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Abstract 

Anthropogenic environmental changes are occurring globally and are having dramatic effects on 

wildlife. Successful urban animals can alter behaviours to adjust to these conditions, but it is not 

well understood how these modifications arise. In particular, exploratory personality and 

behavioural plasticity are predicted to facilitate colonization in urban areas. The link between 

exploratory personality, cognition, and plasticity has received little attention, and has never been 

examined in urban animals. The first objective of this thesis was to examine the relationship 

between exploratory personality and habituation in a novel environment, and determine whether 

variation at the individual-level is predicted by urbanization. The second objective was to 

explore the association between exploratory personality and spatial cognition within scatter 

hoarders, and assess spatial memory along an urban gradient. At the individual-level, I report 

significant inter-individual differences in exploratory personality and habituation. I found 

evidence that fast initial explorers tend to habituate in a novel environment over time while slow 

explorers do not. There was no significant relationship between exploratory personality and 

spatial cognition within individuals. At the population level, urbanization did not significantly 

predict habituation or spatial cognition. I do report a significant positive relationship between 

urbanization and exploration. Overall, I conclude that urban individuals are significantly faster 

explorers, but are not more behaviourally plastic and do not show differences in spatial memory. 

Further work examining personality, cognition, and plasticity within individuals is needed to 

determine whether these traits have implications for populations under different environmental 

conditions.    



 iii 

Résumé 

Des changements environnementaux anthropiques se produisent globalement et ont des effets 

importants sur la faune. Les animaux urbains peuvent modifier leurs comportements pour 

s'adapter à ces conditions, mais on ne comprend pas très bien comment ces modifications se 

produisent. En particulier, la personnalité exploratoire et la plasticité comportementale devraient 

faciliter la colonisation des zones urbaines. Le lien entre la personnalité exploratoire, la cognition 

et la plasticité a reçu peu d'attention et n'a jamais été examiné chez les animaux urbains. Le 

premier objectif de cette thèse était d'examiner la relation entre la personnalité exploratoire et 

l'habituation dans un environnement nouveau et de déterminer si la variation au niveau 

individuel est prédite par l'urbanisation. Le deuxième objectif était d'explorer l'association entre 

la personnalité exploratoire et la cognition spatiale chez les animaux qui cachent des ressources 

de façon dispersée, ainsi que de mesurer leur mémoire spatiale le long d'un gradient urbain. Au 

niveau individuel, je reporte des différences interpersonnelles significatives dans la personnalité 

exploratoire et l'habituation. Mes résultats montrent que les explorateurs rapides ont tendance à 

s'habituer dans un nouvel environnement au fil du temps alors que les explorateurs lents ne 

démontrent pas d’habituation. Il n'y a pas de relation significative entre la personnalité 

exploratoire et la mémoire spatiale chez les individus. Au niveau de la population, l'urbanisation 

ne prédit pas significativement l'habituation ou la mémoire spatiale, mais il y a une relation 

positive significative entre l'urbanisation et l'exploration. Je conclus que les individus urbains 

sont des explorateurs plus rapides, mais ne sont pas plus plastiques ni dotés d’une mémoire 

spatiale inférieure à celle des individus plus ruraux. D'autres travaux examinant la personnalité, 

la cognition et la plasticité sont nécessaires pour déterminer si ces traits ont des implications pour 

les populations exposées à d’autres conditions environnementales.  
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Chapter 1  
 

 

General Introduction  
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Behavioural adjustments to urbanization 

Urbanization is a process that leads to changes in natural environments by consequence of 

human settlement and has been recognized as one of the most important drivers of species 

extinction (Marzluff 2001). The introduction of anthropogenic noise and light, novel competitors 

or pests, as well as degradation of natural habitat may deter animals from establishing in urban 

areas. However, the creation of novel habitats, biotic interactions, and ecological opportunities 

may also facilitate the persistence of some animals in these areas (reviewed in McDonnell & 

Hahs 2015). As a result, some species are declining in response to human-induced environmental 

changes, while other closely-related species are thriving in these novel habitats (Sih et al. 2011). 

It is puzzling that closely-related species have dramatically different responses to anthropogenic 

stressors and it will be important to determine what mechanisms are responsible for successful 

adjustment to urbanization moving forward (Sih et al. 2011; Lowry et al. 2013; Miranda 2017). 

Modification of behaviour has been proposed as an important mechanism allowing 

individuals to occupy urban areas (Lowry et al. 2013; Sol et al. 2013). Behavioural adjustments 

have been shown to help animals deal with novel challenges in urban areas in relation to 

reproduction, foraging, anthropogenic stressors, and novel resources or habitats (reviewed in Sih 

et al. 2011; Lowry et al. 2013). There is growing evidence that behavioural differences exist 

between populations in urban and non-urban areas, but is not well understood how these 

behavioural differences arise (Sol et al. 2013; Lowry et al. 2013; Miranda 2017). Animal 

personality and behavioural plasticity are two traits that are expected to facilitate or restrict 

arrival, colonization, and persistence of individuals, and thus populations, in urban environments 

(Sol et al. 2013; Lowry et al. 2013).  

 



 3 

Personality and urbanization 

There has been an explosion of research in the biological sciences in the last decade that 

has examined consistent between-individual differences in behavioural tendencies. These 

individual differences in behaviour are now known as animal personalities (Réale et al. 2007). 

Animal personality traits are expected to influence and modify ecological and evolutionary 

processes, and thus personality is suggested to be an important dimension within these fields 

(Dall et al. 2004; Wolf & Weissing 2012). Certain personality traits are expected to be favoured 

in urban environments and intrinsic differences in personality may develop along an urban 

gradient via microevolution. Particular personalities may facilitate colonization of urban areas 

(precolonization adaptation) or may be selected for as the fitness optimum shifts in these new 

environments (post-colonization adaptation; Miranda et al. 2013). Individuals that are faster 

explorers, more aggressive, and bolder are predicted to adopt novel ecological opportunities 

more readily and thus are expected to have higher fitness in urban areas (Lowry et al. 2013; Sol 

et al. 2013). A number of studies report differences in personality between urban and non-urban 

individuals, where urban animals are generally faster explorers, more neophilic, more aggressive, 

and have reduced escape behaviours in comparison to non-urban conspecifics (reviewed in 

Miranda 2017). Consistent behavioural tendencies provide fitness benefits under the conditions 

that they have been selected for, but when environmental conditions change, it may be more 

advantageous to be behaviourally flexible (Sol et al. 2013).  

Behavioural plasticity and urbanization 

Behavioural plasticity is predicted to be an important trait possessed by urban wildlife. Urban 

individuals may need to avoid or cope with stimuli that is initially perceived as dangerous and 

the ability to alter behaviours quickly in response to non-threatening stimuli would be 
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advantageous for urban animals (Lowry et al. 2013; Sol et al. 2013). The ability to be 

behaviourally plastic may therefore be more beneficial both before and after colonization in 

urban areas. Behavioural plasticity can cause immediate behavioural modifications in 

comparison to adjustements that are evolved over generations (Miranda 2017). Work examining 

behavioural plasticity of urban wildlife has mainly focused on the ability to habituate and adjust 

behaviours to novel and potentially risky stimuli (Lowry et al. 2013). The process of habituation 

requires cognitive processes since individuals over time or exposures learn and remember 

information about a novel stimulus (Groves & Thompson 1970; Shettleworth 1998), and 

therefore it may also be important to examine cognition within urban animals when examining 

habituation or plasticity.   

Cognition influences most, if not all behaviours, but only recently have individual differences 

in cognition been attempted to be explained by individual traits like personality (Griffin et al. 

2015). As well, individual differences in behavioural plasticity have been shown to be associated 

with individual differences in personality in a number of studies (e.g. Verbeek et al. 1994; 

Guillette et al. 2010; Gibelli & Dubois 2016). Both personality and behavioural plasticity are 

expected to be important traits in successful urban animals, but the relationship between these 

traits in general, and especially in urban wildlife, remains unknown. In particular, the link 

between exploratory personality (tendency to seek out novel information) and cognition has been 

predicted to explain the degree of behavioural plasticity demonstrated by individuals under 

different environmental conditions (Guillette et al. 2010; Mathot et al. 2012). 

Cognition, exploratory personality, and plasticity 

It has been suggested that between-individual differences in cognitive abilities may cause 

variation in behavioural traits (personality) or vice versa, and therefore personality and cognitive 
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differences together may be affecting the responsiveness of individuals to environmental change 

(i.e. plasticity; Griffin et al. 2015). Although animal personality has received considerable 

attention in the literature, we still know little concerning the relationship between personality and 

cognition, and how these traits affect behavioural plasticity (Gibelli & Dubois 2016). Verbeek et 

al. (1994) were the first to point out a potential link between exploratory personality, cognition, 

and plasticity. These authors found that slow exploring great tits (Parus major) adjusted more 

quickly to a new spatial distribution of food compared to faster explorers. It was hypothesized 

that slow exploratory tendencies allowed the collection of higher quality spatial information via 

thorough searching of the environment, and slow explorers were thus more likely to adjust their 

behaviours accordingly when experiencing changes in food distribution. This work has inspired 

others to determine whether slow explorers are more behaviourally plastic, and whether these 

individuals would outcompete fast explorers in variable environments where information is 

constantly changing (Guillette et al. 2010; Mathot et al. 2012). There is evidence that fast 

exploring individuals learn more quickly (Guillette et al. 2009, 2014; Cole & Quinn 2011), but 

take longer to learn reversal tasks suggesting behavioural rigidity (Guillette et al. 2010). It is 

hypothesized that fast explorers may perform better in stable environments where they can form 

behavioural routines, in comparison to slow explorers who may be more sensitive to 

environmental changes (Guillette et al. 2010).  

As mentioned previously, individuals in urban environments are expected to be more 

exploratory and behaviourally plastic. This prediction contradicts the slow-but-thorough 

hypothesis predicting that slow explorers are more behaviourally plastic (Arvidsson & 

Mathyssen 2016). The interplay between cognition, exploration, and plasticity has yet to be 

examined within urban individuals, and determining the nature of this relationship along an 
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urban gradient may shed light on important behavioural processes for colonizing urban habitats. 

As well, following initial work by Verbeek et al. (1994), there has been limited work on the 

relationship between exploration and spatial cognition (but see Bousquet et al. 2015; Schuster et 

al. 2017). More plastic individuals, associated with slower exploration rates, are expected to 

store higher quality spatial information to long-term memory due to more thorough and accurate 

exploration strategies, which may cause differences in spatial and temporal cognition between-

individuals (Sih & Del Giudice 2012). This hypothesis has not yet been examined in individual 

scatter hoarders, despite the fact that these traits are assumed to be important for fitness and 

survival in these individuals.  

Spatial memory in scatter hoarders  

Food caching, also referred to as food storing or food hoarding, is a foraging strategy that 

allows animals to store food items in their external environment that can be retrieved and 

consumed hours or months later (Krebs 1990). Caching food items creates stores of extra 

reserves, which may be critical for an animal’s survival through periods of food scarcity 

(McNamara et al. 1990). Scatter hoarding is a type of food hoarding that involves placing single 

food items in dispersed cache sites throughout a home range or territory. This type of food 

hoarding decreases the incidence of cache pilferage by making caches more difficult to find, but 

puts a greater pressure on the hoarder to recall their previous cache sites in the future (Andersson 

& Krebs 1978; Sherry 1985). In order for food storing strategies to be adaptive when cache 

pilferage is a possible cost, hoarders should develop a mechanism that allows them to locate their 

previous caches better than competitors (Odum 1942; Andersson & Krebs 1978). Developing 

specialized spatial abilities to remember locations of previous caches would be an obvious 
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mechanism allowing hoarders to relocate cache sites better than competitors (Andersson & Krebs 

1978).  

Studies with captive scatter hoarding birds have found overwhelming evidence supporting 

spatial memory as the mechanism used for recalling the locations of previously stored food 

(reviewed in Brodin 2010; Pravosudov & Roth 2013). In these studies, random searching, cache 

site or route preferences, and marking of caches were not used as strategies to remember cache 

sites (Hoshooley 2007). For example, black-capped chickadees (Poecile atricapillus) were 

shown to remember previous cache sites in captive experiments by visiting their cache sites 

significantly more than expected by chance. Birds avoided revisiting sites where they had 

already consumed the contents or once discovering caches had been removed by an observer, 

indicating that birds were able to update their spatial information concerning caches (Sherry 

1984). Literature in this area provides evidence that food storing birds have specialized spatial 

memory, and as a result, underlying brain features in these birds (i.e. the hippocampus), appear 

to have become specialized as well (Krebs et al. 1989; Sherry & Vaccarino 1989).  

Spatial memory across environmental gradients   

For scatter hoarding species, the adaptive specialization hypothesis (ASH) was put 

forward to determine whether superior spatial cognition evolved to support scatter hoarding 

behaviours and the associated demand for spatial memory (Krebs 1990). As previously 

mentioned, storing extra reserves is expected to be crucial for survival through periods with 

variable food sources (Sherry 1985). Therefore, climatic or environmental harshness has been 

hypothesized as a factor that may contribute to increased food storing intensity in environments 

with variable food sources (Pravosudov & Clayton 2002; Roth et al. 2012). ASH predicts that 

hoarders living in more food scarce or harsher environments should develop superior spatial 
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cognition and corresponding neurological features to support a higher reliance on caches in their 

environment (Pravosudov & Clayton 2002).  

Numerous comparative studies support that superior spatial abilities have evolved in 

birds that live under harsher conditions. Hampton et al. (1995) were first to demonstrate a 

relationship between food caching intensity and the relative hippocampal size in parids. In this 

study, black-capped chickadees cached more frequently and had larger relative hippocampal 

volumes than Mexican chickadees (Poecile sclateri) or bridled titmice (Baeolophus wollweberi). 

Black-capped chickadees occupy more climatically harsh and food-restricted environments, and 

therefore these results were concluded to be a consequence of these species’ climatic ranges. A 

common-garden experiment by Roth et al. (2012) compared black-capped chickadees from harsh 

environments in Alaska to chickadees from less harsh environments in Kansas. Alaskan 

chickadees were found to cache more, retrieve caches with fewer inspections, and learned an 

associative spatial task faster than chickadees from Kansas, confirming previous observations 

along a latitudinal gradient (Pravosudov & Clayton 2002). Since chickadees were raised in 

captivity from ten days of age, this study was able to conclude that differences in spatial ability 

were likely a result of microevolution. Alaskan chickadees had larger absolute hippocampal 

volumes and more neurogenesis supporting these behavioural findings. Overall, it was concluded 

that superior spatial abilities and corresponding brain features in Alaskan chickadees are likely a 

result of local adaptations (Roth et al. 2012). 

 Food caching and spatial abilities of mountain chickadees (Poecile gambeli) were 

compared on a smaller spatial scale (Freas et al. 2012). This study compared chickadees from 

environments at different altitudes along the same mountain range within ten kilometers. 

Chickadees from higher altitudes endure harsher environments, and consistent with previous 
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literature, these chickadees had significantly higher spatial accuracy than lower altitude 

chickadees. This work provides further support that enhanced spatial ability is related to 

environmental harshness and also shows that differences can exist on small spatial scales (Freas 

et al. 2012). Studies in this area have compared birds from different latitudes or altitudes. Further 

gradients of environmental harshness should be explored to determine whether ASH is supported 

in other contexts. 

Animals may have access to more food sources in urban environments, especially when 

food availability is low during variable or seasonal periods, compared to rural environments 

(Lepczyk et al. 2004; Lowry et al. 2013; Tryjanowski et al. 2015). A recent study found that 

urban areas contain significantly more supplementary food sources and bird feeders than rural 

areas, and consequently urban areas were reported to support twice as many wintering birds 

(Tryjanowski et al. 2015; see also Clergeau et al. 1998; Marzluff et al. 2001). In response to 

year-round food availability in urban areas, animals may alter their foraging behaviours (Lowry 

et al. 2013). When considering food caching behaviours, access to year-round food sources in 

urban environments may decrease the demand for this foraging strategy since food availability, 

especially during winter months, is not as variable. Food storing behaviours have been observed 

in urban animals like squirrels (Thompson & Thompson 1980; van de Merwe et al. 2007) and 

kestrels (Rejt et al. 2000). However, to my knowledge, food caching intensity or spatial 

cognition of urban scatter hoarders have not been compared to rural counterparts. It is widely 

unknown how different feeding rates in urban environments affect foraging strategies in animals 

and research in this area would make an interesting contribution to the urban ecology literature 

(Lowry et al. 2013).  
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Research goals 

My research aimed to examine differences in personality, plasticity, and cognition at the 

individual level, as well as the population level with respect to urbanization. In the second 

chapter of this thesis I examine the link between exploratory personality and habituation 

(plasticity) to a novel environment, within and between individual variation of these traits, and 

explore whether this variation can be explained by urbanization at the population-level. As 

expected, I found significant between-individual differences in exploration and habituation. Fast 

explorers tended to habituate during the assay while slow explorers did not. Urbanization was 

not found to predict habituation responses in the assay, but was found to predict exploratory 

personality. I therefore conclude that individuals occupying urban areas are not more 

behaviourally plastic but do possess faster exploratory personalities. 

Significant differences have been reported between-individuals along our urban gradient, 

both in terms of social information use (Jones et al. 2017) and exploratory personality (chapter 

2). I therefore aimed to further explore differences along this gradient by examining the 

relationship between exploratory personality and spatial cognition within individuals and, at the 

population-level, I explored how this relationship may change with increasing urbanization. 

These aims were designed to determine the association between spatial cognition and exploratory 

personality in a scatter hoarding model, as well as further test ASH along an urban gradient. 

Since urban individuals were found to be more exploratory (chapter 2), I expected these 

individuals to show inferior spatial accuracy in comparison to rural individuals. Thus, since 

urban individuals were predicted to have inferior spatial cognition compared to rural 

conspecifics, I predicted to find support for ASH along this gradient. I report no significant 

relationship between spatial cognition and exploratory personality within-individual scatter 
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hoarders, and report no significant effect of urbanization on spatial accuracy. To address my 

research questions in chapters two and three, I used the black-capped chickadee, a scatter-

hoarding, winter-resident, passerine bird that occupies both urban and rural habitats (Smith 1991; 

Foote et al. 2010). In the final chapter, I summarize the major results of this thesis, discuss all 

findings together, and illustrate how this work contributes to the cognitive and urban ecology 

fields.    
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Chapter 2  
 

 

The effect of urbanization on individual differences in 

exploratory personality and habituation 
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Abstract  

Urban environments impose novel challenges on animals and, as a result, the behaviors of urban 

wildlife are changing. Both personality traits and behavioral plasticity have been suggested to be 

major behavioral drivers allowing animals to colonize urban areas. In particular, high exploratory 

tendencies and an ability to habituate to novelty may facilitate adoption of novel ecological 

opportunities and adjustment to anthropogenic stressors. However, as of yet, there are no studies 

examining the effect of urbanization on plasticity in exploration behaviours. To explore the 

relationship between exploratory personality and behavioral plasticity in urban wildlife, we used 

black-capped chickadees (Poecile atricapillus; N=168 individuals from 14 sites) caught along an 

urban gradient to examine individual differences in exploration and changes in exploration over 

time under a reaction-norm framework. We predicted that urban birds would be significantly 

faster explorers and habituate more quickly to a novel environment compared to rural 

conspecifics. Individual chickadees significantly differed in initial exploration behavior as well 

as rate of habituation to the novel environment over time. Faster explorers tended to decrease 

exploration behaviours over time while slower explorers did not, as indicated by a significant 

negative intercept-slope correlation. Rate of habituation was not predicted by urbanization. 

However, we found that urban birds were overall significantly faster explorers in comparison to 

rural birds. We therefore conclude that urbanization significantly affects individual variation in 

exploratory personality but not behavioral plasticity. 
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Introduction 

Human-induced environmental changes have created novel challenges that urban wildlife 

must overcome in order to colonize and persist in these areas. These challenges include adjusting 

to anthropogenic stressors (urban noise, artificial light) and novel biotic interactions 

(competitors, predators, parasites), as well as adopting novel resources (foods or habitats, 

reviewed in McDonnell & Hahs 2015). As a result, the behaviours of urban animals are shifting 

to better accommodate life in the city (Sol et al. 2013; Lowry et al. 2013). Recent comparative 

studies have begun to explore how consistent individual differences in behavioral tendencies, or 

personality (Réale et al. 2007), are changing in populations occupying urban areas. Individuals 

living in urban areas have been reported to be more aggressive, neophilic, and exploratory 

compared to those living in rural areas (Miranda 2017). Higher exploratory tendencies are 

expected to aid colonization in urban areas by facilitating adoption of novel ecological 

opportunities via faster environmental sampling (Sol et al. 2013). 

  Exploration behaviour has been shown to be a repeatable and heritable trait (Dingemanse 

et al. 2002; Quinn et al. 2009) that affects fitness-related behaviours, including discovery of 

novel food patches (van Overveld & Matthysen 2010; Herborn et al. 2010), competitive ability 

(Cole & Quinn 2011), and dispersal (Dingemanse et al. 2003; Quinn et al. 2011). Exploratory 

personality is commonly quantified using a novel environment assay (open-field test) by 

recording the movements of individuals through a novel space, where fast explorers contact more 

features and move more than slow explorers (Verbeek et al. 2004; Réale et al. 2007). Although 

exploration has been examined in urban animals using object or food neophobia/neophilia assays 

(Sol et al. 2011; Bókony et al. 2012; Miranda et al. 2013), only a few studies have compared 

exploratory tendencies within a novel environment (Atwell et al. 2012; Devost et al. 2016; 
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Moule et al. 2016). Atwell et al. (2012) found that urban dark-eyed juncos (Junco hyemalis) 

were significantly faster explorers than rural juncos and, since a common garden approach was 

used, it was concluded that these population differences were likely a result of microevolution, 

and not simply plasticity. Alternatively, some studies report no differences in exploratory 

personality between urban and rural individuals (Devost et al. 2016; Moule et al. 2016). 

Additional work is needed to determine whether urban environments select for faster explorers 

and to identify the mechanism(s) behind personality differences along this gradient. The rate of 

phenotypic change is reported to be higher in urban environments, and it has been suggested that 

most of these changes are likely a result of plasticity rather than microevolutionary effects 

(Hendry et al. 2008). 

Like certain personality types, plastic behaviours also facilitate adjustment to novel 

anthropogenic stressors, and thus behavioural plasticity has been suggested as one of the most 

important mechanisms allowing colonization and persistence in urban areas (Lowry et al. 2013; 

Sol et al. 2013). For example, urban animals may learn over time that novel anthropogenic 

stressors or humans do not pose a serious threat, so they will then adjust behaviours in their 

presence (Evans et al. 2010). Flight initiation distances (FID) are reported to be significantly 

shorter for individuals in urban areas, meaning that these individuals tolerate the approach of an 

observer at closer distances before retreat than do rural conspecifics (Møller 2010; Evans et al. 

2010; Atwell et al. 2012; Vincze et al. 2016). Urban individuals were also found to resume 

activity more quickly when approached by an observer on repeated occasions in a captive 

environment (Vincze et al. 2016), further demonstrating that urban animals alter behaviours to 

novel stimuli more readily. Individuals may regularly need to adjust their behaviours to novel 
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stimuli, especially in urban environments, but the degree to which behavioural responses change 

may vary between individuals (Dingemanse et al. 2012).  

It is not well understood how behavioural plasticity differs between individuals over time 

and, in cases where variation is present, it is unknown whether this variation is associated with 

individual-level traits such as personality (Ensminger & Westneat 2012; Finger et al. 2016). One 

study reports a link between exploratory personality and inter-individual differences in plasticity 

for FID to a predator within lizards, where individuals that explored a novel environment more 

quickly were also found to decrease their FID more rapidly in response to a predator over time 

(Rodriguez-Prieto et al. 2011). Other studies have found a similar link between personality and 

plasticity (Mathot et al. 2012). However, it is not well understood how potential differences in 

personality affect inter-individual variation in plasticity along an urban gradient, and work in this 

area could give insight into how animal personality is selected for in different environments 

(Réale et al. 2010). As well, demonstrating plasticity in exploration behaviours may be beneficial 

for urban animals and, as of yet, the effect of urbanization on this plasticity has not been 

explored. 

Demonstrating personality, or consistent individual differences in behavioural tendencies, 

does not imply a lack of behavioural plasticity, or the ability to change behaviours in response to 

the environment (Sih et al. 2004; Dingemanse et al. 2012). Both personality and plasticity traits 

affect how individuals respond to environmental change and thus both may be subjected to 

selective pressures (Sih et al. 2004). Exploratory personality has commonly been found to differ 

between-individuals in different environments and has been suggested to affect the amount of 

sampling or information collected by an individual (Mathot et al. 2012). Fast explorers move 

more quickly through their environment and have been hypothesized to have more superficial 



 17 

sampling of environmental information in comparison to slow explorers (Verbeek et al. 1994; 

Sih & Del Guidice 2012). Since slow explorers are expected to have more thorough searching 

strategies, they are also expected to be more sensitive to environmental changes and be more 

behaviourally plastic (Guillette et al. 2010; Mathot et al. 2012). This hypothesis is supported in 

great tits (Parus major) where slow explorers adjusted to novel food patches more quickly 

(Verbeek et al. 1994), and in black-capped chickadees (Poecile atricapillus) where slow 

explorers reversed a learned vocal association more quickly than fast explorers (Guillette et al. 

2010). Alternatively, fast explorers have been shown to learn more quickly (Guillette et al. 2009, 

2014), and thus may be better at assessing risk and be more behaviourally plastic in response to 

novelty (Rodriguez-Prieto et al. 2011). The direction of the association between exploratory 

personality and plasticity may depend on the stimulus to which an individual is responding, and 

plasticity may then be expected to vary between contexts (Bell & Peeke 2012).  

Habituation is one of the most elementary forms of behavioral plasticity and is useful for 

understanding more complex forms of plasticity and learning (Groves & Thompson 1970; 

Shettleworth 1998). Habituation is defined as a decrease in responsiveness over repeated 

stimulation and sensitization, a process independent of habituation, is defined as an increase in 

responsiveness. Together, the dual-processes of habituation and sensitization produce the net 

behavioural response of an individual to repeated stimulation (Groves & Thompson 1970; 

Rankin et al. 2009). Habituation during novel environment exploration is considered behavioral 

plasticity since an individual may adjust behaviors as its perception of novelty and risk in an 

environment change over time (Dingemanse et al. 2012). Studies examining habituation in 

response to a novel environment commonly report that individuals habituate with successive 

exposures, resulting in a decrease in exploratory behavior (e.g. Martin & Réale 2008; Finger et 
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al. 2016). However, great tits were found to increase exploration with novel environment trials 

(Dingemanse et al. 2012), showing sensitization rather than habituation over time. The authors 

suggest that the observed increase in exploration with assays likely involves more complex 

mechanisms such as overcoming an initial fear response, as well cognitive traits such as learning 

and memory. There are also studies that demonstrate inter-individual differences in habituation 

responses, with some individuals habituating, some sensitizing, and others showing no change 

under the same conditions (Montiglio et al. 2010; Bell & Peeke 2012; Dingemanse et al. 2012). 

Mixed results concerning the direction of habituation to novelty, as well as the presence or 

absence of between-individual differences in habituation, suggests that this process may not be 

as well understood as previously thought.  

Habituation rates are commonly explored over multiple assays and, outside of the rodent 

literature, it is not well understood how habituation/sensitization occurs over time within the first 

assay when the environment is still truly novel (within-session habituation; Brennan et al. 1984; 

Poucet et al. 1988; Montiglio et al. 2010). Short-term responses to novelty may have several 

ecological and fitness-related consequences (Montiglio et al. 2010), and may be relevant for 

urban dwellers who are exposed to novel stimuli that require quick assessment (i.e. novel foods 

or predators, vehicle traffic, urban noise, etc.). Additionally, examining habituation over time 

within the first session may help explain mixed results reported by studies evaluating between-

session habituation in relation to the direction of responsiveness and the presence or absence of 

individual variation.  

In this study, we focus on how exploratory personality affects habituation in response to a 

novel environment. To examine inter-individual differences in habituation rate (plasticity) to a 

novel environment over time we take a reaction norm approach (Via et al. 1995) via random 
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regression (Nussey et al. 2007; Réale et al. 2010). A reaction norm visualizes individual 

regression lines, each with an elevation or intercept representing the behaviour of an individual, 

and slope as a measure of plasticity or change in behaviour across an environmental gradient or 

across time (Dingemanse et al. 2010). Intercept and slope values in a reaction norm may evolve 

independently and are considered independent traits, but when used together in this framework, 

can help visualize behavioural processes and facilitate ecological and evolutionary analyses 

(Dingemanse et al. 2010). Using this approach, we hope to determine whether: 1) differences in 

exploration (intercept) exist between-individuals, 2) individuals differ in their rate of habituation 

or sensitization over time (slope) in the novel environment, 3) a significant covariation between 

exploratory behavior and habituation exists (intercept  slope correlation), and 4) urbanization 

predicts exploratory personality and/or habituation to novelty. We predict that individuals will 

significantly differ in both exploratory personality and the rate at which they habituate to a novel 

environment. Due to lack of theoretical attention and mixed results concerning the relationship 

between exploratory personality and habituation at the individual-level (positive covariation, 

Dingemanse et al. 2012; negative covariation, Montiglio et al. 2010; Rodriguez-Prieto et al. 

2011; Finger et al. 2016), we make no a priori predictions concerning the relationship between 

these variables within the current study. Individuals occupying more urban environments are 

predicted to have faster exploratory personalities and habituate more quickly to the novel 

environment assay compared to rural individuals. To explore these hypotheses, we use the black-

capped chickadee, a passerine bird found in habitats along an urban gradient, which is a relative 

of the great tit, a species at the center of research on exploratory personality.  
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Methods 

Sites and capture  

Wild black-capped chickadees were captured at 14 sites in and around the city of Ottawa, 

Canada (4545’ N, 7569’ W; Figure 2.1) between September 22 and December 07, of 2015 and 

2016. Chickadees (N = 168) were captured using mist nets between the hours of 8:00-13:00. 

Individuals were measured, weighed, and then aged as either hatch-year (HY) or after-hatch-year 

(AHY) birds by shape and wear of the outermost rectrices (Pyle 1997).  

At least 2 km of distance separated each site to ensure that the home ranges of study 

subjects from different sites were not overlapping (8.8 - 22.6 ha; Smith 1991). A baited feeder 

was established at each site and was present no more than two weeks prior to capture. Urban 

sites (N = 7) were selected close to downtown Ottawa (< 10 km) and were partially forested city 

parks. Rural sites (N = 7) were selected further away from the downtown area (> 25 km) and 

were completely forested areas (at least 500 x 500 m) with feeders set-up > 300 m away from the 

nearest residence.  

Quantifying urbanization 

Remote sensing via satellite imagery (NASA Landsat Program 2016a&b) was used in 

QGIS v2.18.2 (QGIS Development Team 2017) in conjunction with the Semi-Automatic 

Classification Plugin (Congedo 2016) to quantify the amount of urbanization at each site. The 

number of pixels associated with land cover types of forest, bare earth, building, and tarmac 

within a 1 km radius of the established feeder were used in a principal component analysis 

(PCA) to generate a single urbanization score for each site (similar to Liker et al. 2008; Bókony 

et al. 2012). A 1 km radius area may be over-representing the home range of chickadees, so we 
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also generated PCA scores for each of our sites using a smaller 200 m scale for comparison. See 

Figure 2.2 for site map with remote sensing land cover classification overlay. 

Housing conditions  

Following capture, individuals were transported to indoor aviaries at the University of 

Ottawa. Urban and rural sites alternated weeks in captivity so individuals from different 

locations were not housed together. Birds were maintained on a 10D:14N light cycle at 20±1C 

and were housed independently in cages (40x60x40 cm) that separated them both physically and 

visually, but allowed auditory contact. Birds had access to water and food (mixture of husked 

and de-husked sunflower seeds) ad libitum outside of testing periods, and were supplemented 

with mealworms at the end of each day. Subjects were housed in a room adjacent to an indoor 

flight room, which they could access directly from their home cages through a sliding opaque 

door, which avoided unnecessary handling prior to tests. Movement of individuals between the 

aviary and their home cages was controlled using light manipulation (Pravosudov & Clayton 

2002). Prior to releasing birds back at their point of capture, we extracted blood samples from the 

brachial vein of all individuals to determine sex and baseline corticosterone levels (stress; 

Pravosudov et al. 2004). 

Novel environment exploration 

Exploration of a novel environment (Verbeek et al. 1994) took place on the third day in 

captivity between 7:30 - 11:00. Individuals were introduced to a novel flight room which 

contained four artificial wooden trees, each with 15 wooden perches (Figure 2.3-A). Birds were 

able to enter the novel environment at their discretion for up to 5 minutes to avoid altering 

behaviours via forcing entry to the room (Carter et al. 2013). After entry to the room, behaviours 

were live coded for 10 minutes by the same observer (M.J.T.) behind a one-way plexiglass 
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window using J-Watcher software (v.1.0; Blumstein & Daniel 2007). Similar to Quinn et al. 

(2009), the duration of flights, duration of hops (number of hops*0.5 sec), number of visits to 

each tree (1 - 4), and number of visits to other features in the room (ceiling, floor, walls) were 

recorded and used in a principal component analysis (PCA) to generate a composite variable or 

score to represent an individual’s exploration behaviour over the entire trial, termed cumulative 

exploration score. In 2016, exploration behaviour was assessed again the following morning in 

an altered environment (Herborn et al. 2010) to assess repeatability. The aviary environment was 

altered by using artificial trees that differed in shape, colour, and placement within the flight 

room (Figure 2.3-B). Assays in the altered environment followed the same procedure as the first 

novel environment exploration, and cumulative exploration scores were again generated with a 

PCA using the same variables. 

To explore changes in exploration behaviours over time within the novel assay, we 

programmed the JWatcher software to also record behaviours separately in five two-minute bins 

throughout the trial. We again conducted a principal component analysis (PCA) for each two-

minute bin to generate exploration scores that explained an individual’s exploration behaviour 

during each bin of the assay (each individual = 5 exploration scores over the trial).  

Statistical analyses  

 We assessed individual repeatability of exploration behaviour by calculating adjusted 

repeatability (Nakagawa & Schielzeth 2010) using a linear mixed-effects model (LMM). 

Cumulative exploration scores within a novel and altered environment were used as the response 

variable, and underwent a square-root transformation to improve normality. We controlled for 

date, order of testing, age class, baseline corticosterone, and trial type (novel vs. altered), and 

used individuals nested within sites as random-intercept effects. Confidence intervals around the 
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repeatability estimate were generated using 1000 parametric bootstrap iterations (Nakagawa & 

Schielzeth 2010). 

We evaluated inter-individual differences in habituation, and the effect of urbanization on 

habituation rate and exploration tendency using a LMM with a random intercept and slope for 

individuals across bins, as well as controlling for site as a random intercept effect. Exploration 

score for each bin was used as the response variable and was square-root transformed to improve 

normality prior to analysis. We tested pair-wise interactions between bin number and the fixed-

effects of urban score, baseline corticosterone, sex, and age class to determine if any of these 

factors explained habituation rate. We also controlled for the fixed effects of date and order 

tested in the model. We used likelihood ratio tests (LRT) under a chi-square distribution to 

evaluate the significance of between-individual variation in both initial exploration (individual 

effect) and habituation across bins (IE effect; Dingemanse et al. 2010) by comparing against a 

model without individual-level random intercepts and random slopes respectively (Pinheiro & 

Bates 2000). We allowed the model to calculate a correlation estimate between individual slope 

(habituation) and intercept (personality), and evaluated the significance of this correlation via 

LRT by comparing to a model where this correlation was set to zero. We additionally examined 

the relationship between an individual’s initial exploration (score within the first 2 min bin) and 

their cumulative exploration score using a Spearman’s rank correlation test. 

All analyses were conducted using R statistical software (v.3.4.0; R Core Team 2017). 

Significance of pair-wise interactions between bin and predictors were evaluated using F tests 

with type III ANOVA, and non-interacting terms were evaluated using F tests with type II 

ANOVA. Degrees of freedom for F tests were generated using the Kenward-Roger 

approximation (Bolker et al. 2009). LMMs were fitted via restricted maximum likelihood using 



 24 

the lmer function in conjunction with the lme4 (Bates et al. 2015) and lmerTest (Kuznetsova et 

al. 2015) packages. All PCAs were generated using the prcomp function with correlation 

matrices of the untransformed variables.  

Ethical note  

All procedures were conducted under scientific (SC-42) and banding permits (10854) 

from Environment Canada, Canadian Wildlife Service and were approved by the Animal Care 

Committee at the University of Ottawa (protocols 1758-59).  

Results 

Urbanization PCA 

The urban PCA returned the first principal component (PC1) as the only component with 

an eigenvalue > 1 (Kaiser 1960), which explained 81.82% of the variation. All variable loadings 

on PC1 were considered significant (> 0.4; Huang et al. 2016), and land cover associated with 

urban (tarmac/buildings) and rural (forest/earth) pixels loaded strongly in opposite directions 

(Table 2.1). PC1 was inferred to explain variation pertaining to the degree of urbanization and 

was used to extract an urban score for each site (Figure 2.4).  

Exploration PCA and repeatability 

The PCA for cumulative novel environment exploration (2015 & 2016; N = 168) returned 

PC1 as the only component with an eigenvalue > 1, which explained 67.84% of the variation 

(Table 2.2). All variable loadings on PC1 were positive and > 0.4, and we inferred that PC1 

explained variation pertaining to both movement and exploration within a novel environment. 

Therefore, PC1 was used to generate a composite score for each individual as a measure of 

exploration behaviour for subsequent analyses. To assess within-individual repeatability of 

exploration behaviour, we also generated an altered environment score for birds in 2016 (N = 
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70). This PCA analysis returned PC1 as the only component with an eigenvalue > 1, and all 

variable loadings on PC1 were positive and > 0.4 (Table 2.2). When examining repeatability of 

exploration scores, the model was not returning a variance value for site when computing 

confidence intervals and, since inclusion of random intercepts for sites was not significant via 

LRT (df = 1, 
2
 = 1.53, P = 0.22), we only included random intercepts for individuals in the final 

model. The confounds of date, age, corticosterone, and trial had non-significant effects on 

exploration (P < 0.16), but order tested was found to be marginally significant (estimateSE = 

0.320.16, F1,115 = 4.02, P = 0.047). Cumulative exploration behavior was found to be 

significantly repeatable between novel and altered environment assays (adjusted repeatability 

LMM: N = 127 indiv, 58 indiv both assays, R = 0.43, CI = 0.43 – 0.50, 
2
 = 11.21, P < 0.001; 

unadjusted repeatability LMM: N = 168 indiv, 70 indiv both assays, R = 0.45, CI = 0.44 – 0.49, 


2
 = 17.90, P < 0.001), and fell within the reported range for exploration behaviors (Bell et al. 

2009).  

 When conducting the exploration PCAs for each bin, the “other features” variable was 

consistently found to show weaker loadings. There was little variation in this measure when bins 

were considered separately and we therefore removed this variable from the analyses. The 

remaining variables loaded strongly in a positive direction on the first principal component 

(PC1) for all bins. All variable loadings were >0.4, with exception of flight duration in bin 1 

(loading = 0.37; Table 2.3). This loading is just below our 0.4 significance level and so we 

retained this variable to remain consistent. PC1 explained a large proportion of variation for each 

bin and each bin’s PC1 was the only component to return an eigenvalue > 1 (Table 2.3). 

Exploration scores were generated using PC1 from the analyses and were used to describe 

exploration behaviour of individuals within each bin of the assay. Separate plots showing the 
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relationship between exploration scores over time bins for each individual are provided in the 

appendix, and are sorted by habitat category (urban vs. rural) and exploration score category 

(slow < 0, fast > 0).  

Exploration, habituation, and urbanization 

The pair-wise interactions between bin and urban score, baseline corticosterone, sex, and 

age class were all non-significant in the full random slope model (Table 2.4-A), and therefore 

these interactions were dropped. When evaluating separately, baseline corticosterone, sex, age 

class, date, and order tested all had non-significant effects on exploration (Table 2.4-B), and 

were therefore excluded in subsequent analyses to allow use of the full dataset. Individuals 

significantly differed in their initial exploration (intercept: df = 1, 
2
 = 395.02, P < 0.001; Figure 

2.5) and their rate of habituation over time bins (slope: df = 2, 
2
 = 59.11, P < 0.001; Figure 2.5). 

The model returned a significant negative correlation estimate between individual-level 

intercepts and slopes (correlation = -0.59, df = 2, 
2
 = 193.25, P < 0.001; Figure 2.6) suggesting 

that fast initial explorers (high intercept) tended to habituate over bins (negative slope) and slow 

initial explorers (low intercept) tended to sensitize or showed no change over bins 

(positive/neutral slope). Similar results were found when moving bin 1 exploration to the 

intercept (correlation = -0.42, df = 2, 
2
 = 284.78, P < 0.001). When removing the non-

significant interaction between urban score and bin from the model, urban score was found to be 

a significant predictor of exploration scores (estimateSE = 0.0830.03, F1,11 = 7.48, P = 0.020; 

Table 2.4-C; Figure 2.7), with urban birds having higher exploration scores in comparison to 

rural birds (Figure 2.8). The effect of urban score remained significant when evaluating 

urbanization at a smaller 200 m scale around capture sites (estimateSE = 0.110.034, F1,9 = 

9.82, P = 0.012) and as a dichotomous predictor (estimateSE = 0.350.088, F1,11 = 15.70, P = 
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0.0023). We also found a significant positive correlation between an individual’s initial 

exploration scores and their cumulative exploration scores (Spearman rank correlation: N = 168, 

rho = 0.73, P < 0.001; Figure 2.9). 

Discussion 

The link between personality and plasticity in urban animals is not well understood and 

examining the relationship between these traits along an urban gradient may improve our 

understanding of the characters that allow animals to successfully colonize urban areas. We set 

out to determine whether between-individual differences in habituation and exploratory 

personality existed in the first session of a novel environment assay, and whether these 

differences could be explained by urbanization. Cumulative exploration scores of individuals 

were found to be significantly repeatable and therefore we conclude that exploration behaviours 

measured within our novel environment assay are indicative of exploratory personality. 

Individuals significantly differed in both initial exploration behaviour (intercept) and their 

habituation response through time (slope) in the novel environment, but habituation was not 

significantly predicted by urban scores. We report a significant negative intercept-slope 

correlation suggesting that fast initial explorers tended to habituate while slow did not in the 

environment over time. Finally, there was a significant positive relationship between exploration 

and urbanization, showing that more urban birds were significantly faster explorers.  

Inter-individual variation in habituation to novelty is suggested to be a target of natural 

selection and may be biologically meaningful (Bell & Peeke 2012). As predicted, individuals 

were significantly different in both initial exploration of the novel environment (intercept) and 

the change in exploration behaviours over time (slope). Individual differences in habituation 

have only recently been reported in wild animals in the context of open field tests (between 
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sessions, Bell & Peeke 2012; Dingemanse et al. 2012; within a session, Montiglio et al. 2010). 

Differences in habituation responses between individuals have previously been explained by the 

effects of age (Brennan et al. 1984; Montiglio et al. 2010), and sex (Ellenberg et al. 2009; 

Ensminger & Westneat 2012). However, these effects were not found to explain individual 

changes in exploration over time in the current study. An individual’s previous experiences have 

also been found to contribute to between-individual differences in habituation (Ellenberg et al. 

2009), although it is unknown how previous experiences may have affected habituation 

responses of wild-caught individuals in this study. Variation in habituation at the individual level 

may also arise if individuals differ in the way they perceive a stimulus’ strength (Groves & 

Thompson 1970; Rankin et al. 2009), or if they differ in their ability to overcome initial fear of 

the novel stimulus (Russel 1973; Brennan et al. 1984). In terms of our findings, individuals that 

sensitized, rather than habituated, may have perceived the environment as a stronger novel 

stimulus and may have taken longer to overcome an initial fear response. These between-

individual differences in habituation may be due to a combination of mechanisms including an 

individual’s previous experiences, cognitive attributes, and perhaps other facets of personality. 

At the population level, we hypothesized that habituation to a novel environment would 

be predicted by urbanization, where urban birds were predicted to habituate more quickly than 

rural birds. Urban birds likely habituate to novelty in the environment more frequently than rural 

birds, and as a result are expected to be more behaviourally plastic (Sol et al. 2013). Despite 

finding significantly different habituation responses at the individual-level, the direction of 

habituation in the novel environment was not explained by urban scores. Therefore, we report no 

evidence that urban birds habituate more quickly to spatial novelty, or show more plasticity, 

compared to rural birds. Other than work on flight initiation distances, there is a lack of 
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comparative research in urban ecology on habituation to novelty. House sparrows (Passer 

domesticus) showed significant between-individual differences in rate of habituation to a novel 

object (Ensminger & Westneat 2012), and although house sparrows are common urban dwellers, 

urbanization effects were not explored. Our study is the first to examine individual differences in 

habituation responses to novelty while exploring the effect of urbanization on this variation. 

Research in this area is still in the early stages and more work will be needed to determine 

whether individual differences in plasticity or habituation can be explained by environmental 

factors such as human-induced changes.   

Our model returned a significant negative correlation between initial exploration behaviour 

(intercept) and change in exploration or habituation response over time (slope). Initially fast 

exploring birds tended to decrease exploration with time and habituate, compared to initially 

slow exploring birds who tended to either increase exploration over time and sensitize or show 

no change in exploration. We join other similar studies who have reported this trend (Montiglio 

et al. 2010; Rodriguez-Prieto et al. 2011; Finger et al. 2016). Fast explorers initially moved 

through the environment more quickly, and perhaps through rapid learning and risk assessment, 

decreased their exploration behaviours as the environment became less novel (Rodgriguez-Prieto 

et al. 2011). Alternatively, slow explorers may have increased exploration behaviors over time 

possibly as their motivation to explore was initially insufficient to overcome their fear or 

inclination to avoid novelty (Russel 1973; Brennan et al. 1984). A negative correlation between 

exploration and habituation may provide evidence that individuals with different exploratory 

personalities collect information in different ways (Montiglio et al. 2011). Fast explorers move 

more quickly and are expected to sample environmental information superficially as a result, 

while slow explorers move more slowly and would thus have more thorough searching (Verbeek 
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et al. 1994; Sih & Del Guidice 2012). Fast explorers may habituate since they collect 

information quickly, as opposed to slow explorers who may sample more thoroughly at first and 

show sensitization, and then potentially habituate after a longer time period. It could therefore be 

possible that we may have missed the habituation period of slower explorers in our assay. It 

would be interesting to determine at what point slow explorers habituate, if ever, in the novel 

environment by examining non-linear changes in exploration over a longer time period. 

Individuals that did not explore initially (low intercept) theoretically are unable to decrease 

exploration further (negative slope), and therefore it is important to note that a negative 

intercept-slope correlation may be an artifact of numerical constraints. Cumulative exploration 

scores were highly correlated with initial exploration behaviour, suggesting that fast initial 

explorers were overall fast explorers throughout the assay and vice versa for slow explorers 

(Montiglio et al. 2010), but this result may be sensitive to assay duration. We provide evidence 

that individuals with different exploratory personalities show different temporal patterns of 

exploration over time within a novel environment assay. 

Although urban and rural animals are known to differ in several personality traits, we are 

among the first (see also Atwell et al. 2012) in reporting that urban individuals were significantly 

faster explorers in a novel environment assay.  Exploratory personality has previously been 

linked with dispersal, where fast explorers disperse further and are more likely to immigrate than 

slow explorers (Dingemanse et al. 2003; Quinn et al. 2011). Individuals may need to first arrive 

in urban areas from native habitats before colonization in these environments (Sol et al. 2013), 

and thus fast explorers may be more likely to arrive in urban areas in the first place. After arrival, 

faster exploration behaviours may promote rapid collection of information concerning novel 

foods, predators, competitors, or dangers in urban environments. Collecting information 
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regarding the benefits and risks of novel ecological stimuli more quickly is expected to increase 

fitness and aid colonization within urban habitats (Lowry et al. 2013; Sol et al. 2013). As of yet, 

we are unable to determine if the observed differences in exploratory personality along our 

gradient are due to local adaptation or behavioral plasticity, or perhaps a result of both. Our 

results seem to support the predicted importance of fast exploration behaviours for urban animals 

(Sol et al. 2013), but we are unable to determine whether exploratory tendencies are important 

during initial colonization. Exploratory personality has previously been found to be correlated 

with other personality traits, forming a behavioural syndrome (Sih et al. 2004). Since exploratory 

personality has been found to differ along an urban gradient, it would be interesting to determine 

whether behavioural syndrome structure also differs between individuals along this gradient.  

We join other recent studies in demonstrating that individual differences in habituation to 

novelty exist, and we are the first to test whether these differences were explained by 

urbanization. Although urbanization was not found to predict differences in habituation, it 

significantly predicted exploratory personality between-individuals, where urban birds were 

faster explorers. Further work is needed to assess habituation responses of urban wildlife in a 

comparative manner to confirm that behavioral plasticity is an important trait involved in 

colonization of urban areas. A better understanding of habituation and sensitization, and the 

underlying mechanisms moderating these responses, would help promote better methods for 

conservation and wildlife management programs. For example, protocols designed to facilitate 

rapid habituation may encourage colonization of sensitive species in urban areas, and protocols 

designed to prohibit habituation could deter unwanted behaviors of existing urban wildlife 

(Blumstein 2016). By evaluating personality differences alongside inter-individual variation in 

plasticity in urban and rural individuals, it may be possible to predict how selection acts on 
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variation within populations. An ability to predict, and potentially promote or divert, phenotypic 

shifts would be especially beneficial for populations adjusting to challenging novel conditions, 

such as in urban landscapes.   
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 Table 2.1  Urbanization variables associated with the number of pixels for land cover types of 

forest, bare earth, tarmac, and buildings and their first component correlation loadings from a 

principal component analysis (PCA). The first component (PC1) explained 81.82% of the 

variation and had an eigenvalue > 1.  

Pixel number PC1 Loadings 

Forest -0.94 

Open Earth  -0.81 

Tarmac  0.94 

Buildings 0.91 

% variation explained 81.82% 

Eigenvalue  1.81 
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Table 2.2  Exploration variables and their component correlation loadings from principal 

component analyses (PCAs) for cumulative novel environment exploration in both 2015 & 2016 

(N = 168) and altered environment exploration in 2016 (N = 70). All PCA analyses returned the 

first principal component (PC1) as the only component with an eigenvalue > 1 and all variable 

loadings were positive with values > 0.4.   

Variables 

PC1 Loadings 

Novel (2015 & 2016) Altered (2016) 

Visits to tree 1 0.92 0.86 

Visits to tree 2 0.91 0.88 

Visits to tree 3 0.94 0.85 

Visits to tree 4 0.92 0.85 

Other features 0.50 0.52 

Flight duration 0.52 0.92 

Hop duration 0.90 0.69 

% variation explained 67.84% 65.21% 

Eigenvalue  2.18 2.14 
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Table 2.3  Exploration variables and their component loadings from principal component 

analyses (PCAs) for novel environment exploration assays separated by five two-minute bins. 

All PCA analyses returned the first principal component (PC1) as the only component with an 

eigenvalue > 1 and all variables had strong positive loadings.   

Variables 

PC1 Loadings 

Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 

Visits to tree 1 0.79 0.90 0.90 0.83 0.88 

Visits to tree 2 0.77 0.89 0.90 0.88 0.91 

Visits to tree 3 0.82 0.93 0.94 0.95 0.89 

Visits to tree 4 0.65 0.89 0.88 0.89 0.85 

Flight duration 0.37 0.89 0.86 0.84 0.88 

Hop duration 0.76 0.87 0.83 0.87 0.86 

% variation explained 50.61% 80.47% 78.42% 76.92% 77.44% 

Eigenvalue  1.74 2.20 2.17 2.15 2.16 
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Table 2.4  Evaluation of fixed-effects on exploration scores within the (A) full hypothesized 

model, (B) model evaluating predictors once dropping pair-wise interactions, and (C) final 

model. All models are linear mixed-effects models with random intercepts and slopes for 

individuals across bins, as well as random intercepts for sites. 

Fixed Effects Estimate SE DF F
 

P 

(A) Full hypothesized model (N = 126) 

Bin -0.036 0.050 1,121 0.53 0.47 

Urban Score 0.08 0.037 1,16 4.31 0.054 

Baseline corticosterone  -0.0003 0.0028 1,174 0.011 0.92 

Sex -0.06 0.13 1,175 0.22 0.48 

Age class  0.09 0.12 1,173 0.51 0.48 

Date  -0.0031 0.0028 1,13 1.17 0.30 

Order tested  0.026 0.014 1,117 3.25 0.074 

Bin*Baseline corticosterone -0.00012 0.00062 1,121 0.035 0.85 

Bin*Sex 0.0093 0.029 1,121 0.11 0.74 

Bin*Age 0.051 0.028 1,121 3.30 0.072 

Bin*Urban score -0.0022 0.0080 1,121 0.075 0.79 

(B) Dropped interaction terms (N = 126) 

Bin -0.004 0.014 1,125 0.084 0.77 

Urban score 0.073 0.014 1,5 6.05 0.053 

Baseline corticosterone  -0.00065 0.002 1,116 0.098 0.75 

Sex -0.032 0.091 1,119 0.12 0.73 

Age class  0.065 0.089 1,117 0.53 0.48 

Date  -0.0038 0.0028 1,13 1.17 0.30 

Order tested  0.026 0.014 1,117 3.25 0.074 

(C) Final Model (N = 168) 

Bin  0.0048 0.012 1,168 0.16 0.69 

Urban score 0.083 0.03 1,11 7.48 0.020 
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Figure 2.1  Satellite image of field sites surrounding Ottawa, Canada (4545’ N, 7569’ W). Urban sites (N = 7; blue circles) were 

located < 10 km of the downtown area and rural sites (N = 7; red circles) were located > 25 km from downtown.  
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Figure 2.2  Map of field sites with land-cover classification overlay, and an example of an urban and rural site showing land cover 

pixels used for the quantification of urbanization. 
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Figure 2.3  Flight room used to assess exploration behaviour of individuals in a A) novel 

environment and B) altered environment.   
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Figure 2.4  Urban PCA scores generated for each site (N = 14, represented by site codes along x-

axis) to visualize the quantified urban gradient (red circles = rural sites, blue circles = urban 

sites). 
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Figure 2.5  Inter-individual variation (N = 168) in exploration score (square-root transformed) 

over 5 time bins in the novel environment assay. Shows between-individual variation in 

habituation response as well as the effect of urbanization score. Lines indicate an individual’s 

change in exploration over time during the assay using a LMM fitted with an individual-level 

random intercept (initial exploration) and slope (habituation). Red lines represent individuals 

from rural habitats and blue lines represent individuals from urban habitats.  
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Figure 2.6  Relationship between model-generated estimates for individual random intercepts 

(initial exploration behaviour) and slopes (change in exploration over time bins, i.e. habituation). 

Exploration score was modeled as the response variable in a linear mixed-effects model with 

both an individual-level random intercept and a random slope for individuals (N = 168, rural = 

red, urban = blue) across bins while evaluating urban score and bin number as fixed-effects.  
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Figure 2.7  Effect of urbanization score (larger values indicate more urbanization) on an 

individual’s cumulative exploration score (larger values indicate faster explorers) within the 

novel environment assay (N = 168). The significant effect (solid line) and 95% confidence 

intervals (dashed lines) are shown.  
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Figure 2.8  Exploration score over time bins in the novel environment assay for individuals from 

A) rural environments (N = 84) and B) urban environments (N = 84).  
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Figure 2.9  Relationship between individual (N = 168) initial exploration scores and cumulative 

exploration scores for the novel environment assay. Red circles indicate rural birds and blue 

circles indicate urban birds.   
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Chapter 3  
 

 

Spatial cognition and exploration in scatter hoarders 

along an urban gradient  
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Abstract 

Urbanization has been shown to affect a variety of traits in animals, including their physiology, 

morphology, and ecology. It is less clear how the behaviours of urban animals are modified, and 

even less is known about their cognitive traits. The adaptive specialization hypothesis (ASH) 

predicts that scatter hoarders in food-scarce environments possess superior spatial cognition due 

to a higher reliance on caches for survival. As of yet, it is not well understood how stable 

supplementary food sources in urban areas affects the caching behaviours and cognitive traits of 

scatter hoarders. In addition to population-level cognitive differences, variation may exist 

between individuals occupying the same environment. Within individuals, slow explorers are 

predicted to store higher quality spatial information to memory due to thorough searching of 

their environment. This hypothesis, and its applicability to scatter hoarding animals, has received 

little empirical attention. We examined whether ASH is supported along an urban gradient, as 

well as the within-individual covariation between spatial cognition and exploratory personality 

using a scatter hoarding model. We assessed spatial cognition of wild-caught black-capped 

chickadees (Poecile atricapillus; N=96) along an urban gradient using a spatial memory task, 

and exploratory personality was quantified using a novel environment assay. Rural individuals, 

and slower explorers, were predicted to perform more accurately on the spatial task. We find no 

evidence for ASH along an urban gradient, and find no significant relationship between spatial 

cognition and exploratory personality within individual scatter hoarders. Spatial cognition is 

known to be an important adaptation for scatter hoarders, and the absence of both spatial 

cognitive differences along an urban gradient and an individual-level covariation with 

exploratory personality in this study may reflect this.  
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Introduction 

Urbanization is occurring globally at a dramatic rate, and in response some species are 

declining while others are thriving in urban environments (Sih et al. 2011; Lowry et al. 2013). 

Species that colonize urban environments may have access to more food sources, especially in 

variable or seasonal periods of low food availability, compared to rural environments (Lepczyk 

et al. 2004; Lowry et al. 2013; Tryjanowski et al. 2015). Large quantities of nutrients and energy 

are added into urban systems each year through commercial bird feeding activities (Galbraith et 

al. 2015) and, as a result, urban areas are reported to support significantly more over-wintering 

birds (Clergeau et al. 1998; Marzluff et al. 2001; Tryjanowski et al. 2015). Supplemental bird 

feeding has been shown to decrease over-winter mortality and thus has direct fitness 

consequences (Brittingham & Temple 1988; Desrochers et al. 1988). In response to predictable 

year-round food availability, ecological and behavioural traits of urban species are changing, 

especially those associated with foraging (Lowry et al. 2013; Galbraith et al. 2015).  

Foraging requires cognitive processes, or in other words, mechanisms involving the 

acquisition, processing, storage, and utilization of environmental information (Shettleworth 

1998). Certain cognitive traits have been defined as specialized adaptations shaped via natural 

selection, and thus are expected to vary under different selective pressures due to local 

environmental conditions (Healy et al. 2009). Innovativeness and learning abilities have been 

suggested as important traits that facilitate colonization of urban areas (Sol et al. 2013). 

However, it is not well understood how the cognitive traits of rural ancestors may be altered after 

establishment in urban environments. Studying cognitive processes that are directly associated 

with natural history and fitness is important for understanding the evolution of cognition in 

response to different environments (Morand-Ferron et al. 2016). In the cognitive ecology 

literature, scatter hoarders are a well-studied model used to explore how cognitive traits vary 
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under different environmental conditions. Therefore, we use a scatter hoarding model to examine 

how spatial cognitive traits related with foraging may be altered in urban environments in 

response to differential food availability. 

Scatter hoarders rely on spatial memory to recall locations of many previously stored 

food items, which may be critical for survival through periods of food scarcity (Krebs 1990; 

McNamara et al. 1990). Scatter hoarding birds have been empirically shown to possess enhanced 

spatial cognition, and specialized neurological features, which they use to recall and retrieve 

their stored caches (reviewed in Brodin 2010; Pravosudov & Roth 2013). Scatter hoarding 

strategies, and the underlying cognitive mechanisms, have previously been shown to vary in 

response to environmental conditions. In particular, variable food resources in harsh 

environments has been hypothesized as a factor that may contribute to increased food caching 

intensity (McNamara et al. 1990). This refers to the adaptive specialization hypothesis (ASH) for 

scatter hoarders, which predicts that hoarders living in harsher environments should develop 

superior spatial cognition and corresponding neurological features to support a higher reliance on 

caches in the environment (Krebs 1990). ASH has been supported at both latitudinal 

(Pravosudov & Clayton 2002; Roth et al. 2012) and elevational (Freas et al. 2012) gradients 

within species. These studies show that individuals occupying higher latitudes or elevations 

(harsher, food-scarce environments) cache more frequently and show superior spatial accuracy in 

comparison to conspecifics who occupy low latitudes or elevations. ASH has yet to be examined 

in scatter hoarders occupying environments that differ in the extent of urbanization, despite 

artificially increased food availability via the use of feeders in developed and urban areas. Scatter 

hoarding behaviours have been observed in urban squirrels (Thompson & Thompson 1980; van 

de Merwe et al. 2007) and urban kestrels (Rejt et al. 2000) but, to our knowledge, food caching 
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intensity or spatial abilities of urban scatter hoarders have not yet been compared to rural 

conspecifics.  

In addition to cognitive traits, personality or behavioural tendencies, have been suggested 

to be key traits allowing colonization of urban habitats (Miranda et al. 2013). Between-

individual differences in cognitive abilities may cause variation in behavioural tendencies or vice 

versa, and therefore personality and cognitive differences may together be affecting the 

responsiveness of individuals to environmental change (Griffin et al. 2015). For example, 

individuals with fast exploratory personalities discover new foraging opportunities more readily 

(Herborn et al. 2010; van Overveld & Matthysen 2010), which may be important for inhabiting 

urban environments (Atwell et al. 2012; Sol et al. 2013). It has been hypothesized that a trade-

off exists between exploratory personality and quality of spatial information acquired (Sih & Del 

Guidice 2012). Fast explorers are predicted to collect shallow spatial information due to rapid 

movement through their environment in comparison to slow explorers, who have more thorough 

searching strategies and collect higher quality spatial information. There is support for this 

hypothesis alongside ASH in high elevation mountain chickadees (Poecile gambeli). Chickadees 

at high elevations showed superior spatial accuracy (Freas et al. 2012), and different individuals 

from the same site were found to also be significantly slower explorers in comparison to low 

elevation chickadees (Kozlovsky et al. 2014). These findings suggest that selection for superior 

spatial cognition in harsh environments may be directly or indirectly linked to selection for slow 

exploratory personality (Kozlovsky et al. 2014). The hypothesized trade-off between personality 

and cognitive accuracy has received little empirical attention in relation to spatial cognition (but 

see Bousquet et al. 2015; Schuster et al. 2017), and has never been examined in individual 

scatter hoarders despite the ecological applicability of this hypothesis to caching behaviours.  
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This study aimed to examine whether ASH would be supported for scatter hoarders along 

an urban gradient, and explore the relationship between spatial cognition and exploratory 

personality within-individuals. We hypothesized that stable food sources in urban areas, 

especially over harsh winter months, would cause urban scatter hoarders to be less reliant on 

food caching behaviours, and therefore decrease selective pressures on enhanced spatial 

memory. We predicted that urban scatter hoarders would cache less, and show inferior spatial 

accuracy on both a multi-trial and one-trial spatial task in comparison to their rural conspecifics. 

We also expected to find evidence for within-individual covariation between exploratory 

personality and spatial accuracy, which would be indicative of a trade-off between exploration 

and quality of information collected. More specifically, we predicted that slow explorers would 

make fewer errors on spatial tasks and perform more accurately, while fast explorers were 

predicted to complete the task faster and perform more efficiently, despite making more errors. 

Urban individuals were found to be significantly faster explorers (chapter 2) and, following the 

predicted negative relationship between urbanization and spatial accuracy, urban birds were 

predicted to perform less accurately, but more efficiently than rural birds on the task.  

Methods   

Study species, sites, and captivity 

To test our hypotheses, we use the black-capped chickadee (Poecile atricapillus), a 

scatter hoarding, non-migratory passerine bird that can be found in a variety of different habitats 

in North America, including both urban and rural environments (Smith 1991; Foote et al. 2010). 

We captured wild chickadees and transported them to the University of Ottawa to undergo a 

five-day captive schedule before release back at their point of capture. We used the same sites 

and same protocol as explained in chapter 2 for captures and maintenance of individuals in 

captivity. Individual cages provided 28 potential cache sites in which subjects could store food 
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freely. Each individual’s cage caches were counted and removed twice daily to quantify caching 

intensity. Urban scores and cumulative exploration scores in the novel environment assay used in 

this chapter were calculated as done previously in chapter 2. 

Spatial tasks presented in captivity required individuals to be able to remove pompoms 

(1.5cm diameter white cotton balls) out of holes (cache sites; 1x1cm) in search of a hidden 

sunflower seed reward in different wooden apparatuses. Therefore, a gradual behavioural 

shaping procedure (visible seed, visible seed beside pompom, seed hidden behind pompom) was 

administered in individual cages during the morning of the second day to familiarize birds with 

the concept of hidden seed rewards and the motor movement required to remove pompoms. 

Birds were considered to have reached criterion when they removed a pompom from a cache site 

to retrieve a seed reward in three consecutive trials during initial training. Three individuals were 

close to completing training but did not reach criterion during the specified time. These 

individuals participated in tasks moving forward and we found that their inclusion did not affect 

results.   

Multi-trial associative spatial learning task  

Birds were tested on a multi-trial associative spatial learning task within their home cages 

(similar to Sanford & Clayton 2008; Roth et al. 2012) on their second day in captivity between 

12:00-16:30. The task used two rectangular blocks (18x10 cm) that hung on the back wall of the 

subjects’ home cages. Each block had 12 evenly spaced cache sites, giving a total of 24 sites. 

Task blocks were present in home cages at bird arrival to captivity and individuals had > 45 

hours to habituate to and freely cache within the apparatus. Birds were deprived of food for 30 

min prior to testing. The task began with a 5 min information trial, where birds retrieved a visible 

seed placed by the experimenter in one specific cache site of the task apparatus. Birds then 

attempted to relocate the location where they had previously found food in three repeated 15 min 
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experimental searching trials, when all site contents were concealed using pompoms (Figure 

3.1). This repeated twice more, for a total of 3 information trials and 9 searching trials. Repeated 

experimental trials provided subjects the opportunity to learn the location of the reward and 

information trials were presented at intervals to provide subjects with continuous information 

during the task. Birds were also familiarized with the concept of searching for a single food 

reward as not all site inspections were rewarded. During searching trials, latency to contact the 

hidden seed and the number of pompoms pulled (or errors) were recorded to evaluate task 

efficiency and spatial accuracy, respectively. We present results using data only from 2015 for 

this task (N = 67). However, this protocol was repeated in 2016 to maintain consistency in our 

captive protocol and familiarize birds with searching for a single food reward, but was shortened 

to 2 information trials and 6 searching trials.  

One-trial associative spatial memory task  

We again assessed spatial memory ability in a one-trial associative spatial memory task 

(Clayton & Krebs 1994), which was conducted on the third day in captivity between 12:00 - 

13:00. This task also involved associative spatial memory, but did not involve repeated trials and 

therefore did not assess spatial learning. The task took place in the flight room using the four 

trees and 60 possible cache sites used for novel environment exploration, which birds had been 

familiarized to for 30 min prior to this test. This task included two phases. During phase one or 

the preliminary phase, birds entered the testing room and were given a maximum of five minutes 

to find and contact a specific site selected by the experimenter (same for all birds) containing 

visible sunflower seeds. Once a bird contacted a sunflower seed in the first phase, they were 

allowed 10 seconds to feed on the seed before the lights were turned off and they were returned 

to their home cage. The latency for individuals to find and contact the visible seed during the 

preliminary phase was recorded. Individuals then underwent a 30 min retention interval before 
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re-entering the testing room for phase two or the experimental phase. At this time, the trees in the 

testing room were switched to ensure birds were not relying on visual cues from the trees and all 

cache site contents were concealed using pompoms. During the experimental phase, birds re-

entered the testing room and attempted to find the location where they had found food in the 

previous phase (Figure 3.2). Birds were food deprived for 30 min prior to the preliminary phase 

and throughout the task for a total of 1 hr. How quickly the birds completed the task, or their 

efficiency, was measured as the latency to contact the hidden seed during the experimental 

phase. Additionally, an individual’s spatial accuracy was inferred from the number of pompoms 

pulled (or errors) before contacting the hidden seed. In 2016, we assessed an individual’s spatial 

performance again in a second session in an attempt to assess individual consistency of spatial 

performance. The second session occurred the next day at the same time and followed the same 

procedure as the first session, but the seed reward was placed in a different location.  

Statistical analysis  

 We initially evaluated potential confounds associated with urban and rural environments 

by fitting a generalized linear model (GLM) to examine differences between urban and rural 

birds. We initially used a LM on square-root transformed urban scores; the results are 

qualitatively the same (Table 3.1) but the model returned poor diagnostics, we therefore present 

results from the GLM.  We evaluated the fixed effects of sex, age class (HY/AHY), captive 

stress levels (baseline corticosterone), number of cage caches, and body condition. Body 

condition was estimated by extracting the residuals taken from a linear regression of body mass 

regressed onto tarsus length while controlling for time of capture (Schlute-Hostedde et al. 2005). 

The distribution for the number of cage caches was highly left-skewed and was causing 

patterning within residuals, therefore we separated this into three categories: 0 caches, 1-10 

caches, and > 10 caches.   
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Latency to contact the hidden seed (efficiency) in the multi-trial spatial learning task was 

log-transformed to improve normality and fitted using a linear mixed-effects model (LMM). The 

number of errors (accuracy) within the spatial learning task was fitted using a generalized linear 

mixed-effects model (GLMM) with a negative binomial distribution, which accounted for 

overdispersion and aggregation within the count data (O’Hara & Kotze 2010; Harrison 2014). 

For both mixed-effects models, we tested an interaction between urbanization score and 

exploration score. We tested this interaction to explore the possibility that urbanization may 

differentially affect the link between exploratory personality and spatial cognition within-

individuals. We also controlled for the effects of trial and baseline corticosterone (stress levels). 

Individuals nested within sites were used as random-level effects to account for repeated 

measures over trials.  

In the one-trial spatial memory task, the log-transformed latency to contact the seed 

(efficiency) was fitted with a LMM and the number of errors (accuracy) was fitted with a 

GLMM (negative binomial distribution, again to account for overdispersion). In both models, we 

tested an interaction between urbanization and exploration score, controlled for order tested and 

stress, and included site as a random-level effect. No differences in spatial performance for this 

task were found between years so we pooled data over both years. The LMM evaluating latency 

returned a zero-variance for our random-effect of site, therefore we refitted using a linear model 

(LM). We excluded site as a fixed-effect in the LM since sites had non-significant effects and 

AIC indicated that excluding site was a more parsimonious fit. For this task, we wanted to assess 

whether differences in spatial memory existed only in those individuals that had already 

experienced caching requirements in their environment. We therefore also evaluated differences 

in spatial accuracy using only after-hatch year birds who had experienced at least a year within 

their environment.  
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In an additional analysis, we included the second session of the one-trial spatial task for 

individuals tested in 2016 to assess individual consistency of spatial performance. We evaluated 

the latency to the seed (LMM) and the number of errors (GLMM negative binomial) as done 

previously. An interaction between urbanization and exploration scores, as well as session (1 or 

2) were included as fixed effects in the models. Individuals nested within sites were used as 

random-level effects to account for two observations per individual. We evaluated individual 

consistency of spatial accuracy by following the same procedure used to calculate adjusted 

repeatability (Nakagawa & Schielzeth 2010; Griffin et al. 2015). 

Continuous fixed-effects in mixed models were standardized via grand mean-centering 

prior to analysis to improve convergence (Pinheiro & Bates 2000; Bolker et al. 2009). All tested 

interactions between urban and exploration scores were found to be non-significant (Table 3.2-

A) and were therefore removed so that the main effect of predictors could be evaluated. Baseline 

corticosterone (stress) was found to be non-significant in all spatial task models (all P > 0.4) and 

we did not have data for all individuals, we therefore excluded this variable in order to include 

the full dataset in our final analyses. LMMs were fitted via restricted maximum likelihood 

approximations and GLMMs were fitted with a Laplace maximum likelihood approximation. We 

evaluated significance of fixed-effects using Type II ANOVA and interacting terms using Type 

III ANOVA. For LMMs we used F-tests with a Kenward-Roger approximation of degrees of 

freedom and Wald chi-square tests for GLMMs (Bolker et al. 2009). All statistical analyses were 

conducted using R v.3.4.0 (R Core Team 2017). Our mixed-effects models were generated using 

the lmer and glmer.nb commands in the lme4 (Bates et al. 2015), and lmerTest (Kuznetsova et 

al. 2015) packages.   
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Results 

Urban vs. rural comparison 

Caching intensity measured via cage caches did not significantly differ between 

individuals from urban and rural environments (Figure 3.3; Table 3.1). The effects of age class 

and body condition were also not significant (Table 3.1). However, individuals from rural 

environments had significantly higher baseline corticosterone (stress) levels after exposure in 

captivity than individuals from urban environments (GLM: estimateSE = -0.0190.009, F1,121 = 

4.99, P = 0.027).  

Spatial tasks  

 Multi-trial associative spatial learning task 

The latency to contact the seed reward in the multi-trial spatial learning task significantly 

decreased with experimental trials (LMM: estimateSE = -2.340.18, F1,359 = 173.17, P < 0.001; 

Figure 3.4-A), but the number of errors did not significantly decrease with trials (GLMM: 

estimateSE = -0.200.15, 
2
 = 1.82, P = 0.18; Figure 3.4-B). Since errors did not decrease with 

trials and we provide no evidence of learning, we do not report further results concerning this 

task.  

One-trial associative spatial memory task  

Birds found the seed reward in the experimental phase of the spatial task with 

significantly fewer errors than would be expected by random searching in both sessions (chance 

= 30.5 following the negative hypergeometric distribution; Tillé et al. 1996; Wilcoxon test: 

session 1, N = 96, median = 13, P < 0.001; session 2, N = 47, median = 21, P = 0.001). 

Urbanization and exploration scores were not significant predictors of the number of errors or the 

latency to contact the seed reward in the experimental phase of the one-trial spatial task (Table 
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3.2; Figure 3.5). Results were qualitatively unchanged when running one-trial spatial accuracy 

models using only after-hatch year (AHY) birds, when urbanization was assessed on alternative 

scales (200 m scale or as binary predictor), when using the number of trees contacted instead of 

exploration scores, when removing individuals (N = 3) that were coaxed into the exploration 

assay after the 5 min had elapsed, and when removing individuals (N = 3) who had not reached 

training criterion (Table 3.3).  

When including data from both sessions of the one-trial spatial memory task in 2016 (N = 

47), urbanization and exploration scores still had no effect on the number of errors made 

(GLMM urban: estimateSE = 0.200.23, 
2
 = 0.78, P = 0.38; exploration: estimateSE = -

0.530.38,  
2
 = 1.92, P = 0.17). Birds that underwent both sessions in 2016 made significantly 

more errors in the second session (GLMM: estimateSE = 0.540.17, 
2
 = 10.25, P = 0.001; 

Figure 3.6-A), and were not found to be consistent in the number of errors they made during the 

one-trial spatial memory task (GLMM: R < 0.001, P=1; Figure 3.6-B).  

Discussion 

The adaptive specialization hypothesis (ASH) has been supported in scatter hoarders along 

elevational and latitudinal gradients (Pravosudov & Clayton 2002; Roth et al. 2012; Freas et al. 

2012), but had not yet been examined along an urban gradient. As well, the relationship between 

exploratory personality and spatial cognition within-individuals has received little empirical 

attention and has never been explored within scatter hoarding animals. We report no differences 

in caching intensity or spatial accuracy between individuals along this gradient, suggesting that 

caching intensity and spatial memory are not affected by urbanization in our populations. We 

also report no significant association between exploratory personality and spatial cognition 

within a scatter hoarding animal.  
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We predicted that urbanization would be a significant predictor of spatial accuracy in the 

one-trial spatial task, and expected rural birds to perform more accurately than urban ones. 

However, we found no significant effect of urbanization on spatial accuracy or efficiency 

measures in the one-trial task. The potential confounds of body condition, sex, and age class 

were not found to differ between individuals along our gradient and therefore these were 

dismissed as potential confounds. Baseline corticosterone was found to be higher in rural 

individuals after exposure to captivity and we evaluated this potential effect in subsequent 

models, but this also had no effect on our results. Results remained unchanged when examining 

urbanization at a smaller scale (200 m vs. 1km) which more realistically represented the home 

range of our species. Due to the lack of an effect of urbanization using both age classes, we 

hypothesized that spatial abilities may only be affected by urbanization as a result of phenotypic 

plasticity. Scatter hoarders deprived of caching behaviours have been shown to develop relative 

hippocampal volumes similar to non-scatter hoarders, and may lose enhanced spatial memory 

due to lack of experience (Clayton & Krebs 1994). Therefore, we predicted that spatial abilities 

may decrease in urban individuals only once they had experienced decreased demands for 

caching in their environment. However, our analysis evaluating spatial accuracy using only after-

hatch year birds yielded similar results. We report no differences in spatial memory abilities 

between individuals occupying areas that differ in the degree of urbanization, either as a result of 

unique selective pressures or phenotypic plasticity, and thus do not provide evidence for ASH 

along an urban gradient within the current study.  

 Urban environments have been considered to be more spatially complex than more 

natural environments (Griffin et al. 2017). The environmental complexity hypothesis proposes 

that enhanced cognitive mechanisms have evolved to allow individuals to collect, retain, and 

process more diverse information in heterogeneous environments (Godfrey-Smith 2002). For 
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example, storm petrels living in a forest habitat were found to have larger relative hippocampi 

than their conspecifics living in an open meadow. The authors explain that these findings may be 

due to higher environmental complexity in forest habitats and speculate that individuals within 

the forest may have evolved enhanced spatial cognition for navigation purposes (Abbott et al. 

1999). If caching behaviours and associated cognitive processes differ along an urban gradient, 

the spatial abilities of urban birds may remain comparable to rural conspecifics if urban birds 

require higher spatial cognitive processing for mapping a more complex environment. However, 

this explanation is unlikely since we did not observe differences in caching intensity along our 

gradient to begin with. Lack of differences in spatial cognition as a result of urbanization is more 

likely due to caching behaviours remaining similar between subpopulations, despite putative 

food availability differences (Lepczyk et al. 2004; Tryjanowski et al. 2015).  

Degree of urbanization, or food stability, may not alter spatial abilities within scatter 

hoarders if there is sufficient gene flow occurring along this gradient. Work in this area initially 

compared distinct populations that were separated by large geographical distances and were 

likely genetically distinct (Pravosudov & Clayton 2002; Roth et al. 2012). However, further 

work along an elevational gradient showed differences in spatial abilities between 

subpopulations that were located only 10 km away (Freas et al. 2012). In this system, individuals 

at high and low elevations were later found to show differences in other behavioural traits which 

were thought to limit dispersal and gene transfer between sites (Kozlovsky et al. 2014), but these 

populations were not found to be genetically differentiated (Branch et al. 2017). In our system, 

we do not have information regarding genetic population structures, and thus gene flow may be 

acting as a buffer against divergent selection on spatial abilities, explaining why spatial traits 

were not found to differ within our system. 
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 Past work on ASH in scatter hoarders have examined populations that differ in stability 

of food supply as a result of natural conditions. Our study is the first to compare spatial abilities 

of scatter hoarders along a gradient that differs in food availability due to anthropogenic effects. 

On an evolutionary time-scale, environmental change in relation to urbanization is still recent 

(McDonnell & Hahs 2015). Therefore, selective pressures in urban areas may be too novel for 

urbanization to have measurable effects on an important trait with direct fitness consequences, 

such as spatial memory in scatter hoarders. With the data at hand, we are unable to determine 

whether the lack of evidence for ASH in relation to urbanization is due to one of the above-

mentioned explanations. Future work could examine whether potential differences in diet and 

food quality, or increased competition, along this gradient affect decisions concerning caching 

behaviours. Differences in exploratory personality (Chapter 2) and social information use (Jones 

et al. 2017) have previously been shown along this gradient in our study system. Examining how 

other ecological and behavioural traits vary with urbanization may further our understanding of 

how foraging-related behaviours in scatter hoarders are affected in urban areas. 

Exploration behaviour within a novel and altered environment was significantly 

repeatable within individuals and this personality trait was found to differ between-individuals 

along this urban gradient (Chapter 2). To explore whether exploratory personality affects the 

quality of information collected by individuals (Sih & Del Guidice 2012), we predicted that slow 

explorers would perform more accurately while fast explorers would perform more efficiently on 

a spatial task. However, there was no significant interaction between exploratory personality and 

degree of urbanization on spatial performance during the one-trial task, and exploration remained 

non-significant when evaluated separately. Our study does not provide support for a trade-off 

between speed of exploration and spatial accuracy within a scatter hoarding model. These 

findings conflict with indirect evidence for an association between spatial accuracy and slow 
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exploratory tendencies using different individual chickadees along an elevational gradient 

(Kozlovsky et al. 2014). As of yet, only a few studies have examined the relationship between 

spatial cognition and personality, and results are mixed (mallards Anas platyrhynchos, Bousquet 

et al. 2015; lizards Eulamprus quoyii, Carazo et al. 2014; mice Micromys minutus, Schuster et al. 

2017). Spatial memory is an important adaptive mechanism used by scatter hoarders for survival, 

so perhaps this cognitive trait evolves independently of other traits, such as personality. This may 

explain why no significant relationship between spatial cognition and exploratory personality 

was found in the current study. Exploring whether a trade-off between these traits exists in a 

non-scatter hoarding relative, using the same experimental procedure, would be useful to 

understand whether our findings are scatter-hoarder specific.  

In the multi-trial spatial learning task, latency to contact the seed reward significantly 

decreased with trials, but the number of errors did not significantly decrease over the task. These 

results suggest that individuals became more efficient during the task by learning to search for 

and retrieve the seed reward over consecutive trials, but were likely not using spatial memory to 

do this. We believe that chickadees in our study did not decrease the number of their errors since 

the cost of making errors was not high on this small spatial scale. Previous studies have used 

similar small-scale tasks to quantify spatial accuracy and have come to the same conclusions 

(Feeney et al. 2009; Shaw et al. 2015). These authors speculated that the small spatial grid of the 

multi-trial task may not have been appropriate to measure cognition utilized for behaviours at 

larger foraging scales (but see Roth et al. 2012). Since this task was likely not measuring spatial 

memory, we did not use these data for further analyses. In agreement with these authors, we 

suggest designing larger-scale spatial tasks to better represent natural behaviours related to 

scatter hoarding, which may better quantify spatial abilities used for caching (Feeney et al. 2009; 

Shaw et al. 2015). 
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In 2016, we conducted a second session of the one-trial task in an attempt to evaluate the 

consistency of spatial accuracy within individuals (Griffin et al. 2015). When moving the 

location of the rewarded site in the second session of the one-trial task, individuals still 

performed significantly more accurately than expected by random searching, but made 

significantly more errors than in the first session. Thus, individuals were not found to show 

consistency in spatial accuracy across sessions. We suspect that differences in performance 

between sessions was a result of memory interference (Hoshooley 2007), where spatial memory 

use in the first session impeded memory retention in the second session due to the short time 

interval between the successive tests. Individuals have been suggested to be more prone to 

interference when conducting spatial tasks where they themselves have not placed the food 

items, like is done when caching (Feeney et al. 2009). Studies using a one-trial task to quantify 

spatial memory often use three sessions with different food locations separated by a couple hours 

or days, and present the average of an individual’s errors over trials to capture a more precise 

measure of spatial accuracy (e.g. Clayton & Krebs 1994); using an average from two trials 

however left our conclusions relative to the link with urbanization and exploration unchanged. It 

is to be noted that previous studies have not attempted to quantify consistency of spatial memory 

within individual scatter hoarders, and we know of only one published study reporting 

repeatability estimates for spatial cognition in mice (Schuster et al. 2017). In the future, having 

long-term intervals between tasks may help reduce potential memory interference or, ideally, 

consistency could be demonstrated using two unrelated tasks presented at larger scales which 

represent natural behaviours. Demonstrating a positive relationship between different tasks 

would suggest tasks are measuring the same trait and would thus also be important for 

establishing convergent validity (Carter et al. 2013). 
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In conclusion, ASH was not supported along an urban gradient since urban birds did not 

show inferior spatial accuracy in comparison to rural birds. The lack of support for ASH along 

this gradient may be due to one of the listed explanations above, or perhaps a combination of 

them. We report no significant relationship between spatial accuracy and exploratory personality, 

and thus are unable to provide evidence that slow explorers collect higher quality spatial 

information from their environment. An association between spatial cognition and personality 

traits may be unlikely within a scatter hoarding model since spatial cognition is an important 

adaptive trait that may be evolving independently. Nonetheless, identifying potential predictive 

relationships between behavioural and cognitive traits is an obvious direction for future research, 

which will help create a clearer picture for understanding adaptive individual variations in 

different environments.  



 65 

Table 3.1  Evaluation of potential confounding effects that differ between individuals (A) within 

urban and rural habitat types (as a binary response), and (B) along an urban gradient (continuous 

response). Both analyses give qualitatively similar results.  

Fixed Effects Estimate SE F
 

DF P 

(A) Urban vs Rural GLM 

Cage caches -0.23 0.30 0.60 1,121 0.44 

Body condition  -0.20 0.36 0.30 1,121 0.58 

Age class  0.52 0.38 1.76 1,121 0.19 

Sex -0.33 0.44 0.53 1,121 0.47 

Baseline corticosterone -0.02 0.009 4.99 1,121 0.027 

(B) Urban score LM  

Cage caches -0.033 0.10 0.10 1,121 0.75 

Body condition  -0.15 0.13 1.47 1,121 0.23 

Age class  0.12 0.13 0.77 1,121 0.38 

Sex -0.15 0.15 0.96 1,121 0.33 

Baseline corticosterone -0.83 0.28 8.54 1,121 0.0041 
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Table 3.2  Predictors of the (1) number of errors (spatial accuracy) fitted using a generalized linear mixed-effects model with a random 

intercept for site levels, and (2) latency to contact the reward fitted with a linear model, in the one-trial spatial task. Shows evaluated 

effects in the (A) full model, (B) full model once dropping the interaction, and (C) final model using the full dataset.  

 (1) Number of errors (2) Latency to Reward 

Predictors Estimate SE 2 
P Estimate SE F DF P 

(A) Full model (N = 75) 

Urban score 0.350.21 2.69 0.10 0.0780.057 1.86 1,69 0.18 

Exploration score -0.460.45 1.08 0.30 -0.0550.052 1.11 1,69 0.30 

Order tested  0.410.30 1.89 0.17 -0.00220.032 0.0047 1,69 0.95 

Baseline corticosterone -0.100.41 0.054 0.82 -0.000940.0054 0.030 1,69 0.86 

Urban*Exploration 0.421.02 0.17 0.68 -0.0130.026 0.25 1,69 0.62 

(B) Dropped interaction (N = 75) 

Urban score 0.340.21 2.61 0.11 0.0780.057 1.87 1,70 0.18 

Exploration score -0.430.44 0.93 0.33 -0.0630.050 1.60 1,70 0.21 

Order tested  0.400.30 1.80 0.18 -0.000920.032 0.00080 1,70 0.98 

Baseline Corticosterone -0.0890.41 0.046 0.83 -0.00100.0054 0.030 1,70 0.85 

(C) Final model (N = 96) 

Urban score 0.240.19 1.63 0.20 0.0670.049 1.87 1,92 0.17 

Exploration score -0.320.38 0.75 0.39 -0.0570.039 2.13 1,92 0.15 

Order tested  0.270.26 1.10 0.29 -0.0140.027 0.26 1,92 0.61 
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Table 3.3  Predictors of the number of errors (accuracy) in the one-trial spatial task from a 

negative binomial generalized linear mixed-effect model including a random intercept for sites 

and (A) using only after-hatch-years (AHY) birds, (B) examining the effect of urbanization at a 

smaller 200 m scale, (C) examining the effect of urbanization as a categorical predictor, (D) 

using the number of trees contacted during exploration instead of exploration scores, (E) 

excluding individuals (N = 3) who were coaxed into the novel environment assay, and (F) 

excluding individuals (N = 3) who did not reach criterion during pompom training. Despite using 

different variations of predictors, results remain qualitatively unchanged.  

Fixed Effects Estimate SE 2 
P 

(A) After-hatch years only     

Urban score 0.16 0.24 0.42 0.52 

Exploration score -0.42 0.50 0.70 0.40 

Order tested  0.23 0.37 0.39 0.53 

(B) Smaller urban scale     

Urban score (200m) 0.36 0.22 2.74 0.10 

Exploration score -0.36      0.37 0.98 0.32 

Order tested  0.25      0.25 0.98 0.32 

(C) Urban vs. rural  

Intercept 2.41 0.17   

Urban  0.25 0.16 2.61 0.11 

Exploration score -0.35 0.37 0.92 0.34 

Order tested 0.26 0.25 1.08 0.30 

(D) Number of trees contacted  

Urban score  0.20 0.19 1.20 0.27 

Number trees contacted -0.011 0.23 0.0021 0.96 

Order tested 0.27 0.26 1.14 0.29 

(E) Excluding forced-entry individuals  

Urban score 0.33 0.20 0.10 0.10 

Exploration score -0.34 0.37 0.37 0.37 

Order tested  0.31 0.27 0.27 0.26 

(F) Excluding individuals not reaching criterion 

Urban score 0.23 0.20 1.34 0.25 

Exploration score -0.40 0.38 1.09 0.30 

Order tested  0.33 0.26 1.56 0.21 
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Figure 3.1  Photo of a subject that has retrieved the seed reward in the experimental phase of the 

multi-trial associative spatial learning task.  
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Figure 3.2  Photo of a subject pulling a pompom (an error) during the experimental phase of the 

one-trial associative spatial memory task.   
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Figure 3.3  The number of cage caches separated by category (0 caches, 1-10 caches, or greater 

than 10 caches) made by birds (N = 168) from urban (blue) and rural (red) sites. 
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Figure 3.4  A) Latency to contact and B) the number of errors before contacting the hidden seed 

reward over experimental trials in the multi-trial associative spatial learning task. Significant 

(solid line, panel A) and non-significant (dashed line, panel B) estimated effects and 

corresponding 95% confidence intervals are shown.  
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Figure 3.5 Final models showing the relationship between the effects of 1) urbanization and 2) 

individual exploration score, on the A) number of errors and B) latency to contact the hidden 

seed reward in the experimental phase of the one-trial associative spatial memory task. Non-

significant estimated effects and corresponding 95% confidence intervals are shown.  
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Figure 3.6  Number of errors made by individuals (N = 47) during the experimental phase for 

both sessions of the one-trial associative spatial memory task visualized to show A) the 

difference in errors between sessions and, B) the lack of consistency in the number of errors 

made by individuals between sessions.  
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Chapter 4  
 

 

General Conclusion  
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Personality and plasticity are predicted to be major behavioural mechanisms that allow 

animals to successfully colonize urban areas (Lowry et al. 2013; Sol et al. 2013; Miranda 2017). 

Although work has begun to determine which personality traits facilitate colonization in urban 

areas (Miranda et al. 2013), little attention has been given to determine how these traits may be 

related to plasticity in urban animals. Additionally, there are a growing number of studies 

examining the relationship between personality and cognition (Griffin et al. 2015), but few 

studies have compared personality with spatial cognition, and of these few studies, none have 

utilized a scatter hoarding model. The work in this thesis aimed to examine the relationship 

between personality, plasticity, and spatial cognition between and within individual scatter 

hoarders. I also aimed to determine whether variation at the individual level could be explained 

by urbanization. Specifically, I hypothesized that exploratory personality would be significantly 

related with both habituation to novelty and spatial memory within-individuals. Due to lack of 

theory and mixed results on the topic, I did not make a priori predictions concerning the 

relationship between exploration and habituation. I did however predict that slow explorers 

would be more spatially accurate than fast explorers. Concerning urbanization, I hypothesized 

that urban scatter hoarders would be significantly faster explorers, habituate to novelty more 

quickly, and have inferior spatial memory in comparison to rural conspecifics.  

I found significant between-individual differences in exploratory personality and habituation 

within a novel environment. A significant negative correlation between initial exploration and 

habituation slope suggests that fast explorers tended to habituate while slow explorers did not 

within the environment over time. As well, I report no significant relationship between 

exploratory personality and spatial memory within-individuals using the one-trial task. Results 

indicate a significant positive relationship between urbanization and exploratory personality, and 

therefore I conclude that faster exploring individuals occupy more urbanized areas. Urbanization 



 76 

did not significantly predict habituation to a novel environment and therefore we do not provide 

evidence for the prediction that urban individuals are more behaviourally plastic. Finally, spatial 

accuracy within the one-trial task was not predicted by urbanization and thus the adaptive 

specialization hypothesis (ASH) is not supported along an urban gradient.  

Exploratory personality and its effects on cognition, or vice versa, may be affecting an 

individual’s responsiveness to changes in the environment (Guillette et al. 2010; Mathot et al. 

2012). As mentioned previously in this thesis, slower explorers may collect higher quality 

information via thorough searching strategies, and as a result, are predicted to be more 

behaviourally plastic to environmental changes (Verbeek et al. 1994; Sih & Del Guidice 2012; 

but see Arvidsson & Matthysen 2016). Alternatively, it is also predicted that fast exploratory 

personality and behavioural plasticity are beneficial for individuals in urban environments 

(Lowry et al. 2013; Sol et al. 2013; Miranda 2017). I found that urban individuals were 

significantly faster explorers as predicted, but no evidence that these individuals are also more 

behaviourally plastic. Exploratory personality may only affect the plasticity of certain 

behaviours, explaining the lack of a relationship between exploration and habituation in the 

current study. For example, fast explorers may be more likely to habituate to and exploit novel 

foods or habitats through faster learning abilities (Guillette et al. 2009, 2014), but may have 

more difficulty reversing a learned association due to superficial sampling of the environment 

(Guillette et al. 2010). Following this, food sources are suggested to be more predictable within 

urban environments (Lepczyk et al. 2004; Lowry et al. 2013; Tryjanowski et al. 2015), and 

therefore urban individuals may not need to be as plastic in their behaviours if urban 

environments are less variable in food or other resources. These explanations are speculative and 

work is needed to determine how exploration and cognition interact when examining different 

facets of behavioural plasticity within-individuals along an urban gradient. 
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I provide no evidence that slow explorers are collecting and storing higher quality spatial 

information to memory since slow explorers did not show superior spatial accuracy. Information 

sampling and utilization (i.e. cognition) is predicted to be the mechanism by which slow 

explorers are able to be more behaviourally plastic (Verbeek et al. 1994; Sih & Del Guidice 

2012). Therefore, when examining the link between plasticity and personality within individuals, 

it may be important to also assess cognitive traits. Exploratory personality was not found to be 

associated with spatial cognition in the study, and since I found no evidence that slow explorers 

collect and store higher quality spatial information, this result may explain why no significant 

link between exploration and plasticity was found. I am the first to examine exploratory 

personality and spatial cognition using individual scatter hoarders, and the lack of a relationship 

found between these traits may be explained by the use of this model. Enhanced spatial memory 

is an adaptation that scatter hoarders use to survive during periods of food scarcity (Krebs 1990; 

McNamara et al. 1990), and as hypothesized in chapter three, spatial traits in scatter hoarders 

may be too important to develop associations with other traits like personality or plasticity. Since 

there is evidence that spatial cognition and personality are associated in other animals (Verbeek 

et al. 1994; Bousquet et al. 2015; Schuster et al. 2017), moving forward it will be important to 

confirm whether the absence of a relationship between these traits is scatter-hoarder specific. 

Future work should also aim to evaluate non-spatial aspects of cognition in scatter hoarders (like 

in Guillette et al. 2010), and the link with personality and plasticity traits.    

The findings within this thesis contribute to both the cognitive and urban ecology fields. In 

the urban ecology literature, shifts in personality have previously been demonstrated in urban 

animals (Miranda et al. 2013). I also find personality differences along this gradient and join the 

only other study examining novel environment exploration (Atwell et al. 2012) in reporting that 

urban individuals are significantly faster explorers. I am among the first to examine habituation 
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to spatial novelty in urban animals and find that urban individuals did not habituate more 

quickly. Although there is evidence that urban animals are more habituated to human presence 

(FIDs, Møller 2010; Evans et al. 2010; Atwell et al. 2012; Vincze et al. 2016), not all studies 

report this trend (Blumstein 2014). More work is needed to determine if urbanization is a 

significant predictor of habituation, and work in this area could join the current study in 

examining habituation responses of individuals to novel stimuli like spaces or objects.  

In the cognitive ecology literature, there is growing evidence for inter-individual 

variation in the habituation process in wild animals (Montiglio et al. 2010; Bell & Peeke 2012; 

Dingemanse et al. 2012). I also found between-individual differences in habituation and 

therefore support these recent findings. Studies examining exploratory personality and 

habituation report that fast explorers habituate more quickly than slow explorers (Montiglio et al. 

2010; Rodrigues-Prieto et al. 2011; Finger et al. 2016), which is also consistent with my results. 

The relationship between exploration and spatial cognition has never been examined in scatter 

hoarders. I provide the first evidence that spatial cognition and exploratory personality are not 

associated within scatter hoarders, and I hypothesize that this is because spatial memory may 

evolve independently of other traits within these individuals. As well, I am the first to examine 

ASH in scatter hoarders along an urbanized gradient, and conclude that this hypothesis is not 

supported along a gradient that differs in the degree of urbanization.  

Moving forward it will be important to determine how behavioural modifications in 

urban wildlife arise. In agreement with others (Lowry et al. 2013; Sol et al. 2013; Miranda 

2017), I believe it will be essential to examine the roles of microevolution and phenotypic 

plasticity in behavioural changes as a result of urbanization. I speculate that both evolutionary 

and plastic processes play a role in shaping behaviours of urban populations over time. A number 

of different approaches have been used in an attempt to determine if behavioural differences 
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along this gradient are a result of local adaptation or plasticity. Some studies have utilized 

common garden approaches and confirmed that observed differences are likely a result of 

microevolution (Atwell et al. 2012; Miranda et al. 2013). More recently, studies have begun to 

examine genetic population structures in an attempt to explain behavioural differences between 

populations (e.g. Branch et al. 2017), but to my knowledge this approach has not been used to 

compare urban and non-urban populations. However, it has been suggested that genetic 

approaches may be unable to detect behavioural or cognitive differences between populations 

since the genetic underpinnings of behaviours are likely polygenic, and thus the use of 

population pedigrees are encouraged in the future (Branch et al. 2017). As well, utilizing systems 

where urbanization is still in its early stages may provide a unique opportunity for examining 

behavioural shifts in wildlife as they occur over time, and may help determine how these changes 

arise (Miranda 2017). Improving knowledge concerning the behavioural changes of urban 

animals, and more specifically the link between personality, cognition, and plasticity, should 

have important implications for both conservation and wildlife management moving forward.    
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Appendix 

The linear relationship between exploration scores over time bins during the novel environment assay for each 

individual (individual identifications on top right of plots). Individuals have been sorted by exploration score 

category (slow < 0, fast > 0) and habitat category (URBAN vs. RURAL).   
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