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ABSTRACT 

BEHAVIOUR AND HPA AXIS ACTIVITY DIFFER BUT ARE NOT CORRELATED 

AMONG URBAN VERSUS RURAL EASTERN GREY SQUIRRELS (SCIURUS 

CAROLINENSIS)  

 

Hui Ling (Winnie) Yang 

University of Guelph, 2019

Advisor: 

Dr. Amy Newman 

 

Urbanization is one of the greatest threats to the natural world, therefore, it is a pressing need to 

understand how wildlife populations are responding to anthropogenic environment. This study 

investigated whether behaviour and hypothalamic pituitary adrenal (HPA) axis activity (i.e. stress) 

differed between urban and rural eastern grey squirrels and whether behaviour correlated with 

HPA axis activity. I characterized behaviour using open field tests (OFT) and quantified stress 

physiology via two hormone metrics: 1) acute dexamethasone-ACTH hormone challenges to 

measure HPA axis responsivity and 2) fecal glucocorticoid metabolites (FGMs) to assess 

integrated glucocorticoids levels. I found that urban squirrels tended to be more active during the 

OFT, have reduced HPA responsivity and elevated FGMs compared to their rural counterparts. 

However, phenotypic correlations between behaviour and HPA metrics were absent. Therefore, 

this study advances our knowledge of phenotypic differences and their correlations among urban 

and rural squirrel populations. 
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1. Introduction 

Human disturbance is one of the greatest threats to the natural world (Ouyang et al., 2018), 

with 55% of the world’s population residing in urban areas today and a projected increase to 68% 

by 2050 (United Nations, 2018). Urbanization is the conversion of natural landscapes into human 

dominated urban centers. This process creates novel ecosystems for local wildlife populations, and 

exposes them to a plethora of anthropogenic challenges, such as pedestrian traffic, vehicular 

collisions and pollution (Alberti et al., 2017; Birnie-Gauvin et al., 2016; Møller, 2009; Ouyang et 

al., 2018; Shochat et al., 2006). Yet, in the face of these rapid environmental changes, some 

wildlife species have demonstrated resiliency, and appear to thrive in the city (Kark et al., 2007; 

McDonnell and Hahs, 2015; Parker and Nilon, 2012; Prange et al., 2003).  

Behavioural adjustments are key components to this apparent resiliency in areas of high 

human impact (Lowry et al., 2013; Tuomainen and Candolin, 2011; Wong and Candolin, 2015). 

There is growing evidence demonstrating that urban and rural wildlife populations are becoming 

increasingly behaviourally distinct (Lowry et al., 2013; Miranda et al., 2013; Sol et al., 2013). For 

example, urban great tits sing at higher frequencies than their rural counterparts, perhaps to 

overcome anthropogenic noise pollution (Slabbekoorn and den Boer-Visser, 2006), and urban 

coyotes are less active during the day when human activity is the greatest (Tigas et al., 2002). 

Additionally, some urban wildlife populations also possess distinct behavioural responses to 

challenging situations from their rural counterparts (Miranda et al., 2013). These consistent 

behavioural responses are typically referred to as “behavioural coping styles” (Cockrem, 2013; 

Koolhaas et al., 1999). For example, urban dark-eyed juncos, song sparrows and eastern grey 
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squirrels tend to be more aggressive and territorial compared to their rural counterparts (Abolins-

Abols et al., 2016; Davies et al., 2018; Foltz et al., 2015b; Parker and Nilon, 2008; Scales et al., 

2011). Individuals living in areas of high human disturbance also tend to be bolder and are more 

tolerant of human approaches, as measured by flight initiation distance (Atwell et al., 2012; 

Chapman et al., 2012; Cooper et al., 2008; Engelhardt and Weladji, 2011; Evans et al., 2010; 

Mccleery, 2009; Scales et al., 2011; Weaver et al., 2018b; Wolf and Weissing, 2012).  

Aside from behaviour, the hypothalamic-pituitary-adrenal (HPA) axis is another way that an 

individuals can mediate interactions with their environment (Sapolsky et al., 2000). Following the 

perception of a stressor, a signalling cascade originating from the hypothalamus acts on the adrenal 

glands to increase the secretion of glucocorticoids, either cortisol or corticosterone (collectively 

refered to as CORT hereafter; Delehanty and Boonstra, 2012; Romero, 2004), depending on the 

species. These hormones enable organisms to cope with internal and external challenges by 

enhancing metabolism and energy mobilization (Delehanty and Boonstra, 2012; Romero, 2004; 

Sapolsky et al., 2000). Through circulation, CORT then negatively feeds back to the brain to ensure 

that CORT does not stay elevated for prolonged periods of time (Landys et al., 2006; Romero, 

2004; Sapolsky et al., 2000). Chronically elevated CORT levels typically result in pathology as 

many non-essential biological functions, such as immune function and reproduction, are 

suppressed in favour of immediate survival (Boonstra and Singleton, 1993; McEwen and 

Wingfield, 2003; Romero, 2004; Sapolsky et al., 2000; Sheriff et al., 2009).  

Since many of the anthropogenic stressors encountered by urban wildlife populations tend 

to be sub-lethal (Birnie-Gauvin et al., 2016), repeated activation of the HPA axis and associated 

elevations in CORT could be a costly physiological investment and result in deleterious effects. 
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Therefore, reducing the sensitivity of the HPA axis to these stressors could ameliorate the potential 

for long-term costs. Although support for this trend in free-ranging populations is limited (Bonier, 

2012; Fokidis et al., 2009), common garden experiments preformed on European blackbirds 

(Partecke et al., 2006) and dark-eyed juncos (Atwell et al., 2012) provide strong evidence that 

urban-sourced populations have lower stress-induced CORT responses to a standardized capture-

restraint protocol, compared to their rural conspecifics. These reductions in HPA axis activity may 

play a crucial role in helping urban wildlife cope with frequent encounter with stressors in the city.  

Since the HPA axis plays a crucial role in connecting an organism’s internal physiology to 

its environment, it is reasonable to speculate that the HPA response may also be related their 

behavioural response. Behavioural coping styles have often correlated and have been altered by 

glucocorticoid manipulations in many controlled laboratory studies. For example, mice treated 

with chronic CORT showed a greater degree of anxiety-like behaviours, such as decreased 

swimming duration (Marks et al., 2009) and take longer to enter an illuminated test arena (Ardayfio 

and Kim, 2006). Additionally, male house mice selected for short attack latencies, a proxy for 

aggression, had lower stressed-induced CORT and adrenocorticotropin hormone (ACTH) 

concentrations compared to those selected for long attack latencies (Veenema et al., 2003). These 

indicate that an animal’s behavioural response to a stressor could be influenced by their CORT 

profile. This can be summarized by a unidimensional model that predicts an individual’s 

behavioral and HPA response falls into a proactive-reactive continuum (Koolhaas et al., 1999). 

“Proactive” individuals will typically display more proactive behaviours, such as greater boldness 

and aggression, with an attenuated HPA axis response to a stressor compared to “reactive” 

individuals (Cockrem, 2013; Koolhaas et al., 1999). However, even though the unidimensional 
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model has gained ample support in controlled laboratory experiments and animal selection lines, 

evidence among free-ranging populations is lacking (Westrick et al., 2019). An alternative two-

tier model can supported by studies that find no correlational evidence between behavioural and 

the HPA axis (Dosmann et al., 2015; Ferrari et al., 2013; Koolhaas et al., 2010; Steimer et al., 1997; 

Westrick et al., 2019). Instead of phenotypic correlation, this model predicts that behavioural 

coping styles and HPA axis response represent two distinct dimensions of an individual’s response 

to a stressor (Koolhaas et al., 2010).  

Since the urban environment presents a plethora of novel challenges, correlations between 

behaviour and HPA axis activity are particularly interesting among urban wildlife populations to 

further understand the mechanisms of urban adaptation. For example, in the case of the 

unidimensional model, phenotypic integration can constrain adaptive evolution if selection acts on 

behavioural and physiological traits opposite to the correlation that exists between the traits. 

However, under the two-tier model, adaptive evolution can still occur efficiently regardless of the 

direction of selection, since each trait is targeted independently (Ketterson et al., 2009; McGlothlin 

and Ketterson, 2008; Westrick et al., 2019). Alternatively, if selection does indeed align with the 

direction of phenotypic correlation, then adaptive responses are theorized to occur more rapidly if 

traits are correlated than if each trait required independent selection (Dantzer and Swanson, 2017; 

Ketterson et al., 2009; McGlothlin and Ketterson, 2008). In the case of urban wildlife, phenotypic 

correlations may allow for rapid changes in the phenotypic means of both behaviour and HPA 

responses. As discussed above, urban selection pressures may favour individuals with a more 

proactive behavioural coping styles along with reduced HPA reactivity, which would be in 
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accordance with the predictions of the unidimensional model (Atwell et al., 2012; Miranda et al., 

2013; Partecke et al., 2006).  

Although many studies have assessed the divergence of phenotypic means among urban and 

rural populations, few studies have investigated the relationship between behaviour and the HPA 

axis, making it difficult to evaluate its importance to urban adaption. Davies et al., (2018) found 

that initial plasma CORT levels had a positive correlation with territorial aggression in both urban 

and rural song sparrows. Furthermore, research from Atwell et al. (2012) provides pivotal 

experimental evidence for the unidimensional model in a common garden study on dark-eyes 

juncos. In this study, both urban-sourced juncos raised in captivity and urban juncos in the field 

displayed attenuated stressed-induced CORT responses that also correlated with shorter flight 

initiation distances and greater exploratory behaviours. Conversely, several studies on other bird 

species, both in the field and in captivity, have found little to no relationship between these traits 

and therefore do not support the unidimensional model (Abolins-Abols et al., 2016; Fokidis et al., 

2011; Weaver et al., 2018a). Since the literature on this topic is limited and heavily biased towards 

avian models, studies using a diverse range of animal models are required to provide a more 

comprehensive understanding of phenotypic integration, or independence, that may facilitate 

urban adaptation.  

This study investigates whether behavioural and HPA axis activity differ among a population 

of urban and rural eastern grey squirrels (Sciurus carolinensis) and whether behavioural responses 

correlate with HPA responses. The eastern grey squirrel is an excellent model organism to 

understand the impact of urbanization on wildlife populations. They are easily captured and 

handled while also being ubiquitous across both urban and natural landscapes. Additionally, their 
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ability to both exploit anthropogenic resources and reach high population densities (urban: > 21 

squirrels/ha, natural: < 3 squirrels/ha; Koprowski, 1994) suggest that they can successfully adjust 

to the challenges of an urban ecosystem. Lastly, there is existing evidence to suggest that urban 

and rural squirrels do indeed differ in behavioural coping styles, as many studies have found that 

urban squirrels tend to be more aggressive and bold compared to their rural conspecifics (Bateman 

and Fleming, 2014; Bowers and Breland, 1996; Cooper et al., 2008; Engelhardt and Weladji, 2011; 

Parker and Nilon, 2008; Sarno et al., 2015). However less is known about their HPA axis activity 

and potential correlations between behaviour and the HPA axis. Therefore, this study advances the 

investigation of behavioural differences among urban and rural squirrels by examining the 

complex relationship between behaviour, HPA responses and the environment. 

This study aimed to address the hypothesis that urbanization can facilitate divergences in 

behaviour and HPA responses between urban and rural wildlife. I predicted that urban squirrels 

will have a more proactive behavioural phenotype and reduced HPA activity, due to human 

disturbance, compared to rural squirrels living in a natural, undisturbed, habitat. If phenotypic 

divergences occur in this direction, then it is likely that behavioural traits may be correlated with 

HPA axis activity along the unidimensional, proactive-reactive continuum, potentially allowing 

for rapid adaptive evolution. To test these predictions, I investigated behaviour and two measures 

of HPA axis activity in a population of squirrels from the University of Guelph campus and a 

relatively undisturbed population of squirrels as a reference population. This study 1) describes 

the behavioural traits of eastern grey squirrels in both an urban and rural population using open 

field trials, 2) characterizes the urban and rural HPA axis through two metrics: an integrated 

measure over time (FGMs) and acute HPA axis responsivity (plasma CORT concentrations 
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following dexamethasone-ACTH hormone challenges) and lastly 3) compares the correlation of 

behavioural traits and HPA metrics among urban and rural squirrels. By characterising these 

phenotypes and assessing the integration or independence of these traits, not only can we better 

illustrate the differences between urban and rural wildlife but also pave the way for future studies 

to investigate mechanisms that facilitate urban adaption.  

2. Materials & Methods 

2.1 Study sites 

Sampling of urban squirrels took place in the spring and summer of 2018 at the University 

of Guelph campus (Guelph, Ontario; 43˚31.9256’ N, 80°13.8029’ W). Squirrels were sampled 

around the central campus square and a semi-open field on the west-side of campus. Both locations 

experienced daily pedestrian traffic flow and are also surrounded by impervious surfaces as well 

as tall buildings (Figure 2.1A). Sampling of a reference population of squirrels in an undisturbed, 

rural environment was also conducted in the spring and summer of 2018 at the rare Charitable 

Research Reserve (Cambridge, Ontario; 43°22.8943' N, 80°21.4655' W), a nature reserve along 

the Grand River (Figure 2.1B). Squirrels were subjected to repeated sampling over the course of 

the summer to assess among and within-individual variation. Initial behavioural tests and 

dexamethasone-ACTH hormone challenges took place from April 30 to May 25 at the urban site 

and from May 29 – June 20 at the rural site. A second set of behavioural and dexamethasone-

ACTH hormone challenges took place from July 13 – 20 at the rural site and August 13 – 19 at the 

urban site. All protocols used in this study were approved by the Animal Care Committee at the 

University of Guelph (AUP #3506). 
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2.2 Capture protocol 

Squirrels were captured using Tomahawk live traps (Model 102; Tomahawk Live Trap Co., 

WI, USA) that were baited with roasted shelled peanuts. Traps were opened and baited 0-30 

minutes before sunrise and checked every 1-3 hours. Only adult squirrels (>500g) were used for 

behavioural trials and hormone challenges. Captured squirrels were tagged with ear tags and a 

unique combination of coloured discs (style 1005-3 and 1842, respectively; National Band and 

Tag Company, Newport, KY) for individual identification. Each tagged squirrel also received a 

microchip (0.8mm, FDX A, 125 kHz: Pets Home Today, Mitchell, ON) injected under the skin at 

the shoulder blades for a secondary measure of identification. Sex and coat colour were also 

assessed for each captured squirrel. Mass (g), left hind foot length at the second toe (mm), skull 

length and skull width (mm) were also measured for each squirrel. For reproductive condition, 

females were assessed for a swollen vulva, lactation or pregnancy while males were assessed if 

their testes were abdominal testes or descended. If testes were descended, then testes length and 

width (mm) were also measured. Further partitioning of sample sizes according to sampling period, 

site and sex are provided in Table 1. 

2.3 Characterization of behaviour 

2.3.1 Open field test 

To assess behavioural coping styles of individual squirrels, I used an open field (OF) area 

constructed out of a 91.4 cm L x 58.4 cm W x 63.5 cm H dog crate lined with white corrugated 

plastic sheets on the side and the bottom in addition to a transparent acrylic lid secured at the top. 

The arena entrance was a PVC pipe (16.2 cm in diameter) with a sliding door to control access to 

the OF arena.  
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Following capture, a squirrel would be released into the entrance pipe directly from the 

Tomahawk trap and kept in the pipe with the door to the OF arena closed to habituate for 5 minutes. 

After the habituation period, the door was opened, and the squirrel was allowed to enter the OF 

arena on its own from the pipe. Latency to enter the OF arena was recorded in seconds. If they 

remained in the pipe after 5 minutes, they were nudged to enter the arena and assigned a latency 

of 300 s. The OF trial commenced as soon as the squirrel entered the OF arena and continued for 

7 minutes, in accordance with Boon et al. (2007). Immediately following the OF trial, predator 

audio was played to characterize predator wariness, as adapted from Hendrie et al., (1998). Black-

capped chickadee (Poecile atricapillus) calls were used as a neutral control audio stimulus while 

Red-tailed hawk (Buteo jamaicensis) calls simulated a predator. Both recordings were obtained 

from the Macaulay Library at the Cornell Lab of Ornithology and were played from a JAM HMDX 

Classic 2.0 Bluetooth Speaker at 58 – 68 dB. All squirrels received chickadee recordings that 

played for 1 minute to habituate the squirrel to audio playback, followed by a recording of two 

red-tailed hawk calls. Behavioural responses were monitored for 4 minutes after the predator 

playback. Following the playback trial, a 5-minute mirror-image stimulation (MIS) test was 

conducted to quantify aggression by revealing a mirror (37 cm x 67 cm) that was attached to the 

wall opposite of the entrance (Boon et al., 2007). Squirrel behaviour was recorded by a digital 

camera (Canon PowerShot ELPH 180). Feces and urine were cleaned from the arena after each 

behavioural trial. 

I analyzed behavioural trial videos using EthoVision (XT 8.5; Noldus et al., 2001) and 

BORIS (v. 6.2.2; Friard and Gamba, 2016) to track squirrel activity during the OFT and to score 

individual behaviours, respectively. Scored behaviours were mutually exclusive and were 
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characterized according to a modified ethogram from Boon et al. (2007) and Martin and Réale 

(2008) shown in Table 2. However, since squirrels were mostly immobile and showed little 

response during both playback and MIS portions of the trial, only behavioural observations from 

the OFT were used in subsequent analyses. 

2.4 Characterization of the HPA axis   

2.4.1 Dexamethasone-ACTH hormone challenge & plasma CORT quantification 

To probe the sensitivity of the HPA axis, I conducted dexamethasone-ACTH hormone 

challenges on individual squirrels. Dexamethasone is a synthetic GC that initiates the negative-

feedback response of the HPA axis, reducing the production of ACTH and thereby effectively 

decreasing circulating CORT to basal levels (Boonstra et al., 1998). A subsequent administration 

of ACTH then allows for an accurate quantification of adrenal sensitivity by quantifying ACTH 

induced CORT production (Boonstra et al., 1998). To do this, squirrels were transferred into a 

handling bag from the OF arena and an initial blood sample of ~280 µl was collected by cutting 

the quick of the toenail. Squirrels were then injected intramuscularly in the upper left thigh with 

3.2 mg/kg of body mass of dexamethasone (#D1756, Sigma-Aldrich, Oakville, Ontario). A second 

blood sample was collected 30 minutes following the dexamethasone injection and then squirrels 

were immediately given an intramuscular injection of 4 IU/kg synthetic ACTH (Cosyntropin 

#ab142251, Abcam, Toronto, Ontario) on the upper right thigh. A third, fourth and fifth blood 

sample was collected at 30, 60, and 120 minutes post-ACTH injection, respectively. Between 

blood samples, squirrels were placed back into covered tomahawk traps and left undisturbed. 

During hot weather, squirrels were given apple slices for hydration. Blood samples were 
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immediately placed in a cooler until plasma could be extracted. Plasma samples were stored at        

-20˚C until analysis. 

Total plasma cortisol concentrations were determined by using an ImmuChem coated tube 

cortisol radioimmunoassay kit (MP Biomedicals, New York, USA), with a cross-reactivity of < 

0.10% to dexamethasone as tested by the manufacturer.  A serial dilution of pooled plasma from 

1 to 1:32 was used to test for parallelism against the standard curve. A linear regression showed 

that the plasma dilution did not significantly differ from the standard curve (F1,16 = 0.002, p > 0.90) 

and achieved linearity (R2 adj = 0.98, p < 0.01). Plasma samples were analyzed in duplicate as per 

kit instructions with the exception that plasma was diluted to a ratio of 1:9 using steroid diluent 

and only 0.5ml of I-125 tracer was used per sample. Inter- and intra-assay coefficients of variation 

(CV) of the radioimmunoassay were 6.21 ± 1.64% and 5.71 ± 4.22% and respectively. 

2.4.2 Fecal collection & FGM quantification 

To characterize HPA axis activity over the period of gut passage (~8 hours), fecal pellets 

were collected for the quantification of FGM concentrations (Bosson et al., 2013). Pellets were 

collected immediately after captured squirrels were brought back to the processing tent. Plasma 

CORT elevations in eastern grey squirrels have been shown to be undetectable in the feces until at 

least 8 hours post-stressor (Bosson et al., 2013), therefore, capture stress would not be reflected in 

the fecal samples that were collected within 3 hours of capture. Fecal pellets were placed into 

individual centrifuge tubes and stored in a cooler on icepacks until transferred to a freezer for long 

term storage at -20˚C.  



 

 

12 

 

FGM concentrations were quantified using an enzyme immunoassay (EIA) protocol similar 

to one that was validated for a related species, the North American red squirrel (Tamiasciurus 

hudsonicus; Dantzer et al. 2010). Briefly, 0.2g of wet fecal mass was lyophilized and steroids were 

extracted from 0.05g of the pulverized fecal matter by adding 1.0mL of 80% ethanol and then 

mixing on a multi-vortexer for 30 minutes at room temperature. Supernatant was extracted and 

then diluted with assay buffer to a factor of 1:320. EIAs were conducted on duplicate samples 

using 96-well coated plates and analyzed with a SpectraMax 384 Plus Reader. SoftMax Pro 

(v.6.2.2) software was used to calculate sample cortisol metabolite concentration (ng/ml) which 

was then used to back calculate the concentration per dry weight of fecal (ng/g). Inter- and intra-

plate CVs were 12.78 ± 2.91% and 4.99% ± 4.44%, respectively.  

3. Data Analysis 

3.1 Analysis of behaviour 

Principal component analysis (PCA) on a correlation matrix was used to reduce the 

dimensionality of behavioural variables to principal components (PC). All behavioural variables 

were highly skewed; therefore, they were transformed to the power of 0.25 as well as centered and 

standardized prior to running the PCA.  The number of PC to use for further analyses was chosen 

based on visual inspection of the scree plot for all PCs.  

3.2 Analysis of plasma CORT responsivity 

To asses total CORT responsivity, the area under the curve with respect to zero (a.k.a. area 

under the curve with respect to ground, AUCG) was calculated for each individual according to 

Pruessner et al. (2003). This measure will be referred to as ‘CORT responsivity’ hereafter. AUCG 
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was calculated instead of AUC with respect to increase (AUCI = [ACTH induced CORT] - [initial 

CORT]) because I wanted to capture total CORT release and avoid the accumulation error that 

would be caused by subtracting the initial CORT measures from ACTH induced CORT 

concentrations. It must be noted that the dexamethasone injection was unsuccessful in reducing 

CORT from the initial blood sample which reflects capture stress (t64.0 = -0.17, p < 0.80), therefore, 

the initial blood sample collected before the Dexamethasone injection was not included in the 

AUCG calculation. Instead, the blood sample collected 30 minutes after the Dexamethasone 

injection was used to represent initial CORT before the ACTH injection in the AUCG calculation. 

Although “true” baseline CORT was unobtainable, all individuals went through the same sequence 

of injections and blood draws, therefore, CORT responsivity remains comparable between 

squirrels.   

3.3 Analysis of site differences between behaviour and HPA axis activity 

Linear mixed models were used to test whether site differences were present among the 

phenotypic means of both behaviour and CORT metrics. Models were conducted in R (v.3.5.1; R 

Core Team, 2018) using ‘lme4’ (v.1.1-18-1) and ‘lmerTest' (v.3.0.-1; Bates et al., 2015; 

Kuznetsova et al., 2017). Residuals were checked for normality and homogeneity before accepting 

the model. All models included site as a fixed effect and individual ID as a random effect to account 

for repeated measures among individuals. 

Methodological variation was accounted for in behavioural models (PC1 and PC2) by 

including the following additional fixed effects: 1) time of day the trial occurred (i.e. morning: 

before 12:00 or afternoon: after 12:00), 2) time spent in trap before the OFT and 3) trial number, 

representing the number of times a squirrel has gone through the OFT. Additional fixed effects in 
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the hormone challenge model included: 1) hormone challenge experience (i.e. naïve vs. 

experienced) and 2) the time the challenge took place (i.e. morning: before 11:00, noon: 11:00-

13:00 or afternoon: after 13:00), since CORT displays a circadian rhythm (Romero, 2004). Finally, 

the FGM model included capture number as an additional fixed effect, since fecal samples were 

collected each time an individual was trapped even if the individual was not handled further. In all 

statistical models, these additional fixed effects were removed if not significant. 

Upon finding no significant effect of site on PC2, exploratory post-hoc analyses were 

conducted following the example of Shonfield et al. (2017). I tested the effects of other factors that 

could influence behaviour such as sex, season (spring: March 20 – June 20; summer: June 21 – 

September 22), coat colour (melanistic: urban n = 34, rural n = 18; agouti: urban n = 12, rural n = 

20), and scaled mass index (SMI). SMI was used to standardize mass by the body size of an 

individual to capture variation in body condition, as recommended by Peig and Green (2009). Skull 

width was used as the body size metric to calculate SMI since it displayed the greatest correlation 

with mass (skull width: r = 0.442, p < 0.001; skull length: r = 0.229, p < 0.01; hindfoot length: r = 

0.284, p < 0.001), and consistently gave the best correlation for both males (r = 0.480) and females 

(r = 0.327). SMI was calculated as follows:  

𝑆𝑀𝐼𝑖𝑗 =  𝑀𝑖𝑗 × [
�̅�𝑗

𝐿𝑖𝑗
]

𝑏𝑆𝑀𝐴

 

In this equation, 𝑀𝑖𝑗  and 𝐿𝑖𝑗 represent the mass and the skull width of the ith individual 

from j population (urban or rural), respectively. �̅�𝑗 represents the arithmetic mean of skull width 

for each of the two study populations (�̅�𝑢𝑟𝑏𝑎𝑛 = 36.22 mm, n = 49;  �̅�𝑟𝑢𝑟𝑎𝑙  = 36.55 mm, n = 37). 



 

 

15 

 

Additionally, bSMA = 3.024 was obtained from the slope estimate of a standardized major axis 

(SMA) regression of ln-transformed mass and skull width.  

3.4 Analysis of trait repeatability 

To assess between-individual consistency in the measured phenotypic traits, adjusted 

repeatability of behavioural PCs, CORT responsivity, and FGM were calculated using the ‘rptR’ 

package in R (v.0.9.21; Nakagawa and Schielzeth, 2010). 95% confidence intervals were estimated 

using parametric bootstrapping (n = 1000). In the behavioural PC models, adjusted repeatability 

controlled for 1) time spent in trap before the OFT and 2) behavioural trial number. Additionally, 

capture number and challenge experience were controlled for when calculating adjusted 

repeatability for FGMs and CORT responsivity, respectively. Significance was determined 

through likelihood ratio tests (LRT) which compared a model including individual as a random 

effect to a model without the random effect. 

3.5 Analysis of correlations between behaviour and HPA axis activity 

To assess correlations between behavioural PCs and HPA axis activity (FGM and CORT 

responsivity) while also preserving repeated measures for each individual, a multivariate Bayesian 

generalized linear mixed model based on a Markov chain Monte Carlo algorithm was used 

(‘MCMCglmm’, v.2.29; Hadfield, 2015). This allowed the partitioning of within- and among-

individual (co)variance of phenotypic traits. Additionally, this method provides 95% intervals of 

credibility using highest posterior densities for each component of variance such that intervals 

which do not include zero indicate statistical significance. All multivariate MCMCglmm models 

were fitted with uninformative, parameter expanded priors, using (co)variance matrices and the 

degrees of belief set to the number of response variables in the model, along with a prior mean of 
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alpha.mu = 0, and alpha.V = 252, as recommended by Houslay and Wilson (2017) and (Hadfield, 

2015). Each model was run for 2,000,000 iterations, while the first 100,000 iterations were 

discarded and 1 out of every 1000 of the remaining iterations were used for parameter estimates. 

All MCMCglmm models were run separately for urban and rural squirrels. All models were fitted 

with individual ID as a random intercept, while sex and season were fixed effects. Behavioural 

trial number was only included as a fixed effect for PCs response variables while capture number 

was included for FGM measures. Convergence of all models were confirmed through visual 

inspection and Geweke diagnostics (Geweke, 1992). Among-individual correlations between were 

then calculated according to Dingemanse et al., (2012) and Dingemanse and Dochtermann, (2013) 

for both urban and rural populations.  

4. Results 

4.1 Urban and rural squirrels marginally differ in behaviour 

The PCA for squirrel behaviour during the OFT yielded 2 principal components that 

cumulatively explained 73.1% of the total variance in behaviour. PC1 explained 47.4% of the 

variation while PC2 explained 25.7% (Table 3). PC1 had strong positive loadings that reflected 

squirrel activity levels, such as distance traveled, proportion of time mobile, and the number of 

jumps taken. Thus, I interpreted PC1 as measure of general “activity”. For PC2, time spent on the 

wall and hanging loaded highly positively, thus, I refer to PC2 as “hanging” behaviours as squirrels 

would either stagnantly hang on the side of the OFT arena or climb across the top of the cage.  

Urban squirrels tended to be more active (PC1) in the OF arena compared to their rural 

counterparts (β = 0.66, SE = 0.36, p = 0.069; Table 4; Figure 2). Additionally, activity decreased 
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as squirrels experienced more behavioural trials, which suggests that they habituated to the OFT 

as they experienced more trials (β = 3.32, SE = 1.03, p = 0.0020; Table 4). The rate of habituation, 

however, did not differ significantly between sites (Site*Behavioural Trial No.: β = 0.43, SE =     

0.62, p > 0.40; not shown).  

On the contrary, urban and rural squirrels did not differ in their hanging behaviour when the 

effect of site was evaluated independently (β = -0.28, SE = 0.29, p > 0.30; not shown). However, 

exploratory post-hoc analysis revealed that site differences in hanging behaviour depended on coat 

colour (β = 1.37, SE = 0.59, p = 0.022; Table 4; Figure 3). Hanging behaviour did not differ 

between urban and rural agouti morphs (t
72 

= 2.14, p = 0.15), nor urban and rural melanistic morphs 

(t
84 

= -1.068, p = 0.71). Interestingly, coat colour differences were only significant among rural 

squirrels, such that agouti morphs displayed greater hanging behaviour than melanistic morphs (t
88 

= 2.77, p = 0.034), while there were no differences between urban colour morphs. 

4.2 Urban and rural squirrels differ in HPA axis activity 

Urban squirrels had lower CORT responsivity (AUCG) than rural squirrels (urban: 46,035.72 

± 3098.10 ng·ml-1·min SE, rural: 62,638.94 ± 3315.20 ng·ml-1·min SE; β = -2.34, SE = 0.60, p < 

0.001; Table 5; Figure 4). There was also a marginally significant interaction between site and 

ACTH challenge experience (β = 1.49, SE = 0.77, p = 0.061). When explored further, site 

differences were only significant among challenge naïve squirrels (t
56 

= 3.93, p = 0.0013) and not 

in challenge experienced squirrels (t
59 

= 1.22, p > 0.50). However, there was no difference between 

challenge naïve and experienced squirrels within each site (Urban: t31 = 1.49, p > 0.40, rural: t31 = 

-1.23, p > 0.60). Additionally, FGM concentrations were higher in urban squirrels than their rural 
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conspecifics (urban: 1114.65 ± 57.99 ng·g-1 dry weight SE, rural: 803.61 ± 61.35 ng·g-1 dry weight 

SE; β = 3.16, SE = 0.97, p = 0.0020; Table 5; Figure 5).  

4.3 Behaviour and HPA axis activity are marginally repeatable 

Activity in the OF arena (PC1) was marginally repeatable with an adjusted repeatability of 

0.26 (standard error [SE] = 0.17, [0, 0.63], p = 0.079) for urban squirrels but not for rural squirrels 

(R adj. = 0.20, SE = 0.23, CI = [0, 0.75], p = 0.25). Conversely, hanging behaviour (PC2) was 

marginally repeatable among rural squirrels (R adj. = 0.32, SE = 0.22, CI = [0, 0.78], p = 0.086), 

but not among urban squirrels (R  adj. = 0.078, SE = 0.15, CI = [0, 0.51], p = 0.44).  

 FGM concentrations were significantly repeatable among urban squirrels (R adj. = 0.24, 

SE = 0 .14, CI = [0, 0.51], p = 0.038) but not among rural squirrels (R adj. = 0, SE = 0.18, CI = [0, 

0.61], p = 1.00). CORT responsivity was marginally repeatable in both urban squirrels (R adj. = 

0.31, SE = 0.21, CI = [0, 0.73], p = 0.098) and rural squirrels (R adj. = 0.37, SE = 0.23, CI = [0, 

0.79], p = 0.063). Adjusted repeatability for each trait is summarized by site in Table 6.  

4.4  Behaviour and HPA axis activity do not correlate 

Among urban squirrels, activity in the OFT did not phenotypically correlate with CORT 

responsivity (r = -0.02, CI = [-0.88, 0.77]; Figure 6) nor FGM levels (r = 0.044, CI = [-0.80, 0.81]; 

Figure 6). Likewise, hanging behaviour also did not correlate with CORT responsivity (r = 0.27, 

CI = [-0.56, 0.97]; Figure 6) nor FGM measures (r = 0.091, CI = [-0.75, 0.83]; Figure 6). Similarly, 

among rural squirrels, HPA axis activity did not correlate with activity in the OFT (CORT 

responsivity: r = 0.023., CI = [-0.80, 0.80], FGM: r = 0.077, CI = [-0.76, 0.91]; Figure 6) nor 
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hanging (CORT responsivity: r = -0.086, CI = [-0.84, 0.68], FGM: r = 0.021, CI = [-0.82, 0.85]; 

Figure 6). 

Additionally, CORT responsivity did not correlate with FGM among urban (r = 0.16, CI = 

[-0.70, 0.98]; Figure 6), nor rural squirrels (r = 0.21, CI = [-0.72, 0.99]; Figure 6). Correlations 

between activity and hanging behaviour during the OFT were also absent among urban (r = -0.12, 

CI = [-0.86, 0.67]; Figure 6) and rural squirrels (r = 0.026, CI = [-0.92, 0.72]; Figure 6).  

5. Discussion 

This study investigated 1) whether behavioural traits and HPA axis activity differed between 

a population of urban and rural eastern grey squirrels and 2) whether behaviour and HPA axis 

activity are phenotypically correlated. My results showed that urban squirrels differed in both their 

behavioural and HPA response from their rural conspecifics, but phenotypic correlations between 

behaviour and HPA axis were absent. These results do not fully support the unidimensional coping 

style model and suggests that urban adaptation in eastern grey squirrels may rely on independent 

selection of behaviour and stress physiology instead of phenotypic integration, however further 

testing is required to confirm this. 

5.1 Behaviour 

I found that urban squirrels were slightly more active in the OF arena than their rural 

counterparts. This result is consistent with studies conducted on urban dark eyed juncos and 

chipmunks that found behavioural differences in the same direction for individuals that inhabited 

more human impacted areas compared to those in natural areas (Atwell et al., 2012; Martin and 

Réale, 2008). In general, mammals who are more active during OFTs also tend to display a greater 
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degree of exploratory and risk-taking behaviours, such as trap entry, territory intrusions and 

burrowing near human trails (Boon et al., 2008; Boyer et al., 2010; Martin and Réale, 2008). 

Therefore, it is likely that urban squirrels who react with increased activity to a challenge may 

adopt a more proactive behavioural coping style whereas reactive individuals are more prone to 

freeze and undergo bouts of immobility (Carere et al., 2010; Koolhaas et al., 1999). Future research 

should utilize other behavioural tests such as novel object tests to assess if urban squirrels display 

other behaviours that fit within a proactive behavioural type.  

In contrast to activity in the OF arena, hanging behaviours (PC2) did not differ between 

urban and rural squirrels. Since grey squirrels are arboreal mammals, they typically escape to 

nearby trees when encountering a dangerous situation (i.e. simulated predation; Dill and Houtman, 

1987). Therefore, when placed in a novel enclosure, hanging behaviour may reflect an aspect of 

escape behaviour. A squirrel may feel safer hanging on the sides of the OF arena, being elevated 

from the ground, than being on the floor in the novel enclosure. Additionally, travelling upwards 

would appear to the squirrels as the only way to escape since the open field arena had a transparent 

lid. Interestingly, post-hoc analysis revealed that hanging behaviours differed between agouti and 

melanistic squirrels in the rural population but not urban. Specifically, rural agouti squirrels 

displayed more hanging behaviour than rural melanistic squirrels. This may related to coat colour 

polymorphisms, which is caused by a mutation in melanocortin 1 receptor (MC1R) gene resulting 

in a jet-black or intermediate-black phenotype that is distinct from the wildtype grey squirrels 

(McRobie et al., 2009). Modifications in the melanocortin system are often associated with many 

pleiotropic effects, particularly behavioural modifications such as greater sexual activity, and 

aggression (Ducrest et al., 2008). However, novel urban selection pressures can lead to differential 
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survival of each morph that can be the opposite of what is expected in rural sites (Gibbs et al., 

2019). Since we observe no differences in behaviour among urban melanistic and agouti morphs, 

I speculate that the pleiotropic effects of MC1R may be masked or decoupled among urban 

squirrels. Although there is a growing body of evidence that other phenotypic correlations can be 

decoupled in many urban animals (i.e. behavioural syndromes: Carrete and Tella, 2017; Evans et 

al., 2010; Riyahi et al., 2017; Scales et al., 2011), further hypothesis driven research in this area is 

required to draw any robust conclusions. 

Although activity was marginally repeatable among urban squirrels, and hanging behaviour 

was marginally repeatable among rural squirrels, the proportion of variation that can be attributed 

to differences between individuals were low (R adj. = 0.20 – 0.26) at each site. This indicates that 

a substantial amount of variation to is due to within-individual differences. Behaviours with large 

within-individual variation are more plastic and sensitive to the environment (Bell et al., 2009). In 

urban squirrels, phenotypic plasticity may enable squirrels to alter their behaviour depending on 

the environmental context to react more appropriately to human disturbance (Cavalli et al., 2018; 

Sol et al., 2013; Vincze et al., 2016; Walker et al., 2006). But it must be noted that habituation to 

the OFT and limited repeated measures may have also contributed to the low repeatability of these 

behavioural traits. Despite this, activity in the OF arena tended to be more repeatable among urban 

squirrels than their rural conspecifics. This leads me to speculate that the greater activity levels 

displayed among urban squirrels may be a more inherent characteristic of urban squirrels than the 

activity levels shown in rural squirrels (Réale et al., 2007). However, since the magnitude of 

repeatability does not differ substantially between urban and rural activity levels (adj. R = 0.26 vs. 

0.20), repeating this experiment with a greater number of repetitions among individuals will help 
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discern whether there is a true difference in repeatability of this behaviour between the two 

populations.  

Inherent behavioural differences between urban and rural animals can arise in various ways. 

Individuals who respond with greater activity to a novel stimuli may be more tolerant of human 

disturbance and therefore more likely to stay in the city or colonize in areas of high human activity 

(Carrete and Tella, 2010, 2013; Martin and Réale, 2008; Rebolo-Ifran et al., 2015; Sprau and 

Dingemanse, 2017). Whereas, individuals that are prone to freezing in the presence of a stressor 

may be less tolerant of human activity and are more likely to disperse away from impacted areas 

(Bejder et al., 2006; Sprau and Dingemanse, 2017). Furthermore, natural selection favouring 

certain behavioural coping styles within urban environments can also produce intrinsic behavioural 

differences between urban and rural squirrels (Carrete et al., 2016; Carrete and Tella, 2013; Dubuc-

Messier et al., 2018; Johnson and Munshi-South, 2017; Miranda et al., 2013). However, the 

influence of non-random dispersal and selection cannot be parsed apart in this study because I did 

not evaluate behavioural variation across an urban gradient nor quantified fitness.  

5.2 HPA axis activity 

My results showed that urban squirrels had reduced CORT responsivity and greater FGM 

levels than their rural conspecifics. These patterns are consistent with a previous study done on the 

same study populations, which found that urban squirrels had greater neutrophil:lymphocyte (N:L) 

ratios (Stothart, 2018), which is a proxy for baseline CORT as they are tightly correlated to 

circulating glucocorticoids 30 min prior to sample collection (Davis et al., 2008). Additionally, 

Stothart (2018) found that urban squirrels also had greater FGM levels compared to rural squirrels, 

but the magnitude of FGM levels found in my study was approximately much larger. This could 
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potentially be due to year to year variation, as Stothart (2018) sampled squirrels from in 2016 or 

from minor methodological adjustments that increased overall EIA sensitivity to quantify FGMs. 

Despite this, the differences found in HPA axis activity between urban and rural squirrels were 

consistent from the summer of 2016 to the spring and summer of 2018, which further affirms the 

claim that urban and rural squirrels indeed differ in HPA axis activity.  

5.2.1 Plasma CORT responsivity  

The attenuation in CORT responsivity is consistent with several studies on birds inhabiting 

human dominated environments (Abolins-Abols et al., 2016; Atwell et al., 2012; Grunst et al., 

2014; Partecke et al., 2006; Romero, 2002). Repeated exposure to mild stressors often result in 

hormonal habituation as the stressor is no longer perceived as a threat (Cyr and Romero, 2009; 

Wingfield and Sapolsky, 2003). However, since CORT responsivity was both moderately 

repeatable and tested by direct stimulation of the adrenals via ACTH injection, the observed 

reduction is likely to be an intrinsic physiological modification rather than an effect of 

psychological habituation. This is consistent with common garden experiments conducted by 

Atwell et al. (2012) and Partecke et al. (2006) that found urban birds also exhibited a reduced 

stress-induced CORT response, suggesting that the observed attenuation of HPA axis may have a 

genetic basis or may be influenced by maternal effects. Reductions in the HPA response can result 

from physiological modifications such as greater levels of glucocorticoid receptors in the 

hippocampus, which increases the sensitivity of the negative feedback response, and decreased 

production of corticotropin-releasing hormone (Liu et al., 1997). Furthermore, a broad scale 

analysis conducted by Vitousek et al., (2019) proposed that macroevolution on stress-induced 

levels of CORT favours the protection of the individual against harmful effects of prolonged 
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glucocorticoid elevation, such as suppression of reproduction and pathological tissue damage 

(Sapolsky et al., 2000; Wingfield and Sapolsky, 2003). Therefore, individuals with an attenuated 

HPA response might be better suited for environments, such as the city, that may cause frequent 

activation of the HPA axis to stressors which pose little threat to survival.  

In contrast to my results, there are a handful of studies that have either found greater 

stressed-induced CORT responses in urban animals (Fokidis et al., 2011; Lucas and French, 2012; 

Schoech et al., 2007) or no site differences at all (Bókony et al., 2011; Fokidis et al., 2009; Meillère 

et al., 2015). However, a study that tracked urban and rural populations over multiple years found 

that site-specific differences in urban and rural HPA responses varied across years (Foltz et al., 

2015a). These variations demonstrate that stress physiology is not only dependent on biological 

traits, such as life history and species (Bonier, 2012; Romero, 2002), but can also be tightly linked 

to environmental conditions (Foltz et al., 2015a; Schoech et al., 2007). Since my study was limited 

to late spring and summer, greater variations in CORT responsivity across varying environmental 

conditions (i.e. colder temperatures) and biological seasonality (ie. overwintering) could not be 

assessed. Therefore, larger scale studies spanning multiple seasons are required to confirm if 

CORT responsivity in urban squirrels is consistently lower than in rural squirrels, regardless of 

seasonal fluctuations.  

5.2.2 FGM concentrations 

While the acute response to ACTH stimulation was attenuated in urban squirrels, FGM 

levels were higher in urban squirrels than their rural conspecifics. At first glance this appears to be 

contradictory, however, these two CORT metrics capture different aspects of an organism’s stress 

physiology. FGM concentrations are an integrated measure of plasma CORT concentrations over 
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the duration of gut passage, capturing both baseline and stress-induced CORT (Dantzer et al., 

2010; Palme, 2005). Since CORT primarily functions to mediate energy mobilization (Sapolsky 

et al., 2000), FGM levels can be used as a proxy to assess the energetic demands that the 

environment poses on an individual (Landys et al., 2006; McEwen and Wingfield, 2003; Romero 

et al., 2009). My results are consistent with a large body of evidence that demonstrate a positive 

correlation between FGM concentrations and human disturbance (Barja et al., 2007; Creel et al., 

2002; Narayan, 2019; Navarro-Castilla et al., 2014; Stothart, 2018). Therefore, urban squirrels 

may be experiencing greater energy demands in the city as they cope with various urban challenges 

such as frequent human encounters (Barja et al., 2007; Creel et al., 2002; Tarjuelo et al., 2015), 

and greater conspecific densities (Dantzer et al., 2013; Prange et al., 2003). 

Additionally, FGM levels were not correlated with plasma CORT responsivity among 

neither urban nor rural squirrels. This result conflicts with an important study conducted by Sheriff 

et al., (2010) which found that FGM and CORT responsivity to ACTH stimulation are tightly 

correlated in snowshoe hares. Various other studies have also observed similar correlations 

between measures of FGM and plasma CORT (Cavigelli, 1999; Mateo and Cavigelli, 2005). 

Together, these studies have led to the assumption that FGM levels are good indicators of HPA 

axis function. Furthermore, many studies have measured FGM concentrations to evaluate wildlife 

stress responses to human disturbance, due to its ease of collection and non-invasive nature 

(Brenner et al., 2017; Chávez-Zichinelli et al., 2013, 2010; Łopucki et al., 2019; Lyons et al., 2017; 

Narayan, 2019; Navarro-Castilla et al., 2014; Scheun et al., 2015; Tarjuelo et al., 2015). Yet, 

correlations between FGM and CORT responsivity are not present among the squirrels sampled in 

this study. My results also indicate a dissociation between HPA axis activity and FGM 
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concentration as urban squirrels have reduced plasma CORT responsivity but elevated FGM 

levels. Therefore, these findings raise potential concerns about whether FGM levels can be used 

as accurate predictors of HPA axis activity. Researchers are urged to be more conservative and 

careful when interpreting FGM data. 

5.3 Correlations between behaviour and HPA axis activity 

I demonstrated that behavioural coping styles and HPA axis activity do not phenotypically 

correlate among both free-ranging urban and rural eastern grey squirrels. However, credible 

intervals for each pair of correlations were very large, indicating that the true value of the 

correlation is surrounded by a large amount of uncertainty. This may be a consequence of low 

among-individual variation in the measured traits, since among-individual variation in each trait 

(i.e. individual repeatability) is necessary for the existence of among-individual correlations 

between traits (Dingemanse et al., 2012). Therefore, due to the high levels of uncertainty, the 

correlations found in my study can neither fully support nor reject either the unidimensional or the 

two-tiered model. These findings may be a result of sample limitations as each squirrel was only 

measured twice over the course of the summer as well as effects of behavioural habituation to the 

OFT. Nevertheless, this study is the first, to my knowledge, to assess the relationship between 

behaviour and HPA axis activity in urban and rural wildlife populations using acute plasma CORT 

responsivity. Since I directly assessed the sensitivity of the HPA axis by acute ACTH stimulation, 

the results of my study more accurately reflects HPA axis activity compared to other mammalian 

studies that used FGM concentrations (e.g. Ferrari et al., 2013; Martin and Réale, 2008).  

In the literature, a handful of studies have demonstrated little to no correlation between 

behavioural and HPA axis response in both urban and rural mammals (Ferrari et al., 2013; Martin 
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and Réale, 2008) and birds (Abolins-Abols et al., 2016; Fokidis et al., 2011; Weaver et al., 2018a). 

In contrast, Atwell et al., (2012) and Davies et al., (2018) found that both dark-eyed juncos and 

song sparrows displayed correlations between behaviour (i.e. exploratory behaviour and 

aggression, respectively) and HPA response (i.e. maximum CORT and CORT following simulated 

territorial intrusion, respectively). However, the HPA axis is a multi-level system yet most studies 

have only assessed CORT levels in relation to behaviour (Romero, 2004; Sapolsky et al., 2000). 

Therefore, future studies should investigate whether behaviour correlates with other aspects of the 

HPA axis, such as concentrations of glucocorticoid receptors, corticotropin-releasing hormone and 

ACTH to gain a more comprehensive understanding of the correlations that may exist at different 

levels of the HPA response (Ball and Balthazart, 2008; Dantzer and Swanson, 2017).  

Lastly, it must be noted that my study is limited in its ability to generalize these findings to 

other urban and rural populations, since I only sampled from one urban and one rural site. Although 

the major difference between both sites is the degree of urbanization and human disturbance, other 

factors (i.e. geographical location) can also influence the observed phenotypic traits and their 

correlations. Therefore, future studies should expand sampling to multiple cities and natural sites 

to investigate if these trends are also present in other populations. Nevertheless, my study advances 

our knowledge of phenotypic differences and correlations among a free-ranging urban and rural 

squirrel population. As urbanization rapidly alters many natural ecosystems across the globe, a 

thorough understanding of these phenotypic divergences and integration, or independence, can 

provide crucial insights into the mechanisms that drive urban adaptation. 
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6. Conclusions 

The aim of this study was two-fold: 1) to investigate whether urban and rural eastern grey 

squirrels differed in behaviour and HPA axis activity and 2) whether behaviour correlated with 

HPA axis activity. I found that urban squirrels tended to be more active in the OF arena, have 

reduced CORT responsivity and elevated FGMs compared to their rural counterparts. However, I 

did not find any correlations between behaviour and HPA response in either urban or rural 

squirrels. Since the traits had low among-individual variation, the absence of a correlation between 

these traits may not truly represent phenotypic independence. Therefore, the evidence against the 

unidimensional model is weak and requires further testing. Nevertheless, this study is the first, to 

my knowledge, to compare this relationship between populations of urban and rural mammals 

using acute plasma CORT responsivity. By probing the sensitivity of the HPA axis, we gained 

direct insight into an individual’s physiological stress response. Future studies should build upon 

my findings to determine if similar patterns of behavioural and physiological divergences are 

present among other urban and rural squirrel populations and whether they represent adaptive 

responses to the city. As threats of urbanization continue to intensify across the globe, knowledge 

of how animals are responding to these novel ecosystems is pivotal for the preservation of wildlife 

in an ever-changing, human-dominated world.  
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TABLES 

 

Table 1. Table of sample sizes by sex and sampling period in 2018 (first urban sampling: April 30 

– May 25 & second urban: August 13 – 19; first rural sampling: May 29 – June 20 & second rural: 

July 13 – 20) for behavioural trials and hormone challenges at the urban and rural site. 

 

 

 

 

 

 

 

 

 

 

 

 Urban  Rural 

 Male Female  Male Female 

First sampling      

OFT 15 30  11 18 

Hormone challenge 4 13  5 5 

      

Second sampling      

OFT 6 14  10 11 

Hormone challenge 4 13  8 10 
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Table 2. Ethogram for open field trials, predator playback trials and mirror-image stimulation 

tests. 

 

 

 

 

 

 

 

 

 

 

Behaviour Description 

Std. Distance Total distance (cm) moved throughout the entire behavioural trial, 

standardized by the duration (s) of the trial 

Wall Proportion of time spent on the wall of the arena 

Center Proportion of time spent in the centre of the arena 

Moving Proportion of time spent with moving  

Hanging  Proportion of time spent hanging off the sides of the arena 

Grooming Proportion of time spent grooming 

Rearing Proportion of time spent on hindlegs and head scanning the arena 

No. of Jumps Number of jumps made during the trial 
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Table 3. Loadings of the first two principal components obtained 

from Principal Component Analysis and the cumulative variation 

captured by each component. 

Behaviour PC1 (Activity) PC2 (Hanging) 

Std. Distance 0.448 -0.022 

Wall 0.158 0.616 

Centre 0.372 -0.231 

Mobile 0.452 -0.037 

Hanging  0.240 0.579 

Grooming 0.313 -0.300 

Rearing             0.312 -0.331 

No. of Jumps   0.423 0.174 

   

Cumulative variation 

explained (%) 

47.4 73.1 

Bolded loadings of each PC were used for their interpretation. Each 

behaviour (except for distance and no. of jumps) represent the 

proportion of time the squirrel spent doing that behaviour out of the 

entire trial duration.   
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Table 4. Results from the final linear mixed models testing the effect of site on each principal 

component. Significant effects are shown in bold, p < 0.05. 

Response Variables Fixed Effect β SE df t p-value 

Activity (PC1)       

n = 84 individuals Intercept 2.27      0.90   74.66   2.53 0.01 

  Site (Urban) 0.66      0.36   98.00    1.84 0.069 

 Behavioural trial no. -3.32      1.03   70.01   -3.22 0.002 

 Behavioural trial no. 2 0.51      0.27   75.53    1.86 0.066 

 Time before trial 0.50      0.14 116.91    3.514 <0.001 

Escape (PC2)       

n = 84 individuals Intercept 0.71      0.28 73.31    2.52   0.014 

 Site (Urban) -0.97      0.45 65.12   -2.15  0.036 

 Coat colour -1.16      0.42 81.42   -2.77   0.0069 

 Site*Coat colour 1.37      0.58 70.10    2.34   0.022 

 

 

 

Table 5. Results from the final linear mixed models testing the effect of site on CORT responsivity 

and FGM. Significant effects are shown in bold, p < 0.05; E = Experienced.  

Response 

Variables 
Fixed Effect β SE df t p-value 

CORT        

Responsivity       

n = 38  Intercept 6.56      0.42 56.70  15.78   <0.001  

individuals Site (Urban) -2.34      0.59 57.27   -3.93 <0.001 

 Challenge Experience (E) -0.70      0.56 34.85   -1.24 0.22 

 Site*Challenge Experience 1.49      0.77 34.69    1.94 0.061 

       

FGM  Intercept 8.00      0.77 100.47   10.33   <0.001 

n = 77 

individuals 

Site (Urban) 3.16      0.97   83.20   3.26   0.0020 
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Table 6. Adjusted repeatability (R adj.) of activity, hanging behaviour, CORT responsivity and 

FGM among urban and rural squirrels. Traits that are significantly repeatable, according to 

likelihood ratio test (LRT) at p < 0.05, are shown in bold.  

 
Habitat R adj. SE CI p value (LRT) 

Activity (PC1) Urban 0.26 0.17 [0, 0.63] 0.08 
 

Rural 0.20 0.23 [0, 0.75] 0.25 

Hanging (PC2) Urban 0.078 0.15 [0, 0.51] 0.44 
 

Rural 0.32 0.23 [0, 0.78] 0.086 

CORT Responsivity Urban 0.31 0.21 [0, 0.73] 0.098 
 

Rural 0.37 0.23 [0, 0.79] 0.063 

FGM Urban 0.24 0.14 [0, 0.51] 0.038 
 

Rural 0 0.18 [0, 0.61] 1.00 
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FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A) 

B) 

Figure 1. Geographical locations of sampling sites. A) the 

University of Guelph campus, Guelph, ON, Canada and B) rare 

Charitable Research Reserve, Cambridge, ON, Canada. 
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Figure 2. Marginal effect plot comparing activity 

levels (PC1; 47.4% of the variation) between sites. 

Urban squirrels tended to be more active in the OF arena 

than rural squirrels (p = 0.07). Error bars denote 

standard error.  

p = 0.07 
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Figure 3. Marginal effect plot comparing hanging behaviour 

(PC2; 25.7% of the variation) between site and coat colour. Only 

rural squirrels significantly differed in escape behaviour between the 

different colour morphs (p < 0.05) while urban squirrels showed no 

difference (p > 0.50). Open circles (○) represent agouti while filled 

circles (●) represent melanistic squirrels. Error bars denote standard 

error. 

p < 0.05 

p > 0.50 
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Figure 4. Marginal effect plot comparing CORT responsivity 

(ng·ml-1·min)·104 between site and challenge experience. Urban 

squirrels had significantly lower CORT responsivity than rural 

squirrels, but only when they were naïve to the hormone challenge (p 

< 0.001). White bars represent challenge naïve squirrels while black 

bars represent challenge experienced squirrels. Error bars denote 

standard error.  

 

p < 0.001 

p > 0.50 
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p < 0.005 

Figure 5. Marginal effect plot comparing FGM (ng·g-1· dry 

weight)·102 between sites. Urban squirrels had significantly higher 

FGM levels than rural squirrels (p < 0.005). Error bars denote standard 

error.  
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Figure 6. Urban and rural correlation estimates with 95% credibility intervals (CIs) 

between traits from Bayesian Markov chain Monte Carlo generalized linear mixed effects 

multivariate models. All estimate CIs overlap zero therefore, no significant correlations were 

present between any of the measured traits. 


