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Abstract
Urbanization is a process where natural landscapes are transformed to include
structures like buildings and roads to accommodate the growing human population. Many
species of wildlife are unable to adapt to these rapid and drastic landscape changes,
resulting in declines to certain populations. However, species like mesocarnivores that
have flexible diets are able to thrive in these urbanized environments due to the increased
access to anthropogenic food waste. Food resources such as this are different in both
quantity and quality, potentially leading to individual health effects. This research studied
the physiological consequences associated with an urban diet in raccoons (Procyon
lotor), a species that is opportunistic and omnivorous. Dietary patterns using C and N
stable isotope analysis were measured, along with their effect on body condition, glycated
serum protein (GSP), and leptin across an urbanization gradient from the Ontario and
Québec regions during the fall. Stable isotope analysis revealed δ13C and δ15N were
highest in agricultural and barren landscapes, exhibiting a diet highly reliant on C4 plants
such as corn and animal protein, respectively, instead of anthropogenic food waste as
previous studies with summer sampling periods have shown. Body condition had a
positive relationship with both δ13C and leptin, providing evidence that increases in body
condition is associated with fat mass. However, extremely high body condition with
greater fat reserves may have negative health consequences such as hyperglycemia, as
seen with increased GSP concentrations from raccoons in agricultural and barren
landscapes. Broad scale analyses of body condition (Ontario and Québec) showed sexspecific results, where males were in better body condition in urban areas and females
were in poorer body condition. Finer scale analyses of Ontario showed that raccoons
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from agricultural and barren landscapes were in poorer body condition than those from
natural landscapes, which may provide insight into how raccoons conserve energy for
locomotion. Males were found to be in consistently better body condition than females in
Ontario. Surprisingly, there was no effect of urbanization in Québec potentially due to
differences in municipal waste management policies. Overall, this study suggests a shift
in diet from anthropogenic food waste to resources from agricultural and barren
landscapes throughout the fall, as it is more readily available food source.

Key words: urban ecology, stable isotope, body condition, glycated serum protein, leptin
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General Introduction
Urbanization is increasing globally, resulting in changes to natural habitats to
which various species of wildlife have successfully evolved (Reichert et al. 2017, Stark et
al. 2020). It involves land use changes in which natural landscapes composed of
vegetation, soil, and water are converted to manmade landscapes featuring cement,
chemical materials, metal, and asphalt (Haverland and Veech 2017). Drastic and rapid
changes to habitats are a challenge for many wildlife species, as processes that occur
within urban and natural habitats vary significantly and are cause for concern regarding
the ecological and evolutionary consequences associated with human-induced changes
(Shochat et al. 2006, Gibbs et al. 2019).
Urban landscapes influence various ecological factors. Urbanization impacts
predator-prey interactions by introducing anthropogenic food resources, as predators will
preferentially consume readily available anthropogenic food resources instead of hunting
for prey (Fischer et al. 2012, Eötvös et al. 2018). This results in the predation paradox,
where the number of predators in an urban area increases as predation rates decrease
(Fischer et al. 2012). Urban environments may produce mosaic landscapes as well, where
interfaces between various habitat types influence the spatial distribution patterns of
wildlife and their interactions (Ehlers Smith et al. 2018, Zungu et al. 2020). For example,
areas with a high density of houses had a negative impact on community and species
responses of most urban wildlife (Villaseñor et al. 2014). Spatial distribution of wildlife
may also lead to variation in the spread of pests and diseases, where transmission rates
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will increase with greater contact rates between individuals (Gordon et al. 2016,
Soulsbury and White 2016).
Alterations in ecological processes such as predator-prey interactions, spatial
distribution patterns, and transmission of pathogens may have a negative influence on
biodiversity. Disturbances associated with urbanization, such as habitat fragmentation or
unfavorable conditions, may lead to extinctions of sensitive species (Łopucki and
Kitowski 2017, Schmidt et al. 2020). Biological homogenization of species occurs as
sensitive native species decline in urbanized environments (Ofori et al. 2018, Colléony
and Shwartz 2020) while others thrive by taking advantage of the availability of
anthropogenic food resources, ultimately leading to a decline in biodiversity (Červinka et
al. 2014, Stark et al. 2020).
Availability of food resources may change depending on the urbanization of the
area (Bateman and Fleming 2012, Murray et al. 2015, Magioli et al. 2019). However, one
challenge in urban ecology is the ability to characterize this ‘urbanization’ and determine
methods to quantify how urban a habitat is, instead of classifying habitats categorically
such as ‘urban’, ‘agriculture’, and ‘natural’ (Seress et al. 2014, Suarez-Rubio and Krenn
2018). A common method for creating an urbanization gradient is by incorporating both
landscape characteristics and demographics to capture differences in abundance and
nutritional qualities of food (i.e. carbohydrate, lipid, and protein composition) provided in
varying habitats (Seress et al. 2014, Suarez-Rubio and Krenn 2018). Landscape
characteristics include physical elements of the land, including buildings, roads,
agriculture, vegetation, water, and barren land. Demographics can be measured by human
population density and socioeconomic status, which serve as indices of food resources
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available in the area. Human population density reflects the availability of anthropogenic
food resources, as greater populations of humans produce more garbage (Mckinney 2001,
Luck 2007). Differences in socioeconomic status, measured by median household
income, can capture how wealthier areas can provide food resources more nutritionally
similar to natural environments in terms of carbohydrate, lipid, and protein composition
(Magle et al. 2016).
Raccoons (Procyon lotor) are an opportunistic and omnivorous species that are
densely populated in many habitat types across North America, making them an ideal
species to study the effects of urbanization (Thornton et al. 2020). The diet of a raccoon
generally consists of small mammals, invertebrates, fish, nuts, and berries in natural
habitats, or corn and corn-based food waste in urban areas (Bartoszewicz et al. 2008).
The macronutrient composition between these diets are different, where it is assumed that
an urban diet is composed of greater carbohydrate and lipid content than a natural diet
(Murray et al. 2015, 2018). Though a natural diet contains carbohydrates as well, the key
difference is in the type of carbohydrate in each diet; the natural diet is speculated to have
higher proportions of roughage carbohydrates (i.e. fiber) whereas the urban diet would
contain more energy carbohydrates (e.g. refined starches, sugars). Previous studies have
shown that raccoons are impacted by urbanization at the population level (Prange et al.
2003, 2004, Prange and Gehrt 2004), but a knowledge gap exists on the individual effects
of an urban diet. Therefore, this research will examine the eco-physiological
consequences of consuming anthropogenic food waste by comparing differences in
dietary patterns and how that impacts their body condition, glucose metabolism, and fat
metabolism.
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Stable isotope analysis is used to determine species long-term feeding strategies
and is used in urban ecology to quantify access to, or consumption of, anthropogenic food
waste (DeNiro and Epstein 1978, 1981). Ratios of heavy to light isotopes for carbon
(13C/12C) and nitrogen (15N/14N), denoted by delta (δ), are commonly used to determine
the original sources of dietary carbon and trophic level position in the food web,
respectively (DeNiro and Epstein 1978, 1981). In terrestrial ecosystems, carbon isotopic
signatures (δ13C) are used to distinguish between individuals consuming C4 (e.g. corn) or
C3 (e.g. woody trees) plants, as plants using C4 photosynthetic pathways have 13Cenriched isotopic signatures compared to those using C3 photosynthetic pathways
(DeNiro and Epstein 1978, Tieszen et al. 1983). If raccoons are consuming food waste in
urban environments and natural forage in non-urban environments, this may be reflected
in their isotopic signatures (Newsome et al. 2010, Osaki et al. 2019, Handler et al. 2019).
Nitrogen (δ15N) isotopic signatures are used to determine an individual’s trophic level
position in the food web ranging from primary producers to carnivores, where individuals
in higher trophic levels will exhibit enriched nitrogen isotopic signatures compared to
those beneath (DeNiro and Epstein 1981, Minagawa and Wada 1984). This pattern may
be reflected in raccoons from urbanized environments, which should exhibit greater
nitrogen isotopic signatures due to the consumption of food waste containing animal
products, compared to those feeding on natural forage in non-urbanized environments
(Newsome et al. 2010, Osaki et al. 2019, Handler et al. 2019).
Body condition refers to an individuals energy reserves and is measured as the
observed mass of an individual in relation to their predicted mass for a specific structural
size (Schulte-Hostedde et al. 2005). Indices of body condition are important in wildlife
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research as they provide insight into overall fitness, as individuals in better body
condition generally carry more energy reserves, and are expected to have greater survival
and reproductive success (Fløjgaard et al. 2017, Coon et al. 2019). Consuming an urban
diet can alter an individual’s body condition due to differences in macronutrient
abundance and composition of the food resources offered in urbanized landscapes (Lyons
et al. 2017, Murray et al. 2019). However, whether these anthropogenic resources provide
a better or poorer body condition overall remains unclear (Meillère et al. 2015).
Urbanized environments provide predictable food resources, so species may be in better
body condition as they consume greater amounts of food to attain the fitness benefits of
survival and reproduction (Schulte-Hostedde et al. 2005, Lyons et al. 2017). Increased fat
reserves act as a buffer against periods of food shortages as well, but are also associated
with metabolic or locomotive stress (Schulte-Hostedde et al. 2005, Meillère et al. 2015).
Therefore, wildlife may be in poorer body condition instead in urbanized environments
that have a predictable food source to avoid these unnecessary stresses (Schulte-Hostedde
et al. 2005, Meillère et al. 2015).
Leptin, a hormone considered as a lipostat, is released by adipose cells and
interacts with the central nervous system through the blood-brain barrier to regulate
feeding behavior (Zhang et al. 1994, Friedman and Halaas 1998). As leptin increases,
appetite is suppressed and metabolic rate is increased (Ahmadi et al. 2016, Pandit et al.
2017). At chronically elevated leptin levels, leptin resistance occurs where leptin
interactions with the brain are inhibited and diet-induced obesity arises (Münzberg et al.
2005, Myers et al. 2012). Leptin is associated with adiposity in various species (Banks et
al. 2001, Shibata et al. 2005, Spady et al. 2009) and is therefore expected to increase in
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areas with greater urbanization due to elevated fat content found in anthropogenic food
waste (Banks et al. 2003, Schulte-Hostedde et al. 2018).
Glycated serum proteins (GSP) are used to measure average blood glucose
concentrations over a 2-3 week period and can provide insight into glycemic control
(Welsh et al. 2016). These proteins are formed through a nonenzymatic reaction between
a monosaccharide (most commonly glucose) and the amino group of a protein (Welsh et
al. 2016). GSPs have been used previously to measure changes in glucose metabolism
with increasing urbanization; they were found to be in highest concentrations in
individuals consuming an urban diet and consequently, greater amounts of carbohydrates
(McCain et al. 2008, Schulte-Hostedde et al. 2018).
Overall, this study aims to determine the dietary patterns of raccoons and their
associated physiological consequences seen across an urbanization gradient. It can be
applied to various species globally and provides a preliminary model for researchers to
better understand the effects of urbanization on wildlife populations, as research in urban
ecology becomes increasingly more essential. Research should further investigate
whether changes in diet have associated evolutionary consequences, or if there is
evidence of raccoons genetically adapting to the consumption of anthropogenic food
waste in urbanized landscapes (Harris and Munshi‐South 2017). For example, recent
work with white-footed mice (Peromyscus leucopus) provided evidence of genetic
adaptation that enabled for the metabolism of lipids and carbohydrates in urban areas
(Harris and Munshi‐South 2017).
From a management perspective, this study could be used to develop effective
management policies to improve human-wildlife interactions. For example, a recent study
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found that improving management efforts towards unsecure garbage and ornamental
fruits should reduce the number of coyotes (Canis latrans) living in urban environments
(Larson et al. 2020). In my study, it was found that a raccoons diet in the fall primarily
consists of food resources within agricultural areas, demonstrating the need to establish
effective monitoring efforts to avoid destruction of crops and small farm animals. The
land sharing (i.e. integrating conservation and farming) and land sparing (i.e. separating
conservation and farming) policies involved in agricultural landscape management
should be reconsidered, and involve a collaboration between city planning, land-use
policy makers, and ecologists to ensure the development of a program that is most
beneficial (Phalan et al. 2011). For example, techniques with land sharing (e.g.
agroforestry, organic farming) or land sparing (e.g. sustainable intensification of
agriculture) may need to be improved based on current species population densities and
crop yields in the area (Phalan et al. 2011). Ultimately, future studies should investigate if
species are adapting to live within human-modified landscapes and how policies can be
implemented to reduce conflicts with wildlife.
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Chapter 1: Changes in body condition of raccoons (Procyon
lotor) along an urbanization gradient
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Abstract
Urbanization involves drastic changes to natural landscapes that present
challenging circumstances to wildlife as they strive to adapt to these alterations. Many
species that thrive in urban environments feed on anthropogenic food waste, but the
physiological consequences associated with consumption of this type of food have rarely
been studied. I examined the impact of an urban diet on the body condition of raccoons
(Procyon lotor) across multiple years and regions. Morphometric measurements were
collected from raccoons throughout southern Ontario and Québec, across a natural-urban
gradient. I calculated an ‘urbanization score’ from various landscape characteristics using
land use classification (i.e. buildings, roads, agriculture, vegetation cover, water, barren
land) and demographics (i.e. human population density and average household income).
Results showed the effect of urbanization on body condition was sex-specific, where
males were in better body condition in urban environments and females were in poorer
body condition. Finer-scale analyses showed raccoons were in better body condition in
natural environments, compared to environments of agriculture and barren land in
Ontario. Body condition was not related to any landscape or demographic variable in
Québec, nor did it have an effect of sex. This study shows that urbanization can impact
body condition, but further research is required to determine if these changes in
individual health are negatively impacting the raccoon or if raccoons are adapting to
urban landscapes. From a management perspective, this study can be used to develop
more effective waste management policies to improve human-wildlife interactions.

Keywords: urban ecology, anthropogenic food waste, mesocarnivore, mass-size residual
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Introduction
Urbanization occurs as cities expand to accommodate increasing human
populations globally, and causes environmental change in landscape characteristics
(Grimm et al. 2008, Liu et al. 2014). As humans modify landscapes, natural features such
as soil, vegetation, and water are altered to include manmade structures composed of
cement, metal, asphalt, and chemical materials (Haverland and Veech 2017). Some
species are unable to adapt to these rapidly changing habitats, leaving many ecologists
and conservationists concerned for the ecological and evolutionary consequences
associated with human-induced changes (Shochat et al. 2006, Gibbs et al. 2019).
Urban landscapes can influence various ecological factors, including predatorprey relationships (Eötvös et al. 2018, Gallo et al. 2019), spatial distribution patterns
(Ehlers Smith et al. 2018, Zungu et al. 2020), and the spread of pests and diseases
(Gordon et al. 2016, Soulsbury and White 2016). Changes in these processes may have a
negative effect on biodiversity as sensitive native species face declines in their
populations due to environmental disturbances, such as habitat fragmentation or
unfavourable climates (Łopucki and Kitowski 2017, Schmidt et al. 2020). However, other
species, such as mesocarnivores, tend to prosper in urbanized areas in part due to their
flexible diet and ability to consume anthropogenic food waste (Červinka et al. 2014,
Stark et al. 2020).
Available food resources can vary with urbanization (Bateman and Fleming 2012,
Murray et al. 2015, Magioli et al. 2019), with its changes being best defined along a
gradient rather than broad classifications such as ‘urban’, ‘agriculture’ and ‘natural’
(Seress et al. 2014, Suarez-Rubio and Krenn 2018). Incorporating information from
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landscape characteristics and demographics is a common method to capture differences
in food quantity and quality (i.e. carbohydrate, lipid, and protein composition) across a
variety of habitats (Seress et al. 2014, Suarez-Rubio and Krenn 2018). Landscape
characteristics provide insight into the physical elements of the land, which include
buildings, roads, agriculture, vegetation, water, and barren land. Human population
density and socioeconomic status are demographic measurements that can serve as
indices of available food resources in an area. Human population density reflects food
resource accessibility, as areas that are occupied by more people will produce greater
amounts of anthropogenic food waste available for consumption by surrounding wildlife
(Mckinney 2001, Luck 2007). Variation in socioeconomic status of an area, measured by
median household income, has been shown to influence heterogeneity of food resources
available to wildlife as wealthier areas may provide a more stable and better food source
nutritionally (Magle et al. 2016).
Raccoons (Procyon lotor) are a mesocarnivore that has adapted to live within a
variety of habitat types across North America, including urban areas with access to
anthropogenic food waste (Thornton et al. 2020). Their broadly omnivorous diet and
opportunistic feeding strategies allows for a flexible diet consisting of small mammals,
invertebrates, fish, nuts, and berries in natural habitats, and corn or corn-based garbage in
urban areas (Bartoszewicz et al. 2008). These diets differ in terms of their macronutrient
composition, where urban diets are likely higher in carbohydrates and lipids (Murray et
al. 2015, 2018). Though a natural diet contains carbohydrates as well, the main
distinction between the two is the type of carbohydrate present. It is speculated that an
urban and natural diets contain more energy (e.g. refined starches, sugars) and roughage
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(i.e. fiber) carbohydrates, respectively. Although previous studies have shown the
ecological effects to a population when consuming anthropogenic food waste (Prange et
al. 2003, 2004, Prange and Gehrt 2004), little is known on how this change in diet affects
the health of raccoons. For example, previous work has shown that consuming
anthropogenic food waste is associated with dental caries and poor periodontal health
(Hungerford et al. 1999) and hyperglycemia (Schulte-Hostedde et al. 2018).
Urbanization can affect an animal’s body condition, a measure of an individual’s
energetic state relative to structural size (Schulte-Hostedde et al. 2005), although no
consistent patterns are evident across studies. Many species in urbanized habitats tend to
be in better body condition than their natural counterparts because of the fitness benefits
(i.e. greater fasting endurance, reproductive output, and survival) provided by increased
energy reserves (Soto-Calderón et al. 2016, Lyons et al. 2017). In contrast, studies have
also shown that urban wildlife can be in poorer body conditions because it is not essential
to have increased energy reserves in areas with predictable food resources (Bókony et al.
2012, Meillère et al. 2015). These inconsistent findings demonstrate the need for a largescale multi-regional and multi-year approach.
I examined changes in body condition relative to an urbanization gradient across
years and geographic regions in the raccoon (Procyon lotor), a species that lives in a
variety of habitat types across North America, including urban areas (Bateman and
Fleming 2012, Gross et al. 2012). With a broadly omnivorous diet and opportunistic
feeding strategies (Lotze and Anderson 1979), I predicted that raccoons will be in better
body condition in more urbanized areas because of greater access to anthropogenic food
waste (Demeny et al. 2019).
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Materials and Methods
Study area and field sampling
Field work was conducted in collaboration with the Ontario Ministry of Natural
Resources and Forestry (OMNRF) Rabies Unit and Dr. Fanie Pelletier with the Ministère
des Forêts, Faune et Parcs du Québec (MFFPQ) and its partners. OMNRF samples were
collected from southern Ontario in October 2018 and 2019 and those from MFFPQ were
collected from southern Québec in October 2009 and 2010 (Figure 1.1).
In Ontario, raccoons were captured with live traps (Tomahawk Model 106/108,
Hazelhurst, Wisconsin, USA) baited with canned sardines (Sardina pilchardus). In
Québec, raccoons were also captured with live traps (Havahart® Products, Lititz,
Pennsylvania, USA) but baited with fresh mackerel (Scomber scombrus) or canned
sardines and canned corn. A hand-held global positioning system (GPS) was used to
obtain locations of each animal trapped and traps were opened daily. Once captured,
raccoons were transported to a processing station where they were weighed in their traps
to the nearest 0.1 kg and anaesthetized using an intramuscular injection. The OMNRF
used a mixture of Telazol (Telazol®, 100 mg/mL, Zoetis Canada Inc., Kirkland, Québec,
Canada) and medetomidine (Cepetor™, 1 mg/mL, Veterinary Purchasing Company
Limited, St. Marys, Ontario, Canada) at dosages of 1.7 mg/kg body weight and 0.07
mg/kg body weight, respectively. The MFFPQ used a mixture of ketamine (Vetalar®,
100 mg/ml, Bioniche Canada Inc., Belleville, Ontario, Canada) and medetomidine
(Domitor®, 1 mg/ml, Pfizer Canada Inc., Kirkland, Québec, Canada) at starting dosages
of 5 mg/kg body weight and 0.05 mg/kg body weight, respectively. However, dosages
were increased to 5.5 mg/kg body weight of ketamine and 0.055 mg/kg of medetomidine
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after reflexes were maintained during anaesthesia with previous dosages. Once fully
immobilized, the raccoon was removed from the trap and body length (measured from
snout to vent, recorded to the nearest 1.0 cm), sex (male or female), and age class
(juvenile or adult established from animal size and dental health) were determined. In
both provinces, raccoons were marked with two ear tags (OMNRF: National Band and
Tag Company©, Newport, Kentucky, USA; MFFPQ: Dalton ID Systems Ltd.©, Henleyon-Thames, Oxon, England), with an additional pit tag (AVID Canada©, Calgary,
Alberta, Canada) added by the MFFPQ. At the completion of sample collection, the
raccoon was placed back in the trap and injected with Atipamezole (OMNRF:
Revertor™, 5 mg/mL, Veterinary Purchasing Company Limited, St. Marys, Ontario,
Canada; MFFPQ: Antisedan®, 5 mg/mL, Pfizer Canada Inc., Kirkland, Québec, Canada)
at a dosages of 0.35 mg/kg body weight (OMNRF) and 0.375 mg/kg (MFFPQ) to reverse
the effects of the immobilization drugs. At full consciousness, the raccoon was returned
to its capture site for release.

Statistical Analysis
All statistical analysis was completed using R (Version 1.3.159). Model results
were displayed using partial residual plots in the R package visreg (Version 2.7.0), which
isolates a relationship in a multiple regression between the response variable and one
predictor variable while keeping all other variables constant (Breheny and Burchett
2020).

Body Condition Indices and Urbanization Scores
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Body condition indices were calculated as residuals, which compares the
observed mass of the individual to its predicted mass at a specific length. Residuals were
calculated from an ordinary least squares (OLS) regression of log-transformed body mass
against log-transformed body length to remove the heteroscedastic nature of the data
(Schulte-Hostedde et al. 2005). An ‘urbanization score’ was calculated for each capture
site to represent the effects of urbanization on body condition (Liker et al. 2008). To
quantify the degree of urbanization, the occurrence of major land-cover types were
scored, including buildings, roads, agriculture, vegetation cover, water, and barren land
(Table 1.1) (Liker et al. 2008, Agriculture and Agri-Food Canada 2015). GPS coordinates
were plotted on the Government of Canada’s Land Use 2010 map in ArcGIS (Version
10.6). A 1km x 1km buffer polygon (reflecting the average home range of a raccoon
(Prange et al. 2004)) was created around each point, and was determined to be large
enough to provide significant information on the urbanization of the landscape (Liker et
al. 2008). To quantify the occurrence of each land-cover type at each capture site, total
percentage area of each land-cover type within each 1km x 1km buffer polygon was
calculated using the sum of their respective polygon types in that area (Seress et al.
2014). Data for ‘population density per square kilometer’ and ‘median household total
income in 2015’ for each capture site were extracted using the 2016 Census subdivision
data from Statistics Canada (https://www150.statcan.gc.ca/n1/en/type/data). Total
percentages of land-cover types within a 1km x 1km buffer polygon, population density
per square kilometer and median household total income data were scaled and inputted
into a Principal Component Analysis (PCA), where the PC1 and PC2 scores extracted
represented the ‘urbanization score’ for each site (Seress et al. 2014).
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Model building
To determine the effect of urbanization on body condition, linear mixed-effect
models were fitted using the lme4 package (Version 1.1-17) (Bates et al. 2014). Model
assumptions were tested using residuals vs. fitted values plots, residual QQ plots, and
residual histograms. With body condition as the dependent variable, fixed effects
included PC1 and PC2 (indices of land use), and sex. Interaction terms between each
continuous and categorical variable were included in the full model (PC1 × sex, PC2 ×
sex), and were removed in a backward elimination based on p-values at a significance
level of 0.05. The fixed effects included in the final model were PC1, PC2, sex, and PC1
× sex. Random effects included year (2009, 2018, 2019) nested in region (Québec,
Ontario) because each year was unique to one region. Data from Québec in 2010 were
excluded because different body length measurements (snout to end of tail) were taken
from the remainder of the dataset (snout to vent). Significance of the fixed effects was
tested using Type 3 Wald chi-square tests.
Based on the results from this initial model, analyses were also conducted
separately within each region. A linear mixed model was used to analyze data within
Ontario, including year (2018, 2019) as a random effect. Fixed effects included PC1,
PC2, sex, and an interaction term between each continuous and categorical variable (PC1
× sex, PC2 × sex). Interaction terms were removed in a backward elimination process
based on p-values at a significance level of 0.05 calculated by Type 3 Wald chi-square
tests. No interaction terms were included in the final model. Analysis of covariance
(ANCOVA) was used to analyze data within Québec while including only one year of
data (2009) due to different body length measurements that were taken in 2010. Variables
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in the full model included PC1, PC2, sex, and an interaction term between each
continuous and categorical variable (PC1 × sex, PC2 × sex). Again, interaction terms
were removed in a backward elimination process based on p-values at a significance level
of 0.05 calculated by a Type 3 sum of squares, with the final model including no
interaction terms.

Results
Data Handling and Sample Sizes
Urbanization scores were calculated using the full dataset, which included the
capture sites of 838 individuals located in both Ontario and Quebec in the years 2009,
2010, 2018, and 2019. In Ontario, 276 and 273 individual raccoons were captured in
2018 and 2019, respectively. In Québec, 189 and 100 individuals were captured in 2009
and 2010, respectively. To calculate body condition indices, I used data from only the
adult individuals. The final dataset used for body condition analyses included 567
individuals, with 210 individuals from Ontario in 2018, 178 individuals from Ontario in
2019, and 179 individuals from Québec in 2009. Again, data from Québec in 2010 was
excluded from body condition analyses due to differences in body length measurements
between regions and years.
The spatial distribution of sampling differed between Ontario and Québec as well.
As shown in Figure 1.1, sampling within Ontario was more spatially regular compared to
sampling in Québec, which was more dispersed. Additionally, as demonstrated in Figure
1.2, the Ontario sites varied more along the PC1 axis whereas Quebec sites varied more
along the PC2 axis.

Urbanization Scores
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Total percentages of land-cover types, population density per square kilometre,
and median household income in 2015 were input into a PCA. The first principal
component (PC1) explained 53.49% of the variation, distinguishing between urban and
non-urban landscapes (Table 1.2, Figure 1.2). Higher PC1 values were associated with
variables describing urbanized landscapes, which included buildings, roads, population
density, and income (Table 1.2, Figure 1.2). Lower PC1 values were related to non-urban
landscape measures and included agriculture, vegetation cover, and barren land (Table
1.2, Figure 1.2). The second principal component (PC2) explained 14.84% of the
variation and differentiated agricultural and barren landscapes from natural environments
(Table 1.2, Figure 1.2). As for PC2, a higher value was associated with variables
describing agriculture and barren land, while a lower value was related to natural
landscapes such as vegetation cover and water (Table 1.2, Figure 1.2).

Body Condition Indices
When data from both regions (Québec, Ontario) and all years (2009, 2018, 2019)
were included in the model, I found a significant interaction between the effects of PC1
and sex on raccoon body condition (Table 1.3, Figure 1.3). Male body condition
increased with increasing PC1 (i.e., with increasing urbanization), while female body
condition declined with increasing PC1 (Figure 1.3). However, it is evident two clusters
exist in Figure 1.3, which may be due to regional differences as seen by the separation of
regions in PC space in Figure 1.2. To further inspect the data, analyses were conducted
within each region.
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Within Ontario, there was no significant interaction between PCs and sex, and
raccoon body condition was positively related to PC1 (Table 1.4). Body condition of
Ontario raccoons also declined with increasing PC2 (i.e., with increasing agricultural and
barren land relative to natural landcover) (Table 1.4, Figure 1.4). Finally, body condition
of Ontario raccoons was significantly higher in males than females (Table 1.4). In
contrast, raccoon body condition was not significantly related to PC1, PC2 or sex in
Québec (Table 1.5).

Discussion
My results varied with the geographic scale of analysis. When I analyzed all
Ontario and Québec data together and accounted for regional and interannual variation,
raccoon body condition was significantly related to an interaction between my
urbanization index (PC1) and sex. When I analyzed Ontario data only, there was no
significant interaction, and body condition exhibited a positive trend with PC1 and was
significantly affected by PC2 and sex. While an effect of sex was not predicted in either
model, these results did support the hypothesis that urbanization would have an effect on
body condition. However, no significant effects were found when examining raccoon
body condition in Québec. In any case, it should be noted that the statistically significant
results presented have small effect sizes and interpretations should be made with caution
due to the large sample size used (Sawilowsky 2009, Sullivan and Feinn 2012).

Effects of Urbanization and Sex
In a model incorporating both regional and yearly variation, body condition was
significantly affected by the interaction between PC1 and sex, which did not support my
prediction that both male and female raccoons would exhibit better body condition in
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urban environments (Coon et al. 2019, Werner and Nunn 2020). Instead, as habitats
changed from non-urban to urban environments, males were in better body condition and
females were in poorer body condition. Regional analyses showed that males were in
better body condition than females in all habitat types in Ontario, but not in Québec.
Though an effect of sex was not predicted in a broad-scale or regional model, this could
be associated with a few possible explanations.
Previous studies have shown that raccoons can invest into a second breeding
season in the fall if the first one was unsuccessful (Gehrt and Fritzell 1996, Asano et al.
2003, Rosatte et al. 2006). My findings may suggest that reproductive strategies are sexspecific in areas containing predictable food resources, such as urban environments with
anthropogenic food waste. As a result, males could be considered ‘capital’ breeders and
rely on energy stores to facilitate reproduction while females may be ‘income’ breeders
and consume food resources concurrently with the breeding season to ensure energy for
reproductive demands, such as lactation (Stephens et al. 2014, Williams et al. 2017). My
results could also suggest an effect of seasonality, as they were not consistent with a
recent study that found raccoons exhibited a greater body mass with increased access to
anthropogenic food waste in the summer (Schulte-Hostedde et al. 2018). Sampling for
my study occurred in the fall, and previous studies have shown that raccoons may double
their weight during this season in preparation for a body mass loss of up to 50% over
winter (Pitt et al. 2008, McWilliams and Wilson 2015). In this case, male raccoons could
be consuming enough food waste to support this mass loss in the winter (Pitt et al. 2008,
McWilliams and Wilson 2015), while female raccoons could be investing into a second
breeding season instead (Gehrt and Fritzell 1996, Asano et al. 2003, Rosatte et al. 2006).
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Another factor that may influence sex-specific differences in body condition is home
range size. Males may exhibit larger home ranges than females due to their polygynous
mating behaviour and extensive movements in search of females (Gehrt and Frttzell
1997, Kamler and Gipson 2003). My study was based on data collected outside of the
mating season for raccoons, and it is more likely that females are restricted in their
movements while protecting their offspring in their dens as rearing is done alone (Gehrt
and Frttzell 1997, Kamler and Gipson 2003). With larger home ranges, males are likely
foraging more often and consuming a greater abundance of anthropogenic food waste in
urban areas, leading to a better body condition than females. This result is similar to one
found in a recent study showing that male urban lizards are more successful at foraging
due to greater distances travelled, compared to female urban lizards, leading to males
exhibiting a better body condition than females (Lazić et al. 2017). Overall, this result
provides evidence that urbanization does impact body conditions of wildlife species on a
broad scale.
When conducting finer-scale analyses in Ontario, a marginally non-significant
effect of PC1 on body condition was found, where raccoons from urban environments
tended to be in better body condition than those from non-urban environments. This
supports the prediction that raccoons from urban environments would be in better body
condition because the food sources are in greater abundance and contain higher amounts
of carbohydrates and lipids compared to natural foods consumed by their non-urban
counterparts (Santini et al. 2019, Coon et al. 2019). A recent study from Midwestern
North America reported similar results, where raccoons exhibited higher body condition
indices in urban environments due to their reliance on anthropogenic food waste
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(Demeny et al. 2019). Additional resources provided by urban environments have also
been shown to benefit the opossum (Didelphis virginiana), which were found to have a
34% greater body mass in urban areas than rural areas of Virginia (Wright et al. 2012).
Although greater body condition indices and mass are generally considered a benefit to
wildlife in terms of survival and reproduction, extremely high body condition indices and
mass can have negative health consequences (Birnie-Gauvin et al. 2017, Demeny et al.
2019), as demonstrated by a recent study in Canada that showed increased access to
anthropogenic food waste led to hyperglycemia in raccoons (Schulte-Hostedde et al.
2018).
The effects of anthropogenic landscape alterations on wildlife appear to depend
on the nature of this change. I found that raccoons from areas with agriculture and barren
land were in poorer body condition than those from areas with natural vegetation cover
and water. Given that raccoons are opportunistic omnivorous species, I assumed they
would be consuming corn in agricultural fields and barren land in close proximity to
these fields, plus additional anthropogenic food waste from barren land in the cities, as
previous studies have demonstrated (Schulte-Hostedde et al. 2018, Demeny et al. 2019,
Osaki et al. 2019). These food resources found in human-modified landscapes differ from
natural food sources in both quantity (i.e. greater abundance) and quality (i.e.
carbohydrate, lipid, and protein composition), leading to the prediction that raccoons
would be in better body condition in these same environments (Birnie-Gauvin et al.
2017). Though increased energy reserves are beneficial for survival, reproduction, and act
as a buffer during times of food shortages, it is also associated with metabolic and
locomotive costs (Schulte-Hostedde et al. 2005, Meillère et al. 2015). Therefore, this
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finding does support the hypothesis that raccoons from areas with a predictable food
source would be in poorer body condition to avoid unnecessary stresses (SchulteHostedde et al. 2005, Meillère et al. 2015). Similar results were reported in an urban
exploiter study of house sparrows (Passer domesticus) that were found to have reduced
body size and body mass in urban areas, compared to rural environments (Meillère et al.
2015). However, other indices of sparrow body condition were not found to be different
between urban and rural habitat types (Meillère et al. 2015). These inconsistent results
demonstrate the need for numerous body condition measurements and physiological
biomarkers to be accounted for in future studies to fully understand the impacts of
urbanization on wildlife.

No Effect of Urbanization
Further regional analyses showed that urbanization did not have the same impact
on raccoons within Québec, as there were no significant effects found. This may be due
to the limited variation in the sites selected, as the distribution along the urbanization
gradient (PC1) showed that the majority of sites were non-urban and did not include
samples from major urban centres or residential areas, compared to samples collected
from Ontario (Figure 1.2). Alternatively, or in addition, dissimilarities between Ontario
and Québec municipal regulations, such as garbage collection and disposal, may lead to
regional differences in availability of anthropogenic food waste and in turn, body
condition patterns of urban wildlife between the two provinces.

Conclusion
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My study results suggest that sex-specific changes occur in body condition with
urbanization and can be used as a preliminary model for researchers globally to
understand the effects of urbanization in various species. Future research can aim to
understand the health risks associated with land-use changes in wildlife, as this could
have important implications for conservation (Bruskotter et al. 2017). For example, an
animal that is in extremely good body condition when consuming anthropogenic food
waste in urban environments may also be experiencing negative health consequences
such as obesity (Birnie-Gauvin et al. 2017, Demeny et al. 2019) or hyperglycemia
(Schulte-Hostedde et al. 2018). Alternatively, animals may be adapting to the
consumption of additional carbohydrates and lipids from anthropogenic food waste in
human-modified landscapes (Harris and Munshi‐South 2017). Recent research has shown
that white-footed mice (Peromyscus leucopus) found in urban areas have genetically
adapted to the consumption of excessive lipids and carbohydrates (Harris and Munshi‐
South 2017), which may be the case in raccoons as well.
From a management standpoint, the interactions between humans and wildlife can
be improved by developing more effective waste management policies. For example, it
has been shown that reducing the amount of garbage and ornamental fruits have reduced
the number of coyotes living in an area (Larson et al. 2020). If similar results such as
these are found in other wildlife species such as raccoons, implementing better waste
management policies could benefit the animal in terms of health, while also reducing
human-animal conflict.

32

Literature Cited
Agriculture and Agri-Food Canada. 2015. ISO 19131 – Land use 1990, 2000 & 2010 data
product specification.
Asano, M., Y. Matoba, T. Ikeda, M. Suzuki, M. Asakawa, and N. Ohtaishi. 2003.
Reproductive characteristics of the feral raccoon (Procyon lotor) in Hokkaido,
Japan. Journal of Veterinary Medical Science 65:369–373.
Bartoszewicz, M., H. Okarma, A. Zalewski, and J. Szczęsna. 2008. Ecology of the
raccoon (Procyon lotor) from western Poland. Annales Zoologici Fennici 45:291–
298.
Bateman, P. W., and P. A. Fleming. 2012. Big city life: carnivores in urban
environments. Journal of Zoology 287:1–23.
Bates, D., M. Mächler, B. Bolker, and S. Walker. 2014. Fitting linear mixed-effects
models using lme4. arXiv:1406.5823 [stat].
Birnie-Gauvin, K., K. S. Peiman, D. Raubenheimer, and S. J. Cooke. 2017. Nutritional
physiology and ecology of wildlife in a changing world. Conservation Physiology
5.
Bókony, V., G. Seress, S. Nagy, Á. Z. Lendvai, and A. Liker. 2012. Multiple indices of
body condition reveal no negative effect of urbanization in adult house sparrows.
Landscape and Urban Planning 104:75–84.
Breheny, P., and W. Burchett. 2020. Package “visreg.”
Bruskotter, J. T., J. A. Vucetich, M. J. Manfredo, G. R. Karns, C. Wolf, K. Ard, N. H.
Carter, J. V. López-Bao, G. Chapron, S. D. Gehrt, and W. J. Ripple. 2017.

33

Modernization, risk, and conservation of the world’s largest carnivores.
BioScience 67:646–655.
Červinka, J., L. Drahníková, J. Kreisinger, and M. Šálek. 2014. Effect of habitat
characteristics on mesocarnivore occurrence in urban environment in the Central
Europe. Urban Ecosystems 17:893–909.
Coon, C. A. C., B. C. Nichols, Z. McDonald, and D. C. Stoner. 2019. Effects of land-use
change and prey abundance on the body condition of an obligate carnivore at the
wildland-urban interface. Landscape and Urban Planning 192:103648.
Demeny, K., M. McLoon, B. Winesett, J. Fastner, E. Hammerer, and J. N. Pauli. 2019.
Food subsidies of raccoons (Procyon lotor) in anthropogenic landscapes.
Canadian Journal of Zoology 97:654–657.
Ehlers Smith, Y. C., D. A. Ehlers Smith, T. Ramesh, and C. T. Downs. 2018. Forest
habitats in a mixed urban-agriculture mosaic landscape: patterns of mammal
occupancy. Landscape Ecology 33:59–76.
Eötvös, C. B., T. Magura, and G. L. Lövei. 2018. A meta-analysis indicates reduced
predation pressure with increasing urbanization. Landscape and Urban Planning
180:54–59.
Gallo, T., M. Fidino, E. W. Lehrer, and S. Magle. 2019. Urbanization alters predatoravoidance behaviours. Journal of Animal Ecology 88:793–803.
Gehrt, S. D., and E. K. Fritzell. 1996. Second estrus and late litters in raccoons. Journal
of Mammalogy 77:388–393.
Gehrt, S. D., and E. K. Frttzell. 1997. Sexual Differences in Home Ranges of Raccoons.
Journal of Mammalogy 78:921–931.

34

Gibbs, J. P., M. F. Buff, and B. J. Cosentino. 2019. The Biological System—Urban
Wildlife, Adaptation, and Evolution: Urbanization as a Driver of Contemporary
Evolution in Gray Squirrels (Sciurus carolinensis). Pages 269–286 in M. H. P.
Hall and S. B. Balogh, editors. Understanding Urban Ecology: An
Interdisciplinary Systems Approach. Springer International Publishing, Cham.
Gordon, C. A., D. P. McManus, M. K. Jones, D. J. Gray, and G. N. Gobert. 2016.
Chapter six - the increase of exotic zoonotic helminth infections: the impact of
urbanization, climate change and globalization. Pages 311–397 in D. Rollinson
and J. R. Stothard, editors. Advances in Parasitology. Academic Press.
Grimm, N. B., S. H. Faeth, N. E. Golubiewski, C. L. Redman, J. Wu, X. Bai, and J. M.
Briggs. 2008. Global change and the ecology of cities. Science (New York, N.Y.)
319:756–760.
Gross, J., F. Elvinger, L. L. Hungerford, and S. D. Gehrt. 2012. Raccoon use of the urban
matrix in the Baltimore Metropolitan Area, Maryland. Urban Ecosystems 15:667–
682.
Harris, S. E., and J. Munshi‐South. 2017. Signatures of positive selection and local
adaptation to urbanization in white-footed mice (Peromyscus leucopus).
Molecular Ecology 26:6336–6350.
Haverland, M. B., and J. A. Veech. 2017. Examining the occurrence of mammal species
in natural areas within a rapidly urbanizing region of Texas, USA. Landscape and
Urban Planning 157:221–230.
Hungerford, L. L., M. A. Mitchell, C. M. Nixon, T. E. Esker, J. B. Sullivan, R.
Koerkenmeier, and S. M. Marretta. 1999. Periodontal and dental lesions in

35

raccoons from a farming and a recreational area in Illinois. Journal of Wildlife
Diseases 35:728–734.
Kamler, J. F., and P. S. Gipson. 2003. Space and Habitat Use by Male and Female
Raccoons, Procyon lotor , in Kansas. The Canadian Field-Naturalist 117:218–223.
Larson, R. N., J. L. Brown, T. Karels, and S. P. D. Riley. 2020. Effects of urbanization on
resource use and individual specialization in coyotes (Canis latrans) in southern
California. PLOS ONE 15:e0228881.
Lazić, M. M., M. A. Carretero, U. Živković, and J. Crnobrnja-Isailović. 2017. City life
has fitness costs: Reduced body condition and increased parasite load in urban
common wall lizards, Podarcis muralis. Salamandra 53:10–17.
Liker, A., Z. Papp, V. Bókony, and Á. Z. Lendvai. 2008. Lean birds in the city: body size
and condition of house sparrows along the urbanization gradient. Journal of
Animal Ecology 77:789–795.
Liu, Z., C. He, Y. Zhou, and J. Wu. 2014. How much of the world’s land has been
urbanized, really? A hierarchical framework for avoiding confusion. Landscape
Ecology 29:763–771.
Łopucki, R., and I. Kitowski. 2017. How small cities affect the biodiversity of grounddwelling mammals and the relevance of this knowledge in planning urban land
expansion in terms of urban wildlife. Urban Ecosystems 20:933–943.
Lotze, J.-H., and S. Anderson. 1979. Procyon lotor. Mammalian Species:1–8.
Luck, G. W. 2007. A review of the relationships between human population density and
biodiversity. Biological Reviews 82:607–645.

36

Lyons, J., G. Mastromonaco, D. B. Edwards, and A. I. Schulte-Hostedde. 2017. Fat and
happy in the city: Eastern chipmunks in urban environments. Behavioral Ecology
28:1464–1471.
Magioli, M., M. Z. Moreira, R. C. B. Fonseca, M. C. Ribeiro, M. G. Rodrigues, and K.
M. P. M. de B. Ferraz. 2019. Human-modified landscapes alter mammal resource
and habitat use and trophic structure. Proceedings of the National Academy of
Sciences 116:18466–18472.
Magle, S. B., E. W. Lehrer, and M. Fidino. 2016. Urban mesopredator distribution:
examining the relative effects of landscape and socioeconomic factors. Animal
Conservation 19:163–175.
Mckinney, M. 2001. Role of human population size in raising bird and mammal threat
among Nations. Animal Conservation 4:45–57.
McWilliams, M., and J. A. Wilson. 2015. Home range, body condition, and survival of
rehabilitated raccoons (Procyon lotor) during their first winter. Journal of Applied
Animal Welfare Science 18:133–152.
Meillère, A., F. Brischoux, C. Parenteau, and F. Angelier. 2015. Influence of urbanization
on body size, condition, and physiology in an urban exploiter: a multi-component
approach. PLoS ONE 10.
Murray, M., A. Cembrowski, A. D. M. Latham, V. M. Lukasik, S. Pruss, and C. C. S.
Clair. 2015. Greater consumption of protein-poor anthropogenic food by urban
relative to rural coyotes increases diet breadth and potential for human–wildlife
conflict. Ecography 38:1235–1242.

37

Murray, M. H., A. D. Kidd, S. E. Curry, J. Hepinstall-Cymerman, M. J. Yabsley, H. C.
Adams, T. Ellison, C. N. Welch, and S. M. Hernandez. 2018. From wetland
specialist to hand-fed generalist: shifts in diet and condition with provisioning for
a recently urbanized wading bird. Philosophical Transactions of the Royal Society
B: Biological Sciences 373:20170100.
Osaki, A., M. Sashika, G. Abe, K. Shinjo, A. Fujimoto, M. Nakai, M. Shimozuru, and T.
Tsubota. 2019. Comparison of feeding habits and habitat use between invasive
raccoons and native raccoon dogs in Hokkaido, Japan. BMC Ecology 19:35.
Pitt, J. A., S. Larivière, and F. Messier. 2008. Survival and body condition of raccoons at
the edge of the range. The Journal of Wildlife Management 72:389–395.
Prange, S., and S. Gehrt. 2004. Changes in mesopredator-community structure in
response to urbanization. Canadian Journal of Zoology 82:1804–1817.
Prange, S., S. D. Gehrt, and E. P. Wiggers. 2003. Demographic factors contributing to
high raccoon densities in urban landscapes. The Journal of Wildlife Management
67:324–333.
Prange, S., S. D. Gehrt, and E. P. Wiggers. 2004. Influences of anthropogenic resources
on raccoon (Procyon lotor) movements and spatial distribution. Journal of
Mammalogy 85:483–490.
Rosatte, R., K. Sobey, D. Donovan, L. Bruce, M. Allan, A. Silver, K. Bennett, M.
Gibson, H. Simpson, C. Davies, A. Wandeler, and F. Muldoon. 2006. Behavior,
movements, and demographics of rabid raccoons in Ontario, Canada:
management implications. Journal of Wildlife Diseases 42:589–605.

38

Santini, L., M. González‐Suárez, D. Russo, A. Gonzalez‐Voyer, A. von Hardenberg, and
L. Ancillotto. 2019. One strategy does not fit all: determinants of urban adaptation
in mammals. Ecology Letters 22:365–376.
Sawilowsky, S. S. 2009. New effect size rules of thumb. Journal of Modern Applied
Statistical Methods 8:597–599.
Schmidt, C., M. Domaratzki, R. P. Kinnunen, J. Bowman, and C. J. Garroway. 2020.
Continent-wide effects of urbanization on bird and mammal genetic diversity.
Proceedings of the Royal Society B: Biological Sciences 287:20192497.
Schulte-Hostedde, A. I., Z. Mazal, C. M. Jardine, and J. Gagnon. 2018. Enhanced access
to anthropogenic food waste is related to hyperglycemia in raccoons (Procyon
lotor). Conservation Physiology 6.
Schulte-Hostedde, A., B. Zinner, J. Millar, and G. Hickling. 2005. Restitution of masssize residuals: Validating body condition indices. Ecology 86:155–163.
Seress, G., Á. Lipovits, V. Bókony, and L. Czúni. 2014. Quantifying the urban gradient: a
practical method for broad measurements. Landscape and Urban Planning
131:42–50.
Shochat, E., P. S. Warren, S. H. Faeth, N. E. McIntyre, and D. Hope. 2006. From patterns
to emerging processes in mechanistic urban ecology. Trends in Ecology &
Evolution 21:186–191.
Soto-Calderón, I. D., Y. A. Acevedo-Garcés, J. Álvarez-Cardona, C. Hernández-Castro,
and G. M. García-Montoya. 2016. Physiological and parasitological implications
of living in a city: the case of the white-footed tamarin (Saguinus leucopus).
American Journal of Primatology 78:1272–1281.

39

Soulsbury, C. D., and P. C. L. White. 2016. Human–wildlife interactions in urban areas: a
review of conflicts, benefits and opportunities. Wildlife Research 42:541–553.
Stark, J. R., M. Aiello-Lammens, and M. M. Grigione. 2020. The effects of urbanization
on carnivores in the New York metropolitan area. Urban Ecosystems 23:215–225.
Stephens, P. A., A. I. Houston, K. C. Harding, I. L. Boyd, and J. M. McNamara. 2014.
Capital and income breeding: the role of food supply. Ecology 95:882–896.
Suarez-Rubio, M., and R. Krenn. 2018. Quantitative analysis of urbanization gradients: a
comparative case study of two European cities. Journal of Urban Ecology 4.
Sullivan, G. M., and R. Feinn. 2012. Using effect size—or why the p value Is not enough.
Journal of Graduate Medical Education 4:279–282.
Thornton, G. L., S. K. French, A. S. Peregrine, and C. M. Jardine. 2020. Prevalence of
Baylisascaris procyonis in raccoon latrines in southern Ontario, Canada.
Veterinary Parasitology: Regional Studies and Reports 20:100392.
Werner, C. S., and C. L. Nunn. 2020. Effect of urban habitat use on parasitism in
mammals: a meta-analysis. Proceedings of the Royal Society B: Biological
Sciences 287:20200397.
Williams, C. T., M. Klaassen, B. M. Barnes, C. L. Buck, W. Arnold, S. Giroud, S. G.
Vetter, and T. Ruf. 2017. Seasonal reproductive tactics: annual timing and the
capital-to-income breeder continuum. Philosophical Transactions of the Royal
Society B: Biological Sciences 372.
Wright, J. D., M. S. Burt, and V. L. Jackson. 2012. Influences of an urban environment
on home range and body nass of Virginia opossums (Didelphis virginiana).
Northeastern Naturalist 19:77–86.

40

Zungu, M. M., M. S. T. Maseko, R. Kalle, T. Ramesh, and C. T. Downs. 2020. Effects of
landscape context on mammal richness in the urban forest mosaic of EThekwini
Municipality, Durban, South Africa. Global Ecology and Conservation
21:e00878.

41

Table 1.1: Description of each land-cover type from the 2010 Land Use Map of Canada
(Agriculture and Agri-Food Canada 2015).
Land Use Type

Description

Buildings

Settlement

Roads

Primary, secondary, and tertiary

Water

Natural and man-made (e.g., reservoirs)

Agriculture

Cropland
Pastureland (Livestock grazing fields)

Vegetation Cover

Forest
Wetland
Areas covered in grasses and shrubs for no apparent use

Barren Land

Unused land in agricultural and residential areas
Industrial yards
Natural rock outcrops (e.g., shield, alvars)
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Table 1.2: PC factor loadings for PC1 and PC2 from the PCA of land-cover types,
population density, and income variables within a 1-km2 buffer of each raccoon capture
site (n = 838).
Variable
Buildings
Roads
Agriculture
Vegetation Cover
Water
Barren Land
Population Density/km2
Median Household Total Income

PC1
0.463
0.442
-0.371
-0.283
-0.072
-0.167
0.433
0.390

PC2
0.110
0.153
0.410
-0.557
-0.381
0.567
-0.004
-0.140

% Variation Explained

53.49

14.84
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Table 1.3: Summary of fixed effects for linear mixed model (package ‘lme4’) of raccoon
body condition (residual mass at length) as a function of various predictor variables.
Model was fitted using data collected in southern Québec in 2009 and southern Ontario in
2018 and 2019 (n = 567). Principal components of landscape features (PC1, PC2) are
described in Table 1.2. Random effects in model (not shown) included region (Québec,
Ontario) and year (2009, 2018, 2019) nested within region. Type 3 Wald chi-square tests
were used to test for significance (* p < 0.05).
Variable
PC1
PC2
Sex
PC1*Sex

Estimate
-0.001
-0.009
-0.007
-0.009

SE
0.006
0.008
0.007
0.003

X2
0.010
1.342
1.077
6.464

df
1
1
1
1

p
0.920
0.247
0.299
0.011*
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Table 1.4: Summary of fixed effects for linear mixed model (package ‘lme4’) of raccoon
body condition (residual mass at length) as a function of various predictor variables.
Principal components of landscape features (PC1, PC2) are described in Table 1.2.
Model was fitted using data collected from southern Ontario in 2018 and 2019 (n = 389),
with year included as a random effect. Type 3 Wald chi-square tests were used to test for
significance of fixed effects (* p < 0.05).
Variable
PC1
PC2
Sex

Estimate
0.016
-0.044
-0.021

SE
0.009
0.018
0.009

X2
3.350
6.014
5.585

df
1
1
1

p
0.067
0.014*
0.018*

45

Table 1.5: Summary of a one-way ANCOVA for raccoon body condition (residual mass
at length) as a function of various predictor variables. Principal components of landscape
features (PC1, PC2) are described in Table 1.2. Model was fitted using data collected
from southern Québec in 2009 (n = 179). Significance tested using Type 3 sums of
squares (* p < 0.05).
Variable
PC1
PC2
Sex

Estimate
0.000
-0.003
0.010

SE
0.018
0.008
0.011

Partial-F
0.000
0.120
0.813

df
1, 175
1, 175
1, 175

p
0.996
0.729
0.368
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(a)

(b)

Figure 1.1: Map showing raccoon capture sites within study regions of (a) southern
Ontario for 2018 (n = 276, ) and 2019 (n = 273, ) and (b) southern Québec for 2009 (n
= 189, ) and 2010 (n = 100, ).
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Figure 1.2: Distribution of urbanization scores at each raccoon capture site, representing
non-urban to urban (PC1) and natural to agricultural/barren land (PC2) environments.
Principal components of landscape features (PC1, PC2) are described in Table 1.2.
Individuals were captured in southern Ontario in 2018 (n = 276, ) and 2019 (n = 273, )
and in southern Québec in 2009 (n = 189, ) and 2010 (n = 100, ).
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Figure 1.3: Partial residual plot of raccoon body condition (residual mass at length) vs.
landscape PC1 score for adult males (blue) and females (red) sampled in Québec in 2009
and Ontario in 2018 and 2019 (n = 567, p = 0.011). Lines are fitted OLS regressions and
shaded areas are 95% confidence intervals. Slopes differed significantly between sexes
(Table 1.3).
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Figure 1.4: Partial residual plot of raccoon body condition (residual mass at length) vs.
landscape PC2 score for individuals (sexes combined) sampled in Ontario in 2018 and
2019 (n = 389, p = 0.014). Line is fitted OLS regression and shaded area is 95%
confidence interval.
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Chapter 2: Effects of anthropogenic food subsidies on dietary
patterns, glucose metabolism, and fat metabolism in raccoons
(Procyon lotor)
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Abstract
Urbanization is expanding globally with humans modifying natural landscapes
that wildlife species have previously adapted to and altering resources and habitat use.
Although some species do not survive, many thrive in these urbanized environments with
a flexible diet, which includes the consumption of anthropogenic food waste that may
have associated physiological consequences. This research investigates the effects of
consuming human food subsidies on dietary patterns, glucose metabolism, and fat
metabolism in raccoons (Procyon lotor) across an urbanization gradient in Ontario.
Dietary patterns were interpreted from carbon (δ13C) and nitrogen (δ15N) stable isotope
ratios that reflect the original sources of dietary carbon and animal protein consumption,
respectively. Glucose metabolism was measured using glycated serum proteins (GSP) to
attain average glucose levels over a 2-3 week period. Fat metabolism was determined
using leptin, a hormone released by adipose cells to regulate the storage of fats. Results
showed that δ13C and δ15N were greatest in areas of agriculture and barren landscapes,
meaning that raccoons likely consumed C4 plants (e.g. corn) and animal protein during
the fall sampling period. GSP levels were also elevated in areas of agriculture and barren
land, though leptin was not. This research can provide information in the field of
conservation and a preliminary model for researchers globally to understand the effects of
urbanization on wildlife. It can also play a role in the development of protocols to prevent
crop damage from raccoons, both reducing conflict between humans and wildlife in
human-modified landscapes while improving animal health.
Keywords: urban ecology, anthropogenic food waste, stable isotope, glycated serum
protein, leptin
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Introduction
The process by which natural landscapes of vegetation, soil, and water are
modified by humans to include infrastructure and roads is called ‘urbanization’
(Haverland and Veech 2017). Cities are expanding globally to accommodate the growing
human population and consequently causing rapid changes to natural environments that
many wildlife species have previously adapted to survive within (Reichert et al. 2017,
Stark et al. 2020). Some species may not be able to adapt to these drastic changes, and
recent studies have been conducted to answer questions related to the evolutionary
consequences associated with human-modified landscapes (Shochat et al. 2006, Gibbs et
al. 2019).
As previous studies have shown, urban landscapes impact ecological factors such
as predator-prey relationships (Eötvös et al. 2018, Jokimäki et al. 2020), spread of pests
and diseases (Gordon et al. 2016, Soulsbury and White 2016), and spatial distribution of
wildlife populations (Ehlers Smith et al. 2018, Zungu et al. 2020). Since some species
cannot adapt to the changing conditions, urbanization has been shown to have a negative
impact on biodiversity as populations of sensitive species decline (Łopucki and Kitowski
2017, Schmidt et al. 2020). However, other species thrive in urban environments, such as
mesocarnivores, because of their opportunistic and omnivorous feeding habits that allow
them to exploit associated novel food resources (Newsome et al. 2015, Larson et al.
2020).
Urbanization can impact the abundance and availability of food resources in an
area (Bateman and Fleming 2012, Murray et al. 2015, Magioli et al. 2019). However, a
common misconception is that landscapes can be described categorically, such as
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‘urban’, ‘agricultural’, or ‘natural’, when actually a gradient of urbanization and
disturbance provides a more realistic interpretation of habitat conditions (Seress et al.
2014, Suarez-Rubio and Krenn 2018). One method to develop a representative
urbanization gradient is by including information on landscape characteristics and
demographics, which should reflect the quality (i.e. carbohydrate, lipid, and protein
composition) and quantity of food in an area (Seress et al. 2014, Suarez-Rubio and Krenn
2018). Land use characteristics include buildings, roads, agriculture, vegetation, water,
and barren land. In addition to land use patterns, food resources may change based on
human population density and socioeconomic status (Mckinney 2001, Luck 2007, Magle
et al. 2016). Human population density of an area can serve as a measure of food resource
accessibility because greater amounts of food waste are typically found in areas occupied
by more people (Mckinney 2001, Luck 2007). Socioeconomic status can also provide
insight into available food resources as waste generation patterns follow income levels,
where wealthier areas generally provide a more stable food source that is nutritionally
similar to food from natural environments in terms of carbohydrates, lipids, and proteins
(Magle et al. 2016).
Raccoons (Procyon lotor) are considered mesocarnivores that have adapted to live
in many different habitat types due to their opportunistic nature and omnivorous diet.
Their flexible diet allows them to successfully feed on anthropogenic food waste in
human-modified landscapes (Thornton et al. 2020), or small mammals, berries,
invertebrates, fish and nuts from more natural habitats (Bartoszewicz et al. 2008).
Composition of macronutrients is likely different depending on the diet the animal is
consuming, where an urban diet is higher in carbohydrates and lipids (Murray et al. 2015,
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2018). Though a high proportion of carbohydrates are present in a natural diet as well, it
is speculated that the type of carbohydrates present in each diet is different. Specifically,
roughage carbohydrates (i.e. fiber) are thought to be present mainly in a natural diet and
energy carbohydrates (e.g. refined starches, sugars) within an urban diet. Research has
examined how urbanization impacts raccoons on a population level (Prange et al. 2003,
2004, Prange and Gehrt 2004), but little is known about how human-modified
environments with food resources of different nutritional quality (i.e. carbohydrate, lipid,
and protein composition) and quantity impact the health of individual raccoons. Evidence
thus far has shown that raccoons consuming food resources within an urbanized
environment may suffer from dental caries and reduced periodontal health (Hungerford et
al. 1999), and may also exhibit effects of hyperglycemia (Schulte-Hostedde et al. 2018).
Urbanization can influence an animal’s dietary patterns, which can be assessed
using stable isotope analysis. Carbon (δ13C) and nitrogen (δ15N) stable isotope ratios are
commonly used to provide insights into an animal’s long-term feeding strategies (DeNiro
and Epstein 1978, 1981, Boecklen et al. 2011, Layman et al. 2012) and can be used to
quantify access to, or consumption of, anthropogenic food waste. Specifically, ratios of
heavy to light isotopes for carbon (13C/12C) and nitrogen (15N/14N), denoted by delta (δ),
are used to determine an animal’s sources of primary production and trophic position,
respectively (DeNiro and Epstein 1978, 1981). Isotopic signatures provide timeintegrated measures of assimilated diet when the tissue tested was metabolically active
(Miller et al. 2008, Kays and Feranec 2011). For example, hair corresponds to the period
of hair growth while bone collagen is an average reflection over a longer time period,
such as 20 years (Miller et al. 2008, Boecklen et al. 2011, Kays and Feranec 2011).
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Carbon stable isotope ratios (δ13C) are used to provide insight on the ultimate
sources of dietary carbon, and can be applied to distinguish plant materials found in
natural and urban environments (Magioli et al. 2019). Natural environments provide
foods derived primarily from C3 plants (e.g., woody trees) that provide more negative
δ13C values (i.e., more 13C-depleted), while urban environments may include relatively
more foods derived from agricultural C4 plants (e.g., corn) that exhibit more positive δ13C
signatures (DeNiro and Epstein 1978, Tieszen et al. 1983). Since many human foods are
rich in corn (e.g. snack foods, sweeteners, cereals, flour-based products, meat and dairy
feed), isotopic signatures should reflect these differences if animals are consuming these
products (Newsome et al. 2010, Osaki et al. 2019, Handler et al. 2019).
Nitrogen stable isotope ratios (δ15N) are used to determine an organism’s trophic
position ranging from primary producer to carnivore, or the amount of animal protein
consumed (DeNiro and Epstein 1981, Minagawa and Wada 1984). Selective retention of
15

N as 14N is excreted, leads to an enriched δ15N signature with successive trophic

transfers, specifically by 3-4 ‰ for each trophic level (Ambrose 1991, Kelly 2000).
These differences in isotopic signatures will appear if animals from urban environments
are consuming protein from higher trophic levels (e.g. animal feed, garbage, human food
waste) than their counterparts in natural environments (Newsome et al. 2010, Osaki et al.
2019, Handler et al. 2019).
Glucose metabolism may also be influenced by urbanization. Changes in glucose
can be demonstrated by glycated serum proteins (GSP), formed through a nonenzymatic
reaction between a monosaccharide (most commonly glucose) and the amino group of a
protein (Welsh et al. 2016). GSP can provide insight into an animal’s glycemic control as
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measurements reflect average blood glucose concentrations over a 2-3 week period,
compared to glucose measurements that can vary hourly depending on the recent food
consumed (Welsh et al. 2016). Previous studies have shown that animals from areas of
increasing urbanization with easier access to simple sugars (i.e. glucose) from
anthropogenic food waste exhibit greater GSP concentrations, demonstrating differences
in glycemic control with various diets (McCain et al. 2008, Schulte-Hostedde et al.
2018).
Leptin is associated with adiposity in various species (Banks et al. 2001, Shibata
et al. 2005, Spady et al. 2009), and is also expected to be higher in animals living in more
urbanized environments due to greater access to anthropogenic food waste that contains
more fats compared to natural food sources (Schulte-Hostedde et al. 2018). Leptin is a
hormone released by adipose cells to regulate feeding behaviour by interacting with the
central nervous system through the blood-brain barrier (Zhang et al. 1994, Friedman and
Halaas 1998). Leptin resistance occurs at chronically elevated levels of leptin, and results
in the onset of diet-induced obesity as interactions with the brain are inhibited (Münzberg
et al. 2005, Myers et al. 2012).
This research investigated dietary patterns, glucose metabolism, and fat
metabolism in raccoons (Procyon lotor) across a gradient of natural and
anthropogenically modified landscapes. The raccoon is an opportunistic and omnivorous
mesocarnivore that is widespread and common across many habitat types in North
America (Thornton et al. 2020). I predicted that raccoons in more urban habitats would
exhibit higher δ13C, δ15N, GSP, and leptin because of their greater reliance on humanproduced food sources.
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Materials and Methods
Study Area and Field Sampling
Field work was conducted in collaboration with the Ontario Ministry of Natural
Resources and Forestry (OMNRF) Rabies Unit and Dr. Fanie Pelletier with the Ministère
des Forêts, Faune et Parcs du Québec (MFFPQ) and its partners. OMNRF samples were
collected from southern Ontario in October 2018 and 2019 and those from MFFPQ were
collected from southern Québec in October 2009 and 2010 (Figure 1.1).
In Ontario, raccoons were captured with live traps (Tomahawk Model 106/108,
Hazelhurst, Wisconsin, USA) baited with canned sardines (Sardina pilchardus). In
Québec, raccoons were also captured with live traps (Havahart® Products, Lititz,
Pennsylvania, USA) but baited with fresh mackerel (Scomber scombrus) or canned
sardines and canned corn. A hand-held global positioning system (GPS) was used to
obtain locations of each animal trapped and traps were opened daily. Once captured,
raccoons were transported to a processing station where they were weighed in their traps
to the nearest 0.1 kg and anaesthetized using an intramuscular injection. The OMNRF
used a mixture of Telazol (Telazol®, 100 mg/mL, Zoetis Canada Inc., Kirkland, Québec,
Canada) and medetomidine (Cepetor™, 1 mg/mL, Veterinary Purchasing Company
Limited, St. Marys, Ontario, Canada) at dosages of 1.7 mg/kg body weight and 0.07
mg/kg body weight, respectively. The MFFPQ used a mixture of ketamine (Vetalar®,
100 mg/ml, Bioniche Canada Inc., Belleville, Ontario, Canada) and medetomidine
(Domitor®, 1 mg/ml, Pfizer Canada Inc., Kirkland, Québec, Canada) at starting dosages
of 5 mg/kg body weight and 0.05 mg/kg body weight, respectively. However, dosages
were increased to 5.5 mg/kg body weight of ketamine and 0.055 mg/kg of medetomidine
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after reflexes were maintained during anaesthesia with previous dosages. Once fully
immobilized, the raccoon was removed from the trap and body length (measured from
snout to vent, recorded to the nearest 1.0 cm), sex (male or female), and age class
(juvenile or adult established from animal size and dental health) were determined. In
both provinces, raccoons were marked with two ear tags (OMNRF: National Band and
Tag Company©, Newport, Kentucky, USA; MFFPQ: Dalton ID Systems Ltd.©, Henleyon-Thames, Oxon, England), with an additional pit tag (AVID Canada©, Calgary,
Alberta, Canada) added by the MFFPQ. In Ontario, guard hair samples were collected
from the animal for stable isotope analysis. Blood samples of 3-5 mL were taken from the
sub-clavian vein using a vacutainer needle complex, stored at 4°C overnight, and
centrifuged at 1000 x g at 4°C for 12 minutes to attain serum samples used for GSP and
leptin laboratory analysis. Blood was collected with the MFFPQ as well, but was not used
in this study due to improper storage techniques. Serum was not extracted prior to
storing, causing the samples to become hemolyzed. Therefore, the plate reader was
unable to detect levels of GSP and leptin in the assay. Regardless, at the completion of
sample collection, the raccoon was placed back in the trap and injected with Atipamezole
(OMNRF: Revertor™, 5 mg/mL, Veterinary Purchasing Company Limited, St. Marys,
Ontario, Canada; MFFPQ: Antisedan®, 5 mg/ml, Pfizer Canada Inc., Kirkland, Québec,
Canada) at a drug dosage of 0.35 mg/kg body weight at OMNRF and 0.375 mg/kg at
MFFPQ to reverse the effects of the immobilization drugs. At full consciousness, the
raccoon was returned to its capture site for release.
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Laboratory Analysis
Carbon and Nitrogen Stable Isotope Analysis
For δ13C and δ15N analyses, 0.5–1.0 mg of hair material was combusted online
using a Eurovector 3000 (Milan, Italy – www.eurovector.it) elemental analyzer. The
resulting CO2 and N2 was separated by gas chromatography (GC) and introduced into a
Nu Horizon (Nu Instruments, Wrexham, UK – www.nu-ins.com) triple-collector isotoperatio mass-spectrometer via an open split and compared to a pure CO2 or N2 reference
gas. Stable nitrogen (15N/14N) and carbon (13C/12C) isotope ratios were expressed
in δ notation, as parts per thousand (‰) deviation from the primary standards,
atmospheric AIR and Vienna Pee Dee Belemnite (VPDB), respectively. Using
previously calibrated internal laboratory standards (powdered keratin [BWB II: δ 13C = 20.0‰, δ15N = -14.1‰ and gelatin: δ 13C = -13.6‰, δ15N = -4.7‰]) within run (n = 5),
precision for δ15N and δ13C measurements were ~ ± 0.15‰.

Glycated Serum Protein and Leptin Analysis
A commercial fructosamine assay kit (Abcam©, Toronto, Ontario, Canada) and a
commercial canine leptin enzyme immunosorbent assay (Millipore Sigma, Oakville,
Ontario, Canada) were used to determine the serum concentrations of glycated serum
protein and leptin, respectively. Each analysis was performed in duplicate.
To determine GSP concentrations, a microplate-based calorimetric assay with
wells containing samples, background, and fructosamine calibrators was used to measure
fructosamine concentrations. Concentrations were based on the ability of fructosamine to
reduce nitroblue tetrazolium (NBT) to a purple end-product under alkaline conditions.
The formation of formazan, the end-product of NBT reduction, is proportional to
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fructosamine concentration in the sample and its absorbance at 530nm is measured using
a spectrophotometer at 5 and 15 minutes. The difference in absorbance’s between these
times was used in further calculations to attain fructosamine concentrations.
Leptin concentrations were measured using a direct Sandwich ELISA as these
have been previously validated for use in raccoons (Shibata et al. 2005). The microplate
was coated with Goat anti-Canine leptin antibody, where the following reagents were
added for binding in sequential order: serum samples/standards, detection antibody
(biotinylated Goat anti-Canine leptin antibody), and enzyme solution (streptavidinhorseradish peroxidase). A wash to remove unbound materials was completed after
addition. Then, a substrate solution (3,3’,5,5’-tetramethylbenzidine) is added to develop a
blue colour, with its intensity being proportional to the concentration of leptin in the
sample. At optimal colour development, a stop solution (0.3 HCl) is added to terminate
further reactions, and samples should turn yellow after acidification. At this point,
absorbance is measured at 450nm and 590nm using a spectrophotometer and leptin
concentrations in the sample are interpolated from a reference curve using the known
leptin concentrations of the standards in the assay.

Statistical Analysis
All statistical analysis was completed using R (Version 1.3.959). Results of each
model are visualized using partial residual plots in the R package visreg (Version 2.7.0)
(Breheny and Burchett 2020). Each plot isolates a relationship between the response
variable and one explanatory variable, while holding other explanatory variables at a
constant (Breheny and Burchett 2020).
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Body Condition Indices and Urbanization Scores
Body condition was calculated to include as an independent variable in each
model to determine its effect on the response variables. Only adult data were used in this
calculation. Data from Québec in 2010 was excluded because different body length
measurements (snout to end of tail) were taken from the remainder of the dataset (snout
to vent). The final dataset included 567 individuals, with 210 individuals from Ontario in
2018, 178 individuals from Ontario in 2019, and 179 individuals from Québec in 2009.
Though individuals from Québec were not included in analyses of stable isotopes, GSP,
or leptin, the area was accounted for when calculating body condition indices to attain a
larger sample size and ultimately, a more accurate representation of body condition
changes both regionally and yearly. As per Chapter 1, body condition indices were
calculated as mass-size residuals, which compares the observed mass of the individual to
its predicted mass at a specific length. Residuals were calculated from an ordinary least
squares (OLS) regression using log-transformed body mass and log-transformed body
length (Schulte-Hostedde et al. 2005).
Urbanization scores were calculated using the full dataset, which included 838
individuals. From Ontario I collected 276 individuals in 2018 and 273 individuals in
2019, while from Québec I collected 189 individuals in 2009 and 100 individuals in
2010. Though individuals from Québec were not included in analyses of stable isotopes,
GSP, or leptin, the area was accounted for when calculating urbanization scores to attain
a more global representation of landscape variation. As per Chapter 1, an ‘urbanization
score’ was calculated for each capture site to represent the effects of urbanization on
body condition (Liker et al. 2008). To quantify the degree of urbanization, the occurrence
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of major land-cover types were scored, including buildings, roads, agriculture, vegetation
cover, water, and barren land (Table 1.1) (Liker et al. 2008, Agriculture and Agri-Food
Canada 2015). GPS coordinates were plotted on the Government of Canada’s Land Use
2010 map in ArcGIS (Version 10.6). A 1km x 1km buffer polygon (reflecting the average
home range of a raccoon (Prange et al. 2004)) was created around each point, and was
determined to be large enough to provide significant information on the urbanization of
the landscape (Liker et al. 2008). To quantify the occurrence of each land-cover type at
each capture site, total percentage area of each land-cover type within each 1km x 1km
buffer polygon was calculated using the sum of their respective polygon types in that area
(Seress et al. 2014). Data for ‘population density per square kilometer’ and ‘median
household total income in 2015’ for each capture site were extracted using the 2016
Census subdivision data from Statistics Canada
(https://www150.statcan.gc.ca/n1/en/type/data). Total percentages of land-cover types
within a 1km x 1km buffer polygon, population density per square kilometer and median
household total income data were scaled and inputted into a Principal Component
Analysis (PCA), where the PC1 and PC2 scores extracted represented the ‘urbanization
score’ for each site (Seress et al. 2014).

Carbon and Nitrogen Stable Isotope Analysis
Analyses for δ13C and δ15N were based on a subset of 64 adult individuals
sampled from Ontario in 2018. An analysis of covariance (ANCOVA) was used to
determine how each of these ratios changed with urbanization. Model assumptions were
tested using residuals vs. predicted plots, residual QQ plots, and residual histograms. For
each dependent variable, the full model included PC1, PC2, body condition, sex, and an
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interaction between each continuous and categorical variable (PC1 × sex, PC2 × sex,
body condition × sex). Interaction terms were removed in a backward elimination process
based on p-values at a significance level of 0.05 calculated by a Type 3 sum of squares,
with the final model including no interaction terms.

Glycated Serum Protein (GSP) Analysis
A total of 88 adults were used for GSP analyses from Ontario in 2018 (n = 43)
and 2019 (n = 45). A linear mixed-effects model in the lme4 package (Version 1.1-17)
(Bates et al. 2014) was used to determine how GSP varies with landscape conditions.
Model assumptions were tested using residuals vs. predicted plots, residual QQ plots, and
residual histograms. Potential pipetting errors during laboratory work were identified as
outliers through visual examination of residuals plots and were removed. With GSP as
the dependent variable, model fixed effects included PC1, PC2, body condition, sex, and
interaction terms for each sex × covariate combination (PC1 × sex, PC2 × sex, body
condition × sex). The random effect included in the model was year (2018, 2019).
Interaction terms were removed in a backward elimination process based on p-values at a
significance level of 0.05, with the final model including no interaction terms.
Significance of the fixed effects was tested using Type 3 Wald chi-square tests.

Leptin Analysis
A total of 65 adults were used for leptin analyses from Ontario in 2018 (n = 40)
and 2019 (n = 25). A generalized linear mixed-effects model using a gamma distribution
with a log link function in the lme4 package (Version 1.1-17) (Bates et al. 2014) was
used to determine how leptin varies with landscape conditions. Model was fitted with a
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gamma distribution to account for non-normal data, determined when testing model
assumptions using a residual vs. fitted values plot, residual QQ plot, and residual
histogram. With leptin as the dependent variable, model fixed effects included PC1, PC2,
body condition, sex, and interaction terms for each sex × covariate combination (PC1 ×
sex, PC2 × sex, body condition × sex). The random effect included in the model was year
(2018, 2019). Interaction terms were removed in a backward elimination process based
on p-values at a significance level of 0.05, with the final model including no interaction
terms. Significance of the fixed effects was tested using Type 3 Wald chi-square tests.

Results
Urbanization Scores
Results are the same as those presented in Chapter 1. Total percentages of landcover types, population density per square kilometre, and median household income in
2015 were input into a PCA. The first principal component (PC1) explained 53.49% of
the variation, distinguishing between urban and non-urban landscapes whose metrics
were associated with positive and negative factor loadings, respectively (Table 1.2,
Figure 1.2). Higher PC1 values were associated with metrics describing urbanized
landscapes, which included buildings, roads, population density, and income (Table 1.2,
Figure 1.2). Lower PC1 values were related to non-urban landscape measures and
included agriculture, vegetation cover, and barren land (Table 1.2, Figure 1.2). The
second principal component (PC2) explained 14.84% of the variation and differentiated
agricultural and barren landscapes from natural environments whose metrics were
associated with positive and negative factors loadings, respectively (Table 1.2, Figure
1.2). As for PC2, a higher value was associated with metrics describing agriculture and
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barren land, while a lower value was related to natural landscapes such as vegetation
cover and water (Table 1.2, Figure 1.2).

Carbon and Nitrogen Stable Isotope Analysis
I found a significant negative relationship between raccoon hair δ13C and PC1,
indicating that raccoons consumed a more 13C-depleted diet in more urban environments
(Table 2.1, Figure 2.1). In addition, δ13C increased significantly with PC2 where raccoons
from environments of agriculture or barren land had higher δ13C signatures than those
from natural environments (Table 2.1, Figure 2.2). Finally, δ13C increased significantly
with body condition (Table 2.1). In contrast to δ13C, I found that δ15N was only
significantly related to PC2; the δ15N of raccoon hair increased with PC2 indicating
higher trophic position in areas of agriculture and barren land compared to natural
environments (Table 2.2, Figure 2.3).

Glycated Serum Protein (GSP)
GSP was significantly negatively related to PC1, where raccoons from more
urban environments had lower GSP concentrations than those from less urban
environments (Table 2.3, Figure 2.4). In addition, GSP increased significantly with PC2,
indicating that raccoons from areas of agriculture and barren land exhibited higher
concentrations of GSP than those from more natural environments (Table 2.3, Figure
2.5). Finally, GSP concentrations varied significantly between sexes, where males had
higher GSP concentrations than females (Table 2.3).

Leptin
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Leptin was significantly related to body condition, where raccoons that were in
better body condition generally had higher leptin levels (Table 2.4). However, leptin
levels were not significantly related to either PC1 or PC2 (Table 2.4).

Discussion
My prediction that δ13C and δ15N of raccoon hair, and GSP of raccoon blood
serum, would be higher in more urban areas was not supported by this analysis.
However, my results did indicate that δ13C, δ15N, and GSP were all related to landscape
characteristics and greatest in areas of agriculture and barren land. In addition, my
analysis demonstrated that δ13C and leptin increased with body condition, as expected. To
my surprise, GSP also differed between sexes, with males having significantly greater
GSP concentrations than females. Urbanization was found to have no effect on raccoon
serum leptin concentrations, which was not predicted.

Effect of Urbanization
Analysis of dietary patterns revealed that racoons from areas of agricultural
disturbance showed the greatest δ13C and δ15N signatures, exhibiting a diet high in C4
plant materials and animal protein, respectively. In regards to δ13C specifically, I
predicted that raccoon diet would be more dependent on C4 plant sources, and thus
raccoon tissues would have higher δ13C, in human-altered landscapes, as reported in
previous studies (Newsome et al. 2010, Osaki et al. 2019, Handler et al. 2019). For
example, a study found that San Joaquin kit foxes (Vulpes macrotis mutica) from urban
areas had higher δ13C values than those from nonurban areas (Newsome et al. 2010).
These urban kit foxes were found to have similar signatures to human residents of the
area as well, providing evidence of a shared food resource (Newsome et al. 2010). In
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contrast, my results were mixed. The observed negative relationship between raccoon
δ13C and my index of urbanization (PC1) runs counter to my prediction. However, the
observed positive relationship between δ13C and my index of agricultural disturbance
(PC2) does support this prediction. With corn being a more readily available food source
during the fall sampling period, raccoons may be preferentially consuming this resource,
as they are an opportunistic and omnivorous species (Demeny et al. 2019). Additionally,
their annual molt occurs simultaneously to this diet change and the hair sampled is likely
reflecting this food intake (Demeny et al. 2019). As for δ15N, I found that raccoon δ15N
increased significantly with PC2, where raccoons from areas of agriculture and barren
land had enriched δ15N, compared to those from natural environments. This does not
follow the prediction that δ15N would increase along an urbanization gradient (Newsome
et al. 2010, Osaki et al. 2019, Handler et al. 2019). One possible explanation is that
raccoons are consuming protein of a higher trophic level in areas of agriculture and
barren land, such as meat, dairy, or egg products (Aoki et al. 2017). For example, a recent
study in Japan found that raccoon dogs (Nyctereutes procyonoides) consumed δ15N-rich
prey (e.g. salamanders, frogs, snakes) in areas of forest core and forest periphery, but
those from forest periphery exhibited greater δ15N signatures due to the consumption of
garbage, anthropogenic food waste, and corn as well (Osaki et al. 2019). Another
suggestion for this finding is that raccoons are consuming animal protein in greater
abundances (e.g. small vertebrates, invertebrates) in areas of agriculture and barren land,
as fruit is not as highly available compared to natural landscapes (Warsen et al. 2014,
Magioli et al. 2019). A previous study supports this explanation, as the findings revealed
that omnivores increase their intake of animal matter in human-modified landscapes to
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replace the diminished availability of fruits, increasing their δ15N signatures (Magioli et
al. 2019). By understanding the dietary patterns associated with various human
disturbances, this study researched further into how these impacted physiological
parameters, specifically body condition, GSP, and leptin.
I also found that higher body δ13C, presumably from increased consumption of C4
plants, was associated with higher body condition in raccoons, following what was found
from a previous study by Demeny et al., (2019). Leptin and body condition also exhibited
a positive relationship, providing evidence that variations in body condition are likely
associated with fat mass (Shibata et al. 2005). Though higher body condition is usually
viewed as a benefit for wildlife, extremely high body condition could indicate an excess
of fat that is a health concern (Birnie-Gauvin et al. 2017). Raccoons with greater access
to anthropogenic food waste have been shown to have higher body mass and exhibit
evidence of hyperglycemia (Schulte-Hostedde et al. 2018). My results also demonstrate
this finding, as GSP was significantly impacted by PC1 and PC2 as well and highest in
areas of agriculture and barren land. But, this finding again does not follow the prediction
that GSP concentrations would be highest in raccoons from urban environments due to
the consumption of anthropogenic food waste that contain high amounts of carbohydrates
(McCain et al. 2008, Schulte-Hostedde et al. 2018). Though these results of GSP
contradict findings of previous studies such as Newsome et al., (2010) and SchulteHostedde et al., (2018), it does suggest an effect of seasonality, as this study sampled
raccoons during the fall, instead of the summer as was done by Schulte-Hostedde et al.,
(2018). In turn, elevated GSP concentrations are reflected in raccoons that are
experiencing a shift in diet to fall resources that are more readily available, such as those
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from agricultural and barren landscapes (Welsh et al. 2016). Future research should
examine these variables over multiple seasons to truly understand the effect that season
has on raccoons.

No Effect of Urbanization
Given a previous study in urban baboons has indicated leptin levels increase with
access to garbage (Banks et al. 2003), it was predicted leptin would be greater in
raccoons from urban environments with intake of high-fat food resources, such as
anthropogenic food waste. But, urbanization was not found to impact leptin
concentrations in raccoons, as demonstrated by the non-significant PC1 and PC2 results.
This is consistent with a recent study conducted on raccoons in Canada, which also found
no relationship of leptin with increased access to anthropogenic food waste (SchulteHostedde et al. 2018). One possible explanation is the fall sampling period, as raccoons
from all habitat types generally gain weight during this time to account for the limited
food resources available during the winter months and thus, differences in adiposity
would likely not be evident (Pitt et al. 2008, McWilliams and Wilson 2015).
Alternatively, raccoons may be adapting to a diet high in lipids, similar to results reported
in a previous study on white-footed mice (Peromyscus leucopus) (Harris and Munshi‐
South 2017). Though there is no evidence of obesity, raccoons are experiencing other
physiological consequences associated with a change in diet, such as elevated GSP
concentrations.

Effect of Sex
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I found that male raccoons had higher GSP concentrations than females. Although
sex differences were not predicted, there could be multiple hypotheses for this finding.
Firstly, this finding could suggest that reproductive tactics are sex-specific in areas with a
predictable food source, such as human-disturbed landscapes, and may use different
resources to facilitate reproduction, as females invest into a second breeding season in the
fall if the first one was unsuccessful (Gehrt and Fritzell 1996, Asano et al. 2003, Rosatte
et al. 2006). Resources used are dependent on the activity that is being executed, such as
its intensity and length (Soulsbury 2019). Males exhibit a polygynous mating behaviour
over an extended period of time (Law and Mehta 2018), and therefore likely use lipids as
the main source of fuel, as lipids can function as an energy reserve and store greater
amounts of energy for long-term use, compared to carbohydrates (Soulsbury 2019). But,
carbohydrates do provide a more readily available source of energy that can be used
during short and intense periods of activity (Soulsbury 2019). Females allocate resources
towards offspring production and may rely on resources for fuel in the form of lipids,
carbohydrates, or simultaneous usage of both (Soulsbury 2019). In this case however,
females are likely using carbohydrates as their main source of fuel, which drive the
differences seen in GSP concentrations between males and females. Ultimately, this
hypothesis suggests that males and females utilize different fuels to facilitate
reproduction.
Secondly, an effect of sex on GSP concentrations may be a result of home range
sizes instead, as females are likely restricted to their den site to care for their offspring
while males are able to expand their movements in search of food as rearing of offspring
is done alone (Gehrt and Frttzell 1997, Kamler and Gipson 2003). In this case, males may
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be consuming different food resources that contain greater amounts of carbohydrates than
females and ultimately leading to sex differences in GSP concentrations. For example, a
study completed with urban lizards found that males have increased body condition than
females because they consume greater abundances of food due to a greater distance
travelled (Lazić et al. 2017). Overall, this provides evidence that blood glucose of
raccoons may be affected by both urbanization and sex.

Conclusion
This study suggests that anthropogenic alteration of landscapes influence an
animal’s dietary patterns and glucose metabolism, and may have associated health risks.
Although generally considered a benefit to wildlife, extremely high body condition can
indicate negative health consequences, such as obesity (Birnie-Gauvin et al. 2017,
Demeny et al. 2019) or hyperglycemia (Schulte-Hostedde et al. 2018). Otherwise,
animals may be adapting to diets high in carbohydrates and lipids as recent research with
white-footed mice (Peromyscus leucopus) has shown (Harris and Munshi‐South 2017).
Future research should collect data over multiple seasons to determine the effect of
seasonality on dietary patterns, fat metabolism, and glucose metabolism and the health
risks associated with human-modified landscapes, as it can have important conservation
implications (Bruskotter et al. 2017).
This research demonstrates the need to improve policies regarding crop
cultivation and waste management to prevent raccoons from consuming food resources
from agricultural landscapes and barren land. This is shown in a previous study where the
number of coyotes visiting an area decreased when the amount and accessibility of
garbage was reduced as well (Larson et al. 2020). Since this study showed that a raccoons

72

diet in the fall primarily consists of food resources from agricultural and barren
landscapes, policies regarding wildlife management in these areas should be improved.
Reconsideration of land sharing (i.e. integrating conservation and farming) and land
sparing (i.e. separating conservation and farming) policies in agricultural land
management should be completed in collaboration with ecologists to ensure the programs
are effective for the conservation of certain wildlife species (Phalan et al. 2011). To
develop a program that is most beneficial, current crop yields and species population
densities of the area should be taken into consideration (Phalan et al. 2011). With the
development of updated policies, the conflict between humans and wildlife should
decrease, while also improving the health of urban species.

73

Literature Cited
Agriculture and Agri-Food Canada. 2015. ISO 19131 – Land use 1990, 2000 & 2010 data
product specification.
Ambrose, S. H. 1991. Effects of diet, climate and physiology on nitrogen isotope
abundances in terrestrial foodwebs. Journal of Archaeological Science 18:293–
317.
Aoki, E., T. Soma, M. Yokoyama, M. Matsubayashi, and K. Sasai. 2017. Surveillance for
antibodies against six canine viruses in wild raccoons (Procyon lotor) in Japan.
Journal of Wildlife Diseases 53:761–768.
Asano, M., Y. Matoba, T. Ikeda, M. Suzuki, M. Asakawa, and N. Ohtaishi. 2003.
Reproductive characteristics of the feral raccoon (Procyon lotor) in Hokkaido,
Japan. Journal of Veterinary Medical Science 65:369–373.
Banks, W. A., J. Altmann, R. M. Sapolsky, J. E. Phillips-Conroy, and J. E. Morley. 2003.
Serum leptin levels as a marker for a syndrome x-like condition in wild baboons.
The Journal of Clinical Endocrinology & Metabolism 88:1234–1240.
Banks, W. A., J. E. Phillips-Conroy, C. J. Jolly, and J. E. Morley. 2001. Serum leptin
levels in wild and captive populations of baboons (papio): implications for the
ancestral role of leptin. The Journal of Clinical Endocrinology and Metabolism
86:4315–4320.
Bartoszewicz, M., H. Okarma, A. Zalewski, and J. Szczęsna. 2008. Ecology of the
raccoon (Procyon lotor) from western Poland. Annales Zoologici Fennici 45:291–
298.

74

Bateman, P. W., and P. A. Fleming. 2012. Big city life: carnivores in urban
environments. Journal of Zoology 287:1–23.
Bates, D., M. Mächler, B. Bolker, and S. Walker. 2014. Fitting linear mixed-effects
models using lme4. arXiv:1406.5823 [stat].
Birnie-Gauvin, K., K. S. Peiman, D. Raubenheimer, and S. J. Cooke. 2017. Nutritional
physiology and ecology of wildlife in a changing world. Conservation Physiology
5.
Boecklen, W. J., C. T. Yarnes, B. A. Cook, and A. C. James. 2011. On the use of stable
isotopes in trophic ecology. Annual Review of Ecology, Evolution, and
Systematics 42:411–440.
Breheny, P., and W. Burchett. 2020. Package “visreg.”
Bruskotter, J. T., J. A. Vucetich, M. J. Manfredo, G. R. Karns, C. Wolf, K. Ard, N. H.
Carter, J. V. López-Bao, G. Chapron, S. D. Gehrt, and W. J. Ripple. 2017.
Modernization, risk, and conservation of the world’s largest carnivores.
BioScience 67:646–655.
Demeny, K., M. McLoon, B. Winesett, J. Fastner, E. Hammerer, and J. N. Pauli. 2019.
Food subsidies of raccoons (Procyon lotor) in anthropogenic landscapes.
Canadian Journal of Zoology 97:654–657.
DeNiro, M. J., and S. Epstein. 1978. Influence of diet on the distribution of carbon
isotopes in animals. Geochimica et Cosmochimica Acta 42:495–506.
DeNiro, M. J., and S. Epstein. 1981. Influence of diet on the distribution of nitrogen
isotopes in animals. Geochimica et Cosmochimica Acta 45:341–351.

75

Ehlers Smith, Y. C., D. A. Ehlers Smith, T. Ramesh, and C. T. Downs. 2018. Forest
habitats in a mixed urban-agriculture mosaic landscape: patterns of mammal
occupancy. Landscape Ecology 33:59–76.
Eötvös, C. B., T. Magura, and G. L. Lövei. 2018. A meta-analysis indicates reduced
predation pressure with increasing urbanization. Landscape and Urban Planning
180:54–59.
Friedman, J. M., and J. L. Halaas. 1998. Leptin and the regulation of body weight in
mammals. Nature 395:763–770.
Gehrt, S. D., and E. K. Fritzell. 1996. Second estrus and late litters in raccoons. Journal
of Mammalogy 77:388–393.
Gehrt, S. D., and E. K. Frttzell. 1997. Sexual Differences in Home Ranges of Raccoons.
Journal of Mammalogy 78:921–931.
Gibbs, J. P., M. F. Buff, and B. J. Cosentino. 2019. The Biological System—Urban
Wildlife, Adaptation, and Evolution: Urbanization as a Driver of Contemporary
Evolution in Gray Squirrels (Sciurus carolinensis). Pages 269–286 in M. H. P.
Hall and S. B. Balogh, editors. Understanding Urban Ecology: An
Interdisciplinary Systems Approach. Springer International Publishing, Cham.
Gordon, C. A., D. P. McManus, M. K. Jones, D. J. Gray, and G. N. Gobert. 2016.
Chapter six - the increase of exotic zoonotic helminth infections: the impact of
urbanization, climate change and globalization. Pages 311–397 in D. Rollinson
and J. R. Stothard, editors. Advances in Parasitology. Academic Press.

76

Handler, A. M., E. V. Lonsdorf, and D. R. Ardia. 2019. Evidence for red fox (Vulpes
vulpes) exploitation of anthropogenic food sources along an urbanization gradient
using stable isotope analysis. Canadian Journal of Zoology 98:79–87.
Harris, S. E., and J. Munshi‐South. 2017. Signatures of positive selection and local
adaptation to urbanization in white-footed mice (Peromyscus leucopus).
Molecular Ecology 26:6336–6350.
Haverland, M. B., and J. A. Veech. 2017. Examining the occurrence of mammal species
in natural areas within a rapidly urbanizing region of Texas, USA. Landscape and
Urban Planning 157:221–230.
Hungerford, L. L., M. A. Mitchell, C. M. Nixon, T. E. Esker, J. B. Sullivan, R.
Koerkenmeier, and S. M. Marretta. 1999. Periodontal and dental lesions in
raccoons from a farming and a recreational area in Illinois. Journal of Wildlife
Diseases 35:728–734.
Jokimäki, J., J. Suhonen, Y. Benedetti, M. Diaz, M.-L. Kaisanlahti‐Jokimäki, F. Morelli,
T. Pérez‐Contreras, E. Rubio, P. Sprau, P. Tryjanowski, and J. D. Ibánez‐Álamo.
2020. Land-sharing vs. land-sparing urban development modulate predator–prey
interactions in Europe. Ecological Applications 30:e02049.
Kamler, J. F., and P. S. Gipson. 2003. Space and Habitat Use by Male and Female
Raccoons, Procyon lotor , in Kansas. The Canadian Field-Naturalist 117:218–223.
Kays, R., and R. S. Feranec. 2011. Using stable carbon isotopes to distinguish wild from
captive wolves. Northeastern Naturalist 18:253–264.
Kelly, J. F. 2000. Stable isotopes of carbon and nitrogen in the study of avian and
mammalian trophic ecology. Canadian Journal of Zoology 78:1–27.

77

Larson, R. N., J. L. Brown, T. Karels, and S. P. D. Riley. 2020. Effects of urbanization on
resource use and individual specialization in coyotes (Canis latrans) in southern
California. PLOS ONE 15:e0228881.
Law, C. J., and R. S. Mehta. 2018. Carnivory maintains cranial dimorphism between
males and females: evidence for niche divergence in extant Musteloidea.
Evolution 72:1950–1961.
Layman, C. A., M. S. Araujo, R. Boucek, C. M. Hammerschlag‐Peyer, E. Harrison, Z. R.
Jud, P. Matich, A. E. Rosenblatt, J. J. Vaudo, L. A. Yeager, D. M. Post, and S.
Bearhop. 2012. Applying stable isotopes to examine food-web structure: an
overview of analytical tools. Biological Reviews 87:545–562.
Lazić, M. M., M. A. Carretero, U. Živković, and J. Crnobrnja-Isailović. 2017. City life
has fitness costs: Reduced body condition and increased parasite load in urban
common wall lizards, Podarcis muralis. Salamandra 53:10–17.
Liker, A., Z. Papp, V. Bókony, and Á. Z. Lendvai. 2008. Lean birds in the city: body size
and condition of house sparrows along the urbanization gradient. Journal of
Animal Ecology 77:789–795.
Łopucki, R., and I. Kitowski. 2017. How small cities affect the biodiversity of grounddwelling mammals and the relevance of this knowledge in planning urban land
expansion in terms of urban wildlife. Urban Ecosystems 20:933–943.
Luck, G. W. 2007. A review of the relationships between human population density and
biodiversity. Biological Reviews 82:607–645.
Magioli, M., M. Z. Moreira, R. C. B. Fonseca, M. C. Ribeiro, M. G. Rodrigues, and K.
M. P. M. de B. Ferraz. 2019. Human-modified landscapes alter mammal resource

78

and habitat use and trophic structure. Proceedings of the National Academy of
Sciences 116:18466–18472.
Magle, S. B., E. W. Lehrer, and M. Fidino. 2016. Urban mesopredator distribution:
examining the relative effects of landscape and socioeconomic factors. Animal
Conservation 19:163–175.
McCain, S., C. Kirk, and E. Ramsay. 2008. Transient type 2 diabetes mellitus in a
raccoon (Procyon lotor). Journal of Zoo and Wildlife Medicine: Official
Publication of the American Association of Zoo Veterinarians 39:622–625.
Mckinney, M. 2001. Role of human population size in raising bird and mammal threat
among Nations. Animal Conservation 4:45–57.
McWilliams, M., and J. A. Wilson. 2015. Home range, body condition, and survival of
rehabilitated raccoons (Procyon lotor) during their first winter. Journal of Applied
Animal Welfare Science 18:133–152.
Miller, J. F., J. S. Millar, and F. J. Longstaffe. 2008. Carbon- and nitrogen-isotope tissue–
diet discrimination and turnover rates in deer mice, Peromyscus maniculatus.
Canadian Journal of Zoology 86:685–691.
Minagawa, M., and E. Wada. 1984. Stepwise enrichment of 15N along food chains:
Further evidence and the relation between δ15N and animal age. Geochimica et
Cosmochimica Acta 48:1135–1140.
Münzberg, H., M. Björnholm, S. H. Bates, and M. G. Myers. 2005. Leptin receptor action
and mechanisms of leptin resistance. Cellular and Molecular Life Sciences
62:642.

79

Murray, M., A. Cembrowski, A. D. M. Latham, V. M. Lukasik, S. Pruss, and C. C. S.
Clair. 2015. Greater consumption of protein-poor anthropogenic food by urban
relative to rural coyotes increases diet breadth and potential for human–wildlife
conflict. Ecography 38:1235–1242.
Murray, M. H., A. D. Kidd, S. E. Curry, J. Hepinstall-Cymerman, M. J. Yabsley, H. C.
Adams, T. Ellison, C. N. Welch, and S. M. Hernandez. 2018. From wetland
specialist to hand-fed generalist: shifts in diet and condition with provisioning for
a recently urbanized wading bird. Philosophical Transactions of the Royal Society
B: Biological Sciences 373:20170100.
Myers, M. G., S. B. Heymsfield, C. Haft, B. B. Kahn, M. Laughlin, R. L. Leibel, M. H.
Tschöp, and J. A. Yanovski. 2012. Challenges and opportunities of defining
clinical leptin resistance. Cell Metabolism 15:150–156.
Newsome, S. D., H. M. Garbe, E. C. Wilson, and S. D. Gehrt. 2015. Individual variation
in anthropogenic resource use in an urban carnivore. Oecologia 178:115–128.
Newsome, S. D., K. Ralls, C. Van Horn Job, M. L. Fogel, and B. L. Cypher. 2010. Stable
isotopes evaluate exploitation of anthropogenic foods by the endangered San
Joaquin kit fox (Vulpes macrotis mutica). Journal of Mammalogy 91:1313–1321.
Osaki, A., M. Sashika, G. Abe, K. Shinjo, A. Fujimoto, M. Nakai, M. Shimozuru, and T.
Tsubota. 2019. Comparison of feeding habits and habitat use between invasive
raccoons and native raccoon dogs in Hokkaido, Japan. BMC Ecology 19:35.
Phalan, B., M. Onial, A. Balmford, and R. E. Green. 2011. Reconciling food production
and biodiversity conservation: land sharing and land sparing compared. Science
333:1289–1291.

80

Pitt, J. A., S. Larivière, and F. Messier. 2008. Survival and body condition of raccoons at
the edge of the range. The Journal of Wildlife Management 72:389–395.
Prange, S., and S. Gehrt. 2004. Changes in mesopredator-community structure in
response to urbanization. Canadian Journal of Zoology 82:1804–1817.
Prange, S., S. D. Gehrt, and E. P. Wiggers. 2003. Demographic factors contributing to
high raccoon densities in urban landscapes. The Journal of Wildlife Management
67:324–333.
Prange, S., S. D. Gehrt, and E. P. Wiggers. 2004. Influences of anthropogenic resources
on raccoon (Procyon lotor) movements and spatial distribution. Journal of
Mammalogy 85:483–490.
Reichert, B. E., A. R. Sovie, B. J. Udell, K. M. Hart, R. R. Borkhataria, M. Bonneau, R.
Reed, and R. McCleery. 2017. Urbanization may limit impacts of an invasive
predator on native mammal diversity. Diversity and Distributions 23:355–367.
Rosatte, R., K. Sobey, D. Donovan, L. Bruce, M. Allan, A. Silver, K. Bennett, M.
Gibson, H. Simpson, C. Davies, A. Wandeler, and F. Muldoon. 2006. Behavior,
movements, and demographics of rabid raccoons in Ontario, Canada:
management implications. Journal of Wildlife Diseases 42:589–605.
Schmidt, C., M. Domaratzki, R. P. Kinnunen, J. Bowman, and C. J. Garroway. 2020.
Continent-wide effects of urbanization on bird and mammal genetic diversity.
Proceedings of the Royal Society B: Biological Sciences 287:20192497.
Schulte-Hostedde, A. I., Z. Mazal, C. M. Jardine, and J. Gagnon. 2018. Enhanced access
to anthropogenic food waste is related to hyperglycemia in raccoons (Procyon
lotor). Conservation Physiology 6.

81

Schulte-Hostedde, A., B. Zinner, J. Millar, and G. Hickling. 2005. Restitution of masssize residuals: Validating body condition indices. Ecology 86:155–163.
Seress, G., Á. Lipovits, V. Bókony, and L. Czúni. 2014. Quantifying the urban gradient: a
practical method for broad measurements. Landscape and Urban Planning
131:42–50.
Shibata, H., R. Akahane, T. Honjoh, M. Asano, K. Mominoki, K. Fujii, M. Suzuki, N.
Ohtaishi, K. Ishioka, M. Ahmed, M. Soliman, K. Kimura, and M. Saito. 2005.
Seasonal changes in serum leptin of the feral raccoon (Procyon lotor) determined
by canine-leptin-specific ELISA. Journal of Experimental Zoology Part A:
Comparative Experimental Biology 303A:527–533.
Shochat, E., P. S. Warren, S. H. Faeth, N. E. McIntyre, and D. Hope. 2006. From patterns
to emerging processes in mechanistic urban ecology. Trends in Ecology &
Evolution 21:186–191.
Soulsbury, C. D. 2019. Income and capital breeding in males: energetic and physiological
limitations on male mating strategies. Journal of Experimental Biology 222.
Soulsbury, C. D., and P. C. L. White. 2016. Human–wildlife interactions in urban areas: a
review of conflicts, benefits and opportunities. Wildlife Research 42:541–553.
Spady, T. J., H. J. Harlow, G. Butterstein, and B. Durrant. 2009. Leptin as a surrogate
indicator of body fat in the American black bear. Ursus 20:120–130.
Stark, J. R., M. Aiello-Lammens, and M. M. Grigione. 2020. The effects of urbanization
on carnivores in the New York metropolitan area. Urban Ecosystems 23:215–225.
Suarez-Rubio, M., and R. Krenn. 2018. Quantitative analysis of urbanization gradients: a
comparative case study of two European cities. Journal of Urban Ecology 4.

82

Thornton, G. L., S. K. French, A. S. Peregrine, and C. M. Jardine. 2020. Prevalence of
Baylisascaris procyonis in raccoon latrines in southern Ontario, Canada.
Veterinary Parasitology: Regional Studies and Reports 20:100392.
Tieszen, L. L., T. W. Boutton, K. G. Tesdahl, and N. A. Slade. 1983. Fractionation and
turnover of stable carbon isotopes in animal tissues: implications for δ13C
analysis of diet. Oecologia 57:32–37.
Warsen, S. A., J. L. Frair, and M. A. Teece. 2014. Isotopic investigation of niche
partitioning among native carnivores and the non-native coyote (Canis latrans).
Isotopes in Environmental and Health Studies 50:414–424.
Welsh, K. J., M. S. Kirkman, and D. B. Sacks. 2016. Role of glycated proteins in the
diagnosis and management of diabetes: research gaps and future directions.
Diabetes Care 39:1299–1306.
Zhang, Y., R. Proenca, M. Maffei, M. Barone, L. Leopold, and J. M. Friedman. 1994.
Positional cloning of the mouse obese gene and its human homologue. Nature
372:425–432.
Zungu, M. M., M. S. T. Maseko, R. Kalle, T. Ramesh, and C. T. Downs. 2020. Effects of
landscape context on mammal richness in the urban forest mosaic of EThekwini
Municipality, Durban, South Africa. Global Ecology and Conservation
21:e00878.

83

Table 2.1: Summary of a one-way ANCOVA for δ13C as a function of various predictor
variables. Principal components of landscape features (PC1, PC2) are described in Table
1.2. Model was fitted using data collected from southern Ontario in 2018 (n = 64).
Significance tested using Type 3 sum of squares (* p < 0.05).
Variable
PC1
PC2
Body Condition
Sex

Estimate
-0.689
1.329
2.237
-0.109

SE
0.185
0.394
1.083
0.184

Partial-F
13.858
11.409
4.271
0.355

df
1, 59
1, 59
1, 59
1, 59

p
<0.001***
0.001**
0.043*
0.554
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Table 2.2: Summary of a one-way ANCOVA for δ15N as a function of various predictor
variables. Principal components of landscape features (PC1, PC2) are described in Table
1.2. Model was fitted using data collected from southern Ontario in 2018 (n = 64).
Significance tested using Type 3 sum of squares (* p < 0.05).
Variable
PC1
PC2
Body Condition
Sex

Estimate
-0.085
1.164
0.296
0.032

SE
0.109
0.232
0.638
0.108

Partial-F
0.612
25.146
0.215
0.088

df
1, 59
1, 59
1, 59
1, 59

p
0.437
<0.001***
0.644
0.768
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Table 2.3: Summary of fixed effects for linear mixed model (package ‘lme4’) of GSP as
a function of various predictor variables. Model was fitted using data collected in
southern Ontario in 2018 and 2019 (n = 88). Principal components of landscape features
(PC1, PC2) are described in Table 1.2. Random effects in model (not shown) included
year (2018, 2019). Type 3 Wald chi-square tests were used to test for significance (* p <
0.05).
Variable
PC1
PC2
Body Condition
Sex

Estimate
-15.378
34.260
-67.515
-30.619

SE
7.686
15.271
46.687
8.285

X2
4.003
5.033
2.091
13.660

df
1
1
1
1

p
0.045*
0.025*
0.148
<0.001***
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Table 2.4: Summary of fixed effects for generalized linear mixed model (package
‘lme4’) of leptin as a function of various predictor variables. Model was fitted using data
collected in southern Ontario in 2018 and 2019 (n = 65). Principal components of
landscape features (PC1, PC2) are described in Table 1.2. Random effects in model (not
shown) included year (2018, 2019). Type 3 Wald chi-square tests were used to test for
significance (* p < 0.05).
Variable
PC1
PC2
Body Condition
Sex

Estimate
-0.122
0.279
1.510
0.025

SE
0.102
0.197
0.632
0.098

X2
1.431
2.003
5.707
0.065

df
1
1
1
1

p
0.232
0.157
0.017*
0.800
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Figure 2.1: Partial residual plot of δ13C vs. landscape PC1 score for individuals (sexes
combined) sampled in Ontario in 2018 (n = 64, p = <0.001). Line is fitted OLS regression
and shaded area is 95% confidence interval.
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Figure 2.2: Partial residual plot of δ13C vs. landscape PC2 score for individuals (sexes
combined) sampled in Ontario in 2018 (n = 64, p = 0.001). Line is fitted OLS regression
and shaded area is 95% confidence interval.
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Figure 2.3: Partial residual plot of δ15N vs. landscape PC2 score for individuals (sexes
combined) sampled in Ontario in 2018 (n = 64, p = <0.001). Line is fitted OLS regression
and shaded area is 95% confidence interval.
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Figure 2.4: Partial residual plot of GSP vs. landscape PC1 score for individuals (sexes
combined) sampled in Ontario in 2018 and 2019 (n = 88, p = 0.045). Line is fitted OLS
regression and shaded area is 95% confidence interval.
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Figure 2.5: Partial residual plot of GSP vs. landscape PC2 score for individuals (sexes
combined) sampled in Ontario in 2018 and 2019 (n = 88, p = 0.025). Line is fitted OLS
regression and shaded area is 95% confidence interval.
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General Discussion
The process in which land is transformed from its natural state to an area
containing manmade structures is called ‘urbanization’, a phenomenon that is increasing
globally as the human population grows (Grimm et al. 2008, Liu et al. 2014). This results
in rapid and drastic changes to natural habitats that some species cannot adapt to (Shochat
et al. 2006, Gibbs et al. 2019), such as alterations in ecological processes like predatorprey relationships (Eötvös et al. 2018, Gallo et al. 2019), spatial distribution (Ehlers
Smith et al. 2018, Zungu et al. 2020), and the spread of pests and diseases (Gordon et al.
2016, Soulsbury and White 2016). As some species experience population declines
(Łopucki and Kitowski 2017, Schmidt et al. 2020), others thrive in urban environments
due to the consumption of anthropogenic food waste (Červinka et al. 2014, Stark et al.
2020), a food resource that is in greater abundance and of different nutritional quality (i.e.
carbohydrate, lipid, and protein composition) than natural food resources (Seress et al.
2014, Suarez-Rubio and Krenn 2018). Studies regarding the impacts of access to
anthropogenic food waste on individual health are limited and as such, require further
investigation to provide insight on the true effects of urbanization on wildlife.
This study aimed to determine the effects of an urban diet on raccoons (Procyon
lotor), a species that has adapted to live in a variety of habitat types across North
America, including urban areas, due to their broadly omnivorous and opportunistic diet
(Bartoszewicz et al. 2008, Thornton et al. 2020). Specifically, the study examined the
dietary patterns of raccoons (measured by C and N stable isotopes) and its associated
physiological consequences seen across an urbanization gradient. Physiological
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parameters assessed were body condition in Ontario and Québec, in addition to glycated
serum protein (GSP) and leptin in Ontario only.
Examination of dietary patterns showed an effect of urbanization, where raccoons
from areas of agriculture and barren land exhibited the greatest δ13C and δ15N signatures,
revealing a diet high in C4 plant material, likely corn, and animal protein, respectively
(Newsome et al. 2010, Osaki et al. 2019, Handler et al. 2019). Given that this result
contradicts previous studies that sampled in the summer in which urban raccoons
exhibited the highest δ13C due to the consumption of anthropogenic food waste
(Newsome et al. 2010, Osaki et al. 2019, Handler et al. 2019), it suggests a seasonality
effect on diet, where raccoons may shift their diet depending on the most readily
available food resource at the time. In regards to δ13C for example, a study found that
urban San Joaquin kit foxes (Vulpes macrotis mutica) had higher δ13C signatures than
nonurban kit foxes (Newsome et al. 2010). δ13C signatures were also found to be similar
between urban kit foxes and human residents from the area, further demonstrating the
shared food resource between humans and wildlife (Newsome et al. 2010). However,
with corn being a more readily available food source during the fall, raccoons may
preferentially consume corn and corn-based products around this time instead (Demeny
et al. 2019). With the annual molt coinciding with this diet change, hair sampled would
likely capture this resource and increase δ13C signature (Demeny et al. 2019). As for
δ15N, signatures were found to be greatest in areas of agricultural and barren landscapes,
compared to natural environments, and does not follow the prediction that urban raccoons
would have the highest δ15N due to the consumption of anthropogenic food waste
(Newsome et al. 2010, Osaki et al. 2019, Handler et al. 2019). This is likely because the
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consumption of animal protein is greater as a result of reduced availability of C3 plants,
such as berries (Warsen et al. 2014, Magioli et al. 2019). However, the source of animal
protein may differ between agricultural and barren landscapes, compared to natural
environments, which can drive differences in δ15N signatures as well. For example,
raccoons from agricultural and barren landscapes have access to protein-rich food
resources such as animal feed, chicken eggs, and possibly chickens themselves (Aoki et
al. 2017) that would increase δ15N signatures. As a previous study with raccoon dogs
(Nyctereutes procyonoides) has shown, those from the forest periphery exhibited higher
δ15N signatures than those from the forest core because of the consumption of garbage,
anthropogenic food waste, and corn, in addition to δ15N-rich prey (i.e. frogs, snakes,
salamanders) found in both areas (Osaki et al. 2019). With evidence of a shift in diet
between seasons, this research examined further the physiological consequences
associated with consumption of such food resources in terms of body condition, GSP, and
leptin.
A positive relationship was found between body condition and δ13C, suggesting
that raccoons are in better body condition with the consumption of corn or corn-based
products that are in greater abundance and of different nutritional quality (i.e.
carbohydrate, lipid, and protein composition) than natural resources (Demeny et al.
2019). Body condition has also shown to have a positive relationship with leptin,
providing evidence that changes in body condition are likely associated with fat mass and
attributed to changes in diet (Shibata et al. 2005). Though a good body condition is
generally considered a benefit for wildlife as fat reserves increase fitness (i.e. survival
and reproductive success), extremely good body conditions can be associated with
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negative health consequences (Birnie-Gauvin et al. 2017). For example, a recent study
has shown that the consumption of anthropogenic food waste in urban raccoons increases
body mass and blood glucose concentrations, providing evidence for hyperglycemia
(Schulte-Hostedde et al. 2018). Similarly, this study reveals that raccoons shifting their
diets to consume abundant high-sugar, high-fat resources from agricultural and barren
landscapes exhibit elevated GSP concentrations as well, but no difference in leptin. Given
that urban baboons have shown increases in leptin levels with easier access to garbage, it
was expected raccoons would exhibit similar trends in human-modified landscapes
(Banks et al. 2003). However, urbanization was found to have no effect on leptin
concentrations in raccoons, which could be reasoned by two possible explanations.
Firstly, since raccoons were sampled during the fall, this finding could be a result of the
raccoons consuming greater amounts of food in both urbanized and non-urbanized
environments to account for limited food resources in the winter (Pitt et al. 2008,
McWilliams and Wilson 2015). Secondly, raccoons may be adapting to a diet high in
lipids, as recent research with white-footed mice (Peromyscus leucopus) has shown
(Harris and Munshi‐South 2017). Though there is no indication of obesity, these results
demonstrate other consequences associated with increased body condition indices, such
as evidence of hyperglycemia (Schulte-Hostedde et al. 2018).
Though an effect of sex was not expected, broad scale analyses (Ontario and
Québec) showed that urban environments had a sex-specific effect on body condition,
where males were in better body conditions than females, which could be associated with
a few possible explanations. Firstly, this finding could suggest different reproductive
tactics between the sexes in areas of a predictable food source since female raccoons have
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shown to invest into a second breeding season in the fall provided the first one is
unsuccessful (Gehrt and Fritzell 1996, Asano et al. 2003, Rosatte et al. 2006). In this
case, males could invest into a ‘capital’ breeding strategy and consume food
opportunistically, while females invest into an ‘income’ breeding tactic and consume
food when needed, saving energy for reproductive demands like lactation (Stephens et al.
2014, Williams et al. 2017). Secondly, an effect of sex could be due to differences in
home range sizes, as females could be restricted to their den site when rearing offspring
alone while males travel further to forage more often (Gehrt and Frttzell 1997, Kamler
and Gipson 2003). This result is consistent with a study conducted on urban lizards,
which found males who travelled further distances were more successful at feeding
themselves, and consequently exhibited greater body conditions than females (Lazić et al.
2017). Thirdly, raccoons are likely consuming additional food resources during the fall
sampling period to account for a mass loss of up to 50% in the winter (Pitt et al. 2008,
McWilliams and Wilson 2015). However, females are likely investing into a second
breeding season instead, and do not show the same weight gain as males (Gehrt and
Fritzell 1996, Asano et al. 2003, Rosatte et al. 2006).
Finer scale analyses (Ontario) revealed that raccoons within agricultural and
barren landscapes were in poorer body condition than those from natural environments
suggesting that raccoons are avoiding the metabolic and locomotive stress associated
with increased fat reserves (Bókony et al. 2012, Maclagan et al. 2018). This result is
supported by another study on urban house sparrows that were found to have reduced
body size and mass in urban environments, compared to rural areas (Meillère et al. 2015).
However, other body condition indices showed no effect, and provided evidence that this
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species was not nutritionally suffering with urbanization (Meillère et al. 2015). With
raccoons exhibiting elevated GSP concentrations, as demonstrated above, raccoons are
also nutritionally sufficient despite having poorer body conditions in agricultural and
barren landscapes.
Unexpectedly, similar results were not found when a finer scale analysis within
Québec was conducted, as urbanization did not have an effect on raccoon body condition,
the only parameter examined in the region. This is likely a result of uneven sampling
within Québec, as majority of the sites were considered non-urban and did not include
residential areas or major urban centres. Another possible explanation could be
differences in municipal waste disposal policies, where raccoons from Québec and
Ontario may have different opportunities to access anthropogenic food waste, resulting in
different body condition patterns across the two regions.
Finally, an effect of sex was found with GSP as well, where males are shown to
have elevated GSP concentrations compared to females. Though not predicted, this could
be explained with multiple hypotheses. Firstly, this finding could suggest that raccoons
have sex-specific breeding tactics in areas of a predictable food source and may use
different resources to facilitate reproduction depending on intensity and length of the
activity (Soulsbury 2019). This means that males who exhibit a polygynous mating
behaviour over a long duration likely use lipids as a fuel source, as lipids function as an
energy reserve and contain greater amounts of energy than carbohydrates (Soulsbury
2019). But, carbohydrates provide an energy source that is more readily available, which
could be used by females for offspring production (Soulsbury 2019). Female reproductive
tactics may involve the use of carbohydrates, lipids, or a combination of the two
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depending on the activity being performed (Soulsbury 2019). In this case however, it is
most likely that the female is facilitating reproduction using readily available
carbohydrates as differences in GSP concentrations between sexes were found.
Ultimately, this hypothesis states that resource use towards reproduction may change
depending on the sex and activity being performed. Secondly, GSP concentrations may
be effected by sex due to the differences in distances travelled for food, or home range
size (Lazić et al. 2017). For example, males who travel further may be consuming foods
that contain greater amounts of carbohydrates than females, who are restricted in their
movements as they rear their offspring by their den site and cannot access these same
food resources (Gehrt and Frttzell 1997, Kamler and Gipson 2003). Overall, this finding
reports that raccoon physiology may be affected by both urbanization and sex.
This study demonstrates the effect of season on diet for raccoons, where food
resources change from anthropogenic food waste during the summer to corn and cornbased products throughout the fall, a more readily available food source at the time.
Future research should account for samples across multiple seasons to truly understand its
effect on various physiological parameters, such as body condition, GSP, and leptin that
was examined in this study. For example, it would be beneficial from a conservation
perspective to understand if this change in diet throughout the year is associated with any
negative health consequences, such that was previously seen with obesity (Birnie-Gauvin
et al. 2017, Demeny et al. 2019) and hyperglycemia (Schulte-Hostedde et al. 2018).
Otherwise, wildlife may be adapting to the consumption of an urban diet and its high
components of carbohydrates and lipids, as seen recently in research with white-footed
mice (Peromyscus leucopus) (Harris and Munshi‐South 2017).
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