalies)dveré h e s |
used.Weightedaver ages were calculated i f a spe
multiple sources. When data was sourced via experimental studies (e.g. bioaccumulation
of pesticides), only data from the control group wasldee further analyses. We only
retained data from studies in which brains were dissected and either weighed directly,
sectioned and measured or scanned using magnetic resonance imaging. Brain volumes
were converted to brain masses, following the genssaimaption that 1 chbrain tissue

weighs 1.036 graniNorthcutt, 2013)As the brain mass/body mass is known to vary

with age(Patnaik & Jena, 1972jo data on juvenile specimen was used.

A common critique of comparative encephalisation studies is the potential bias
introduced by collecting brain data from multiple sour¢dealy & Rowe, 2007)
However, we found no evidence for such bias in our dataset. Brain size was significantly
repeatable across different sources (mixed effect model: R = 0.9704, SATI3,;
0.9735]; loglikelihood ratiot e s2t=:19.98; df = 3; p < 0.001) dnthere was no

significant influence of braimeasuring techniquevét weights v.s. MRbkcanning;
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mixed effect model: F =0.187; p = 0.68Wwithin species for which brain data was

available from multiple sourcesl! (= 8).

Habitat complexity: ecological guilds

Using scientific literature, species were classified into four ecological guilds, based on
whether they are primarily active underground and actively borrowing (fosderial,

7), on terrestrial surfaces (grouddrelling, N = 96),0n rocksurfaces (saxicolou$) =

20) or in trees and shrubs (arborddl= 48). No brain data was found on completely
aquatic species, and seatuatic species were classified according to their habitat use
on land. Although these guilds are not always mutuadglusive, each species was

classified according to how it was most commonly referred to in the literature.

Sociality

Information on sociality was taken from the dataset$zafdner et al. (2016and
Halliwell et al. (2017) Social species are species fathich at least temporal
aggregations have been reported in literathre 24). Species were only classified as
solitary (N = 44)if a) no aggregations have been reported for a particular species and b)
this species was well studied (ddalliwell et al. (2017)for criteria). Data on sociality

was only available for a subset of our d&a=(68).

Habitat generalism

Using field guides and literature data, we noted the presence/absence of each species in
13 habitat categorigsee Supplementaiyable S2.2 The total number of categories in

which a species occurred was used as an indicator for its ecological genéséaliarn

Fox & Owens, 2003; Sol et al., 2005a; Ducatez et al., 2015)
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Confounding variables

As alreadysuggested bylatel (1979)and recently confirmed bieesy et al. (2017)

limb reduction in Squamata is associated with a decrease in relative brain size. Therefore
for each species we noted the status of the liabsent, reduced or present, see
Supplementary Methods for detail$). second possible confounding variable is the
geographic origin of the specimen. Previous research suggested that selection for larger
or smaller brains may differ among biogeographic regions in refflesel et al.,

2011) Biogeographical region of origin was, therefore, also included as an additional

covariate(see Supplementary Methods for details).

Statistics
The software program R version 3.5.1. (lhaRa,& Gentleman, R., University of

Auckland, New Zealand) was used for all statistical analyses.

The timecalibrated phylogeneti¢ree constructed byonini et al. (2016) which
combines molecular tools and taxonomic assignment, represents the most complete and
most recent phylogeny of the Squamata, and was, therefore, used as a basis for all further
phylogenetic analyses. Prior to analyses, this tree waggranonly include the 172
species of our dataset, and polytomies were randomly resolved using the function

dmulti2diéin the R packagéapé (Paradis et al., 2004)

Both body and brain mass were logit@nsformed prior to all analysasd association
between both variables was tested using a phylogenetic generalized least square (PGLS)
regression with thélsdfunction in theimimedpackagdPinheiro et al., 2014yith Pagel
correlation stucture. The val ue fwas det@rainee thwgh reaximum

Il i kel i hoeida sclimggardamieter indicating how much similarity between
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species in a trait can be attributed to their relatedfiessel, 1999)and ranges from 0

(no phylogenetic signal) to 1 (strong phylogenetic signal). As brain and body mass were
positively correlated (see result®pdy mass was controlled for by including it as a
covariate in all further statistical models. Residuals of thtio body mass regression

were used for visualisation of the results.

The phylogenetic signals of absolute brain mass, absolute body mass and relative brain

size (residuals from the brain on body mass regre3sioer e cal cul at ed as
using the finction ¢phylosignad in the R packagephytoold (Revell, 2012) The
phylogenetic signal for habitat generalism was calculated in the same way, but for
ecological guild and sociality (categorical variables) the fundfiitDiscretedin the R
packageigeiged (Harmon et al., 2008)as usd. The evolution of relative brain size

was visualized by estimating the maximum likelihood ancestral states using the function

&ontMapin the packagéphytoold(Revell, 2012)

To test which ecological (habitat generalistsmcomplexity) and social variables
influenced brain size, we ran PGLS models to take phylogenetic relatedness of species
into accountwith brain mass as the response variable and body mass as the covariate
(both logl6transformed).Separate models wereairr for the ecological and social
variablesbecause of differences in sample size. Due to convergence problems with the
social model when including limb status as covariate, we only tested the effect of
sociality in fully limbed species (51/68). Limb statuas, therefore, only included as

fixed factor in the ecological model, while biogeographical realm was a covariable in

both modelsSphenodon punctatwgas excluded from these analyses.

More information on methods and statistics can be found in Suppleménethod.
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Figure 1. Correlation between
body mass (logk@ransformed)
and brain mass (log10
transformed) in  Squamate
using a phylogenetic
generalized least square (PGL:
regressionN = 172 (including

the tuatara outgroup).

Brain mass (log10-transformed)

0 1 2 3 4
Body mass (log10-transformed)

RESULTS

Brain and body size data were obtainedlftt species of Squamata. Brain mass ranged
from 0.0045 g l(erista mueller) to 2.44 g Varanus niloticus Relative brain size also
exhibited considerable variability, witlAnolis stratulusand Lerista bipeshavirg
respectively the largest and smallesains relative to their body size. There was a
significant positive correlation between body mass and brain mass (slope =+0.578

0.016; F.170= 1309; p < 0.0012-= 0.87; Figure 1).

All morphological traits carried a strong phylogenetic signal (brainmass=s 0. 9 4 ;

mas s : > = 0.91; resi dual brain size: N
sociality showed a high phyl ogen,evhilec si
habitat generalism had a much | ower (0.
Given these strong phylogenetic signals in our dataset, the use offR@lets seems

appropriate.
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Ancestral state reconstruction faglative brain size is visualised in Figure 2. A more
detailed phylogenetic tree with ancestral state reconstruction and residual brain size per

species is presented $upplementaryigure 2.1

On average, arboreal species had the largest and fosgmtés the smallest brains
relative to their body sizes (Figure 3). However, differences among ecological guilds
were not statistically significant {fs7= 1.98; p = 0.12; Table 1). Neither was there an
association between relative brain size and hap#aeralism (slope =0.007 + 0.005;

F11s7= 2.84; p = 0.09; Table 1).

-

Scincoid
cincoidea Gekkota

Sphenodontidae

Lacertoidea Serpentes
~/ G
\\ ! ! ) Iguania

Anguimorpha
Residual brain size

Small

Large

Figure 2. Ancestral state recwstruction of relative brain size (residuals of brain on body mass
regressionplong the nodes and branches of the phylogenetic tré@lodpecies of uamata.
Sphenodon punctatus included as outgroup. Species with positive residuals (blue) have large
brains relative tdheir body size, while species with negative residuals (yetkny have small
brains relative to their body size. Visualized using éentMap function in R (package

(hytools) Revell, 2012).
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Table 1. Outcome of the Phylogenetic Generalized Least Square Regression for the model
containing ecologicavariables (N = 171) and the model containing social variables (N = 51).
Brain size and body size were both logl@nsformed. Abbreviations for ecological guild: Ar =
arboreal, Sa = saxicolous, GD = growhaelling and Fo = fossorial. Abbreviations for limb
status: A = absent, R = reduced and P = present. Abbreviationgfprobraphical realm: NT =
Neotropics, AU = Australasian, NA = Nearctic, PA = Palearctic, AF = AfrotropliS =
Oceania

Predictor Effect F-statistics ~ Significance s
Body size b = 0.564+ F1157= 2476 p <0.001
0.012
BRAIN | Ecological guild Ar>Sa&GD> F3157=1.98 p=0.12 0.37
SIZE Fo
*ecology | Habitat generalism b =-0.007+ Fi1157=2.84 p=0.09
0.005
Limb status A<R<P Fo157=62.8 p <0.001
Biogeographical NT > AU, NA Fe157=4.40 p<0.001
realm
Body size b = 0.568+ Fi,43= p < 0.001
BRAIN 0.013 18*10* -0.88
SIZE Sociality Solitary > Social F143=20.00 p <0.001
*sociality | Biogeographical NT > AU, PA Fs43=7.00 p<0.001
realm

There was a&ignificant effect of limb reduction on relative brain size:6= 62.78; p
< 0.001), as species with reduced or ab$ietbs had smaller brains relative to their
body size (Figure 4A). Relative brain size also differed significantly among

biogeographical realms {s7= 4.40; p < 0.001; see Figure 4B).

There was a significant effect of sociality on relative bs#e in limbed Squamatai(kz

= 20; p < O0.001; Table 1). Surprisingl
significantly | arger brains relative to
Biogeographical realm also had a significant effactrelative brain size in this subset

of the data (Table 15i ven t he surprising resuthihm of
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model, we reanalysed the data using both tigesdfunction in theinimebpackage with
restricted maximum likelihood optimazt i o n f odglstdunciiom th theddaped
package(Orme et al., 2018 Bot h anal yses s uagdgavetsimir negat

results (Supplementaiyable S2.3

DISCUSSION

Decades of work have been dedicated to unravelling which ecological and social factors
have driven the evolution of the brain, but the bulk of this work has focused on either
mammals or birdsThis taxonomic bias makes it difficult to understand whether the same
selective forces have shaped brain size in different taxa and impedes a more complete

picture of the evolution of the vertebrate brain.

Contrary to one of oumain expectations, spesiéiving in more complex habitats did

not have significant larger brains than species living in simple habitats. Older studies
often reported a positive effect of arboreality on relative brain(kiaevey et al., 1980;
Eisenberg & Wilson, 1981; Bennet &rrey, 1985; Taylor et al., 199B)t more recent
phylogenetically informed analyses have (ago et al., 2015; Powell et al., 2017;
Heldstab et al., 2018; but see Stankowich & Romero, 2@LiEh incongruity may arise

if the variables considered exhilsitrong phylogenetic signal, as was the case for our
variables. Other aspects of habitat complexity, such as environmental variability, may
be more important selective pressures for larger b(SiclsuckPaim et al., 2008; Sayol

et al., 2018)

The lack ofdifferences among ecological guilds can, howetberexplained by two

alternative hypotheses. Firstly, as predicted by the Mosaic Brain Hypothesis, selection
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may actindependently on different parts of the brédarton & Harvey2000; Salas et

al., 2003; Healy & Rowe, 2007; Powell & Leal, 201#)deed, studies on fish and
anurans have shown a positive effect of habitat complexity on the size of the cerebellum
(motor coordination) and telencephalon (spatial memory) independent of whole brain
size (Pollen et al.,, 2007; Gonzaldoyer & Kolm, 2010; Liao et al., 2015)
Unfortunately, for most species in ouatdset only the size of the complete brain was

available.

-0.051 —_

Relative brain size
]
1

|
£

Fossorial Ground-dwelling Saxicolous Arboreal
Ecological Guild

Figure 3. Relative brain size per ecological guild. Residuals of the brain to body mass regression
were used for visualisation of results. The model also included limb status and biogeographical
realm as confounding variables. There were no statistical differameesg ecological guilds.

Error bars indicate standard errors
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Secondly, it is also possible that membership of a particular guild may not adequately
reflect the degreef habitat complexity each individual species is confronted ibin.
example, arboreapecies, sucasAnolislizards, are often specialized in specific micro
habitats, which can differ considerably in structural complexity (e.g. trunk versus canopy
of trees)(Powell & Leal, 2014)Nevertheless, such differences in mitiabitat do not
necessarily lead to interspecific differences in brain anato®pwell & Leal, 2012;
Powell & Leal, 2014) It is also possible that the structural complexity of the
environment is determined primarily at a broader ecological scale. For instance, whether
a speies is arboreal or grourtivelling, a tropical forest remains a more complex
environment compared to a des@gtamela Delarue et al., 2015pecific habitat data,

both on micreand macrescale, was not available for our specimen, but further research
incorporating those could provide interesting insights into ¢kelogical factors

influencing reptilian brain size.

Despite the general assumption tlaager brains lead to higher behavioural flexibility,

no association between brain size and habitat generalism was (faamiuk, 2017)

The ability to survive in atoader range of habitats may depend more on specific
personality traits rather than cognitive skiiGhapple et al., 2012Birds with greater
colonising success were more willing to eat novel food items, but did not have larger
brains(Ducatez et al., 2015BezZna et al. (2014¥ound no differences in learning

ability between invasive and némvasive skinks l(ampropholis delicata and
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guichenof), although their results suggested highgylorative behaviour in the invasive

species.

Limb reduction in oudataset was associated with a decrease in relative brain size, which
is in line with previous finding&Platel, 1979; Heesy et al., 201This can be explained

by a reduced need for motooordination, as brain size reduction in limbless species is
mainly the result of a smaller cerebellgBlack, 1983; Heesy et al., 201 Qur results
clearly demonstrate the necessity to correct for limb reduction in further comparative

studies on brain size in Squamata.

We found thatNeotropical species had relatively larger brains than Nearctic and
Australksian species. These results corroborates findingsmgl et al. (2011) who
noted that smalbrained reptiles and amphibians were more successful invaders of
Australian ecosystems. The Neotropical region is characterized by high net primary
productivity and resource availabilitjFoley et al., 1996and species livig here may,
therefore, afford to develop relatively large and energetically expensive bhaitie

& Wheeler, 1995; Isler & van Schaik, 208)6 Large parts of the Nearctic and
Australasian realm have low resource availability, leading to selection bggiensive
brains(Foley et al., 1996; Amiel et al., 201T)he complexity of neotropical ecosystems
may also favour the evolution of larger braffamela Delarue et al., 201%5jowever,

a more detailed analysis using productivity and resource availaiithe exact location

where specimens were collected is required for more conclusive insights.
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Figure 4.Ef f ec t
brain size with a higher degree of limb reduction and B) average relative brain size per

biogeographical realnResiduals of the brain to body mass regression were oseisdialisation
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In sharp contrast to the expectations of the SBH, we found that, within limbed Squamata,
solitary species had largbrains than social specieSurprisingly, all models run with

the social data gave lambda values lower than or equal to zero, suggesting that related
speciesresemble each other less than expected. Possibly, this is due to the limited
number of Squamataif which sociality has been confirmed to be either present or
abseni(< 1 %, see Gardner et al., 2016he SBH was initially proposed for and well
supported within primate@Byrne & Whiten, 1988; Dunbar, 1998; Dunbar & Shultz,
2007; Dunbar, 2009Dunbar & Shultz, 2017)However, our study contributes to a
growing list of literature failing to support the hypothesis in other taxa, and therefore
guestioning the validity of the SBH for species other than prin{atelekamp, 2006;

Finarelli & Flynn, 2@9; Reddon et al., 2016; Kverkova et al., 2018)

0.15

©
=)

Relative Brain Size

0.05

,6

Solitary Social
Sociality

Figure 5. Relative brain size and sociality in Squamd&asiduals of the brain to body mass
regression were used for visualisation of resuioups indicated by different letters differ

significantly atp < 0.05 Error bars represent standard errors.
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But even within primates, it has besuggested that both sociality and large brains are
consequences of other ecological variables, such as diet or predation ppessuater

Bijl & Kolm, 2016; DeCasien eal., 2017; Powell et al., 2017)nterestingly,Perez
Barberia et al. (2008uggested that, in mammals, relatively simple social systems can
evolve without an enlargement of the brain. Reptilian social systems are often believed
to e.g. exhibit more mode levels of communication and cooperation compared to
mammals or bird§Gardner et al., 201&nd grougiving in reptiles is rarely obligatory

or permanen{Whiting & While, 2017) Sociality in reptiles may be less cognitive
demanding and, therefore, magt require larger braingnterestingly in this context,
social learning has been documented in both soliNwoble et al., 2014; Damddoreira

et al., 2018)and socialWhiting et al., 2018)izards, but differences in e.g. learning
speed between them have not been investigate®yethe other hand, many solitary
species are highly territorial and will thus benefit from e.g. improved spatial memory
(Maille & Schradin, 2016; Aray&alas et a 2018) through larger brains. To our
knowledge, this is the first study to test BBH in Squamata. Future research should
investigate the costs and benefits of sociality in Squamata, which will contribute to a

better understanding of our results.

CONCLUSION

While it is generally hypothesized that evolution towards larger brains is driven by
environmental complexity, it has recently been questioned whether the same selective
forces act on the brain in different vertebrate taxa. In contrast to our expectations,

study found no effect of habitat complexity on relative brain size in Squamata, and
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solitary species had larger brains than social species. Nor was there a significant

correlation between habitat generalism and relative brain size.

Our results mightridicate that different selective forces drive brain size evolution in
Squamata versus mammals or birds. Further research should incorporate more detailed
ecological information (e.g. complexity at the micamd macrohabitat level) and will
benefit from abetter understanding of Squamata sociality. We highly encourage
comparative studies on brain size in understudied taxa, such as reptiles and amphibians,

in order to get a more complete picture of how the vertebrate brain evolved.
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ABSTRACT

Cognition is considered essential for animals to deal with environmental challenges.
Nonetheless, the ecological forces driving the evolution of cognition throughout the
animal kingdom remain enigmatic. Plenty ofsearch has proposed and tested
hypotheses regarding the role of social and ecological factors on cognitive evolution, but
these have yielded mixed results and thus the answer remains unclearsdadege
comparative studies on multiple species and dvgniraits have been advanced as the
best way to facilitate our understanding of cognitive evolution, but such studies are rare.
Here, we test several of thommonhypotheses regarding the role of ecology in
cognitive evolution using a dataset od3 species of lacertid lizards (Reptilia:
Lacertidae) We collected cognitive datasing a battery of tests measuring inhibitory
control, problemsolving, and spatial and e ver s al l earning, and
performance to interspecific variation in resource availability, complexity, and habitat
variability, as well as their lifdistory. Although species differed markedly in their
cognitive abilities, sucldifferenceswere mostly unrelated to their ecology and life
history. The sole exceptiowas that species living itemporally more variable
environments seeminglyerformed worse on cognitive tasks typically associated with
behavioural flexibility. The standardid approaches in our study provide opportunities

for collaborative research which could increase sample size and replication, essential for

moving forward in the field of comparative cognition.
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INTRODUCTION

The ability to acquire, process, remember, aack upon information from the
environment, i.e., cognition, is of vital importance to anim@&kettleworth,2010)
Cognitive skills, such as learning and problsatving, help animals finding food (e.qg.,
Cooper et al., 2019), avoiding predators (e.g., Font, 2019), locating and recognizing
conspecifics and potential mat@sjaian & Tibbetts, 2014)and coping with changing
environmental conditions (e.g., Tebbich and Teschke, 2014). Yet, despite its broad
advantage, cognition differs greatly across species (e.g., Clarin et &), @6gulations

(e.g., Preiszner et.a2017), and individuals within populatiofe.g.Gatto et al., 2017)

A general explanation fothis intriguing variability is that local environmental
conditions shift the tradeff between the benefitalility to deal with environmental
challenges e.g.via increased behavioural flexibility; Sol, 209) and costs
(developmental, maintenance and operational costs of neural tissue: Mink et al., 1981,
Isler & van Schaik, 2006b; Kotrschal et al., 20@9tognition, resulting in differential
selection (Striedter, 2005) However, which exact environmental forces drive the
evolution of cognition remains hely debated(van Horik & Emery, 2011; Mettke
Hofmann, 214; Holekamp & BenseAmram, 2017; Henk&on der Malsburg et al.,

2020)

The Social Intdigence Hypothesis (SIH) advances group size as the main factor:
animals living in larger groups would require advanced cognitive skills in order to
process and use all information related to the many social interactions with and between
group membergDunbar, 1998)The Ecological Intelligence Hypothesis (EIH) instead

focuses on the nesocial challenges that animals face: acquiring resources, evading
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predators, responding to climatological uncertainty,(@arke & Gibson, 1977; Sol et

al., 2005a; Henkaon der Malsburg et al., 202a)he SIH has been (partially) successful

in explaining cognitive variability among species that clearly vary in sociality, such as
primates (e.g., Dunba% Shultz, 2017; but see e.g., DeCasien et al., 20d#),ts
relevance for nomsocial taxa is questionable (e.g., Kverkova et al., 2018). For such
lineages, the EIH seems more promising. However, even within the EIH it often remains
unclear which exact nesocial ecological challenges steer the evolutiolaghition

(Mettke-Hofmann, 2014Henkevon der Malsburg et al., 2020).

One popular candidatriver of cognitive evolution is habitat complexity or spatial
complexity (GodfreySmith, 2002) The idea is that navigating and exploiting
environments with high levels of structural complexity requires advanced cognitive
skills, especially spatial learning abilities and spatial mem8gfi & Dechmann, 2005;
Lefebvre& Sol, 2008; Shumway, 2008; Sol, 2009). Evidence for this idea is mixed, with
some studies finding a clear relationship between habiaiplexity and cognitive
capacity (e.g., in batSafi & Dechmann, 2005larin et al., 2013; in fish: Shumway,
2008; White& Brown, 2015) and others failing to do so (e.qg., in reptiles: Pd&vkéal,

2014 De Meester et al., 2019 Chapter 2in amphibians: Liao et al., 2015; in mice:

Mackay& Pillay, 2017).

Another hypothesiglaims that stronger cognitive skills are mainly required in harsh
environments poor in resousednder such conditions, animals are more likely to
benefitfrom advanced cognitive skills if it helps them to obtain resoussesbthus
survive (Freas et al.,, 2012; Rochais et al., 202Hwy instance, Tropiduruslizards

occupyingharsh territories with fewer refuges and lower prayailability learn faster
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than those from milder territorieRodrigues & Kohlsdorf, 2019)However, other
authors have argued for the opposite case. Cognition is ¢énalgeexpensive, and
animals may need to maintain a continuously high food intake to grow and maintain the
neural machinery required for behavioural flexibilifisler & van Schaik, 2006b;
Kotrschal et al., 2019)Thus, animals in environments with low resource availability
(lower abundance of prey, limited rainfall, low temperatures) may economize on

expensive neural tissue and undergo selection for lower cognitive performance.

A third environmentathallenge that animals have to deal witteimporalvariability in
resource availability and habitat complexity (Godffayith, 20@). Dealing with
unpredictable ecological conditions may require enhanced cognitive skills such as
behavioural flexibility and superior learning abilitie3o{, 2009;Fristoe et al., 2017) to

keep track of resources in a changing environment, or allow them to learn exploiting
alternative resources when familiar ones become depleted. For instance, climate
variability has been advanced as a possible driver of aspagesvariation in
cognition: speciesubjected to erratic precipitation or temperature regimes may require
enhanced cognitive capacity to deal with temporally fluctuating availability of resources
(e.g., food, water, heat, shelter) and threats (e.g., predawmmgetitors) (Mettke
Hofmann, 2014). Support for this idea has been found, for example, across populations
of chickadeegRoth et al., 2010b; Freas et al., 20823 chimpanzees (Kalan et al.,
2020). and among birgpecies %ol et al., 2005a; Schudkaim et al., 2008ristoe et

al., 2017; Sayol et al., 201.8However,other authors have claimed that environmental
variability should constrain the evolution of cognitioAnimals in highly variable

environments may not be able &fford expensivecognitive abilities,as they will
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experience periodef food shortages and may thus prioritize investment in other
functions such as growth or reproduction. This Expenrs§igssue Hypothesis (ETH;
Aiello & Wheeler, 1995) has found empirical support in, for example, frogs (Luo et al.,

2017) and strepsirrhingimates (Van Woerden et al., 2010).

Another schoobf thought has tried to link brain size and cognitive capacity te life
history pac€Pagel & Harvey, 1988; Gonzalkkagos et al., 2010; Sol et al., 2016; Street

et al., 2017)The premise here is that the energetists of developing large amounts of
neural tissue force larggrained species to produce fewer, larger neonates that mature
more slowly(Isler & van Schaik, 2006a; Isler & van Schaik, 2008430, large brains

and high cognitive performance, by their positive effects on e.g., foraging efficiency and
predation evasion, apredicted teenhance survival and thircrease longevitygDeaner

et al., 2003; Rushton, 2004; Sol, 2009; Gonzékegos et al., 2010jurther contributing

to a slow pace of life. Support for these ideas alsoixed Several studies have found
that large brains and/or high cognitive performance are indeed linked to a slow pace of
life (e.g. in mammals:sler & van Schaik, 2009; in Euarchontoglires but not other
mammals: DeCasien et al., 2018; in birds: Jimédeega et al., 2020put other found
quite the oppositée.g. computer simulations: Liedtke & Fromhage, 2019b; in killifishes:

EckerstromLiedholm et al., 2021)

A fair number of studies have tested the above ideas by comparing the cognitive
capacities of species inhabiting contrastingimmments(e.g. in mammals and birds:
MacLean et al., 2014; in Carnivora: Bensdmram et al., 2016; in pit vipers: Krochmal

et al., 2018; in skinks: Szabo et al., 2020hées: Collado et al., 202Hut a number

of issues complicate the interpretation of the results.
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First, many of these studies have used relative brain size as an anatomical proxy of
cognition, amapproach that is increasingly being criticized (Cauclgoihaine, 2016;
Healy& Rowe, 2007; Roth et al., 200)0 Brain size, whether absolute or relative, may

be a poor predictor of cognitive performance in general (Cauéhdikaine, 2016) or

of the speific cognitive skills under selectiofHartley et al., 2014)Hence, several
authors have advocated the use of more direct, behavioural tests of cognitive
performancgHealy & Rowe, 2007; Roth et al., 2010@hen again, such assays face
the difficult obligation of crosspecies standardisation: they should be equally relevant
for all species involved in theomparison (Rotl& Dicke, 2005) otailored per species
(Bitterman, 1975; Shettleworth, 2010; Chittka et al., 20C&gnitive tests should be
carefully standardized to avoid that rRoognitive differences (e.g., in body size, power,
agility, motivation) anong species confound the interspecific comparison

(Krasheninnikova et al., 2020).

Second, because measuring cognition in a sufficiently large number of individuals is
time-consuming, mangtudies compared few species (often only two) and considered
only one or two aspects of their cognitive abilities (Krasheninnikova et al., 2020;
MacLean et al., 201 2otable exceptions include a studyinhibitory control across 36
mammal and bird species, MacLean et al., 2Qdréplemsolving in 39 carnivore
speciesBensorAmram et al. 2016; and habituation in 13 pit vipers, Krochmal et al.
2018). Low taxon sampling hampers the identification of environmental drivers of
amongspecies variation in cognitive capacity; focusing on single cognitive skills may

producecany opi ¢ view of speciesd cognition.

[89]



Lacertid cognition

In this study, we test whether variation in cognifegformance across 13 lizard species
(family Lacertidae) can be linked to differences in ecology anehlg®ry. Lacertid
lizards do not form complesocial groupsso it seems unlikely that group complexity is

a significant factor driving cognition in this taxon. Members of the Lacertidae live in a
wide variety of habitats and microhabitats across most of Eurasia and Africa, yet are
remarkably conservative in many pasts of their morphology, physiology, and
behaviour(Arnold, 1989; Arnold et al., 200/niding the standardization of cognitive
protocols acrosgecies. Lacertid species do vary indifstory traitgmaturation, clutch

size, hatchling size; Bauwens & Diblriarte, 1997; Bauwens, 199%Ye used a battery

of different cognitive tests, standardi s
control, problerssolving, spatial learning, and reversal learning abilities. Weaggde

to find interspecific variation in cognitive performance, and specifically predicted
superior cognitive performance in species living in more complex, harsh and/or variable
environments, and/or in species with slower-lifstory strategies (longer delopment

and lower fecundity).

MATERIALS AND METHODS

Study animals

We measured the cognitive performance of lizards belonging to 13 lacertid spécies (8
71 individuals pespecies). The animals were either wakllight (by lasso), obtained via
the pet trade, or captiMered (Table 1)Lizards were sexed based on the pneseof
femoral pores and/or the hemipern{Bseckens et al., 2015nhformation about each
species and its origin is provided in the Supplementary Material & Methods (Study

animals and Table S3. The animals were housed at the facilities of the University of
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Antwerp or associated universitieSupplementaryrable 3.1), either in individual
terrariaor in groups of maximal six individuals. Each terrarium was equipped with sand,
hiding spots (rocks and plastic plants), arttiaking bowl. Heat bulbs were suspexd
above the terraria allowing lizards to thermoregulate. Spspiesific details regarding
housing are provided iBupplementaryfable $8.1. All animals were naive to cognitive
experiments, except for the second batcAadnthodactylus pardalighich hal been
tested on their (colour) associative learning abilities five months prior to the start of these
experimentsMore details on the data collected Badarcis erhardiican be found in
Chapter 5and data fronPPodarcissiculuswere previously reported in Gauvriilidi et al.

(2022).

For each animal, the snewent length (mm) was measured with a-CRCPX calliper
(Mitutoyo Europe GmbH, Neuss, Germany) with 0.01 mm accuracy, and the sex was

noted (Table 1).

Cognitive tests

Five tests were used to measure different aspects of cognition: an inhibitory control task,
two problemsolving tests (likemoval and an escape box), a spatial learning and a
reversal learning asséwyore details below)The timing of cognitive tests varied diity
among species (Supplementary Table S3.2) butehdoval always followed upon the
inhibitory control task, and reversal learning upon the spa#@hing. Experimental
trials were performed on weekdays (except during the spatial and reversal |&@alsng

see further) between 9:00 and 19a0@l test order of individuals was randomized each
day. Testing startedninimally two hours after the heat bulbs had baened on, to

allow the lizards sufficient time to reach preferred body temperatures.
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Table 1. Overview of all species included in this study, total number (N°) of individuals, sex ratio
(number of males, females, or unknown), mean sment length (SVL) (mm) + standard

deviation, and origin of the individuals. Coordinates of the wdddit specimens are found in

Supplement
Species N° Sex ratio Mean SVL Origin
(x SD) (mm)

Acanthodactylus 26 Allll 69.5+27 Pettrade from
pardalis Egypt
Dalmatolacerta 25 141,91 2 53.8+4.0 Wild-caught
oxycephala NA
Eremias brenchleyi 12 1110, 11 55.3+2.0 Pettrade from

Hebei Province

(China)
Gastropholisprasima 15 8,71, 63.3+6.2 Pettrade
Lacerta viridis 10 All 1l 116.9+11.9 Wild-caught
Podarcis erhardii 71 351, 361 61.9+3.2 Wild-caught
Podarcis melisellensis | 19 All 1l 622+7.4 Wild-caught from

three locations
Podarcis muralis 15 All 1l 64.1+5.2 Wild-caught
Podarcis siculus 22 All 1l 67.8+5.1 Wild-caught
Podarcis ionicus 14 111, 31 60.9£8.81  Wild-caught
Takydromus sexlineatu; 16 100,51 ,1 55737 Pettrade

NA
Timon lepidus Adults: 2 21,6 NA 164.0£ 17.5 Captivebred
Juveniles: 99.8+6.3 (originally from
6 Southern France)

Zootoca vivipara 22 121, 10l 522+4.1 Wild-caught

Lizards were fed one prey item per day during the inhibitanytrol and lid removal
trials, irrespective of task outcome; this strict diet regime was maintained to both

increase and standardise hunger motivation within and among species (Amiel et al.,
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2014). For all tests, the dimensions of the materials (tervesizden blocks, petri dishes,
escape box) and prey size were adjusted to the size of the species to standardise task
difficulty and motivation respectively among speciSsigplementaryrable $3.2). All

materials were cleaned (70% alcohol and watebgimeen successive trials. Trialgre

recorded from above with a Casio EXILIM Pro BX digital camera (CASIO
COMPUTER CO,, LTD., Tokyo, Japan) or a JVC Everio-BM400 camcorder (JVC,
Yokohama, Japan) and scored manually afterwards. Different species steck kg
different observers. Each observer was trained by GDM and used the same example
video for scoring to minimise int@bserver variation. Analyses showed that the inter
observer reliability was hi gviththée Bpokage man' s
Gtatd v.3.6.1.). All experimental protocols and procedures, and field permits were

ethically reviewed and approved (see Ethics approval).

Inhibitory control

Inhibitory control is the ability to inhibit an instinctive yet ineffective behaviour
(Cookson, 1962; Bjorklund & Harnishfeger, 1995; Diamond, 2@h8)is considered a
crucial aspect of behavioural flexibilippiamond, 2013; Griffin et al., 2016; Szabo et

al., 2020a)Animals may need to exercise inhibitory control to, for example, attack prey
at the right moment, avoid eating dangerous food, or stop responding to stimuli that are
no longer relevant in a changing environmemhibhitory control was tested in the lizards
using a classical detour task (Diamond, 20d8badayi et al., 2017Storks& Leal,

2020; Szabo et al., 20B0Gavriilidi et al., 202p At the start of an inhibitory trial, a
lizard was introduced into a blindedrrarium containing a sandy substrate with the

feeding apparatus (a transparent petri dish taped on top of a wooden platform) already
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present(Figured . A heat bul b was suspended abov
body temperature was withihg preferred range. After an acclimation period of two
minutes, a prey item was introducido the petri dish and the lizard was allowed 15
minutes to find and eat it. To gain access to the prey, the lizard had to inhibit its natural
(but ineffective) terdency to directly attack the prey, and instead reach over the
transparent wall (Cookson, 1962; Stoikd eal, 2020; Szabo et al., 2490 Lizards

were tested once a day, but a second attempt was allowed in case the lizard did not touch
the dish during itdirst trial. All lizards were tested until they successfully reached the
criterion of succeeding in three out of four consecutive trials (Gomes et al., 2020), or
until they had completed ten valid trigks trial wasvalid if lizardsinteracted with the

petri dishasto eliminate trials in which lizards did not participate due to a lack of hunger
motivation or neophobianly lizards that reached the learning criterion were allowed

to participate in the lidemoval task (if they were close to reaching the criterion by trial

10, additional trials were run to allow participationthe lidremoval task, but these

were notincluded in the analyses). For each lizard, the solving time)(&a&s calculated

as the time difference between first contact with the dish and grabbing the prey (900 s in
case of failure) in each of the trials and then averaged across all trials. tioraddr

each individual, it was noted whether they reached the learning criterion within 10 trials

or not (Y/N) (CRITc).
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Figure 1. Experimental setip of the cognitive tests) Inhibitory controlb) Lid-removal c)

L

Escape boyd) Spatial and reverskearning (intramaze cue: a piece of orange paper in the bottom
left corner of the arena; extramaze cuedsea trunk at the top left corner, a piece of cardboard at
the top right corner, the iron rod, the wall and the position of the observer, indigdtedarrow).

The size of all materials was speetependentRupplementaryrable 3.2).
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Problem-solving 1:Lid -removal

The ability to develop new behaviours and/or use-gxisting behaviours in new
contextg(i.e. problemsolving)can help animals to survive imfamiliar and fluctuating
environments, e.g., by gaining access to novel or difficult resources more efficiently
(Griffin et al., 2016) -solvingskiles byameasigiegdheio u r
performance in adiremoval task (Lea& Powell, 2012; Noble et al., 201Be Meester

et al., 2021~ Chapter 4De Meester et al., 2022 Chapter 5Gauvriilidi et al., 2022

The setup and protocol closely resembled the inhibitory control trials, but now an
opaqueplastic disc was placed on top of the petri dish after introducing the mealworm
(Figure D). The challenge was twinld: the lizards needed to maintain tinéibitory
control of the previous task, while also performangovel motor action to gain access

to the reward under a lid. A lizard was considered successful if it actively removed the
disc (either by lifting or pushing it) and directly approached the prey upon doing so (Leal
& Powell, 2012; Noble et al., 2014). Sometimes the lid fell off the diskcbigent, and

the lizard continued attacking the prey through the plastic wall. Such trials were
considered invalidLizards were tested once a day but a second attempt was allowed in
case the lizardid not touch the dish during its first trial. All lizds were tested until

they had completed five valid trials. For each lizard, the mean solving time) (8/er

all valid trials and the proportion of solved trials (i.e., the success rate across five trials)

(SR.r) were calculated.

Problem-solving 2: Escapebox
The escape boassay (De Meester et al., 202Zhapter 5Gauvriilidi et al., 2022) was

another test used to measure the prokdeining ability of the lizards but offered heat
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and safety rather than food as a rew@bddy et al., 1999b; Holtzman et al., 1999;
Paulissen, 2008A lizard was introduced in a transparent plexiglass box with a white
plastic door (containing grooves for manipulation & already slightly ajetierough a
(sealable) hole in the top of the box (Figu®. To escape to a heated basking/hiding
spot at the opposite side of the terrarium, the lizards needed to slide open tii€sloor

et al., 2015; Siviter et al., 2017b; De Meester et al., 2022 ~ Chapiehnelizards had

a maximum of 30 minutes to escape (a lizard was considered to have escaped when more
than half of its body was outside the box). In case of failine door was opened and

the lizard was gently directed outwards and allowed to baskb foninutes (as
reinforcement for the next trials). Lizards were tested once a day, for three consecutive
days. For each lizard, the mean solving timesggTand the proportion of solved trials

(i.e., the success rate across three trialgs§Rere calcuited.

Spatial cognition and reversal learning

Spatial cognition allows an individual to learn and remember the location of important
resources such as food, waterd shelter or dangers (Dukas, 2004), which can be critical
for survival. Lacertid lizards typically escape from predators by fleeingrtswaatural
refuges (e.g., holes, under stones or logs, etc.). Being able to remember the location of
an appropriate hiding spot would likely allow for a faster and more efficient escape and
thus increase survival probability (Mar@nL6pez, 2003 Paulisen, 2008 Noble et al.,

2012 Font, 2019. In a complex and dynamic environment, where the distribution and
availability of resources change over time, lizards likely need to continuously update
their spatial knowledge, thus requiring strong learning ibiéixy (Noble et al., 2012).

Cognitive flexibility is generally measured using a reversal learning Baskvn & Tait,
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2010; Noble et al.,, 2012)n which arimals needto reverse a previously learnt
association. This ideemed more difficult than learning something from scratch (Audet

& Lefebvre, 2017; Buechel et al., 2018). We tested the learning abilities of our lizards
using an ecologically relevant amtiedator protocol in which lizards needed to

di scriminate between a fAsafeodo aliiNbblefeuns af
al., 2012;Carazo et al., 2014; DayanangaNebb, 2017Font, 2019De Meester et al.,

2021~ Chapter 4De Meester edl., 2022~ Chapter 5Gavriilidi et al., 2022).

Spatial learning was tested in large, blinded terraria provided with a sandy substrate and
containing two identical hiding spots (black plastic cups cut in half vertically) in opposite
corners, one of whicvas designated a priori as fise
observer, counterbalanced within species). Both -néiad extramaze cues were
provided for navigation and orientation (Figu.1At the start of a trial, a lizard was
introduced into tharena underneath a transparent cover. After two minutes, the observer
started simulating a predator attack, by
with a paintbrush. If the lizard fled into the safe hiding spot, it was left undisturbed for
two minutes. If the lizard chose wrongly, the unsafe hiding spot was lifted and the
chasing continued until the individual entered the safe hiding spot or until 120 s had
passed (after which the lizard was caught and gently placed inside the safe shelter fo
two minutes). After each trial, the cups were cleaned and the sand was mixed to eliminate
potential scent trails. The lizards performed three trials a day, for five consecutiye days
after which the locations of the safe and unsafe hiding spots wechswitand the trials
continued again for five consecutive days. This resulted in a total of 15 trials per phase

(spatial and reversal learning). For each individual, it was noted whether it reached the
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learning criterion of the spatial learning and revidesrning task (CRIdL and CRIRy),

as well as how many trials were needed to reach the learning criterion (i.e., learning
speed) (L& and LS.). In case the learning criterion was not reached, a learning speed
of 16 was giverLizards were considered b@ successful if their first choice was correct,
and we used a learning criterion of five successes in six consecutive trials (Noble et al.,
2014; Vardi et al., 2020; De Meester et al., 2021 ~ Chapter 4; Gauvriilidi et al., 2022).
However, an individual wsaonly considered to have learned the task when it performed
at the same level during the remainder of the trials or improved over the trials (in the
number of errors they make), meaning their tally of correct/incorrect choices starting
from the learning iiterion needed to be p < 0.10 (the same level of chance as the five in
six learning criterion) (Noble et al., 2012; Carazo et al., 2014; De Meester et al., 2021 ~

Chapter 4).

Reversal learning assays typica#iyitch the reward contingency after animalave
beentrainedeitheruntil a certain threshold of succggsg. Tebbich & Teschke, 2014;
Batabyal & Thaker, 201 Bridgeman & Tattersall, 2019; Bensky & Bell, 2020; Szabo

& Whiting, 2020) or after a fixed number of trial¢e.g. Moldoff & Westneat, 2017;
Madden et al., 2018; van Horik et al., 2018; van Horik et al., 2019b; Boussard et al.,
2020; Aljadeff & Loem, 2021) Here, we opted for the kar approachin order to
standardize the experiengégth the spatial tasland the opportunity to learacross
species and individuals before moving on to the revévsal Horik et al., 2018; van

Horik et al., 2019b; Aljadeff & Lotem, 2021Additionally, it is not necessidy
guaranteed that reaching the same learning criterion brings all learners to the same level

(Aljadeff & Lotem, 2021)
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Nonetheless, to take into account that reversing an association requires learning it a
priori, we also added a seconeasure for cognitive flexibility: a learning flexibility
score.Li zards were consi de (seok =1i)oe., indcatitiefof e x i
high cognitive flexibility) when they succeedéd the spatialtask and thereafter
successfully reachedriterion during the reversdlCRITsir) (Noble et al., 2012).

Lizards who only learnt in one aeither phaserere assigned a score olL@stly, a total

score on 30 was also noted as an indicator of overall perforrosaceoth phasegse.,

success rate;RsrL), asindividuals who show excellent general learning abilities will

learn fast in both phases aa thus expected take fewer erroreverall.

Environmental variables and life history characteristics

Environmental qualityand complexity

We used the Normalized Difference Vegetation Index (NDVI) as a proxy for the

|l ushness of the |lizardsod habitat, and a:¢
The NDVI is an index of primary productivit§Pettorelli et al., 2011 )higher NDVI

values correspond to greener, healthier vegetation and higher plant biomass ¢Lafage

al., 2014) and have also been linked to arthropod abun@@bizet al., 2015; Sweet et

al., 2015; Fernandekizon et al., 2020)meaning that it can be used as an indicator of

both resource availabilitiPettorelli et al., 2011) and habitat compleXitassau et al.,

2005; Miranda et al., 2018)

An estimation of the NDVI of the environment for each population was obtained with
AppEEARS (AppEEARS Team, 2021) using the 250 x 250 m MODIS/Terra MOD13Q1
dataset collecttat 16days intervals (Didan, 2015) (Table 2). The NDVI values were

averaged over the entire time period (20@D21) but using only the data for the active
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season of the lizardS(pplementarifable S33). Data points with low quality (e.g., due
to clouds or snow) were removed. Precipitation and NDVI were stranglyr r e | at e d

0.80, p < 0.05), hence only precipitation was retained in the models (see further).

Temperature and rainfall regimes are important determinants of both vegetation lushness
(i.e., habitat complexity]i.e. habitat complexity, Boisvenue & Running, 2006; Ortega

et al., 2014)and arthropod abundance (i.e., resource availabiDynham, 1978;
Stamps & Tanaka, 1981; Spiller & Schoener, 1995; Lessard et al., 2011; Kizito et al.,
2017) two environmental factors that may drive cognitive evolution in lizards. In
addition, temperature anmtecipitation can also directly affect thienwelt of lizards by
defining the time window during which lizards themselves can optimize their

physiological performancg\dolph & Porter, 1996)

From theCRU-TS 4.03 dataat (Harris et al. 2014)downscaled with WorldClim 2.1
(Fick & Hijmans, 2017) (with a spatial resolution of 2.5 minutes), we extracted climatic
variables for each of the locations where our lizards originated from, usidgsbed
R-package (Hijmanst al., 2021). In case the exact location of origin was unknown (pet
trade animals) we narrowed it down as mastpossible and averaged the climatic data
of > five known populations of that species in that general region/country (see

supplementary Mategls & Methods).

As indices of local thermal and hydric conditions, we retrieved the monthly averages of
daily minimal (Twin) and maximal temperatures.{}), and the monthly precipitation.

We disregarded monthly averages outside the spsp#ssfic activity season (obtained
from literature,Supplementarylable S33) of the lizards and calculated the average

precipitation and minimal and maximal temperatuexperienced by the animals
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between 2000 2018 (as data between 2012021 was not available). In addition, we
calculated the average air experienced by the lizards when active. Rroamd Tnax

and assuming that air temperature follows a sinusoid#l, pve calculated hourly
estimates of air temperatufi@onteith & Unsworth, 1990; Linvill, 2019 nd averaged
values between 8 am and 7 pm as this time window is most relevant for diurnal lizards
(see Supplemental Materials & Methods), as an estimate of average daily temperature
(Tay) experienced by the lizards between 20@D18. All temperature measuresao]

Tmax and T) were highly correlated with each other (Spearman rank correlation tests:
all rho > 0.85, p < 0.05) (R packa@gmisddv.4.3.; Harel, 2021), thus we only retained

Tav for further analyses.

Environmental variability

It has been argued that the variability, rather than aterage condition of the
environment could play a role in the evolution of cognitive capacity (Méttdenann,
2014). To gauge the temporal variability
annual coefficients of variation (CV) in temperaturecjpigation and NDVI within each

year for the period 20002018 (Kalan et al., 202@e Meester et al., 2021 Chapter

4). The average coefficient of variation over the entire time period was then used as an
indicator for the environmental variability easpecies experiences. The seasonality
estimates for minimal, maximal, and average air temperature {0V Tmay, CVTay)

were strongly intercorrelated affo further 0. 8 4
analyses. Seasonality for NDVI and precipitativere also retained as they were not

correlated with each other or with temperature (see further).
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Life-history

To test the idea that cognitive performance is part of the glalifie syndrome (Paged

Harvey, 1988), we correlated literature data availdbtethe study species with our
cognitive test results. The following |H@story traits (averages per species) were
obtained from the literatureéS(pplementaryfable S34): SVL at hatchling stage and
maturity as indicators of developmental time (largedividuals have a longer
development time) (Adolp& Porter, 1996; Bauwens, 1999) and average clutch size and
clutch frequency (n° of clutches per year) as indicators of fecundity (Bauwens, 1999).
SVL at the hatchling stage, at maturity, and clutch sizalhirgfluenced by female body

size (Bauwens, 1999), hence the residuals from a phylogenetic regression analysis with
female body size were useSupplementariyrable 3.6) (Meiri et al., 2020) These life

hi story variables were not interEootwa el at ed
speciesGastropholisprasinaandEremias brenchleyive were unable to find sufficient

life history data, so these species were excluded from these analyses.

Statistical analyses

Data were analysed using Bayesian phylogenetic generalized linear mixed models based
on a Markov Chain Monte Carlo algorithm, as implemented in thgadRage
AMCMCglmmé (Hadfield, 2010) These models allow using the individual data to
identify the variables predicting the success, while still accounting for phylogeny. The
squamate phylogeny of Toniei al. (2016), based on sequence data of 17 mitochondrial
and nuclear genes was used to estimate phylogenetic interrelations. The tree was pruned

to only include the 13 species in our study, usingapeépackage (Paradis et al., 2004).
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From each of theognitive test results, two variables were extracted, both giving an
indication of howwell an individual performed in a certain test (see Cognitive tests; ST

and CRITc, STir and SR, STescand SRsc, CRITs. and LS, CRITr. and L&, and

CRITsire and SRir). When the response variable was continuous (e.g., average
solving time), we used a Gaussian error
di stribution prior (v = 1; e = 0.002) f
number of slved trials), we used a Poisson error structure, again with a weakly
informati-diest mivewuwtsieonm prior (V = 1; & =
was binary (e.g., did or did not reach the learning criterion), we used a categorical error
strucure in the models, and the prior for residual variance was fixed to one (V = 1, fix

= 1). Random effects for phylogeny, species and populations were included in all models
with weakly inpormasi wethnaeltosw del@r ee o
for the random effect variance; but in case the priors were too weak, they were adjusted
as appropriate. These alternative priors were more informative priors (e.g., V = 100 and

e = 2) angaxpanmdenketeri ors (e. g. ,0).Vheuwsel; ¢

of the different types of priors is indicated in the results.

The influence of the environmental quality, temporal variability, andhi$¢ory on
success during the cognitive tests was sk with three series of models. The first
series dbmodels assessed the influence of environmental quality: CognitiQn—piec.
The second series of models tested the effect of temyatability: Cognition ~ C\emp
+ CVnovi + CVpee The final series of models investigated the link between cognitio
and life-history: Cognition ~ hatchling SVL + SVL at maturity + clutch size + clutch

frequency. All three models also included individual SVL, sex, and side of the safe
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hiding spot (forspatialand reversal learning) as predictors. Random effects irgtlude
phylogeny, species and population. Complete separation of the data sometimes led to the
removal of a parameter (e.g., seSupplementary dbles S3.8-3.10. We aso reran the

reversal learning modelswith only the RL datafrom individual s that passed the criterion

during the spatia learning phase. The results, however, were largely identical to the

results from the complete RL or SL+RL data, and are thus only reported in the

supplementary material (Table S3.11).

All models were run for 5 million iterations with a beimof 5000 and a thinning interval

of 500 to generate an effective sample size of minimally > 1000 for all parameters.
Convergence othe models was assessed visually from the diagnostic plots, and
autocorrelation of successively stored iterations was checked to ensure that @.ivas

For eab parameter, the mean and 95% confidentervals (Cl) are provided. They

were considered statistically significant when the 95% CI did not overlap zero and the
p-value from Markov Chain Monte Carlo (pMCMC) was < 0.05 (Hadfield, 2010). In
addition, we calulated how much of the variation in cognitive performance was
explained by differences among species, Byd¥ds/ Vspeciest Vphyio + Vpop + Vies from

the nul | model s. Similarly, we calcul at ed

(Pagel, 1999),Vphyio/ Vspeciest Vphyio + Vpop + Vies (de Villemeuril, 2012)

Ethics approval

All experiments were approved by the Ethical Committee of the University of Antwerp
for all but two species. Ethical clearance for the experimentsacerta viridis and
Podarcisionicusweregiven by the Ethical Committee of the University of Sarajevo (file

ID: 01/01-1099/22021) and Greek Ministry of Environment and Energy (permit nr.
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72 7 ¢ 4 6 5t8) tHB8) respectively. Addi tional et h
Dienst Dierenwelzijn (Vlaamse Overheid) for the use of wadght individuals of
Dalmatolacertaoxycephalaand P. siculus(DWZ/KF/20/1.15/41), andP. muralisand
Zootocavivipara (DWZ/EV/19/1.15/4). Field permits to capture witdught animals

were obtained foD. oxycephala, P. siculuand Podarcis melisellensis(Croatian
Ministry of Nature Protection and Energetics, permit nrs.-B371-1-21-4, 51710-1-

1-21-4, and 5%-07-1-1-1-185), L. viridis (Federal Ministry of Environment and
Tourism in Sarajevo, permit nrs.: 0418-2-126/21 and 04£A9-2-257/21),P. erhardii
andP.ionicus( Gr eek Mi ni stry of Environment and
A76 and 7 zW)¢pdP6 rBuBatis8ndZ. vivipara (Afwijking Soortbesluit van

ANB: (permit nrs.: ANB/BLFF/V19-00099 and ANB/BEFF/V20-00010). All

experiments were in accordance with national legislation.

RESULTS
Descriptive statistics for the cognitive performance per speaid per test is shown in
Figure 2 and summarized in Supplementary Talll® She climate and litdistory

variables per species are shown in Talld€63.7.
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Inhibitory control Lid removal Escape box Spatial + reversal learning
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Figure 2. Overview of the results of the cognitive test®e alscSupplementarylable 3.5 for detailed result®erformance succe
increases along the-axis. Photo creditsPodarcis melisellensisBjorn Briesen;Podarcis ionicus Alexandros Bantounad?odarcis
erhardii: Soren ReynaertPodarcis siculusLVL; Podarcis muralis GDM; Timon lepidus Pixabay;Lacerta viridis Ad nan ;
Takydromus sexlineatu&DM; Dalmatolacerta oxycephald. VL ; Zootoca viviparaGDM; Eremias brenchleyiGDM; Acanthodactylt

pardalis LVL ; Gastropholis prasinalLVL

(107



Lacertid cognition

Environmental variables and life history characteristics

The species sampled in this study were taken from a broad diversity of ecological
conditions, ranging from very dnA( pardalis, average monthly precipitation: 3.01 +
SD: 1.60 mm) to very wet habitatsTgkydromus sexlineatusaverage monthly
precipitation: 176.92 + 64.89 mm) and from environments with modResnyralis
average temperature: 14.53 + 0.55 °C) to very high tempesgfurpardalis maximal
temperature: 29.69 = 2.63 °C). Soraavironmens had an overall low NDVI A.
pardalis,average NDVI: 0.1% 0.06), and others had high NDVI/primary productivity

(T. sexlineatusaverage NDVI: 0.76 £ 0.08) (Tabl$).

Seasonalityn the environmental variables also varied strongly from relatively stable
habitats in time 4. vivipara, seasonality precipitation: 42.01 (x SD: 8.53) %;
sexlineatusseasonality NDVI5.09 (+ 2.81) % G. prasina seasonality temperature:
5.49 (x 1.29 %) to relatively variable environmentsE( brenchleyi seasonality
precipitation: 121.13+ (4.21) % seasonality NDVI42.01 (+ 8.88) % seasonality

temperature97.81(x 16.97 % (Table S.6).

The lacertid lizards in our sample also vary in theie-tilstory characteristics.
Acanthodactylus pardalisas the largest hatchlings (30 mm) and longest SVL (59 mm)
at maturity relative to their body size; they also have the most clutches within a year (4
per year)Zootoca viviparahas the largest clutch si7.10 + 3.82) relative to its size

(Table 3.7).

Inhibitory control
Across all species/1% of test subjects succeeded in reaching the (©Rifiterion.

The amongspecies variability in success rate was considerable: whilienan lepidus,
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L. viridis and P. ionicus all individuals attained the criterion, only 17% of the

brenchleyi did (SupplementaryTable $3.5. Average solving time (Sd) during

successful trials was 119.10 (+ SD: 127.18) sspaties averages rangedfil, from

30.28 (+ 38.81) s irZ. viviparato 494.33 (+ 351.36) s i&k. brenchleyi(Figure 2).

Differences among species contributed to 3@¥ [0.00, 88.65]) and 17%Q]: [0.00,

50.69]) of the overall variance in success rate and solving time, respectively. Both
CRITcand STcexhi bited a weak phyl ogenetic sign

i nterval: [0. 000, 0.12]7; & = 0.010 [O0.00,

The physical environment, i.e.a/Bnd precipitation, did not predict success rate and
solving time in the inhibitory control trials (pMC®1> 0.58) (Table $.8). Lizards from
environments with a high seasonality in NDVI were less successful (ERVnpwi:
posterior mean [95% confidence interval).24 F0.45,-0.05], pMCMC < 0.05) and
solved the task slower (&FCVnpvi: 23.80 [6.76, 40.45pMCMC < 0.05) (Figure 3).
None of the lifehistory variables were associated with inhibitory control performance

(PMCMC > 0.22) (Table $.10.

Lid removal

Our first measure of problersolving ability, i.e., performance in the {idmoval task,

also difered considerably among species. Across all species, the average success rate
(SRR) was 22%. However, while individuals @f vivipararemoved the lid in 61% of

all trials, none of th®. oxycephalaP. melisellensigndE. brenchleyindividualssolved

the task even oncdable S3.5). Across species, the average solving timg:8/s 291s.
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(a) Average solving time during the inhibitory control task vs. CV5;
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Figure 3. @) Solving time during the inhibitory control task (s) vs. @M (%). Each dot
represents a species. Species femmironments with a high seasonality in NDVI solved the task
slower (MCMCglmm results posterior mean [95% confidence interval]: 23.80 [6.76, 40.45],
pMCMC < 0.05)b) Mean C\ipwi (%) of successful individuals (reaching the criterion of solving
three in bur consecutive trials) vs. the nsoccessful individuals. Each dot represents a species.
Species from environments with a high seasonality in NDVI were less successful (MCMCglmm
results:-0.24 F0.45,-0.05], pMCMC < 0.05).
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Individual P. muralisperformeal worst, (STr= 69100 + 0 s), with individuals oE.
vivipara solving the problem almost 5 times faster (&F 142.60 + 126.94 s; Figure

2). Amongspecies differences explained 19% ([0.00, 66.28]) of the variation observed
in SRr and 5% ([0.00, 21.02Jn STir. Both SRr and STr had a weak phylogenetic

signal (& = 0.018 [0.00, 0.057]; & = 0.005

None of the aspects of thphysical environment of the lizards were associated with
solving time. However, across species, larger lizards tetodemove the lid more often
than smaller ones (SR-SVL: 0.030 {0.004, 0.065], pMCMC = 0.07) (Table3$8).
Also, lizards originating from areas with high NDVI seasonality tended to perform
poorly in the lidremoval test: they needed more time (STVnovi: 11.13 [0.53,
22.28], pMCMC = 0.06) and less often succeeded {SRVnpvi: -0.18 [0.42, 0.034],
pMCMC = 0.07) (Table $.9. None of the lifenistory variables correlated with lid

removal performance (all pMCMC > 0.47) (Tablg. B).

Escape box

Species differed in how often and how fast they solved the escape box task. Across all
species, the average solving time for the successful trialsdSifas 550.08 (+ 401.18)

s, ranging from 269.95 (+ 202.32) s[n oxycephalao 1046.57 (= 504.39) s iR.
melisellensisThe average proportion of solved trials £&dRwas 46% (+ 44) across all

species, from 0% in individuals frof. lepidusand P. ionicusto 91% (+ 4) inD.
oxycephalaAmongspecies variation is 14% ([0.00, 57.35]) fores&dand 53% ([(0O,

87.50]) for SRsc The phylogenetic signal was weakforsed{ &= = 0. 020 [ 0. 00,

but moderateforSR( & = 0.15 [0.020, O0.30]).
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Larger individuals escaped slower gd~ SVL: 8.18 [0.40, 15.29], pMCMC < 0.05)
(Table $8.8). No othervariables predicted escape time or success rate (pMCMC >

0.18) (Table 8.8-3.10.

Spatial cognition

Of all the specimens tested, 43% reached the spatial learning criteriors(CRHese

animals required on average 8.27 (x 3.25) trials (learning speeg), ticSlearn the

location of the safe hide. The number of individuals reaching the criterion ranged from
20% inT. sexlineatuso 56% inD. oxycephalaand average learning speed per species
varied between 6.83 (z 1.47) trialslinviridisand 11.50 (x @.1) trials inT. sexlineatus

(Figure 2). Differences among species explained 6% ([0.02,23.18]) of the variation in
CRITsL and 7% ([0.25, 22.33]) in LB The phylogenetic signal of sSwa s we ak ( ¢

0.008 [0.002,0.08]), as was the one for CRIT & =4 [@00,0.@.2]).

Spatial learning exhibited laterality and sexual dimorphism. Lizards for which the safe
hiding spot was positioned on the right side of the arena had lowel(lLSs, ~ Safe

side: 0.13 [0.035, 0.22], pMCMC < 0.05), and were less suctaasfeaching the
learning criterion (CRI§~ Safe side-0.53 F1.17, 0.094], pMCMC < 0.05). Male
lizards were less likely to succeed théamales (CRIE ~Sex:-0.77 F1.54,-0.012],
pMCMC < 0.05). None of environmental or lifestory variables were assated with

LSs. and CRI&L (pMCMC > 0.20) (Tables38-3.10.

In the reversal learning task, 45% of the individuals successfully reached the learning
criterion (CRITr), needing on average 8.45 (x 3.01) trials {)SIndividuals of P.
siculuswere most successful, with a 64%imdividuals reaching the criterion. In sharp

contrast, that percentage was a mere 3%.ibrenchley(Table $3.5). Lacerta viridis
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andP. ionicusindividuals most rapidly adjusted their behaviour to the new situation,

needing respectively 6.00 (+ 1.00) and 6.00 (+ 1.73) trig$ the other extreme,
individualsA. pardalison average required 10.75 (x 1.89) trials (Figure 2). Differences

among species explained 6% ([0.01, 27.46]) of the variation in £RAD 7% ([0.27,

23.31])) in LSL. The phylogenetic signals for kSand CRIke wer e & = 0. 00

([0.002,0.020]) and & = 0.005 ([0.0001,0.0

Precipitation, temperature, NDVI, and the seasonality in the latter two variables did not
predict L&, or CRITr. (PMCMC > 0.40) (Table S.8) (Table 3.9). However, lizards
originating from environments with low precipitation seasonality tended to be more
likely to reach the learning criterion (GMec~ CRITgr.: -0.016 [0.034, 0.003], pMCMC
=0.09) (Tables3.9). As with spatial learning, lizards presented with the safe hiding spot
positioned on the right side of the arena were slower reversal le@rit$0.02, 0.21],
pMCMC < 0.05) andaverelesslikely to reachthe criterion {0.83 F1.49,-0.16], pMCMC

< 0.05). None of the litdistory characteristics correlated with performance in the

reversal learning task (pMCMC > 0.37 (Tabk H).

Across all specimens measured, only 12% of lizards reached the learning criteria of both
spatial and reversal leargintasks. Amongpecies variation accounts for 20%
([0.00,63.43]) of the total variation in CRJk. and for 47% ([5.16, 89.39]) of that in

SRsrL. With 36% of its individuals reaching CRIk., D. oxycephalgroved the most

flexible learning specie#it the other extremeaione of the individuals d&. pardalis, E.
brenchleyiandP. melisellensisnanaged to both learn andlearnduring both phases

(Figure 2).Both CRITsircand SRiree x hi bi t ed a weak phyl ogene

[0O. 00, 0. 0 09% 70.004, @25]))=Enwronental quality did not predict
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performance in the spatial cognition tasks (pMCMC > 0.21). The same result was found
for life-history characteristics (PMCMC > 0.17) (Tabl®.8). Lizards from areas with
high seasonality in precijation and NDVI tended to performore poorly in both spatial
cognition tasks (CRIJri~CVpes -5.65 F13.24, 0.56], pMCMC = 0.06;

CRITstri~CVnpvi:-18.85 }45.68, 4.01], pMCMC = 0.10).

DISCUSSION

Our resultsindicated that species of the family Lacertidae, although similar in many
aspects of their morphology, physiology and behaviour (Arnold, 1989; Arnold et al.,
2007) differ markedly in their problessolving skills and learning abilities. The origin

of this variation remains obscure; we found little evidence for a link withhigtory,
climate or habitat characteristics. At the most, there was a weak trend for species
originating from areas witlhigh environmental seasonality to have relatively poor
cognitive performance. The cognitive traits considered exhibit very little phylogenetic
signal, suggesting that they may evolve rapidly. Below, we discuss the (lack of) support

for each of the hypotheses proposed at the beginning of this paper.

The first hypothesi suggested that lizards living in spatially more complex habitats
should exhibit superior cognitive skills (Godfe&ynith, 2002; Safi & Dechmann, 2005;
MettkeeHofmann, 2014). Our data, however, lend no support to this idea, as none of the
cognitive variabes were related to habitat complexiye should, however, be cautious
with interpreting the lack of such a relationship. As NDVI and precipitation were highly
correlated, we only retained precipitation in the final models, and thus did not test the

effed of habitat complexity directly. Nonetheless, it can be assumed that environments
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with more rainfall will grow more dense and green vegetation and thus be structurally

more complexXLassau et al., 2005; Miranda et al., 2018; but see below).

Previous resaah on reptilesreveakd that relative brain size (and the assumed
concomitant cognitive skills, but see Cauchoix & Chaine, 2016) does not correlate with
habitat complexity across species (Powell & Leal, 2014; De Meester et al., 2019 ~
Chapter 2). Howevelgsser earless lizardgi¢lbrookia maculata and Aegean wall
lizards @. erhardi) from more complex habitats had respectively larger medial cortices
(brain region involved with spatial cognition) and higher spatial learning success
compared to conspeaif from more sparsely vegetated and simple environments (Calisi
et al., 2017; De Meester et al., 2022 ~ Chaptefliis suggests that habitat complexity
shapes cognitive variation at the populatievel, but that different factors are at hand
driving coqitive divergence among species. Alternatively, it has been shown that
juvenile bronze anolesAfolis aeneusdefend smaller territories in more visually
restricted (complex) environmer(ason & Stamps, 1992dnd that mangpotted tree
iguanas I(iolaemus multimaculatisn forested areas have smaller home ranges than
iguanas in open aredStellatelli et al.,, 2016)So perhaps species in more complex
habitats compensate by reducing their space use, thus negating the need for higher

(spatial) cognitive abilitiefout see Perry & Garland, 2002)

On theother hand, a number of methodological limitations may have prevented us from
establishing a relationship between habitat complexity and cognition irstody
systemPrecipitation may not be an adequaieasurdor structural habitat complexity

and even NDVIathough successfully used in previous studies (Lassau et al., 2005;

Miranda et al., 2018), is probably but a crude prd¥®VI measures the density of green
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vegetation of an area but ignores other components contributing to spatial complexity,
such as rocks and walls, thermal heterogeneity, or the detailege@Detry of the
vegetation (e.g., number of layers, distance betweemches etc.)NDVI-measures
obtained for our popul atfieens nadjyibd od o thrads p
(e.g., lowest value for the semiesert environment &. pardalis,highest value for the

dense heathlands &f viviparg, but frankly, itremains highly unclear what makes a

mi crohabitat &ési mpl dnéaddiion, ND¥I @ rmighly eotrélated o a
with precipitation, and both varialslareassociated witlhesource availability (primary
productivity, arthropod abundance etSfamps & Tanaka, 1981; Spiller & Schoener,
1995; Boisvenue & Running, 2006; Pettorelli et al., 2011; Roiz et al., 2015; Sweet et al.,
2015; FernandeZizon et al., 2020; Kalan et al., 202@ur current analyses thus do not
allow us to detangle the effectsstructural habitat complexity and resource availability
(albeit it could be argued that higher prey availability implies higher prey diversity which
also contributes to the complexity of the environmentMettke-Hofmann et al., 2002

This may be prdematic as structural complexity and food availability could
theoretically have opposite effects oagnitive ability, although due to their strong
interconnectedness a more experimental approach may be needed to unravel their

separate effects on cognitiggolution and development.

The second hypothesisoposed that species from resodpc®r environments would

have undergone selection for lower cognitive abilities due to the high costs associated
with neural machineryfMink et al., 1981; Brust et al., 2014; Munch et al., 2018)
Alternatively, stronger cognitive abilitiecould actually help animals to acquire

resources and survive in such harsh environments (Freas et a)., 281 2ur indicators

[116



Chapter 3

for environmental quality (temperature and precipitatiweje unrelated to any of the
cognitive variables, in either direction. One intriguing possibility is that selection favours
both high and low cognitive abilities simultanegishs both may be equally viable
strategies to deal with resource scarcity. Similafyistoe andBotero (2019)
demonstrated that bird species occurring in harsh and variable climates either have very
large or very small brains (relative to their body size). Testing this hypotiggissible
disruptive selection in lizards using actual cognitive data would, howeegiire a more
elaborate study with a larger number of species. Nevertheless, we should once again take
into account that temperature and precipitation are only crude proxies for resource
availability. How these variables influence arthropod abundamced a t he | i zar c
opportunities to prey upon them, is something that needs to be investigated in more

detail.

A third hypothesis claimed that environmental variability would favour higher cognitive
abilities andoehavioural flexibility(Allman, 2000; Deaner et al., 2003; Sol, 2009; Kalan

et al., 2020) Our data does not support this hypothesis and even points towards the
opposite trend. Species experiencinigher variability in NDVI seemingly showed
weaker inhibitory contrgl problemsolving and learning flexibility, while species
exposed to more seasonal precipitation regimes tended to have reduced reversal learning
abilities and learning flexibility. Inhibitory control, problemsolving and reversal
learning are alconsidered indicators of behavioural flexibiliffebbich & Teschke,

2014; Szabo et al., 2019b; Szabo et al., 2020a; but see Audet & Lefebvre HO1CH,
environmental variability appears to select for lower behavioural flexibility in lacertid

lizards. Animals in more variablenvironments may frequently experience periods of
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food scarcity, and could thus struggle to uphold a sufficient high energy intake to
maintain costly cognitive abilities. When food becomes more abundant again, it may be
wiser to prioritize investing in gwth, reproduction or building fat reserves instead of
neural circuitry Yan Woerden et al., 201Quo et al.,, 2017). Additionally, if the
environment becomes too variable, animals may never learn faster than their
surroundings change, rendering higherrdtign ultimately pointlesgNiemela et al.,

2013)

It is also surprising that seasonality constrained some, but not all (spatial learning, escape
box), aspects of cognition within lacertids. A first explanation could be ditfe@sis

of different traitsInhibitory control, poblemsolvingandreversal learningre probably

more expensive than spatial learning, as they require (higher rates of) adult neurogenesis
(Burghardt et al., 201Zhang et al., 201Xalm et al., 2013; Ban et al., 2014Audet

et al, 2019 and may thus be more strongly selected against when resoursearase

A second explanation may be that spatial learning is absolutely necessary for every
species, e.g., to evade predation (Font, 2019), and should thus be maintained even if
resources are scarce or variable. Thirdly, the curious fact thantidval grformance

was linked to environmental variability, but escape box performance was not, may
indicate that these tasks did not measure the same cognitive ability (pisaiileng)

after all. Indeed, we previously reported that individual scores on both asstnot
necessarily correlated (De Meester et al., 20€hapter b Problemsolving assays are
notoriously criticized because it is often unclear which exact cognitive processes are
being measured, and to what extent test outcome is affected Wogutive factors

such as stress, motivation or personal@®yiffin & Guez, 2014;Audet & Lefebvre,
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2017). Interestingly, body size positively affected the outcome of threribval task,

but had a negative impact on escape box performance. This may yaceiktt
motivational differences in both tasks. Larger species/individuals may behave bolder, as
they are sometimes found to be less vulnerable to pred&iomberg & Shine, 2000;

Bajer et al., 2015; but see Samia et al., 20B6)der individuals will spend less time

being vigilant and can thus invagte the lidremoval apparatus more intensively,
thereby increasing their chance of success. Contrariwise, larger and bolder lizards may
be less motivated to leave the escape box and find shelter. Nevertheless, it is also possible
that it was simply moreasy for larger species to reach over the petri dish and lift the

disc, even despite our siagljustments.

Lastly, it is interesting that different sources of environmental variability (NDVI
seasonality vs. precipitation seasonality) affect different cognitive traits, albeit why is
currently unclear to us. Taken together, our results imply that various agfects
cognition evolve independently from each other in response to different environmental
pressures, rather than in conjecture as proposed by the idganefal intelligend

(Bréauer et al., 2020Many ecological and evolutionary studies use either brain size or
performance on a single cognitive task as
highlight how important it is to consider a broad range of tgnskills (Shaw &

Schmelz, 2017)

The final prediction was that a slower pace of life (fewer but larger offspring, slower
development and maturation) would be associatedhigtiner cognitive abilities, due to
energetic tradeffs (Isler& van Schaik, 2006; Isles: van Schaik, 2009DeCasien et

al., 2018Jiménezortega et al., 2020). However, in our sample, no apparent relationship
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between lifehistory and cognitionvas found We propose the following explanations.
Firstly, perhaps species with a fast difistory are still able to afford high cognitive
abilities because they limit energetic investment in other traits, such as immune function
(Kotrschal et al., 2016)r somatic maintenand&otrschal et al., 2019; van der Woude

et al., 2019) For instance, across Kkillifish (Aplocheiloidei), fdsing species grow
rapidly, have high reproductive rates and relative large brains, but this presumably comes
at the price of very fast agindeckerstroraLiedholm et al., 2021)But this scenario
seems unkely for our study system, as in Lacertidae fagtroducing species may
actually live longer (Bauwenr& DiazUriarte, 1997). Unfortunately, we lack data on the
lifespan of our species to verify this hypothesis. Secondly, slower maturation may indeed
permt the growth of larger brains in species with parental care, but in precocial species,
juveniles need to be equipped with their full range of cognitive skills at the moment of
birth (Szabo et al., 2019aPrenatal development may then be more important to take
into consideration for our precocial lizardsdeed, it has previously been reported that
egg incubation time and relative brain size are positively associated in reptiles, at least
at the familylevel (Birchard & Marcellini, 1996)Lastly, the lifehistory traits used in

our study are often speciaserages, but such characteristics are known to vary
considerably across the geographic range of a sp&mes et al., 1996; Roitberg et al.,
2015)and can be influenced by factors such as temperature and body size (Bauwens,

1999).

The low phylogenetic signals of cognition within our dataset suggest thattigcegni
performance is not constrained by phylogeny and can change rapidly between species.

Nonetheless, our analyses failed to find strong support for either habitat complexity,
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climate, environmental variability, or |fkistory as drivers of this cognitivivergence
among lacertids, meaning that it is likely that other, undocumented, {goatlmgical
forces must be responsible for the large amount of intraspecific variance observed in this
study. One such force may be predation. Predation pressuresimvinenment strongly
affects selective regimes on hFestory (e.g. Schwarz et al., 202Q)ersonality(e.g.
Lapiedra et al.2018)and likely cognition as welle.g. Brown & Braithwaite, 2005;
Burns & Rodd, 2008)Larger brain sizes have been linked to enhanced survival under
high predation risk in eidersSomateria mollissimaJlaatinen et al., 2019), guppies
(Poecilia reticulata Kotrschal et al., 2015and velvet geckoeg\(alosia lesuerjiwith

better spatial skills have been shown to survive lomgeature, presumably due to being
more successful in locating shelter and evading predators (Dayatamedb, 2017).
Predation pressure is notoriously difficult to estimate in the wild, but would nonetheless

be a valuable factor to account for in futstadies.

While our estimations for the amounts of interspecific variation were relatively large (5

i 53% of the total variance), their confidence intervals were also quite broad and
overlapped with zero, and should thus be taken with some caution. Tldso€@ourse

be due to our limited sample sizes. On the other hand, it does suggest that a considerable
portion ofcognitive variation was due to intraspecific differences. Indeed, within lizard
species, cognitive performance can be affected by learmisgdie.g. side bias: this

study; Szabo eal., 2019b; De Meester et al., 2021 ~ Chapter 4; visual pattern bias:
Paulissen, 2021age (e.g., Noble et al., 2014), personality (e.g., Goulet et al., 2018),
developmental conditi@(e.g. Amiel & Shine, @12; Amiel et al., 2014; Munch et al.,

2018) microhabitat (Rodrigue& Kohlsdorf, 2019), and sex (e.g., this study; Carazo et
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al., 2014), and can vary acrgsspulations of the same species (e.g., Batabykhaker,

2019; Pettit et al., 2021). Our data are not ideal for assessing the relative contribution of
within and across species variation in cognition. Opportunistic sampling, resulting in
highly unequalample sizes per species and uneverratgs, may have inflated within

species and reduced amespggecies variation in our study.

One factor explaining cognitive variation within species was sex. Currently, the link
between cognition and sex in lizards heseived little attentioriCarazo et al., 2014;
Szabo et al., 2019c; De Meester & Baeckens, 202lpeneral, male animals are
assumed to exhibit stronger spatial learning abilities due to the higher spatial demands
associated with #ir reproductive strategies, e.g., larger home ranges, obtaining and
defending territories, actively searching and remembering the location of females, male
dispersal etc(Gaulin & FitzGerald, 1986; Jones et,#2003; EcuyeDab & Robert,

2004; Carazo et al., 2014; Aragalas et al., 2018; Szabo et al., 2018t)wever,

female lacertid lizards exhibited faster spatial learning than males, which directly
contradicts the scarce results from previous lizard studies (Carazo et al., 2014; Szabo et
al., 2019c). There are a few possible explanations for this. A fissilplity may be that

within our species, females have larger home ranges. But this seems unlikely, as larger
male home ranges are a general pattern across Lacertidae and Autarchoglos&a (Perry
Garland, 2002). Secondly, females may face another kindatibkphallenges. Gravid
female lizards, for instance, are extremely vulnerable to predation due to their reduced
mobility (Shine, 198Q)As such, females may actually need better knowledge about their
immediate surroundings (e.g., hiding spots) because they lackodleel $0 correct

mistakes when being attacked by predators. Thirdly, it has also been proposed that male
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spatial cognition is shaped by sexual selection and mostly requires spatial skills over a
larger scale, while female spatial abilities are shaped hyalatelection (prioritizing
survival) and are more finetuned at a smaller spatial scale (EDays& Robert, 2004).

So perhaps male lizards would excel if they were tested on a spatial mate searching rather
than antipredator taglas in Kotrschal et al., 2015kr if we had measured lorgnge
navigation rather than remembering local landmarksiyEeDab & Robert, 2004).

Lastly, these sedifferences in spatial learning may reflect differences in cognitive style
(Sih & Del Giudice, 2012). The Cognitive Style Hypothesis predicts that fast learning
comes at the cost of accuracy and flexibility. 8&amay indeed face stronger spatial
demands, and therefore require more detailed and more accurate knowledge about their
surroundings, and hence seem to learn slower. Females may then learn faster because
they only learn superficiallySih & Del Giudice, P12; Dougherty& Guillette, 2018).
Whether males and females differ in the precision of their spatial memory could be tested
by comparing how their (postiterion) performance changes when some of the spatial
cues are removed from the ggt. We also prapse that a more elaborate experiment, in
which we consistently sample both sexes across multiple species, while collecting data
on their territorial behaviour, sedependent dispersal and home range sizes, could

greatly benefit our understanding of how slifferences in cognition evolve.

Finally, we care to highlight some shortcomings of our study that may have clouded any
relationships between ecology and cognition in Lacertidae. Firstly, although our current
list of study animals includes species fromide geographic and ecological distribution,

it is nevertheless somewhat biased towards Mediterranean species of thHeagemas

In an ideal world, we would have included e.g., more desert and tropical species.
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Secondly, we obtained several specieghapet trade, that were either widdught but

with an unknown origin (two) or captivered (three). As a consequence, their
environmental variables are probably less accurate. In fact, we should take into account
that our environmental information in mgral was measured at scales that may be
irrelevant for our lizards. For exampl e,
may be determined at the microhablwtel rather than the macrostructhite &
Brown, 2014; White & Brown, 2015).izards may also compensate for unfavourable
climatic conditions by adjusting their thermoregulatory behaviour, although the
argument could be made that this precisely requires cognitiibifty. Thirdly, the
cognitive abilities of the captivired species may not be a true reflection of their mental
abilities in the wild, as being reared and raised in more simple and monotonous
conditions (less temporal variation, structural simple, laickocial interactions, etc.)

may have impaired their cognitive development (Vardi et al., 2020). The literature on
the effect of captivity on reptile cognition is limited. Vardi et al. (2020) found that lab
raised delicate skinksé&mpropholis delicatpshowed worse spatial learning compared

to their wild-caught mothers, bi8zabo et al. (20206pund no differencesiinhibitory
control between captivieorn and wildcaught sleepy lizardSiliqua rugosa. At last, a
conceptual shortcoming is that interpretatioegarding the link between ecology and
cognition were hampered by the fact that we know very little athmutdle of these
cognitive abilities during the dayp-day behaviour of our study species. Exactly how
specific cognitive traits help these lizamiscape predators, forage, or find partners, has
not been established. Note, however, that such a limitaifar from unique for our

study. In general, there is a dire need to better understand how cognition measures in the
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lab relate to ecological relevant behaviour in the \{idd Meester & Baeckens, 2021,

Szabo et al., 2022)

One of the central goals of the field of comparative cognition is to unravetkbetive
pressures that have shaped cognitive variation across the animal kingdom
(Krasheninnikova et al., 2020). The most promising approach to reach this objective is
by conducting large scale comparisons in cognitive performance across multiple, species
preferably on a series of tasks probing different cognitive domMasl(ean et al.,

2012; Shaw & Schmelz, 201Krasheninnikova et al., 2020). Unfortunately, such
comparative studies are scarce, and our understanding of cognitive evolution has been
hindered by a lack of taxonomic diversity, standardised protocols and replications (Beran
et al., 2014; Farrartal., 2020; Krasheninnikova et al., 2020). We believe that our study
both illustrates the merits of a comparative cognitive approach, and also provides a
feasible and replicable protocol that could easily be extended towaedgeplile taxa.

Our methods require little to no training, and are easily standardisable, which opens the
potential for international collaborations. Although most comparative research on
cognition has focused on mammals and b{Blettleworth, 2009; Szabo et al., 2021b)

we think that reptiles have the potential to becomexaellent study system within this

field. Recent research has indeed revealed that reptiles are capable of {zakieg

rapid and flexible learning, response inhibition, and even social leafr@Evigwed in

De Meester & Baeckens, 2021; Szabo et al., 202Ibgir broadecological and
taxonomic diversityVitt & Caldwell, 2014) in combination with their easy collection

and housing in large numbers, can be used to address many questions regarding the role

of ecology in cognitive evolution. Even the large ecological variation within species
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(e.g.,Z. viviparaoccurs from Southernr&nce to just below the Artic circle, and from
Western Europe to Japan) could be used to our advantage. Nevertheless, we end with a
plea to collect and integrate more det a
foraging behaviour, predation peese, thermal environment, food availability, etc.),
ideally from the original population where species where collected. Taken together, we
are convinced that such an comparative approach in combination with more ecological

data could greatly move forwatle field of comparativeognition.
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CHAPTERA4

DEALING WITH THE UNEXPECTED .

THE EFFECT OF ENVIRONMENTAL
VARIABILITY ON BEHAVIOURAL FLEXIBILITY

IN A MEDITERRANEAN LIZARD

Adapted from:

De Meester, G., SfendourakBasakarou, A., Pafilis, P. & Van Damme, R(2021).
Dealing with the unexpected: The effect of environmental variability on

behavioural flexibility in a Mediterranean liza@@. Behaviour 158, 1193223.
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ABSTRACT

Harsh and variable environments have been hypothesized to both drive and constrain the
evolution towardsigher cognitive abilities and behavioural flexibility. In this study, we
compared the cognitive abilities of island and mainland Aegean wall lizacdiscis
erhardii), which were expected to live in respectively a more variable amara@ stable
habitat. We used four proxies of behavioural flexibility: a neophobia assay, a problem
solving test and a spatial + reversal learning task. Surprisingly, the two populations did
not differ in neophobia or problesolving. Insular lizards, howev, outperformed
mainland conspecifics in an initial spati@arning task, but were less successful during

the subsequent reversal learning. Our results thus seem to indicate that the effect of
environmental variability on cognition is complex, as it niayour some, but not all

aspects of behavioural flexibility.
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INTRODUCTION

Understanding how and why animals differ in their cognitive abilities is one of the major
goals within the field ofognitiveecology. Cognition, broadly defined as the acquisition,
retention and use of environmental informat{@ukas, 2004)is considered to be an
important mechanism behind behavioural flexibility, i.e. the ability of an individual to
adjust its behaviour in response to changes in the environ®eht2009;Tebbich &
Teschke, 2014; Audet & Lefebvre, 2017previous research has demonstrated
considerable variation in cognitive abilities both among and within sp@eeie®.g. Roth

et al., 2010b; MacLean et al., 2014; Tebbich & Tesc¢l@014; White & Brown, 2014;
Hermer et al., 2018; Qi et al., 2018; Szabo & Whiting, 208Q0pgesting that the

importance of behavioural flexibility depends on specific ecological conditions.

The Cognitive Buffer Hypothesis (CBH) claims that enhanced cogritidribehavioural
flexibility, via the development of larger brains, mainly evolved to buffer individuals
against changes in environmental conditigBel, 2009; Fristoe et al., 2017for
example, fast and flexible learning wikklp an individual to keep track of the abundance
and distribution of resources in a changing environnf€abbich & Teschke, 2014;
MorandFerron et al., 2019; Szabo et al., 202@ad problerrsolving skills may allow

it to e.g. expand its dietary niche during periods of food scafGtgenberg, 2003;
Griffin et al., 2016)Indeed, living in more variable and harsh habitats is associated with
behavioural diversity in chimpanzeésalan et al., 202Q)problemsolving ability in
blackcapped chickadeg®Roth et &, 201M), learning speed in climbing perch and
Tropiduruslizards (Sheenaja & Thomas, 2011; Rodrigues & Kohlsdorf, 2042

learning flexibility in woodpecker finches and bitengued skink§Tebbich & Teschke,
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2014; Szabo & Whiting, 2020Further eviénce for the CBH comes from comparative
brain studies orbirds and primates, where a positive association is found between
relative brain size and environmental variabi{chuckPaim et al., 2008; DeCasien et

al., 2017; Fristoe et al., 2017; Sayol ef 2018)

However, other observations seem to oppose the CBH. Gobies from stable habitats learn
a spatial task faster than species from unstable environifWhtse & Brown, 2014)
Chickadees and great tits from higlevations (which are considered harsired more
variable) are slower in reversing a previously learnt association compared -to low
elevation conspecificéCroston et al., 2017; Hermer et al., 2018; T-&lme et al.,

2018) and seasonality has a negative effect on relative brain size in prifwates
Woerden et al., 201@nd anurand_uo et al., 2017)One common explanation for these
results is the high energetic cost associated with growing and maintaining a large brain
(Expensive Brain Hypothesis€EBH - Aiello & Wheeler, 1995; Sol, 2009Despite the
apparent benefits of behavioural flexibility, espes living in harsh variable
environments may not be able to uphold the high energy intake required for larger brains

due to frequently experiencing food shortafyes Woerden et al., 2010)

Thus, how exactly environmental variability and harshnesadnfie the evolution of
cognition remains poorly understood. The CBH and EBH are commonly tested by
comparing brain sizes among species along an environmental gradient, and although
useful, these studies provide little information on the specific cogratiigies under
selection(Healy & Rowe, 2007)Direct comparisons on cognition itself are still rare,
especially within a single species. Intraspecific comparisons, however, have the benefit

of easier standardization of cognitive assays among individoltbiting different
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environmentgMacLean et al., 2012)hile also providing more information on recent

selection pressurgRoth et al., 20119).

In this study, we quantify and compare cognitive abilities of Aegean wall lizards
(Podarcis erhardiBedriaga 1882) from a mainland and island habitat. Compared to the
mainland, arthropod abundance and diversity on islands is often(Jsouen, 1973;
Andrews, 1979; Olesen & Valido, 2003nd more subject to seasonal variation
(Karamaouna, 1987; Parashi, 1988; Trihas & Legakis, 1991; Adamopoulou et al., 1999)
In accordance, many island lizards in the Mediterranean exhibit dietary versatility,
switching to alternative food resources such as plants and ants to survive unfavourable
periods (e.g. extremely dry summers with food scar¢R¢yezMellado & Corti, 1993;
Adamopoulou et al., 1999; Lo Cascio et al., 2001; Rodriguez et al., 2008; Sagonas et al.,
2015) On the basis of the CBH, we expect that environmental variabilityhe island

will select for behavioural flexibility and hence increased cognitive capacities.
Alternatively, the EBH would predict that the low supply of energy resources on islands
will results in smaller brains and reduced cognitive abilities compgartite mainland.
Cognition was studied using four tasks that represent important aspects of behavioural
flexibility (cfr. Tebbich & Teschke, 20144 neophobia assay, a problspiving test, a

spatial learning task and a reversal learning task.

MATERIAL A ND METHODS

Study species and populations

The Aegean wall lizard is a mediusized insectivorous lizard that is widely distributed
across the Greek mainland and the islands of the Aegedw&akos et al., 2008; Brock

et al., 2014a)The speciesccupies a variety of habitats, from Mediterranean scrublands
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to open rock glades and sand dunes, and frequently inhabits urbemerarits as well
(Valakos et al., 2008; Roca et alo(®). It consumes a diversity of arthropods and snails,
and occasionally fruits, eggsid even conspecifi¢Brock et al., 2014b; Donihue, 2016;

Madden & Brock, 2018)n these respects, it can be considered an ecological generalist.

For this study, adult males were collected from one island (Naxos, Cyclades, Greece)
and one mainland location (Mt. Parnitha, Attica Peninsula, Greece). In May 2018, 21
wall lizards were caught either by lasso or by hand from two different sites on Naxos
(Eggares: 37°07'49.1"N, 25°26'18.9"E and Rachi Polichnitou: 37°00'53.0"N,
25°24'10.7"E). Both sites were abandoned agricultural terraces, characterized by
phrygana/maquis vegetation, dry stone walls and rocky outcrops. Fifteen lizards were
collected from Panitha (38 ° 09 '36.6 "N , 23 ° 43' 30.4" E) on the mainland in May
2019. The sampled area used to be covered with a forest of Gredkds Cephalonida

until a fire in 2007. The habitat now consists of dense shrub{@kaurtsoult

Antoniadou et al., 2017)

Resource availability
Although literature suggest that Naxos is the more variable environment in terms of food
availability, we wanted to verify this assumption by collecting and analysing data on two

frequently used proxies of resource availability.

First, we acquirednonthly precipitation data for the period 262018 from the
WorldClim Databas¢Harris et al., 2014; Fick & Hijmans, 201 Rainfall is often used
as an indicator of ecosystem productii§chuckPaim et al., 2008; Kameta et al.,
2017; Kalan et al., 202@nd temporal variation in precipitation is known to correlate

with fluctuations in arthropod abundan¢8samps & Tanaka, 1981; Spiller & Schoener,
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1995) Precipitation data for Parnitha and the two sites on Naxos were extracted using

t he OGpackage ie RHimans et al., 2015)

Secondly, we used the Normalized Difference Vegetation Index (NDVI), a common
indicator of primary productivity in ecological studiégviewed in Peorelli et al.,
2011) Itis calculated based on surface reflectance patterns in red asidfresad light,

with higher positive values indicating healthier, greener vegetatiorhaadhigher plant
biomasgLafage et al.2014) Recent studies have shown that temporal changes in NDVI
are often associated with temporal variation in arthropod abundance and d{\Ro&ity

et al., 2015; Sweet et al., 2015; Fernantlizon et al., 2020; Uhey et al., 2026)DVI

data was acquired from the 250 x 250 m MK3Q1 MODIS/Terra dataset collected at
16-day intervalgDidan,2015) Data points with low quality (e.g. due to snow laud

cover) were removed from the analyses.

For both variables, we calculated the coefficient of variation (CV) within each year

(Kalan et al., 2020)

Husbandry and experiments

Animals were housed individually at the National and Kapodistrian Univeffsitthens

in plastic terraria (either 22 x 18 x 17 or 23 x 22 x 17 cm, | x w x h). Terraria contained
a sandy substrate and small rocks for shelter and basking. Animald libilumaccess

to water and were fed thrice per week with mealworfrené€brio mator) powdered

with vitamin supplement (TerraVRowder, JBL GmbH & Co. KG). In 2019, terraria
were placed underneath incandescent lamps (60W) which allowed thermoregulation for

nine hours per day. Lizards in 2018 had access to natural sunlight (fittevadh glass)
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but no lamps were provided. Room temperature in both years was maintained around 28

+2°C.

Experiments were conducted between May and July of the respective years. Testing
typically started after 10:00, to provide lizards with ample time to obtain preferred body
temperatures, and lasted until maximum 19:00. In addition, before each trial lieseds

also allowed to bask underneath a heat bulb (100 W) fe802@inutes. During the
neophobia trials and the problesulving tests lizards were maintained on a restricted
diet of a single mealworm per day wrder to standardize hunger levels among
individuals and increase motivation to participatgmiel et al., 2014) Room
temperature during the experiments wasrZB°C. Experiments started within a week
after arrival in the lab, and were completed within ten weeks. All lizards were subjected
to alltests in the same order: neophobia, prokdetwing and spatial + reversal learning.

Four lizards were unable to complete the entire test battery due to mortality

Trials during the training, neophobia and probigolving tests were filmed from above

usinga GoPro camera (Hero5 Black) and scored afterwards.

Training phase for neophobia and problemsolving tests

Prior to the start of the experiments, a training phase was conducted in order to habituate
lizards to the experimental sep, and train them to eom the transparent petri dishes

in which food was offered (whichot all lizards were willing or able to do initially).
Lizards had no prior experience with these transparent dishes, and were only exposed to

them during the experimental trials.
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Lizardswere tested in separate glass arenas (30 x 30 x 30 cm) with a sandy substrate. A
transparent petri dish (1.5 cm height, 5.5 cm diameter) taped on a wooden platform (10
x 10 x 1.5 cm) was placed at one side of the arena. A heat bulb of 100 W was suspended
above the terraria tmaintain temperature. At the start of each trial, the lizard was placed

in the arena and allowed to accustom for two minutes, after which food was placed in
the petri dish. We initially started in 2018 with two mealworms per tridlchanged

this throughout the training (around day 5) as we noticed lizards becoming satiated. For
mainland lizards, we used a single mealworm per trial consistently from the start. Lizards
then received 15 minutes to grab the worm(s), and the latenagttodntact the petri

di sh with their snout was recorded (06f ec
the dish were assigned a latency of 900s. Lizards were tested up to two times per day. If
a lizard successfully ate the worm(s) in threeaf four consecutive trials, it moved on

to the neophobia trials. The average feeding latency in the last three training trials was

used as a control for the subsequent neophobia assay.

Neophobia

Neophobia, defined as the fear of novéligbbich & Teschke, 2@1), determines how
likely individuals are to encounter and gather novel information, and thus influences
their propensity to learn and to innovdteebbich et al., 2010; Tebbich & Teschke,
2014) The dietary shifts in insular lizards (see above) may (at least partially) be driven
by lower levels oheophobia, either because less neophobic lizards are willing to exploit
a more diverse range of resources (Gbeeg, 183; Greenberg 2003) or because they
are more likely to innovate in order to access these (Oytenret al. 2011; Daels et

al. 2019; but see Griffin & Guez, 2014).

[139



Environmental variability and cognition

Neophobia assays were performed one to ten days upon completion of the training,
following a standard protocgGreenberg, 1983; Candl&rBernal, 2014; Guido et al.,
2017) Trials were largely identical to the training phasé tbgether with the mealworm

a novel object was introduced next to the petri dish. Similaéuimo et al. (2017)
neophobia was estimated as the relative change (%) in feeding latency when a novel
object is present, compared to the control feeding latency. We used latency to make
contact with the dish as this better reflects motivation to eat, while latergrab the
worm is influenced by an individual s abi
lizard received two trials on two consecutive days with different novel objects: either a
bright red toy car (7.5 x 1.9 x 2.5 cm) or two yellow and orange gticks (diameter:

7cm) (Supplementary Figure43). The objects were specifically chosen to be
conspicuous and artificial to lower the probability that lizards had encountered them
before (DamasMoreira et al., 209). The order of objects was randomized among

individuals.

Problem-solving

The ability to solve new problems by inventing a new behaviour or applying an old
behaviour in a new context, is considered an important indicator of behavioural
flexibility (Griffin & Guez, 2014; Tebbich & Teschke, 2014; but see Audet & Lefebvre,
2017) Problemsolving abilities are expected to help individuals to exploit new
resources or familiar ones in a more efficient \i@geenberg, 2003; Griffin et al., 2016)

In species wittan active foraging style, suchRsdarcis erhardij problemsolving may

help individuals to increase their foraging efficiency e.g. by being able to extract
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otherwise inaccessible prey (Cooper et al. 2019; Heokeder Malsburg et al. 2020).

This may beparticularly beneficial in periods of food scarcity.

In our study, problersolving ability was assessed with a variation on thedidoval

task commonly used for lizardteal & Powell, 2012; Clark et al., 20138nd birds
(Ducatez et al2014; Audet et al2015) Problemsolving tests started one five days

after the last neophobia trial. The protocol was similar to the training phase. However,
after introduction of the mealworm, the petri dish was covered with an opaque plastic
disc, which lizards had to remove in order to access the preyl€gumntary Figure

$4.1). Alizard successfully solved the task if it 1) actively lifted or pushed away the disc
and 2) grabbed the prey immediately afterwards (i.e. that disc removal and prey
acquisition should constitute a single motor sequence withoutregrting back to
attacking the transparent barrier or walking away from the apparatus in between). Trials
in which the I|lizard didndét interact wit
crawling over and dragging along the disc) were consttlévalid. Trials lasted 15
minutes, and solving time was calculated as the time between first contacting the petri
dish and obtaining the prey. If a lizard failed, it was assignegximum time of 900s.
Individuals were tested once per day, but coddjiven a second chance in case they
failed or did not participate during the first test. All lizards were tested until they solved
the task three out of four consecutive times, or until they had participated in ten valid

trials.

Each individual was cladgd as either a nesolver (never removing the disc), an
occasional solver (solved at least once, but not consistent) or a consistent solver

(successful in three out of four consecutive trials), and were accordingly assigned a
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problemsolving score from 2. We also calculated the average solving time per

individual over a) all its trials and b) all its successful trials.

Spatial and reversal learning

Learning is an important mechanism that allows individuals to quickly adapt their
behaviour to changes in the environment (Tebbich & Teschke, 2014). We have
specifically chosen for a spatial learning task as most animals, including our study
species, arexpected to benefit from being able to learn and remember the location of
resources such as food, mates and shelter (Dukas,R8@dnanda & Webb, 20L7#or
example, remembering where food can be found or which food patches have already
been visited isikely to improve foraging efficiencfWinter & Stich, 2005)and could

be especially beneficial in foedeprived habitats. Smidizards also typically respond

to predatory threats by fleeing to a refuge, a strategy that may be more successful if
lizards can directly flee towards a known hiding spot (Noble et al, 2012). Lizards in
variable environments, however, may need to upsfzéal information frequently (e.g.
because the distribution of resources changes) and will thus benefit from flexible
learning skills(Noble et al., 2012)Hence, the spatial learning task was followed by a
reversal phase, which is generally consideredognitively more demandirf@ebbich

& Teschke, 2014; Buechel et al., 2018)

We tested spatial learning in our lizards using a biologically relevant antipredator task,
commonly used in reptilgaulissen, 2008; Amiel &hine, 2012; Noble et al., 2012;
Dayananda & Webb, 2017y which lizards had to learn the location of a safe hiding
spot within an experimental arena (60 x 60 x 30 cm). The spatial cognition task started

seven to thirteen days after the lastrigdnoval trial for mainland lizards, and 2134
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days (two batch® for insular lizards. Walls of the test arena were blinded, but visual
cues were provided in and around the arena to allow orientation and navigation
(Supplementary Figured). The position of these spatial cues, as well as the position

of the observerremained consistent throughout the experiment. Two identical refuges
(plastic cups covered in black tape) were placed in opposite corners of the arena and the
location of the safe one (either left or right relative to the observer) was randomized

among izards within both group@iunch et al., 2018)

At the start of each trial, an individual lizard was placed in the centre ddréra
underneath a transparent cover. After two minutes cover was lifted and a predator
attack was simulated by tapping the base
to avoid influencing the direction in which the lizard fled, we alwaigsitto poke the

lizards from straight above. If a lizard entered the safe refuge, it was allowed to rest for
two minutes. If a lizard entered the unsafe refuge, we lifted the plastic cup and continued
chasing theizard until it entered the safe refugeuwnttil 120 s had passed (after which

the lizard was gently placed inside the safe refuge). We recorded the latency to enter the
safe refuge and the number of errors made by an individual. In between trials, sand in
the arenas was mixed, refuges were cldawith disinfecting wipes and water to
eliminate chemical cug®aulissen, 2008).izards were tested three times per day, with

at least one hour in between trials, for five consecutive days. Thereafter, the reversal
phase followed, during which safe andsafe switched and lizards received five

additional days in order to reverse the learnt association
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A lizard was considered to have made a successful escape when it entered the safe refuge
first. Lizards were classified as learners if they were succedsfdive out of six

consecutive trialgNoble et al., 2014; Vardi et al., 2020)

Statistics

Data were analysed in R version 3.5.1 (lhaka, R. & Gentleman, R., University of
Auckland, New Zealand). Where necessary, data werectwoxransformed to meet

modé assumptions, and nesignificant interactions were stepwise removedsthoc

mul tiple comparisons wer e pdlerftheeram@t9) wi t h t
using Tukeyods method. We used a iwigeni fi can
Behavioural data from both sites on Naxos were pooled together, as a preliminary

analysis revealed no significant differences between them.

First, in order to verify whether Naxos was indeed more variable than Parnitha, we used
a linear mixeedeffed model (LMM) to compare the yearly CVs in NDVI and
precipitation among the three study sites. The model included year as random factor. To
test whether differences among sites in CV were consistent over time, we estimated the
repeatabi |l i twsionfg Ootshteu dgstoftli & ée.,8p1a)cSeasanal
variation was visualized by plotting a) the monthly precipitation means and b) the

average relative changes in NDVI per timeerval.

Differences in neophobia scores between populations were tested using a LMM. Site,
lizard identity and novel object were included as random effects. Number of days
between the last training trial and the first neophobia trial was initially mtbeded, but

as this did not affect neophobia scores in either population (all p > 0.05) it was dropped

from the analyses. Based on the outcome of thél_Bdjusted repeatability of relative
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neophobia was crafdtcRid afbaffelletzalgR0ln) o seehwhethér
lizards reacted differently to each novel object, we reran the LMM but with object

included as a fixed effect and an object*habitat interaction.

Differences in problersolving scores were analysed using a generalized neiffedt

model (GLMM) following a Poisson distributioand including site as random factor.
Average solving times were analysed using a mixed effect Cox proportional hazard
model ( éasnudr voi cvoaxl nbe 6 epuald kndey 220; ThErheau 2015). A
common critique of extractive foraging tasks is that the outcomebmayfluenced by
other noncognitive factors, such as morpholo@verington et al., 2011)As larger
individuals may indeed have been more physically capable of removing the lid, SVL and
an SVL*habitat interaction factor were included in both models. ifwalar lizards did

not complete ten valid trials. One of these individuals could still be classified as an
occasional solver (as it only succeeded once in nine valid trials), but we were unable to
assign the other a problesolving score. Average solvirtgnes of both lizards were

retained in the dataset.

For both the spatial and reversaarning task, we used separate GLMMs to test for
population differences in learning success (binomial distribution). The models included
an habitat*safe side interactias lateralization may affect learning in liza(@zabo et

al., 2019b)Success on the reversal phase (Y/N) was also tested in a separate GLMM on
the subset of lizardbat passed the spatial phase (habitat and safe side as fixed factors).
All three models included site and batch as random factor. Next, we tested whether
lizards improved their performance over time, using separate GLMMs for both the

spatialandreversplhase. These model s contained:
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variable; habitat, safe side and trial number as independent variables; a habitat*trial and

safe side*trial interaction; and site, batch and lizard ID as random factors. Similar LMMs
wereused to test whether the 6l atency to en
Initially, all models included a random intercept and slope for trial number within lizard

| D, but this was -dreovppeasdlfdemrtnh e gdee Mmroare s
issues. Where necessary, a negative binomial distribution was used to handle

overdispersion.

Finally, the robustness of our learning criterion was tested in a subset of lizards, by
calculating the significance of the tally (first trial of criterium ibithe last trial,

minimum three trials poatriterium required) according to a binomial tédbble et al.,

2014) Here we used a significance | evel of

reaching the 5/6 criterion by chance.

Ethical note

All experiments were approved by the Ethical Committee of the University of Antwerp

(file number 201767) and by the Greek Ministry of Environment, Energy and Climate
Change (Per mi tTBx :amd 371ABHBBEID3IPBBzards from
were releasedponcompletion of the experiments. Lizards from Naxos weneses in

a follow-up study (Chapter 57).
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Table 1. Resource availabilitglata for the three study sites. Monthly precipitation data were
gathered from the WorldClim Databa$tarris et al., 2014; Fick & Hijmans, 201for the period
20002018, Normalized Difference Vegetation Index (NDVI) data was acquired idag6
intervals fom 250 x 250 m MOD13Q1 MODIS/Terra datadeidan, 2015¥or the period 2008
2018. For both precipitation and NDVI, the coefficient of variation (CV) within eachwear
calculated, and averaged over the entire time period to estimate seasonal @satenCV *
100). Mean + SE are given.

Naxos Parnitha
Rachi P. Eggares
Mean driest month (mm) 1.1+0.2 1.1+0.2 56+0.8
Mean wettest month (mm) 111.9+6.8 110.2+6.6 145.2+8.7
Precipitation seasonality (%) 97.2+3.1 97.2+3.1 78.5+2.2
Mean annual precipitation (mm) 454 + 17 448 + 17 653 + 29
NDVI seasonality (%) 314+12 30.6+1.0 16.7+ 1.7

RESULTS

Resource availability

Bothsites on Naxos experienced higher seasonal variation in precipitation than Parnitha
(Table 1; Figure i, > 36= 125.59; p < 0.001). Differences among sites irp&eiMation

were significantly repeatable over time (R =0.488; Cl =[0.021; 0.784]; LRT.p01).
Likewise, NDVI also showed higher seasonal variation in both sites on Naxos compared
to Parnitha (Table 1; Figurdl F, 30= 38.29; p < 0.001) and differences among sites in

CVnovi Were consistent over time (R = 0.772; Cl = [0.000; 0.939]; 4R¥:0.001).
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Neophobia

For all cognitive tests, an overview of population means is given in Table 2.

All lizards learnt to eat from an open petri dish (mean + SE number of trigBsrénge:

3-11; number of training trails did not affect performanceither of the subsequent
tasks; all p > 0.05) and were allowed to the neophobia trials. Lizards took on average
102 + 8s (range: 30308s) to contact thiéetri dish with food during the last three trials

of the training phase, and on average 100 + 153g®&i 900s) during the neophaobia
trials. Island and mainland lizards did not differ in their latency to conta&etiniedish

during the control trials @=4= 2.22; p = 0.14p

150 e Island ‘Eggares’
Island ‘Rachi Polichnitou’
= Mainland

N
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Figure 1. Seasonal variation in resource availabilityintw@ c at i ons on Naxos ( Eg
Rachi Polichnitou 2z byblatk. Resourdelavaiability & esdimakabbyn i t h a
a) mean monthly precipitation for the period 200®018, and b) the relative change in

Normalized Difference Vegetation IndéXDVI) per 16day interval compared to the NDVI at

the start of the year, averaged over the period -201B. In case of missing values, relative

change was calculated relative to the last NDVI value from the previous year.
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We found no populatiodiffererces in relative neophobia &hha= 21, MNnainlang= 15;
Fi34= 0.122; p= 0.730). Detailed analyses revealed that lizards behaved neophobic
towards the red car but slightly neophilic towards the rings (mean relative neophobia
score red car: 88 = 40 % gan relative neophobia score ring26 + 40 %, 3= 12.93;

p < 0.001). This response was independent of populatien£f.68, p = 0.42).

Neophobia scores were highly repeatable in island lizards (R = 0.518; Cl = [0.156;
0.767]; LRT: p = 0.003) [wnot in mainland lizards (R = 0.063; Cl = [0; 0.471]; LRT: p
= 0.369). This was due to an higher interindividual variance on Naxos (variance = 0.56;

Cl=10.112; 1.104]) compared to Parnitha (variance = 0.063; CI = [0; 0.515]).

Problem-solving

The majoriy of lizards failed to open the petri dish within ten trials (island: 15/20,
mainland: 11/15). Three lizards (two island, one mainland) opened the petri dish at least
once, while five animals were classified as consistent solvers (two island and three
mainland lizards). Mainland and island lizards did not differ in their prokdeining

score (Miand= 20, Nnainane= 1 5 ; 2+0B9, p = @407). Average solving times did

not differ either between populationsigNe= 21, Nnanana= 15; £ ®R0B,p =06
0.873), even when only taking into account successful trials ¥ 5, Nnainian= 4; F16

= 2.15, p = 0.193). Snowent length had no effect on problesolving times and scores

in either population (all p > 0.05).
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Table 2. Overview of population means + SE for all cognitive tests. See main text for a

description of the experiments.

Naxos Parnitha
Trials required to pass 49+04 6.1+0.8
training
Control feeding latency (s 116 + 16 8313
Neophobia Car Rings Car Rings
Feeding latency (s) 160 + 45 75+ 13 91+16 58 £ 15
Relative neophobia (%) 140 £ 93 -7+21 30+24 -38+£12
Problem-solving
Solving score 0.32+0.15 0.47 £0.22
Solving time (s) 784 + 60 811 +42
Solving time (s) (success 204 + 69 360 £ 51
Spatial learning Left Right Left Right
Proportion of learners (% 10/10 3/8 317 217
Number of errors 0.15 0.97 0.77 0.76
+0.04 +0.11 +0.12 +0.10
Latency to find safe refug 53+3 47 £ 2 28+3 22+2
(s)
Reversal learning
Proportion of learners 5/8 1/10 5/7 a/7
Number of errors 0.57 1.56 0.60 0.75
+0.09 +0.11 +0.09 +0.10
Latency to find safe refug 3312 77+3 16+2 22+2
(s)
Success on both 3/13 4/5

Spatial and reversal learning
Eighteen lizards (56%) were classified as learners during the spatial learning phase
(island: 13/18, mainland: 5/14) and 15 lizards (47%) during the reversal (island: 6/18,

mainland: 9/14). Most of the learners continued going to the correct refugeattieing
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criterion (significant tally in 14/15 island and 11/14 mainland lizards). We thus consider

our criterion to be valid.

During the spatial learning phase, island lizards were overall more likely to learn
compared to mainland conspecifics (72 vers@8B3 Nevertheless, a significant
interaction between popul a3=i48%p=a0B@.As af e
posthoctest revealed that 100% of the island lizards learnt the task if the safe refuge
was on the left side of the arena (relativéhimobserver), while only 38% (3/8) reached
criterion if the rewarded refuge was on the right. A similar side bias was not found in
mainland lizards (Z = 06 p = 0.945). Although island lizards still slightly outperformed
mainland individuals when the fearefugewas on the right, this difference was not
statistically significant (38 versus 29%; Z = 0.37, p = 0.983) (Figayel2 contrast,

during the reversal phase, there wassigmificant interaction between population and
saf e si d=1.56;p=R01214). kizards were overall more successful when the
safe refuge was =459 pt=10.632) aedfnmainlgnd. liRafds reached
criterion more often, 2=218%p+all8) Eigurding ni f i
the subset of lizarddiat succeeded on the training, we found that mainland lipges

indeed better at theversal task compared to insular lizards (island: 3/13, mainland: 4/5,

L RT2=4.43, p=0.042; Figurecp There was no overall side bias during the reversal

inthis s ubgr our®.80 L=RBI7Y. ¢

[147



Environmental variability and cognition
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Figure 2. Proportion of lizards that reached the learning criterion (five correct in six consecutive
trials) during a) the spatial learning phase, b) the reversal phase and c) the reversal phase (only
the subset of lizards that succeeded on the initial spatiainegr Safe side is relative to the
position of the observer (dark blue = left, light blue = right)r a and bNisiana= 18, Nnainland

14, for ¢: Neiana= 13, Nnainlang= 5. Significance levels according tgasthoccomparison using

Tukeybdsametiihwmdlicated as follows: 6.6 p < 0.1,
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Lizaadsmade f ewer errors over tinme488)p+Frng t
0.026; Figured but not during the ?2+M05tpi=8.88 spat
Figure 3). In neither phase was there a difference in learning curve between populations
(@lp>0.05).1sland i zar ds made fewer errorrs59%,ur i n¢
p = 0.015) but they tended to make more mistakes during the reverdat A-R8.30,

p = 0.@9). Lizards also made more mistakes when the safe hiding spot was on the right
side of the arena, bothur i ng t he %=r1a85mni<0.901)(@nde& reversal

( L R¥=12.87, p<0.001). Latency to find the safe refuge decreased during the spatial
learning phase (k1= 4.99; p = 0.033; Figurdaspindependent of population{fx=0.82;

p = 0.372). During the reversal phase, however, only island lizards reducddtérely

to find the safe refuge (kv = 5.27; p = 0.029; Figureb®. During the reversal, lizards

were slower to make the correct choice when from the island €/7.66; p < 0.001)

or when the safe refuge was on the righk{E 22.23 p < 0.001). Ais was not the case

during the initial spatial learning (all p > 0.05). The decrease in latency or errors over

time was independent of the side of the safe refuge, in both phases (all p > 0.05).

DISCUSSION

On the basis of both the CBH and the EBH, we expected to find differences in cognitive
abilities between mainland and island lizards of the Aegean wall lizard. Our results paint
a more complex picture. Against the expectations of both hypotheses, mainiind
island populations did not differ in neophobia or probkiving. Secondly, island
lizards outperformed mainland conspecifics during the initial spatial learning task
(lending support to the CBH), but the reverse was true for the reversal learning

(corroborating the EBH). Below, we discuss these intriguing and conflicting results.
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Figure 3. Changes in a) number of errors and b) latency to correct choice over time for both the
spatial learning and reversal phase. Island lizards (N = 18) are indicated with blue dots, mainland
lizards (N = 14) with black triangles. Solid lines represent siift significant regressions.

Grey areas indicate standard errors.
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Cognition and environmental variability

An important assumption of both the CBH and EBH in this context, is that food
availability on the island should be generally lower and more variddan on the
mainland. Although we are unable to present data on food availability, we clearly
demonstrated that Naxos experiences stronger seasonal variation in NDVI and
precipitation, both of which are important indicators of resource availability SEbimis

to be in line with the strong seasonal fluctuations in arthropod abundances, characterized
by a sharp drop during dry summers, typically observed on Mediterranean islands
(Karamaouna, 1987; Parashi, 1988; Trihas & Legakis, 1991; Adamopouloul84t.,
Carpaneto& Fattorini, 2001; Sagonas et al., 2015; Mamou et2019) In such a
variabe habitat with frequent periods of food scarcity the CBH predicts higher

behavioural flexibility, while the EBH expects the opposite.

Ouir first indicator obehavioural flexibility was neophobia. Higher levels of neophobia
are expected to limit behaviourfééxibility, as neophobic individuals will be less likely

to seek and gather novel informati@@Breenberg, 2003; Tebbich et al., 2010; Griffin &
Guez, 2014; Tebbich & Teschke, 2014; Daniels et al., 2028ptradicting both the

CBH and EBH, we did not foh any differences in average neophobia between island
and mainland lizards. Previous studies have also yielded mixed results regarding the link
between neophobia and either habitat varial{ityth et al., 2016 Tebbich & Teschke,

2014; Feyten et gl2019)or insularity(Mettke-Hofmann et al., 2002; De Meesteral.,

2018)

One possible reason for this lack of difference may be that both our populations face a

similar tradeoff between the costs and benefits of neophobia. It is generally assumed
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that individualsshould exibit low neophobia in environments where the risk of seeking
new information is low (e.g. due to a lack of predators and competitors) while the
potential reward of discovering new resources is high (e.g. due to food scarcity)
(Greenberg & MettkéHofmann,2001; MettkeHofmann et al., 2002). Previous research,
however, suggests that the predation rate on lizards is comparable between Naxos and
Panitha(Brock et al., 2014aYhus potentiallyequalizing the cost of neophobia in both

populations.

Albeit no differences were found in average neophobia, it is interesting to note that
neophobia was only repeatableMa&xos and not in Parnitha. Our dataygests that this

is a consequence of lower interindividual variation in Parnitha compared to Naxos
(Nakagawa & Schielzh, 2010) which may indicate recent selection on neophobia.

Whether this was due to the forest fire in 200@rmther ecological factor is yet unclear.

Our second indicator of behavioural flexibility was problsaiving ability. Here, we

did not find differences between populations either, which once again challenges both
the CBH and EBH. A first explanation may be that we did not find any differences due
to the overall low success rate observed in both groups, whgtt indicate that our
version of the lidklemoval task watoo difficult. Indeed, compared to previous studies
(see e.g. Leal & Powell, 2012; Clark et al., 2013; Qi et al., 261.8)lizards did not
receive a period of shaping, and the walls of the mhsh were intentionally left
transparent to provide visual stimulation. The transparent barrier may imply an extra
challenge: lizards were required to not only perform a novel motor act, but also to inhibit
their response to directly attack the visibleyp(8zabo et al., 2019 Storks & Leal,

2020) Another explanation for the lack of population differences (and the low success
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rate) may be that, in contrast to birg®ol et al., 200& Roth et al., 201 but see
Tebbich & Teschke, 2014)izards do notely on problerssolving skills in order to
access alternative food sources during periods of scarcity. Whether and how lizards

benefit from problensolving skills in the wild thus remains to be/éstigated.

Performance on a spatial reversal learning task was our third score of behavioural
flexibility. Lizards demonstrated relatively good learning abilities, with 56 and 47% of
the individuals reaching criterion during respectively the spatial learning ancakve
phase. Neither group decreased the number of errors made during the initial spatial
learning but did so during the reversal. Visual inspection of the data suggested that
lizards did learn, but started making mistakes again towards to end of thehfisst
potentially due to overtraining and/or habituation to being atta@acdhzo et al., 2014;

Munch et al., 2018)

Intriguingly, insular lizards were more successful during the initial learning (thus lending
support to the CBH), while mainland lizardsemedmore successfuh reversing the

learnt association(thus corroborating the EBH). We propose three alternative
explanations to explain these seemingly paradoxical results. Note that these are not

necessarily mutually exclusive.

Our first explanationrelates to the energetic costs of cognition and behavioural
flexibility. Reversal learning i®ften considered as cognitively more demanding than
learning a new association de novo, given that the individual must inhibit and override
a previously learnt sponsgTebbich & Teschke, 2014; Buechel et al., 20R)versal
learning may thus have a higher energetic cost, e.g. by requiring a higher rate of

neurogenesig¢Tello-Ramos et al., 2019)ndeed, in rodeniexperiments suggest that
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neurogenesis is required for learning the reversal of a rule, but less so for its initial
acquisition(Burghardt et al., 2012; Kalm et al., 2013; Swan et al., 20tLi4)therefore
possible that harsh, variable environments indeed favour enhanced learning to some
extent, but limit more costly aspects of cognition, such as flexibMgvertheless,
previous studies often found a positive link between reversal learning ability and habitat
variability (Tebbich & Teschke, 2014; Szabo & Whiting, 2020; but see Croston et al.,

2017; Hermer et al., 2018; Tel®amos et al., 2018).

Secondly, ouresults could also be explained as a traffldoetween memory strength

and flexibility. Strong memories will actively inhibit the replacement of old with new
informationi a phenomenon known as proactive interfergf@mston et al., 2017)
Studies on psserine birds suggest that harsh and variable environments may select for
strong spatial memory, which consequently results in high proactive interference during
reversal learningCroston et al., 2017; Hermer et al., 2018; T-&amos et al., 2018)
similar to what may be the case for our insular lizards. Lizards on Naxos may revert to
clumped, stationary food sources (e.g. ants or plants) during supAdamopoulou et

al., 1999) Such a foraging strategy may select for a strong memory rather than
behavioual flexibility. To validate this hypothesis, further studies could test whether

insular lizards truly retain spatial information longer than mainland individuals.

Finally, it is also possible that Parnitha lizards show higher learning flexibility in
respmse to other environmental variables. As a first example: lizards in Parnitha
brumate during winter, while Naxian lizards are active throughout the entire year

(Pafilis, P., personal communicatjotdiow brumation or hibernation affects cognition

isunclear One on hand, this may be a strategy
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lower the need for behavioural flexibilifHeldstab et al., 2018)0n the other hand,
brumation may require more flexible cognition if mainland lizards need to relearn the
location of resources each sprfgHer n8§ndez Mont Ay asecertd al
example of unaccounted environmental variation: it is possible that learniiigjlitiex

was selected for in Parnitha lizards, as it may have helped to handle the successive
changes in vegetation structu€apitano & Carcaillet, 2008)and arthropod
communities(Lazarna et al., 2016Jollowing the forest fire in 200{Gkourtsoult
Antoniadou et al., 2017pr initially allowed lizards from nearby open areas to colonize
this newly available habitat in the first plag@zabo et al., 2020alNeverthéess, over

the years, Naxos showed consistently higher seasonal variation compared to Parnitha,
and such shoiterm variations within the lifetime of an individual are considered more
important to select for behavioural flexibility than letegm variation(SneltRood

2013; but see Sayol et al., 2018)

Object i and side bias

Our experiments revealed two interesting biases affecting the cognitive performance of
our lizards: 1) a different behaviour towards each of the novel objects and 2) a side bias
during the spatial learning test. Albeit we controfiedthese biases during our tests, we

nevertheless consider them worthy of a short discussion.

Firstly, during the neophobia assays, lizards behaved differently towards each novel
object. On one hand, lizards may have been more neophobic towards the taitslu
size or aposematic colo(Benes & Vesly, 2017; Ko et al., 20200n the other hand,

the lack of fear or higher curiosity towards the rings may be explainect lgyrttiarity
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of their colours with natural throat patterndAinerhardii(Putman et al., 2017; Brock et

al., 2020)

Secondly, during the spatial learning tests, insular, but not mainland, lizards ekhibite
strong side bias, anméached the learning criterion more often if the safe refuge was on
the left side of the arena. Lateralization of behaviour is well documented in reptiles
(Bonati et al., 2010; Csermely et al., 2011; GaMidioz et al., 2012; Bonati &
Csermely, 2013and is known to affect learnin(@ridgeman & Tatterall, 2019; Szabo

et al., 2019h)It is possible that our lizards relied more on egocentric cues (e.g. always
turn left) (Odling-Smee & Braitlwaite, 2003; Sheenaja & Thomas, 20tdther than

the visual cues provided. In such case, learning will be facilitated when learning to flee
in a prefered direction, and constrained in the opposite case. Being rewarded for
choosing the preferred side may also have strengthened memory consolidation, and thus
have contributed to the possible proactive interference. Independent of the rewarded
side, lizardshecame faster (both phases) and more accurate (during the reversal) over

time, suggesting that learning did in fact occur.

Mainland lizards did not show a side bias initially, and only a weak one during the
reversal, but it is currently unclear whethés thopulation is less lateralized in general,

or simply capable of overcoming a geristing bias.

CONCLUSION
Our results confirm neither the CBH or the EBH regarding the evolution of behavioural
flexibility in variable and harsh environments. Rather, it seems that environmental

variability may favour some aspects of behavioural flexibility, while not affecting or
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even limiting others. Our study hence illustrates the need to look beyond unidimensional

measures of cognition, such as (relative) brain size or performance on a single task.

Future research on a larger number of populations alongside an environmetiaitgra

will be necessary to both validate and generalize our results. In addition, we suggest that
such studies will immensely benefit from more information on the ecological relevance
of the cognitive skills under study, as well as their costs and befioeféisimals in their

natural environments.
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CHAPTERS

BOLD AND BRIGHT 1 SHY AND SUPPLE?

THE EFFECT OF HABITAT TYPE ON PERSONALITY -
COGNITION COVARIANCE IN THE AEGEAN WALL

LIZARD (PODARCIS ERHARDII).

Adapted from:

De Meester, G., Pafilis, P. & Van Damme, R(2022). Bold and bright shy and
supple? The effect of habitat type on persondldgnition covariance in the

Aegean wall lizardRodarcis erhardj. 3 Animal Cognition, 123.
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ABSTRACT

Animals exhibit considerable and consistent amioidlividual variaton in cognitive
abilities, even within a population. Recent studies have attempted to address this
variation using insights from the field of animal personality. Generally, it is predicted
that animals with Afast er 0 hiicksheull exhibiti t i es
faster but less flexible learning. However, the empirical evidence for a link between
cognitive style and personality is mixed. One possible reason for such conflicting results
may be that personaligognition covariance changes ajoacological conditions, a
hypothesis that has rarely been investigated so far. In this study, we tested the effect of
habitat complexity on multiple aspects of animal personality and cognition, and how this
influenced their relationship, in five populat® of the Aegean wall lizardPpdarcis
erhardii). Overall, lizards from both habitat types did not differ in average levels of
personality or cognition, with the exception that lizards from more complex habitats
performed better on a spatial learning t&ékvertheless, we found an intricate interplay
between ecology, cognition and personality, as behealicassociations were often
habitat but also yeadependent. In general, behawial covariance was either
independent of habitat, or found exclusivetythe simple, open environments. Our
results highlight that valuable insights may be gained by taking ecological variation into

account while studying the link between personality and cognition.
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INTRODUCTION

Broadly defined as the perception, acquisitioetention and use of environmental
information (Dukas, 2004), cognition is clearly an important survival tool for many
animals. However, animals can differ considerably in cognitive performance, both
within and among populations and species. Both thgmstof variation are intriguing

yet poorly understood.

Variation among species or populations is generally assumed to arise from local
differences in the costs or benefits of high cognitive capacities. Unfortunately, exactly
which environmental factors fatt that balance is still highly debated (Heka der
Malsburg et al., 2020). One potential driver that has received sizeable attention, is
environmental complexity(GodfreySmith, 2002) Indeed, navigating through a
spatially complex habitat, keepingatk of resources and hazards, is likely to be
cognitively demanding because it requires processing and storing large amounts of
useful information (Safi & Dechmann, 2005; Powell & Leal, 2014, Calisi et al., 2017)
while filtering out vast quantities of gtevant background dat8humway, 2008; Steck

& Snell-Rood, 2018)As a consequence, structured habitats are believed to select for
superior spatial cognition (White & Brown, 2014), learning flexibility (Clarirakt

2013) and problersolving abilities (MettkeHofmann, 214; Cooper et al., 2019).

Previous studies have tested the idea that habitat complexity drives cognitive evolution
by comparative research on the size of the brain or particular brain areas. The results
were mixed: species or populatfiving in structured habitats had relatively larger
brain (areas) in some taxa (chipmunks: Budeau & Verts, 1986; bats: Safi & Dechmann

2005; cichlids: Shumway, 2008; lesser earless lizards: Calisi et al., 2017; pumpkinseed
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sunfish: Axelrod et al., 2018)ut not in othersAnolis lizards: Powell & Leal, 2014;
threespined sticklebacks: Ahrdeet al., 2017; Squamata: De Meester et al., 2019

Chapter 2Anolislizards: Storks et al., 2020).

Brain size is, however, onla crude estimator for cognitive capac{§maers et al.,
2021) More direct evidence for a role of habitat complexity in cognitive evolution
comes from a limited number of studies, mostly on fish, that have tested acagbitity
through behaviaral experiments. Superior spatial learning abilities are often found in
fish which either originate from or are reared in more complex habitats (Ciineg et

al., 2008; Shumway, 2008; White & Brown, 2014; 2015; Carbia & Bro@h92but see

Roy et al., 2@6). Studies on other taxa are rare and yielded mixed results. Damaralands
(Fukomus damarengigonstructing more complex burrows learn a spatial task faster,
but do not shw enhanced lorterm memory, compared to Cape modé¢s Georychys
capensi} living in simple linear tunnel¢Costanzo et al., 2009Bats (Myotis sp.)
foraging in more open areas exhibit slower spatial learning than relatedssfzgaging

in dense habitats, although these differences only became apparent in the most difficult
spatial task (Clarin et al., 2013). Conversely, habitat complexity predicted neither spatial
learning nor memory in three species of African striped nitackay & Pillay, 2017).

Only one study investigated problesulving in relation to habitatomplexity; one
species of anole lizard\folis evermannia canopytrunk ecomorph) proved better at
solving a lidremoval task than anothek.(cristatellus adapted to simpler open trunk
ground microhabitat), although the difference was attributed terdiftes in dexterity

rather than cognitive abilities (Storks et al., 2020).
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The second level of variation in cognition, i.e. among individuals within populations,
has recently enjoyed a surge of interest (Boogert et al., 2018). Interindividual differences

in ecologically relevant performance are often thought to reflect alternative solutions to
some internal tradeff. With respect to cognition, an often cited traaféis that between
fastbutinaccurate or slovbut-attenuative information gatheriramd ckcision making

(Sih & Del Giudice, 2012; Bensky et al., 20Dfugherty & Guillette, 2018According

to this O06Cognitive St vy ldé¢artty solod neve mablends, fi
and make associations readily, but this would come at the cost of reduced brethavio
flexibility: initial fast learners are deemed less capable of changing a hehhpattern

they have previously acquired. Theever se woul d be true f ol
more precise knowledge allows them to adjust to environmental changes more easily.
These cognitive styles are often linked to the much better researched personality
variation (Griffin et al., 2015) Ani mal s wi t h (lold, @fplaratived p e |
neophilic, aggressive) would seem more likely to exhibit a fast learning style, while those
with a slow personality would show a slow learning style. This idea has found empirical
support in diverse taxa (bladapped chickadees: Guitle et &, 2009; Carib grackles:
Overington et al ., 2 0 ktlal., 2M2; Flaridansarglayst i@ nc h
Bebus etl., 2016; great tits: Quinn at., 2016; thresspined stickleback: Beky et al.,

2017; Chimango Caracaras: Guido et al., 2017; bank voleza\aal., 2018), but other

studies have reported opposite patternamrcorrelation at all between cognition and
personality(threespined sticklebacks: Brydges et al., 2008; Bensky &, B8R0; Carib

grackles: Ducatez et al., 2014; delicate skinks: Chung et al., 2017; Goulet et al., 2018;
common mynas: Lermite et al., 2017; carpenter ants: Udino et al., 2017; common

waxbills: Gomes et al., 20204 recent metaanalysis by Dougherty & Guillette (2018)
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showed that the direction of cognitipersomlity relationships is highly variable among

studies.

One possible explanation for this discrepancy in results may be that cognition
personality covariance is contektpendent (Liedte & Fromhage, 20H), e.g. differing
among agef&Zidar et al., 2018)sexes (Mazza et al., 2018) and even years (Quinn et al.,
2016). Nonetheless, how ecological nddions shape the association between
personality and cognition has rarely been studied. One study showed that within eight
populations of threspined sticklebacksGasterosteus aculeafupersonality never
predicted learning ability, despite varying & of habitat stability and predation
(Brydges et al., 2008)n pond snails lymnaea stagnal)s exploration and memory
seemed to be negatively correlated in natural but not laboratory popul@elasman,

2018) This suggests a complex interplay between ecology, personality andiaagni
which deserves to be investigated further in order to advance our understanding of

cognitive evolution.

In this study, we tested the effect of habitat complexity on cognition, personality and
their relationship within the Aegean wall lizafodarciserhardii Bedriaga 1882). This
ecological generalist can be found in a variety of habitats, from relatively simple open
rock glades and sand dunes to Mediterranean scrublands with high structural complexity
(Valakos et b, 2008; Lymberakis et al., 2018paking it a suitable study system for our
research question. Our study specifically focusses on the role of habitat complexity,
which will here be defined as structural spatial complexity (higher-ttireensionality

& denser vegetation) in accordance witlkevious studies on this topic (see e.g. Clarin et

al., 2013; Powell & Leal, 2014; White & Brown, 2014, 2015; Calisi et al., 2Biatin
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et al., 2018). Our three main goals were to test 1) whether habitat complexity affects
cognition and personality within the Aegean wall IzaR) how personality and
cognition are related to each other in this species and 3) whether the strength and
direction of such personalityognition associations differ between habitat types. We
predicted that lizards from more complex habitats would keixisiuperior (spatial)
cognitive abilities (Clarin et al., 2013; White & Brown, 2014, 2015; Calisi et al., 2017;
Storks et al ., 2020) and oO6fastero6 (Il ess
(Mettke-Hofmann et al., 2002; Harris et al., 2011; Crane et al., 2019; Garcia et al., 2020;
Johnson et al., 2020We also hypothesized that, in general, riga with faster
personalities would show fast initial learning and probatving but lower learning
flexibility. Both the strength and (possibly) direction of such personalitpgnition

associations were expected to vary between habitat types.

MATERIAL AND METHODS

Study species and sites

The Aegean wall lizard is a mediusized lacertid lizard, found in a variety of habitats
across the Greek mainland ahelgean islandévalakos et al., 2008; Brock et al., 2014a)

Its diet mostly consists of arthropods, but occasionally includes snails, eggs, fruits and
even conspecifics (Adamopoulou et al.,, 1999; Brock et al., [20@dnihue, 2016;

Madden &Brock, 2018).

This study was conducted on Naxos, the larigémtd of the Greek Cyclades. Due to its
relatively large size (429.8 km?), Naxos offers a wide diversity of habitat types in which
high densities dP. erhardiican be found (Donihue, 2016). Amals were collected from

five locations (Figure die). The two complex sites (Eggares: 37°07'49.1"N,
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25°26'18.9"E and Rachi Polichnitou: 37°00'53.0"N, 25°24'10.7"E) were abandoned
agricultural terraces, characterized by dense phrygana and maquis vegeatam

built dry stone walls and rocky outcrops further increased the structural complexity at
these locations. The three remaining locations were much more open and we will refer
to them as the O6simple habitat sénnsuant o (
covered in small and scarcely distributed patches of grass with some rocks and trees
present. Both Grotta (37°06'41.8"N, 25°23'09.8"E) and Alyko (36°58'45.3"N,
25°23'21.0"E) are coastal areas characterized by scattered but dense woody vegetation
patches (ofJuniperus oxycedrus macrocarpad Pistacia lentiscuswith large open

spaces of bare soil or sand in between. A total of 139 adult lizards of both sexes were
collected over two consecutive years (2018 and 2019) and transported to the National

and Kapodistrian University of Athens (sample sizes in Figare).1l

Classification ofour sites into simple and complex habitats was validated using yearly

(20002 018) Vegetation Continuous Fields data
(DiMiceli et al., 2015). Thepercentage of ground covered in vegetation < 5 m height

was estimated for each site plus a buffer zone of 200 meters. Estiwitt low quality

were removedA linear mixedeffect model (LMM), with year as random effect,

revealed that groungegetation cover was significantly different among most of these
populations (Figurefl F169= 301; p < 0.001)More specifically, Eggares and Rachi P.

were denser compared to the simple populations, but did not differ from each other.
Among the simple habitats, Manto had a drastically lower vegetation cover compared to

Grotta and Alyko.
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Figure 1. Overview of study sites on Naxos. Manto, Grotta and Alykbd ¢, black circles on

map) were classified as simple habitats. Eggares and Rachi Policlth&og blue triangles on

map) were classified as complex habitats. For each location, a picture illustrating the general
habitat structure is provided, as well as the sample sizes for both years. Sample size for Alyko is
lower in 2018 as this location was iaily not part of the study. The percentage of ground covered

by vegetation is given per study sif¢ Significance levels according to a pbstc comparison
using Tukeyds method are indicated as kKoll ow
0.001. Pictures belong to Gilles De Meesterly, d, #and Colin Donihued).
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Husbandry

Animals (female snowtent length mean + SE: 60.36 £ 0.50 mm, range: 40 &% 36

mm; male SVL: 61.83 £ 0.40, range = 531568.92) were housed individually ateth
animal facilities of the National and Kapodistrian University of Athens in plastic terraria
(22 x 20 x 17 | x w x h) containing sand, a water dish and stone bricks for shelter and
basking. Fresh water was provided daily. Lizards were fed three timegepkrwith
mealworms Tenebrio molitoy dusted with vitamin supplement (TerraVit Powder, JBL,
GmbH & Co. KG). Terraria either had access to natural sunlight filtered through glass
(2018) or were placed underneath incandescent lamps (60 W) (2019). Roomatarape

was 28 + 2 °C during the day.

Experimental procedures

In total, lizards were tested on four cognitive tasks (two prolselving tests and a
spatial + reversal learning task) and three different personality assays (neophobia,
exploration and aggress). In both years, experiments ran from May until Juhg (4
weeks per lizard in 2018, b 7 weeks in 2019) and were typically performed on
weekdays between 10:00 and 19:00. Lizards were thus rarely tested longer than five
consecutive days, except durithg spatial cognition task (see below). Prior to each test,
lizards were allowed to bask -BD minutes underneath a heat bulb (100 W) to reach
preferred body temperatures (R9086.2 °C, which is within the range of field body
temperatures measured on Nsx®afilis et al, 2019), upon which they were transferred

to sef@rate observational arenas. In therbthoval and neophobia experiments food was
offered as a reward, and hence hunger motivation was standardized among individuals

by restricting lizards to a diet of a single mealworm per day (cfr. Amiel et al., 2014).
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Lizards who obtained the food reward during these trials were allowed to immediately

consume it, those who failed were given their mealworm at the end of the day.

In 2019 we took care to clean all cage equipment (petri dishes, novel objects, etc.) in
between trials with 70% alcohol and wat@ficente & Halloy, 2017)a procedure that
unfortunately was not followed during 2018 except for the spatial cognition protocol
(see below). Room temperature during experiments was 28 + 2 °C. All experiments were
filmed from aove using a GoPro (Hero5 Black) or digital camera (JVC Everio GZ
HM400) and scored afterwards. All videos were consistently scored by the same
observer (GDM). The tests are described below in the same order as they were given to

the animals.

Training for neophobia and problem-solving

To start, all lizards were habituated to the experimentalseind trained to eat from a
transparent petri dish (1.5 cm height, 5.5 cm diameter) positioned on a small wooden
platform (10 x 10 x 1.5 cm | x w x lithin the experimental arenas. Arenas were made

of Plexiglas (30 x 30 x 30 cm | x w x h) and contained a sand substrate. A heat bulb of
100 W was suspended above the arenas. Two minutes after introduction of a lizard in
the arena, food (2 mealworms) wa placed in the petri dish. The lizard then received
fifteen minutes to find and eat the food. Lizards were tested once per day, albeit a second
trial (minimal 50 minutes but up to 6.5 hours after the first one) was possible in case of
failure or nonparticipation on the first one. Testing occurred five consecutive days per
week and the order in which lizards were tested each day was randomized. Per trial, we
recorded individual 6attack | atency6o6, [

snout.Lizards who did not attack the dish received a maximum score of 900 s. All lizards
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were tested until they succeeded in three out of four consecutive trials (Gomes et al.,
2020), or until they had participated in ten valid trials (trials in which lizardahdt

contact the petri dish were discarded).

Neophobia

Neophobia is defined as the fear of novelty and is thought to affect how eager individuals
are to seek and gain new information (Tebbich & Teschke, 2014). Neophobia was
measured using a standard piha®, by looking at how foraging behauiochanges

when a novel, conspicuously cated, and artificial object is introduced near a familiar
food source (Greenberg, 1983; Candler & Bernal, 2014; Guido et al., 2017). Neophobia
trials followed the same prodere as the training trials, with the exception that a novel
object was placed next to the petri dish at the start of each trial. Per trial, we calculated
a neophobia score as the relative change in attack latency (%): the attack latency during
the neophoia trial minus the control attack latency, divided by the control attack latency
(Guido et al., 2017; De Meester et al., 262Chapter & Each lizard was exposéd

novel objects twice (either a red toy car or two yellow and orange glow rings, order

rancdbmized) generally on two consecutive days.

Differences in neophobia scores wepalysedusing a linear mixe@ffect model

(LMM) which included habitat (simple vs. complex) and sex as fixed factors, as well as
the status of the taicémplete or damagedsa t he | atter i s known
behaviar (Michelangeli et al., 2020)Snoutvent length (SVL, Aransformed) was
included as covariate, as well as year and its interactions with all other variables
(excluding tail status due to low sample sizes per year). Population (nested in habitat:

Eggares, Rachi P., Manto, Grotta &ykb), novel object (rings or car) and lizard ID
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were included as additional random factor. Based on the outcome of this LMM, we
calculated the (adjusted) repeatability
(Stoffel et al., 2017), both per habitgpé and pooled together. Best linear unbiased
predictors (BLUPS) were extracted from these simplified models for further analyses
(Henderson, 1975BLUPs are standardized estimates for ranediects (here: lizard

ID) which areindependent of other factors in the model and less sensitive to extreme
outliers than average scores over multiple trials. Hence, they are considered to be more
appropriate to use as individual (personality) sc@pasheiro & Bates, 2000; Martin &

Réale, 2008)

Problem-solving: lid-removal task

Cognitionallows individuals to solve new problems by inventing a betvaviouror by
expressing a familiabehaviourin a novel context (Griffin & Guez, 2014). Problem
solving was tested using the classicalridnoval paradigm for lizards (Leal & Powell,
2012; Clark et al., 2013; Storks et al., 2020) and birds (Ducatez et al., 2014; Audet et al.,
2015). Trials followed te same protocol as the training trials, but lizards now had to
remove an opague plastic disc (6 cm diameter) from the petri dish to access the prey. A
lizard successfully solved the task if it displaced the disc by either pushing or lifting it,
and immeditely grabbed the prey afterwards (i.e. removing the lid and grabbing the
prey should constitute a single motor sequence). Trials in which the lid fell of due to a
lizard dragging it along while moving over or near the dish were considered as accidental
openings and discarded, given that lizards often continued to attack the transparent wall
of the open dish in such cases, sometimes up to several minutes (De Meester et al., 2021

~ Chapter % The time difference between first contact with the dish and grabbing the
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meal worm was taken as the &édsolving timeb.
in case of a failed attempt. In 2018, lizaveeye tested until they solved the task in three

out of four consecutive trials, or until they had participated in ten valid trials. In 2019,
all lizards received ten valid trials, but for consistency between years we did not use data
of postcriterion trials in further analyses. Trials in which lizardsidegctally removed

the disc or did not participate were discarded (as this reflects a lack of motivation rather
than cognitive failure). Lizards were classified as-solvers (never solved), occasional

(at least once) or consistent ( passedcBiterion) solvers and received a {r@moval

score (82) accordingly.

Differences in lidremoval score between habitats were tested asiyjgmeralized mixed

effect model (GLMM) following a zerinflated negative binomial distribution, using
thgl mmT MB 6 f nd N(aptim/B&-@S) @ptimizer(Brooks et al., 2017)
Independent variables were: habitat, sex, tail status, SVL, year and its interactions.
Population was icluded as random effect. Solving times warelysedusing Cox
proportional hazard mode{goxme' and 'survival' packages, Therneau, 2015; Therneau

& Lumley, 2020)as these are better suited for rightsored data.

Exploratory behaviour

The tendency to explore and sample novel environments is likely linked to how fast
individuals solve new problems and learn new information &Sivel Giudice, 2012).
Exploration was tested by introducing lizards into a novel environment (Carazo et al.,
2014; McEvoy et al., 2015; Damddoreira et al., 2019). Two different novel
environments were used to avoid habituation (cfr. McEvoyalet 2015). Each

environment was a Plexiglas arena (60 x 60 x 30 cm | x w x h) with either a plywood or
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sand substrate. Four identical plastic refuges (cups covered in either black or white
isolation tape) were positioned afpthe four walls of the arena, with their entrance
facing the ceng, and four identical objects (either pine cones or stones) were placed in
between them. A lizard was placed in the aotthe arena underneath an opaque cover

for three minutes. Aftethe cover was removed, it was free to explore the arena for ten
minutes. Each lizard was tested once in each novel environment (order was randomized)

generally with one day in between consecutive trials.

On the camera recordings, we divided the arena indqual quadrants and scored the
following behaviars: the first transition from one quadrant to another, the total number
of transitions between gquadrants, the latency to visit all four quadrants, the number of
times an object was investigated (by coritarit with the snout or front legs), latency

to first enter a refuge, number tiines a refuge was entered and the total time spent
inside refuges. The number of variables was reduced by performing a principal
component analysi s (fim@idn)in Rwi3t5.4. (R GeeTeam,p r i n
2018), using a correlation matrix to standardizealdes. Principal components with an
eigenvalue > 1 (KaiseButtman criterion) were extracted and included as response
variables in LMMs. Independent variables included: halstat, SVL, and year and its
interactions. Random factors were: populationparand lizard ID. Repeatability of

exploration was calculated as described above.

Aggression
Aggression was estimated Btaging a series of pairwise agonistic encounters, similar
to previous studies on lizard dominariédalos et al., 2016; Bruinjé et al., 2019; Names

et al., 2019)Encounters took place in a separate Plexiglas arena (60 x 60 x 30 cm | x w
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x h), in order to avoid a residenradvantage effect. The arena hagadssubstrate and

was separated in two halves using an opaque divider. A heat bulb of 100 W was

suspended above thentreof the arena. One lizard was placed at each side of the arena

for three minutes. Thereafter, the divider was removed and a pileoésstwas

introduced in theentreof the arena as a basking spot for which lizards could compete.

Encounters lasted ten minutes, but could be interrupted if fights escalated (e.g. biting

and holding a rival for more than one miniité\balos et al. 2016) irder to avoid

injury. This was, however, never necessary.

Trials were videotaped and scored afterwards using a modified version of the ethogram

in Names et al. (2019). For each agonisgbavioud i zar ds r ecei

for each evasivbetavioura -1 ( Tabl e 1), which were

I ndi vi

dual 6s

6aggression scoreb.

ved

a S¢C

t hen

Table 1. List of behaviours scored during the agonistic encounters, based on the ethogram of
Names et al. (2019).

Behaviaurs Description
Agonistic Attacks Fast strike to the opponent or touching rival with close
mouth
Approach Slow approach towards to opponent
Bite Grabbing part of the of¢f
Display One or more of the following: mouth gapirtroat
extension, back arching or turning its flank towards th
opponent
Evasive Bypass Initially approaching, but then moving around rival
Fleeing Rapidly moving away from opponent
Aggression Sum of agonisti¢ sum of evasive
score
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Lizards were paired with sizmatched individuals (max 10% difference in SVL) of the
same sex. Lizards were staged against three to five different opponents (with at least one
rival from a simple and one from a complex habitat). Due to technical issuegree

only able taanalysewo trials for ten individuals. We tested both males and females, but
because true fights between females were rare weaoalysedhe data for malenale

encounters.

Aggression scores weamalysedising a GLMM with Poisson distribution. Independent
variables included: habitat, tail status, SVL and year and its interactions. To account for
the unequal number of contests among individuals, we also added the number of
previous encounters ({04) as coariable. Lizard ID, population, contest number and
opponent ID were included as random effects. Repeatability of aggression was

calculated as above.

Problem-solving: escape box

The escape box test differém the other problemsolving task (lidremoval)in the

nature of the reward offered: lizards were motivated by rewarding access to heat and
safety rather than food. (e.g. Day et al., 2001; Noble et al., 2012; Carazo et al., 2014).
The escape box, a Plexiglas transparent box (17.4 x 17.4 x 6.5 cm h) was placed

inside a larger rectangular arena (46 x 30 x 30 cm | x w x h) containing sand and a pile
of stones underneath a heat bulb (60 W). A lizard was introduced in the escape box
through a small hole on the top (2.9 diameter) which was therdiately covered. In

order to gain access to the basking/hiding spot, the lizard needed to slide open a white

plastic door (3.2 x 2.4 cm | x h). This door was already slightly opened (4 mm) and
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contained grooves every 4 mm to facilitate grip. For thisqdatr test, the camera was

placed in front of the arena for better recordings.

Lizards received a single trial of 30 minutes to escape from the box, as most lizards
managed to escape within the first trial (see results). Escape time was measured as the
time between the first movement of an individual, and the moment that half of its body
had passed through the door. Lizards received the maximum time of 1800 s in case of
failure. Escape time could not be determined for ten lizards (3 complex, 7 simple) due
to technical issues. In 2018, some individuals (N = 10) were tested in between their
spatial learning trials and in 2019 lizards were tested in two batches (before and after

spatial cognition) due to logistical reasons.

Differences in escape box succes&\Y binomial distribution) and escape time were
analysedusing a GLMM and LMM respectively. Both models included the following
independent variables: habitat, sex, tail status, and year and its interactions. Random

effects were: population and batch.

Spatial and reversal learning

Spati al l earning refers to an individual 6:¢
resources in itenvironment (Dukas, 2004). Animals, however, also require the ability

to update this spatial information frequently. Suciriéng flexibility is often tested

using a reversal l earning task (Noble et
learning and reversal learning capacities using a common protocol in which lizards
needed to learn the location of a safe refuge duaisimulated predator attack (Noble

et al., 2012; Carazo et al., 2014; Vardi et al., 2020).
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Lizards were tested in separate test arenas (60 x 60 x 30 cm | X w x h). Two identical
refuges (plastic cups covered in black tape) were placed in opposite afiherarena.

The ar ena 0 s -trangphréng butwisualeuesveere provided in and around the
arena to facilitate spatial learning. For each lizard, we a priori designated either the left
or right refuge (relative to the observer) as safe (randsinramong lizards within each
habitat). An individual lizard was placed in tlentre of the arena underneath a
transparent cover. After two minutes, the cover was lifted and the lizard was chased by
tapping the base of its tail with a paintbrush. If arizentered the safe hiding spot, it

was left alone for two minutes. Entering the unsafe refuge was penalized by lifting the
refuge and continuing to chase the lizard until it had chosen correctly or 120 s had passed
(after which the animal was gently piatinside the safe refuge). After two minutes
underneath the safe refuge, lizards were returned to their home terrarium, and we
recorded their number of incorrect choices. In between trials, refuges were cleaned with
disinfecting wipes or 70 % alcohol ammdind in arenas was mixed. We tested each
individual thrice per day, with minimally one hour in between two trials, for five
consecutive days. Immediately thereafter, a reversal phase of five consecutive days
followed, in which lizards needed to reverseldant information (safe became unsafe

and vice versa).

Trials were scored as successful if the
individualswere considered to have learnt the task if they were successful in five out of
six consecutive trial (Vardi et al., 2020) which was previously demonstrated to be a
robust criterion for lizards (Noble et al., 2014; De Meester et al., 2@1apter % Two

lizards (one simple, one complex) that initially failed the spatial learning were able to
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reach theb/6-criterion in the first trial of the reversal, and hence were still classified as
| earners. Lizards that succeeded on both p
such consistent learning performance likely indicates high cognitive flexifNibple

et al., 2012).

First, we performed a series of GLMMs to test for differences in learning success on the
spatial learning, reversal learning and both phases (flexible learning) (all Y/N data).
These models included habitat, sex, SVL, side of sdfgedleft/right, to account for
lateralization- Szabo et al., 2019@nd year and its interactions. A habitat*safe side
interaction was used in the revergabdel but not in the spatial learning modeédo
convergence issues. Tail status was removed from the spatial model for the same reason.
Population and batch were included as random factors. Thereafter, we also wanted to
test whether learning curves differed between habitats, for which we fittedVid1G
(negative binomial distribution) per phase. Number or errors per trial was included as
response variable. Independent variables were: habitat type, trial number, year and safe
side, as well as a habitat*trial, habitat*year, year*trail and safe sidkehttieraction.

Lizard ID, batch ID and population were added as random factors. Initially, both models
included a random slope and intercept for trial number in lizard ID, but this was removed

from the reversal learning model to avoid convergence issues.

Cognitive-behaviaural syndromes

Next, we were interested in covariance among personality and cognitive traits, and
whether this differed between habitat types. First, we selected a single measure per test.
For the personality traits (neophobia, exploration PC1 & PC2 and aggressiorgdve us

the BLUPs extracted from the (G)LMMs. For the cognitive tests, we preferred to use
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scores that would allow us to capture a large amount of individual variation, rather than
solving or learning success (limited to either yes or no). Hence, we selezwsal\img

time on the escapsox task and mean number of errors per trial for both phases of the
spatial cognition task {ransformed per side and year in order to account for the side
bias, cfr. Guilette et al. 2009, and yeaffect). Solving times andumber of errors are

often used to indicate individual cognitive performafeg. Audet et al., 2015; Goulet
etal., 2018; Branch etal.,2019)n addi ti on, wescaddcdd avhdfc
the mean number of errors lizards made over both phases of the spatial cognition task
(individuals succeeding on both phases had a significantly lower mean number of errors
compared to conspecifics whiid not: LMM: F 126 = 30.20, p< 0.001). We added

O0fl exsicharled& yas it may be a stronger i n
performance on the reversal learning alone. For theslitbval task, we initially wanted

to include lidremoval timesbut were unable to meet model assumptions due to highly
skewed data. Hence, we assigned each lizard a binomial (LR) score depending on
whether the lizard had solved the task consistently (1) or not (0). Other variables were
transformed to improve normalitf necessary, and all cognitive parameters except LR
were multiplied with a factor ofl so that higher scores would consistently reflect better
cognitive performance. To test for the existence of a cogrigkaviaral syndrome,

we ran a series of (GMMs for each pair of behawimal traits, with one trait as response
variable, and the other as predictor. The interactions with habitat and year, as well as the
threeway interaction between all independent variables, were included to test whether
the assoiation between two traits differed between habitat types and/or yefars
Michelangeli et al.2019) Population nested in habitat was included as random effect.

Significant trait*habitat*year interactions were further investigateanatysinghe data
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for each year separately. No association was tested between Exploration PC1 and PC2

as these ere derived from the same PCA analysis.

For these analyses, we only retained the scores of individuals that had participated in

every test (Nbmplex= 57 & Nsimple = 60, 30 and 29 males respectively).

All data were analyzed in R version 3.5.1 (R Core TeXyh8). Where appropriate, data

was transformed in order to meet model as
optimizer was used to ensure model convergéBetes et al., 2015F5ignificance of

fixed effects is reported based ondsts calculated using KenwaRbger Degrees of

Freedom Approximation or Wald Ghquare tests for LMMs and GLMMs respectively.

Ethics approval

Experiments were approved by the Ethicammittee of the University of Antwerp (file

ID: 2017-67) and permits were issued by the Greek Ministry of Environment and Energy

(Per mit Nr s:TBgq6 an46 573@APNG 6.5 3 &8 | experi ment
accordance with national legislation. Lizards wereduf®r a followup experiment and

thereafter released at site of capture.

RESULTS

Descriptive statistics for all cognitive and behaw#d variables per habitat and per sex

are presented in Supplementary TallelSThe outcome of all (G)LMMs is given in

Table 2. Given the | ow degrees of freedom f
(due to lonnumber of populations within each habitat type and the hierarchical structure

of our data) we also tested the effect of habitat complexity on all beha\parameters
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using equivalent models without population as random factor, and obtained largely

identical results (Supplementary TabRe2.

Training

Most lizards (91%, N = 138) successfully learned to eat from the transparent petri dish
within tentrials (mean number of trials required + SE: 4.96 + 0.22). Eight additional
lizards reached the 3#4 criterion during the neophobia trials and/or by including an
additional trial. Six other lizards (three each year) did not reach criterion at all but

paticipated in the liskemoval anyway.

Neophobia

Lizards took on average 113 + 6 s (rangé:493 s ) to touch the petri dish during the
last three trials of the training, compared to an average of 100 + 10 s (rdn§804,

car: 115 + 16, rings: 85 + 1#vhen a novel object was present. Lizards from simple and
complex habitats did not differ in relatimeophobia (E2= 0.28, p = 0.64) and sex, year,
SVL nor tailstatus (Namage= 10) affected neophobia (all p > 0.05). All interactions with

year were an-significant (all p > 0.05).

Neophobia was highly repeatable in lizards from both the simple (R = 0.43) and complex

habitats (R = 0.41), as well as when data was pooled (R = 0.43) (Figure 2).
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Table 2. Outcome of the (G)LMMs testing the effecthdbitat complexity and other variables

on cognition and personality. Statistical sign

0.10, 6*6 p < 0.05, 6**6 p < 0.01, 6***6 p < O

Response Predictor F/Wald stats P
Relative neophobié Habitat F1,=0.28 0.64
(Iog) Sex F1,129: 0.67 0.41
Year F1,130: 0.00 0.97
Tail status F1120= 0.86 0.36
SVL F170= 1.06 0.31
Habitat*Year F1120= 1.45 0.23
Sex*Year F1,127= 1.60 0.21
SVL*Year Fi1125= 1.61 0.21
LR Score| Habitat G1=1.08 0.30
Sex G1=0.10 0.75
Year G1=4.84 0.03*
Tail status G 1=0.00 0.95
SVL G1=0.01 0.93
Habitat*Year G1=0.05 0.82
Sex*Year G1=0.03 0.86
SVL*Year G1=0.18 0.67
LR time | Habitat G1=1.42 0.23
(cox-proportional hazard Sex G1=1.15 0.28
model) | Year G1=3.75 0.05°
Tail status G1=0.23 0.63
SVL G1)=0.05 0.82
Habitat*Year G 1=0.06 0.81
Sex*Year G1=0.06 0.80
SVL*Year G1=0.14 0.71
Exploration PC1 Habitat Fi.,=1.91 0.28
(box-c 0 x : 3 Sex F1,130= 0.54 0.46
Year F1,130=2.63 0.11
Tail status F1,120= 0.53 0.47
SVL F1,52: 0.30 0.58
Habitat*Year F1,120= 0.54 0.47
Sex*Year F1127=0.16 0.69
SVL*Year F1125= 0.03 0.86
Exploration PC2| Habitat Fi,=2.51 0.23
Sex Fi1120=2.28 0.13
Year F1130=7.18 <0.01**
Tall status F1120=13.50 <0.001***
SVL F1,69= 2.84 0.10°
Habitat*Year F1120=2.75 0.10°
Sex*Year Fi1127=1.18 0.28
SVL*Year F1,125 =0.03 0.87
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Table 2. (Continued)

Response Predictor F/Wald stats P
Aggression| Habitat G1=0.89 0.35
Year G1=1.43 0.23
Tail status G41=1.93 0.17
SVL G1=0.18 0.67
Nr of previous trials G 1= 2.48 0.12
Habitat*Year G1=0.72 0.40
SVL*Year G1=0.04 0.83
ESC Success (Y/N| Habitat G1=0.12 0.73
Sex G1=2.19 0.14
Year G1=0.96 0.33
Tail status G=7.21 <0.01**
SVL G1=0.24 0.63
Habitat*Year G1=0.84 0.36
Sex*Year G1=0.20 0.66
SVL*Year G1=0.61 0.43
ESC Time| Habitat F13=0.35 0.60
(box-c 0 x : @& Sex F1,114= 4.45 0.04*
Year F11=0.28 0.69
Tail status F1115= 3.97 0.05*
SVL F18s= 0.03 0.86
Habitat*Year Fi1110=0.27 0.60
Sex*Year F1,113 =1.36 0.25
SVL*Year F1112=1.52 0.22
SL Success (Y/N) Habitat G1=4.23 0.04*
Safe side G1=27.05 <0.001***
Sex G1=0.57 0.45
Year G1=0.93 0.34
SVL G4=0.52 0.47
Habitat*Year G1=291 0.09°
Sex*Year G1=0.02 0.88
SVL*Year G1)=0.09 0.76
SL Errors| Habitat G1=1.67 0.20
Safe side G1)= 276.79 <0.001***
Trail G1)=8.16 <0.01**
Year G1=6.61 0.01*
Habitat*Year G 1=0.02 0.90
Trail*Year G1=0.12 0.73
Habitat*Trail G1=0.23 0.64
Safe side * Trall G1=0.53 0.47
RL Success (Y/N) Habitat G1=241 0.12
Safe side G1)=40.40 <0.001***
Sex G1=0.21 0.65
Year G1=0.83 0.36
Tail status G 1=0.05 0.82
SVL G1)=4.08 0.04*
Habitat*Year G1=1.87 0.17
Sex*Year G1=0.25 0.62
SVL*Year G1=0.25 0.61
Safe side * Habitat 4= 0.02 0.88
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Table 2. (Continued)

Response Predictor F/Wald stats P

RL Errors | Habitat G1=1.04 0.31
Safe side G1=223.55 <0.001***
Trail G1=10.64 0.001***
Year G1=0.36 0.55
Habitat * Year G1=4.00 0.05*
Trail * Year G1=3.20 0.07°
Habitat * Trail G1=0.53 0.47
Safe side * Trall G 1=0.78 0.38

Flexiblelearner (Y/N)| Habitat G1=2.24 0.13

Safe side G1=0.93 0.34
Sex G1)=0.02 0.89
Year G1=1.03 0.31
Tail status G1=3.85 0.05*
SVL G1=0.94 0.33
Habitat * Year G1=3.85 0.05*
Sex * Year G1=0.17 0.68
SVL * Year G1=1.67 0.20
Safe side * Habitat 6 4=3.10 0.08°

Problem solving: lid-removal task

Overall success on the lir@moval task was relatively low, with only 21.9 % of all lizards

(complex: 12/66, simple: 18/71) learning to remove the disc consistently. Another 14.6

% openedhe dish at least once (complex: 8/66, simple: 12/71) but failed to reach the

3/4-criterion. Seven lizards only completed nine valid trials, but would have been unable

to pass the 3/riterion even with an additional trial. Based on whether they haadgire

solved the task at least once (N = 3) or not (N = 4) these lizards were classified as

6occasi onsadldv eorr6 odrneosnpect i vel y.

Two

ot her

valid trials, and were not assigned ar@moval score. Average solving timdsat these

lizards were retained in the corresponding models.
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Table 3.Principal Component Analysis of the behar®observed during the exploration tests.
Only loadings with an absolute value higher than 0.30 were considered to contribute to alprincip
component (indicated in bold). The first and second component were retained as exploration

scores for further statistical analyses.

Comp 1 Comp 2 Comp 3
Eigenvalue 1.62 1.41 0.90
% variance 37.38 28.35 11.59
First transition -0.21 -0.46 0.56
# transitions 0.48 0.25 0.20
Latency to explore - 0.46 -0.30 0.11
all quadrants
# touches 0.34 0.24 0.65
# refuges entered 0.42 -0.42
Latency to enter first -0.40 0.26 0.45
refuge
Time spent hiding 0.26 -0.59

Performance on the litcemoval (LR score or time) did not differ between lizards from
different habitats or sexes, and was influenced by neither SVL or tail status, independent
of year (all p > 0.05, Table 2). Nevertheless, lizards did acquire highrentidval scores

in 2019 @018: 0.41 £ 0.09; 2019: 0.76 + 0.kdlj= 4.84, p = 0.03) and tended to be

faster in 2019¢ 4= 3.75, p = 0.05).

Exploration

The PCA of the exploration variables resulted in two principal components with an
eigenvalue > 1, which together explained 65.73 % of the total variation (Table 3). Lizards
scoring higher on the first component (PC1) made more transitions, investigaged mor
objects, entered refuges faster and more often, and explored all quadrants of the arena in
a shorteperiod of time. Higher scores on the second component (PC2) corresponded to
lizards being faster in making the first transition and exploring all quedsahile

entering less refuges and spending temse hiding inside them.
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PCZlLscores were influenced by neither habitat complexity, sex, SVL, tail status or year.

None of the interactions with year were significant (all p > 0.05, Table 2).

Habitat complexy and sex did not affect P&zores either (all p > 0.05, Table 2). PC2
scores were higher in larger lizards (estimate: 0.18 + 0,1097F2.84, p = 0.10) and in
lizards with an intact tail (Mact= 123, Niamage= 13, intact: 0.12 + 0.07, damage:18

*+ 0.28, k129= 13.50, p < 0.001). PC&ores were lower in 20180(30 + 0.12) than
2019 (0.28 £ 0.11;1R30= 7.18; p < 0.01). This yeaffect wasnost pronounced in the
simple habitats (habitat * year indetion: F 120= 2.75, p = 0.10), but this was likely due
to the variable sample size for Alyko (habitat * year interaction if Aljykards were
excluded: k112= 1.60, p =0.21). No other interactions with year were significant (all p

> 0.05).

Lizardsshowed consistent amoiigdividual variation in PC1 in complex (R = 0.26) but
not simple habitats (R = 0.11), while the opposite was found for PG2:(Bex= 0.12

Radsimple= 0.34). When pooled together, both PCs were repeatable (Figure 2).
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Figure 2. (Adjusted) repeatability of behavimal traits measured in this study. Repeatability was
cal cul at ed -paskage (Stoffehetal. 201 7pHotRfdr the pooled data (hollow squares)
and for complex (blue triangles) and simple (black dots) habitats separately. For exploration PC2,
adjusted repeatability was calculated, taking into account the efftit sfatusand SVL. For a

full explanation of the variables, see main text. The vertical grey line indicates R = 0 and error
bars represent the 95% confidence interval estimated by parametric bootstrapping (n = 1000).
Sample sizes were as follows: neophobigmpex= 66, Nsimple = 72, exploration: Rbmpiex= 65,

Nsimple = 71, aggression: fpiex= 35, Nsimple = 34. Significance levels according to a likeliheod

ratio test are indicated as follows : 6 Ad p < 0.10, o6*d6 p < 0.05,
Aggression

None of the main or nuisance factors affected aggression scope>(alil05 Table 2).
Aggression scores varied consistently among lizards taken from complex (R = 0.27) but
not simple (R = 0.10) habitats. When pooled together, aggression was riepéRtab

0.25).
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Problem-solving: escape box task

The majority of the lizards (78 %) wable to solve the escape box within a single trial.
Habitat, SVL nor year affected escape probability or time (all p > 0.05, Table 2). Males
and females werequally likely to escapes()=2.19, p = 0.14) although females were
faster than males (4= 4.45, p = 0.04). Lizards with an intact tail escaped more often
(intact = 94/ 115,2=d.201npx@.601)andfaseh(@~3,.97,pRT: ¢
0.06). The effect of all aforementioned variables did not differ between 2018 and 2019

(all p > 0.05).

Spatial and reversal learning

Seventyt wo | i zards (56 %) were classified as
phase (complex: 40/62, simple: 32/67)dasixty-two individuals (47 %) during the

reversal learning phase (complex: 25/6nple: 35/67). Only fifteen lizards (12 %)

succeeded on both the spatial and reversal learning (complex: 8/62, simple: 7/67).

During the spatial learning phase, lizardsrircomplex habitats were more likely to
learn the location of the safe refuge than lizards from simple habitats€Rag G 1=

4.23, p = 0.04) albeit there was a trend suggesting that this difference was more explicit
in 2018 (2018: complex 68% vs simple 43%; 2019: complex 62% versus simple 57%;
G1= 291, p = 0.09). Lizards were also more likely to learn if the safe refuge wa
positioned left in the arena (left: 61/64, right: 11/65,= 27.05, p < 0.001). Visual
inspection of the data revealed that this side bias was identical in both habitat types. No

other variables or interactions with year affected learning succeps<all05, Table 2).

Habitat, sex, tail status nor year had an effect on reversal learning success (all p > 0.05,

Figure 3; Table 2). Larger lizards were less successful on the reversal learning
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(estimate:0.61 + 0.30¢ 1)= 4.08, p = 0.04) and once agdizards were more successful
if the safe hiding spot was on the left (left: 53/65, right: 764+ 36.69, p< 0.001)
independent of habitaé ¢J= 0.02, p = 0.88). No significant interactions with year were

found (all p >0.05).

During both the sp&tl and reversal phase, lizards clearly decreased the number of errors
they made over time (Fige I; SL: G 4= 8.16, p < 0.01; RLc 4= 10.64, p < 0.001),
independent of habitat, safe side or year (all p > 0.05, Table 2). Nevertheless, for the
reversalearning, there was a nexignificant trend for a trial*year interactioa {= 3.20,

p = 0.07). Lizards decreased the number of errors in 2018 (estih@& + 0.01; z =

3.57, p < 0.001) but not in 2019 (estimat@01 + 0.01; z =1.04, p = 0.30). Irboth
phases, habitat had no effect on the number of errors made (all p > 0.05) but safe side
did (SL: left: 0.26 = 0.02, right: 1.23 + 0.0d,)= 276.79, p < 0.001; RL: left: 0.38 %
0.02, right: 1.44 = 0.05 1J= 223.55, p < 0.001), independent of habitat (all p > 0.05).
Lizards from both habitats made more errors during the spatial learning in@0%9 (
6.61, p = 0.01), but only lizards frogimple habitats made fewer mistakes during the

reversal in 2019 (habitat*yeas:] = 4.00, p = 0.05).
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Figure 3. Proportion of lizards succeeding a@nthe spatial learning task aml the reversal
learning task per habitat type and per side of the correct refuge (dark blue = left, light blue =
right). Error bars indicate standard errors. Significance levels in a and b are indicated as follows:
6Ad6 p < 0.10, 06*0 @* *<* 60c)khargestnh hantbdr qf errers Madedby
lizards over time, for both the spatial and reversal phase. Blue triangles represent means from
complex habitats, black dots simple habitats. Significant regressions are indicated by a solid line,

and grey areas represent standard errodsnphhk= 62 , Nsimple = 67.
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The proportion of flexible learners (succeeding in both phases) did not differ between
habitat types, although a significant interaction with year was foard (3.85, p =

0.05). Although thignteraction hinted that complex lizards were more flexible in 2018
and simple lizards in 2019 (Rige44d), a posthoc test revealed no significant differences

(all pairwise comparisons p > 0)1&uch discrepancy may be due to the extremely low
number of individuals succeeding on both phases (e.g. only one lizard in 2018 from the
simple habitats). Pos$toc comparisons usintpe Tukey adjustment are known to be

rather conservative.

b
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Figure 4. Proportion of lizards succeeding on both phases of the spatial cognition ta¥ly¢er
(black = 2018, white = 2019). afn) initial safe side (dark blue = left, light blue = right). Error
bars indicate standard errors RPbet pairwise comparisons did not reveal any significant
differences or trends. dnplexiet = 32 , Noomplexright = 30, Nsimpietett = 32, Nsimplei right = 35, Neomplex
18= 28, Neomplexi 19 = 34, Nsimplei 18 = 32, Neomplexi 10 = 35.
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Similarly, initial safe side did not affect learning success, but there was a trend that

lizards from complex habitats were more likely to learn during both phaseg #ttrted

with the safe ref ug3®l0ean0.03)hlézardsiwithla brokénRail g. 4 b
were more |Iikely to succeed on hbv38, phases

p = 0.05).

Cognitive i behaviaural syndromes

An overview of our esults is given in Figre5 (see also Table533 for detailed results

of all (G)LMMs). Overall, we did find significant associations among personality traits,
among cognitive skills, and between personality and cognitinrt often these
relationships were habitatand/or yeaidependent, or both. We limit ourselves to

highlighting those results that were consistent between both years.

First, our results suggest little evidence for the existence of a beatalvigndrome in

either habitatype. Our analysesuggested a few links between personality traits in
simple habitats, but these were inconsistent between years and involved traits that did
not exhibit repeatable interindividual variatidn lizards from complex habitats such

correlations were consistently absdsee Figuré).

Secondlythere was stronger evidence for the existence of a cognitive syndrome. Across
years and habitats, spatial and reversal learning capacity were inversely related (Figure
6a, F1,113= 6.02, p = 0.02), and both measures correlated positively with flexibility scores
(Figure @-c, SL-Flex: F,113= 29.98, p < 0.001, RL Flex: F 112=70.25, p < 0.001).

One aspect of problessolving LR-score, was unrelated to either of these learning

parameters in either year aodhabitat (all p > 0.10).
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Complex Simple

2018

2019

Figure 5. Overview of cognitivé" behaviaral syndromes per year and per habitat type. NEO =
Neophobia BLUPs, Exp PC1 = Exploration PC1 BLUPs, Exp PC2 = Exploration PC2 BLUPS,
AGG = Aggression BLP's, LR = Lid removal success (Y/N), ESC = Escape Box Score (mean
time *-1), SL = Spatial learning score-¢zore errors *1), RL = Reversal learning scoregzore

errors *-1), FLEX = flexibility score (overall mean errors-*). Higher scores on the guoitive

traits represent higher cognitive performance (e.g. less errors, faster solving times). Green lines
(+) represent a positive association, red lingdsa(negative association. A glow around the
regression line indicates that this associationagasistent both between years and habitat types.
Solid lines represent statistical significasgressions (p < 0.05), while dotted lines represent
trends (p < 0.10). Personality traits in a box with dotted lines were not repeatable within that
habitat type. For more detailed results per regression, we refer to TaBl&8mple sizes were

as follows: Nomplex= 57 & Nsimple= 60, 30 and 29 males respectively. Note that all regressions

with aggression as predictor were solely performed usirgyafanales.
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Finally, aspects giersonalityand cognitive ability covaried in ways that were consistent
over time but differed between habitats of origin. In particular, reversal learning
performance was predicted by both exploration PC1 and PC2, buhaityple habitats
(habitat*PC1: k112= 4.98, p = 0.03; habitat*PC231 ko= 6.40, p = 0.01), independent

of year (year*trait: all p > 0.10). Lizards with high scores on exploration PC1 performed
better on the reversal learning task (Fe6d; t = 2.28 p = 0.02), but, unexpectedly, so

did lizards with low scores on exploration PC2 (Fmgb6e t = -3.29, p < 0.01).
Independent of year and habitat (all p > 0.10), lizards with high scores on the exploration
PC2 axis tended to achieve low scores for fldixyt(Fig ure 6f, explorationPC2: F 112

= 3.65, p = 0.06). Consistent over both years and habitats, neophobia did not affect

performance on any of the cognitive tests.

DISCUSSION

Ecological conditions ar&nown to affect the evolution of animalbgnition and
personality, and may also shape their interaction (Brydges et al., 2008; Dalesman, 2018;
Henkevon der Malsburg et al., 2020; Liedtke & Fromhage, 2D10Qur results add to

the general observation that individual animals, including lizardsibi¢ consistent
differences in aspects of their behawicAs expected, individualifferences in cognitive
performance were often related to personality variatidd. iarhardii and our study is

one of the first to illustrate that such covariance @highly variable across ecological
conditions, and possibly in time. We also found that Aegean wall lizards originating
from structured habitats outperformednspecifics from simple habitats in a spatial
learning test, but the effects of habitat comglexan other measures of cognitive

performance and personality proved small.
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Effect of habitat complexity on cognition and personality

In accordance with previous research on diverse taxa (bats: Clarin et al., 2023; mole
rats: Costanzo et al., 2009; fisBhumway, 2008; White & Brown, 2014, 201%),
erhardiilizards originating from structurally complex habitats scored better in the spatial
learning task than conspecifics from simple open environments. To our best knowledge,
this is the first studydemongtating this in surfacelwelling terrestrial vertebrates.
Hence, the link between structural habitat complexity and spatial learning has now been
demonstrated in aquatic (Shumway, 2008; White & Brown, 2014, 2015), aerial (Clarin
et al., 2013), fossorial (Gtanzo et al., 2IY) and terrestrial animals (our study, but see
Mackay & Pillay, 2017), implying this to be a general tenet in the evolution of spatial

cognition.

Previous studies have mainbttributed these differences in spatial cognition to
challenges associated with foraging in more structured habitats (tenkeer
Malsburg et al., 2020). Nevertheless, it should be noted that habitat complexity probably
complicates other spatial taskswsll, such as territoriafiefence finding mates and
escaping to safe shelter. Field observations suggest that lizards tend to flee towards the
same refuges in their habitat, even if these are not visible from their initial position
(Martin et al., 2003; Paulissen, 2008; Font, 20I8)do so fast and efficiently in a dense
visually restricted environment probably requires stronger spatial memories. Future
studies could elaborate on this and test how exactly spatial cognition aééetgour

in a natural setting, and how thisartges with vegetation density. Perhaps lizards from
dense habitats, like gobies (White & Brown, 2014), use multiple types of cues to navigate

their environment. But then again, the strong 4ides observed in our experiments
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suggests that lizards from bdbabitats rely heavily on egocentric cues (discussed in De

Meester et al., 2022 Chapter %

Neither problerrsolving (both tests) nor reversal learning were related to habitat
complexity inP. erhardii The effect of habitat on learning flexibility seemly varied
between years, but we are cautious about this resutibdihe lack of significant post

hoc comparisons. Complex habitats are considered to be more variable in time and space
and therefore to require higher cognitive flexibiligoth et al., 2010b; Tebbich &
Teschke, 2014; Tell®amos et al., 2019; Szal# Whiting, 2020) of which both
problemsolving and reversal learning are believed to be strong indicatorsi¢hetb
Teschke, 2014). We propose four alternative explanations for why our results did not

align with this expectation.

A first plausible reason may be ttsituctural complexity and habitat variability are not
necessary related. Our populationsPoferhardii may all be exposed to comparable
levels of temporal variation, or may experience variability in different ways, thus leading
to similar levels of cognite flexibility. Future studies on for example seasonal and
spatial variation in habitat structure or arthropod abundance could confirm whether this
is the case. Secondly, habitat complexity may require higher flexibility, but so do other
environmental chiienges that may be more prevalent in open environments, such as
food scarcity (Tebbich et al., 2002; Roth et al., 2018zabo & Whiting, 2020) or
predation(Vila Pouca et a).2021) Untangling the effect of multiple ecological factors
will require sampling many more populations than in the current study. Thirdly, our tests
may simply not be reliable indicators of cognitive flexibility, either because they do not

reflect cognitive féxibility at all (Audet & Lefebvre, 2017) or because they are not
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ecologically relevant for Aegean wall lizards. For instance, whether and how problem
solving ability in the laboratory predicts performance in natural conditions has never
been tested in lerds(but see Tebbich et al., 2002; Sol et al., 2005a for evidence in
birds). Lastly, maybe lizards in neither habitat type are able to afford the high energetic
cost of cognitive flexibility (TelleRamos et al., 2019) due to low resource availability

on islands (Janzen, 1973; De Meester et al., 20€hapter % This hypothesisseems

to be supported by the overall low success rate on theridval task and the limited
number of lizards demonstrating flexible learning. All the same, our results show that
habitat complexity does not affect all cognitive traits equdhys highlighting how
various aspects of cognition may evolve independently of each other in response to

different ecological pressures.

Habitat complexity did not affect lizard personality either. This contradicts previous
work on a variety of taxa wherlnimals in more structured environments behave less
neophobic, more explorative and bolder (Mettkafmann et al., 2002; Harris et al.,
2011; Crane et al., 2019; Garcia et al., 2020; Johnson et al., 2020). This is often believed
to be due to the relatisafety animals experience in more densely vegetated habitats, as
predators are visually restricted and safe shelter is easily avdiaiter et al., 2018;

Crane et al., 2019; Quadros et al., 20MN®vertheless, we have little evidence tRat
erhardii in complex habitats truly experiences less predation, as e.g. the foraging success
of snakes, their common predat@psfilis et al., 2009)is either unaffected or improved

by increasing vegetation dens{iullin & Mushinsky, 1997; Mullin & Gutzke, 1999)

We found no effect of habitat complexity on aggressess. This goes against the

general notion that territoriality may be more costly in cluttered dEseson & Stamps,
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1992; Johnson et al., 2010; Church & Grant, 20k8¥restingly, some lizard species
seemingly adjust their territorial behawuioto changes in habitatructure(Eason &
Stamps, 1992; Calsbeek & Sinervo, 200@2)ards from both habitat types may thiere

exhibit different levels of aggression in their respective environments, but not when
tested in the same standardized and simple arenas. For instance, a study by Church &
Grant (2018) found that the complexity of the test enclosure, but not of dinabri
habitat, predicted personality differences in juvenile salngainfo salay. This could

also explain the lack of differences in other personality traits,equires future studies

in (semi)natural conditions to check if any ecological patternstwedetected.

While we found no differences between habitats in average personality traits, we did
notice intriguing habitatlependent shifts in the repeatability of those traits. Aggression
and exploration PC1 (more transitioasd investigations of refeg and objects) were

only repeatable in complex habitats, suggesting higher plasticity for these traits in lizards
from simple habitats (Damddoreira et al., 2019), while the opposite is found for
exploration PC2 (less hiding and faster to start and gpid®tion of the entire arena).

It is currently unclear why consistent interindividual differeneesild exist in one but

not bothhabitat types, although this could be due differences in temporal and spatial

variability (Hendry, 2016)

Behaviaural associations

As predicted, we found numerous behaviéd associations, both between personality
traits, between cognitive traits and, finally, between personality and cognition.
Nevertheless, the strength and direction of these correlations varied considerably

between years and habitats.
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Firstly, theexisterte of a behaviaral syndrome (among personality tragensuSih et

al., 2004) was only weakly supported. No correlations were found in lizards from
complex habitats. Rentially, behaviaral syndrome structure has dissolved in these
populations as a consequence of more relaxed predation préSisuee al., 2004; Bell

& Sih, 2007; Brydges et al., 2008; Harris et al., 20BLit then again, evidence for a
behaviaral syndrome in lizards from simple habitats was also unconvincing: the
obsened correlations were inconsistent over years, or involved traits with low
repeatability. We tentatively conclude thlaterhardiion Naxos do not exhibit a stable
behaviaral syndrome. Why our study species differs in that respect from many

previously stuted species remains an open question.

Support for the existence of a cognitive syndrome was much stronger. Independent of
year and habitat, we found a negative correlation between spatial and reversal learning,
which is a general trend observed in varitaxa(Griffin et al., 2013; Bebus et al., 2016;
Mazza et al., 2018; Sorato et al., 2018; but see Bensky & Bell, 2Zl1@6)could reflect

a tradeoff between fast but superficial and slow but attenuative learning, as predicted
by the Cognitive Style Hypothesis (Sih & Del Giudice, 2012). Alternatively, initial good
learners may form stronger spatial memories, which agtivglibit the formation of

new memories during the reversal (proactive interference: Croston et al., 2017). Probe
tests in which spatial cues are manipulated in combination with memory retention tests
could provide better insights in the neural mechanisetsnd this learning reversal

learning tradeoff.
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Figure 6. Associations between cognitive traisd) and personality and cognitio-€) in
Aegean wall lizards. SL Score = spatial learning scoie(re errors+), RL Score = Reversal
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Higher scores on the cognitive traits represent higher cognitive performance (e.g. less errors,
higher flexibility). Black dots represent lizards from simple habitats=(60), hollow diamonds
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correlations (p < 0.05). Dotted lines represent statistical trends (p x G/EY areas represent

standard errors. For more detailed results per regression, we r8igogtementaryable $.3.
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The fact that this tradeff is found in both habitat types and years may indicate a general
constraint for this species. Neverthe|dssth spatial and reversal learning were strongly
and positively associated with flexibility scores. Thus, despite this-oHidsome
individuals performed well during both phases and thus exhibited true cognitive

flexibility.

Other correlationbetweencognitive variables were consistently absent. -rieichoval,

for instance, was never related to either reversal learning or flexibility scores, despite the
common belief that t hes e urdflekibility ETébbich&t an
Teschke, 204). Our results add to a growing list of evidence suggesting that either
problemsolving and reversal learning reflect flexibility in different cognitive domains,

or novel motor tasks are simply not reliable indicators of cognitive flexibility (reviewed

in Audet & Lefebvre, 2017). In that regard, it is worth noting that performance on both
problemsolving tasks was weakly and inconsistently related. Whether this is due to
differences in cognitive domain, motivation or task difficulty is currently uncle&iléV
studying cognition in an ecological context, biologists often assume that individual
performance is repeatable across time and context, but this result illustrates the need to

verify such assumptior{(see discussion in Griffin et al., 2015; Shaw & Schmelz, 2017)

Lastly, we also found considerable covariance between personality and cognition.
Independent of year drabitat, more explorative lizards (PC2ess time hiding, faster

to start and finish exploration) tended to have lower flexibility scores. Although this
seems to be perfectly in line with the Cognitive Style Hypothesis (Sih & Del Giudice,
2012), we also mpose an alternative explanation which involved differences in

motivation rather than information gathering. Individuals who consistently spent more
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time hiding may just have been more eager to find the safe refuge and thus learn in both
phases. Contrarisse, more explorative individuals tend to habituate faster to predator
attacks, and may thus have been less motivated to escape towards the end of the test
(RodriguezPrieto et al., 2011)ndividuals with a broken tail, who are supposedly more
vulnerable to predatio(Michelangeli et al., 2020spent more time hiding during the
exploration tesand also showed higher learning flexibility, which seems to support the

idea of motivational differences.

Other associations between personality and cognition were hsyiéteific. In lizards

from simple, but not in those from complex habitats, explozabighaviar predicted
reversal learning ability. Paradoxically, lizards with higher exploration scores on PC1
(more transitions and investigating) performed better on the reversal learning, while
those with higher PG&cores performed worse. We doubt tlelegical relevance of

the former result, given that PC1 was not repeatable in lizards from simple habitats. The
correlation between PC2 and reversal learning, on the other hand, mirrors the habitat
independent trend found between PC2 and flexibilitys ftassible that this trend is thus

mainly driven by the lizards from simple habitats.

Taking everything into account, there seemed to be an overall pattern that betiavio
associations were either independent of habitat or solely found in the simple
environments. The behawital associations exclusively found in simple habitats (e.g.
Exploration PC2 RL) may have arisen because specific environmental challenges in
these populations select for specific beharab combinations/strategies (Sih et al.,
2004; Brydges et al., 2008; Sih & Del Giudice, 2012; Liedtke & Fromhage, 8019

Predation, for instance, is considered an important force shaping he&hbsimdromes
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(Bell & Sih, 2007; Dingemanse et al., 2007; Harris et al., 2aad)potentially cognitive
styles (Sih & Del Giudice, 2012; Liedtke & Fromhage, 281€onsider the exploration
PC2i RL link in simple habitats, where there is presumably a higher predation risk. Fast
exploration may result in high immediate gains (easources), but at the cost of
increased mortality due to predatiReale et al., 2010b; Sih & Del Giudice, 2012)
Cognitive flexibility is @stly, and a fast explorer may die before reaping its benefits.
Slow explorers choose safety over stierms gaingReale et al., 2010b; Sih & Del
Giudice, 2012; Mazza et al., 2018)d are thus more likely to experience environmental
changes in their longer life. Flexibility may even help them to survive predation
(Kotrschal et al., 2015ah slow-inflexible individual, on the other hand, will nledr be

able to compete with fast explorers, nor will it gain the same suradsantages as the
flexible learners. Under predation such maladaptive combinations may be eliminated,
while they may still be able to thrive in the relatively safe complex&iabindeed, pond
snails obtained from the wild do show covariance among memory traits, and between
exploration and memory, while captive bred individuals do not, most likely due to
generations of relaxed selectiialesman et al., 2015; Dalesman, 20MNvertheless,
Brydgeset al. (2008) found no effect of predation pressure on perscieditying
covariance in eight populations of stickleback. Other environmental factors may thus
also play a role in shaping or breaking down such covariance. Our study is one of the
first to specifically test how ecological conditions affect the personatignition link;

clearly much remains to be learned.
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The effect of year and sex

Another important finding of this study is that the strength and direction of cognition
personality associams (and those between themselves) can show considerable
variation between years. In addition, we also found some differences between years in

average levels of personality and cognition.

Such annual variation may simply be a consequence of deviatioretfwdology. For
example, whether or not we cleaned the experimental equipment between trials may have
affected how much time lizards would spent e.g. interacting with the pretubnimg
apparatus or hiding in the exploration arébépez et al., 1998Different personality

types may also react differentially to the scent of conspedificagén et al., 2006)

which could affect the behawimal associations found. Nevertheless not all behsaio
parameters showed annual variation and performance on the spatial cognition task,
despite consistently controlling for chemical cues here,diffared between years. We
therefore deem methodological deviations alone to be insufficient to explain the annual

variation.

A second explanation may be that these differences between years are a consequence of
temporal fluctuations in ecological conditis (Quinn et al., 2016), which could alter
selection regimes on cognition and persondlityi ngemanse et al ., 200
2015; Cauchard et al., 2017; Branch et al., 20t 8jter behavioral developrent during

early life (Clark et al., 2013; Amiel et al2014; Dayananda & Webb, 2017; Siviter et
al., 2017a; Siviter et al., 2017b; Munch et al., 2018; Beltran et al., 2020; Vardi et al.,

2020) Environmental changes can also shift the adaptive value of particular hehhvio
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combinations, and thus alter such associations via selection and hehlapiasticity

(Bell & Sih, 2007).

Independenof whether our yeadifferences were due to methodological or ecological
variation, we would nevertheless argue that future studies on persaugjitition
covariance would benefit immensely from collecting beharébdata over multiple
years, and teswhether such covariance is consistent across time within a population.
Longterm studies could hence become a valuable approach to study how ecological

variation shapes personality and cognition and their relationship.

Albeit outside our intended scope, wed with addressing the (lack of) saitferences

found in this study. In general, males are predicted to exhibit faster, motekiisg,
personalities and enhanced spatial cognition compared to females, due to differences in
their reproductive strateg(Costanzo et al., 2009; King et al., 2013; Carazo et al., 2014,
Szabo et al., 2019cHowever, male and female. erhardii did not differ in either
personality nor cognitivedits, and evidence for selependent learning is overall weak

in lizards (Szabo et al., 2019cFemales escaping faster from the escape box could
simply be a consequence of higher motivation to bask or hide. We suggest that further
information on the spatial ecology areproductive strategies of sexesPinerhardiiis

required for a better understanding of our results.

CONCLUSION
Our results offer two interesting main insights, relevant for future studies on the
evolution of cognition. First of all, the fact that habitat complexity affected only one

aspect of cognition (spatial learning) does suggest that within Aegean wall lizards
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distinct cognitive abilities may evolve independently following different selective
pressures. Thus, when studying the link between ecology and cognition, future studies
should be aware of the dangers of using a single cognitive test as a generalrinflicato

an animal 6s cognitive abilities.

Secondly, our study revealed an complex interplay between personality, cognition and
ecology within Podarcis erhardii showing that covariance between cognition and
personality can vary both between years bativeen ecological conditions. Previous
studies found a large mix of inconsistent results regarding the link between animal
personality and cognition, but most have either studied this a) within a single year or b)
within a single population. We suggesatiexpanding this line of research to include
more populations over a broader ecological gradient and/or multiple years, could help
us to identify the selective pressures shaping or breaking down cogpetisonality
covariance. A similar approach hastaarly improved our understanding of behawed

syndromes, and is thus likely to advance the field of cognitive ecology as well.
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CHAPTERG

EXPLORATION AND SPATIAL COGNITION
SHOW LONG-TERM REPEATABILITY BUT NO

HERITABILITY IN THE AEGEAN WALL LIZARD .

Adapted from:

De Meester, G., Pafilis, R.Vasilakis, G.& Van Damme, R.(2022).Exploration and
spatial cognition show lonterm repeatability but no heritability in the Aegean

wall lizard. Accepted in Animal Behaviour.
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Repeatability and heritability of cognition

ABSTRACT

Recently, biologists have become increasingly interested in cognitive variation among
individuals, and houit relates to differences in fithess. However, very few studies so far
have studied the longrm repeatability and heritability of cognitive performance in wild
animals This is neverthelessrucial information to fully understand the potential
ecologicdand evolutionary impact of individual variation in cognitive performance. In
2019, we assessed exploration, probkmatving and spatial and reversal learning in 66
Aegean wall lizardsRodarcis erhardi), then released them in sematural enclosures
corsisting of either simple or complex habitat. One year later, we recaptured and retested
the surviving lizards and their offspring to estimate the {mmm repeatability and
heritability of these behavioural and cognitolraracteristics. We found that dogation

and spatial learning were moderately repeatable, but reversal learning only marginally
and learning flexibility and probletrsolving not at all. Reversal learning ability declined
over time in lizards kept in simple habitat, but not in those kepbimplex habitats
suggesting habitadependent cognitive plasticity. To our knowledge, this is the first
study demonstrating (lorgrm) consistency in cognitive traits within a rawvian
reptile. The combination of modest repeatability and low helityabioes suggest that
within our study speciegxplorationand cognitive variation among individuals and

populations is mostly moulded by environmental effects.
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INTRODUCTION

The evolutionof cognition, i.e. the acquisition, retention and use of environmental
information(Dukas, 2004)is sometimes regarded as one of the most enigmatic topics
within the study of biologyThorntonet al, 2014) The benefits of cognition seem
obvious: learnig and problensolving equip animals with the necessary behavioural
flexibility to deal with (changing environmental conditiongSol, 2009) However,
cognition is also costly, as it requires energetically expensive neural processes and
tissueqAiello & Wheeler, 1995; Buechel et al., 201Becently, the field of cognitive
ecology has started to adopt an individbased approach to identify the drivers of
cognitive evolution(Boogert et al., 2018)Individuals can differ remarkably in their
cognitive abilties, and such variation can provide the raw material for natural and sexual
selection to act on. Hence, a small, but growing, number of studies have tried to relate
individual variation in cognition to individual differences in fithegsviewed in:
MorandFerron et al.,, 2016; Morarigerron, 2017; Boogert et al., 201&Ithough
valuable and informative, these studies have nonetheless been criticized for several
reasons. To establish that a cognitive trait evolvesdtyral selection, one should not
only prove its link with survival and/or reproduction, but also show that cognitive
variation among individuals is consistent (i.e. repeatable) and helfddenton et al.,
2014;Griffin et al., 2015 Cauchoix & Chaine2016; MorandrFerron, 2017; Boogert et

al., 2018).Yet, few studies have verified these assumptions irmwnan animals (but

see references below).

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

can be explainedybconsistent differences among individug@®ake, 1989; Bell et al.,
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2009; Nakagawa & Schielzeth, 201®ehavioural repeatability does not necessarily
exclude plasticity at the individual level. For instance, repeatability of cognitive
performance would be demonstrated if over multipleetiépns of a learning task the
relative order of fast to slow learners remains stable, even if intrinsic (e.g. age) or
extrinsic (e.g. season) conditions influence individual perform@ai#in et al., 2015)
Animals can either be retested on the satightly alteredtask (temporal repeatability)

or can be subjected ttifferent protocols designed to measure the same cognitive ability

(contextual repeatability)lCauchoix et al., 2018)

Measuring the repeatability of cognitive performance, or behaviour in general, is deemed
essential for various reasons. Firstly, repeatability sets the upper limit to heritability (h?)
(Boake, 1989; but see Doh20)02) and as such determines whether and how fast a trait
may respond to selectigBoake, 1989; Croston et al., 2015; Mordretron et al., 2016;

Troisi et &, 2021) Secondly, measuring whether differences in cognitive traits are
consistent is needed to understand the ecological and evolutionary relevance of their
relationwith a multitude of other biological trai(Soha et al., 2019%uch as lifehistory

(Cole et al., 2012)econdary sexual traif8lvarezQuintero et al., 20219r personality
(consistent interindividual differences in behaviour across time and context, Réale et al.,
2007) There is currently a strong interest in exploring how personality and cognition
covary(Dougherty & Guillette, 2018 However, interpretation of such relationships (or

the lack thereof) often assumes that cognition is repeatable as well, yet this is rarely
verified (Griffin et al., 2015; Sommefrembo & Plath, 2018) ast but not least, nmy
authors have pointed out that performance on a cognitive task can be influenced by other,

non-cognitive, factors, such as distraction, motivation or previous experiBovee &
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Healy, 2014MorandFerron et al., 2016Repeated measurements are thusssary to

validate whether we are accurately quantifying cognitive variation.

While measuring repeatability of naognitive personality traits has almost become
standard procedure in behavioural resedi#ll et al., 2009) studies assessing the
repeatability and consistency of animal cognition are much rarer in compdnigsee

e.g. Cole et al., 2011; Rodriguez & Gloudeman, 2011; Brust & Guenther, 2017; Gibelli
& Dubois, 2017; Schuer et al., 2017a; Schuster et al., 2017b; Shaw, 2017; Ashton et
al., 2018; Cauchoix et al., 2018; Langley et al., 2018; SorTr@nbo & Plath, 2018;
Sorato et al., 2018; TelRamos et al., 2018; Shaw et al., 2019; Soha et al., 2019;
Reichert et al., 202@ooke et al., 2021; Mason et al., 2021; Troisi et al., 2@dgcent
metaanalysis byCauchoix et al. (2018gported low to moderate values for repeatability
of cognitive performance (temporal: R = 0118.28, contextual: R = 0.200.27), albeit

this was based on a small numbggmostly unpublished) datasetsdMora= 22 studies,
Neontextual = 27 studies). Nevertheless, most of th@set studies had three major

limitations.

Firstly, repeatability of cognition, and personality, is commonly measured on relative
short timescales, e.g. days or weeks in between repeatefestistates from > 1 year:

9 % in Bell et al., 2009; 31 % in Cauchoix et al., 2018 albeit only five spevikthin

a short timeframe, individuals are more likely to be tested under similar intrinsic and
extrinsic conditions, leading to an inflation of repeatability estimates and potentially
pseuderepeatability Dingemanse & Dochtermann, 2018)ver a longer period, plastic
responses to differential environmental or developmental alterations may decrease the

repeatability of the behavioalr traits under studyBell et al., 2009) Secondly,
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behavioural repeatability is frequently tested in animals raised and/or kept in controlled
lab conditions. These will experience less environmental variation than their wild
counterparts, which may resuh biased repeatability estimates not representative for
natural populationgArchard & Braithwaite, 2010; Stamps & Groothuis, 20H2nce,
verifying how consistent interindividual differences in cognition and persomaétgver
longer timescales in natural conditions is critical informatidwen trying to understand

the role of such variation iecological and evolutionary processes, but such data is
largely lacking (but see e.Bebeffe etl., 2015,Carlsonet al., 2020; Payneteal., 2021

for personality and e.g. Cole et al., 2011; Shaw, 28%Hton et al., 2018Fello-Ramos

et al., 2018 for cognition). Lastly, to our knowledge, nalgtto date investigated the
long-term repeatability of cognition and personality within the same (wild) study system,
despite the growing evidence that both aspects of baladm closely linked

(Dougherty & Guillette, 2018)

Repeatability is often usexb an estimation of heritabilitBoake, 1989; but see Dohm,
2002) here defined in its narrow sense as the proportion of phenotypic variation in a
population that can be explained by additive genetic effeaetsoner & Mackay, 1996)

An alternative approach, however, is to measure behaviour of both parents and offspring
and employ modern statistical methods &gedmine the amount of additive genetic
variation(de Villemeuril, 2012 Colby et al., 202l This also allows to determine the
relative contribution of genetic versus permanent environmental effects in shaping
phenotypic variation, which is key to understanding how a trait evfieston et al.,

2015) Although evidence for a genetic basis of cognition has been inferred by artificial

selection studiege.g.in fruit flies: Mery & Kawecki, 2002jn guppies: Buechel et al.,
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2018; in parasitd wasps: Liefting et al., 2018tommon garden experimer{esg. in
blackcapped chickadees: Roth et al., 2018) genomeavide association studi€s.qg.
among dog breeds: Gmadesikan et al., 2020nctual heritability estimations for
cognition are rare. Cognitive abilities tend to be heritable in humans (hz ¥ 0.26),
primates (h? = 0.21 0.91) and laboratory mice (h? = 0-2150)(reviewed in Croston et

al., 2015)utdata on nottraditional study taxa are scarroston et al., 2015; but see:
Smith et al., 2015; Quinn et al., 2016; Carrete et al., 2017; Langley et al., 2020a; Vardi
et al.,2020) The few data available often come from laboratory populafionsston et

al., 2015) and thus heritability estimates may have been biased due to founder effects,
inbreeding and artificial selectiofi.angley etal., 2018; Sorato et al., 2018; but see
Dochtermann eidl., 2019)and to all individuals being raised under the same standardized
conditions(Croston et al., 2015; Smith et al., 2015; Vardi et al., 20@ye research

on the heritability of cognitive traits in wild populations is neeftad see: Carrete et

al., 2017; Quinn et al., 201,6n order to advance our understanding of their evolution

in nature.

We aimed totest the longerm repeatability and heritability of spatial cognition,
problemsolving and exploration within théegean wall lizard Podarcis erhardii
Bedriaga 1882). In 2019, we measured personality and cognition in 66 individual lizards
and released them in sematural enclosures for a survival experiment. After one year,
surviving lizards and their offspring werecaptured and fsubjected to the same
behavioural assays. We specifically addressed some of the aforementioned limitations
of previous research by 1) using a ftoaditional study organism: to our best knowledge

this is the first study to measure repdxglity of cognition in a noravian reptile, 2)
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measuringbehaviaral repeatability over a sufficient long timescd®0 % of this

speci esd aver age ,B)ikdemgng and mising Wzartisanksenatural 1 9 9 0)
environments and 4) studying both personality and cagnifihis way, we hope to gain

more ecologically relevant insights regarding the repeatability and heritability of
cognition within this species. In addition, our lizards were kept in two contrasting
habitats (either structural simple or complex). Habitahplexity is known to affect

spatial learning within this specie€hapter %, and by keeping adults and juveniles in

two different environments, we hope to learn more regardiagdle of selectiomnd

plasticity in shaping such variation.

MATERIAL AND M ETHODS

Study species and overall experimental design

The Aegean wall lizard is mediumsized (40-75 mm) insectivorous lizard, which is
widespread across the Southern BalkMmakos et al., 2008; Lymberakis et al.,13)

It can be considered an ecological generalist, as demonstrated by its broad habitat use
(e.g. Mediterranean scrublands, open sand dunes, urban habitat&lakos et al.,
2008;Lymberakis et al., 2018)nd its dietary flexibilityarthropods, snails, eggs, fruits

and occassionally conspecificé\damopoulotet al, 1999; Broclet al, 2014; Madden

& Brock, 2018)

The initial batch of lizards was collected in May 2019 on Naxos Island (Cyclades,
Greece)at five locations that differed in structural habitat complexity: éaamplexd

sites (Eggares: 37°07'49.1"N, 25°26'18.9"E and Rachi Polichnitou: 37°00'53.0"N,
25°24'10.7"E) covered in dense phrygana and maquis vegetation, dry stone walls and

rock outcrgs and thregsimpled sites (Manto: 37°05'22.0"N, 25°21'42.1"E, Grotta:
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37°06'41.8"N, 25°23'09.8"E and Alyko: 36°58'45.3"N, 25°23'21.0"E) thvate
characterized by small patches of vegetation in an overall open landscape. -Baeenty
lizards were capture(by lasso, hand or pitfall) and transported to Wetional and
Kapodistrian University of Athenfer housing and behavioural experiments (see later).
Lizards were keph cotton bags in a cold cool box to reduce stress during transportation
(Heathcote et al., 2014Five of these lizards died in captivity. Upon completion of the
experiments, the renmang 66 adults (Nmae= 32, Nnae= 34) were then released in four
seminatural enclosures on Naxos, in order to follow up their survival and reproduction
over the course of one year. Lizards were released in July 2019 and recaptured in July
2020. We tlen transported the survivors#hhie = 22, Nnae = 21) back to théational

and Kapodistriatuniversity ofAthensand repeated a subset of the original behavioural
experiments with them. The 2019 protocols were followed as closely as possible in order
to measure the longrm temporal (rather than contextual) repeatability of personality
and cognition. In addition, evcollected and tested new individuals found within the
enclosures, both juveniles (N = 43) aadults (Nemae= 9, Nnaie = 12) for heritability
estimations. These new adults were unmarked, and thus did not belong to the previous
released batch. Atthemme nt of captur e, it was stildl

adul t sd wer e ignwnroftspliegrfrem agpreviaushbatchfofdizands.

Housing

Lizards were housed at the animal facilities of the Universititbiens individually in

plastic erraria (adults: 22 x 20 x 17 cm, juveniles: 18 x 9 x 13 cm | x w x h). Terraria
contained a water bowl, sand and stone bricks (adults) or coconut fibre and a plastic

refuge (juveniles), and were placed underneath 60 W incandescent lamps for
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thermoregulatin. Animals were fed three times per week: adults with mealworms
(Tenebrio molitoy and juveniles with either maggots (larva of a calliphorid fly) or small
mealworms. Prey items were always dusted with Terravit Powder (JBL, GmbH & Co.

KG). Room temperatunwas maintained around 28 + 2 °C.

Behavioural experiments

Initially, in 2019, lizards were subjected to four cognitive tasks and three separate
personalityassays (described @hapter %. Dueto time constraints, we only retested the
surviving adults on @ubset of these tasks in 2020: an exploration assay, a spatial +
reversal learning task and a probieoiving task (in this order). Their offspring were

submitted to the same tests, excluding the profgelving task.

Experiments were conducted from May until July in 2019, and from August until
September in 2020, and were performed between 10:00 and 19:00. Each individual
received 20 30 minutes baskingme underneath a 100 W heat bulb prior to transferring
them to eperimental arenas, in order to achieve sufficiently high body temperatures. All
experiments were filmed using a digital camera (JVC EverieH®B#00) or a GoPro
(Grundig HD 720P). Experimental equipment (e.g. refuges, novel objects, etc.) was

cleaned betweetrials with 70 % alcohol and waté@ricente & Halloy, 2017)

Exploratory behaviour

Exploratory behaviour is the tendency of an individual to gather new environmental
information(Verbeek et al., 1994)t facilitates the discovery and exgktion of novel
habitats and resources, but may be costly due to e.g. an increased risk of predation and
parasite infectioiiBajer et al., 2015; Baxtegilbert et al., 2019)Aegean wall lizards on

Naxos experience strong seasonal fluctuations in food availafhléyMeester et al.,
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2021~ Chapter % during which they may benefit from more exploratory behaviour to
find alternative food sourcek addition, explorative behaviour may be a key behaviour

in successfully invading new environments (Dasivlseira et al., 2019) and could thus

be selected upon when our lizards where introduced in the encldSypésation was

tested using a classical novel arena (efst McEvoy et &, 2015;Carazo et al., 2014;
DamasMoreira et al., 2019; De Meestet al, 2022~ Chapter h Two distinct novel
arenas (60 x 60 x 30 cm | x w x h, eitiywood or sand substrate), which contained
four identical objects (either pinecones or stones, one in each corner) and four plastic
refuges (either black or white) were used (Supplementary Figérealy). We
specifically used two different arenas to mva confounding effect of habituation
(McEvoy et al., 2015)A lizard was put in the centre of the arena on a platform
underneath an opaque container. After three minutes, the container was lifted and the
animal was free to explore the arena for ten neigudn the videos, we divided the arena

in four equal quadrants and scored the following behaviours (starting from the moment
the lizard left the platform): the latency until the first transition from one quadrant to
another, total number of tratisins béween quadrants, number of times it investigated

an object or refuge (by touching it with the snout or front legs), number of times it entered
a refuge, the total time spent within refuges and the latency to explore all four quadrants
of the arena. Lizardeere tested once in each novel arena (random orbet 2019

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

Spatial and reversal learning
Spatial cognition is the capacity of an animal to learn and remember the location of

resourcesinite nvi r onment and is thus deemed a
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(Dukas, 2004; TelldlRamos et al., 2018%mall lizards, includind?. erhardii tendto
escape towards a refuge (e.g. a crevice in a rock wall, underneath a log, etc) when
approached by a predator. This antipredator strategy is likely to be more successful if
lizards are capable of remembering the location of adequate safe hidin{\spaeet

al., 2012) Field observations suggest that lacertid lizards often repeatedly flee towards

the same shelter, thus implying an important role of spatial meffont, 2019)

We tested spatial learning in our lizards using an ecological relevantealatipr task,

in which subjects needed to learn the difference between a safe and unsafe refuge in
order to make a successful escéjoowing the methodology oNoble et al., 2012;

Carazo et al., 20140ont, 2019; Vardi et al., 2020e Meester et al., 1~ Chapter %

Lizards were tested in a large arena (60 x 60 x 30 cm) with two identical refuges (black
plastic cups) opposite of each other. In and around the arena, visual spatial cues were
presented to allow orientation (Supplementary Figér&cse). At the start of each trial,

a lizard was positioned in the centre of the arena underneath a transparent cover for two

mi nut es. After |l ifting the cover, we Oatt a
paintbrush. We always tried to attack thenaati from straight above in order to avoid
influencing in which direction it fled. Subjeateeded to escape either to the left or the

right refuge (relative to the observer, counterbalanced among original populations).
Entering the 0 snawoendutes efundigtebed ress aftertwhiah the
individual was brought back to its terrar:i
by continuing the predator attack. Trials ended when the lizard entered the safe refuge

or until 120 s had passedté which it was captured and allowed to rest in the correct

refuge for two more minutes). Trials were limited to 120 s to reduce the amount of stress
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inflicted on the animal and avoid exhaustion. Each lizard received three trials per day
for five consective days, and per trial we noted how many times the lizard entered the

unsafe refuge (6errorso).

Lizards living in a dynamic environment need to keep track of changes in their
environment, update their memories frequently, and adjust their behavioudiagbor
(Noble et al., 2012)Replacing old obsolete with new information requires cognitive
flexibility, which is commonly measured using a reversal learning (@&skle et al.,
2012; Tebbich & Teschke, 201Audet & Lefebvre, 2017 Following previous resrsal
learning protocolge.g. Bebus et al., 2016; Madderagt 2018; van Horik et al., 2018;
Boussard et al., 2020; Mason et al., 2028 changed the identibf the refuges after a
standardized number of trials (15) feach individual: safe became unsafe and vice
versalmmediately after the spatial learningdrds received fifteen more trials over five
days in order to relearn the location of the safegefi\dults retested in 2020 started
the spatial learning phase with the sameige designated as safe as in 2019 to make
performances in both years comparaliliezards werealwaystested in twobatches

because it was not feasible to test all lizards gamebusly.

Escape Box

Problemsolvingrequiresanimals to express a new behaviour or apply an old behaviour
in a novel context, and is therefore considered an indicator of behavioural flexibility
(Griffin & Guez, 2014; Tebbich & Teschke, 2014; but see Audet & Lefebvre, 2017)
Lizards with better probte-solving skills may increase their foraging efficiency, e.g. by
being better at extracting hidden or difficult prégooper et al., 2019)We tested

problemsolving using an escape box task (Supplementary Figuié§. A lizard was
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locked in a transpant Plexiglas box (14.x 17.4 x 6.5 cm | x w x h) which was placed
opposite of a pile of stones underneath a 60 W heat bulb inside a larger arena. Hence,
the lizard needed to escape from the box in order to get access to this hiding/basking
spot. This wapossible by performing a hovel motor act i.e. sliding open a white opaque
door (3.2 x 2.4 cm | x h). The door was already slightly opened and contained grooves
to allow manipulation. Lizards received a single 30 min trial, and we recorded the time
it took each lizard to escape. If lizards did not escape, we assigned them the maximum

time as score.

In 2019, lizards were tested in two batches, either before or after the spatial cognition
protocol for logistic reasons. In 2020, lizards were either testedeosaime day as the
spatial cognition protocol or later. Juveniles were not tested in the escape box as they
proved to be unable to move the door in a few pilot trials. The video of one lizard in

2020 was lost.

Semknatural enclosures

Upon completion of thexperiments in 2019, 66 adult lizards were released in four semi
natural enclosures on Naxos as part of a survival experiment. Prior to release, each
individual was photographed aimlividually marked by toe clipping for the purpose of
identifying them pon recapture. Teelipping is a standard procedure to allow
individual recognition in reptilian studies and is generally considered to have little to no
negative effects either shedr longterm(Langkilde & Shine, 2006; reviewed in Perry

et al., 2011)We removed maximum two toes piziard (depending on already missing

toes upon capture). In addition, we took small tail clips (= 1 cm) from each individual
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for parentage assignmefafr. Huyghe et al., 2009; Huyghe et al., 2010ssues were

stored in 96 % ethanol at 4 °C.

The four enclosures were located on a private field on Naxos, consisting of abandoned
agricultural terracesvith dense Mediterranean maquis and phrygana. Each enclosure
was rectangularly shaped and constructed by fencing in approximately 100 m2 of land
with smooth metal fences (70 cm height and 30 cm deep). In two enclosures, we pruned
the vegetation in order tmimic an open environment comparable to the structural
simple sites wherkzards were captured. The two other enclosures mimicked the more

complex habitats (see Figure 1 and Supplementary Figl2¢ S
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Figure 1. Graphical representation of tlieur enclosures (structural simple on top, structural
complex bottom). Per enclosure, sample sizes per group and per sex are given. Small letters next

to the numbers represent whether the lizards originated from a complex (c) or simple (s) habitat.

Within each enclosure, we placed four piles of stones (x 30 cm high) for basking and
shelter. We released 16 17 individuals in each enclosure based on their overall
performance on the spatial cognition task (as to have more or less comparable numbers
of good ad bad learners in each enclosure) with approximately an equal number of a)
males and females and b) lizards originating from complex and simple habitats (see

Figure 1).
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Terrestrialpredators (e.g. snakes) were removed from the enclosures, although Megarian
banded centipedesS¢olopendra cingula)a which are capable of catching and
consuming P. erhardii (DeimezisTsikoutas et al., 2020)could not be entirely
eliminated, and on one occasion a brown Rat{us norvegicysintruded a complex
enclosure, but was quickly removed. We also attempted to scare off avian predators by
suspending reflective diskabove the enclosures. Enclosures were normally checked
biweekly by volunteers, who also placed leftover fruits and vegetableach enclosure

to attract flying insects. Vegetation around the enclosures was routinely cut down twice
a year (early spring and ma&limmer). Unfortunately, due to the Couifl pandemic,

the enclosures were only irregularly checked throughout sgfig@, and earkgpring
maintenance had to be postponed until summer. Although this resulted in both enclosures

growing denser vegetation, their relattiferences in complexity did not change.

Sixty-six known lizards were released in the enclosureslin2il 9. In July 2020, we
recaptured every lizard in the enclosures during a séagmecapture session. Survivors
were identified based on toe clips and photographs of dorsal patterns. In total, we
collected 43 survivors (5971 mm snouwent length SVI, 45 juveniles (29 37 mm)

and 21 unknown adults (3469 mm) from the enclosures (see Figure 1 for sample sizes
per enclosure), all of which were then transported toNthgonal and Kapodistrian
University of Athensfor subsequent personality and cdigmi tests (see above). We

were unable to estimate the exact age of our animals at the time of capture, although the
presence of umbilical scars in juveniles indicated that they had hatched relatively recent.

Upon completion of the behavioural experimeant2020, we also collected tail tissues
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for genetic analyses from unknown adults and juveniles (same protocol as described

above for the adults in 2019).

Parentage assignment

Genetic analyses were conducted based oprtitecol ofHuyghe et al. (2010DNA

was extracted by placing + 2 mMmof tail tissue in Chelex extraction buffer (consisting

of 0.2 mL 10 % Chelex, 20 uL 1 % SDS and 2 pL of 20 mg/mitginase K), which

was then put inside a stirring incubator (Eppendorf, thermomixer comfort), initially at
65°C for 60 minutes followed by 95°C for 15 minufesdified from Small et al., 1998)
Parentage was assessed using microsatellite genotypes from nine loci that have been
successfully used in congeneric species befB8& B4 and B6 from Nembrini &
Oppliger, 2003; PmelD2, Pmelio4, Pmek07, Pmekll3, Pmelil4 and Pmeiil9 from
Huyghe et al., 2009)For each DNAsample, we prepared three different primer
mixtures, each of them containing fluorescently labelled primers for three of the nine
loci. Next, we mixed 1.25 L of each primer mix with 6.25 pL Qiagen multiplex PCR
master mix 2x and 3.5 pL water, to which wesn added 1.5 pL of DNA extract.
Mixtures were centrifuged and placed in the thermocycler (BiometmpfEssional
thermocycler) for PCR amplification. PCR conditions were as followsnitfutes of
denaturation at 95°C, 30 cycles of 30 s denaturati@24®, 90 s of annealing at 57°C

or 60°C (Huyghe et al., 2009; dependent on the primers, see Nembrini & Oppliger, 2003)
and 60 s of extension at 72°C. This was followed by another 30 minutes of extension at
60°C. Success of the PCR was then visually cheei@djelelectrophoresis. After

appropriate dilution, successful P@Roducts were sent to an external |Aleromics
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Support Facility for microsatellite detection on an AB 3130XL Genetic Analyser (Life

Technologies, Carlsbad, CA, USA).

Microsatellite data was first processed in the Geneious Prime software version 2021.0.3.
(http://lwww.geneious.com/) for loci identification and then in Cervus version 3.0.7.
(Kalinowski et al., 2007jor parentage assignment. We conducted separate parentage
analyses for each enclog, and used the unknown adults both as potential offspring of
the 2019 adults and as potential parents of the juveniles. Proportion of mistyped loci was
set to 5 % and relaxed and strict (trio) confideimtervals were equal to 80 and 95 %

respectively.

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

analysis, data were transformed where necessary to meet model assumptions.

First, we reduced the number of variables measured in the exploratiousieg a
principal component analysis (PCA) with
matrix to standardize ar i abl es) (6statsd package, R
first two principal components as these both had an eigenvalugKaiserGuttman
criterion, Kai®r, 1991)(cfr. Petelle et al., 2015; Thys et al., 2021; Vanden Broecke et

al., 2021)

Secondly, to verify that lizards did learn during our spatial + reversal learning task, we
used two separate generalized miedigct models (GLMMs), with a negative binomial
distribution(‘glmer.nb’ function in 'Imer4' package, Bates et al., 2@#She spatial and

reversal phase respectively. The number of errors per trial was fitted as response
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variable, while trial numberjde of the safe refuge (left/right, relative to the observer)

and lizard age group (adults 2019, adults 2020, unknown adults & juveniles) were
included as predictors. To test whether learning was consistent across age groups and
independent of the rewardsitie, we added age*trial and safe side * trial interactions as

well. Original population, batcffirst half, second halfand lizard ID (with a random

intercept and slopeer individualfor trial) were included as random effects. Model
assumptions were ehc k e d usi ng t he (HériRY R020) afde mo i r e (
6 per f o (Linackhecekab, 202Jackages. Statistical significance of GLMMs was

tested with Wald Chs quar e t est s usi n(gar pabkege, -e&xr&ov ad f

Weisberg, 2019)interactions were removed if nsignificant.

Next, we estimated longgrm (temporal) repeatability in personality and cognition in the
subset of lizards that were tedtin both 2019 and 2020 (N = 43) using a series of linear
mixed-effect models (LMMs)'Imer' function, 'ImerTest' packagkuznetsovagt al,

2017) For exploration, we used PC1 and PC2. Next, we used the mean number of errors
made over 15 trials as scores for spatial (SL) and reversal learning $RE}ter learners
should more quickly learn the location of the correct refuge and thus make fewer wrong
entreeqcfr. Tello-Ramos et al., 201&onnenberg et al., 2019)he mean number of
errors over both stages of the task was used as an indicatarall tearning flexibility
(FLEX score). For the repeatability of the escapethgk, we used escape times (ESC
time). Lower scores on the cognitive tasks generally reflect better cognitive performance
(fewer errors, less time to escape). We startedtygfiglobal full models including the
following variables: year2019/2020), original habitat (simple/complex), enclosure type

(simple/complex), sex, SVL (scaled, as ftaking behaviour may be sizkependent,

[226



Chapter 6

e.g. Bajer et al., 2015), tail statfig@mpkete/damaged, as this can affect lizard behaviour,
cfr. Michelangeli et al., 2020and side of the safe refuge (left/right, for the spatial +
reversal task only). We also included all tvemd threewvay interactions between year,
original habitat and enclase type to see whether cognitive performance and personality
would change over time in a habid#pendent way. The following random factors were
added to the models: lizard ID, arena type (plywood/sand, only for exploratigiral
population, enclosure ID and batch (only for spatial cognition and escapéNimede
necessary, the O6bobygadé opti mi Batesetwlas USs
2015) Next, we adopted a model selection appro@ymonds & Moussalli, 2011)
Starting from the full global model, we generated a set of candidate models with the
6dr edg e 6(MdiMinhpackdgey Bartw, 2013) The top model with the lowest
Akaike information criterion corrected for small sample sizes (AICc) was selected, as
wel | as alternative candi dat(efr, Symahdsl&s wi
Moussalli, 2A1; Gomes et al., 2020We then determined the relative importance (RI)

of all predictors by calculating their summed Akaike weights over all candidate models.
Vari abl es wi(Simpson & Ri¢Graw, Q01& Sidmson & McGraw, 2019;
Gardner et al., 2020; Gomes et al., 208@)ye used to construct a final model to test
which factors influenced personality and cognitive performance, and to calculate the
(adjusted) repeatability witthte 6 r p t R$toff@ at alk 204573Ve built a series

of similar models to estimate the shtatm repeatability of personality within each
subgroup of lizards (all 2019 adults, surviving 2019 adults , 2020 adults, unknown adults
and juveniles). Sigficance of predictors is based oftdsts calculated using Kenward

Roger Degrees of Freedom Approxi mation (
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Narrowsense heritability (h?) was estimated by employing Bayesian reiffecdt

ani mal model s wibt hp at¢hiceiigide AT 0) Snjmalmmodels use

both phenotypic data (here behavioural measurements) and pedigree information (based
on our paternity assignment) to calculate the additive genetic variance of a given trait
( @.For these analyses, we ushd tomplete dataset of all lizards that were released
and captured in the enclosures, including the repeated measures of the 2020 adults. All
response variables werdransformed, but given the strong side bias (see results), SL
and RL scores weretrangormed per rewarded side, to make cognitive performance
among individuals comparablefr. Guillette et al., 2009)Ve once again used a model
selection approach, starting from full global models with the following predictors:
enclosure typésimple/complg&, as structural complexity of the environment may affect
behavioural development of individuals e.g. Speetal, 2011) age group (adults
2019/adults unknown/juvenile, to account for @ifferences in mean levels of
behaviour, e.g. Rohrer et a020), SVL (standardized per age group), tail status, and
an age group*enclosure type interaction. We included the following random effects:

l i zard | D | i nkgatditiveaenttic eariapce)dliizacd iDenelepéndent of
pedigree (to accounof repeated measurements and permanent environmental effects),
enclosure ID, novel arena (exploration data only), batch (SL + RL + FLEX only) and
mother ID (to avoid that maternal effects would inflate h?). We calculated a dominance
matri x usion g atéWakalg@diahd implemented thissean additiaal
random factor in the MCMCgimms to account for (genetic) dominance effects.
Heritability wasc al cul at ed f r om &/ hgWwlifti pvenly thentatad e | s
phenotypic variancéde Villemeuril, 2012) Each animal model was initially run for

1000000 iterations, with a burim period of 100 0000 iterations and a 200 iteration
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thinning interval, and a parameter expanded prior (v =1, hu =1, alpha.mu =0, v.mu =
1) (de Villemeuril, 2012) We checked convergence of chains and autocorrelatidh of a
models, and in case of high autocorrelation (>0.10) we increased the number of
iterations, the burn period and/or the iteration thinning interval. One juvenile was

removed from the animal models due to missing data.

For both the (G)LMMs and the MCM@gms, posthoc multiple comparisons between
different levels of a significant fixed factor and/or different slopes were performed with
the 6demmeansd and O6emtrendsdé f uflLenthietons

al., 2019)

Ethical note

All experimens and procedures were approved by the Ethical Committee of the
University of Antwerp (file ID: 2017-67) and the Greek Ministry of Environment and
Energy (per mit -Al7083¢4246638h\12 &8 GOHSL588-pé 1) .
Experiments and procedures weomducted in accordance with national legislation and
adhered to the ASASB/ABS guidelines for the use of animals in behavioural research
and teaching. Animals were checked daily while in captivity to monitor their welfare.
Adult lizards were released atetlinitial site of capture, juveniles and intruders were
retained for a followup experiment. Five lizards died in captivity in 2019, one lizard in

2020, and another one escaped from captivity in 2020.

RESULTS
We identified parents of 37 (82 %) juvenileseWere unable to identify the parents of

any of the unknown adults (neither when matched with the current or previous batch of
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released lizards), suggesting that these lizards originated from the surrounding field and
somehow managed to get into the englose s . Four of these &6intr
known adults and sired/birthed five of the juveniles in our dataset. Hence, their data was
retained for the analyses. From the 66 lizards initially released, 14 males (42 %) and 17
females (52 %) reproducedafent of at least one juvenile). Within that subset, males

fathered on average 2.50 + 0.28 (SE) juveniles (max. 6) and females birthed on average
2.00 N 0.32 young (max. 5). Of the o6intrud

(22 %) reproduced. Eachale fathered a single juvenile, while the females birthed one

and two juveniles respectively.

Descriptive statistics for aiehavioural tests are given for the subset of adults tested in

both years and per age group in $ugplementary dbleS6.1 andS6.2).

Exploration PCA

The results of the PCA on the explorative behaviours are summarized in Table 1. The
first principal component (eigenvalue = 1.76) explained 44.33 % of the total variance.
Higher scores on PC1 corresponded to a higher number of wagssitithe arenanore
frequently touching objects, more refuges entered and more time spent in them, a lower
latency to explore the entire arena and to enter the first refuge, and thus to overall more

explorative behaviour.
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Table 1. Principal Component Analysis of exploration behaviours. Loadings with an absolute
value > 0.3 (bold) were consideredsigbstantially contribute to a principal compongon et
al., 2007; Dammhahn, 2012; Thys et al., 2017b)

Comp 1 Comp 2 Comp 3

Eigenvalue 1.76 1.29 1.00
% variance 44.33 23.60 14.16
First transition -0.130 -0.411 0.739
# transitions 0.422 0.357 0.268
Latency all quadrants -0.347 -0.474 0.156
#touches 0.335 0.287 0.556
# refuges entered 0.462 -0.339

Latency to enter first refuge -0.432 0.286 0.177
Time spent hiding 0.413 -0.448 -0.122

PC2 (eigenvalue = 1.29) explained 23.60 % of the total variance and represented a
contrast betweefaster exploration (lower latency to first transition, more transitions,
lower latency to explore the whole arena) versus more time spent inside the refuges

(Table 1).

Exploration i short term repeatability within each group
Composition and output of the final models are reported in Table 2, as well as adjusted

and unadjusted (shettrm) repeatability estimates within each age group.

The shorterm repeatability of exploration PC1 showed considerable variation across
groups, e.g. being moderately high in 2020 adults but almosgxistent in intruders,

2019 adults and juveniles (see Table 2).
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Table 2. Overview of the final models antheir results for the shettrm (withinyear)

repeatability of exploration within each age group. Models were constructed based on a model

selection
Repeatability (R) wa
adjusted and unadjusted repeatability are given, with their 95% confidence interval (square

approach

calcul ated

(see

usi

ma i

ng

n
t he

text),

0rpt RO

usi

ng
package

pr e

brackets). Their significance was tested using diladihood ratio test. For the meiag of the

exploration PCs, we refer to Table 1. Statisti
0.05, 6**6 p < 0.01, 6***d6 p < 0.001.
Personality Agegroup N RI Confounding F-stats P
Trait factors
Adul t s 66 0.62 Talil F164= 3.064 0.085 °
(box-cox:
> = 1. Radij 0.085 0.242
[0.000; 0.310]
R 0.101 0.202
[0.000; 0.314]
Adul t s 43 / / / /
(survivors
onIy) Radj / /
(box-cox: R 0.079 0.303
> = 1. [0.000; 0.370]
Adul t s 43 0.79 Se& Fi1,37=4.071 0.051°
. 1.00 SVL F152= 6.465 0.014 *
Exploration
PC1 Radj 0.333 0.007 **
[0.087; 0.602]
R 0.449 < 0.001 ***
[0.167; 0.652]
Intruders 21 |/ / / /
Rad / /
R 0.010 0.480
[0.000; 0.393]
Juveniles 44 |/ / / /
Radi / /
R 0.005 0.480
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Table 2 (Continued)

Personality Age N RI Confounding F-stats P
Trait group factors
Adults 66 1.00 Habitat F13=6.134 0.094 °
619 1.00 Tall Fie1=8.731 0.004 **
(box-cox:
a = C Ragj 0.211 0.034 *
[0.000; 0.436]
R 0.239 0.011 *
[0.022; 0.433]
Adults 43 1.00 Habitat F13=4.183 0.145
019 1.00 Tall Fi,38= 6.215 0.017 *
(survivors
only) Radj 0.130 0.197
[0.000; 0.410]
R 0.169 0.104
[0.000; 0.430]
. Adults 43 1.00 Se F1,35=5.970 0.020 *
Exploration 620
PC2 Radi 0.162 0.136
[0.000; 0.445]
R 0.227 0.064 °
[0.000; 0.465]
Intruders 21 0.71 Tail Fi131=2.679 0.111
Radj 0.448 0.018 *
[0.038; 0.722]
R 0.386 0.030 *
[0.000; 0.686]
Juveniles 44 0.68 SVL F1,40= 3.776 0.059°
Radi 0.075 0.280
[0.000; 0.335]
R 0.093 0.228
[0.000; 0.352]

Exploration PC1 increased with size in 2020 adults (est = 0.612 + 0224, 6:465, p
= 0.014) and tended to be lower in 2019 adults with an intagirteitt: 0.843 + 0.133,
damaged: 1.732 + 0.216, &= 3.064, p = 0.085) and male 2020 adults (female824

+ 0.227, males:0.405 £ 0.312, £57=4.071, p = 0.051).
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Exploration PC2 was moderately repeatable within intruders but not in 2020 adults or
juveniles. 2019 adults showed significant repeatability for PC2 in the entire dataset, but
not in the subgroup cfurvivors (Table 2). Exploration PC2 was higher in 20d9lta

(both complete dataset and survivors only) with an intact tail (intact: 0.290 + 0.107,
damaged:1.069 + 0.362, Fs1=8.731, p = 0.004), females in 2020 (females: 0.630 *
0.210, malesi0.098 + 0.190, F5=5.970, p = 0.020; Figure 2nd tenled to be higher

in larger juveniles (0.242 + 0.123, Jo= 3.3776, p = 0.059) and 20&8ults originating

from a simple habitat (complex0.194 + 0.136; simple: 0.546 £ 0.15%;3=6.134p=

0.094).

6
* EX
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QO 3
a ‘ ‘
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2
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5 2019 2020 LTR
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Figure 2. Exploration PC2 scores for surviving adults that were tested in both yeaidN22,

Nmale = 21). Orange boxplots represent exploration PC2 scores in 2019, light grey boxplots
visualize PC2 scores when retested in 2020 and dark grey boxplots apelétbgata over both
years (longterm repeatability LTR). Statistical significant differences are indicted as follows:
6A6 p < 0.10, 6*8 p < 0.05, 6**6 p < 0.01,

faster in exploring a novel areaad spent less time hiding.
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Exploration 7 long term repeatability

Final models for the lonterm repeatability of exploration are given in Table 3. PC1
scores differed significantly between years 6= 41.171, p < 0.001), with lizards
having lowersoores in 2020 than 201®82 + 450% decrease, = -6.552, p < 0.001,
Figure @), and larger lizards were more explorative (0.472 + 0.150,E 8.812, p =
0.004). Sex and enclosure type did not affect exploration PC1 (all p > 0.10, Table 3).
Interindividual variation in PC1 was moderately repeatable from 2019 to 2Q¢6- (R

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

Q
(=3

6 I *kk *

Exploration PC1
o

[ ] ]
-3 . : . |
61
2019 2020 Adults 19 Adults '20 Intruders Juveniles
Year Age

Figure 3.a) boxplots representing the exploration PC1 scores for adult Aegean wall lizards tested
in both 2019 and 2020 (N = 43). Statistical
0.120, 6*6 p < 0.05, &b Bokplotp witkthe @xplBrdtipn PE¥* stored p
per age group Naui t< 66,0Bhdut t= 43 MNintruders = 21, Nuvenies= 45). Age groups were
considered different from each other if the 95 % credibility interval of their difference (as
obtained from a MCMCglmm) didnatver | ap wi th =zero, which is
graphs, higher scores represent more explorative behaviour, but see Table 1 for a more detailed

explanation of the PC scores.
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Male and female lizards differed in theikploration PC2 scores (ks = 9.032, p =
0.005). Males obtained lower scores, meaning that they explored more slowly and spent
more time hiding (females: 0.484 + 0.134, maieé€065 + 0.130; t =3.021, p = 0.08;

Figure 2). Original habitat type did notedict exploration PC2 scores = 2.276, p =
0.237). No other variable or interaction had sufficient high importance to be included in
the final model. Lizards did not show letgrm consistency in interinddual variation

in PC2 (Rg;= 0.060, Cl = [0.000; 0.201], LRT: p = 0.178, Table 3).

Exploration 1 heritability

The selected animal models (MCMCglmm) are reported in Table 4. The final model for
exploration PC1 included age groapd SVL (Table 4), albethe latter did not affect

explorative behaviour (posterior mean + 95% credibility interval: 0.46@44; 0.160]).

Juveniles had lower exploration scores than adults {pastpairwise comparisons:

adul ipuoénil es: 1.135 }jivenites 0.494[0.188;2.38B], adul
intruders- juveniles: 0.590 [0.204; 0.972]). Adults in 2019 behaved more explorative

than intruders (intrudersa d u | t -8.548 [0.893;-0.209]) and 2020 adults (adults
619adults ©620: 0. 6 4 fire J;0Supplententary OTab8558.8)) . ( Fi
Heritability of exploration PC1 did not differ from zero (h2 = 0.031, CI = [0; 0.110]),
meaning that additive genetic variance contributed almost nothing to the observed

phenotypic variation.

The best model explaining vation in explorationrPC2 was the null model (Table 4),
thus exploration PC2 was unaffected by age, enclosure type, SVL ostdaibk.
Heritability for exploration PC2 scores was not different from zero either (h2 = 0.057, CI

= [0; 0.178]).
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Table 3. Oveniew of the final models and their results for the lotegm (acrosgear)
repeatability of exploration and cognition. Models were constructed based on a model selection
approach text), wusi ng 0.p0rRepeatabilitp r s w
( R) ng the

unadjusted repeatability are given, with their 95% confidence interval (square brackets). Their

(see main

was calculated usi 0rpt R6 package

significance was tested using alikelihood ratio test. For the meaning of the exploration PCs,

[237

[0.530; 0.874]

we refer to Table 1. Stadiptxc@al 168 gaidipgpanc
6***6 p < 0.001.
Personality/Cognition N Rl Confounding F-stats P
Trait factors
Exploration PC1 43 0.67 Enclosure Fi.=2.047 0.284
0.52 Sex F13s=2.409 0.129
1.00 Year Fi1150=41.171 < 0.001 ***
1.00 SVL F1134=8.812 0.004 **
Radi 0.280 < 0.001 ***
[0.091; 0.436]
R 0.188 0.003 **
[0.021; 0.335]
Exploration PC2 43 0.83 Habitat Fi3= 2.276 0.237
1.00 Sex F135=9.032 0.005 **
Ragj 0.060 0.178
[0.000; 0.201]
R 0.117 0.039 *
[0.000; 0.249]
SL Score 42 0.77 Year F11=3.331 0.317
(log) 1.00 Safe side F137=106.93 < 0.001 ***
0.86 Tall F163= 3.602 0.062 °
Radj 0.398 0.004
[0.124; 0.622]
R 0.786 < 0.001 ***
[0.515; 0.868]
RL Score 42 1.00 Habitat F1.=4.932 0.141
(log) 0.64 Enclosure Fi1.,=0.242 0.672
0.58 Sex F1‘33= 2.798 0.104
0.64 Year F12,=2.006 0.324
1.00 Safe side F134=195.677 <0.001 ***
0.64 Enclosure * F130=7.924 0.008 **
Year
Ragj 0.251 0.061°
[0.000; 0.545]
R 0.805 < 0.001 ***
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Table 3.(Continued)

Personality/Cognition N RI Confounding F-stats P
Trait factors
Flex Score 42 / / / /
Rad / /
R 0.192 0.105
[0.000; 0.460]
ESC Time 41 / / / /
(box-cox &= = 0. 2
Rad / /
R 0.000 1
[0.000; 0.307]

Spatial + reversal learningi within -year performance

Full results of the GLMMs on learning performance over time are given in
Supplementary Table S6i46.5 but summarized here. During the spatial learning task,

lizards significantly decreased the number of errors they made over consecutive trials (
0.027 N 0L.9M0d8=1, p& P.00%) independent of safe side (safe side * trial:

)] = 2.063, df =1, p = 0.151) and consi ste
=3, p = 0.279) (Figure 4). Nevertheless, adideas was observed (6] =
< 0.001) with lizards committing more errors when the safe refuge was on the right side

of the arena (left: 0.230 + 0.018, right: 1.253 £ 0.03%,%/-522, p < 0.001). In addition,

the age groups also differed inf=Blp&ir ovel
0.001). Juveniles made fewer errors (0.519 * 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 = 0.002) and intruders

(0.812 + 0.061, z = 3.497, p = 0.008upplementaryableS65)

Duringtrer ever s al phase, l earning curves diffe

10.387, df =3, p = 0.016). Within each group, the number of errors decreased
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significantly wit h0.027r+i0.812, z R2606bpe=r0.009;adulis| t s 6
0 2 @.073 £ 0.014, z =2.767, p= 0.029; intruders:0.036 + 0.020, z =2.319, p =

0.020; juveniles:0.070 £ 0.017, z =4.071, p < 0.001; Figure 4), but adults learnt faster
(steeper slope) in 2020 than 2019 (2767, p = 0.029) and juveniles tended tarea

faster than their parents in 2019 (z =2.325, p = 0.088plementaryrable S65).

Similarly, lizards improved over time independent of whether the safe refudefivars

right in the arena, but did so faster in case of the former(0e@69 + 0.0%, z =-4.931,

p<0.001;right:0 . 034 N 0.009, z = 4.007, p < 0.0

p = 0.032).
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Figure 4. Performance of lizards (number of errors made) over consecutive trials in the spatial
and reversal learning task. Significant regressions are indicated by a solid line, grey areas
visualize the standard errors. Sample sizes are as follawsi N=s66s Na ¢ u 1 =425 Nowruders=

21, Nuveniles= 44.
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Spatial + reversal learningi repeatability

Adults did not differ in SL scores between both years:(E 3.331, p = 0.317),
independent of either original habitat and/or enclosure (neither included in final model,
Table 3). We did find evidence for a side bias in cognitive performange<£fR.06.93,

p < 0.001) with lizards making more errors if the safege was on the right side of the
arena (left: 0.305 + 0.46&ght: 1.376 + 0.083, t = 10.806, p < 0.001), and there was a
trend for lizards with amtact tail to make more errors (intact: 0.899 + 0.084, damaged:
0.667 + 0.168, Fs3= 3.602, p = 0.062 Lizards showed relatively modest consistency

in their spatial learning performance across years, even when adjusting for this side bias

(Ragi= 0.398, Cl = [0.124; 0.622], LRT: p = 0.004; Table 3)

In contrast, RL scores differed between years deperminthe enclosure in which
lizards were kept (enclosure*yeari &= 7.924, p = 0.008). Nevertheless, pbst
pairwise comparisons did not reveal any significant differences (all p > 0.10, see
Supplementaryrable S65). Visual inspection of the data suggedthat lizards kept in
simple enclosures made more reversal errors in 2020 compared to 2019 (75 + 34 %
increase), which was less prominent in the complex enclosures (12 £+ 17 % increase)
(Figure 5). Once again, lizards made fewer errors if the safgarefas on the left side

of the arena (left: 0.292 £+ 0.032, right: 1.338 + 0.0444¥ 195.677, p < 0.001). There

was no overall effect of original habitat nor of sex, SVL or tail status, as these were either
not included in the final model or nemignificant (Table 3)Reversal learning, corrected

for side bias and the enclosure*year interaction, showed moderatetelomg
repeatability, although this was only marginally significanig(R 0.251, CI = [0.000;

0.545], LRT: p = 0.061) (Table 3).
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Figure 5. Boxplots visualising the reversal learning (RL) scores per year and per enclosure type.
Higher scores indicate that lizards made more errors and thus correspond to lower cognitive
performance. The same individual lizards were tested both in 2019 (pearty2020 (grey) after
spending one year in sematural enclosures mimicking either a complex or simple habitat.
Albeit a significant interaction was found between enclosure type and yeahguoptirwise
comparisons did not reveal any significant glifhces among groups. Sample sizes were as
follows: Neompiex= 25, Nimple= 17

None of the variables or their interactions explained variation in FLEX scores, as the
null model was the bestodel (Table 3). Longerm repeatability of learning flexibility

was low and not significant (R0.192, CI =[0.000; 0.460], LRT: p = 0.105). (Table 3).

Spatial + reversal learningi heritability

Variation in SL scores was explained by neither age, nor enclosure type, nor SVL as
none of these variables had sufficibigh importance (all R < 0.50) to be included in

the final (Bayesian) animal model (Table 4). Tail status was included in the final model
but did not affect SL score (0.346, Cl 0026; 0.780). The heritability of spatial

learning performance did notftdir from zero (h? = 0.054, CI = [0; 0.175]).
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The final animal model for Riscores included the enclosure type * age interaction. A
series of poshoc pairwise comparisons (sBapplementaryrable S6.3) revealed that:
juveniles from simple enclosures mddever errors than their parents (adults) in either
2019 or 2020 (aduligpe 6 119juvenilesimps 0.692[0.014; 1.449] adults® 2ikie T
juvenilesimpe 1.187 [0.355; 1.946). Juveniles from complex enclosures likewise
performed better than t he@deljupndesogk0.961i n e t
[0.266; 1.698]; adultsmplex0 21 Quvenilesomplex 0.833 [0.095; 1.530]) but also than the
adults from the siple enclosures in 2020 (aduyitsie® 2i QuvenileSomprex 1.271[0.264;

2.437) (Figure 6). Curiously, RL scores from juveniles from simple and complex
enclosures did not differ from each other, and neither from the RL scores of 2019 adults
in the oppoite enclosure typéTable 4, Tables63; Figure 6). Heritability of reversal

learning was also not different from z€hg =0.074, Cl = [0.000; 0.249]).

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

and did not sbw significant heritability (h? = 0.053, CI = [0; 0.167]).

Escape box repeatability

Most lizards succeeded in escaping from the box (2019: 34/41, 2020: 38/41). Neither
year, original habitat, enclosure, SVL, sex or any of their interactions was indgiuded
the finalmodel, and thus did not explain variation in escape times among individuals.
Overall, longterm consistency of escape time was -Baistent (Ry = 0.000, Cl =

[0.000; 0.307], LRTp = 1) (Table 3).
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Table 4.0verview of the finahnimal models (MCMCglmm) and their results for the heritability

of exploration and cognition. Models were constructed based on a model selection approach (see
main text), using predictors with an relati
credble intervals (between square brackets) are reported. Predictors were considered to be
important if the 95 % credible interval did not overlap with zero (bold). Heritability was
calculated from both the final and null models. Higher exploration scoresspomd to more
explorative behaviour, while higher scores for spatial learning (SL), reversal learning (RL) and

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

Personality/Cognitive trait RI Confounding factors Posterior mean + Cl
Exploration PC1 / Intercept -0.035 [1.616; 1.268]
1.00 Age (Adul't 0.549 [0.209; 0.893]

Age (Adul t -0.093 [0.450; 0.282]
Age (Juv) -0.587 [0.972;-0.204]
0.65 SVL 0.057 F0.044; 0.160]
h2 0.031[0.000; 0.110]
M2 model 0.027 [0.000; 0.092]
Exploration PC2 / Intercept -0.001 F1.376; 1.581]
h2 /
M2 model 0.057 [OOOO, 0178]
SL Score / Intercept -0.378 [1.046. 0.307]
(log) 0.72  Tail (intact) 0.346 F0.026. 0.780]
h2 0.054[0.000; 0.175]
M2 model 0.056 [OOOO, 0184]
RL Score / Intercept -0.077 F0.870; 0.617]
(log) 0.65 Enclosure (Simple) 0.558 }0.828; 2.003]

065 Age (Adult 0.367[-0.368; 1.000]
Age (Adult 0.245 [0.358; 0.808]
Age (Juvenile) -0.586 [1.366; 0.200]
0.65 Enclosure (Simple)*Age -0.748 [2.022; 0.588]
(Adult 619)
Enclosure (Simple)*Age -0.122 [1.487; 1.227]
(Adult 620)
Enclosure (Simple)*Age -0.476 [1.842; 0.968]

(Juveniles)

h2 0.074[0.000; 0.249]

hZuil model 0.063[0.000;0.218]
Flex Score / Intercept -0.103 [0.701. 0.623]

h2 /

hZuull model 0.053 [0.000; 0.167]
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Figure 6. Boxplots with the reversal learning (RL) scores per age group in enclosures with a
complex habitat (left: Na v 1 =33 Nod u 1 =s2%MNistruders= 18, Nuvenies= 21) and simple habitat
(right: Nadu1 t=33,1M du1 t= 18,2Nntruders = 3, Njuvenies= 22). Age groups were considered
different from each other if the 95 % credibility interval of their difference (as obtained from a
MCMCgl mm) did not overlap with zero, whi ch

scores represent noerrors and thus worse cognitive performance.

DISCUSSION

In the last few years, a growing number of studies has focused on interindividual
variation in cognition. Despite this interest, information on the-tengn consistency of
such individual differences, as well as on their heritability, is still lackinge Hee
report moderate repeatability in explorative behaviour (PC1)spatial learningn
Aegean wall lizards kept in sematural conditions for one year (20 % of their average
lifespan). In contrastreversal learning was only marginally repeatablal sinowed
habitatdependent plasticity Problemsolving and learning flexibility were not

repeatable. Last, heritability estimates were not different from zero for any of the traits.
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Exploration

Our lizards displayed repeatable individual variation in exploration PC1 (general
exploratory behaviouracross years @@ = 0.280). This result corroborates previous
findings that personality variation can be consistent over long and considerablesportion
of a species lifézebra finches: Wuerz & Kriige2014; roe deer: Debeffe et al., 2015;
European starlings: Thys et al., 2017a; eastern box turtles: Carlson et al., 2020; zebra
fishes: Thomson et al., 2020; sleepy lizards: Payne et al., ;2@81#idugh not always
(collared flycatchers: Garamszegi et al., 20Ibrontrast, exploration PC1 did not show
significant heritability (h2 = 0.031). Explorative behaviour is generally found to be
moderately heritablDochtermann et al., 2018)beit this varies greatly among studies
(h2=0.22- 0.37 in great tits: Digemanse et al., 20022 = 0.08 in red squirrels: Taylor

et al., 2012R2 = 0.019 0.25 in European green lizards: Bajer et al., 2015;:h355-

0.362 in yellowbellied marmots: Petelle et al., 2015)

Thus, the consistent individual variation in exploration PC1 could not be explained by
additive genetic differences amoimglividuals. We should, however, take into account
that our sample size (37 juveniles, 16 fathers, 19 mothers) was relatively smadired

to former studies on heritabilifynedian N = 336, range = -611 092, only 14 % with

N < 100 in the metanalysis of Dochtermann et al., 2028nce, it is not impossible

that additive genetic variance does contribute to behavioural variattorerhardii, but

we were simply unable to detectlanckenhorn & Perner, 1994)onetheless, the low
genetic variation in aulizards could also be due to going through a genetic bottleneck
when introduced in our enclosur@arrete et al., 201®r could be a consequence of

strong directional selection on explorative behaviour in the(Bastke, 1989; Falconer
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& Mackay, 1996; Wheelwright et al., 2014)arge seasonal fluctuations in precipitation
and accordingly arthropod abundances on Ngk@samaouna, 1987; Parashi, 1988;
Adamopoulou et al., 1999; De Meester et al., 262Chapter ¥ may exert strong
selection on explorative behaviour within Aegean wall lizards if it facilitates the
discovery andacquisitionof resources (Bajer et al., 2015; Baxtegilbert et al., 2019)
However, we did observe negative selection on exploration in a previous batch of lizards
from 2018 to 2019, but not in the currdsdtch Chapter 7. Ideally, we should thus

verify the heritability of personality (and cognition) in completedjural populations.

Regardless of the reasons, low heritability (if accurate) but moderate repeatability does
imply that personalityariationin P. erhardiimostly arises due to strong environmental
effects (Petelle et al., 2015; Quinn et al., 2016; Vardi et al., 20Z0)s is further
supported by the extremely low shtetm repeatability of exploration PC1 within
juveniles (R = 0.005). In hifsight, juveniles were captured and transferred to captive
lab conditions too soon after hatching (as indicated by the presénogbilical scars)

and thus effectively grewp in the same standardized environment. A lack of genetic
differences plus little divergence in personal experiences may explain their low
behavioural repeatabilityArchard & Braithwaite, 2010; Stamps & Groothuis, 2010)
Shortterm repeatability is sligly higher (but not significant) in 2019 adultsafR=
0.079- 0.085) and moderate in 2020 adultsg(R 0.333), givingadditional support for

the hypothesis that personality variation develops over time. Behavioural repeatability
is oftenpredicted to bange with age, although in which direction is highly debated
(Carlson et al., 2020Both within- and amongindividual variance in a population can

increase or decrease over time due to a multitude of prodessegiew in Carlson et
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al., 2020) including selectionBell et al., 2009) divergence in personal experiences
(Stamps & Groothuis, 20103tatebehaviour feedback loodSih et al., 2015; Kok et

al., 2019) canalizationKok et al., 2019)changes in the costs of behavioural flexibility
(Polverino et al., 2016pr in the developmental dynamics of the physiological
mechanisms underlying behavidigell et al., 2009; Stamps & Groothuis, 2018uch
changes are not necessarily monotonic over {iFhgs et al., 2021)A valuable follow

up experiment would be to measyersonality multiple times across the lifetime of the
same cohort of lizards starting from birth, to test more explicity how and when

personality variation develops in this species.

Following up on this, we did find evidence for changes in (averagglprative
behaviour with age. Adult lizards behaved more explorative in 2019 than 2020, which
could simply reflect senescenf@rommer & Class, 2015)n addition, juveniles had
lower PC1 scores than adults, which is in line with the idea that younger animals should
behave mee cautiouly to allow future reproduction, while adults should take more risks

to increase current reproducti@iVolf et al., 2007; Schuster et al., 201 7d¢vertheless,

we should note that all lizards tested in 2020 (intruders included) behassd |
explorative than the 2019 adults. Lizards were tested in May and August during 2019
and 2020 respectively, thus seasonal fluctuations in behafdenssen et al., 1995;
Aragon et al., 2001; Kerr & Bull, 2006hpay explain the differences between years.
Indeed, NaxiarP. erhardii become less active asnbient temperatures rise during
summer(Catsadorakis, 1984Alternatively, restricted space use aitysical activity
within the enclosures compared to a natural environcwiitl also have led to a plastic

decrease in explorative behaviour over time in every gf@apthuizen et al., 2013)
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In sharp contrast, individual differences in exploration PC2 (fast exploration versus
hiding) were not consistent across years (R = 0.060), nor did they show significant
heritability (h?z = 0.057). Interestingly, exploration PC@®wed considerable shegrm
repeatability within the complete dataset of 2019 adulig$R®.211), but not within the
subset of survivors in either 2019 o(R= 0.130) or 2020 (R = 0.162). Lower
repeatability among survivors may be a consequenstarig directional selection on
exploration PC2(Bell et al., 2009) Indeed, female PC2 scores were higimethe
survivors than in the complete batch of released adults (survivors: 0.339 + 0.167; all:
0.212 + 0.142) while the opposite occurred in males/{gors:-0.031 £ 0.180; all: 0.165

+ 0.160). Interestingly, maland female survivors differed in P&2ores in 2020 but

not 2019. This implies that selependent plasticity also occurred across years. Male
and female lizard can indeed differ in how theehaviour changes over the breeding
season(Aragén et al., 2001)Sexdependent selection and plasticity would have
respectively decreased iniadividual and increased withimdividual variance
(Carlson et al.,, 2020)and thus both cdributed to oveall lower behavioural

repeatability of PC2 on the lostigrm.

Cognition

Adult lizards showed moderate repeatability in spatial learning performance across years
(Ragj=0.398). Our study hence adds to a small body of evidence that individual variation
in spatial learning abilities came repeatable over longer timescglearasian harvest

mice: Schuster et al., 2017pheasants: Langley et al., 2018; mountain chickaidee
Tello-Ramos et al., 2018; but see Soha et al., 2019 on song sparf@vsiir best

knowledge, this is the first study demonstrating cognitapeatability (either shoror
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long-term) in a noravian reptile. On the other hand, heritability for spaéiaining was

not different from zero (h2 = 0.054). While heritability estimates for spatial learning vary
greatly across literatur@? = 0.27 in chimpanzees: Hopkins et al., 2014; h2 = 0.27 in
rose bitterlings: Smitlet al., 2015; h2 = 0.090.23 in pheasants: Langley et al., 2020a)
our results are in line with the only other study investigating heritability of (spatial)
cognition in lizardgno significant motheoffspring regression in delicate skinkéardi

et al., 2020)

Whetherthis low heritability is a consequence of directional selection, founder effects
or too low sample sizes camfortunately not be verified with our current dataset. It
would not be unreasonable to expect selection for spatiahing inP. erhardii as it

may contribute to successfully escaping predageoemt, 2019)and remembering the
location of resources during periods of food scan@ty Meester et al., 2024 Chapter

4). We did indeed observe selection on spatial legrmiour enclosures, although in the

opposite direction and only in femal&3h@pter 7.

We previously reported differences in spatial learning performance between lizards
originating from structurdy simple and complex habita(Pe Meester et al., 2022 ~
Chapter 5) Assuming that spatial learning is not heritable, then such intraspecific
variation would be entirely due to plasticifiMorandFerron et b, 2016) as also
hypothesized for the lizards Mardi et al. (202Q) Indeed, being reared in structural
complex environments has a positive effect on brain (size) and cognitive development
in fish and lizard{Spence et al., 2011; LaDage et al., 20Q&tbia & Brown, 2019;

Vardi et al., 202Q)Our juveniles made fewer errors during the spatial learning compared

to adults, which indicates that spatial cognition may indeed be plagfic éenhardii
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Higher learning abilities in juveniles could be a consege of the higher need for
behavioural plasticity in early lif¢Fischer et al., 2014; Szabo et al., 2018gn)of
cognitive decline with agéBonte et al., 2014 Alternatively, jusenile lizards should be
more motivated to find the safe refuge due to an higher vulnerability to prefMtain

& Lopez, 1995) Interestingly, in contrast to reversal learning, spatial learning
performance did not show habid¢pendent plaie changes across years. This implies
that if variation in spatial learning is caused by permanent environmental effects, such
effects may be limited to a critical period during early. lifeould thus be an interesting
follow-up experiment to test theognitive performance of newly born lizards, release

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

Demonstrating thaindividual variation in learning is repeatable validates that we are
truly measuring cognitive variatigithornton et al., 2014Ashton et al., 201&nd helps

us to understand its ecological and evolutionary releviBmake, 1989; Moran&erron

et al., D16; Soha et al., 2019\Nevertheless, we should be aware of the possibility of
pseuderepeatability(Dingemanse & Dochtermann, 20X3poke et al., 2021Mason et

al., 2021)i.e. behavioural repeatability could be a consequence of consistent differences
in other norcognitive variables among individuals. For examg@epke et al. (2021)
demonstrated that problesolving performance in great titBgrus majoy was highly
repeatable, until coected for hunger motivation amdperience. Nonetheless, the long
time-interval between repeated tesisould have drastically reduced the chances of
pseuderepeatability (Niemeld & Dingemanse, 2017)patial learning was also
unaffected by lizard personaliily this datasetGhapter %, and tail status was corrected

for, thus it is also unlikely that individuals simply differed consistently in their
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willingness to seek shelter. Biases for certain stimuli, such as a ¢bdlason et al.,
2021)or a side preferece (our results) could also increase repeatability estimates if test
subjects differ consistently in whether they are trainedpick the preferred or
unpreferred cue. However, learning performance remained significantly repeatable even
after adjusting fothe side bias ddur lizards. Lastly, behavioural repeatability could as
well be influenced by memories from a previous testing r¢Gnmiffin et al., 2015) Yet,

if lizards remembered the location of the safe refuge from the previous year, they should
have made fewer errors or learnt faster in 2020, which was not the case. Nonetheless, it
would be good to test the contextual repeatability of spatial learniRg énhardii as

well. Using various tasks aimed at measuring the same cognitive abilitysaining

lizards to locate food or mates instead of shelter, or testing spatial learning at different
scales, may help to minimize the influence of psengpeatability and memorGriffin

et al., 2015Brust & Guenther, 2017; Cauchoix et al., 2018; Trefsil., 2021)

Next, we found that reversal learning was only marginally repeat@hie= 0.251) and
learning flexibility not at all (R= 0.192), and that neither showed significant heritability
(hZ&L = 0.074, hadex = 0.053). Previous studies reported reversal learning to be both
repeatablésong sparrows: Soha et al., 2048y not repeatablgnountain chickadees:
Tello-Ramos et al., 2018yvhile overall being modestly heritaki@z = 0.31 among 51
strains of lab mice: Laughlin et al., 2011; h2=0.26 in red junglefowl: Sorato et al., 2018)
The low repeatability of reversal learning and learning flexibility is in sharp contrast
with the rather high repeatability of spatial learning. A similar result was obtained for
wild mountain chickadees Blello-Ramos et al. (2018Dne possile explanation may

be that cognitive flexibility is more plastic and sensitive to environmental changes
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(Tello-Ramos et al., 2018)ndeed, lizards kept in simple enclosures seemingly made
more errors during the reversal in 2020 than in 2019. If indiveduahin a group change
their behaviour inconsistently from each other, due to differential personal experiences,

then behavioural repeatability is indeed expected to dedfBemamer & Class, 2015)

Changes in reversal learning performance may be a goasee of deviations in
neurogenesis rates, a process known to be stimulated by spatial complexity and impaired
by structural simplicity, even in adulfg&empermann et al., 1997; LaDage et al., 2013;
Dunlap, 2016)Neurngenesis facilitates reversal learning but importantly, appears to be
less relevant for the initial acquisition of informati@urghardt et al., 2012; Kalm et

al., 2013; Swan et al., 2014h addition, stress is known to dowegulate neurogenesis
(Mirescu & Gould, 2006)Lizards in the simple open enclosures may have experienced
more stress, due to e.g. feeling more exposed tal gaedators or more intense
competition for the fewer resources. Thus, stress and habitat simplicity may have
inhibited the rate of neurogenesis, leading to reduced reversal learning in lizards kept in
simple enclosures. Importantly, the fact that change&eurogenesis are not expected to
influence the capacity to learn an initial (spatial) association may explain why habitat

complexity did not lead tdifferential changes in spatial learning performance.

The rate of neurogenesis is also often beliggetbcline with agéMolowny et al., 1995;
Amreinet al., 2004)which possibly explains why juvenile lizards showed better reversal
learning than adults. Yet, strangely enough, juveniles only outperformed the adults in
their own enclosure, but did not differ from aduttshe opposite enclosure type (with

the exception of juveniles from complex enclosures making fewer errors than 2020
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adults in simple enclosures). Why these-difterences seem habitapecific is unclear

to us, especially given that 2019 adults were tested prior to release into the enclosures.

Finally, problemsolving ability, here measured with an escape box task, edae

lowest repeatability (R = 0) of all cognitive traits. Long term consistency of preblem
solving is very rarely tested, and previous studies have demonstrated b(RH®@\002

- 0.02 in North Island robinShaw, 2017and relative high temporal repeatabilify =

0.27- 0.54 in great tits: Cole et al., 201Qauchoix et al. (2018pund that (contextual)
repeatability of cognition was significantly lower for latency meas, such as our
escape times, likely due toilieg or floor effects. Amongndividual variation may be
lowered because all failing individuals were assigned the same maximum score, or
because most lizards solved the task within a comparable short time due to its apparent

ease.

Problemsolving assay$fiave been criticized, as it is often unclear whether individual
variation inperformance truly reflects cognitive variation or is due to-ocognitive

di fferences (e.g. hunger , (MomhdiFerrantet a.n , é
2016;Audet & Lefebve, 2017;Shaw, 2017)Especially when only measured once, the
outcome of a probleraolving task can be strongly influenced by intrinsic and extrinsic
conditions(Cauchoix et al., 2018Yhe fact that escape times were not repeatable in our
study seems tealidate such concerns, and illustrates the danger of linking performance

in a (single) problersolving task to e.g. personality, lifestory or fithess without any
information regarding its repeatability. Following the suggestiomturnton et al.

(2014, problemsolving should have been tested over multiple trials within each year,
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and measure the repeatability of i zar ds¢

(Cauchoix et al., 2018)

CONCLUSION

Very few studes so far have tested the laegm consistety and heritability of
personality and cognition, especially so for wild animals, despite the fact that this
information is crucial to understand the potential evolutionary and ecological impact of
such behavioural variatio(Dukas, 2004; Griffin et al., ®5; MorandFerron et al.,

2016 Cauchoix & Chaine, 201®oo0gert et al., 20980ur study showed that individual
differences in some, but not all, aspects of exploration and cognitive performance were
consistent in semwild Aegean wall lizards across ysa but neither cognition nor

personality were heritable.

The low heritability estimates would imply that all of our behavioural traits have very
little evolutionary potential, even if selection would act upon them, although this needs
to beverified in natural populations. Our results do suggest that both cognition and
personality within Aegean wall lizards are at least partially plastic, changing with age,
depending on both sex and habitat complexity. Our study thus illustrates thatitong
studies on the repeatability of cognition in wild animals can advance our understanding

of the role of both genetic and environmental factors in shaping cognitive variation.
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CHAPTERY

DOES BEING SMART PAY OFF?

THE FITNESS CONSEQUENCES OF COGNITION
IN AEGEAN WALL LIZARDS LIVING IN

DIFFERENT HABITAT TYPES .

Adapted from:

De Meester, G., Pafilis, R.& Van Damme, R.(2022).Does being smart pay off? The
fitness consequences of cognition in Aegean wall lizards living in different

habitat types. In revision for the Journal of Animal Ecology.
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ABSTRACT

How cognition evolves is one of the most intriguing questions within biology.
Traditionally, comparative studies across species and populations were employed to
identify the (socie)ecological forces driving the evolution of the braiand,
occasionally, cognitive performance. Lately, cognitive research has shifted its attention
to the individual level, and in particular to how individual variation in cognitive traits
translates into differences in fitness. Studying selection on cognition across
environmental contexts could become a powerful approach to gain new insights in the
role of ecology in shaping cognitive variation. Unfortunately, studies linking cognition
and fitness in wild animals, even in a single ecological context, remain scarce. Here, we
investigatedhe relation betweecognitive performancgeersonalityand fitnesswithin
Aegean wall lizardsHodarcis erhardij kept in either structural simple or complex
enclosures for one year. Using two different enclosure types allowed us to test the widely
held hypothesis that environmental complexity would favour higher cogratilities.
Cognitionwas indeed associated wahrvival, but in unpredicted ways. Better spatial
learningwas negatively associated widmale, but not male, survival. Thek between
problemsolving and survival was noflinear, with moderate solversuffering the
highest mortality Cognition was unrelated to reproductive succesontrast to our
expectations, results were independent of habitat type, thus refuting the hypothesis that
higher environmental complexity selects for higher cognition. gdrsonalityfithess
relationshipwas, however, often yedr and habitalependent. Selection studies on
cognition, preferably across an ecological gradient, can thus lead to interesting novel

insights in the evolution of animal cognition.
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INTRODUCTION

Cognition(i.e. learning, remembering and using environmental information cfr. Dukas,
2004)is quintessential to most animals because it enables them to adjust theioloeha

in response to an evehanging environmen{Sol, 2009) The fact that species,
populations and even individuals within populations can differ considerably in cognitive
abilities(MorandFerron, 2017; Boogert et al., 20X8)ses the question of which factors
promote and constrain the evolution of cognition. This issue ranks amongatite |
understood within current biologyhornton et al., 2014; Boogert et al., 2018eneral
answer would be thatariation in cognitive capacity is caused by local environmental
conditions shifting the balance between the benefits of cognitive competence
(behavioural flexibility; Sol, 2009and its costgdevelopment and maintenance of
expensive neural circuitry; Aiello & Wheeler, 1995; Kotrschahlet2013; Buechel et

al., 2018; Kotrschal et al., 201¥owever, exactly which sociecological forces shape
cognitive variation remains poorly know@auchoix & Chaine, 2016; Morasfeerron,

2017; Henkevon der Malsburg et al., 2020)

One ofterproposed candidate driver of cognitive evolution is environmental complexity
(GodfreySmith, 2002) To find resources and avoid predators, animals living in
complex habitats must be able to process large quantities of environmental irdormati
rapidly, and efficiently sift useful cues from irrelevant nqiSafi & Dechmann, 2005;
Shumway, 2008; Powell & Leal, 2014; White & Brown, 2014; Calisilet2017; Steck

& Snell-Rood, 2018) Past research has indeed demonstrated that species and/or
populations inhabiting spatially more complex habitats possess relatively larger brains

(chipmunks:Budeau & Verts, 1986 ; fish: Shumway, 2008; Axelrod et al., 2018). In
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particular, brain regions associated with spatial cognfbats: Safi & Dechmann, 2005;
lesser earless lizards: Calisi et al., 201mproved spatial learnin¢fish: Shumway,
2008; White & Brown, 2014; moleats: Costanzo et al., 2009yotisbats: Clarin et al.,
2013; Aegean wall lizards: De Meester et al., 2022 ~ Chaptand)problerrsolving
(Anolislizards: Storks et al., 202@)crease with habitat complexit§n the other hand,
habitat complexity does not affect braimorphologyacros AnolisspecieqPowell &
Leal, 2014)or populations of threspined stickleback@asterosteus aculeatudhmed
et al., 2017) nor spatial learning or memoiy three species of African striped mice

(Rhabdomysp., Mackay & Pillay, 2017)

Thus, variation in cognitiommong populations is expected to result from geographic
variation in selection pressure@ut see e.g. Shumway, 2008; Spence et al., 2011;
Carbia & Brown, 2019 for the role of phenotypic plasticitipwever, actual evidence

for differential selection on cognition in the wild remains scgBranch et al., 2019)

In fact, the link between cognition and fitness in general remains underexplored
probably because collecting such data in-fiaaeging animals is challengiff@auchoix

& Chaine, 2016; Morandrerron et al., 2016; Morareerron, 2017; Boogertal., 2018;
Rochais et al., 2022aThe few studies that have tackled the issue so far have yielded
mixed results. Some have found that individuals with high cognitive abilities survive
better. Tol-using Indepacific bottlenose dolphing ¢rsiops aduncysvere more likely

to survive an extreme marine heatw#Wild et al., 2019) and better spatial learning
was positively associated with survival in mountain chickad@esecile gambeli
Sonnenberg et al., 2018hd hatchling velvet geckoéamalosia lesueuriiDayananda

& Webb, 2017) On the other hand, neither spatial learning nor prolsielwing ability
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predicted survival in grey mouse lemifidicrocebus murinuysHuebner et al., 2018)
and pheasant chick®ljasianus colchicyswith higher cognitive flexibility suffered
higher mortality upon release the wild (Madden et al., 2018)Fast learning bumble
bees Bombus terrestrissurprisingly had a lower lifetime foraging success due to a

reduced lifespa(Evans et al., 2017)

Enhawm ed cognition al so seems t(satinboeverkrdsi t i 1
Keagy et al., 2009; guppies: Shohet & Watt, 2009; thpiped sticklebacks: Minter et

al., 2017; budgerigars: Chen et al., 2048) reproductive outpgreat tits: Cauchard

et al., 2017; Preiszner et al., 2017; house sparrows: Wetzel & Koenig, 2017; Australian
magpies: Ashton et al., 2018; male New Zealand robins: Shaw et al., 2036 not

always (great tits: Cole et al., 2012patted bowerbirds: Isden et al., 2013; spotted

hyenas: Johnsedlrich et al., 2019)

Interestingly, these studies show that the fitn@sssequences of the same cognitive
skills canvary greatly, even between related spegeg. satin and spottedWwerbirds:
Keagy et al., 2009; Isden et al., 20bB)populations of the same spediesy. great tits:
Cole et al., 2012; Cauchard et al., 2017; Preiszner et al.,.28ddijionally, within the
same population, the fitnesonsequences of cognition can differ between sexes
(guppies: Kotrschal et al., 2015a; African striped mice: Maille & Schradin, 2b&8y
sizes(pheasants: Madden et al., 2018)ating strategie@ose bitterlings: Smith et al.,
2015) group sizegpheasants: Langley et al., 2020y vary acrosgears due to
temporal variation in resource availabiligreat tits: Cauchard et al., 2017; mountain

chickadees: Branch et al., 2018)predation risfeiders: Jaatinen et al., 2019)
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Hence, the fithestonsequences of cognition do not seem to be universal, and
understanding when and how selection acts on cognition is an important step to advance
our understanding of its evolutiomo our best knowledgenly three studisso farhave
explicitly tested the fitnessonsequences of cognition across environmental conditions.
Female guppiedecilia reticulatg with smaller brains experience greater mortality in

the presence of a predator, but live longer in a safe envirdr{fatrschal et al., 2015a;
Kotrschal et al., 2019Problemsolving increases reproductive success equally in both
urban and forest great tifRreiszner et al., 201@nd in black garden antisgsius nigey
individual learning ability correlates with colony foraging success only in rich, complex
environmentgPasquier & Griter, 2016 Comparing the link between cognition and
fithness across populations of the same speciesglivinder different ecological
conditions can nonetheless become a powerful approach to gain new insights in the costs
and benefits of cognition, and identify the selective drivers of its evol(titmnand

Ferron et al., 2016; Preiszner et al., 2017; Branch &xGil9)

The relative benefits and costs of citigm may also vary across the lifetime of an
individual. In particular, learning and higher behavioural flexibility may be more
advantageoumn early life,especially in species lacking parental carken individuals

still need to learn a lot about theimvironmen (Fischer et al., 2014; Noble et al., 2014;
Szabo et al., 2019dndeed, in some fish and lizard species itwvas shown that juveniles

are more willing to copy information from conspeciftban adults (Hoppitt & Laland,

2013; Noble et al., 2014; but see Leris & Reader, 2018)eniles are often more
vulnerable to predation, and hence may require faster learning abilities to directly

avoid/escape predatafisotrschal et al., 2015a; Dayananda & Webb, 2@t#p obtain
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sufficient resources to maximize their growth ré@ajer et al., 2015; Cauchard et al.,
2017) On the other hand, juveniles may face an energetic-bfidetween bodgrowth
and neural development (Kotrschal et al., 2015c)if juveniles need to grow fast to
become less vulnerable to predat{@ajer et al., 2015)then perhaps higher cognitive
abilities may be a disadvantage in this ldimage. Although someork has tested the
fithess consequences of cognitive performance in juvenile anisedse(g. Dayananda
& Webb, 2017, we are not aware of a single studgasuring the cognitionfitness link

in both juveniles and adults of the same species.

In order to improve our understanding regarding the role of habitat complexity in shaping
cognitive variation, we investigated the link between individual cognitive abilities and
fitness within Aegean wall lizds (Podarcis erhardij, and tested whether selection on
cognition would differ between structural simple and complex habitats.-a&idht
lizards were tested on several cognitive abilities and released in large outdoor semi
natural enclosures. Their sival and reproduction was monitored in the next2
months. As it has become evident that cognition and personality are closely intertwined
(Sih & Del Giudice, 2012; Dougherty & Guillette, 201&)d should thus be studied in
conjunction(Rochais et al., 2022ajve also collected data on several personality traits
in our lizards and tested theiffecton fitness as well. We specifically hypothesized that
selection for cognition, especially spatial learning, will be stronger in enclosures
consisting of complex habitahile cognition will either have no effect or a negative
impact on fitness in the sirtgpenclosuresWe also tested the effect of cognition in a
smaller subset of juvenile lizards, as cognition should be particularly useful for juvenile

lizards due to a lack of parental c§8zabo et al., 2019a)
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MATERIAL AND METHODS

Study species and general experiment design

The Aegean wall lizard is@iurnal, heliothermicdcertid lizard407 70 mmsnoutvent
length inhabiting the Southern Balkans and the islands of the Aegea(iValkedkos,
1990; Lymberals et al., 2018)Aegean wall lizards occupy a broad diversity of habitats
(Valakos et al., 2008; Lymberakis et al., 2028} feed on a variety of arthropods but
occasionally also on gastropods, fruits and confipsdiAdamopoulou et al., 1999;
Brock et al., 2014b; Donihue et a&2016; Madden & Brock, 2018Previous research
has shown that individuals of this species do wedpiatial learning and problesolving
tasks, although cognitive performance varies hathin and amongyopulatons (De

Meester et al., 2021 ~ Chapter 4; De Meester et al., 2022 ~ Chapter 5)

We capturedl25 adult lizards on Naxos Island (Cyclades, Greece) during spring 2018
and 2019. Animals were collected fronvef sites that differed in structural habitat
complexity(previously described in De Mdeset al., 2022 ~Chapter,5) t wo o6 compl e
and three 0si Mhe@nPex=8N MehabcopB MB7NNhaBsimplé = 34,
Nrematesimple = 32). Lizardswere caught by hand, lasso or pitfall, and transported to the
National and Kapodigan University of Athens in individual cotton bags kept in a cool
box to minimize stresdn the lab, lizards were tested on several personality traits and
cognitive abilities (see below). Upon completion of these tests, lizards were individually
marked ad released into four sematural enclosures on Naxos with either a complex
or simple habitat structure in order to follow up their survival and reproductive success
over the course of 1il 12 months. Two batches of adult lizards were released in the

encbsures and kept there from 2018 to 2019 (year 1) and from 2019 to 2020 (year 2)
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respectively. In addition, we estimated aspects of cognition and personality in 44
juvenile lizards, released them in the enclosures in 2020 and recaptured them after 9

months.

Husbandry during behavioural testing

Lizards were kept in individual plastic terraria (22 x 20 x 17 cm | x w X h) at the facilities
of the National and Kapodistrian University of Athens. Terraria received natural sunlight
(2018) or were equipped with an incandescent lamp (60 W) that alloxadd to
thermoregulate (2019). Each terrarium contained a sand substrate, a water dish
(refreshed daily) and stone bricks for basking and shelter. Lizards were offered
mealworms Tenebrio molitoy dusted with TerraVit Powder (JBL, GmbH & Co. KG)
thrice per week. Room temperature was maintained around 28 + 2 °C during the day.
Lizards were kept in captivity from the beginning of May until the end of July (2019) or

beginning of August (2018).

Behavioural experiments

Lizards were subjected to four cognitive tasks (two prokdehaing test and a spatial +
reversal learning task) and three personality assays (neophobia, exploration and
aggression). All these tests and their results have been previously described in
Meester et al. (202%) Chapter 5)n more detail but experimental procedures are briefly
summarized below in the same order as they were conducted. One psoblarg task

(an escape box) was excluddbm this study, as performance on this task was not

repeatableGhapter §.

All observations were performed between 10:00 and 19:00. Lizards were give3020

minutes basking time underneath a 100 W heat bulb before each trghglthem to
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achieve preferred bodyemperatures. Thereafter they were transferred to the
observational arenas. Experimental equipment was washed in between trials with 70 %
alcohol and watefVicente & Halloy, 2017during both years for the spatial cognition
task, but not in 2018 for the other assays. Behavioural trials (except the spatial cognition
task) were recorded using either a GoPro (Hero5 Black) or digital camera (JVC Everio

GZ-HM400) and analysed afterwards.

Training for neophobia and problem-solving

As a first step, lizards were trained to eat from an experimentapsgt 1.5 cm hight

transparent petri dish taped ona 10 x 10 x 1.5 cm | x w h wooden platform) within the
observational arenas (30 x 30 x 30 cm). A lizard was released in the arefedtand
undisturbed for two minutes. Then, a food reward Zlmealworms) was placed inside

the petri dish, and the lizard was given fifteen minutes to obtain and consume it. Lizards
received one (in case of success) or two trials per day, until they hegedad to

consume the reward in three out of four consecutive ffiflsGomes et al., 202@)r
untiitheyhadpat i ci pated in ten trials. The avera
petri dish with the snout) of the last three trials was used as a control for the neophobia

assays.

Neophobia

Neophobia, or the fear of novelty, affects how likely individualstarencounter and
gather new informatiorL.ess neophobic individuals may profit from discovering novel
resources, but also face higher risks e.g. due to dangerous food or présisenberg,
1983; Greenberg, 2003; Mettkéofmann, 2014; Tebbich & Teschke, 2014}he

procedure for the neophobia assays was idemti¢he training sessions, but now a novel
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object (either a pair of orange and yellow glow rings or a red toy iardom order)

was phced next to theetri dish after introduction of the mealworm. Neophobia was
then measured as the relative cha(@ in attack latency compared to the training
(Greenberg, 1983; Candler & Bernal, 2014; Guido et al., 208lépphobia was
measured twice, generally on two consecutive days. As neophobia was found to be
highly repeatable in another syu(De Meester et al., 2022 ~ Chapter, 8)e used the
average of the two trials as neophobia score for statistical analysesndividual was

not assigned a neophobia score as it was accidentally tested twice with the same object.

Problem-solving: lid-removal

Problemsolving is the cognitivability to solve new problems by demonstrating a novel
behaviour or applying an existing behaviour within a new coriéxffin & Guez,
2014) Lizards may profit from probleraolving if it allows them to exploit new
resources, or utilize familiar resources in a more efficient(@aiffin et al., 2016) e.g.

by allowing extraction of hidden préiendyk & Horn, 2011; Cooper et al., 201Qur
problemsolving test was based on the standarddidoval task often used in studies on
lizard cognition(Leal & Powell, 2012; Storks et al., 2020; De Meester et al., 2021 ~
Chapter 4) The procedure was identicalttte training sessions, but accessh® prey
was blocked by an opaque plastic disc (6 cm diamelaekdon top of the petri dish. A
lizard could solve the task by either pushing or lifting tligc, and was considered
successful if it grabbed the prey immediately afterwards (as to eliminate potential
accidental and thus invalid openings) 2018, izards were tested until they opened the
apparatus in three out of fouonsecutive trial§Gomes et al., 202®r until they had

completed ten valid trials. In 2019, all lizards, regardless of their success, received ten
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valid trials, in ordeto measure whether consistent solvers would become more efficient
over time. During the lidemoval experiment, lizards were kept on a diet of a single
mealworm per day in order to both increase and standardize hunger motivation among
individuals(Amiel et al., 2014) For further analysesveassigned each individual aid
removal (LR) score: Onon-solvers (those which never opened the dishjpccasional
solvers (at least once) aBdconsistent solvers (passed thefterion). Two individuals

could not be assigned licemoval scores as they did not complete sufficient valid trials.

Spatial exploration behaviour

Spatial exploration is the tendency of an animal to gather information from the
environmeni{Verbeek et al., 1994)Fast explorers are generally assumed to be faster in
acquiring resources, but at tbest of increased mortalifyVolf et al., 2007) We tested
exploration using a standard novel arena (est. Carazo et al., 2014; McEvoy et al.,
2015; DamadMoreira et al., 2019)An individual was placed in the centre of an
experimental arena (60 x 60 x 30 cm | X w x h) underneatlopaque cover for three
minutes. Thereafter, the animal was allowed to explore the environment for ten minutes.
Each lizard was tested twice (at least one day in between trials) in two distind arena
with different layouts (arena 1: sand, four black plastic refuges and four pinecones;
arena 2: plywood substrate, four white plastic refuges and four stones). On the
recordings, we divided the arena in four equal quadrants and scored the following
behavours: latency until the first transition between quadrants, total number of
transitions made, number of times it touched an object or refuge with the snout or front
legs, number of entries in a refuge, total time hiding in the refuges and the latency to

explore all four quadrants. Subsequently, the number of variables was reduced using a
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principal componenanal ysi s ( PCA) (6princompd func
principal components with an eigenvalue > 1, explaining together 65.72 % of the total
variance (Table 1). Higher scores on PC1 (eigenvalue = 1.62, 37.15 % of total variance)
indicated that lizards made more transitions and touched more objects, and took less time
to enter the first refuge and explore all quadrants. Scores on PC2 (eigenvaliy = 1
28.62 % of variance) represented a traffebetweenfast exploration (latency for first
transition and to explore all quadrants) and hiding (humber of refuges visited and time
spent within these). We onigtained PC1 scores, as individual variafiothis aspect

of exploration was previously shown to be repeatable across years, whiladntrdual

variation in PC2 was noChapter §. Average PC1 scores were used for further analyses.

Table 1. Principal Component Analysis of the behawi®observed during the exploration tests.
Only loadings with an absolute value higher than 0.30 were considered to contribute to a principal
component (indicated in bold). The first componeasretained as expration score for further

statistical analyses.

Comp 1 Comp 2 Comp 3
Eigenvalue 1.62 1.40 0.91
% variance 37.56 2812 1194
First transition -0.15 -0.49 0.54
# transitions 0.45 0.29 0.19
Latency to explore -0.43 -0.35 0.14
all quadrants
#touches 0.29 0.27 0.72
# refuges entered 0.45 -0.38
Latency to enter first -0.43 0.20 0.38
refuge
Time spent hiding 0.33 -0.54
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Aggression

Competition for resources in lizards is likely to favour more aggressive individuals
(Marco & PérezMellado, 1999; Ancona et aR010; Names et al., 2019)Ve scored
aggression by using a series of staged encoutAbados et al., 2016; Bruinjé etl.,

2019; Names et al., 2019)wo samesex lizards of similar size (max 10 % difference

in SVL) were introduced within a large arena (60 x@&D cm | x w x h) separated from
each other by an opaque divider. After three minutes, the divide removed, and a
basking spot (pile of stones underneath a 100 W heat bulb) was introduced in the centre
of the arena for which lizards could compéfdals lasted ten minutes and each lizard
was intended to be staged agathstedifferent opponentéone/day). Nevertheless, due

to camera issues, and the need to reuse some individuals > 3 times to allow size

matching, the actual number of encounters varied from two to five across individuals.

As the majority ofanimals (83 %) had maximum three encounters, we only used data

from the first three trials per individual for further analyses. Trials were scored on video
following an ethogram similar to the one describedNames et al. (2019see also

Chapter 5: Table 1)For each agonistic action (attacks, approaches, bites, display
behaviours) the focal l'izard welkavioued a s
(bypassing or fleeing fromltbhe Aggpessnbobhn i
were then calculated as the differenoetween agonistic and evasive behaviours.
Aggression between females was rare, and hence we only retained aggesssior

males.
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Spatial and reversal learning

Spatial cognitiorallows animals to learn and remember the location of resources (e.g.
food or shelter) in their environment and is therefore believed to be an ecological
relevant ability(Dukas, 2004; Noble et al., 2012; Dayananda & Webb, 2008
guantified the spatial learning ability of our lizards using a standard antipredator task, in
which lizards needed to learn the position of a safe ré¢fgealissen, 2008; Noble et al.,

2012; Font, 2019; Vardi et al., 2020; De Meester et al., 2021 ~ Chapter 4)

Lizards were placed in the centre of an experimengdaaf60 x 60 x 30 cm | X w X h)
underneath a transparent container. The arena contained two identical refuges (black
plastic cups) in opposite corners, one of which was a priori assigned as safe
(counterbalanced among original populations). Visual cues mevided both in and
around the arena as to facilitate orientation and navigatiter two minuteswe lifted

the containerand i mul at ed a predator attack by pc
a paintbrushalways from straight abovelach tridlasted two minutes, or until the

lizard entered the safe refuge (in whaasdt was allowed to rest for two minutes before
being returned to its home terrarium). Entering the wrong refuge was penalized by lifting
the hiding spot and continuing chasthe lizard. If a lizard had not yet entered the safe
refuge after two minutes, it was captured and gently placed underneath the safe spot for
two minutes. We took care to mix the sand substrate in between trials and clean all
refuges with 70 % alcohol andater. Lizards were tested three times per day for five
consecutivelays, and were considered to have learnt the task if the safe refuge was their
first choice in five out of six consecutive trigtdr. Noble et al., 2014; Vardi et al., 2020;

De Meestertal., 2021 ~ Chapter 4).
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Animals living in more dynamic environments will need to continuously update their
knowledge regarding the distribution aabdundance of resources in their habitat, and
adjust their behaviour in response to environmental chaiiNggse et al., 2012)Such
cognitive flexibility is typically measured using a reversal learning (Bislble et al.,

2012; Audet & Lefebvre, 2017; Babkel et al., 2018)in which animals are initially
trained until a certain level of success or for a fixed number of {Balassard et al.,
2020) after which rewarded and unrewarded stirmudme switched and test subjects
need to relearn the association. Cognitive flexibility may be useful for Naxian lizards, as
they experience strong seasonal fluctuations in resource availability due to the harsh and
dry summers typical for Mediterranearsutar ecosystem@damopoulou et al., 1999;
Sagnas et al., 2015 he spatial learning task was hence followed by a revensakp

in which safe and unsafe were switched. Lizards then received an additional fifteen trials

to relearn the spatial association.

For subsequent analyses, agsigned each lizard a spatial learning and reversal learning
score (the mean number of wrorttpices per trial in each phase respectively). We also
assigned lizards a score for overall learning flexibility: i@aching criterion in neither
phase, 1 reaching criterion during either spatial or reversal ahtearning during both

phases.

Semkinatural enclosures

The survival and reproductive success of each individual lizard, was monitored in four
seminatural enclosures am private domain othe island ofNaxos Enclosures were
constructed byencing in = 100 m? of land with smooth metstheet{100cm hHgh, 30

cm of which was dug in)Two enclosures were characterized by dense Mediterranean
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maquis and phrygana (complex) while the other two were pruned to be more open and
structurally simple, therefore mimicking the habitat structurenefgopulations from
which the lizards originated (Figure 1). Within each enclosure we placed four piles of
rocks (£ 30 cm high) for basking and shelter. An attempt was made to remove terrestrial
predators (such as snakes) although Megarian banded cestifeci®opendra
cingulate i known to predate oR. erhardii (DeimezisTsikoutas et al., 2020) were
occasionally found within the enclosures, and at one point a brownRedtu$

norvegicu$ intruded a complex enclosure, albeit it vgasckly removed.

bomplex1 ' " Simple 1 éimplez
Adults 18 7983 6983 7983 79783
Survivors '19 79648 6283 6253 4243
Adults 19 8998 8983 89783 8990
Survivors ‘19 6964 7973 5943 5054

Figure 1. Overview of the number of adult lizards released and recaptured in each enclosure per
year. Complex enclosures (photo left) were characterized by dense Mediterranean phrygana and
madquis vegetation, while simple enclosures (photo right) were more opefewdr bushede

had two lizards (one in simple 2 in 2018, one in simple 1 in 2019) which were initially released

in the enclosures but died while in captivity during a first recapture session ten days after initial
release. These two individuals werenmved from the datasdRictures belong to Reynaert, S. &

Gonnissen, V.
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Initially, reflective discs were suspended above each enclosure to deter avian predators,
but these wore down fast due to weather

nevertheless spended new disks above the enclosures after each recapture session.

Local volunteers checked the enclosures biweé&klgxcept during two periods of
interruption (+ 1.5 months) in spring of each year due to logistic reasams placed
leftover fruits andvegetables in the enclosures to attract flying inse@tgginally,
vegetation near the fences was trimmed twice per year (early spring and summer) as to
avoid lizards getting in or out of the enclosure. Unfortunately, the €¥idandemic
hindered the lanned workflow from spring 2020 onwards, resulting in fewer checks and
postponing of early spring maintenancehe latter resulted in higher than usual
vegetation near the fences by the summer of 2020, and concurrently a high number of
unknown adults (2as found within the enclosures. None of these could be genetically
identified as the offspring of our released lizards, and therefore it is possible that these

6intrudersé6 managed to get into the encl os

Measuring fitness

Upon completion of the behavioural experiments, each lizard was weighed, measured
(SVL), photographed and tadipped to allow individual recognition upon recapture.
Toeclipping is a commonly usgatocedure in reptiles for individual marking due to its
reliability and negligible impact on the health, survival (in species not using toe pads for
climbing) and streskevels of the animal compared to other permanent marking methods
(Langkilde & Shine, 2006; Perry et al., 2018levertheless, to minimize stress inflicted
upon our animals, we removed a maximum of two toes per indivéshabavoided to do

so for those presenting natural toss. In addition, small tail clips (+ 1 cm) from each

[274



Chapter7

lizard were collected for later parentage assignment (see below). Tissues were stored in

96 % alcohol at 4°C.

We released two batches of lizards in the enclosures over two consecutive years. A first
batch was released in August 2018 and recaptured in July 2019. A second batch was
released in Jul019 and recaptured in July 2020. We released /4 individuals per
enclosure (see Figure 1 for sample sizes), and assorted lizards based on theiirsax, orig
habitat, problersolving score and spatiabgnition performance. We initially planned

to recapture lizards at three points in time: eight days after initial introduction, early
spring (~8 months) and summer (~L112 months), but were unable to de tearly

spring recapture for the second year due to the C®¥igandemic.

Survival was quantified as whether lizards were still alive (1) or not (0) the next summer.
Lizards were recaptured from the enclosure by hand, lasso or pitfall (baited with
tomatoe) and immediately identified based on their uniquectme (and verified using
pictures in case of doubt). Captured lizards were then transported to the field lab in order
to measure snowent length (SVL) and body mass, using a digital calliper (Mytoito
precision: 0.01 mm) and an electronic balance (Pesola PPS200, precision: 0.01 g).
Juveniles in the enclosures (mostly found during summer) were also captured, weighed
and measured and tail clips were collected for further parentage analyses (see below)
During a recapture session, enclosures were checked daily to lower the probability of
missing any survivors and/or offspring. Each recapture session lasted on average a week,
by the end of which we usually had captured (or identified) all remainingl |enaa
observed no new individuals. We also had the opportunity to detect any missed

individuals during future recapture/release sessions: two individuals from the 2018
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batch were recovered ten days later during the first recapture of thd2@h9 and tw

individuals of the 201%atch were found during the release and recapture of the
juveniles respectively. Missing |lizards we
neither captured nor observed in subsequent sessions. We were unable to capture two
individuals because of their extreme shyness in 2018, but still managed to confirm their
identity by reading their toeclip using binoculars. These individuals were left in the

enclosures (complex 1) angtre eventually recaptured in 2020.

Parentageassignment

The protocol for thgarentagessignment largely followeduyghe et al. (2010¥irst,
DNA-extraction was conducted by placing £ 2 mm?2 of tail tissue in Chelex extraction
buffer (0.2 mL 10 % Chelex + 20 pL 1 % SDS + 2 pL 20 mg/ matginase K) and
putting it inside a stirring incubator (Eppendorf, thermomixer comfort) for 60 minutes
at 65°C followed by 15 minutes at 95{6mall et al., 1998)Thereafter, we prepared
three different primer mixtures for each DMNample, each containing an unique mix of
fluorescently labelled primers for three diffatdoci (so nine in total) which have been
successfully used for genetic analyses in congeneric sp@3sB4 and B6 from
Nembrini & Oppliger, 2003; Pmelh2, Pmeh04, Pmeli07, Pmekll3, Pmelil4 and
Pmeli19 from Huyghe et al., 2009)Ve then mixed 1.25 pL of each primer mix with
6.25 L Qiagen multiplex PCR master mix 2x and 3.5 L water, to which-1L.ZbuL

of DNA-extract was added. After centrifugation, mixtures were placed in a ther@ocyc
(Biometra, TFprofessional thermocycler) for PCR amplification, with the following
conditions: denaturation fdi5 minutes at 95°@llowed by 30 cycles of 30 s, at 72°C,

annealing for 90 s at either 57°C or 60°C (depending on the primers) and finally
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extension for 60 s at 72 °C and 30 minutes at 60°C-eleetrophoresis was used to
visually check PCR success. Successful p@Rlucts were diluted and sent to an
external lab(NeuromicsSupport Facility for microsatellite detection (AB 3130XL

Genetic Analyser, Life Technologies, Carlsbad, CA, USA).

Loci were identified in the resultingiicrosatellite data using the Geneious Prime

software (versions 2019.2.1. & 2021.0.Bttp://www.geneious.corj/and paentage

assignment was performed in Cervus version 3(Balinowski et al., 2007)Separate
analyses were conducted per year and per enclosure, and the unknown adults in 2019
were included both as potential offspring of the 2018 and 2019 adottsas potential
parents of the jusniles.Proportion of mistyped loci was set to 5 % and relaxed and strict

(trio) confidence intervals were equal to 80 and 95 % respectively.

Effect of cognition on juvenile fitness

In July 2020, 44 of the juveniles found within the enclosuresmghk= 21, Nimple= 23)

were transported to the animal facilities of the National and Kapodistrian University of
Athens for further behavioural testing. Juveniles were collected soon after hatching, as
indicated by the presence of umbilical scars. Theye individually housed in plastic
terraria (8 x 9 x 13 cm | x w x hcontaining a coconut fibre substrate, a plastic refuge,

a water bowl and had access to heat provided by a 60 W incandescent lamp for
thermoregulation. Lizards were fed three timesweek with either small mealworms

or maggots (larvae of calliphorid flies).

All juveniles were subjected to the exploration test and spatial cognition task following

the exact same procedures as described above. Upon completion of the experiments,
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juveniles were measured, weighed and individually marked bglijgging. Given the

lower sample size, we decided to distribute the juveniles over only two enclosures: all
juveniles originating from complex enclosures were released in complex enclosure 1; all
juveniles originating from simple enclosures were released in simple enclo@afe 1

for one juvenile that was accidentally released in the wiramgplei enclosure). Albeit

this means that we had a higher number of individuals per enclosure compared to the
adult experiments, we argue that in natural populations lizard densitysiagly
increases after hatching. Juveniles were released in the enclosures in September 2020

and recaptured in June 2021.

Statistical analyses

The following behavioural variables were retained for analyses: neophobia scores,
exploration PCkcores, aggssion scores (males only),-iedmoval (LR) scores (never

T occasional consistent), spatial learning errors, reversal learning errors and learning
flexibility (neveri oncei both). In previous studies, we reported a strong side bRs in
erhardii (Chapter 3i 6) with lizards learning the spatial cognition task more readily if
the safe refuge was located on the left side of the arena (relative to the observer). Hence,
to make individual performances more comparable, we standardized the number of
spatid and reversal errors per rewarded dicle. Guillette et al., 2009nd per year to
account for annual differences in average cognitive perform@beeVeester et al.,
2022) For juveniles, we obtained spatial learn{8g) and reversal learning (RL) scores

in a similar way As only a single juvenile failed at both phases of the spaigition

task, we classified juveniles as either flexible learners (during both phases) or not (once
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or never). Aexploration was nonepeatable on the shadrm within juvenilesChapter

6), we did not further analyse these data.

In order to score indidual fitness, we used the following parameters: whether an
individual survived until the next summer (Y/N), its growth rate, its change in body
condition and its reproductivgiccess (number of offspring). Growth rate was calculated

as (SVlpostenciosure- SVLprereleasy/(days in between measurg$jozenRechels et al.,
2020)and body condition change by taking the residuals from a log(sVag(body

mass) regressionpre- and postelease and subtracting them from each other
(RodriguezPrieto et al., 2010)As explained earlier, four lizards were confirmed to be
alive during the final recapture session of their batch, but were only curyig a later
session. Hence, their growth rate and body condition change was not used for further
analyses due to not being comparable with those of the other lizards within their batch.
Individuals with a negative growth rate (N = 5) were also reméneed the growth rate
analyses as these likely represent measurement errors. The effect of behaviour on
reproductive success was tested only in the subset of surviving lizards in order to not

confound the survivaland reproductive consequences of cognitind personality.

Our main research question was whether the effect of cognition and personality on
fitness would differ between simple and complex habitats. Nevertheless, other factors
may affect the behaviour fitness link as well. The fithessonsequeces of a certain
behavioural phenotype may for instance differ between males and fefiviaidle &
Schradin, 20169r fluctuate across yeaiGauchard et al., 2017)o account for so many
different possible interactions, we adopted a model selection app{Bgctonds &

Moussalli, 2011)We started by fitting global adels, to each fithess measure, with one
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behavioural variable, yeaenclosire type and sex as independent variables. As the
relationship between behaviour and fithess may not necessary bgdirgpalisruptive
selection as in Bergeron et al., 2018 also fitted each behavioural variable (except

LR and FLEX scores) as quadratems. Finally, we added twway interaction effects
between behaviour (linear or quadratic) and the other variables, although not all full
models could be fitted due to overfitting and convergence issueS(ggtementary

Tables S7.1-S7.5). Snoutvent lkength (ztransformed) was also included as covariate,

and enclosure ID and original populatiarere entered as random factors. For one
particular model (aggressidgnreproductive success) we had to drop the random factor
Apopul ati ono f r asnit ldadh te otieiwise tmdolvahieo abrevérgence
issues. Linear mixedeffect models (LMM$ were used for growth rate and body
condi ti on c¢ han g genetalizédnmexeddfectfmodels (GLNMMs)owith

bi nomi al di stri but i oan)ahdoGLMMs withwaizeriaflated( 6 g | me r
negative binomial distribution('gimmTMB' function; Brooks et al., 2017¥or
reproductive success. A set of candidate n
function (‘MuMIn' package, Barton, 2013and model fit and explanatory power was
evaluated based on the Akaike information criterion corrected for small sample sizes
(AICc). Modelswihi n O 2 Al Cc unodelars not considemad difftrent t o p
from each othe(Symonds & Moussalli, 2011; Gomes et al., 2028y were thus
selected for modedveragingand final model constructionFor each model,we
determined the relative importance values of each predictor by calculating the summed
Akaike weights over all candide modegdwi t hi n O GymdridE€&Moussallit s
2011) We then constructed a final model using only those predictors with a relative

i mpor t an c(8impsdn & Glc@aw,32018; Simpson & McGraw, 2019; Gardner
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et al., 2020; Gomes et al., 2020e final mixed model was used to test the effect of
the selected variables on fitness. We ran separate faeeelging procedures for each
combination of a fitness and behavioural variable, as combining multiple behavioural
variables and all their potential interactions in a single model lead to overfitting. A
similar series of models was ran for the juvenile fithess data, with each model containing
one behavioural variable (linear and quadratic), enclosure and their inteasfisnd
effects, SVL as a covariate and original enclosure as randfeut.efn totd we
conducted modedveraging for 34 models (presentedSmpplementaryables S7.1 1

75).

Lastly, we aimedo better understand the difference between the ttae=gories of
lizards during the lidemoval task. In particular, we wanted to know whether solvers
and nonsolvers differed in their motivation to participate and how this changes over
consecutive trials, and whether consistent solvers became morenéfficipening the
dish. These analyses were only performed on the 22h®ds. First, we tested how the
attack latency changed over consecutive trials within each group, usindgvawiti
attack latency as response variable and trial, LR score (nevesj@@aor consistent)

and their interaction as predictors. Population and lizard ID, with a random intercept and
slope for trial number within lizard ID, were included as random factors. Secondly, we
tested whether consisteslvers would improve over tien Due to the rightensored
nature of the solving time data, we used a ntieifdcts Cox proportional hazard model
(Therneau, 2015; Therneau & Lumley, 202@)ich included trial as predictor and

population and lizard ID (with a random intercapt slope for trial) as random effects.
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Statistical analyses were performed in &sion 3.5.1. (lhaka, R. & Gentleman, R.,
University of Auckland, Auckland, New Zealandpata were transformed where
necessary to meet model assumptmnsd t he fAbobyqaod optimizer
solve convergendesueqBates et al., 2015F5ignificance of fixed effects was based on

F-tests (with KenwardRoger Degrees of Freedom Approximation) for LMMs and Wald
Chi-square tests for GLMMs. Pelkbc pairwise comparisons were performed using
Tukey6s (‘eme¢ahsb ahd 'emtrends’ functions, Lenth et al., 2048

significant interactions were removed from the model.

Ethical note

Experiments and procedures were approved by the Ethical Committee of the University
of Antwerp (file ID: 201767). Field permits were issued by the Greek Ministry of
Environment and Energy (permit IDsq 6 314 65B3 BZY A4 6 5437468

q ¢4246538-q 32 and 6914465338-q@1). All experiments were conducted in
accordance with national legislation and the ASASB/ABS guidelines for the use of
animals in behavioural research and teaching. Upon completion of the experiments, we

released all surviving lizards at the ialitsite of capture.

RESULTS

Survival

In total, 91 of the 123 (74 %) adult lizards survived until the next year. Two lizards (one
in both years) died while in captivity during the first recapture session, and were thus

removed from the dataset.
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All final models showed that adult survival was higher in the com(8&x%: 27/29

lizards in 2018, 26/38zards in 2019 than the simple enclosure®2(%: 19/29 lizards

in 2018, 19/32 lizards in 2019) (Table 2). In contrast, there was moderate model
uncetainty regarding the influence of other predictorsi( 47 top models, averaged
estimates presented in Tablé.§. Sex, year and SVL did either not make it to the final
models or turned out to be naignificant, and therefore had no effect on surv{fVable

2). Only a few behavioural variables were related to survivorship. The effect of
exploration (PC1) varied between years (exp * yedr:5.674, df = 1, p = 0.037More
explorative individuals were less likely to survive in 2018 (estimate + SE959 +
0.377,z=2.547, p=0.011) but not in 2019 (0.103 + 0.243, z = 0.425, p = 0.671) (Figure

2a) . The effect of aggression depended o
(aggression*habitac | = 4. 407, ), avith mere aggresge males Pavirth 3 6
lower survival rates in complex2.269 + 0.976, z =2.325, p = 0.020) but not in simple
enclosures-0.026 + 0.433, z =0.059, p = 0.953) (Figureb?. Problemsolving ability,

as measured ina hde mov a | task, pr €008, df £ & ¢ =6.2BO)v i v a
independently of year and habitat (not included in final modelypr&imgly, lizards
withlowproblems ol vi ng skl vesspoénB8B. 6 %) survi ve
high (consistent solvers, 77.5 %) and intermediatblprnasolving skills (occasional

solvers, 50.4 %)lthough only the difference between occasional angsnbrers was

significant (z = 2.646, p = 0.022) (Figura)3
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Figure 2. Effect of personality on adult survival: A) more explorative lizards were less likely to
survive until the next summer from 2018 until 2019 (left, N = 58) but not from 2019 until 2020
(right, N = 65). B) More aggressive males had lower survival chancesniplex (left, blue
triangles, N = 33) but not simple enclosures (right, black dots, N = 31). Black solid lines indicate
significant associations (p < 0.05), black dashed lines represent trends (p < 0.10) while grey lines
are not statistically significarfp > 0.10). Grey areas represent standard errors. See main text for

more explanation about the behavioural parameters.
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The effect of spatial learning performance on survival slightly differed between sexes
(SL* sex 6 | 3.204 df =1, p = 0.03).Against our initial expectations, femalegth

worse spatial learning (more errors) had a higher chance of suii2@D + 0.533, z =
2.249, p = 0.025) while male survival was not associated with SL scores at all (0.128 +
0.290, z = 0.442, p = 0.658) (Figurk)3The effect of spatial learning on survival was
independent of habitat or year (neither interaction induddinal model, Table 2). In
contrast, neither reversal learning nor overall learning flexibility affected survival (Table

2).

Survival was lower in juveniles (61 %, 27 out of 44) than in adults, and independent of
habitat type (complex: 14/20; simple3/24, p = 0.276). Spatial learning did not predict
juveni |l e s686,df+@d0.1q1Nether-RL &ore, nor SVL had sufficient
high importance to be included in the final models, and thus did not explain variation in
juvenile survival (Tald 3, Table 3.5). The separate GLMM for learning flexibility did

not find an effect of learning flexibility, habitat type SVL on juvenile survival either

(0.276 O p O 0.989).

Growth and body condition

Modelcertainty was relativg high for growth rate (2 5 top models, averaged estimates
presented in Table S2). Most models for adult growth rate indicated that larger lizards
grew slower, and half of the models suggested that males had a faster growth rate than
females (females: 80D + 0.887 * 16 mm/day, males: 10.500 + 1.161 *“3Gm/day)

(Table 2). Growth rate did not differ between years or enclosures (Table 2). None of the
behavioural variables turned out to be sufficiently important (Rl < 0.50) to be included

in the full mockls, and thus none of them explained variation in growth rate (Table 2).
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Figure 3. Effect of cognitive performance on the fitness of adult lizaafisurvival probability

for nonsolvers (N = 75), occasional solvers (N = 18) and consistent solvers (N = 28), as measured

in a lidremoval taskb) Better spatial learners (lower number of errors and thus SL scores) have

a lower chance of survival than gpecifics with higher spatial learning scores in females (N =

59, left) but not in males (N = 64, right). See main text for more explanation about the cognitive
variables. In A, statistical significant differences between groups, as reported by-ro@ost
pairwise comparison using Tukeyds method, are
6**d p < 0.01, 6***6 p < 0.001. I n B, black so
black dashed lines indicate trends at p < 0.10 and grey are not statistically significant (p >

0.10). Grey areas represent standard errors.
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Table 2. Effect of cognition and personality on adult fithess, as the outcome of the final models

obtained by model averaging. Only the predictors with a relativerimipa n ¢ e

were included in the final modelB o r

encl osur e,

the i

v al

ue

0 2 0 1S8ndple sizes may vary among models due to migsitg. Statistical significance is
P. ¥00. 010, 6p**
a full explanation about the procedure to build the full models. Response variables were

indi cat

ed

as

fol ko@s056A8*po<

transformed where necessary to meet model assumptions.

Behaviour N Predictors RI Wald/Fstats P
SURVIVAL
Neophobia| 122 Enclosure 1.00 ? =7607 0.006 **
Exploration| 123 Exploration 1.00 ? =6.460 0.011 *
PC1 Enclosure 1.00 ? =7.969 0.005 **
Year 1.00 7 =2.716 0.099 °
Exp * Year 1.00 9 =5674 0.017 *
Aggression| 64  Aggression 0.73 ? =5.407 0.020 *
Aggressiof 0.50 ?=1.214 0.271
Enclosure 1.00 ? =6.628 0.010*
Aggression *Enclosure  0.63 9 =4.407 0.036 *
LR score| 121 LR Score 1.00 ? =7.008 0.030 *
Enclosure 1.00 ? =7.432 0.006 **
Year 0.56 ? =2.189 0.139
SLscore| 123 SL Score 1.00 ? =5.057 0.025 *
Enclosure 1.00 ? =10.112 0.001 **
Year 0.53 7 =1.432 0.232
Sex 0.67 7 =2.307 0.129
SL * Sex 0.54 92 =3204 0.073°
RL score| 123 RL Score 0.53 ? =2.087 0.149
Enclosure 1.00 ? =8.322 0.004 **
Year 0.50 ? =2.037 0.154
Learning| 123 Enclosure 1.00 ? =7.929 0.005 **
Flexibility Year 0.62 ? =1.897 0.168
GROWTH RATE
Neophobia] 80  Sex 0.65 F175=2.657 0.107
SVL 1.00 F145=27.061 <0.001 ***
Exploration| 81  Sex 0.66 F176=2.700 0.105
PC1 SVL 1.00 F145=27.291 <0.001 ***
Aggression| 39  SVL 1.00 F131=17.011 <0.001 ***
LR score| 80 Sex 0.63 Fi174=2.478 0.120
SVL 1.00 Fi53=27.346 <0.001 ***
SL score| 81 Sex 1.00 Fy,75=5.88B 0.018 *
SVL 1.00 Fi69=40.232 <0.001 ***
RL score| 81 Sex 1.00 Fy,75=5.893 0.018 *
SVL 1.00 Fi69=40.232 <0.001 ***
Learning| 81  Sex 1.00 Fy75=5.893 0.018 *
Flexibility SVL 1.00 Fi60=40.232 <0.001 ***
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Table 2.(Continued)

BODY CONDITION CHANGE

Neophobial 86  Enclosure 0.66 Fi1,=1.548 0.338
Sex 1.00 Fig=13.641 <0.001 ***
Exploration| 87  Exploration? 0.81 F174=2.613 0.110
PC1 Enclosure 0.76 F1,=2.009 0.293
Sex 1.00 Fy81=12.590 <0.001 ***
Aggression| 42  Enclosure 0.55 Fi1,=2.668 0.243
LR score| 86  Sex 1.00 F181=11.878 <0.001 ***
SL score| 87  Sex 1.00 Fi18=12.644 <0.001 ***
RL score| 87  RL Score? 0.72 Fi15=2.141 0.147
Enclosure 0.65 F1,=1.887 0.302
Sex 1.00 F18=11.481 0.001**
Learning| 87  Enclosure 0.50 F;2=1.638 0.328
flexibility Sex 1.00 F1s=13.241 <0.001 ***
NUMBER OF OFFSPRING
Neophobia| 90  Year 1.00 ? =6.903 0.009 **
SVL 0.88 ? =3.774 0.052 °
Exploration| 91  Year 1.00 ? =7.412 0.006 **
PC1 SVL 0.82 ? =3.810 0.051°
Aggression| 45  Enclosure 0.54 ? =3005 0.083°
SVL 0.90 ? =4507 0.034 *
LR score| 90  Year 1.00 ? =7.719 0.005 **
SVL 081 ? =3.777 0.052°
SL score| 91  Year 1.00 ? =7.412 0.006 **
SVL 0.77 ? =3.810 0.051°
RL score| 91  Year 1.00 ? =7.412 0.006 **
SVL 0.84 7 =3.810 0.051°
Learning| 91  Year 1.00 ? =7.412 0.006 **
Flexibility SVL 0.77 7 =3.810 0.051 °

Very similar results were obtained for body condition chane® (@ models, averaged
estimates in Table S3). Overall, males had improved their tmuljitions after one year

in the enclosures, while females ended up with poorer body conditions (fer@dds.

+ 0.023, males: 0.073 + 0.022; Table 2). Body condition changes were unaffected by

enclosure, SVL, year or any of the behavioural variables|€T2).
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Table 3. Effect of cognition on juvenile fitness. For SL and RL, these are the outcomes of the

final models obtained by model averaging. Only the predictors with a relative importance value
(RI') O 0.50 were included i n iontoeindividualdithessmo d e |

i/ 0 indicates that no variabl es

had

a

suffic

was built. For learning flexibility, we only fitted one model from which the interaction was

removed in case of nesignificance.Sample sizes may vary among models due to missing

(fitness

0.05, o6**0

or behavioural)

build the full models.

dat a.

., p < 0.01, 6***6 p <

Statistical S
0.001.

Response variables were transformed where necessary to meet model

assumptions.
Behaviour N Predictors RI Wald/F-stats P
SURVIVAL

SL score| 44  SL Score 0.75 ? =2.686 0.101

RL score| 44 / / / /
Learning| 44  Flex Score / ? =0.031 0.860
Flexibility Enclosure / ? =1.188 0.276
SVL / ? =0.051 0.821
Flex Score * Enclosure / 2 =0.000 0.989

GROWTH RATE
SL score| 26 Enclosure 1.00 F1,,=5.960 0.318
RL score| 26  Enclosure 1.00 F1,,=5.960 0.318
Learning| 26  Flex Score / Fi120=0.037 0.850
Flexibility Enclosure / F11=4.853 0.354
SVL / Fi21=1.404 0.250
Flex Score * Enclosure / F121=0.175 0.680
BODY CONDITION CHANGE

SL score| 26 SL Score? 0.50 Fy23=2.561 0.123

RL score| 26/ / / /
Learning| 26  Flex Score / F120=1.331 0.261
Flexibility Enclosure / F1,,=0.004 0.962
SVL / F121=0.068 0.798
Flex Score * Enclosure / Fi121=0.087 0.771

See n

For juvenile growth rate, neither SL or RL scores or SVL were included in the final

models (Table 3, Table S5). Theparate model with learning flexibility as predictor did

not find an effect of learning flexibility, SVL or enclosure on juvenile growth either (all

0.250 O

(Table 3, Table S5).

p

O 0.850). Si
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Reproductive success

We captured a total of 156 juvéas in the experimental enclosures, 133 of which could
be assigned parents ydii complex= 46, Nearti simple= 41, Nearzi complex= 33, Nearzi simple

= 36). Note, however, that eleven of these juveniles were the offspring of a known parent

(2018bat ch) and an Aintrudero.

Reproductive success varied greatly among individdéaisund 39 % of the released

lizards produced no offspring (21/59 females ari2 males) Amongthose thatlid

leave offspring, females birthed on average 3.34 & @ahge:1-12) and males fathered

on average 82 + 0.46 (range: 115) juveniles. Females had offspring with on average

1.55 £ 0.12 (1 4) different males, while males fathered offspring with on averade 1.7

+ 0.14 (1-4) different femalesVery few deceased lizds left offspring (6/32 non

survivors versus 69/91 survivors), and those who did produced fewer offspring (2.00

0.68) than lizards surviving until the next year (3.61 + 0.BBgre was a strong positive

correlation between the number of offspring anthher of confirmed partners, both for

mal es (Spearman Ran@l, cpr«el0adddDh aedtf emal

= 0.006).

There was moderate model uncertainty in explaining this variation in reproductive
success (F top models, see Table S4). Most final models agreed that the lizards had a
higher reproductive output in year 1 (avera§@.66 + 0.41 juveniles/lizard) than year

2 (165 + 0.24 juveniles/lizard) and suggested that larger lizards produced more offspring
(Table 2). The aggression model revealed that for males, there was a significant positive
effect of SVL (0.316£ 0.149,6 | 4.597 df = 1, p = 0034) and a slightly higher number

of offspring in the simple enclosures (0.488 + 0.283, 3.695 df = 1, p = (083).
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Neither sex nor any behavioural variable affected hoawny offspring an individual

produed (Table 2).

Additional problem-solving analyses

Over the course of the lidkmoval task, lizards changed their behaviour in multiple
ways. First of all, the lahcy to attack the experimental apparatus changed over
consecutive trials, albeit in opposite directions for solvers anesolmers (trial * LR

Score: ke7= 11.959, p < 0.001). Specifically, attack latencies increased over time in
nonsolvers (est = 0&7 £0.018, t = 4.936, p < 0.001, N = 37) but less so in occasional
solvers (est = 0.070 £ 0.035, t = 1.87, p = 0.051, N = 9) while consistent solvers became
progressively faster in attacking the petri dish over consecutive trials (%056 +

0.024, t=-2.356, p = 0.022, N = 20) (Figur@)4 Consistent solvers also decreased their
solving times over consecutive trials, t

df =1, p = 0.011, Figureb}.

DISCUSSION

Very little is known about Wwether, how anevhen selectioracts oncognition in wild
animals yet such information is critical for our understanding of how cognition evolves.

In this study, we showed that cognition (and personakibg related t@everal aspects

of fitness within Agean wall lizards living in senmiatural enclosure®r 9-12 months,

albeit less so than expected and rarely in the predicted directions. In contrast to our main
hypothesis, the relationship between cognitive capacity and fithess was unaffected by

habitatcomplexity.
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Figure 4. Behaviour of adult lizards (2019) over consecutive trials of theeldoval task. A)

changes in attack latency (i.e. latency to touch the experimental apparatus with the snout) over
time in nonsolvers (red dots, N = 37ccasional solvers (green triangles, N = 9) and consistent
solvers (blue squares, N = 20). See main text for more information regarding these problem
solving scores. B) consistent solvers improve their solving times (time between contacting the
apparatus rad grabbing the prey) over consecutive trials. solid lines indicate statistical
significance at p < 0.05, dashed lines indicate trends at p < 0.10 and grey areas represent standard

errors.

Cognition and survival
Our study revealed interesting patterns rdioy the link between cognition and
survival, which do not always seem to be in line with the preceding literature. In the next

paragraphs, we will discuss our results one by one and offer possible explanations.

A first rather surprising result was the plamear effect of problersolving on survival,
selection seems tavour individuals with either very strong or very weak problem
solving skills, independent of habitat complexity. Our results contradict prestiodies
where problensolving/innovation either increased surviy#ihdo-Pacific bottlenose

dolphins, Wild et al., 2019)r had no effect at allgreat tits, Cole et al., 2012; grey
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mouse lemurs, Huebner et al.,, 2DR1Blowever, earlier studies typically quantified
problemsolving in a binary way: individualare either successful or r{etg. Cole et

al., 2012; Johnseblrich et al., 2019; Wild et al., 201930 disruptive selection may
have simply gone unnoticed. This clearly illustrates the necessity of testing and scoring
consistency in problersolving performance, as has been often pleade{Rowe &

Healy, 2014; Thornton et al., 2014; MoraRdrron et al., 2016; Shaw, 2017)

This disruptive selection could be explained if both extreme cognitive phenotypes
experence different benefits. Consistent solvers solve the task repeatedly and improve
(6l earnd) over consecutive trials. The a
increase their foraging efficien§Zauchard et al., 2017; Wetzel & Koenig, 2018).

by being able to extract food from otherwise inaccessible locatogsrock crevices,

inside rotting wood, hollow trees, burrowdMendyk & Horn, 2011; Cooper et al., 2019)

or by figuring out how to handle dangerous or difficult pf@gastilla et al., 2008; Herr

et al., 2016; Whiford et al., 2022)Eastern fence lizardSceloporus undulatjsfor
instance, increase their consumption of venomous ants with repeated exposures,
potentially because they become more adept in catching such prey without being bitten
(Herr et al., 2016)In our experiments, we also observed thatsamers became less

eager to participate in the task over time, whicghthimply a form of learning as well.

If a certain action is no longer rewarding, individuals should refrain frofneit
inhibitory contol, Kabadayi et al., 2018puring foraging and prey handling, lizards are

more vulnerable to predation or competit{dferwaijen et al., 2002; Hawlena & Perez
Mellado,2009) so sel ection may favour those wl

|l ow rewardd foraging opportunitiesld I n c
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removal (1320 lizards only solved the task on&#?20 only twice), and exhibited slower
inhibitory control. Their low survival rate may thus be a consequence of general lower
learning abilities and/or an tendency to persist in risky actions yiefdimggains. To
evaluate how likely these conjectures are, we need to learn more on the exact pathways
by which problemsolving ability, e.g. through its effects on foraging decisions,

translates into fitness.

A second surprising results was found for spdgiarning ability. In theory, strong spatial
learning should increase survival rates, because it allows individuals to quickly
memorize the location of rewarding or dangerous places within their habitat. Recent
studies have indeed confirmed this ideaaéivet geckoegDayananda & Webb, 2017)

and mountain chickade€Sonnenberg et al., 201 @Ithough no effect was found in grey
house lemurgHuebner et al., 2018)0ur results show a remarkable skpendent
effect: spatial learning ability has no effect on male survival, and decreased survival
probability in female lizards. Both observations are puzzling. flilnding of sex
dependent selection on cognition is rérat see e.gkotrschal et al., 2015aalthough

Maille and Schradin (2016jave reported that better spatial memory increased survival
of malk African striped mice and decreases it in females of the same species, which they
related to the higher territoriality of males and a traffewith reaction times (to

predators) in females.

The lack of a positive relationship between spatial learaimdgurvival is unexpected
because lacertid lizards typicallgxhibit an obvious awareness of their physical
surroundings, e.g. fleeing consistently aiveéctlyto the same refuges, even if these are

not visible from their starting poin{Martin et al., 2003; Font, 2019; personal
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observations)Good spatial memory would also &derhardiito retrieve locations with
food resources, such as plants or ant nests, on which they rely during idds per
summer(Adamopoulou et al., 1999Moreover, spatial awareness wagpented to
benefit maleP. erhardiiin particular, as they lagut and defend individual territories at
least during the mating seag@ruber & SchultzeNestrum, 1971)Perhaps males with
low spatial learning abilities compensate for their limitatignadopting alternative

foraging, antipredator and mate acquisition strategies.

The negative relationship between spatial learning ability and survival rate in females
suggests that overinvestj in brain tissue dedicated to spatial awareness was penalized
in our set upCognition is energetically expensive, and larger brains are often associated
with reduced growth and lower fecund{igotrschal et al., 2013; Kotrschal et al., 2015c;
Ebneter et al., 2016fFemale lizards seemed to have higher difficulties coping with the
circumstances in our enclosures than males; perhaps because they allocated more energy
into reproduction, they grew slower and tended to exhibit a reduction in body condition.
Investing innortessential, expensive spatial cognitimay be a wrong choice in such
conditions. Strangely enough, we found no-diferences in spatial learning within
wild-caughtP. erhardii(De Meester et al., 2022 ~ ChaptemBlich implies that spatial
learning has at least some benefits for females in nature to counter the stosivétt,

our results did not show any effect of spatial learning on fegraleth, body condition

or reproduction.

Alternatively, the results observed here may be an artefact of our experimental design.
Although they were designed to mimic natural conditions as close as possible, our

enclosures may differ from the real world ieveral aspects. First, reduced predation
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risk and high food availability may have made them a somewhat less challenging
environment, while cognition is predicted to be mostly useful under demanding
conditions (Sol, 2009) Albeit the size of the enclosures exceeded the average home
range size oP. erhardiion NaxogBeVier et al., 2021)a restriction in space use may

still have reduced the need for spatial processing and memory in mals(uiu Toit et

al., 2012; LaDage et al., 2013; Vardi et al., 2028)ogether, a lack of ecological
challenges in the enclosures may have elimindtedbenefits of spatial learning, and
particularly for females the energetic costs may then have outweighed the reduced
benefits. Likewise, largbrained female guppies outlived eth smaltbrained
counterparts when a predator was present, but died faster under safe conditions
(Kotrschal et al., 2015a; Kotrschal et al., 20 )ure field studies could reveal whether

the observed sedependent selection is due to our experimental design, or occurs in

natural populations as well.

A third noteworthy results was that neither reversal learning, nor learning flexibility,
predicted survival in either habitat type or sex. This is surprising, as both measures
refl ect an individual 6s (Adet&nlLefebvre, 201B;e havi o
Buechel et al., 2018a trait that would have been particularly valuable upon introduction

in a new environmer(Sol, 2009; Wright eal., 2010; Griffin et al., 2017; Szabo et al.,

2020a) It is, however, possible that cognitive flexibility was mostly beneficial directly

after lizards were introduced in their new environment, when thesewsaiong need to

replace old irrelevant with new informatigWright et al., 2010; Griffin et al., 2017)

Over time, when lizards were familiarized with their new habitat and faced no novel

challenges, such flexibility may have become less useful and even too(btestiglen
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et al., 2018) Periods of positive and negative selection following each other may have
led to no net impact of cognitive flexibility on survival when taken over the entire time
period,but this should be tested by measuring survival multiple times over shorter time
intervals. Additionally, we previously described habdapendent plastic changes in
reversal, but not spatial, learning performance in lizards kept in these exact esclosure
for one year Chapter6). Suchplasticity may have countered selection on reversal
learning ability(Croston et al., 2015) astly, it should be noted that reversal learning
specifically measures the ability ofndividuals to reverse previously learnt
contingenciesThis may indeed be important in order to deal with (seasonal) changes in
a familiar environment (Tebbich & Teschke, 20Bt)tperhapsess so for invading new
environments where thepeevious contingencies are not present and thus do not need
to be reversed. Rathdizardsintroduced in the enclosureed to learragain from
scratch, or will have to learn to associate a completely sevof cues with familiar
outcomeqgGreggoretal.,2019T he | atter ability is often
task(Szabo et al., 2018; Greggor et 2019) which could be &aluable addition to our

cognitive test battery for future work.

Neither spatial nor reversal learning predicted juvenile surviledpite the assumption

that learning would be especially helpful during earlier stages of life in species without
paternal cardSzabo et al., 2019a)This may again be a consequence of a lack of
environmental challenges, albeit juveniles experienced higher mortality than adults.
Unfortunately, we could not sex the juveniles prior to their release in the enclosures, so
it is possible that similar gedependent selection on cognition may have occurred which

we are unable to detect.
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Cognition and reproductive success

None of the cognitive abilities were dir
success, despite previous research generafigrtirg higher mating success and/or
reproductive output in more cognitively able individugdeagy et al., 2009; Shohet &

Watt, 2009; Cauchard et al., 2013; Cauchard et al., 2017; Minter et al., 2017; Preiszner

et al., 2017; Wetzel & Koenig, 2017; Ashton et al., 2018; Branch et al., 2019; Chen et

al., 2019; Shaw et al., 2019although not alway&Cole et al., 2012; Isden et al., 2013;
JohnsorUlrich et al., 2019; Wild et al., 20199 any of these studies were conducted on

birds or fish, where higher cognitive abilities probably fac#ithbetter parental care

(e.g. Cauchard et al., 2013;hard et al., 2017; Minter et al., 2017; Wetzel & Koenig,

2017; Shaw et al., 2019yhe kck of parental care iR. erhardiimay be a first reason

why cognitive performance was unrelated to reproductive success. Secondly, it is often
proposed that femal es should choose cogni
genesoOo and t afsphng(Keagy@talm2009sbenebal., 2013However,

given the limited fitness dvant ages of cognition in our
mates may not really be a rewarding strategy. In addition, the importance of female
choice during lizard mating is quite disput@gtlyghe et al., 2012)Thirdly, males are

generally believed to profit principally from spatial cognition in order to locate potential
mates(Kotrschal et al., 2015b; Smith et al., 205)to acquire and defend territories
necessary for breedir@grayaSalas et al., 2018Dnce again, such benefits of spatial

cognition may have been reduced due to restricted space use in our enclosutdyg, Fourt

the effect of cognition on reproductive s
strategy. In rose bitterlings, better spatial learning increased the fertilization success of

sneaker but not territorial maléSmith et al., 2015)Different colour morphs oP.
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erhardii co-exist on NaxogBrock et al., 202Q)which in other lizard spees is often
associated with differential behavioural strateg{8mervo & Lively, 1996; Galeotti et

al., 2013)varying in their reliance on spatial cognitifiraDage et al., 2013; LaDage et

al., 2016) Unfortunately, the sample size of alternative (yellow and orange) morphs was
too low in our current dataset to test this possibility. yastbgnitive performance of
parents could affect the quality rather than quantity of offspidartgnch efal., 2019)

but this should be measured under more standardized conditions predinetily after

hatching.

Cognition, growth rate and body condition

No behavioural variables affected growth rate and body condition, in neither sex, and
neither in adlis nor juveniles. We should firstly realize that we only obtained such
measures for the survivors, and that the deceased occasional solvers or bad spatial
learners may have been the slowest growers or those with the worst body conditions.
Secondly, measing changes in body condition over a period €f2months may give
unreliable results, as body condition can fluctuate strongly throughout thé\Wasar

Sluys, 1998) It would be more informative to looat how cognition affects body
condition changes over shorter tiimeervals, e.g. before and after the dry summer,

hibernation, breeding season etc.

Personality and fitness

It is often assumed that different personality types correspond to differehisliéey
strategies. Risprone individuals invest in current reproduction at the expense of
survival, while riskaverse personalities prioritize survival and future reprooct

(paceof-life syndrome hypothesis, Wolf et al., 2007; Smith & Blueist 2008; Reale

[299



Fitnessconsequences abgnition

et al., 2010b; Sih & Del Giudice, 201Hollowing these predictions, we would have
expected less neophobic, more explorative and more aggressive lizards to have a higher
growth rate and more offspring but lower survival. In the next paragraphs, we will

discuss how our results align with these predictions.

First of all, neophobia was unrelattm either reproduction, growth or survival. Once
again, this result could have been a consequence of our experimental design. Neophobia
is predicted to be mostly beneficial when foraging under dangerous circumstances, such
as high predation pressure, will become costly if it prevents an individual from
seizing novel resourcedettke-Hofmann, 2014) Perhaps lizards faced both lower
levels of predation andefver novel resources in our enclosures (due to being more
restricted in space), thus simultaneously eliminating potis and cons of neophobia

and resulting in no nett selection.

Secondly, more explorative lizards suffered higher mortality in the firsihbuthe
second experimentgkear. Annual variation in selection on exploration has previously
been described in mammals and birds, and is often due to temporal fluctuations in food
availability (Dingemanse et al2 0 0 4 ; Le Ciur et al.,or2015;
predation pressur@Réale & FestdBianchet, 2003)Such environmental stochasticity
may also have occurred in our study system. Naxos experienced unusual high
precipitation during the winter of 204819, which might have increased arthropod
abundance$Stamps & Tanaka, 1981; Spiller & Schoener, 1995hood is plentiful,

then more explorative individuals may no longer be more efficient in acquiring resources
than less explorative conspiics ( L e C1T ur  eRredaidn pressubednhyba)so

have varied across years, as open areas in the newly constructed eadiog204.8 had
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been covered by grasses and herbs by 2019, and the lack of maintenance in 2020 also
further increased vegetation density. Lizards in our first experimental year thus lived in
relatively more open enclosures where more explorative individuayshave suffered

more predatiorfWolf et al., 2007; Rddel et al., 2014; Lapiedra et al., 20H8wever,

this is not in line \ith the fact that overall survival was actually higher in the first than
second experimental year, and that the exploratgumrvivallink did not differ likewise
between simple and complex enclosures. Running this experiment for multiple years
while alsocollecting data on resource availability could provide further insights in what
drives temporal variation in selection, and thus ultimately how personality variation

within populations is maintained.

Thirdly, in accordance with theredictions of the POL8ypothesis, aggressive
individuals suffered higher mortality albeit only in the complex enclosures. Possibly,
aggressive males expend more endidwrler et al., 1995)have less time to forage
(Ancona et al., 2010and are more susceptible to predatidakobsson et al., 1995)
injury (Donihue et al., 2016nd infection(Salvador et al., 1996l these factors may
have jeopardized survival specifically in the complex enclosaeserritorial defence

is expected to be more difficult, and thus costlygluttered habitats with lower visibility
(Eason & Stamps, 1992; Hojesjo et al., 2004; Johnson et al., 2010; Church & Grant,
2018) Yet, this contradicts a previous study in which we reported that Aegean wall
lizards originating from complex and simple habitats did not differ in aggressiyBaess
Meester et al., 2022 ~ Chapter. Berhaps it was not habitabraplexity per se that

explains the differential survival of aggressive males, but rather, variation in population
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density. Higher survival rates in complex enclosures likely resulted in more intense, and

thus costly, competitiofStamps & Buechner, 1985; Donihue et al., 2016)

Finally, the POLShypothesis predicts that the lower survival of more explorative and
more aggressive lizards should be compensated by a higher reproductive output.
However, neither exploration nor aggress|
reproductie success. For exploration, it is possible that being more explorative was no
longer an advantage during mate search, given the small size of the enclosures and the
high densities of lizards in it. For aggression, it could be thatwggnessive males were

still able to achieve a high reproductive succesadmpting a sneakestrategy(Sinervo

& Lively, 1996; Sinervo & Zamudio, 2001t could be a nice follovup experiment to
determine the relative importe@m of cognition versupersonalityin determining the
reproductive success of male lizards with alternative mating strategies. Another
explanation may be thaggressive lizards indeed outcompete submissive individuals
for territories and mates, but thisheantage is countered by females preferring less
aggressive partne(sluyghe et al., 2012jue to the potential fatal consequences of male
harassmer(l_e Galliard et al., 2005We should note that we only tested the personality

I reproductive output link withirthe subset ofwsvivors, but deceased lizards rarely
reproduced and left fewer offspring if they did. So even if we had included these
individuals in our analyses, we would have likely still édiko find support for the

POLShypothesis.

Intruders?
One issue of concerntbe presence of unknown adults within our enclosures in 2020.

Genetic analyses confirmed that these individuals were not the offspring of our own
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lizards, meaning that they were indeédtruder® who managed to get into the
enclosures somewhere between28fd 2020, perhaps helped by the higher vegetation
in 2020.This implies that, in year 2 at least, lizards may also have been able to get out
of the enclosuresNevertheless, we do not think thi®empromises our results and
interpretation thereof. Firstly selection studies, especially those within natural
population, always have to accept a certain level of uncertainty regarding the ultimate
fate of their test subjec{®ingemanse et al., 2004; Madden et al., 2018; Abalos et al.,
2022; Rochais et al., 2022a¥econdly, we believe that the number of escaped
individuals, if aly, to be negligible compared to the number of truly deceased lizards.
The survival rate in the second year was only slightly (anesigmificantly) lower than

in the first year, and this could also be due to higher competition (influx of intruders) or
a harsher winter (see above). Thirdly, we only found intruders in 2020, meaning that the
enclosures were probably very efficient in keeping lizards out and in during the first year
(indeed, in one complex enclosure we recovered 100 % of all individuals), iThus
lizards escaped rather than died, we would likely observe different results across years.

Nevertheless, most of our results were very consistent across experimental years.

Is selection on cognition contextlependent?

In contrast to our expectations, we did not find stronger positive selection for cognition
in structural more complex habitats. In fact, selection on cognition and personality (or
the lack thereof) was largely independent of habitat type. This seemsgesttigat
habitat complexity, at least in this species, is not an important environmental factor
shaping cognitive variation. In a previous studyFRanerhardii we did not find any

differences in problersolving or reversal learning between populationginating
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from naturally simple and complex habitats, but nevertheless lizards from complex
environments were more successful in a spktghing taskDe Meester et al., 2022 ~
Chapter 5). Possibly, such variation in spatial learning is a consequence of
developmental plasticity, as often observed in&bence et al., 2011; Carbia & Brown,
2019) rather than selection. Alternatively, h@bicomplexity may in fact select for
stronger spatial learning in natural populations, but not under the relaxed conditions in

our enclosures.

It would be interesting to adapt our-sgt in order to test how other types of ecological
variationwould affec¢ the cognitiori” fitness link. Enclosures could be adjusted to differ
in e.g. resource variabilitfszabo & Whiting, 202Q)predation pressuifdaatinen et al.,
2019) social complexityLangley et al., 2020bgtc., all of which are predicted to be

important drivers of cogriite variation.

CONCLUSION

Overall, the effect of cognition on |lizar
conflict with the trends described literature.Albeit this could be arartefact of our
experimental design, it is algbausiblethat ourresults do not align with earlier studies

since these were mainly conducted on birds with completely diffésecit)ecological

lifestyles (e.g. parental car&xpanding researategarding the fithessonsequences of

cognition tononttraditional taxa may thus lead noveland freshnsights.

One shortcoming of our study is that the exact pathways otlesecognitive abilities
affectfitness remain unclear, i.e. more information is needed regarding the role of spatial

cognitionand problernssolving in the natural behaviour of our study species. How does
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spatial learning performance in the lab relate to spatial behaviour of individual lizards in
the wild? How do lizards use these cognitive skills during foraging, mate search and
predator evasion? This limitation is, however, not unique to our own work, as cognitive
research in general will benefit from a better understanding of the role of cognition
within the daily life of their study animals, to understand its fitregsomes. Mdern
techniques (e.g. cametapping, radigracking, etc) are currently expanding our

potential to collect such data.

Although we failed to find habitatependent selection on cognition within our study
system, we nevertheless bghkg¢hat comparing settion gradients on cognition within

the same species under different ecological conditi@mbecomea very powerful
approachto identify the drivers of cognitive evolution. We hence recommend future
research to study selection on cognition and persgraioss (natural or experimental)
populations exposed to different environmental facfmeferably across multiple years.
Albeit this remains challenging, modern technological advancements are making these

kind of studies more and more feasible.
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OUTLINE

The goal of this thesis was to understand the role of ecology in shepimitive
variation, both among species, among populations of the same species and among
individuals. By combining a comparative and individbaked approach, | hoped to gain
deeper insights in how cognition evolves. In the first part of this discudsieit,
consider whether and how differences in habitat complexity and variability instigate
variation in cognitive abilities at the individual, population and species level, and what
this tells us about the evolution of (reptile) cognition. In the secartepthe discussion,

I will highlight some important shortcomings of my thesis and the field in general, but

also suggest how these could be addressed in future research

THE ROLE OF ECOLOGY IN LIZARD COGNITIVE EVOLUTION

Ecological challenges posed bethhysical environment, typically those involved with
the acquisition of food, are often proposed to drive the evolution of animal cognition.
Throughout this thesis, | have looked at two aspects of the physical environment in
particular; structural habitabmplexity and environmental variability, and both of them
were studied at different taxonomic leveéds overview of the most important results is

given in Table 1.
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Table 1. Summary of the results obtained across all research chapf&rsRBS = relative brain size, IC

= inhibitory control, LR = lidremoval, SL = spatial learning, RL = reversal learning and FLEX = learning

flexibility.

Among species

Among populations

Among individuals

Social Complexityry

Habitat complexity
L}

Environmental
variability m

Z RBS
Solitary squamata
have relative larger
brains than social
species (Chapter 2)

(0) RBS
Arboreal squamata
have relative larger
brains than fossorial
species, but not
significantly
(Chapter 2)

(0)
No link between
performance in any
cognitive task and
structural habitat
complexity (NDVI)
across 13 species of
Lacertidae (Chapter
3).

Z RBS
Squamata from the
Neotropics have
relative larger brains
than those from
more temperate
regions (Chapter 2).

Z ILR, RL, FLEX
Lacertid lizards from
more seasonal
habitats have worse
inhibitory control,
and tend to be less
successful in
problemsolving and
reversal learning
(Chapter 3)

/

n SL
Aegean wall lizards
from complex
habitats are more
likely to learn a
spatial learningask
than those from a
simple habitat
(Chapter 3)

(0)
No differences in
other cognitive traits
(Chapter 3)

n SL
Aegean wall lizards
from a more
seasonal habitat
show better spatial
learning

Z RL,
Aegean wall lizards
from a more
seasonal habitat
show lower
cognitive flexibility
and reversal
learning.

(Chapter 4).
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/

 RL
Individual lizards
housed in simple
enclosures for one
year show reduced
reversal learning,
but no differences in
spatial learning or
problem-solving
(Chapter 6)

(0)
No habitat
dependent selection
on cognition or
personality (Chapter
7)
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Habitat complexity and cognition

According to literatureljving in structural complexabitas should select foenhanced
cognitive abilities and larger brains, due to increased demands for processing and storing
environmental information(Safi & Dechmann, 2005; Shumway, 2008; Mettke
Hofmann, 2014; Powell & Leal, 2014; Pamela Delarue et al., 2015; Steck &S|

2018) The results obtained during my PhD are mixed in this regpeet Table 1)
Habitat complexity does not explain variation in relative brain size astpssmate
reptiles (Chapter 2), nor in cognitive fmmance(inhibitory control, problerrsolving,

spatial and reversal learninggross Lacertidae (Chapter 3). At the intraspecific level,
however, | found that Aegean wall lizar(RRodarcis erhardij from complex habitats

were more successfiul learning aspatial task than conspecifics from open, simple areas
(although no differences were foundoroblemsolving or reversal learnin@hapter 5).

At the individual level, however, | observed that lizards kept in struttusahple
enclosures experienced a greater reduction in reversal learning capacity than
conspecifics in more complex enclosures. Lastly, there was no evidence for-habitat
dependent selection on spatial learning or any other cogahility in the seminatual

enclosures (Chapter 7).

Firstly, problem-solving ability seemedto be consistently unaffected by habitat
complexity both across and within species. | predicted that lizards from more complex
environments would be more proficient in probleptving, dueto more frequently
encountering hidden, cryptic or dangerous prey and/or physical barriers while trying to
obtain resources (Mendyk & Horn, 2011; MettHefmann, 2014). Nonetheless,

complex habitats are also likely to offer a high abundance and divefrpityy (Gardner
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et al., 1995; Steck & SneRood, 2018; Fernandélizon et al., 2020; Peng et al., 2020)

As |l ong as more 6easyd prey are avail abl
to complicated extractive foraging techniqueSimilarly, woodpecker finches
(Cactospiza pallidaare more frequently observed using tools for extractive foraging
during the dry season when more accessible ipeaysbecomescarce(Tebbich et al.,

2002) Hence, problensolving may be moranportantin harsh and temporally variable,

rather than spatially complex, habitats (but see below).

Secondly,| initially predicted aparticulaty strong effect ofhabitat complexity on
spatial learning (see introduction and literature e.g. Safi & Dechmann, 2005; Shumway,
2008; Costanzo et al., 200&hite & Brown, 2014), but results were highly incongruent
acrosdaxonomic levels (and hence chaptéigble 1). A first possible explanation for

this digrepancy in results across chapteray be that different environmental forces
shape cognitive variation across and within species. In that respect, my results do seem
to be in line with previous comparative brain studiedizerds, showing that habitat
structurewas unrelated tthe relative size of either the whole brain or specific brain
regionsacross anole speci¢Bowell & Leal, 2014)put positively associated with the
relative size of the medial corticéptilian brain areas involved in spatial cognition)
between populations of lesser earless lizértidbrookia maculataCalisi et al., 2017)

It is worth remembering that the current variation across species, both in brain size and
cognitive abilities, is shaped by a long evolutionary histanglare therefore sometimes
consideredess informative regarding the influence of current environnhentaitions

on cognition(Roth et al., 2010b)
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Alternatively, dscrepancy in results across chapters may be due to the different
approachesisedto define habitat complexity. Habitat complexity was scansthg
microhabitat/ecological guild data (fossorigkounddwelling, saxicolous, arboreal)
taken from literature in Chapter Bsing NDVI and precipitation databtained via
remote sensing in Chaptera®)d by actually visiting the field sites in Chaptér B(and
verifying this using remote sensing data on ground vegetation codweratter approach

is likely the most informative and accurak@r instance, being groustivelling in an

open desert dn a dense grassland is a considerable difference in terms of environmental
complexity, but the ecological guilds defined in Chapter 2 are too broad to take this into
account. Likewise, NDVtHata is mainly based on vegetation density, and does not
considerother aspects of structural complexity such as rocks, stone wallsh
addition, NDVI also correlagwith precipitation and resource availabilit¢iapter 3,
Pettorelli et al., 2011; Sweet et al., 20F&rnandeizon et al., 202Dand thus does
notsolely reflect structural habitat complexifyhis inconsistency in measgiaf habitat
complexity was de to logisticand conceptual issud=or instance, we did not know the
exact origin of the many species featuring in Chapters 2 and 3, and/or wble tana
visit those places of origin to evaluate habitat comple@tpund vegetation cover used

in Chapter 5 may accurately reflect habitat complekity populations of aground

dwelling species (such &s erhardii) but less so for arboreal fwssorial species.

Hence, @ture work could benefit from using more detailed measures for habitat
complexity.Thisdoes rais¢he important question @fhat exactly constitutes a complex
habitat from the perspective of a lizarBffroughout this thesigsndmuch of literature,

it is assumed that visually restricted habitats (e.g. denser vegetation) with higher three
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dimensionality (e.g. rock outcrops, treesid a higher diversity of microhabitats (and

thus resourcesgre more complex because they requiee hocessingnd storagef
considerable more environmental informatiand a greater capacity to distinguish
between relevant and irrelevant environmental c(®afi & Dechmann, 2005;
Shumway, 2008; Mettkelofmann, 2014; Powell & Leal, 2014; Pamela Detaet al.,

2015; Calisi et al., 2017; Steck & SnBbod, 2018)For instanceif an animal wishes

to return to a previously visiwillendveiooc a't
memorize more landmarks find its way within avisually restrictechabitatcompared

to a more open environmefwhere the goal is already visible from a greater disfance
Nonetheless, ivould be good if future studies were able to actually quantify whether
such complex envirmments are truly richer in information. For instanewell and

Leal (2014)measurechabitat conplexity by quantifying how many possible paths
Anolislizards could take while movingroundin their home range, and how many
branchesheyneeded to cross to get from one point to anotbreroptions are totake

more rigoroudield measurements tfcbitat structure n t er ms of e. g. s
cover(Ferreira & Faria, 2021 pr even to quantify the thretmensional structure of the
habitat in great detail usingDAR (light detection and ranging) technolo{Bradley et

al., 2022) These could be combinedith collecting field data on the abundance and
diversity of arthropodsother resourcesompetitors, predators etrs.Of course, all of

these require actuallyisiting the original populations, which wast always feasible

during this project.

But even at the intraspecific level, results are incongruent. While habitat complexity is

associated with spatial learning performance across natural populatiBnebfardii
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(Chapter 5), selection on thasility did not differ between simple or complex enclosures
(Chapter 7). There are two possible, fexelusive, explanations for these divergent
results. Firstthese cognitive differencesross populations &f. erhardiimay arise due

to phenotypic plagtity, rather than selection. Many previous studies have indeed
observed that structural complexity of the (rearing) environment promotes spatial
cognition and brain development in various té&ay. rats: Leggio et al., 2005; fish:
Spence et al., 2011;abia & Brown, 2019; moleats: du Toit et al., 2012; Carbia &
Brown, 2019; lizards: LaDage et al., 2013; LaDage et al., 2016; Vardi et al., 2020)
Chapter 6, | also reported a low heritability for spatial learnir®y grhardii,which may

indeed indicate that mosf thevariation acoss individualsrisesdue toenvironmental
effects(MorandFeron et al., 2016; Vardi et al., 202 owever, adulP. erhardiidid

not change their spatial learning performance after being housed in either a structural
simple or complex enclosure for one year (Chapter 6). This could of course mean that
the effect of environmental complexity on spatial cognitive development may be

restricted to early life in this specié@Shandle et al., 2020)

Secondlyas discussed in Chapter 7, the lack of differential selection on spatial cognition
between simple and complex enclosures could be an artefact of our experimental design.
Lizards in our enclosures probably expaced reducedrpdationrisk (Kotrschal et al.,

2019) high andpredictable food availabilittHenkevon der Malsburg et al., 202ajhd

restricted space ugelu Toit et al.,, 2012)These more O6easyod condi
negated the benéd from spatial cognition compared to a more natural (complex)
environment, hence why there was no (males) or negative (females) selection on spatial

learning within the enclosuresUsing larger enclosures, limiting food availability,
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introducing predatay, or following survival in the original complex and simple habitats

(albeit challenging) may have yielded more consistent results across chapters.

Aegean wall lizards kept istructuraly simple semnatural enclosures for + 1 year
showed a stronger redian inreversal learningperformance compared to conspecifics
kept in enclosures with complex habitdet, despite this habitatependent plasticity,
lizards originating from natural complex and simple habitats did not diffehair
reversal learningc®res(Chapter 5). The most likely explanation is that lizards suffered

a reduction in reversal learning abilities in our simple seatiral enclosures due &
combination ofincreased stress, restricted space use and lower habitat complexity
impairing adult neurogenesis, while the enriched vegetation structure in the complex
enclosures buffered this effect to some eixfdn Toit et al., 2012; LaDage et al., 2013

Powers, 2016; see also Chapter 6

Lizards were nonetheless expected to show bettersaviearning in more complex
environmentslue toa higher likelihood ofencounteringiovel situations and resources
(MettkeeHofmann et al., 2002)However, reversal learning was unrelated to habitat
complexity both across and within species (Table 1izad in a complex environment

may indeed e.g. have a higher probability of discovering a new food source, but this does
not mean that familiar food sources are no longer available and a lizard should forget
about them. Hence, structural complex environtmaay require lizards to learn and
retain a greater diversity of information, but not necessary to be cognitively more
flexible. A similar reasoning could also explain why inhibitory control was unaffected

by habitat complexity.
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One thing that should beddressed in future studies, and may even explain why my
results did not align with commaxpectations, is the possibility of correlated selection
betweencognition and other behavioural traitsuch as personality type (boldness,
exploration, aggressivess, activity and sociabilitylPerhaps habitat complexity selects

for specific behavioural combinatioriBhe results presented @hapter 5 seem to imply

this. Behavioural associations between personality and cognition were either-habitat
independent, asolely found within the simple, open, habitats. | suggested the possibility
that high predation pressure in the simple habitats eliminates certain maladaptive
behavioural combinations, thus giving rise to stronger persoftalgyition correlations

(Bell & Sih, 2007; Sih & Del Giudice, 2012; Liedtke & Fromhage, 20,1 9djile the

same behavioural combinations may persist in more safe complex habitats. This was
indeed demonstrated [Bell and Sih (2007)n a study on behavioural syndromes in
threespined sticklebacksasterosteus aculeafudBoldnessand aggressiveness \ger
unrelated in sticklebacks prior to being released in artificial pools with a predator, but
were positively correlated when the surviving fish werdested at the end of the
experiment. This correlation arose partially due to phenotypic plasticityydmialso

due to the higher mortality of individual fish who were both bold and unaggressive. It
would thus have been interesting to check whether the same behavioural associations
would emerge within the surviving lizards in the simple enclosures, ag ioriginal

simple habitats.

Environmental variability and cognition
There are two conflicting hypotheses regarding the effect of environmental variability

on cognition. The Cognitive Buffddypothesis (CBH) predicts that variability selects
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for higher cogitive abilities, as the ensuing behavioural flexibility will help animals to
survive environmental changéSeaner et al., 2003; Sol, 2009)he Expensive Brain
Hypothesis (EBH), on the other hand, states that energetic limitations in variable
environments will favoulower cognitive abilities and smaller brai#gello & Wheeler,

1995; van Woerden et al., 2010; Niemela et al., 20138 results obtained during my

PhD seem tsupport both the CBH and the EBH to soexéent.

Across species, there are some trends implying that environmental variability indeed
impairs evolution towards higher cognitive abilities. Lacertid lizards sampled from more
variable environments showed werinhibitory control, and tended to be less adept in
solving new problems and reversing a spadisgociationTable 1) Theywere also
slightly less likely to learn across both phases of the spatial + reversal learning task
(Chapter 3). Interestingly, lathese traitsare generally considered indicators of high
behavioural flexibility(Tebbich & Teschke, 2014; Szabo et al., 2019b; Szabo et al.,
2020a; Szabo et al., 2020b; but see Audet & Lefebvre, 2@t7)he other hand, spatial
learning was unaffected by seasonality. Similar patteer® observed within species.
Podarcis erhardifrom Naxos (high seasonality in precipitation and NDVI) were better

in learning a spatial taskut seemingly worse in reversing it, compared to conspecifics
from a more stable mainland habitat (Chapter 4final piece of evidence comes from
Chapter 2: Neotropical Squamata were found to have relatively larger brains than
Nearctic or Australasian species. The high food availability in Neotropical systems was
given as a possible explanati@oley et al., 1996)Tropical regions are also considered

more climatically stableompared to more seasonal temperate z{hdstton et al.,
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2012; Pamela Delarue et al., 2015; bulyoin temperature and not precipitation

according to Jetz & Rubenstein, 2011)

Thus, both among and within species, environmentélbiity seemgo be negatively
associated witljone or several aspects dBhaviouraflexibility. As already discussed

in Chapter 3 and 4, reversing a (spatial) association requires (higher rates of)
neurogenesis, but initially acquiring the assocraltss sqBurghardt et al., 2012; Kalm

et al.,, 2013; Swan et al., 2014; Epp et al., 2016; Guitar & Sherry, .2Dik@wise,
neurogenesis magiso facilitate inhibitory contro{Zhang et al., 20123nd problem
solving (Audet et al., 2018)t seems logical that the more costly cognitive abilities will

be more restricted by fluctuating levels of resource availability and food intake. The
higher energetic cost of reversal learning was also givepassible explanatiofor its
decline in lizards kept in structural simple habitats for a year (Chapter 6). Taken together,
my results strongly suggest that environmental variability constitaénevolution of the
more Oexpensiveb cognitive mabavéniptoinates , but

presumably O6cheaper6é cognitive traits.

Nonetheless, whether reversal learning, probdehaing and inhibitory control are truly
energetically more expensive than simple spatial learning should be validated. This can
be done in twdifferent ways. Firstly, artificial selection experiments on any of these
cognitive traits could be highly informative in this regdKbtrschal et al., 2013;
Kotrschal et al., 2015c; van der Woude et al., 20d®)would probably require working

on species witla shorter generation tinfe.g. sideblotched lizards mature in < kar,
Ferguson & Fox, 1984F5econdly, uncovering the neural mechanisms underlying lizard

cognition (e.g. Il i nk wi t hcarb alsa iadvance iour e ne
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understanding of the costs and thus evolutiobatfaviouralflexibility (see further in
discussionfRoth et al., 2019; LaDage, 202@)part from that, it should also be verified
whether environmental variability truly selects against these cognitive traits.
Environmental variability could be simulated in my enclosures by manipulating food
availabilty, e.g. frequently switching periods of high and low food provigiwtrschal

& Taborsky, 2010pr regularly changing the location of food sources in the enclosures
(van Horik et al., 2019a) astly, while | have put a lot of emphasis on the energetic costs
of cognition in habitats with fluctuating levels of foadailability, it should be noted

that other sources of environmental variation can also impact cognition. Seasonal
changes in NDVI and precipitation are also likely to impact habitat stru@tteea et

al., 2020)and consequentiallshermal environmer{Hacking et al., 2013predation risk
(Ferreira & Faria, 2021and social interactiond_eu et al.,2016) For instance, if the
structure of the habitat (e.g. distribution of hiding spots) changes much faster than lizards
can (re)learn, than learning may simply not be an advantage for lizards, indepehdent o
whether there is sufficient food availalienot(Niemela et al., 2013; Mettkdofmann,

2014) Whether the reduced cognitive performance inenariable habitats is thus truly

due to unpredictability in food sources, rather than in other aspects of the environment,

should be further investigated in future experiments.

General intelligence or adaptive specialization

Overall,the associations with habitat complexity/variability were not consistent across
different cognitive abilities. Habitat complexity was associated with spatial learning,
while variability was mostly linked to inhibitory control, problesulving and reversal

learning. This does seem to suggest that different ecological factors will target specific
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cognitive abilities, rat her t HMagphad &1 ect i n
Bolhuis, 2001; Brauertal., 2020; Poirier et al., 2020)he results presented in Chapter

5 also do not seem to support the idea of
wall lizard. Spatial and reversal learning were negatively associated whlodsar, the

link between performance on the two probisaiving tasks was inconsistent across

years, and problersolving and spatial/reversal learning were also only weakly and
inconsistently relatedIn this respect, my thesis illustrates the potemidiall of using

a single proxy (brain size or performance on a single task) to answer questions about the

evolution of animal cognition, which is still too often done in cognitive research

It is possible, however, that the inconsistencies in cognitiferpeance across tasks are
(partially) due to differences in the rewards used (safety in the escape box task, spatial +
reversal learning; food in the inhibitory control andd&@noval task). Individuals may
react differeny in response taariousrewards.A lizard bold enough to feed in an
experimental arena, may also feel less threatened by a predator attagk d@imas be

less motivated to seek sheltkrringthe spatial learning task. Whether lizards are more
motivatedto find shelter or find food could also depend on the ecological conditions in
their natural environment (e.g. resource availability, predation presMyagsults do

not seem to support the idea that foedarded and safetgwarded tasks are opposytel
related. Lidremoval (food) and escape box (safety) performance were positively
associated iP. erhardiiin 2018, while escape box performance and spatial learning
(both safety) were negatively associated that yéanetheless, it would be interesting

to validate this in future work, e.g. by testing the cramstextual repeatability of spatial
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learning performance across different spatial tasks using different rewards (e.g. food,

shelter, mates, basking spots, etc.).

LIMITATIONS AND FUTURE DIRECTIONS

This thesis reported some interesting relationships (or the lack thereof) between
cognition, ecology and fitness. However, | often found that the interpretation of my

results in an evolutionary context was hampered by two major gaps in our current
knowledge 1) what are thenechanismsinderlying reptilian cognitiomand 2) what are

thefunctionsof reptile cognition?

The (neural) mechanisms behind cognition

Cognition is generallyconsidered energetically expensive due to the high need to
maintain costly neural machinefiello & Wheeler, 1995)Identifying the exact neural
mechanisms underlying a particular cognitive trait will helpgasgingthe energetic
costs of this trait, making it easier to interpret why it would be selected for or against
under certain ecological conditions. However, few studies so far have tried to link

reptilian cognition to neuranatomy(Roth et al., 2019)

As a first step, future studies could try to investigate the link between cognitive
performance and the size of either the whole brain or specific brain regions. Some
pioneering wok has been done with regards to reptile spatial cognifibe. dorsal

and/or medial cortices (DC and MC), the reptilian homologues of the hippocampus, are
often larger in reptiles facing higher spatial demands, e.g. those that are active foragers
(Day et al., 1999ahre territorialLadage et al., 2009y live in more densely vegetated

areag(Calisi et al., 2017)Lesions in the DC and/or MC also impair spatigvérsal)
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learning and memory in lizards and turtles, ot affect other types of learnifDay

et al., 2001; Lépez et al., 2003a; Lopez et al., 200B@nipulating space use (e.g.
changing enclosure size, translocations, captidfign lead to plastic changes in the
volume of one or both of these regidm®rthern Pacific rattlesnakes: Holding et al.,
2012; sideblotched lizards: LaDaget al., 2016pr in their neurogenesis raféenerife
lizards: DelgaddgGonzalez et al., 2008; siddotched lizards: LaDage et al., 2013;
painted turtles: &wvers, 2016)Nonetheless, the MC/DCspatial cognition link is not
always straightforward. Two species of frirged lizards Acanthodactyluboskianus
an active forager, andl. scutellatusa sitandwait forager) differ in the relative size of
their MC and DQDay et al., 1999a)ut not in their spatial learning performaribay

et al., 1999h)Whether better spatial leamealso have larger MC/DCs at the individual

level has not been tested yet.

Studies on the neural basis of cognitive traits outside the spatial domain are, however,
practically norexistent in reptiles. The only exception, to my best knowledge, is a recent
paper byStorks et al. (2020)n which problemsolving and brain cell count was
compared between two anole species. The superior pretdbmr did have a higher
number of nomeuron brain cells, butid not differ in neuron number or density from

the less innovative species.

Apart from brain size, future research could also look at the process of neurogenesis.
Throughout this thesis, | have algmposed neurogesis as a potential reason for why
some cognitive abilities were negativétypacted byenvironmental variability (Chapter

3, Chapter 4) and habitat simplicity (Chapter 6), while others were not. Albeit adult

neurogenesis is high in reptiles, its link watbgnitivebehaviouraflexibility within this
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group has yet to be provéRoth et al., 2019; LaDage, 202@omparing the rate of
neurogenesis among populations/speciesriiffesignificantly in e.g. reversal learning

ability (e.g. Podarcis siculusversus Eremias brenchleyi,Chapter 3) or in the
environmental variability to which they are exposed (e.g. Naxos versus Parnitha, Chapter
4) can be a highly informative first stépello-Ramos et al., 2019Y 0 support a causal

link between neurogenesis and cognition, one could experimentally test how supressing
or promoting neurogenesis, € . by pharmaceuti cal agent

cognitive performancgGuitar & Sherry, 2018; 8&h et al., 2019)

A final promisingapproach to understand the mechanisms behind reptilian cognition
would be to look at and compareabr gene expression levels between e.g. solvers and
nonsolvers, or lizards succeeding and failing teeersal learning. Such an approach
was followed for instance byudet et al. (2018)who describedlifferences in the
expression of genes associated with neuronal and synaptic plasticity, and glutamate
receptors between innovativgroblemsolving) Barbados bullfinchesLgxigilla

barbadensisand more conservative blatkced grassquifTiaris bicolor).

The functions of cognition

Comparative studies may demonstrate a link between a cognitive trait and an
environmental factor, but hevidence remains purely correlatiofidealy et al., 2009;
Cauchoix & Chaine, 2016Pemonstratinghe fithessconsequences of the same trait
under different levels of that environmental factor may provide more direct proof for
selection, but leaves open a crucial question: exactlydoes this particular trait help
individuals to deal with environmental challenges? Thiarismportantquestionto

answeras a singd cognitive ability can help an animal to increase its fitness via multiple
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possible pathways (or a combination thereef)y. foraging, predator avoidance, mate
acquisition, territorial defencenigration etcThis shouldalsocontrol for thepossibility

that selection is not directly targeting tlaegnitive trait, but another correlated one
instead(MorandFerron et al., 2016More information is thus desperately needed on
the functional mechanisms linking cognitive abilities to fithess, a shortcoming that is not
unique to my own study systei@auchoix & Chaine, 2016; Morasfekrron et al., 2016;

Szabo et al., 2022)

Problemsolving has been advanced asmaportant tool enabling animals to gain access
to novel food sources or to exploit familiar ones more efficiefRigrker & Gbson,
1977; Tebbich et al., 2002; Greenberg, 2003; Griffin et al., 2@if) species known

to show more foraging innovations in the wild have indeed demaoestizigher
problemsolving abilities in the lafWebster & Lefebvre, 2001; Griffin & Diquelou,
2015) Likewise, freeranging individual great titdP@rus majoy with higher problem
solving skills fed their young at higher rates, indicative of being more efficient foragers
(Cauchard et al., 2017For other taxa, however, the link between probsaiving and

foraging is less clear.

In lizards, there is some circumstantial evidence thablpmsolving skills may be
related to their foraging behaviour. The excellent probdefaing skills of monitor
lizards (Varanidae) have been attributed to their natural tendency to excavate hidden
prey from tree holes, rotting wood, burrows, crevices(btanrod et al., 2008; Mendyk

& Horn, 2011; Cooper et al., 2019; Cooper et al., 2020; Pettit et al.,.ZDR&dpurse,
whether species showing such extractive foraging behaviour are indeed better problem

solvers should be confirmed by a more robust comparative stuththér possibility
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could be that probleraolvers are more adept in learning how to handle difficult or
dangerous prey (see Chapter 7), e.g. very agile insects, large prey or venomous
arthropods. This hypothesis could be tested in two different ways.yFirgividual

lizards could be tested dimeir efficiency to handle and consume a series of prey varying

i n o0di(e.dg. mability, haydbess, sizad'riskiness', cfr. Diaz & Carrascal, 1993;
Verwaijen et al., 2002; Whitford et al., 202Prey handling time, and the improvement
over consecutive trials, can then be directly linkedhteir problemsolving scores.
Secondly, it may be interesting to check whether profslelvers indeed differ in diet

from nonsolvers, specifically in the proportion of difficult, hidden or dangerous prey.
This could be measured in sendtural enclosuse either by regularly recapturing
animals and stomagh| us hi ng t hem t o s c o(bomihue,20d@)vi du
or by providing such prey dixed locations in the enclosures and observing which
individuals more frequently visit and consume prey here, which could be done using
camera trapgBennett & Clements, 2014%/elbourne et al., 202®r a PITFtag system
(Sonnenberg et al., 201%)oing so multiple times over a sufficient lotime scale may

be necessary, as innovative lizards may only switch to such alternative prey in times of

food scarcity(Tebbich et al., 2002)

The role of spatial cognition in the dé&yday life of lizards should also be further
investigated. How are spatille ar ni ng and memory involyv
territorial and antipredator behaviour? One possible approach may be to (temporary)
impair spatial learning and memory in lizards, e.g. by lesions in the MC and(@d&yC

et al., 2001; Lépez et al., 2003a; Lopez et al., 20@8H)y administering memory

blocking druggRoth & Krochmal, 2018and sednow this affects their ability to locate
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familiar shelter and food sources, and maintain territories under -jeatoral
conditions.For instanceRoth and Krochmal (2018ported that individuapainted
turtles (Chrysemys piclatreated with a memorinhibiting pharmaceutical agent
(scopolamine) lost the ability to follow their usual very precise and consisigration
paths, but would iggin it after the drug wore offn my setup, it could be an elegant
experiment to confirm the role of spatial learning in efficient escape behdMautin
et al., 2003; Font, 2019y testing whether memaignpaired and control lizards differ

in catchability (by a human predator).

Luckily, less nvasive methods are nowadays provided by modern tracking technology.
Tracking systems have previously been employed in a variety otrarilging animals,

to test the role o$patial learning(common carps: Bajer et al., 2010; roe deer: Ranc et
al., 2021)and the use of gmitive maps(Weddell's saddlebaclarmarins: Porter &
Garber, 2012; African elephants: Presotto et al., 2019; Egyptian fruit bats: Toledo et al.,
2020)duringforaging. It could be a very valuable experiment to equip individual lizards
with such tracking devices, release them in a senhiral enclosure, and test whether
learning abilities measured in the labrrelate with how fast they familiarizeith
resources in their new environmeRor instance, this data could reveal whether lizards
indeed flee repeatedly towards the same refuges when attacked, and whether these
escape routes become more consistenshader over time. Tracking technology, such

as radietelemetry or GP$lata loggers, have already been successfully used to quantify
space use and homange sizes in some lizard spedi&sxas horned lizards: Miller et

al., 2019; sand lizards: Wieczorek et al., 2020; sleepy lizards: Michelangeli et al., 2022;

bearded dragons: Wild et al., 202@gmonstrating the potential of such technology. By
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using smart feeders and P#dgs, we could also directly test whether better spatial
learners return more often to rewarded food locat{@mnenberg et al2019) and
whether better reversal learners adjust their behaviour faster when environmental

conditions (e.g. location of resources) chafig@nc et al., 2021)

A lack of information on the functional significance of cognitioa i®ajor issue within

the entire field of animal cognition, bthis knowledge iparticulaty lacking fornon
traditional model speciesuch as reptilesViost recent work on reptile cognition has
focused on simply documenting the extent of their cognitive abilisies e.g. Miletto
Petrazzini et al., 2018; Font, 2019; Szabo et al., 2019b; Ko et al., 2020; Szabo et al.,
2021a; Szabo et al., 2021c; Szabo & Whiting, 20BRj very little attention has been
given on how reptiles use cognition to deal with environmental chall¢hgesee e.g.

Roth & Krochmal, 2015; Waréear et al., 2016; Roth & Krochmal, 2018)

Lizards as models in cognitive research
I will end this thesis with a short+evaluation of the potential of (lacertid) lizards in
cognitive research, and by making some last suggestions on how to capitalize more on

this potential.

The main advantage abinglizards is without a doubt their broad ecological and social
diversity, both among and within species. Lizards can be fouradbnoad variety of
terrestrial ecosystems, from compléwpical jungles to arid desertand in many
different microhabitats, from being arboreal to fossdahold, 1989; Pianka & Vitt,
2003; Arnold & Ovenden, 2004; Arnold et al., 2007; Powell & Leal, 2014; Whiting &
While, 2017; Horreo et al., 2@ Some species are able to thrive seemingly

inhospitable environments, suak small remotand fooddeprived islet{e.g. Pérez
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Mellado et al.,, 2008pr urbanareas(Putman & Tippie, 2020)Many species are
successful invaders of novehvironmentgAmiel et al., 2011; Damalloreira et al.,

2018; Damadvioreira et al., 2019)possibly helped by high degree of behavioural
flexibility (Szabo et al., 2020aWithin species, it is often easy to find populations
exposed to different levetsf e.g. predatiorfe.g. Brock et al., 2014a&y novel invasive

prey (e.g. Herr et al., 2016; Pettit dt,&2021) Lizard also show great variety in their
behaviour and lifestyles,, e.g. in territorialégdmatingstrategy(e.g. Sinervo & Lively,

1996; Zamudi& Sinervo, 2000; Perry & Garland, 200&)d foraging behavioyReilly

et al., 2009) sometimes even within speciészard specieslso vary in the degree of
their sociality, ranging from solitary species, to those forming temporary associations to
those living in sble aggregations and famili€Shah et al., 2003; Gardner et al., 2016;
Halliwell et al., 2017; Vasconcelos et al., 2017; Whiting & While, 20Tfjs ecological

and social diversity represents a valuable, yet largely unexplored, resource to address
many of the emergent questions within comparative ciognand cognitive ecology.

This ecological diversity is present within lacertid lizards as well, but the rather
conservative nature of other aspects of their biology (e.g. body plan) makes
standardization across tasks feas{lenold, 1989; Arnold et al., 2007; Horreo et al.,

2021)

There also several practical advantagésvorking with lizards.Many species, and
lacertids specifically, are found in populatiosigh high densitiegAmaral et al., 2012)
and can easily be caught in sufficient large sample.dize®rtids can also be housed
with relative ease and in sidient large sample sizes in the lghmaral et al., 2012)

Another major advantage is that there areaay severatognitiveprotocols available
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in literature that have been successfully employed on lizards from various taxa. For
instance, the colour discrimination asgégyuania: Leal & Powell, 2012; Scincoidea:
Clark et al., 2013; Lacertoidea: Pérez i de Lanuza et al., 284@& 3patial antipredator

task (Scincoidea: Noble et al., 2012; Gekkota: Dayananda & Webb, 2017; Iguania:
Batabyal & Thaker, 2019; Lacertoidea: Fon@19; this thesishave both become
prevalentwithin reptile cognition literature. These protocols are-tmst, require little

to no trainingof the experimenter, and seem easy to standardize across species, meeting
all necessary requirements for comparative resedidhcLean et al.,, 2012;

Krasheninnikova et al., 2020)

However, working with lizards also presents some challenges. Firstly, it remains a time
consuming endeavour. Due to thiew metabolic rate, lizards are quickly satiated, thus
only allowing for a few trials per day if food is used as motiv@Burghardt, 1977;
Whiting & Noble, 2018Szabo & Whiting, 2022)Thisis very different fronstudies on

birds where entire cognitiviaskscan be completed within a déxshton et al., 2018)
Using alternative motivators, such as safeiyld be a solution, but even then the
number of daily trials is better kept limited to avoid trial fatigue and/or too mudsstre
in the animalqWhiting & Noble, 2018) Alternative protocolshave beenuggested,
such as training animals to consume smaller prey itenish wouldallow more trials

in a shorter timeframémer et al., 2015; Szabo & Whiting, 202But this approach
becomes less feasible in smaller species. Another difficulty | faced was that some species
more readiljthan othersdjusted to conditions in the lab and seemed more motivated to
participate in the cognitive tasks, but this is not anesunique to reptilgdlacLean et

al., 2012) In addition, this was controlled for by removing trials in which lizards did not
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engage with the experimental apparatus. A more conceptual limitation of working with
reptiles is tle currently meagre comprehension of the mechanisms behind and functions

of their cognitive abilities (see previous paragraphs).

The use ofP. erhardii a mediurrsized lizard, as focal species foy selection study

also provided some challenges. At the start of my PhD, | deemed it too difficult to
measure survival and reproductive success in (multiple) wild populations of this species
While P. erhardiidoes have a relative small home rafigeVier et al., 2021)it is not

yet known how consistent this home range is across seasons or years. As | could not
check these popuians regularly throughout the year for logistic reasons, and because

| did most of this monitoring on mgwn, there would have been a too high risk that
missing individuals had dispersed, rather than died, or would simply be overlooked
(especially in thecomplex habitatsfRochais et al., 2022aMeasuring reproductive
success may have been even more difficult, as in at least some lacertid species juveniles
disperse, and the propensity for dispersal can be perserality contextdependent
(Galan, 2006; Cote & Clobert, 200Due to these is®s, | had to resort to studying
selection within semmnatural enclosures, a situation that may not be entirely comparable

with more natural conditionsee Chapter 7).

Previous cognitiotiitness studies have benefitted from working in already extensively
monitored birdpopulationgsee e.g. Cole et al., 2012; Cauchard et al., 2013; Cauchard
et al., 2017; Piszner et al., 2017; Branch et al., 201®)by using animals that are
unlikely to disperse, either due to high ditielity (Maille & Schradin, 2016; Dayananda

& Webb, 2017; Sonnenbeeg al., 2019pr because of their more or less enclosed habitat

(Madden et al., 2018; Colby et al., 2024pneahelesswe should be able to find a lizard
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study species meeting these criteria as wetlt instance, individual survival and
reproductive success of individual sidietched lizards Yta stansburianphas been
successfullymonitored consistently sinceéd88 in four populations orocky outcrops
surrounded by unfavourable grassld®&ihervo & Lively, 1996; Zamudio & Sinervo,
2000; Sinervo & Zamudio, 2001; Hazard et al., 20rf8yoducing lizards on small islets
(Lapiedra et al., 2018; Donihue et al., 20@2employing tracking devicgsVard-Fear

et al., 2016; Wild et al., 2022hay also increase the accuracy of survival estimates in

the wild.

Although there are challenges with using reptiles in cognitive research, | believe that as
our knowledge of reptile cognition progresses, more adequate methods and protocols
will arise with which we will be able to overcome these limitations. One important
avenue for future research, is to study reptile cognition in a natural setting, where the
animals have full acceds all ecological relevant cues needed to learn, and are more
likely to express natural behavioyRritchard et al., 2016Bringing animal cognition

to the field has advanced our understanding of its functions and adaptive value in other
taxa(Pritchard et al., 201&)nd doing so for reptiles will advance our understanding, not
only of reptilian cognition, bualsoof the evolution of cognition throughout the entire

animal kingdom
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Supplementary Table S2.10Overview of all data used for the comparative study on relative

brain size in Squamata. N = sample size (NA indicates that the original source did not report the

sample size)BoM = body masgin gram), BrM = brain masgin gram)

The

indicates the limb status of the species (P = present, A = absent and R = reduced), Bio indicates

col

umn

the biogeographical realm from which the species originates (AF = Afrotropics; AU =

Australasian; NEA = Neatic; NT = Neotropics; PA = Palaearcti@C = Oceanip Eco indicates

the ecological guild (Ar = arboreal, Sa = saxicolous, GD = gralwelling and Fo = fossorial).

Hg is the score for habitat generalignumber of habitat categories in which the species can be

found) and Soc = sociality (Y = social, N = solitary, NA = data available)See main text

(Chapter 2) fomore information regarding this data. Sources from which taathecological

data wasdken are reported belolBody mass was taken from the sagoeirceas brain mass

unless states otherwise.

Species N Seks BoM(g) BrM(g) Limbs Bio Eco Hg Soc
Acanthosaura armate NA NA 43 0.182 P IND Ar 2 NA
0) @)
Agama agama 80 M+F 29.3 0.173 P AF  Sa 4 Y
(c.d (d)
Agkistrodon piscivorus 1 F 728 0.64 A NT GD 4 Y
(b) )
Amalosia rhombifer, 1 NA 1.68 0.0196 P AU Ar 1 NA
(® (4)
Amblyrhynchus cristatuy 1 F 4190 1.44 P NT GD 2 Y
® (m,u)
Ameivaameivg 3  M+F 27.1 0.231 P NT GD 4 N
(c.d) (v)
Amphibolurus muricatug 1 NA 28 0.146 P AU Ar 3 NA
® (4)
Anguis fragilis| 31 M+F 22 0.044 A PA GD 4 Y
(c.d) ®
Anolisauratus| 1 M 105 0.073 P NT Ar 3 N
(c,d) ()
Anolis carolinensis 10 M 4.08 0.028 P NEA Ar 3 Y
(@ @
Anolis cristatellus| 10 M+F 9.56 0.098 P NT Ar 3 N
(0) (d.z)
Anolis evermanni 10 M+F 4.95 0.073 P NT Ar 2 N
(o) (d.)
Anolis gundlachi| 10 M+F 6.29 0.091 P NT Ar 1 N
(0) (d.z)

[338

OLi



Supplement

Supplementary Table S2.1(Continued)

Species N  Se BoM BrM (g) Limbs Bio Eco Hg So

(9) c
Anoliskrugi | 10 M+F 2.43 0.050 P NT Ar 1 N
(0) (f, G)
Anolis pulchellusy, 8 M+F 1.86 0.041 P NT Ar 2 N
(0) (f, G)
Anolis stratulus| 10 M+F 2.19 0.071 P NT Ar 2 N
(0) (z,0)
Aspidoscelis gularis 10 M 17.68 0.067 P NE GD 3 N
(a) A (®)
Boa constrictor, 2 M+F 31445 0.545 A NT GD 9 N
(c,d) (x.¥)
Bronchocela cristatella NA NA 1.7 0.029 P IND Ar 2 NA
0] @
Callopistes maculatus 1 M 50.3 0.318 P NT GD 2 N
(c,d) (b)
Calotes versicolorr 1 M 14.6 0.097 P AF  Ar 2 N
(c.d) @
Carliaamax| 2 NA 1 0.017 P AU GD 4 NA
(® (0,0)
Carlia bicarinata| 3  NA 2.23 0.0162 P AU GD 3 NA
® Q]
Cerastesvipera 1 F 62.1 0.076 A PA GD 2 NA
(c,d) v)
Chalarodon| 80 M+F 6.3 0.06 P AF GD 5 NA
madagascariensis (c,d) ()]
Chalcides chalcides 1 F 18.8 0.055 R PA GD 4 N
(c,d) C
Chalcides mionectorr 1 F 6.4 0.03 R PA GD 4 NA
(c,d) v)
Chalcides ocellatus 3  M+F 32 0.09 P PA GD 4 NA
(c,d) v)
Chalcides polylepis NA  NA 7.9 0.037 P PA GD 4 NA
0] v)
Chondrodactylus 45 F 20.2 0.095 P AF  Sa 2 NA
turneri (P) (d)
Christinus marmoratug 3 NA 3.09 0.0309 P AU Ar 2 Y
® (4)
Coluber constrictory 3 M+F 431 0.291 A NE GD 4 NA
(b) A ()
Concinnia| 1 NA 8.4 0.0432 P AU GD 1 Y
qgueenslandiae ® ()
Cordylus cordylusf 1 M 56.5 0.175 P AF  Sa 1 Y
(c,d) O
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Supplementary Table S2.1(Continued)

Species N Sex BoM(g) BrM Limbs Bio Eco Hg Soc
(9)

Coronella girondicaj] 1 M 117 0.088 A PA GD 5 NA
(c,d) ()

Crotalus oreganus 14 M 745.14  0.261 A NEA GD 7 N
(m) ©)

Cryptoblepharus| 1 NA 1.41 0.0171 P AU Sa 3 NA
litoralis 0] (0)

Cryptoblepharuss 2 NA 1.3 0.0128 P AU Ar 3 NA
plagiocephalus (4] (0,9

Cryptoblepharuss 5 NA 0.95 0.0122 P AU Ar 4 NA
virgatus ) (1)

Ctenophorus| 19 M+ 15.28 0.106 P AU Sa 1 NA
caudicinctus F (t,u) ()

Ctenophorugristatus | 20 M+ 35.57 0.183 P AU GD 1 NA
F (tu) (4)

Ctenophorus decresi 20 M+ 16.026  0.112 P AU Sa 1 NA
F (tu) (0)

Ctenophorus fionni 21 M+ 14.93 0.099 P AU Sa 1 NA
F (tu) (4)

Ctenophorus fordi 21 M+ 3.919 0.046 P AU GD 1 N
F (tu) (4)

Ctenophorus gibbg 19 M+ 15.07 0.103 P AU GD 1 NA
F (tu) (4)

Ctenophorus isolepis 20 M+ 8.19 0.066 P AU GD 2 NA
F (tu) (4)

Ctenophorus nuchalis 18 M+ 27.429  0.149 P AU GD 2 NA
F (f,tu) (4)

Ctenophorus ornatus 17 M+ 21.75 0.118 P AU Sa 1 NA
F (tu) (4)

Ctenophorus pictus 30 M+ 9.564 0.083 P AU GD 1 NA
F (f,tu) (4)

Ctenophorus rufescen 20 M+ 20.44 0.120 P AU Sa 1 NA
F (tu) (4)

Ctenophorus salinarun| 20 M+ 8.84 0.083 P AU GD 1 NA
F (tu) (4)

Ctenophorus tjantjalkg 19 M+ 10.56 0.094 P AU Sa 1 NA
F (tu) (4)

Ctenophorus vadnapp; 18 M+ 14.35 0.105 P AU Sa 1 NA
F (tu) (4)

Ctenotus inornatus 1 NA 11 0.0623 P AU GD 8 NA
® ()

Ctenotusregius 1 NA 6.3 0.0419 P AU GD 3 NA
® (4)
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Supplementary Table S2.1(Continued)

Species N  Sex BoM BrM Limbs Bio Eco Hg Soc

(9) )]
Ctenotus robustus 1 NA 20.4 0.0836 P AU GD 5 N
) (4)
Cyclodomorphus 1 NA 13.8 0.0718 P AU GD 4 NA
casuarinae ) ()
Delma australisiy 1 NA 1.9 0.0118 A AU GD 4 N
(® (1,0)
Diplodactylus| 1 NA 4.4 0.025 P AU GD 4 NA
conspicillatus (0] (c0)
Diplodactylus| 1 NA 3.1 0.0313 P AU GD 2 NA
tessellatus ® (d, 0)

Diporiphora bilineata;, 3 NA 3.93 0.0493 P AU GD 4 NA
) (G)

Diporiphora lalliae | 1  NA 8.5 0.0744 P AU GD 3 NA
) (4)
Dracovolans| N NA 4.5 0.058 P IND Ar 2 NA

A ) @
Egernia cunningham| 1 NA 246 0.3122 P AU Sa 1 Y

® (4)
Egernia striolata| 1  NA 36.4 0.166 P AU Ar 3 Y
® (¢)

Emoia atrocostata 1  NA 13.14 0.0847 P AU GD 4 NA
® (®)

Emoia pallidiceps| 2 NA 451 0.0436 P AU GD 4 NA
(® (®)
Emoiasubmetallicay 1 NA 3.31 0.03595 P AU GD 1 NA
® (®)
Eremiasargus 6 M 3.56 0.052 P PA GD 3 NA
(s) €)
Eremiascincus isolepi¢ 1 NA 125 0.0462 P AU GD 2 NA
® (4)

Eublepharis maculariug 3  NA 28.64 0.091 P IND GD 7 N

) )
Eugongylus| 1 NA 53 0.1592 P AU GD 2 NA
albofasciolatus ® (0)
Eumeces schneide| 1 M 51.7 0.172 P PA GD 5 N
(c,d) v)
Furcifer lateralis| 80 M+ 10.9 0.061 P AF  Ar 4 N
F (c,d) (9)
Gallotia galloti | 10 NA 54.12 0.18 P PA GD 3 N
(#) (h) (b, 9
Gehyraaustralis| 1 NA 3.2 0.0332 P AU Ar 4 NA
® (4)
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Supplementary Table S2.1(Continued)

Species N Sex BoM(g) BrM Bio Eco Hg Soc
(@)
Gehyra mutilata] 1 NA 2.6 0.0341 AU  Ar 5 NA
(® (4)
Gehyra oceanica 1 NA 14.6 0.0973 OoC Ar 4 NA
) (£)
Gehyrapunctata 1 NA 2.6 0.0259 AU Sa 1 NA
(® (4)
Gehyravariegata 2 NA 5.25 0.0474 AU Ar 5 NA
) (e))
Gehyravorax, 2 NA 36.1 0.1615 OoC Ar 2 NA
0] (£)
Gekkogeckg 1 M 54.8 0.198 IND Sa 2 Y
(c.d) @)
Glaphyromorphus 2 NA 10.75 0.0512 AU GD 2 NA
fuscicaudis ® (0
Heloderma suspectur 1 F 514 0.729 NE GD 4 N
(b) A (®)
Hemidactylus brookii 4 M+ 4.7 0.043 IND Ar 2 NA
F @) @)
Hemidactylus frenatug 3 NA 4.85 0.0394 AU  Ar 8 N
) (4)
Hemidactylus mabouiz 1 M 25 0.033 AF Sa 3 NA
(c,d) (5 d)
Hemidactylus turcicus 10 M 2.68 0.021 NE Sa 2 Y
(@ A ®
Hemiergis peroniii 1 NA 1.29 0.0105 AU Fo 1 NA
() (4)
Hemiphyllodactylus| 1 NA 0.607  0.0093 IND Ar 3 NA
typus ) (£)
Heteronotia binoeii 1  NA 4.6 0.0337 AU GD 5 NA
(® (e
Hierophis viridiflavus| 3 M+ 285.1 0.209 PA  GD 5 Y
F (c,d) ®
Hypsilurus boydiii 1  NA 101 0.338 AU  Ar 1 NA
® (4)
Hypsilurus papuensis 1 NA 88 0.306 AU  Ar 1 NA
0] ®)
Iguanaiguana] 1 F 253.5 0.606 NT Ar 6 Y
(c,d) (aw)
Lacerta agilis| 2 M+ 12.507 0.076 PA  GD 5 N
F G (b3
Lacerta viridis| 88 M+ 21.2 0.109 PA  Ar 4 N
F (c,d) (b,2)
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Supplementary Table S2.1(Continued)

Species N  Sex BoM BrM Limbs Bio Eco Hg Soc

@) C))
Lampropholis| 1 NA 1.55 0.0201 P AU GD 4 NA
guichenoti ) ()
Leiocephalus carinatu¢ 10 M 16.79 0.072 P NT GD 3 NA
(@) (ab)

Lepidodactylus lugubris 3 NA 1.38 0.0169 P AU  Ar 4 NA
) )

Lepidodactylusy 3  NA 1.45 0.0178 P AU  Ar 2 NA
orientalis ) (k)

Lerista bipes| 1 NA 1 0.0051 A AU Fo 2 NA
) (4)

Lerista bougainvilli| 1  NA 1.89 0.0111 R AU Fo 3 NA
® (4)

Lerista muellerii 1  NA 0.6 0.0045 R AU Fo 4 NA
) (4

Lerista punctatovittata 1 NA 6.2 0.018 R AU Fo 4 NA
) ©)

Lialis burtonis| 1 NA 235 0.0369 A AU GD 4 N
) (4)

Liolaemuschiliensis| 1 M 26 0.104 P NT  Ar 2 NA
(c.d) )

Lobuliaelegans 1 NA 3.46 0.0373 P AU  Ar 2 NA
® (n)

Lophognathus 1 NA 48.5 0.171 P AU  Ar 4 NA
temporalis 4] (0)

Lucasium damaeun 1  NA 2.5 0.0297 P AU GD 2 NA
® (4)

Lygisaurus foliorum| 1 NA 1 0.0251 P AU GD 3 NA

® (G)
Lygisaurus; 1 NA 131 0.0141 P AU GD 2 NA

novaeguineae (0] (¥)

Moloch horridus| 1 NA 61 0.0985 P AU GD 3 Y
® (4)

Morethia boulengeri 1 NA 1.91 0.0211 P AU GD 3 NA
® (4)

Nactus pelagicug 2 NA 5.89 0.0338 P AU GD 3 NA

® (£,0)

Naja melanoleucg 1 NA 1770 0.646 A AF  GD 4 N
(@) (d)

Natrix maura| 6 F 86 0.095 A PA GD 3 NA
(c.d) C)

Natrix natrix | 31 M+ 74.1 0.115 A PA GD 2 N
F (c.d) ®
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Supplementary Table S2.1(Continued)

Species N  Sex BoM BrM Limbs Bio Eco Hg Soc
(9) (9)

Nephrurus levis 1 NA 115 0.0834 P AU GD 4 NA
® (ex)

Notoscincus ornatug 1 NA 0.8 0.0091 P AU GD 4 NA
® (G)

Oedura marmorata 1  NA 24.3 0.0774 P AU Ar 2 NA
® (4)

Oedura monilisf 1 NA 10.2 0.0652 P AU  Ar 2 NA
® (4)

Oplurus cuvierif 1 M 51 0.267 P AF  Ar 1 NA
(c.d) ©

Papuascincus 3 NA 3.86 0.0354 P AU GD 6 NA
stanleyanus ) (n)

Phelsuma cepedian; 1 M 5 0.059 P AF  Ar 1 NA
(c.d) @)

Phrynocephalus 15 M+ 5.4 0.053 P PA GD 3 NA
przewalskii F ) (@

Phyllodactylus| N NA 0.68 0.018 P NT GD 2 NA
gerrhopygus| A 0] #

Podarcis liolepis| 10 M+ 3.3 0.034 P PA  Sa 2 NA
0 F (k,n) ®

Podarcis muralis| 73 M+ 4.2 0.046 P PA Sa 3 N
F ) (c.d) (b, 9

Podarcis siculus 8 NA 8.99 0.0495 P PA GD 4 NA
(e C)

Pogona vitticeps 10 NA 315 0.398 P AU GD 5 Y
(t.9) (4)

Prasinohaema flavipes 1  NA 11.25 0.056 P AU Ar 1 NA
® (s)

Psammodromus algiruf 1 F 4.3 0.045 P PA GD 2 N
(c.d) ®

Psammodromug 1 F 2.1 0.025 P PA GD 3 NA
hispanicus (c,d) ®

Pseudemoia 3 NA 3.1 0.0239 P AU GD 3 NA
entrecasteauxii ) ()

Pseudopus apoduy N NA 498 0.342 A PA GD 3 NA
A 0] ®

Pygopus nigriceps 2 NA 10.2 0.0291 A AU GD 4 N
® (4)

Python molurusf 1 M 6140 1.123 A AF  GD 4 N
(b) @)

Python regius| 26 M 570.26  0.2973 A AF GD 6 N
(n) ()
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Supplementary Table S2.1(Continued)

Species N  Sex BoM BrM Limbs Bio Eco Hg Soc

(9) (9)

Saltuarius cornutus 1 NA 51 0.1351 P AU Ar 1 NA
® (4)

Saproscincus 1 NA 1.9 0.0187 P AU GD 1 NA
challengeri ® ()

Sceloporus occidentalif 30 M 18.386  0.067 P NE GD 4 Y
() A ©)

Sceloporus olivaceu{ 10 M 19.25 0.072 P NE Ar 3 NA
(a) A (©)

Scincella lateralisy 9 M 1 0.010 P NE GD 2 NA
(a) A (0

Scincus scincug 80 M+ 34.1 0.116 P PA  GD 2 NA
F (c,d) v)

Sphenodon punctatu 2 NA 584.5 0.616 P AU  GD(j 3 N
(i) )

Sphenomorphus fragilii 3  NA 1.35 0.0123 R AU Fo 4 NA
(f) (h)

Strophurus ciliaris| 1 NA 6.4 0.0504 P AU  Ar 5 NA
® (e))

Strophurus elderi 1 NA 1.75 0.0172 P AU  Ar 3 NA
(® (e))

Tarentola mauritanical 11 M+ 7.8 0.07 P PA Sa 2 Y
F (c.d) v)

Thamnophis sirtalis 2 F 545 0.1 A NE GD 6 Y
(b) A (®)

Tiliquagigas| 1 NA 532 0.498 P AU GD 2 NA
@ @
Tiliqua multifasciata| 2 NA 404.5 0.4078 P AU GD 2 NA
(f) (4)

Tiliquarugosa| 2 NA 495 0.533 P AU GD 5 Y
® (0)
Timon lepidus] 1 F 70.8 0.224 P PA  GD 4 N
(c.d) ®
Trapelus mutabilis 46 M+ 12.9 0.099 P NE GD 5 NA
F (c.d) A v)
Trogonophis wiegmann NA 6.5 0.021 A PA Fo 3 Y
(c.d) v)

NA 1034 1.563 P NT GD 4 N
0) ()

Underwoodisaurus NA 5.72 0.0531 P AU GD 2 Y
milii (c,d) (G)

164 0.335 P AU GD 2 N
F (f) v)

Tupinambis teguixin

N >Z >Z

w
<
+

Uromastyx acanthinure
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Supplementary Table S2.1(Continued)

Species N  Se& BoM BrM Limbs Bio Eco Hg Soc
(@) )

Varanus acanthurug 1 NA 212 0.278 P AU Sa 1 N
® (4)

Varanus gillenii 1 NA 21 0.107 P AU  Ar 2 N
® (e,0)

Varanus griseus 3 F 254.2 0.722 P PA GD 3 N
(c.d) (e)

Varanus niloticus|] 1  NA 7500 2.44 P AF GD 7 N
@) (€)

Varanus prasinus 1 NA 249 0.594 P AU  Ar 3 N
® (e)

Varanus salvadorii 1  NA 2650 2.402 P AU Ar 2 N
® (e)

Vipera aspis| 46 M+ 68.7 0.1015 A PA GD 4 N
F (c.d) ®

Vipera berus| 7 NA 64.2 0.105 A PA GD 5 Y
@) ®

Zamenis longissimu{ 1 F 148.2 0.168 A PA Ar 4 NA
(c.d) C)

Zonosaurus maximu| 2 M+ 386.4 0.565 P AF GD 3 NA
F (c.d) *)

Zonosauruss 1 M 82.7 0.209 P AF  GD 2 N
quadrilineatus (c,d) V)

Zootocavivipara] 1 F 3.2 0.028 P PA  GD 7 Y
(c,d) (b, 9

Brain data was taken froma:- Dubois (1913); b Crile and Quiring(1940); c- Platel

(1975); d- Platel (1979); e Wachtler (1980); £ Black (1983); g- Else (1984); h

Molowny et al. (1987); 1 Platel (1989); j Shen et al. (2005); kSampedro et al. (2008);

| - Suski et al. (2008); mHolding et al. (2012); A Bales (2014); e Powell and Leal

(2014); p- Barabanov et al. (2015);-dRobinson et al. (2015);-rSampedro (2015); s

Chang et al. (2017);-tHoops et al. (2017a); uHoops et al. (2017@ndv - shared by

Matthew Vickaryous.

Body mass was taken frotn- Angelini et al. (1986); # Huyghe et al. (2005)
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Ecological data was taken frora:- Swanson (1950); b DonosoeBarros (1960); ¢

Dutton et al. (1975); d Huey and Webster (1976);-ePianka and Pianka (1976): f

Gorman and Harwood (19¥4 - Kofron (1978); h- Greer and Parker (1979): Lister

(1981); j- Walls (1981); k- Pernetta and Black (1983); Chapman and Dell (1985); m

- Rauch (1985); n Allison and Greer (1986); o Braithwaite (1987); p Fleishman

(1988); g- Martin andFreeland 1989; r - Ingram and Covacevich (1989): Blyndman

and Menzies (1990);-tBrown (1991); u- Buttemer and Dawson (1993);-witt and

Colli (1994); w- Alvarado et al. (1995); x Henderson et al. (1995);-ySchleich et al.

(1996); z- Fleis)ma n et al-Br @he o7 )-;VanBoByllonck and Van
Damme (1WBDhar ki e-Bualen (-AO®Dal (2AU01);
c-Rodda et aRead 202®0W&Wwl;¢ det -Smith.and(E@gérdad ) ;
(20033t;ebdbi ns -Ar2r0DI3d ;ared Ov-Emdeaka( 200 4) ;.
-Randriamahazo an OMourzie (a2n0d0 49lesthiedet .2 005
(20050 ui stel | i ePincleiraDo 60 88 065anddy -Mdddretz ( 2
al. (206 ) -Algl i son -CQOPE&N ; (EOO&N ; (-BOnE®Najeray

et al . -Haoméh; efg -Kraus(QP*ORTaamamamanj at o (
- Paulissen (2008);8Bora et al. (2009); gRandrianantoandro et al. (2009); Michael

et al. (2010); # Pérez and Balta (2011);-sPassos et al. (2013);-2Zug (2013) ;
Cogger (2014);pTor res et -Aéng (20 1dDas2QER),®BOUver; a

and Tallowin (2015); eeL i et al-Alie(ac@® ) ; VY
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CHAPTER 2: SUPPLEMENTARY METHODS

Categories for habitat generalism

Table S2.2 gives the 13 habitat categories used to estimate habitat generalism. Per
species, we noted the presence/absence in each category. The total number of categories
in which a species occurred was then used as an indicator for ecological generalism.

Habitat data was taken from field guides and literaturegbeee).

Supplementary Table S2.2Habitat categories used in this study to estimate habitat generalism.
For each category, examples of habitat descriptions in field guides are given thathfalkhis

category.

Habitat category Examples

Aquatic | Ponds; mountain streams; prairie swales;
Wetland| Mangroves; marshes; bogs; wetlands; swamp forest; littoral fo
Sandy desert/dun| Sandy desert; coastal desert; beaches; sand flats;suadilent
desert, sand dunes;
Rocky desert Gibber plains; hamada; rocky desert;
Rocky habitat| Rock cliffs; rock outcrops; caves; boulders; rock crevices;
mountain slopes;
Grassland Pasture; grassland; prairie; meadow; spinifex grasslands; stef.
Shrubland| Different types of scrubland; heathland; chaparral, scrub fores
sagebrush; shrubland; bushland;
Savanna Savanna
Thicket | Thicket
Woodland| Woodland; open wood/forest; pindan; mallee
Forest| Dry deciduous forest; open secondary forégsib)montane forest;
rainforest, tropical forest;
Rural and urbar| Parks; urban habitats; gardens; agricultural land; buildings;
vineyards; ruins

Ecotone| Forest clearings; forest edge; wood glade; oases; intertidal are

hedgerows; field edges;
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Confounding variables

In order to account for the effect of limb reduction on relative brain size, we assigned
each species to one of the following categories: 1) all four limbs fully developed (n =
142), 2) limbs distinctly reduced relative to body size=(7), and 3) at least one pair of
limbs lacking entirely (n = 23). Data on limb status was taken from morphological
descriptions in field guides and literature (same as used for habitat generalism, see

Supplementaryfable S2.)L

As selection for largr a smaller brains might depend on the geographic location, as
suggested bpmiel et al. (2011)we included the biogeographical realm of each species
as covariate in further statistical analyses. Biogeograptee#tin was based upon the
location where the species sveampled in the original paper where brain size was taken
from. If not specified, we based ourselves on distribution data from the Reptile Database
(Uetz et al., 2018). Our daitecluded 15 Afrotropical, 88 Australasian, 9 Inl@alayan,

11 Nearctic, 17 Natropic, 2 Oceanic and 31 Palaerarctic species.

Statistical analyses for social data

The effect of sociality on relative brain size was tested using phylogenetic generalized
least squares (PGLS) models, in order to take the phylogenetic relatednessesf spec
into account. Brain mass (logifansformed) was the response variable, while body
mass (logl@ransformed) and biogeographic realm were included as covariates. Due to
convergence problems with the social model when including limb status as covariate,
we only tested the effect of sociality fmlly limbed species (51/68). At first, we used

the @lsd function in thedimed package in R(Pinheiro et al., 2014)with Pagel

correlation struct ur eaximudlikekhaog.eAk this mosel o p t
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returned a negative value for lambda (see main results), we verified our results using a)
the same model, but now with restricted maximum likelihood methods anddptkie

function in thedcapebpackaggOrme et al., 2018)

CHAPTER 2: SUPPLEMENTARY RESULTS

Effect of sociality on brain size

All three approaches giweery similar results (see Tabl2.8.and Table 1 in main text).
There was always a significant effect of sociality, with relative brain size being higher
in solitary species ¢o0mpa reithdr edtimated to be a |
negative, or zero. Note that tigeglst function in @per is automatically restricted to

values between 0 and 1 for Pagel 6s &.

[350

sSp



Supplement

Supplementary Table S23 Outcome of the Phylogenetic Generalized Least Square Regressions
for the social data. In all models, only fully limbed species were included (N=51).48zaiand

body size were both logidansformed. Abbreviations: AF = Afrotropics, AU = Australasia, IM

= Indo-Malayan, NA = Nearctic, NT = Neotropics, AU = Australasian, NA = Nearctic, PA =

PalearcticOC = Oceania

Predictor Effect F-statistics Significance s
Brain size | Body size b =0.568t F1,43= p <0.001
glsi ML 0.013 18*10* -0.88
Sociality Solitary > F143=20.00 p<0.001
Social
Biogeographical NT > AU, PA  Fs43=7.00 p <0.001
realm
Body size b =0.563t Fi143= 1132 p<0.001
Brain size 0.017 -0.06
gls- | Sociality Solitary > F143=18.91 p<0.001
REML Social
Biogeographical NT > AF, AU, Fs43=6.24 p <0.001
realm NA, PA
Body size b = 0.560+ Fis3= 1016 p<0.001
Brain size 0.018 0
pgls- ML | Sociality Solitary > F143=5.24 p =0.027
Social
Biogeographical NT > AF, AU, Fs43=7.82 p <0.001
realm NA, PA, IM
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Zarmeinis [ongissimus
Coronefla girondica

! 1 Coluber constrictor
Hiarophis vindiflavus

Matriy natrix
Natrix maura
Thamnophis sirtalis

1 Maja mefanoletca

Crotalus oreganus
Agkistrodor piscivarus
1 Vipera berus

Cerastes vipera

Boa constrictor
1 Python regius

11— Python molurus

T /guana iguana
L

1 1 Amblyrhynchus cristalus

1 Oplurys cuvier

|'—| Chatarodon madagascariensis

1 Liofaemus chifiensis

1 Leiocephalus carinatus

1 Anofis auratus

Anolis puichelius
Anofis krugi
Anoiis gundiachi

Anofis cristateliu.
Anofis straftlus
-| Anclis evermanni

1 Anofis caralinensis

| 1 Sceloporus olivaceus

Ctenophoarus rufescens
Clenophorus vadrapps
Ctenopharus fanijalka
Ctenopharus fionni
Cienophorus decrasit
Ctenopharus gibba
Clenophoris oristatus
Ctenophorus safinarum
Clenophorus isolepis
Cienophorus pictus
Ctenopharus fordi
Clenophorug omatus
Ctenopharus caudicinctus

 Ee— Sceloporus accidentalis

Hynsifurs boyoi
Moloch horridus
Hypsiltrus papuensis

Cienophorus nuchalis

Lophognathis temparalis
Pogona vifticeps
Diporiphora bilineata
Digoriphora lafliae
Amphibolurus municatus

1 Draco volans

] Calotes varsicalor

1 Acanthasaura armata

1 Bronchooela cristatelta

1 Phrynacephalus preewalskil

]

1 Trapelus mutabifis

1 Agama agama

1 Lromastyx acanthintia

1 Furaifer fateralis

F——1 Pseudopus apadus

1 1 Anguis fragifis

1 Heloderma suspectum

Varanus griseus
Varars niloticus
Varanus prasfnus
Varanus gifteni
Varanus acanthurus
Varanus safvadorii

Supplementary Figure S2.1. Ancestral state reconstruction of relative brain size (residuals of

brain on body mass regression) along the nodes and branches of the phylogenetic tree of 171

species of Squamat&phenodon punctatus included as outgroup. Species with positive

residuas (blue) have large brains relative to their body size, while species with negative residuals

(yellow-red) have small brains relative to their boslyi z e .

functi on

I mh Rt RepelicaR12)g e
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1 Trogonophis wiegrmanani
Psammadromus hispanicus
Psammodromus algivis
Gaflotia galioti
Podarcis sicuius
Podarcis muralis
Podarcis fiolepis
Footoca vivipara
— Timon lepidus
Lacerta viridis
—| Lavcerta agilis
1 Eremias argus
I 1 Tupinambis teguixin
I : Callopistes macwlatus
[ allopistos macuia
1 '|—| Aspidoscelis gularis
L R Arrieiva armeiva
1 Zonosaurus maximus
I 1 Zonosaurus quadrineatus
1 1 Cordylus cordyius
Tiliqua mutiifasciata
Egermia siriolata
Egemia cunninghami
3 Tiligua gigas

lE Cyclodomomhus casuaninas
Tiliqua rugosa

Eugongyius albofasciolatus
Emoia submetallica
| Emaia atrocosiata
Emaia pallidiceps
Cryptoblepharus plagiocephalus
Crypltoblepharus toralis
Cryptoblephaius virgatus
Morethia boulengert
Lobufia elegans
Pseudemoia entrecasteatixif
— Lampropholis guichenot
= Lygisaurus novasguineas
Lygisaurig foliorim
Carlia bicarinata
Carlia amax
Saproscincus challenger!

Sphenomoiphus fragilis
| % Saincella lateralis
Prasinohaema flavipes

Papuascincus stanieyanus
Notoseineus omatus
Lerista bipes
Lerista punclatovittata
Lensta muelleri
Levrista bougaifivillii
Ctenofus robustus
Ctenoius regius
Clenolus inornalts
Eremiascincus isolepis
Hemiergis peronii
Giaphyromomhus fuscicaudis
Concinnia gueensiandiae
|—|I Eumeces schreideri
L Scincus scincus
Chalcides oceliatis
Chaluides mionecton
Chalcides polylepis
Chalides chalcites

Supplementary Figure S2.1. (Continued)
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,E Hemidaciylus braokii
Hemidactylus mabouwia

lE Hermidactylus turcicus
Hemidactylus frenatus

1 Gekko gecko

1 L epidodactylus lugubris

1 Lepidodactyius omentalis

1 Hemiphyflodactylus typus

Gehyra punctata
Gehyra mufiiata
Gehyra oceanica
Gehyra vorax
Gehyra australis
Gehyra vanegata

1 Maclus pelagious

] Heteronotia binge:

1 Phelsuma cepediana

1 Cutstinus marmoratus

1 Chondrodactylus tumerf

1 Tarentola mauritanica

1 Phyltodactylus gerrhopygus

1 Eublephars macuianus
Saltuanius comutus
Underwoodisaurus rmitif
Mephrung levia
Pygopus nigriceps
Liafis burtonis

Defma australis
Oedura monilis

Qedura marmorala
Strophurus efdern
Strophurus ciliars

L vcasium damasum

Dipladactylus tessellaius
Diplodactylus conspicilfatus
Amalosia rhombifer

1 Sphenodan punciatus

Supplementary Figure S2.1. (Continued)
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APPENDIX CHAPTER 3

CHAPTER 3: SUPPLEMENTARY METHODS

Species description
In the following paragraphs, a short species description is provided, including

information on the geographic range and origin of the individuals obtained for this study.

Acanthodactylus pardalis

Acanthodactylus pardaliichtenstein, 1823, more commonly known as the leopard
fringe-fingered lizard. is endemic to Norfirica, with a distribution from Libya to
Israel(Salvador, 1982)It is a grounddwelling species, mostly found in open habitats
with a dry and sandy substrgtérnold, 1998; Vanhooydonck & Van Damme, 1999;
Van Damme & Vanhooydonck, 2002Jhe individuals used in this study were obtained
from pettrade, after being wildaught in theimative range in Egypt. Two different

batches (2019 and 2020) were used in this study.

Dalmatolacerta oxycephala

DalmatolacertaoxycephaldDuméril & Bibron, 1839, is a small to mediusized lizard.
The sharpsnouted rock lizard is, as the name implies, mostly found in rocky areas
(Arnold, 1998; Vanhooydonck & Van Damme, 1999; Speybroeck et al., 2018). It is
found along the Eagtdriatic coast and on many shialands(Speybroeck et al., 2018)
The individuals in this study were wilchught inVis (43°04'26.3"N 16°11'48.9"E),

Croatia, on the remains of an old fortress.
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Eremias brenchleyi

Eremias brenchleyGunther, 1872, or Ordos racerunnerfasnd in NorthEast China
(Guo et al., 2011)It is a grounedwelling species, inhabiting dry habitats with sandy
substrates (Arnold, 1998) and rocky slopes with bare r@okset al., 2005) The
individuals were obtained from the geade, after being caught in their natural habitat

in Hebei, China.

Gastropholis prasina

Gastroplolis prasinaWerner, 1904, is a slim, bright green lizard. The greenlelied

lizard is an arboreal species, spending most of its time in the dense canopy layer of trees
(Arnold, 1998). It inhabits areas with moist woodland and lowland grasslands of th
coastal plains of Kenya and Tanzaffigpawls & Rotich, 1997)The individuals in his

study were obtained via pegade and bred in captivity for an unknown number of

generations.

Lacerta viridis

Lacerta viridisLaurenti, 1768, more commonly known as the European green lizard, is
a medium to largesized lizard. It lives irhabitats with dense vegetation, where it is
often observed climbing in bushes and heddeadld, 1998; Vanhooydonck & Van
Damme, 1999Speybroeck et al., 2018). It is found in E&&rmany, SoutAustria,
Czech Republic, Hungary, Sotitkraine, and the Bkan region (Speybroeck et al.,
2018). The individuals were widaught in Dariva (43°51'25.1"N 18°26'53.2"E), near

Sarajevo (Bosnia and Herzegovina) in a park doseriver canyon. Two batches were
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used in this study, with the batch from 2019 for I® &and ESC, and the second batch

from 2021 for SL and RL.

Podarcis erhardii

Podarcis erhardiBedriaga, 1876, Erhard's wall lizard, is a small to meehirad lizard.

This species is found in sunny areas with low vegetatitanifooydonck & Van
Damme, 19995peybroeck et al., 2018). This wall lizard is found in the Balkan peninsula
and the Aegean islands (Speybroeck et al., 2018). Individuals from this species were
wild-caught from five different locations on Naxos Island (37°06'07.8"N 25°22'34.5"E)
(Cyclades, Greece), ranging from more open areas with sparse vegetation to densely
vegetated abandoned agricultural terraces with dry stone walls and rocky outcrops

present.

Podarcis melisellensis

Podarcis melisellensiBraun, 1877, is a mediwsized lizard, mosyl found in sunny
areas. It inhabits environments with many vertical elements such agAockl, 1998;
Van Damme & Vanhooydonck, 2002; Meiri, 2018; Speybroeck et al., 2018
Dalmatian wall lizard is found along the Ed@striatic coast. reaching from North Italy
until Montenegro (Speybroecakt al., 2018). Individuals were captured from Brusnik
(43°00'23.6"N 15°48'02.6"E), Mali Bariak (43°03'09.4"N 16°02'22.9"E), and Vis

(43°02'47.9"N 16°09'14.1"E), Croatia.

Podarcis muralis

Podarcismuralis Laurenti, 1768, is a small to meditsized lizardthat lives mostly in

sunny, often rocky, areas (Arnold, 1998anhooydonck & Van Damme, 1999;
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Speybroeck et al., 2018). The distribution of the common wall lizard comprises central
and Southern Europe (Speybroeck et al., 2018). Individuals werecauilghtfrom
Muizen (51°01'05.7"N 4°30'51.3"E) (Belgium) in a densely vegetated railroad berm

with stones (an urbanised area).

Podarcis siculus

Podarcis siculu®RafinesqueSchmaltz, 1810, more commonly known as the Italian wall
lizard, lives in places with a i@f dense vegetation and is mostly terrestrial (Arnold,
1998; Vanhooydonck Van Damme, 1999Speybroeck et al., 2018 odarcis siculus

is originally from central Italy but has been introduced outside its native range:
throughout the Mediterranean basind even as far as Not#tmerica (Speybroeck et

al., 2018). The individuals caught for this study were from an invasive population in Nin

(44°14'09.1"N 15°11'01.5"E), Croatia.

Podarcisionicus

Podarcisionicus Lehrs, 1902, or the lonian wall lizaravas formerly considered a
subspecies dPodarcis tauricugPsonis et al., 2017; Psonis et al., 2021} a terrestrial
lizard inhabiting open habitatSpeybroeck et al., 2018hd can be founoh theWestern
Greek mainlande.g. Peloponnese)gweral western Greek Islands and Southwestern
Albania (Psonis et al., 27; Psonis et al., 202The individuals were wilscaught at

Lake Doxa (37°55'44.6"N 22°17'09.2"E), Greece.

Takydromus sexlineatus

Takydromus sexlineat@audin, 1802, is more commonly known as thessiiped long

tailed grass lizard. As the name implies, it is foumaireas with low but dense, grassy

[358



Supplement

vegetation (Arnold, 1998; Vanhooydonc& Van Damme, 1999).Takydromus
sexlineatuss found in large areas of Souffast Asia(Arnold, 1997) The individuals

were obtained from pdtade, and captivbred for an unknown number of generations.

Timon lepidus

Timon lepidusDaudin, 1802, is one of the largest lizards found in Europe. It is a
terrestrial specigshabiting densely vegetated areas (rocks and bushas)amme &
Vanhooydonck, 2002Speybroeck et al., 2018). The jewelled lizard is found on the
Iberian peninsula and a few areas in Southern France andWeshitaly (Speybroeck
et al., 2018). The wtividuals in this study were provided by a hobbyist breeder for the
duration of the experiment. These individuals were the seamnthird generation

descendants bred in captivity from witdught specimen from Southdfnance.

Zootoca vivipara

Zootoca Wipara Lichtenstein, 1823, more commonly known as the viviparous or
common lizard, is a small Eurasian lizard. It is found in moist areas with a lot of low
vegetation; it is a groundwelling species (Arnold, 1998; Vanhooydon&k Van
Damme, 1999Speybroek et al., 2018 Zootoca viviparahas the largest distribution of

all reptiles, longitudinally from Ireland to Japan, and latitudinally from the Pyrenees to
northern Scandinavia. It is absent in most parts of Southern Europe (Speybroeck et al.,
2018). Thendividuals were wildcaught from a moist, dense heathland in Het Marum,

Wuustwezel (51°22'46.0"N 4°36'43.6"E), Belgium.
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Environmental variables and life history characteristicsi extra methodology

We always tried to extract climate and NDVI data from the exact location where animals
were collected. For wiltaught species obtained via the pet trade we were often unable
to get data on the exact capture site, but could limit it down to a specifiyarurgion.

In such cases, we took the average climatic variables of several known populations of
the particular species within this limited range (coordinates obtained via literature or
sighting websites). For species bred in captivity, we tried toigldrmation about the

origin of the wildcaught ancestors and followed the protocol above where possible. If
the individuals from one species were captured from different locations, the climate and
NDVI data was also averaged across these different gagndaForP. melisellensis
climate and NDVI data could not be collected for the populations from Brusnik and Mali
Bariak due to the small size of these islands. Sgmlementaryiable S33 for details

about the origin, coordinates of capture locations/sightings, and the activity season.
Climate data was only available between 2000 and 2018, and NDVI between 2000 and
2021. To get the most accurate representation, the maximal time periageeator

both (until 2018 for climate data, and until 2021 for NDVI).

We calculated the average temperature the lizards experiendbeir natural
environment Because lacertids are diurnal lizards, we consider environmental
temperatures between 8 am andom most relevant. Therefore, assuming that air
temperature follows a sinusoidal path, we calculated hourly estimates of temperature and
averaged values between 8 am and 7 pm. Hourly estimates were calculated using

minimal and maximal temperature valy®ponteith & Unsworth, 1990; Linyi, 2019)

and the formula Feragt) = Tmax*(0.44-0. 46 *sin( /12t +0.9) + 0.
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Tmin*[1-(044-0. 46*sin( /12t +0.9) + OModtdithand n ( " /
Unsworth (1990) The average temperature experienced between 8 am and 7 pm was
then used as an estimate of average daily temperature experienced by the lizards during

their activity period between 20002018.

[361]



Supplementary Table S3.1. Overview of the institutions where the species were housed, the respective housing conditions, the timing of each
cognitive test and who performed the experiments. Mealworms and crickets were dusted in calcium (e.g.. Zoo Med REPTI CAILTiting@&he
inhibitory control and lidremoval trials, a different dietary regime was followed (i.e. one mealworm pettay) house cricket{cheta domesticlis
FC = field cricket Gryllus campestris MW = meal worm Tenebrio molitoy, MoW = morioworms (Zophobas mao), WM = larvae of thereater

wax moth Galleria mellonella.

Species Institution Terrarium size Diet Room L:D cycle Observer
(Ix wx h) temperature
Acanthodactylus | University of 50 x 25 x 3@cm HC + T™M 20.7+0.1°C 12:12 IC, LR, ESC JT + LK
pardalis Antwerp 57 x39x 28 cm 3/week SL, RL: GDM
(individually)

Timing | Batch 1 (N = 10): 1C18/03/2019 3/04/2019 LR: 21/03/2019 2/04/2019 ESC:25/02/2019 3/04/2019 SL.:
1/02/2019i 5/02/2019 RL: 6/02/2019 10/02/2019
Batch 2 (N = 16): IC15/06/2020 3/07/202Q LR: 29/06/2020' 16/07/202Q ESC: 9/06/2020 12/06/202QSL: 6/07/2020

T 10/07/202QRL:11/07/2020° 15/07/2020




Supplementary Table S3.1.(Continued)

Species Institution Terrarium size Diet Room L:D cycle Observer
(Ixwxh) temperature

Dalmatolacerta | University of 57 x 39 x 28 cm HC+MW 23.80+0.03°C 12:12 LVL
oxycephala Antwerp (17 2 individuals)  3/week

Timing | IC: 31/07/2020° 10/09/202QLR: 5/08/2020i 23/08/202Q ESC: 27/08/2020 10/09/2020SL: 14/09/202G 18/09/2020

RL: 19/09/2020" 23/09/2020

Eremias University of 57 x39 x 28 cm HC+MW 20.7+0.1°C 12:12 IC, LR, ESC LK
brenchleyi Antwerp (individually) 3/week SL, RL: GDM

Timing | 1C: 18/11/2019 7/12/2019 LR: 26/11/2019 12/12/2019ESC: 11/12/2019 20/12/2019SL: 7/01/2020 11/01/2020

Gastropholis

prasine

Timing

RL: 12/01/2020° 16/01/2020
University of 41x41x71cm HC+MW 20.0+04°C 12:12 IC, LR: LVL

Antwerp (individually) 3/week ESC SL, RL GDM

IC: 1/02/2021i 16/02/2021LR: 4/02/2021 3/03/2021 ESC: 22/02/2021 5/03/202] SL: 4/03/2021 8/03/2020Q RL:

9/03/2021 13/03/2021



Supplementary Table S3.1.(Continued)

Species Institution Terrarium size Diet Room L:D cycle Observer
(Ixwxh) temperature
Lacerta viridis Herpetological 48 x 27 x 32 cm MoW 17 °C-24 °C 12:12 IC, LR, ESC TZ
Association in  58.5 x 23 x 48.5 cm  3/week SL, RL: AH+AT+VM

Bosnia and 58.5x 21 x48.5 cm

Herzegovina (individually)

Timing | Batchl (N = 10):IC: 20/06/2019 19/09/2019 LR: 27/06/2019 16/09/2019ESC: 24/7/2019 12/10/2019

Batch 2 (N = 10):SL: 28/05/202% 1/06/2021 RL: 2/06/2021i 6/06/2021

Podarcis erhardii| National & 22 x20x17 cm MW 28.0x2.1°C 12:12 All: GDM

Kapodistrian (individually) 3/week 8h basking

University of

Athens

Timing | IC: 6/05/2019 21/05/2019LR: 14/05/2019 3/06/2019 ESC: 19/06/2019 21/06/2019SL: 13/06/202G 27/06/2020

RL: 18/06/2020° 2/07/2019




Supplementary Table S3.1.(Continued)

Species Institution Terrarium size Diet Room L:D cycle Observer
(Ixw x h) temperature
Podarcis University of 57 x 39 x 28 cm HC 23.80+£0.03°C 12:12 IC, LR, ESCJT + GDM

melisellensis

Timing

Podarcis muralis

Timing

Podarcis siculus

Timing

Antwerp (individually) 3/week SL, RL: AV

IC: 18/02/2019 5/03/2019LR: 25/02/2019 18/03/2019ESC: 13/02/2019 13/03/2019SL: 15/04/2019 19/04/2019
RL: 22/04/2019 26/04/2019

University of 57 x39 x 28 cm HC+MW 23.7+0.2°C 12:12 IC, LR, ESC LK + LVL
Antwerp (individually) 3/week SL, RL: LVL

IC: 22/06/2020° 19/09/2020QLR: 26/08/2020° 16/07/202QESC: 8/07/2020 4/08/2020Q SL: 17/08/2020 21/08/2020

RL: 22/08/2020" 26/08/2020

University of 57 x39 x42 cm HC + MW  23.80+0.03°C 12:12 All: LVL
Antwerp (individually) + WM
3/week

IC: 3/08/20201 19/08/202QLR: 6/08/20201 20/08/202Q0ESC: 13/08/2020 27/08/202Q SL: 31/08/202G 4/09/2020

RL: 5/09/2020/ 9/09/2020



Supplementary Table S3.1 (Continued)

Species Institution Terrarium size Diet Room L:D cycle Observer
(Ixw x h) temperature
Podarcisionicus | National and 23x30x17 cm MW 28.0+2.1°C 12:12 All: AS
Kapodistrian 3/week 8h basking

Timing

Takydromus

sexlineatus

Timing

University of

Athens
IC: 29/08/2020" 08/09/2020QLR: 13/09/2020° 19/09/202QESC: 21/09/2020 28/09/202Q SL: 29/09/202G 03/10/2020
RL: 08/10/2020" 12/10/2020
University of 55x39 x 27 cm HC 20.7+0.1°C 12:12 IC, LR, ESCJT
Antwerp (4 to 5individuals 3/week SL, RL: GDM
together)
IC: 1/02/2019 11/02/2019LR: 11/02/2019 4/03/2019 ESC: 27/02/2019 28/03/2019SL: 13/03/2019 17/03/2019

RL: 18/03/2019 22/03/2019



Supplementary Table S3.1.(Continued)

Species Institution Terrarium size Diet Room L:D cycle Observer
(Ixw x h) temperature
Timon lepidus University of 100 x 40 x 50 cm FC 20.7+0.1°C 12:12 IC, LR, ESCJT
Adults Antwerp (individually) 3/week SL, RL: GDM

Timing

Timon lepidus

Juveniles

Timing

IC: 25/03/2019" 29/03/2019LR: 28/03/2019i 9/04/2019 ESC: 8/04/2019 10/04/2019SL: 13/03/2019 17/03/2019

RL: 18/03/2019 22/03/2019

University of 100 x 40 x 50 cm HC 20.7+0.1°C 12:12 IC, LR, ESCJT
Antwerp (6 individuals 3/week SL, RL: GDM
together)

IC: 25/03/2019" 29/03/2019LR: 5/03/2019 3/04/2019 ESC: 8/04/2019 10/04/2019SL: 13/03/2019 17/03/2019

RL: 18/03/2019 22/03/2019



Supplementary Table S3.1.(Continued)

Species Institution Terrarium size Diet Room L:D cycle Observer
(Ixw x h) temperature
Zoobca vivipara | University of 57 x39x 28 cm HC 20.7+0.1°C 12:12 All: DS
Antwerp (individually) 3/week

Timing

IC: 29/08/2019" 20/09/2019LR: 3/09/2019 20/09/2019ESC: 16/09/2019 9/10/2019 SL: 23/09/2019 27/09/2019

RL: 28/09/2020" 2/10/2019



Supplementary Table S3.20verview materials and prey types used in the cognitive tests for each species.

Dimensions Prey type and Height and Dimensions Dimensions escape Dimensions
terrarium (I x w x  weight diameter petri  wooden platform box (Ixwx h)and  arena
h) dish (Ix wx h) door (h xI) (Ix wx h)
TEST | IC, LR IC, LR IC, LR IC, LR ESC SL, RL
Acanthodactylug 30 x 28 x 28 cm  Mealworm of  Height: 1.5cm 10x10x1.5cm Box:22x22x8cm 60 x 60 x 30
pardalis 0.1071 0.20 g Diameter: 5.5 Door:55x7.5cm cm
cm
Dalmatolacerta) 30 x 28 x 28 cm  Mealworm of Height: 1.5cm 10x10x1.5cm Box:22x22x8cm 60 x 60 x 30
oxycephala 0.0571 0.10 g Diameter: 5.5 Door:55x7.5cm cm
cm
Eremias brenchley| 30 x 28 x 28 cm  Mealworm of Height: 1.5cm 10x10x1.5cm Box:22x22x8cm 60 x 60 x 30
0.057 0.10g Diameter: 5.5 Door:55x7.5cm cm
cm
Gastropholis prasing 30 x 28 x 28 cm  Mealworm of Height: 1.5cm 10x10x1.5cm Box:22x22x8cm 60 x 60 x 30
0.057 0.10g Diameter: 5.5 Door: 5.5x 7.5 cm cm
cm
Lacerta viridis| 58 x 39 x 31 cm  Larvae Height: 3 cm 10x10x1.5cm Box:22x22x8cm 60 x60x30
Zophobas Diameter: 5.5 Door:55x7.5cm cm
morioof 0.50 cm

g



Supplementary Table S3.2(Continued)

Dimensions Preytype and Height and Dimensions Dimensions escape Dimensions
terrarium (I x w x  weight diameter petri  wooden platform box (Ixwx h)and  arena
h) dish (Ix wx h) door (h x 1) (Ix wx h)
Podarcis erhardii| 30 x30 x 30 cm  Mealworm of  Height: 1.5cm 10x10x1.5cm Box:22x22x8cm 60 x 60 x 30
0.107 0.20 g Diameter: 5.5 Door: 5.5x7.5cm cm
cm
Podarcis melisellensi¢ 30 x 28 x 28 cm  Mealworm of  Height: 1.5cm 10x10x1.5cm  Box:22x22x8cm 60 x 60 x30
0.107 0.20g Diameter: 5.5 Door: 5.5x7.5cm cm
cm
Podarcis muralis 30 x 28 x 28 cm  Mealworm of  Height: 1.5cm 10x10x1.5cm Box:22x22x8cm 60 x 60 x 30
0.107 0.20 g Diameter: 5.5 Door: 55x7.5cm cm
cm
Podarcis siculus 30 x 28 x 28 cm  Mealworm of  Height: 1.5cm 10x10x1.5cm Box:22x22x8cm 60 x 60 x 30
0.107 0.20¢g Diameter: 5.5 Door: 5.5x 7.5 cm cm
cm
Podarcis tauricus 30 x 30 x 30 cm  Mealworm of  Height: 1.5cm 10x10x1.5cm  Box:22x22x8cm 60 x 60 x 30
0.107 0.20 g Diameter: 5.5 Door: 55x7.5cm cm
cm
Takydromus sexlineaty 30 x 28 x 28 cm  Mealworm of  Height: 1 cm 10x10x1.5cm Box: 40 x40 x50 cm 60 x 60 x 30
0.057 0.10g Diameter: 3 cm Door:55x7.5cm cm




Supplementary Table S3.2(Continued)

Dimensions Prey typeand  Height and Dimensions Dimensions escape Dimensions
terrarium weight diameter petri  wooden platform box (Ixwx h)and  arena
(Ix wx h) dish (Ix wx h) door (h x 1) (Ix wx h)
Timon lepidus 66 x 43 x 36 cm Larvae Height: 3 cm 28x11x3cm Box: 22 x22x8cm 100 x 100 x 30
Adults Zophobas Diameter: 7 cm Door: 12 x 9 cm cm
morio of 0.50
g
Timon lepidus 39 x 27 x 27 cm  Mealworm of  Height: 25cm 10x10x1.5cm Box:22x22x8cm 100 x 100 x 30
Juveniles 0.1571 0.20 g Diameter: 4 cm Door: 12 x9cm cm
Zootoca vivipara 30 x 28 x 28 cm  Mealworm of ~ Height: 1 cm 10x10x1.5cm Box:22x22x8cm 60 x 60 x 30
0.057 0.10g Diameter: 3 cm Door:55x7.5cm cm
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Supplementary Table S33. The origin of the species used in this study, the coordinates of their
capture locations or of known populations within their native range (obtained via literature,
observation.org and iNaturalist) and the period of the year the species are active. For al

information, the literature (or other) souraes given.

Species Origin Coordinates Source Activity  Source

(Lat, Long) period
Acanthodactylus Pettrade 31.30138926.979444 1 Apr - 1
pardalis from Egypt  31.468715754912527 Nov

26.390516927734136
30.518371134247023
30.276201480733963
29.82731958537036
31.301975610076497
30.900969709501066
29.55160048106914
30.929273269689368
29.568341297057405
30.91179214619455
30.171899733726466
31.574524893440067
25.15949263226295
31.609192715506595
25.92484544160242

29.45249814617522
30.91266747869165
Dalmatolacerta | Vis (Croatia) 43.073983, 16.196924 NA Febi 2
oxycephala Mar
Eremias Pettrade 40.677835, 117.25596! 2, 3 Mar - 3
brenchleyi from Hebei  39.57005020679096, Oct
Province 115.5108504027994
(China) 39.612301, 115.58098:

40.258557, 115.93139
40.969275, 117.81597:
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Supplementary Table S33. (Continued)

Species Origin Coordinates Source Activity  Source
(Lat, Long) period
Gastropholis Pettrade -3.355171, 40.013975 4 Augi NA
prasine from coastal -3.331233748323525, Apr
regions 39.87838241448717
Kenyaand -4.257575271500067,
Tanzania 39.385610555218655
-5.144564136042722,
38.635397912197234
-5.073491530778728,
39.12655403069819
-5.998266314495584,
38.75413364688048
-6.434203616668318,
38.904946748719155
-6.000298591696631,
37.49991413237952
Lacerta viridis | Dariva, 43.860278, 18.448750 NA Febi 2
Bosnia& Sep
Herzegovim
Podarcis 5 locations  36.979250, 25.389167 NA Feb- 2
erhardii on Naxos 37.089444, 25.361694 Nov
(Greece) 37.111611, 25.386056
37.130306, 25.438583
37.014722, 25.402972
Podarcis Brusnik, 43.006417, 15.800944 NA Feb- 2
melisellensis Mali Bariak, 43.052611, 16.039694 Nov
and Vis 43.0466612499245,
(Croatia) 16.15427258864697
Podarcis Muizen 51.01397437563141, NA Feb- 2
muralis (Belgium) 4.506916673312601 Nov
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Supplementary Table S33. (Continued)

Species Origin Coordinates Source Activity  Source
(Lat, Long) period
Podarcis siculus| Nin 44.232262274450434, NA Feb- 2
(Croatia) 15.18541273891122 Nov
Podarcis Lake Doxa  37.92678300912619, NA Feb-Oct 2
ionicus (Greece) 22.28645064601946
Pettrade 24.779860688713157, 3,59 Feb - NA
Takydromus 113.60323002237655 Nov
sexlineatus 22.788602791897674,

108.39688483972023
14.408889, 103.45305!
-6.5964828735321595
106.79993202131229
1.0715022808579726,

104.42930515861168
Timon lepidus | Captivebred 43.501441, 2.668679 3, 10 March- 2
(originally 43.647469, 3.999620 October
from 43.007154, 1.064630
Southern 42.912557, 2.878350
France) 43.421346;1.436474

42.684380, 2.860660
43.571522, 4.940472
43.394807, 6.208115
43.204002, 6.448390
43.756467, 7.091883
Zootoca Wuustwezel 51.378861, 4.613333 NA Feb i 2

vivipara (Belgium) Oct

References for the coordinatds: Moravec et al. (1999 - Zhao et al. (2011)37 iNaturalist
4 - Spawls et al. (2018b - Zhang and Ji (20046 - Qin et al. (2015)7 - Patawang et al. (2013)
8 - Trobisch and Glassérrobisch (2008)9- Tay (2016) 10- Jorcin et al. (2019Yeferences for
activity period:1 - Akiki et al. (2015) 2 - Speybroeck et al. (2018} - Feng et al. (2004)
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Supplementary Table S34. The life-history characteristics of each species: mean female SVL, hatchling SVL, SVL at maturity, average maximal
clutch size, andlutch frequency (all raw values). For all characteristics, the literature (or otfier@ncesire given(see below table)All female

SVL data was taken from Meiri, 2018.

Species Mean female Hatchling Ref  Maturity SVL Ref Average Ref Clutch Ref
SVL (mm) SVL (mm) (mm) clutch size Frequency

Acanthodactylus pardalis 61 30 1 59 1 4.8 1 4 2

Dalmatolacerta oxycephal: 57.9 25.85+3.46 3, 55.68 5 3.49 5 15 2,5
4

Eremias brenchleyi 49.3 NA / NA / 4 3 NA /

Gastropholisprasine 71.67 21 7 NA / 8.5 7 NA /

Lacerta viridis 102.4 33.75+1.77 3, 93.73+ 15.68 9-11 10.51+3.41 9-11 1.5 12
8




Supplementary Table S34. (Continued)

Species Meanfemale Hatchling Ref  Maturity SVL Ref Average Ref Clutch Ref
SVL (mm) SVL (mm) (mm) clutch size frequency

Podarcis erhardii 61.4 289+1.1 3, 48 15 2.32+ 0.45 14, 2 2
13, 15
14

Podarcis melisellensis 59.4 24.50 3 48.5£0.71 6 460042 3,6 3 2

Podarcis muralis 63.8 24.65+0.21 3, 49 16 5.75+0.78 3,16 2 16
16

Podarcis siculus 61.9 30.00+£2.65 3, 50.43+ 2.70 17, 6.0£1.04 3,17, 3 17
17 18 18

Podarcisionicus 62.1 28.05+1.91 3, 58.15+ 4.50 15, 4.07+£1.45 3,15, 2 20
13 19 20;

21



Supplementary Table S34. (Continued)
Species Mean female Hatchling Ref  Maturity SVL Ref Average Ref Clutch Ref

SVL (mm) SVL (mm) (mm) clutch size frequency
Takydromus sexlineatus 55.8 17.70+£1.84 22 48.8 23 2.2 3 2.83 23
Timon lepidus 150 41254219 16 132 16 16.9 3 1 16
Zootoca vivipara 61 19.65+1.63 16 44 16 7.10£3.82 3,16 1 16
References for lifdistory datadl - Schleich et al. (1996P -Scharf et al. (201581 Meiri (2018), 4- Aleksic and Tucic (19945-Bej akovi | et &

(1955) 6- Bejakovic et al. (1995)7 - Ashe et al. (19998 - Elbing (2001) 9- Brana et al. (1991)110- Karmyshev and Yarigin (2013)1- Sagonas
et al. (2018)12- Fitch (1970) 13- in den Bosch and Bout (1998)4 - Gruber (1986)15- Maragou et al. (1999)16- Bauwens and Dialdriarte

(1997) 17 - Henle and Klaver (1986)18- Ra d o | a j etl19-aAll .t uhZ2& E k), 20t- Charldropoujog &ntl Bykakis (19831 -

Ljubisavl j ey2R-iXueal (2807)23- MENPUNiQA011)



Supplement

CHAPTER 3: SUPPLEMENTARY RESULTS

Supplementary Table S3.5. Descriptive statistics per species for the different cognitive tests.
Two variables were extracted for each test, both giving an indication of how well individuals
performed. See the text for an explanation of these variables. Averages across all species a
given in the result section. Note: for solving time and learning speed, both the overall solving
times/learning speed (including nesnccessful trials that were given 900 s/16 trials) and solving

times/learning speed in the successful trials are githenltter between parentheses).

Species

Inhibitory control Solving time (s) % learners
Acanthodactylus pardalis 549.78 + 54.61 (48.98 + 56.59) 50
Dalmatolacerta oxycephala | 665.33 + 57.15 (126.49 + 119.41) 38

Eremias brenchleyi 850.75 + 75.61494.33 £ 351.36) 17
Gastropholisprasine 333.1 £72.64 (55.84 + 29.21) 77

Lacerta viridis 500.80 + 82.80 (208.00 + 122.02) 100
Podarcis erhardii 290.84 + 31.30 (129.90 + 103.47) 93

Podarcis melisellensis 644.00 £ 99.00 (122.67 +41.79) 43

Podarcis muralis 690.27 + 67.62 (307.08 + 187.60) 40

Podarcis siculus 146.14 + 55.84 (64.71 + 71.73) 96
Podarcisionicus 173.46 + 72.64 (93.23 + 99.29) 100
Takydromus sexlineatus 275.77 £ 72.64 (98.15 £ 94.05) 77

Timon lepidus 333.13 + 92.6229.87 + 153.18) 100
Zootoca vivipara 100.39 £61.73 (30.28 £ 38.81) 94
Lid-removal Solving time (s) Prop. solved trials
Acanthodactylus pardalis 880.22 + 76.64 (9.00) 0.024 + 0.038
Dalmatolacerta oxycephala | 900 (NA) 0

Eremias brenchleyi 900(NA) 0
Gastropholisprasine 894.00 £ 73.00 (602) 0.02 £ 0.03
Lacerta viridis 748.00 £ 73.00 (278.33 +£338.58) 0.21+0.1
Podarcis erhardii 734.91 £ 28.52 (213.50 + 164.25) 0.24 +0.038
Podarcis melisellensis 900 (NA) 0

Podarcis muralis 889.50 +72.70 (691.00) 0.041 + 0.04
Podarcis siculus 705.81 £50.17 (325.17 £83.83) 0.33+0.074

[378



Supplement

Supplementary Table S3.5.

Species

Solving time (s)

Prop. solved trials

Podarcis ionicus
Takydromusexlineatus
Timon lepidus

Zootoca vivipara

Escape box
Acanthodactylus pardalis
Dalmatolacerta oxycephala
Eremias brenchleyi
Gastropholisprasine
Lacerta viridis

Podarcis erhardii
Podarcis melisellensis
Podarcismuralis
Podarcis siculus
Podarcisionicus
Takydromus sexlineatus
Timon lepidus
Zootocavivipara

Spatial learning
Acanthodactylus pardalis
Dalmatolacerta oxycephala
Eremiasbrenchleyi
Gastropholisprasine
Lacerta viridis

Podarcis erhardii
Podarcis melisellensis
Podarcis muralis
Podarcis siculus
Podarcis ionicus
Takydromus sexlineatus
Timon lepidus

Zootoca vivipara

713.77 £ 63.77 (268.45 £ 276.57)
744.18 £ 69.32 (384.23 £ 316.68)
865.75 + 81.29 (381.00 = 264.46)
422.17 £54.19 (142.60 + 126.94)
Solving time (s)

1497.50 + 101.40 (559.71 + 315.38)
421.72 + 90.67 (269.95 + 202.32)
978.17 £ 130.87 (507.90 + 340.85)
1386.13 + 117.0%674.13 + 472.98)
1743.80 + 143.35 (957.00 + 83.44)

1135.00 + 136.69 (738.44 + 443.85)
1645.67 + 106.85 (1046.57 + 504.39)
620.5 + 121.16 (503.23 + 180.27)
1095.27 + 96.65 (540.23 + 469.87)
1800 (NA)

1754.54 + 125.73 (26)

1800 (NA)

764.64 + 96.65 (628.25 + 403.52)
Learning speed (N° of trials)
13.09 £ 1.03 (8.38 £ 2.92)
11.64 £ 0.89 (8.73 £ 3.63)
12.00 + 2.00 (8.80 + 4.09
13.20 + 1.20 (10.00 + 4.16)
10.50 + 1.30 (6.83 + 1.47)
10.88 + 0.52 (7.39 + 3.16)
12.59 + 0.89 (7.64 £ 3.23)
12.33+1.19 (9.89 £ 3.69)
12.18 £ 0.98 (7.60 + 2.37)
11.80 + 1.30 (10.44 + 3.50)
15.10+ 1.61 (11.50 £ 0.71)
12.75 + 1.65 (9.50 + 1.29)
12.45 +0.99 (7.33 + 2.50)

[379

0.25 + 0.086
0.22 + 0.09
0.075 £ 0.067
0.61 = 0.084
Prop. solved trials
0.2 +0.07
0.91 + 0.043
0.6+0.1
0.36 + 0.091
0.067 £ 0.058
0.58+£0.11
0.19 £ 0.068
0.9 +0.06
0.51 +0.079
0

0.025 + 0.032
0

0.85 = 0.057
Success (%)
29

56

22

33

50

54

37

33

41

50

20

50

36



Supplement

Supplementary Table S3.5.

Species

Reversal learning
Acanthodactylus pardalis
Dalmatolacerta oxycephala
Eremias brenchleyi
Gastropholisprasine
Lacerta viridis

Podarcis erhardii
Podarcis melisellensis
Podarcis muralis
Podarcis siculus
Podarcisionicus
Takydromus sexlineatus
Timon lepidus

Zootoca vivipara

Spatial+ reversal learning
Acanthodactylus pardalis
Dalmatolacerta oxycephala
Eremias brenchleyi
Gastropholisprasine
Lacerta viridis

Podarcis erhardii
Podarcis melisellensis
Podarcis muralis
Podarcis siculus
Podarcisionicus
Takydromus sexlineatus
Timon lepidus

Zootoca vivipara

Learning speed (N° of trials)
15.00 £ 1.00 (10.75 + 1.89)
11.16 £ 0.85 (9.63 8.17)
11.33£1.42 (9.00 * 1.26)
10.40 £1.10 (8.36 = 1.75)
13.00 £ 1.00 (6.00 = 1.00)
11.81 + 0.52 (7.74 £ 3.10)
13.00 £ 2.009.25 * 3.30)
114+ 1.1 (8.33+3.16)
11.36 £ 0.91 (9.20 = 3.51)
13.00 £ 1.00 (6.00 = 1.73)
12.33£1.48 (7.75 = 2.06)
10.88 £ 1.48 (9.17 8.43)
11.10 + 0.90 (7.69 + 3.45)

Score (/30)

12.05+0.78
18.68 £ 0.86
15.60 £ 1.40
16.14 £ 1.07
13.10+ 1.10
17.10 £ 0.50
15.56 +1.31
16.33+1.04
17.41 £ 0.89
15.20 £1.20
9.44 +1.02

17.25 £ 1.47
16.36 £ 0.86

(380

Success (%)
14
60
3
40
30
48
33
5
64
30
33
38
55

Success (%)
0
36

10
12

13
18
10
22
13
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Supplementary Table S3.6Climate variables as proxies of resource availability and habitat

complexity, calculated per species. See text for details on how these were obtained. Averages

SE per species are given.

Species NDVI NDVI Monthly Precipitation Min.
seasonality  precipitatio seasonality temperature
(%) n (mm) (%) 0
Acanthodactylus | 0.15+0.06 15.76+7.99 3.01+1.60 138.39+ 18.98+
pardalis 11.03 1.19
Dalmatolacerta | 0.52+0.07 10.19+4.89 51.85+ 57.97+ 14.67+
oxycephala 9.85 13.96 0.53
Eremias 0.58+ 0.23 42.01+8.88 57.92+ 121.13+ 10.57+
brenchleyi 2.08 4.21 0.93
Gastropholis 0.62+0.19 14.13+ 79.29+ 77.84+4.86 21.18+
prasine 11.33 16.84 2.97
Lacerta viridis 0.64+£0.14 22.12+2.24 90.06% 45.92+ 7.71+0.62
22.54 10.36
Podarcis erhardii | 0.33+0.13 16.42+ 27.85% 97.56+ 0.55 17.26+
250.94 0.90 0.13
Podarcis 0.63+0.21 35.19+8.24 49.51+ 57.54+ 14.99+
melisellensis 9.65 13.94 0.54
Podarcis muralis | 0.49+0.14 33.99+9.42 66.27+ 42.16£9.20 8.41+0.47
8.57
Podarcis siculus | 0.57£0.13 20.73+4.17 73.71+ 55.26+ 12.18+
14.29 12.66 0.49
Podarcisionicus | 0.51+0.12 19.74+7.77 61.98+ 72.17£6.96 7.78+0.42
14.56
Takydromus 0.76+0.08 5.09+2.81 176.92+ 67.27+ 21.44+
sexlineatus 64.89 20.87 2.08
Timon lepidus 0.64+0.18 13.51+8.20 57.74% 59.83+7.38 12.53%
16.90 1.76
Zootoca vivipara | 0.756+0.12 16.71+2.21 68.35+ 42.01+8.53 8.33+0.52
8.58
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Supplementary Table S3.6. (Continued)

Species Min. Max. Max. Average Average
temperature temperature temperature temperature temperature
seasonality (°C) seasonality (°C) seasonality
(%) (%) (%)

Acanthodactylus | 32.67+ 29.69+ 18.67+ 26.13+ 21.85+

pardalis 2.29 2.63 1.38 2.32 2.36

Dalmatolacerta 40.16+ 21.31+ 33.16+ 19.47+ 34.58+

oxycephala 4.57 0.53 2.88 0.52 3.18

Eremias brenchleyi 307.40+ 22.42+ 69.87+ 18.16+ 97.81+
99.87 0.94 5.92 2.13 16.97

Gastropholis 6.90+2.39 29.46+ 5.32+1.18 26.72+ 5.49+1.29

prasine 2.63 3.06

Lacerta viridis 118.12+ 18.73+ 54.56+ 15.67+ 61.93+
19.26 0.72 4.76 0.68 5.98

Podarcis erhardii | 31.25+ 22.55+ 24.98+ 20.38+ 31.11+
0.48 0.16 0.41 1.52 9.16

Podarcis 40.62+ 21.53+ 33.68+ 19.72+ 35.09+

melisellensis 4.68 0.54 2.97 0.53 3.28

Podarcis muralis | 62.94% 16.88+ 41.26% 14.53+ 44.44+
11.66 0.62 5.44 0.55 6.25

Podarcis siculus 57.06+ 21.99+ 36.79+ 19.26+ 40.19+
6.89 0.54 3.20 0.52 3.73

Podarcisionicus 90.54+ 17.75+ 50.69+ 14.98+ 55.89+
10.21 0.54 3.29 0.49 3.98

Takydromus 16.86+ 29.13+ 12.19+ 26.47+ 13.18+

sexlineatus 17.18 2.01 11.86 1.54 12.94

Timon lepidus 57.31+ 22.06+ 33.32+ 18.93+ 38.48+
12.98 2.13 5.23 2.75 7.42

Zootoca vivipara | 66.56+ 17.72+ 42.61+ 15.11+ 45.92+
12.91 0.64 5.42 0.58 6.33

[382
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Supplementary Table S3.7. Follow-up from the previous table. Lifhistory characteristics of
each species. For hatchling snwent length (SVL), SVL at maturity, and clutch size residuals
from a phylogenetic analysis with female SVL are reported and used in the analyses. See

Supplementaryrable S34 for the raw values and information on literature sources.

Species Res SVL Res SVL  Resclutch Clutch
hatchling maturity size frequency
Acanthodactylus 0.18 0.13 0.13 4
pardalis
Dalmatolacerta 0.063 0.13 -0.11 15
oxycephala
Eremiasbrenchleyi NA NA NA NA
Gastropholis prasina NA NA NA NA
Lacerta viridis -0.052 0.047 0.057 15
Podarcis erhardii 0.14 -0.082 -0.61 2
Podarcis melisellensis -0.0077 -0.037 0.13 3
Podarcis muralis -0.049 -0.10 0.23 2
Podarcis siculus 0.17 -0.042 0.33 3
Podarcisionicus 0.098 0.097 -0.068 2
Takydromus sexlineatus -0.29 0.035 -0.52 2.8
Timon lepidus -0.11 -0.013 -0.097 1
Zootoca vivipara -0.25 -0.16 0.52 1

[383
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Supplementary Table S3.8.MCMCglmm results for the environmental quality models.

Significant pvalues (pMCMC) and nenverlap of the 95% CQlith zeroare indicated in bold,

as are trends close to significance. Sex was removed in multiple models due to complete
separation of the data. Thesults reported here are those of the models with the priors leading to

sample sizes > 1000 and autocorrelations < 0.1. These priors are either weakly informative
invedsetpi bution (V = 1; € = 0.002), Oandxed to
g€ = 2), eerxppmardendet(er = 1; e = 1; Use =S80z UV = 1
solving time, CRIT = whether an animal reached the learning criterion (Y/N), SR = success rate,

LS = learning speeee main text for a more detailepianation of all tests and cognitive traits).

INHIBITORY CONTROL
1. STc ‘

Parameterexpanded priors ‘

Effective sample size  Posterior mean [95% CI] Pmcmc
Random effect
Phylogeny 9990 1411 [0, 4220] -
Species 9990 25620 [0, 96614] -
Population 9990 6384 [0.0002, 31677] -
Units 9990 67497 [55348, 81388] -
Fixed effect
Intercept 10305 637.86 [427.86, 1668.42] 0.20
Average temperature | 9990 -6.49 F46.89, 39.48] 0.75
Precipitation 9652 -0.92 }5.74, 3.78] 0.67
Sexi juvenile 10349 -49.16 F477.13, 364.13] 0.82
Sexi male 9990 -69.66 [155.82, 14.76] 0.11
SVL 10332 0.83 [3.69, 5.53] 0.72

(384
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Supplementary Table S3.8(continued)

2. CRITic

Nonrinformative priors

Random effect
Phylogeny
Species
Population
Units
Fixed effect
Intercept
Average temperature
Precipitation
Sexi juvenile
Sexi male
SVL
LID REMOVAL
1. STr

Norrinformative priors

Random effect
Phylogeny
Species
Population
Units

Fixed effect
Intercept
Average temperature
Precipitation
Sexi juvenile
Sexi male
SVL

Effective sample size

8105
8130
7402

9990
9188
9990

7976

Effective sample size

8860
8422
8857
9432

9990
9990
9990
9990
9990
9990

[389

Posterior mean [95% ClI]

0.08 [0.0001, 0.34]
4.28[0.0002, 14.8]
1.56 [0.0002, 7.45]

0.006 [11.73, 11.63]
-0.12 [0.62,0.35]
0.009 [0.04, 0.06]

0.06 [0.027, 0.14]

Posterior mean [95% CI]

204 [0.0001, 848.8]
9244 [0.0002, 33933]
1175 [0.0002, 7572]
54813 [43450, 67045]

629.17 [57.43, 1203.92]
11.03[-12.00, 33.37]
-0.66 |-3.06, 1.75]
111.54 }190.33, 397.93]
-19.81 }107.70, 63.54]
-0.15 [3.54, 2.92]

pMCMC

0.96
0.58
0.67

0.16

0.023
0.30
0.55
0.45
0.64
0.94
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Supplementary Table S3.8(continued)

2. SRr

Non-informative priors

Random effect
Phylogeny
Species
Population
Units
Fixed effect
Intercept
Average temperature
Precipitation
Sexi juvenile
Sexi male
SVL
ESCAPE BOX
1. STesc

Effective sample size Posterior mean [95% ClI]

9612
9417
9990
9990

9990
9990
9990

10431

Parameterexpanded priors

Random effect
Phylogeny
Species
Population
Units

Fixed effect
Intercept
Average temperature
Precipitation
Sexi juvenile
Sexi male
SVL

Effective sample size

9990
9990
9990
9990

10286
9263
9990
9990
8108
9575

(386

0.074 [0.0002, 0.24]
2.15 [0.0002, 8060]
0.11 [0.0002, 0.48]
1.53[0.71, 2.50]

-4.13 [13.59, 3.67]
-0.06 £0.43, 0.30]
0.016 [0.024, 0.053]

0.030 [0.004, 0.065]

Posterior mean [95% CI]

3139 [0, 9796]
51995 [0, 230518]
28398 [0, 153824]
206829 [163297, 250904]

-340.87}1995.49,1280.47]
35.10 [32.24, 101.45]
3.37 [4.38, 10.56]
591.58 [81.90, 1311.93]
112.04 [79.70,326.11]
8.18 [0.40, 15.29]

pMCMC

0.29
0.69
0.34

0.068

0.63
0.28
0.34
0.094
0.28
0.035
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Supplementary Table S3.8(continued)

2. SResc

Informative priors

Random effect

Phylogeny

Species

Population

Units

Fixed effect

Intercept

Average temperature

Precipitation

Sexi juvenile

Sexi male

SVL

SPATIAL LEARNING
1. LSsL

Norrinformative priors

Random effect
Phylogeny
Species
Population
Units

Fixed effect
Intercept
Average temperature
Precipitation
Sexi juvenile
Sexi male
SVL

Safe side right

Effective sample size

3092
9147
9990
9990

7279
6622
8393

9990

Effective sample size

10249
9642
9990
9990

9990
9990
10295
9990
9990
9990
8737

[387

Posterior mean [95% ClI]

29.4 [8.46, 60.73]
138.1[13.59, 401.2]
58.42 [11.22, 148.3]
3.05 [2.17, 4.02]

-18.49 }151.02, 104.19]
0.84 }4.57, 6.76]
-0.012 }0.61, 0.57]

-0.036 [0.11, 0.04]

Posterior mean [95% CI]

0.0007 [0.0001, 0.0016]
0.007 [0.0002, 0.024]
0.004 [0.0002, 0.013]
0.06 [0.033, 0.090]

2.31[1.50, 3.10]
0.006 [0.027, 0.038]
0.001 [0.002,0.005]
0.067 [0.44, 0.55]
0.11 [0.011, 0.23]
-0.003 [0.007, 0.002]
0.13 [0.035, 0.22]

pMCMC

0.75
0.76
0.96

0.35

< 0.0001
0.69
0.45
0.78
0.07
0.26
0.007
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Supplementary Table S3.8(continued)

2. CRITsL

Informative priors

Random effect
Phylogeny
Species
Population
Units

Fixed effect
Intercept
Average temperature
Precipitation
Sexi juvenile
Sexi male
SVL

Safe sidé right

Effective sample size

9990
9026
9990

9990
9990
9990
9990
9990
10231
10727

REVERSAL LEARNING

1. LSre

Norrinformative priors

Random effect
Phylogeny
Species
Population
Units

Fixed effect
Intercept
Average temperature
Precipitation
Sexi juvenile
Sexi male
SVL

Safe sidg right

Effective sample size

9990
9990
9996
9990

9990
9990
10540
9701
9937
9990
9990

(383

Posterior mean [95% ClI]

0.005 [0.0002, 0.015]
0.069 [0.0002, 0.31]
0.051 [0.0002, 0.23]

0.45 [3.04, 3.81]
-0.026 [0.15, 0.10]
-0.008 [0.023, 0.0053]
0.55 [2.13, 3.35]
-0.77 [1.54,-0.012]
0.012[-0.013, 0.037]
-0.53 [1.17, 0.094]

Posterior mean [95% ClI]

0.0007 [0.0001, 0.002]
0.007 [0.0001, 0.023]
0.004 [0.0002, 0.014]
0.054 [0.0002, 0.014]

2.23 [1.45, 3.06]

0.004 }0.030, 0.035]
-0.0006[-0.004, 0.003]
-0.15 [0.65, 0.35]
-0.024 [0.14, 0.098]
0.002 [0.0022, 0.0068]
0.12 [0.020, 0.21]

pMCMC

0.78
0.67
0.24
0.71
0.048
0.35
0.098

<0.0001
0.82
0.70
0.56
0.69
0.35
0.016
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Supplementary Table S3.8(continued)

2. CRITrL

Nonrinformative priors

Random effect
Phylogeny
Species
Population
Units

Fixed effect
Intercept
Average temperature
Precipitation
Sexi juvenile
Sexi male
SVL

Safe side right

Effective sample size

10384
9990
9990

9990
9990
9990
10470
9990
9990
9990

SPATIAL + REVERSAL LEARNING

1. SRsirL

Noninformative priors

Random effect
Phylogeny
Species
Population
Units

Fixed effect
Intercept
Average temperature
Precipitation
Sexi juvenile
Sexi male
SVL

Effective sample size

9990
9990
9990
9000

9990
9990
9990
9990
9322
9698

[389

Posterior mean [95% ClI]

0.006 [0.0001, 0.021]
0.11 [0.0002, 0.50]
0.11 [0.0002, 0.47]

2.19 }1.58, 5.88]
-0.06 [0.20, 0.086]
0.003 [0.011, 0.018]
0.22 [2.79, 3.02]
0.16 }0.62, 0.96]
-0.02 }0.05,0.0077]
-0.83 [1.49,-0.16]

Posterior mean [95% CI]

0.0008 [0.0002, 0.0019]
0.0083 [0.0002, 0.029]
0.0032 [0.0002, 0.010]
0.0017 [0.0002, 0.0043]

3.23 [2.47, 4.02]

-0.013 [0.045, 0.020]
-0.002[-0.0059, 0.0014]
0.26 £0.13, 0.62]
-0.021 [0.11, 0.058]
-0.0017 {0.005, 0.0015]

pMCMC

0.24
0.40
0.64
0.86
0.69
0.13
0.015

< 0.0001
0.40
0.21
0.18
0.60
0.30
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Supplementary Table S3.8(continued)

2. CRITsLrL

Parameterexpanded priors

Random effect
Phylogeny
Species
Population
Units

Fixed effect
Intercept
Averagetemperature
Precipitation
Sexi juvenile
Sexi male
SVL

Effective sample size

2442
3654
3970

9990
7103
4859
6314
9587
9990

[390

Posterior mean [95% ClI]

0.069 [0.00, 0.29]
2.81[0.00, 11.43]
3.04 [0.00, 10.38]

-0.49 [10.60, 10.19]
-0.98 [0.60, 0.33]
0.022 [0.023, 0.083]
2.45 [3.37, 8.90]
-0.44 [1.58, 0.66]
-0.037 [0.093, 0.018]

pMCMC

0.91
0.65
0.32
0.39
0.45
0.18
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Supplementary Table S3.9.MCMCgimm results for the temporal variability models.

Significant pvalues (PMCMC) and ncoverlap of the 95% CI with zero are indicated in bold,

as are trends close to significance. Sex was removed in multiple models due teteompl

separation of the data. The results reported here are those of the models with the priors leading to

sample sizes > 1000 and autocorrelations < 0.1. These priors are either weakly informative

i nvedsegtoi buti on

e = 2),

solving time, CRIT = whether an animal reached the learning criterion (Y/N), SR = success rate,

(Vv

eerx ppaanrdaende t( evr

= 1; 1;§fx=4), iffarnGativé (V = 10D and e d

= 1; ¢ = 1;

Ue

0;

ov

LS =learning speed (se®in text for a more detailed explanation of all tests and cognitive traits).

INHIBITORY CONTROL

1. STc

Parameterexpanded priors

Random effect
Phylogeny

Species

Population

Units

Fixed effect

Intercept

Seasonality temperature
Seasonality precipitation
Seasonality NDVI

Sexi juvenile

Sexi male

SVL

Effective sample Posterior mean [95% CI] pMCMC

size

10296
9990
9990
9990

9990
9814
9990
9990
9990
9990
9990

954 [0, 2317]

6266 [0.0005, 34001]
3718 [0, 16569]
67239 [54781, 90381]

21.59 [705.20, 704.04]
-3.46 [11.21, 4.38]
1.08[-4.31, 6.23]

23.80 [6.76, 40.45]
-35.36 [423.95, 352,36]
-79.07 }165.13, 6.56]
0.76 [3.18, 5.02]

[391

0.94
0.35
0.66
0.0094
0.85
0.073
0.72

t
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Supplementary Table S3.9(Continued)

2. CRITic

Non-informative priors

Random effect
Phylogeny

Species

Population

Units

Fixed effect

Intercept

Seasonality temperature
Seasonality precipitation
Seasonality NDVI

Sexi juvenile

Sexi male

SVL

LID REMOVAL
1. STir

Norrinformative priors

Random effect
Phylogeny

Species

Population

Units

Fixed effect

Intercept

Seasonality temperature

Seasonality precipitation

Seasonality NDVI

Effective sample

size

9126
9457
8380

8996
8742
9990
8813

7101

Effective sample

size

9193
9031
8929
9990

9990
9490
9205
9468

Posterior mean [95% ClI]

0.076 [0.0002, 0.24]
1.26 [0.0002, 5.85]
0.67 [0.0002, 3.22]

0.15 [8.14, 8.26]
0.071 }0.019, 0.17]
-0.016 [0.073, 0.38]
-0.24 }0.45,-0.045]

0.07 [0.011, 0.16]

Posterior mean [95% ClI]

197.9 [0.0002, 694.8]
4759 [0.0002, 22193]
814.4[0.0002, 5165]

54731 [43536, 67310]

638.31 [251.33, 1081.69
-4.03 }9.15, 1.21]

1.24 }1.75, 4.33]

11.13 [0.53, 22.28]

[392

pMCMC

1.00
0.11
0.52
0.017

0.077

pMCMC

0.004
0.12
0.37
0.057
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Supplementary Table S3.9(Continued)

Effective sample Posterior mean [95% CI] pMCMC

Size
Sexi juvenile ‘ 9990 148.74 [125.96, 443.71] 0.28
Sexi male ‘ 9990 -30.36 [117.38,54.86] 0.48
SVL ‘ 9990 0.16 [2.90, 3.41] 0.88
2. SRR

Noninformative priors

Random effect
Phylogeny

Species

Population

Units

Fixed effect

Intercept

Seasonality temperature
Seasonality precipitation
Seasonality NDVI

Sexi juvenile

Sexi male

SVL

Effective sample

size

7214
9616
9990
9908

8803
9296
9068
9638

9038

Posterior mean [95% CI]

0.093 [0.0004, 0.029]
1.42 [0.0001, 6.54]
0.10 [0.0002, 0.39]

-0.69 [8.89, 7.46]
0.025 }0.076, 0.13]
-0.018 [0.084, 0.042]
-0.18 [0.42, 0.034]

0.030 [0.0050, 0.066]

[393

pMCMC

0.819
0.543
0.504
0.069

0.075
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Supplementary Table S3.9(Continued)

ESCAPE BOX

1. STesc

Parameterexpanded priors

Random effect
Phylogeny
Species
Population
Units

Fixed effect

Intercept

Seasonality temperature
Seasonality precipitation
Seasonality NDVI

Sexi juvenile

Sexi male
SVL
2. SResc

Informative priors

Random effect
Phylogeny
Species
Population
Units

Effective sample

size

9990
9990
9990
9990

10527

9990
10311
9990
9990

9990
10297

Effective sample

size

1020
8735
9867
9990

4305 [0.00, 12980]
68080[0.00, 293658]
27929 [0.00, 167866]
206347 [164127,
251366]

481.40 [977.81,
2080.89]

-2.71 [20.43, 14.43]
3.99 [8.83, 15.33]
-3.17 |37.87, 35.89]
545.38 [207.54,
1261.73]

105.58 [101.19, 306.12]

7.85 [0.078, 15.80]

33.36 [8.90, 71.96]
148.3 [11.32, 443.4]
59.42 [9.16, 148.1]
3.06 [2.20, 4.03]

[394

Posterior mean [95% CI]

Posterior mean [95% CI] pMCMC

0.48

0.74
0.46
0.86
0.14

0.31
0.056

pMCMC
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Supplementary Table S3.9(Continued)

Fixed effect Effective sample Posterior mean [95% CI] pMCMC
size

Intercept 9990 -5.41 F119.96, 106.27] 0.93

Seasonality temperature| 2372 -0.40 F1.85, 0.93] 0.54

Seasonality precipitation 9990 0.030 [0.94,0.95] 0.95

Seasonality NDVI 2367 0.86 }1.87, 3.77] 0.53

Sexi juvenile - - -

Sexi male - - -

SVL 9990 -0.036 [0.11, 0.039] 0.34

SPATIAL LEARNING ‘
1. LSsL

Noninformative priors

Random effect
Phylogeny

Species

Population

Units

Fixed effect

Intercept

Seasonality temperature
Seasonality precipitation
Seasonality NDVI

Sexi juvenile

Sexi male

SVL

Safe side right

Effective sample

size

9990
9990
9990
9990

9990
9990
9990
9299
10360
10690
10882
9990

Posterior mean [95% Cl]

0.023 [0.00, 0.089]
1.04 [0.00, 3.90]
0.47 [0.00, 1.76]
19.48 [16.2, 23.14]

13.73 [8.27, 19.20]
-0.020[-0.082, 0.046]
-0.0043 [0.047, 0.034]
-0.0065 0.14, 0.13]
1.02 }4.00, 6.25]

1.38 }0.02, 2.78]
-0.030 [0.076,0.020]
1.45 [0.34, 2.51]

[399

pMCMC

0.00020
0.51
0.82
0.94
0.68
0.051
0.23
0.0082
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Supplementary Table S3.9(Continued)

2. CRITsL

Non-informative priors

Random effect

Phylogeny

Species

Population

Units

Fixed effect

Intercept

Seasonality temperature

Seasonality precipitation

Seasonality NDVI

Sexi juvenile

Sexi male

SVL

Safe sidg right

REVERSAL LEARNING
1. LSr

Norrinformative priors

Random effect
Phylogeny
Species
Population
Units

Effective sample

size

9989
9693
9990

9990
9990
9990
9990
9990
8667
9990
9990

Effective sample

size

10110
9990
9990
9990

0.0069 [0.0002, 0.022]

0.11 [0.0002, 0.49]
0.06 [0.0001, 0.28]

-0.37 [3.31, 2.35]
0.0032 {0.030, 0.036]

-0.0004{-0.020, 0.019]

-0.018 [0.082, 0.050]
0.74 [2.20, 3.57]
-0.68 [1.49, 0.099]
0.012 [0.014, 0.040]
-0.54 [1.20, 0.060]

0.012 [0.0015, 0.043]
0.22 [0.0002, 1.02]
0.15 [0.0001, 0.71]
18.75 [15.35, 22.31]

[396

Posterior mean [95% Cl]

Posterior mean [95% CI] pMCMC

0.80
0.83
0.95
0.56
0.62
0.093
0.39
0.090

pMCMC
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Supplementary Table S3.9(Continued)

Fixed effect Effective sample Posterior mean [95% CI] pMCMC
size
Intercept 10564 7.56 [3.32, 11.82] 0.0014
Seasonality temperature, 9990 -0.0017 }0.058, 0.050] 0.95
Seasonalityrecipitation | 9990 0.021 F0.0068, 0.050] 0.14
Seasonality NDVI 9990 0.0063 {0.11, 0.14] 0.92
Sexi juvenile 9990 -1.94 16.72, 2.40] 0.40
Sexi male 9654 -0.069 [1.48, 1.27] 0.93
SVL 10089 0.032 }0.009, 0.075] 0.14
Safe side- right 9990 1.37[0.24, 2.47] 0.019
2. CRITrL

Noninformative priors

Random effect
Phylogeny
Species
Population

Units

Fixed effect
Intercept
Seasonality temperature
Seasonality
precipitation
Seasonality NDVI
Sexi juvenile
Sexi male

SVL

Safe side right

Effective sample

size

9990
9990
9990

9498
9990
9990

9990
10567
9990
9501
9990

Posterior mean [95% CI]

0.0052 [0.0002, 0.017]
0.10 [0.0002, 0.44]
0.087 [0.0001, 0.39]

2.74}0.038, 5.53]
0.003 [0.030, 0.039]
-0.016 [0.034, 0.0034]

-0.018 [0.092, 0.057]
0.082 [2.77, 3.00]
0.20 }0.63, 0.96]
-0.023 }0.052, 0.0052]
-0.84 [1.51,-0.20]

[397

pMCMC

0.056
0.85
0.086

0.61
0.95
0.61
0.11
0.013
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Supplementary Table S3.9(Continued)

Spatial and reversal learning

1. SRstrL
Noninformative priors

Random effect
Phylogeny
Species
Population
Units
Fixedeffect
Intercept
Seasonality temperature
Seasonality precipitation
Seasonality NDVI
Sexi juvenile
Sexi male
SVL
2. CRITsLRL

Informative priors

Random effect
Phylogeny
Species
Population
Units

Effective sample

size

10843
9990
9990
9990

9542
10148
9636
9990
9990
9990
9306

Effective sample

size

9588
9990
9990
7961

Posterior mean [95% ClI]

0.11 [0.0002, 0.33]
2.53[0.0002, 10.02]
0.23 [0.0002, 1.06]
11.16 [9.25, 13.41]

17.63[9.71, 25.43]
0.013 [0.087, 0.11]
-0.018 [0.082, 0.044]
0.025 [0.19, 0.23]
4.60[-0.37, 9.57]
-0.39 [1.49, 0.72]
-0.031 [0.074, 0.014]

Posterior mean [95% CI]

414.4 [10.77, 1456]
779.6 [12.5, 2261]
1120 [10.38, 3172]
233194 [27881, 495005]

[398

pMCMC

0.0010
0.76
0.53
0.82
0.067
0.48
0.17

pMCMC
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Supplementary Table S3.9(Continued)

Fixed effect Effective sample Posterior mean [95% CI] pMCMC
size

Intercept 9990 470.16 [364.04, 0.27

1437.16]

Seasonality temperature] 9990 0.63 [F11.83, 13.40] 0.90

Seasonality 9242 -5.65 [13.24, 0.56] 0.062

precipitation

Seasonality NDVI 9635 -18.85 [45.68, 4.01] 0.096

Sexi juvenile 9608 111.75 }699.67, 903.97] 0.74

Sexi male 9990 -64.54 [321.58, 183.36] 0.58

SVL 9990 -5.31 [15.66, 3.81] 0.24

[399
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Supplementary Table S3.10MCMCgIimm results for the lifdhistory models. Significant-p

values (pPMCMC) and nenverlap of the 95% QWith zeroare indicated in bold, as are trends

close to significance. Sex was removed in multiple models due to complete separation of the data.
The results reported here are those of the models with the priors leading to sample sizes > 1000
and autocorrelations < 0.1. These priors are either weaklpin ma t i v -@istributiondf s e 9o
= 1; ¢ = 0.002), fixed to one (V = 1,; -fix =
expanded (V = 1; e = 1; Ue = SO:solntime ARITOO) ,
= whether an animal reached tearning criterion (Y/N), SR = success rate, LS = learning speed

(see main text for a more detailed explanation of all tests and cognitive traits).

INHIBITORY CONTROL
1. STc ‘

Non-informative priors ‘

Effective sample size  Posterior mean [95% ClI] pMCMC
Random effect
Phylogeny| 8699 1409 [0.0002, 6775] -
Species| 8983 0.0003, 273447] -
Population| 8542 6950 [0.0002, 43473] -
Units | 9422 67990 [54619, 82437] -
Fixed effect
Intercept| 9990 415.56 [540.99, 1361.21] 0.32
SVL hatchling| 9990 -118.16 {2023.36, 1690.57] 0.91
SVL maturity | 9990 331.58 [2561.56, 3169.57] 0.76
Clutch size| 9614 64.16 [644.27, 745.82] 0.82
Clutch frequency 9990 1462 F273.36, 340.64] 0.92
Sex- juvenile | 9990 -67.29 [525.26, 401.54] 0.77
Sex- male | 9990 -64.17 [159.90, 26.21] 0.18
SVL | 9990 -0.21 [5.46, 4.93] 0.95

[40Q
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Supplementary Table S3.10(Continued)

2. CRITic

Informative priors

Random effect
Phylogeny
Species
Population
Units
Fixed effect
Intercept
SVL hatchling
SVL maturity
Clutch size
Clutch frequency
Sex- juvenile
Sex- male
SVL

LID REMOVAL
1. STir

Effective sample size

9254
9990
9990
7372

9990
9990
9990
9990
9659

9990

Noninformative priors

Random effect
Phylogeny
Species
Population
Units

Effective sample size

9990
9444
9173
9990

Posterior mean [95% ClI]

471.3[12.11, 1405]
1491 [10.78, 7345]
830.5[13.84, 3592]
11431 [725.8, 25492]

68.58 [367.16, 535.25]
213.38 [535.73, 981.72]

157.45[-1031.02, 1440.41]

-31.25 [264.52, 225.05]
-66.92 [198.09, 56.28]

2.72 }0.55, 5.96]

Posterior mean [95% Cl]

328.9 [0.0002, 1574]
14290 [0.0002, 28144]
1220 [0.0001, 7335]
59215 [46495, 73606]

[401]

pMCMC

0.79
0.53
0.81
0.74
0.22

0.11
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Supplementary TableS3.10.(Continued)

Fixed effect
Intercept | 9990 682.4 [160.5, 1217] 0.013
SVL hatchling| 9990 88.11 [782.9, 971.5] 0.75
SVL maturity | 9990 384.5 1028, 1697] 0.47
Clutch size| 9990 -40.85 [337.4, 302.22] 0.70
Clutch frequency 9686 44.12[-106.1, 197.7] 0.48
Sex- juvenile | 9990 148.7 }188.5, 483.7] 0.36
Sex- male | 9648 -26.53 [121.7, 68.79] 0.58
SVL | 9990 -0.099 [3.85, 3.75] 0.99
2. SRR
Norrinformative priors
Effective sample size  Posterior mean [95% ClI] pMCMC
Random effect
Phylogeny| 8473 0.22 [0.0002, 0.86] -
Species 4470 8.65 [0.0002, 33.35] -
Population| 8733 0.13[0.0002, 0.51] -
Units | 9765 1.59[0.73, 2.58] -
Fixed effect
Intercept| 9030 -5.00 F16.66, 4.46] 0.22
SVL hatchling| 9990 -0.66 F21.71, 19.92] 0.91
SVL maturity | 9002 -9.12 F43.81, 21.88] 0.49
Clutch size| 9990 -0.84 }8.47, 6.59] 0.78
Clutch frequency 9990 0.15 F3.71, 3.66] 0.89
Sexi juvenile | - - -
Sexi male| - - -
SVL | 9322 0.038 [0.001, 0.080] 0.041

[402
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Supplementary Table S3.10(Continued)

ESCAPE BOX

1. STesc

Parameterexpanded priors

Random effect
Phylogeny
Species
Population
Units

Fixed effect
Intercept

SVL hatchling
SVL maturity
Clutch size
Clutch frequency
Sex- juvenile
Sex- male
SVL

2. SResc

Effective sample size

9990
9990
9990
9990

10663
9990
9990
10945
9990
9990
10687
9990

Noninformative priors

Random effect
Phylogeny
Species
Population
Units

Effective sample size

9665
9990
9990
9990

Posterior mean [95% CI]

5816 [0.001, 16369]
39906 [0.00, 220472]
12019 [0.00, 65911]
194032 [150778, 239878]

154.14 [1246.81, 1662.77]
-1433.21 §4082.3, 1246.1]
2522.98 §1434.9, 6543.5]
-269.52 [1206.33, 609.46]
228.76 [200.35, 648.87]
521.32 [233.87, 1279.46]
78.53 [148.37, 291.94]
6.49 [2.05, 14.70]

Posterior mean [95% CI]

98.4 [72.45, 126.6]

101.8 [73.73, 129.6]
99.61 [72.44, 127.1]
57.78 [45.96, 69.92]

[403

0.85
0.24
0.18
0.50
0.25
0.18
0.48
0.13

pMCMC
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Supplementary Table S3.10(Continued)

Fixed effect Effective sample size  Posterior mean [95% CI] pMCMC
Intercept| 6234 -46.83 [204.20, 108.87] 0.56
SVL hatchling| 9990 35.34 [268.77, 346.08] 0.83
SVL maturity | 3907 -240.43 [773.18, 247.47] 0.36
Clutch size| 9990 -3.81 }101.29, 97.73] 0.95
Clutch frequency 5001 18.69 [33.44, 67.94] 0.49
Sexi juvenile | - - -
Sexi male | - - -
SVL | 9990 -0.056 [0.37, 0.23] 0.73
SPATIAL LEARNING
1. LSs.
Norrinformative priors
Effective sample size  Posterior mean [95% CI] pMCMC
Random effect
Phylogeny| 9990 0.0013 [0.0001, 0.036] -
Species 9990 0.014 [0.0002, 0.050] -
Population| 9990 0.0053 [0.0002, 0.017] -
Units | 9990 0.063 [0.033, 0.096] -
Fixed effect
Intercept | 9990 2.40[1.70, 3.09] <le04
SVL hatchling| 9700 -0.50 }1.85,0.94] 0.41
SVL maturity | 10172 0.53 }F1.39, 2.75] 0.57
Clutch size| 9990 0.028 [0.42, 0.50] 0.90
Clutch frequency 10384 0.034 }0.19, 0.25] 0.72
Sexi juvenile | 9990 0.012 [0.56, 0.53] 0.96
Sexi male | 8745 0.10 F0.042, 0.24] 0.15
SVL | 9990 -0.002 F0.007, 0.003] 0.40
Safe sidé right | 9990 0.15[0.050, 0.25] 0.003

[404






