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Dear Residents,

I am pleased to provide you with the annual summary of 
research conducted in partnership with the Cook County 
Department of Animal and Rabies Control (ARC). These 
reports and articles are a result of vital research funded by 
ARC to ensure that we understand the unique characteristics 
of urban wildlife in our region and ultimately protect our 
residents and companion animals from disease associated with urban wildlife in our 
ecosystem.

The County’s long held partnerships with the Max McGraw Wildlife Foundation, 
University of Illinois Zoological Pathology Program and the Forest Preserves of 
Cook County Urban Otter Research Project provide a great deal of information about 
how our environment has evolved and alerts us to emerging trends and diseases in 
animal populations in northern Illinois and beyond.

These studies are utilized by researchers in Cook County, across the region and 
around the country. ARC’s funding for these studies is derived from fees collected 
for rabies tags in Cook County. The studies are a crucial component of ARC’s 
mission to ensure the safety of residents and companion animals in Cook County. 

Respectfully, 

Tanya S. Anthony

Chief Administrative Officer 
Cook County Government
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BRIEF INTRODUCTION 

Wildlife disease is of great importance to the health and safety of humans and domestic animals with 

73% of emerging and reemerging pathogens are known to be zoonotic (transmitted from animals to 

people).   There is increasing evidence suggesting that urbanization and resultant land-use changes 

contribute to the emergence of wildlife diseases through multiple mechanisms, with consequences for 

human and pet health.  In light of the increasingly close association between wildlife and humans in 

Cook County, the need for surveillance and proactive research is needed to guide and interlink human 

health and wildlife management programs with the goal of limiting the risk of human exposure to 

zoonotic diseases and other conflicts, such as attacks by coyotes.   

The following provides a summary of surveillance and research conducted during 2021 and early 2022 

on wildlife species in Cook County that pose important risks for people and pets.  The following work 

represents collaborations between Cook County Animal and Rabies Control, the Forest Preserve District 

of Cook County, and the Max McGraw Wildlife Foundation, among other partners.   

COYOTE MONITORING 

Coyotes are important animals to monitor for diseases, as well as changes in behavior.  This is 

because they range over most of the Chicago area, can host (or carry) a wide range of diseases, 

and are capable of (occasionally) attacking pets or (rarely) people.  In 2021 and early 2022, we 

focused most of our activities on livetrapping and radiotracking coyotes for monitoring disease 

prevalence, movements, survival, and behavioral observations.  We also continued efforts on 

capturing and monitoring white-tailed deer and river otters in Cook County.   

Background 

Coyotes have greatly expanded their geographic range across North America, and have recently 

become top predators in many metropolitan areas.  Their success in urban areas has important 

ecological implications, and is a potential threat to the health and well-being of people and 

their pets.  Attacks on pets have occurred across the U.S., and attacks on people have become 

relatively more noticeable in the last 20 years.   However, the actual risk posed by coyotes is 

poorly understood by the general public, and a lack of reliable information typically results in 

responses borne of emotion in homeowners and decision-makers.  Understanding the ecology 

of coyotes in urban landscapes, and human responses to their presence, is crucial for 

developing effective responses on the threats coyotes pose to people and pets in metropolitan 

areas.    
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Capture of coyote as part of our long-term monitoring program.   Courtesy of Jeff Nelson. 

The number of human-coyote conflicts in the Cook County area increased dramatically during 

the 1990’s, and has remained at a constant level since then, as indicated by the number of 

coyotes removed as nuisances from the Chicago metropolitan area. 
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We have been monitoring the Cook County coyote population since 2000 to determine 

population characteristics that may help minimize conflicts and guide management programs, 

in addition to surveillance for zoonotic diseases.   

Capture Efforts 

Each year we typically livetrap coyotes to collect blood and fecal samples and to individually 

mark and radiocollar them so we can follow their movements and observe their behavior.  In 

2021, we attempted to resume our standard trapping efforts that had been limited the 

previous year by Covid 19.  During 2021 and early 2022, our livetrapping efforts yielded 33 

captures and 3 recaptures of marked individuals.  Newly-captured animals included 4 adults (1 
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F, 3 M), 16 subadults (8 F, 8 M), and 13 young of the year (6 F, 7 M).  Blood samples were 

collected from each of these animals for disease monitoring.  Since March 2000 to the current 

date (June, 2022), we have cumulatively captured and marked over 1,380 coyotes and 

radiocollared over 600 individuals.   

Immobilized coyote about to receive a radiocollar.  Courtesy Tom Uhlman, Scientists in the Field. 

In addition to our trapping efforts, we also attempt to count and microchip pups at natal dens 

each year.  Sampling and marking pups is important for estimating reproductive rate, among 

other aspects of the population.  We have done this continuously each year since 2004; 

however, in 2020, we were unable to do this because of Covid 19 limitations.  Thus, an 

objective for 2021 was to resume this activity.  In 2021, we located 7 litters from radiocollared 

coyotes and subsequently microchipped 55 pups. This year, in 2022, we had a similar level of 

success, in which we located 8 litters and microchipped 51 pups.  Average litter sizes were 

similar to previous years (7.9 foe 2021, and 6.4 for 2022).     
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Capture of coyote pups as part of our long-term monitoring program.   Courtesy of Jeff Nelson. 

Radiotracking Efforts 

We record coyote locations and movements each year using a combination of VHF telemetry 

and GPS telemetry.  In 2019, we radiotracked  68 radiocollared individuals throughout the year.  

Technicians recorded 4,962 coyote locations and we recorded over 10,000 GPS locations via 

satellites.  Our radiotracking efforts declined during the Covid 19 shutdown in 2020, during 

which time we tracked 66 coyotes and recorded 3,486 VHF locations.  In 2021, we tracked 73 

coyotes and recorded 3,528 locations. A major objective of 2021 was to replace GPS collars that 

had been lost during 2020.   These GPS-collared animals were used to facilitate outreach efforts 

such as a collaboration with National Geographic to illustrate movement patterns through the 

city (see below).   
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Technician radiotracking a VHF-collared coyote.  Courtesy Tom Uhlman, Scientists in the Field. 

Mortality Data 

Another major objective of the study is to document fates of radiocollared coyotes, particularly 

with respect to disease and conflicts with people and pets.  We recovered 14 mortalities during 

2021, of which 7 were radiocollared (we also collect all coyotes found dead, regardless of 

whether they are marked).  The causes of mortality for 2021 were vehicle collisions (29%), shot 

(21%), mange (21%), and unknown (29%).   Unknown mortalities occasionally occur if a carcass 

is too decomposed for a full necropsy.  Similar numbers have occurred to date in 2022, with 21 

mortalities comprised of a greater proportion of animals trapped or shot.   

It is important to note that the number of mortalities we recorded dropped substantially in 

2020, likely due to our reduced monitoring effort; however, the number of recorded mortalities 

remained relatively low in 2021.  For example, in previous years, we usually reported a 

consistent number of annual mortalities ranging in the low 40’s.  For example, during 2016-

2018 they ranged from 42 to 43 mortalities each year.  However, this dropped to 17 in 2020, 

and only 14 in 2021, one of the lowest numbers recorded in the study.     
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Radiocollared coyote during tracking in Chicago.  Courtesy Alex Coombs, MMWF. 

In the table below, we pool mortality data for long-term comparisons.  The distribution of 

mortality causes was largely consistent across years until recently.  Prior to covid, the primary 

cause of death was vehicle collisions, which was consistently higher than other causes during 

each period.  However, most recently the frequency of vehicle-caused mortalities had dropped 

to a lower proportion than at any time in the study.  However, any interpretation of these data 

are preliminary and more analysis, such as cause-specific mortality estimates, are needed.  

Also, the sample sizes are lower, which may influence these percentages.  Notably, there is no 

appreciable change in the number of coyotes as part of conflicts with people (we do not include 

animals removed from airports in this case).     

Causes of mortality for coyotes in Cook County. 

Period N Vehicle Shot Mange Unknown Other Conflict 

2000-2011 182 47% 19% 12% 14% 7% 1% 

2013-2014 38 37% 18% 21% 13% 8% 3% 

2016-2017 48 54% 12% 4% 25% 4% 1% 

2018-2019 72 54% 15% 11% 12% 1% 1% 

2020-2021 31 26% 29% 16% 29% 0% <1% 
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This is one line of evidence indicating that the level of conflict has remained about the same 

within the coyote population, and that there is no measurable shift in boldness or aggression.  

However, the public’s perception may not reflect this because there may have been a 

numerical increase in nuisance coyotes if the coyote population has increased.  In other words, 

the proportion of coyotes that creates a conflict has not changed, but as the population 

increases in overall size, this will result in a greater absolute number of coyotes in conflict with 

people. 

Movement Data 

Using data from GPS collars, we have been able to document the ways in which people alter 

coyote behavior, often leading to conflicts.  No other research programs have been able to 

follow coyotes from birth to their ultimate fate, and we have documented the few cases where 

coyotes have been fed by people which led to conflicts.  Consequently this research has been 

used by various communities to establish or enforce no feeding ordinances.    

A GPS-collared coyote in downtown Chicago.  Image from Corey Arnold, National Geographic.  
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Another important aspect of the GPS technology is it allows us to monitor coyotes inhabiting 

the most urban parts of the landscape, which is important for us to determine if coyotes 

behave differently than our suburban study sites.  To date, we have not seen an increase in 

aggressive behaviors exhibited by these coyotes toward people or their pets during the 

radiotracking, despite the proximity between the coyotes and people.  However, the sample 

size is small, and we do not know if coyotes can continue to live downtown without eventually 

creating negative encounters with people.  More research is needed in this area. 

Of note, a main focus of our activities during the 2019-2020 winter was livetrapping and re-

deploying GPS collars among coyotes located in the Chicago limits.  Livetrapping in this area is 

always a complicated process that takes considerable time and effort.   

A GPS-collared coyote located on the north side of Chicago.  From Corey Arnold, National Geographic. 
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Multi-city novel object test 

Last year we partnered with USDA Wildlife Research Center biologists to develop a design to 

conduct standardized novel object tests for coyotes residing in a variety of cities across North 

America. The objective is to determine if coyotes are behaving differently across cities, 

especially regarding boldness.  This is a natural expansion of our recent work in Cook County 

where we conducted intesive novel object tests to determine pattens of boldness among 

coyotes in the county.  As part of this large scale effort, we conducted multiple novel object 

tests in September-November.  Results from this work will be compared to other cities and will 

help us better understand the variability among different coyote populations, and help us put 

our results in Cook County in context relative to the rest of the country.    

We selected 25 sites for a camera and half also had a novel object.  Cameras were maintained 

for at least 3 weeks.  Coyotes were detected at least once for 18 of the sites.  Overall visitation 

rates were higher for Cook County than for the other locations.  Results from those tests are 

currently being tabulated and analyzed, and we will be able to interpret these results in a more 

meaningful way.  At this point, the preliminary analysis suggests that coyotes in Cook County 

may be behaving differently than coyotes in some other cities.    

Preliminary results of novel object tests across metropolitan areas. 

Location No. of Sites Coyote Visitation Rate 

Cook County 25 72% 

Columbus 28 25% 

Cleveland 39 26% 
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 OUTREACH 

A major activity each year is our professional and public outreach.  Professional outreach 

activities include publishing our results in peer-reviewed literature, and presenting our results 

at scientific meetings.  We maintain a website to make our results available to the general 

public and agencies, which is probably our most impactful outreach mechanism.      

In 2021, we averaged >6k visits each week, resulting in >300k visits annually. 

Google analytics for the website, urbancoyoteresearch.com, in terms of weekly visits. 

Much of our outreach involves communicating with the media, including responses for 

information across North America.  The following is a short list of 2021 media references to the 

project: 

Media: 

• Popular Science.  February 9, 2021.   Four wild animals that are thriving in cities.
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o https://www.popsci.com/story/animals/urban-animal-populations-thrive/

• New York Times.  February 18, 2021.  Attacks by Urban Coyotes Are Rare, but

Frightening

o https://www.nytimes.com/2020/01/09/science/chicago-coyote-attacks.html

• Vancouver Sun.  March 9, 2021.  Urban wildlife expert links feeding coyotes to attacks

on humans in Stanley Park

o https://vancouversun.com/news/local-news/urban-wildlife-expert-links-feeding-

coyotes-to-attacks-on-humans

• CBC Radio, Quirks and Quarks.  April 9, 2021.  How coyotes have managed to find

success in the city like no other predator

o https://www.cbc.ca/radio/quirks/coyotes-doing-well-in-the-city-asteroid-impact-

created-rainforests-the-minimal-organism-and-more-1.5980412/how-coyotes-have-

managed-to-find-success-in-the-city-like-no-other-predator-1.5980419

• Toronto Star.  August 2, 2021.  Coyotes are already among us. In fact, they may be

Toronto’s most successful urban invader since the squirrel.

o https://www.thestar.com/news/gta/2021/08/02/coyotes-are-already-among-us-in-fact-

they-may-be-torontos-most-successful-urban-invader-since-the-squirrel.html

• CBC Kids News.  August 12, 2021.  What to do if you meet a coyote in the city.

o https://www.cbc.ca/kidsnews/post/what-to-do-if-you-meet-a-coyote-in-the-city

• Minneapolis St Paul Magazine.  November 22, 2021.  Tracking City Foxes and Coyotes.

o https://mspmag.com/arts-and-culture/twin-cities-foxes-coyotes/

• The Globe and Mail.  January 2, 2022.  More coyotes are adapting to urban areas in

Canada. Here’s why they thrive in cities.

o https://www.theglobeandmail.com/canada/article-more-coyotes-are-adapting-to-

urban-areas-in-canada-heres-why-they/

• PBS Overview.  November 4, 2021.

o https://www.youtube.com/watch?v=OB7nomE1VL4&t=326s

Currently, the project is featured in the July issue of National Geographic. This story and 

accompanying photographs are the results of weeks of collaborative work during 2020 and 

13

https://www.popsci.com/story/animals/urban-animal-populations-thrive/
https://www.nytimes.com/2020/01/09/science/chicago-coyote-attacks.html
https://vancouversun.com/news/local-news/urban-wildlife-expert-links-feeding-coyotes-to-attacks-on-humans
https://vancouversun.com/news/local-news/urban-wildlife-expert-links-feeding-coyotes-to-attacks-on-humans
https://www.cbc.ca/radio/quirks/coyotes-doing-well-in-the-city-asteroid-impact-created-rainforests-the-minimal-organism-and-more-1.5980412/how-coyotes-have-managed-to-find-success-in-the-city-like-no-other-predator-1.5980419
https://www.cbc.ca/radio/quirks/coyotes-doing-well-in-the-city-asteroid-impact-created-rainforests-the-minimal-organism-and-more-1.5980412/how-coyotes-have-managed-to-find-success-in-the-city-like-no-other-predator-1.5980419
https://www.cbc.ca/radio/quirks/coyotes-doing-well-in-the-city-asteroid-impact-created-rainforests-the-minimal-organism-and-more-1.5980412/how-coyotes-have-managed-to-find-success-in-the-city-like-no-other-predator-1.5980419
https://www.thestar.com/news/gta/2021/08/02/coyotes-are-already-among-us-in-fact-they-may-be-torontos-most-successful-urban-invader-since-the-squirrel.html
https://www.thestar.com/news/gta/2021/08/02/coyotes-are-already-among-us-in-fact-they-may-be-torontos-most-successful-urban-invader-since-the-squirrel.html
https://www.cbc.ca/kidsnews/post/what-to-do-if-you-meet-a-coyote-in-the-city
https://mspmag.com/arts-and-culture/twin-cities-foxes-coyotes/
https://www.theglobeandmail.com/canada/article-more-coyotes-are-adapting-to-urban-areas-in-canada-heres-why-they/
https://www.theglobeandmail.com/canada/article-more-coyotes-are-adapting-to-urban-areas-in-canada-heres-why-they/
https://www.youtube.com/watch?v=OB7nomE1VL4&t=326s


2021, and has resulted in photographs appearing in this report.  Below is a photo of the 

photographer, Corey Arnold.   

COLLABORATORS 

An important aspect of this program is the collaborations and partnerships that form the 

foundation of much of this work.  Partnerships increase our pool of expertise while 

simultaneously maximizing the financial support, since our partners typically invest their time 

and resources to individual projects.  In addition to our primary agencies (Cook County Animal 

and Rabies Control, the Forest Preserve District of Cook County, and the Max McGraw Wildlife 

Foundation), our partners include Loyola University (Dr. Jean Dubach), University of Minnesota 

(Dr. Meggan Craft), University of New Mexico (Dr. Seth Newsome), University of Calgary (Dr. 

Ale Massolo), and USDA/APHIS National Wildlife Research Center (Dr. Julie Young).   
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PRODUCTS 

PUBLICATIONS 

1. Gehrt, S.  2021.  Ghost Dogs and Their Unwitting Accomplices.  Anthropology Now  13:41-53.
https://doi.org/10.1080/19428200.2021.1982347

2. Worsley-Tonks K. E. L., Miller E. A., Anchor, C. L., Bender J. B., Gehrt S. D., McKenzie S. C., Singer,
R. S., Johnson T. J., Craft M. E. 2021.  Importance of anthropogenic sources at shaping the
antimicrobial resistance profile of a peri-urban mesocarnivore. Science of the Total Environment
764:144166.    https://doi.org/10.1016/j.scitotenv.2020.144166

3. Zepeda, Emily; Payne, Eric; Wurth, Ashley; Sih, Andrew; Gehrt, Stan.  2021. Early life experience
with urbanization influences dispersal in coyotes (Canis latrans).  Behavioral Ecology  32:728-
737.

4. Jacob, Joanna; Kent, Molly; Benson-Amram, Sarah; Herculano-Houzel, Suzana; Raghanti, Mary
Ann; Ploppert, Emily; Drake, Jack; Hindi, Bilal; Natale, Nick; Daniels, Sarah ; Fanelli, Rachel;
Landis, Tim; Rzucidlo, Amanda; Gilbert, Amy; Johnson, Shylo; Lai, Annie; Hyer, Molly; Anchor,
Chris; Gehrt, Stan; Lambert, Kelly.  2021.  Cytoarchitectural Characteristics Associated with
Cognitive Flexibility in Raccoons.  Journal of Comparative Neurology, 529:3375-3388.

5. Worsley-Tonks; Katherine, Stanley Gehrt; Chris Anchor; Luis Escobar; Meggan E Craft.  2021.
Infection risk varies within urbanized landscapes – the case of coyotes and heartworm.
Parasites & Vectors, 14:1-13.

6. Worsley-Tonks, Katherine E. L., Stanley D. Gehrt, Elizabeth A. Miller, Randall S. Singer, Jeff B.
Bender, James D. Forester, Shane C. McKenzie, Dominic A. Travis, Timothy J. Johnson, Meggan E.
Craft.  2021.  Comparison of antimicrobial-resistant Escherichia coli between urban raccoons
and domestic dogs.  Applied and Environmental Microbiology 87: DOI:
https://doi.org/10.1128/AEM.00484-21

In Review: 

1. Wilson, Evan C., Chris Anchor, Stanley D. Gehrt.  In revision.  What regulates urban coyotes? The
role of sarcoptic mange in urban coyote population dynamics. Journal of Applied Ecology.

2. Gehrt SD, EM Muntz, EC Wilson, J Power, SD Newsome.  In review. Severe environmental
conditions create severe conflicts? Coyote attacks on humans in Cape Breton Highlands National
Park, Nova Scotia.  Journal of Applied Ecology.

In Preparation (near submission): 
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1. Milling, C.R., S. McKenzie, S.D. Gehrt. Evaluation of Iridium-transmitted GPS telemetry data for
use in assessments of wildlife space use. In preparation for: PLoS ONE.

2. Milling, C.R., C. Anchor, S.D. Gehrt. Survival of translocated nuisance coyotes in the Chicago
Metropolitan Area: implications for urban wildlife management. In preparation for: Journal of
Wildlife Management.

3. Robinson, K, E Ellington, C Tonra, and S Gehrt.  Stress in the city? Coyote cortisol varies with
intrinsic and extrinsic factors within a heavily urbanized landscape.  In preparation for: Science
of the Total Environment.

4. Wurth, A, S Gehrt.  Influence of urbanization on body size and condition of coyotes (Canis
latrans) in the Chicago Metropolitan Area.  In preparation for: Journal of Mammalogy.

PROFESSIONAL PRESENTATIONS 

1. Milling, C. and S. Gehrt. (2021)  Survival of translocated nuisance coyotes in the Chicago
Metropolitan Area: implications for urban wildlife management. The Wildlife Society Annual
Meeting. Virtual.  November 1 – 5.

2. Milling, C., S. McKenzie, and S. Gehrt. (2021)  Evaluating the quality and utility of Iridium-
transmitted data for a free-ranging mesocarnivore. Montana Chapter of The Wildlife Society
Annual Conference. Virtual.  February 23 – 25.

3. Ellington, EH, Newsome, S, Gehrt, SD. (2021) How urbanization and diet influence coyote
behavior. International Urban Wildlife Conference [Virtual].

4. Milling, CR, SD Gehrt, C Anchor. (2021) Do translocated coyotes live happily ever after?
Managing urban canids and human expectations. Invited seminar at Gonzaga University,
Spokane, WA.  Oct. 22.

5. Zepeda, E., Payne, R., Wurth, A., Sih, A. and Gehrt, S. (2021) Early life experience with
urbanization influences departure and transience behavior in coyotes. The Wildlife
Society, virtual.

6. Gehrt, SD.  2021.  Extreme Urban Ecology of an Apex Predator: Coyotes in Chicago.  Invited
Departmental Seminar, Queens College, New York.  February 10.
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Comparison of Antimicrobial-Resistant Escherichia coli Isolates
from Urban Raccoons and Domestic Dogs

Katherine E. L. Worsley-Tonks,a Stanley D. Gehrt,b,c Elizabeth A. Miller,d Randall S. Singer,d Jeff B. Bender,e James D. Forester,f

Shane C. McKenzie,c Dominic A. Travis,a Timothy J. Johnson,d Meggan E. Crafta,g

aDepartment of Veterinary Population Medicine, University of Minnesota, Saint Paul, Minnesota, USA
bSchool of Environment and Natural Resources, The Ohio State University, Columbus, Ohio, USA
cMax McGraw Wildlife Foundation, Dundee Township, Illinois, USA
dDepartment of Veterinary and Biomedical Sciences, University of Minnesota, Saint Paul, Minnesota, USA
eSchool of Public Health, University of Minnesota, Minneapolis, Minnesota, USA
fDepartment of Fisheries, Wildlife and Conservation Biology, University of Minnesota, Saint Paul, Minnesota, USA
gDepartment of Ecology, Evolution, and Behavior, University of Minnesota, Saint Paul, Minnesota, USA

Timothy J. Johnson and Meggan E. Craft contributed equally to this work.

ABSTRACT Wildlife can be exposed to antimicrobial-resistant bacteria (ARB) via
multiple pathways. Spatial overlap with domestic animals is a prominent exposure
pathway. However, most studies of wildlife-domestic animal interfaces have focused
on livestock and little is known about the wildlife-companion animal interface. Here,
we investigated the prevalence and phylogenetic relatedness of extended-spectrum
cephalosporin-resistant (ESC-R) Escherichia coli from raccoons (Procyon lotor) and
domestic dogs (Canis lupus familiaris) in the metropolitan area of Chicago, IL, USA.
To assess the potential importance of spatial overlap with dogs, we explored
whether raccoons sampled at public parks (i.e., parks where people and dogs could
enter) differed in prevalence and phylogenetic relatedness of ESC-R E. coli to rac-
coons sampled at private parks (i.e., parks where people and dogs could not enter).
Raccoons had a significantly higher prevalence of ESC-R E. coli (56.9%) than dogs
(16.5%). However, the richness of ESC-R E. coli did not vary by host species. Further,
core single-nucleotide polymorphism (SNP)-based phylogenetic analyses revealed
that isolates did not cluster by host species, and in some cases displayed a high
degree of similarity (i.e., differed by less than 20 core SNPs). Spatial overlap analyses
revealed that ESC-R E. coli were more likely to be isolated from raccoons at public
parks than raccoons at private parks, but only for parks located in suburban areas of
Chicago, not urban areas. That said, ESC-R E. coli isolated from raccoons did not ge-
netically cluster by park of origin. Our findings suggest that domestic dogs and
urban/suburban raccoons can have a diverse range of ARB, some of which display a
high degree of genetic relatedness (i.e., differ by less than 20 core SNPs). Given the
differences in prevalence, domestic dogs are unlikely to be an important source of
exposure for mesocarnivores in urbanized areas.

IMPORTANCE Antimicrobial-resistant bacteria (ARB) have been detected in numerous
wildlife species across the globe, which may have important implications for human
and animal health. Wildlife can be exposed to ARB via numerous pathways, including
via spatial overlap with domestic animals. However, the interface with domestic ani-
mals has mostly been explored for livestock and little is known about the interface
between wild animals and companion animals. Our work suggests that urban and
suburban wildlife can have similar ARB to local domestic dogs, but local dogs are
unlikely to be a direct source of exposure for urban-adapted wildlife. This finding is
important because it underscores the need to incorporate wildlife into antimicrobial
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resistance surveillance efforts, and to investigate whether certain urban wildlife species
could act as additional epidemiological pathways of exposure for companion animals,
and indirectly for humans.

KEYWORDS cephalosporin, dog, Escherichia coli, interface, phylogenetic, raccoon,
urban

Human encroachment into natural habitats, urbanization, and wildlife adaptation to
human activity have increased the extent to which humans and domestic animals

interface with wildlife. Greater contact between humans, domestic animals, and wild-
life increases the risk of infectious agent spillover (1–4). Our understanding of this phe-
nomenon has mostly been driven by pathogen spillover from wildlife into human or
domestic animal populations (e.g., Ebola virus, avian influenza virus, SARS-CoV, and
SARS-CoV-2) (2, 5, 6). However, infectious agents can also spill over from human sour-
ces into wild animal populations through the environment, which can threaten public
and domestic animal health if wildlife cause further spread and spillback into the
human and/or domestic animal populations (1).

A quintessential example of spillover from human sources into wildlife is the dis-
semination of antimicrobial-resistant bacteria (ARB) (7–9). ARB that are typically associ-
ated with clinical settings have been detected in numerous wildlife species across the
globe (9, 10). In general, wild animals are more likely to shed ARB if they are closer to
human-dominated areas, such as livestock facilities, urban areas, landfills, and fish
farms (8, 10–12). In some human-dominated settings, ARB prevalence in wildlife can be
as high as 50% or more, such as in some bird, mesocarnivore, rodent, and ungulate
populations (13–17). Further, wildlife present in these human-dominated areas tend to
have ARB that are similar to those of local human and/or domestic animal populations,
both in terms of genetic relatedness and the antimicrobial-resistance gene (ARG) pro-
files (18–20). Thus, it has become clear that many ARB detected in wildlife are of
anthropogenic origin (10, 12). Further, because ARG can be horizontally transferred
between bacteria via processes such as conjugation, there is a concern that AMR has
the potential to spread in wildlife bacterial communities (21). Under this scenario, wild-
life would not only act as vectors of AMR, but also as reservoirs (22, 23).

In urban settings, ARB have been detected in multiple wildlife species (e.g., rodent,
gull, song bird species) (14, 23–25) and, in most cases, prevalence tends to be higher
than in nonurban wildlife (14, 26). Urban wildlife can be exposed to ARB and associated
ARG via multiple pathways, including contaminated waters, garbage or other food
sources (9, 12, 23), and livestock manure (27). While ARB are unlikely to be directly
transmitted between humans and wildlife, transmission could occur more readily via
domestic animals. Companion animals are especially likely to be important because
they frequently use the same green spaces as urban wildlife (28–30) and share several
infectious agents with wildlife and humans (e.g., Hendra virus, Salmonella spp.) (31,
32), including ARB (32–34). Despite this potential risk, AMR research at the wildlife-
companion animal interface has been explored infrequently and with conflicting
results. In some cases, companion animals and wildlife have similar AMR profiles (15,
35), while in others there is less evidence of similarity (36), indicating that more
research is needed.

Here, we compared ARB isolated from raccoons (Procyon lotor) and domestic dogs
(Canis lupus familiaris) sampled in the metropolitan area of Chicago, IL, USA. We
focused on raccoons and domestic dogs because they both frequently use urban
green spaces (e.g., parks and backyards) (37), share several infectious agents (e.g.,
Leptospira spp., canine distemper virus), and can shed ARB (13, 34, 38). Further, our pre-
vious research revealed that raccoon and dog samples pooled by animal species had
several ARG in common (39). In the present study, we explore the interface between
raccoons and dogs in more detail by investigating the prevalence and phylogenetic
relatedness of extended-spectrum cephalosporin-resistant Escherichia coli (ESC-R E.
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coli) in 211 raccoons and 176 domestic dogs. ESC-R E. coli include both extended-spec-
trum beta-lactamase (ESBL) and AmpC beta-lactamase-producing E. coli, which are re-
sistant to third generation cephalosporins (e.g., cefotaxime, ceftazidime). We focused
on ESC-R E. coli because they are of increasing concern in human and veterinary medi-
cine (40–43), and have been reported in healthy human (44–46), livestock (47, 48), and
companion animal populations (41, 49–51), as well as in the environment (52–54). ESC-
R E. coli has also been isolated from the feces of over 30 wildlife species (e.g., gulls,
wild boar, mallard duck, rodent species) (8, 55), including over half of the 211 raccoons
previously sampled in our system (13).

The specific objectives of this study were to (i) explore the extent to which raccoons
and dogs have similar ESC-R E. coli profiles in terms of prevalence, phylogenetic relat-
edness, and number and types of ARG, and (ii) determine whether raccoons differed in
ESC-R E. coli profile based on whether they were sampled at public parks (i.e., parks
where people and dogs could enter) or at private parks (i.e., parks where people and
dogs could not enter), and how this compared to domestic dogs. We hypothesized
that raccoons would have a lower prevalence and diversity of ESC-R E. coli than dogs
because of antimicrobial use in dogs, their intimate contact with humans (33, 34), and
because of wildlife-domestic animal findings in other urban systems (e.g., reference
27). Additionally, we expected raccoons at public parks to have a higher prevalence of
ESC-R E. coli than raccoons at private parks because of potentially higher contact rate
with dog feces and human garbage. By extension, we also expected raccoons at
private parks to have ESC-R E. coli that were more phylogenetically distinct to ESC-R
E. coli isolated from dogs and raccoons at public parks.

RESULTS
Raccoon and domestic dog characteristics. Raccoons and dogs were sampled

over the course of four seasons, from February to November 2018 in northwestern
Chicago, IL, USA. Raccoons were captured and sampled from seven sites that differed
based on whether they were urban or suburban and whether they were on private or
public land (Fig. 1). Together, the seven sites covered a distance of ;40 km. At public
sites, most dogs were required to be leashed by law. At private sites, dogs were not
allowed to enter. Of the 211 raccoons sampled (17 of which were captured twice and
one three times), 61.6% were sampled in suburban areas and 38.4% in urban areas,
and 63.5% were sampled at public sites and 36.5% at private sites.

Domestic dogs were sampled at three of the seven sites where raccoons were
sampled (two suburban and one urban) or at nearby dog parks (Fig. 1). Of the 176
dogs sampled, 12.5% were sampled from the same household as at least one other
sampled dog. Based on dog owner survey results, 36.4% of dogs were#2 years of age,
42.6% were between 2 and 7, 19.3% were older than 7, and 1.7% had no age data.
Stratified by sex, 56.3% dogs were males, 37.5% were females, and 6.2% had no data.
In terms of antibiotic use, 30.1% of sampled dogs were on some form of antibiotic in
the 12-months prior to sampling, 53.4% were not, 11.9% of owners were unsure, and
4.6% of owners did not respond. Based on where dogs were sampled, 48.3% of dogs
were sampled at sites where raccoons were sampled and 51.7% at local dog parks.
Most sampled dogs lived in the northwestern portion of the Chicago area (based on
home ZIP code) (Fig. 1), and 64% of dogs had their home ZIP code that overlapped
with at least one of the sites where raccoons were sampled (Fig. 1).

Domestic dogs had a lower prevalence of ESC-R E. coli than raccoons, but ESC-R
E. coli bacteria isolated from dogs and raccoons were not genetically distinct and
in some cases displayed a high degree of similarity and had multiple ARG in
common. With a sample prevalence of 56.9% (95% confidence interval [CI] = 50.1% to
63.4%) and 16.5% (95% CI = 11.7% to 22.7%) for raccoons and dogs, respectively
(Fig. 2A), there was a significantly higher odds of recovering at least one ESC-R E. coli
isolate from raccoons than from dogs (Fisher’s exact test; odds ratio [OR] = 3.44, 95%
CI = 2.16 to 5.63; P, 0.0001). Whole-genome sequencing and multilocus sequence typ-
ing (MLST) revealed that of the 152 ESC-R E. coli isolates recovered from raccoons and
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dogs (123 from raccoons and 29 from dogs), raccoons had a total of 55 unique
sequence types (STs) and one unknown (the unknown ST closely resembled ST155,
with variation in the gyrB allele only) and dogs had 20 unique STs and two unknown
(one of the unknowns closely resembled ST58, with variation in the parA allele only,
and the other was dissimilar to all STs) (Fig. 2B). Accounting for differences in samples
sizes, bootstrapping the raccoon sample size to the dog sample size (i.e., from n= 123
to n=29) revealed that the raccoon and dog populations likely shed a similar richness
of STs (95% CI for raccoons = 16.1 to 23.8 using 1,000 bootstrap replicates). Of the STs
detected, ST38 was most commonly detected in raccoon samples (8.8%), followed by
ST973 (7.3%), and both ST68 and ST162 (4.8%) (Fig. 2B). For dogs, ST68 was most com-
mon (13.8%), followed by ST297 (10.3%) (Fig. 2B).

In terms of phylogenetic similarity, raccoons and dogs had 12 STs in common, includ-
ing ST10, ST38, ST68, and ST131 (Fig. 2B). Core single-nucleotide polymorphism (SNP)-
based phylogenetic analyses revealed that within-species average core SNP differences
were similar to between-species average core SNP differences (raccoon to raccoon: 455.8
mean core SNP difference; dog to dog: 489.2; raccoon to dog: 480). Further, the maxi-
mum likelihood phylogenetic tree showed no clustering by species, with dog and rac-
coon samples randomly interspersed throughout the tree (Fig. 2C), which was supported

FIG 1 Sampling sites in the northwestern portion of the Chicago metropolitan area. Small dark red and yellow
polygons depict sites where raccoons were sampled. The four small dark red polygons are private sites (i.e., sites
where people and domestic dogs were not allowed to enter) and the three yellow polygons are public sites (i.e.,
sites where people and dogs were allowed to enter). Blue stars represent dog parks and pink polygons are dog
home ZIP codes. Four shapefiles were used to create the map: (i) a street shapefile for Cook County (https://
hub-cookcountyil.opendata.arcgis.com/datasets/4569d77e6d004c0ea5fada54640189cf_5), (ii) a street shapefile for
DuPage County (https://gisdata-dupage.opendata.arcgis.com/datasets/roadtypecenterline?geometry=-89.010%2C41
.659%2C-87.158%2C42.017), (iii) a Lake Michigan shapefile (https://gis-michigan.opendata.arcgis.com/datasets/5e29
11231fe246128d0ff8495935ee85_12), and (iv) a U.S. shapefile (https://hub.arcgis.com/datasets/1b02c87f62d2450
8970dc1a6df80c98e_0?geometry=118.842%2C29.346%2C-4.029%2C67.392).
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by a lack of significant difference in the phylogenetic distance of ESC-R E. coli isolates by
animal species (permutational multivariate analysis of variance [PERMANOVA]: F1, 151 =
0.45, P= 0.85). Focusing on isolates that belonged to one of the 12 STs shared between
raccoons and dogs (19 isolates from dogs and 51 isolates from raccoons), pairs of isolates
displayed a high degree of similarity, as they differed by less than 20 core SNPs in all
cases and were similar both within and between animal species (Fig. 3).

With regard to ARG, a total of 56 and 40 ARGs were identified in ESC-R E. coli isolated
from raccoons and dogs, respectively, and most were found in isolates of both species

FIG 2 Prevalence and phylogenetic associations of ESC-R E. coli isolated from raccoons and domestic dogs. (A)
Prevalence of ESC-R E. coli. Whiskers represent 95% confidence intervals and numbers above whiskers are sample
sizes. (B) Minimum spanning tree of ESC-R E. coli sequence types (STs) detected in raccoons (blue) and domestic
dogs (orange). The size of nodes represents the number of isolates and the length of lines connecting nodes
represents the number of allelic differences. ST numbers preceded by a tilde were unknown. (C) Core SNP-based
maximum likelihood phylogenetic tree of the 152 ESC-R E. coli and heatmap of isolates classified based on host
species (i.e., raccoon, blue; dog, orange). The reference is E. coli K-12 strain MG1655.

Antimicrobial Resistance in Raccoons and Domestic Dogs Applied and Environmental Microbiology

August 2021 Volume 87 Issue 15 e00484-21 aem.asm.org 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
09

 J
ul

y 
20

22
 b

y 
26

00
:1

70
2:

16
a0

:9
25

0:
d5

ac
:e

47
9:

35
46

:2
34

d.

22

https://aem.asm.org


(Fig. 4). Focusing on beta-lactam genes (i.e., bla genes), blaCMY-2 was the most prevalent
in both raccoon and dog ESC-R E. coli isolates (54% and 62%, respectively), followed by
blaTEM-1B (26% and 21%, respectively). Further, 43.9% of beta-lactam genes detected in
ESC-R E. coli isolated from raccoons were of blaCTX-M-type, of which blaCTX-M-15 was the
most common, followed by blaCTX-M-14 and blaCTX-M-55. For dogs, blaCTX-M-type genes
accounted for 25% of beta-lactam genes, of which blaCTX-M-1 and blaCTX-M-55 were the
most common. For non-beta-lactam genes, a greater proportion of ESC-R E. coli isolated
from raccoons had fluoroquinolone and tetracycline ARGs than ESC-R E. coli isolated
from dogs (Fig. 4).

Probability of isolating ESC-R E. coli from raccoons sampled at public parks was
higher than for raccoons sampled at private parks, but only at suburban parks.
After controlling for seasonal and urban-suburban context effects based on findings
from previous work (13), binomial generalized linear mixed models (GLMMs) revealed
that the odds of isolating ESC-R E. coli from raccoons varied significantly based on
whether raccoons were sampled at public or private sites, with an interaction effect
between whether a site was private or public and urban or suburban. Specifically, the
odds of isolating ESC-R E. coli from raccoons was higher at public compared to private
sites, but only in suburban sites and not urban sites (Table 1; Fig. 5).

ESC-R E. coli bacteria isolated from raccoons sampled at public parks were not
phylogenetically distinct from those isolated from raccoons sampled at private
parks or from those isolated from domestic dogs. There was no significant differ-
ence in the phylogenetic distance of ESC-R E. coli isolates recovered from raccoons
sampled at public parks and raccoons sampled at private parks or from those recov-
ered from domestic dogs (PERMANOVA: F2, 151 = 0.43, P = 0.95).

DISCUSSION

Wildlife can be exposed to ARB via multiple pathways, including through spatial
overlap with domestic animals. However, in this study, we found no evidence that spa-
tial overlap with domestic dogs acts as a major source of exposure for urban-adapted
raccoons. ESC-R E. coli were three times more likely to be recovered from raccoons
than domestic dogs, although isolates obtained from raccoons were not genetically
distinct from those obtained from dogs and in some cases displayed a high degree of
similarity (i.e., differed by less than 20 core SNPs). When exploring the importance of
raccoon spatial overlap with dogs and people at parks, we found that the odds of iso-
lating ESC-R E. coli from raccoons was higher when raccoons were sampled at public

FIG 3 Mean number of core SNP differences between pairs of ESC-R E. coli isolates by sequence type
(ST) based on whether pairs of isolates were from different animal species (“between”) or the same
animal species (“within”). Numbers next to raccoon and dog silhouettes are the number of isolates
belonging to each animal species by ST. NA indicates that no comparison could be done.
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than at private parks, with this difference being only apparent at suburban and not
urban parks. In terms of genetic relatedness of ESC-R E. coli, we found that ESC-R E. coli
bacteria isolated from raccoons sampled at public parks were not distinct from those
isolated from raccoons sampled at private parks or from those isolated from dogs.

It was surprising to find that raccoons had a higher prevalence of ESC-R E. coli than
dogs, since dogs are considered reservoirs for AMR due to the use of antimicrobials in
these animals and their close contact with humans and other animals in which antimi-
crobials are used (34). That said, wildlife could have higher AMR prevalence than dogs
if they were exposed to ARB and ARG through pathways that dogs were less likely to
be exposed to. For example, lakes and rivers are important pathways for the dissemina-
tion of ARB into the environment (52, 56, 57), and water-associated wildlife species are
especially likely to be exposed (26, 58, 59). Raccoons select habitats with water bodies
(60, 61) because a large proportion of their food is in or along rivers and lakes (62).
Thus, it is possible that raccoons had a higher prevalence of ESC-R E. coli compared to

FIG 4 Prevalence of antimicrobial resistance genes (ARG) in ESC-R E. coli isolated from raccoons (blue) (n=123) and domestic dogs
(orange) (n= 29).
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dogs because they were exposed to ARB via contaminated water sources. This is, how-
ever, speculative as no environmental samples were collected as part of this study.
While previous work has suggested that differences in the prevalence of certain ARB
between animals species could be attributed to differences in the host gut hospitabil-
ity to certain bacteria (8, 55, 63), it is unlikely to be of importance here because ESC-R
E. coli have previously been isolated from dogs in both clinical and community settings
(64, 65). Further, work comparing the AMR profiles of owned and stray dogs and three
mesocarnivore species supports the notion that environmental factors are more likely
to be important than physiological ones (39). As such, differences in exposure risk are
likely a more plausible explanation for the prevalence differences detected here than
differences in host physiological characteristics. Differences in exposure risk may also
explain differences in prevalence observed between urban and suburban raccoons,
which are possibly due to variation in home range size and food availability, as dis-
cussed in reference 13.

While raccoons tended to have a higher sample prevalence of ESC-R E. coli than
dogs, raccoons sampled at public parks were more likely to have ESC-R E. coli than rac-
coons sampled at private parks, but only in suburban areas and not urban areas.
Previous work has shown the presence of domestic animals to be an important deter-
minant of isolating ARB from wildlife (e.g., reference 66). However, since the dog popu-
lation tended to have a low prevalence of ESC-R E. coli (16.5%), the presence of dogs
themselves is unlikely to be the main factor associated with the differences detected at
suburban sites. Instead, the difference in the number of people (with and without
dogs) and the anthropogenic waste left at parks was potentially more influential. While
water bodies are predicted to be the primary pathway of wildlife exposure to ARB,
anthropogenic waste is also thought to be important (9). For example, wildlife can
have a higher prevalence of ARB and ARG when using landfills (67), and similar ARB to
those detected in landfills (59) or other wildlife sampled at landfills (68). Raccoons are

FIG 5 Raw prevalence of ESC-R E. coli in raccoons by urban-suburban context and dog presence
(yellow, public park [i.e., people and domestic dogs can enter], red, private parks [i.e., people and
domestic dogs cannot enter]). Whiskers are 95% confidence intervals. Raccoons were sampled in two
public (n= 78) and two private (n= 52) suburban parks and one public (n= 56) and two private
(n= 25) urban parks.

TABLE 1 Generalized linear mixed model results for isolating at least one ESC-R E. coli from
raccoonsa

Predictor variable Odds ratio 95% CI P
season (spring) 8.05 (2.71–23.9) ,0.001
season (summer) 5.05 (2.03–12.59) 0.001
season (winter) 0.49 (0.2–1.17) 0.11
urban-suburban context (urban) 34.95 (5.42–225.39) ,0.001
dog presence (yes) 5.36 (1.26–22.83) 0.02
urban context (urban)� dog presence (yes) 0.07 (0.01–0.79) 0.03
aSignificant terms are depicted in boldface type (with 95% CI not overlapping with 1 and P, 0.05).
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generalist and opportunistic feeders (69), and in urban and suburban areas they will
feed on anthropogenic waste present in parks, either on the ground or in trash cans
(70). Thus, raccoons sampled at public suburban parks may have had a higher preva-
lence than raccoons sampled at private suburban parks because of the higher expo-
sure to people and anthropogenic waste. A lack of difference detected at urban parks
could be because raccoons at both private and public parks were equally likely to be
exposed to anthropogenic waste. However, because a small number of parks were
examined (and only one urban public park), more work is needed to ascertain the im-
portance of people and anthropogenic waste in influencing the prevalence of ARB in
urban-adapted wildlife.

While dog and raccoon populations differed in ESC-R E. coli prevalence, ESC-R E. coli
isolated from the two animal species were not genetically distinct. Further, in some
cases raccoon and dog isolates differed by less than 20 core SNPs. Such a high degree
of similarity could reflect transmission among dogs and raccoons sampled (71, 72).
However, as well as having STs in common with dogs, raccoons also had several STs
that were not detected in dogs and are typically associated with human sources, such
as ST23, ST224, ST410, and ST167 (41). Further, ARB identified in wildlife have previ-
ously been attributed to human sources (18, 73), especially in urban areas (14, 25). This
conforms to the general consensus that humans tend to play a more important role in
the circulation of ARB and ARG in the community and the environment than compan-
ion animals (47). Hence, raccoons may have acquired ESC-R E. coli through exposure to
human-derived sources of AMR rather than through contact with dog feces.
Nevertheless, other human-associated STs, such as ST131 and ST10 (41), were found in
both raccoons and dogs. Companion animals and people can have several ESC-R E. coli
in common (74), either because of direct transmission or parallel microevolution (48).
Thus, it is possible that dogs and raccoons had similar ESC-R E. coli because individuals
of both species were exposed to human-associated AMR via different pathways. While
the ESC-R E. coli isolated from raccoons could not be compared to those of people liv-
ing in Chicago, work in other systems (e.g., reference 62) suggests that comparing the
AMR profile of urban wildlife and coexisting human populations would be an impor-
tant next step to take.

Finding no genetic distinction between ESC-R E. coli bacteria isolated from raccoons
at public parks, raccoons at private parks, and dogs could indicate that raccoons and
dogs have closely related ESC-R E. coli bacteria, or it could indicate that raccoons and
dogs of Chicago present a diverse pool of ESC-R E. coli strains. Given that several ESC ARG
tend to be transmitted horizontally via plasmids (42), we suspect the latter explanation is
most likely. The fact that highly related ESC-R E. coli (i.e., differing by,20 core SNPs) were
found between raccoons at private parks, raccoons at public parks, and dogs reinforces
this point, and suggests that these bacteria are potentially being randomly disseminated
to different hosts in the same environment. However, no firm conclusions can be made,
partly because our study was limited by the number of isolates per sample (one per sam-
ple) and per host group (e.g., 29 for dogs versus 123 for raccoons). Given the number of
ESC-R E. coli likely present per gram feces, examining a total of 152 isolates probably pro-
vided insufficient power to discern the diversity of ESC-R E. coli present in raccoons and
dogs, and thus the degree of genetic relatedness. Further, other types of ARB and/or mi-
crobiology techniques may have provided better resolution for comparing AMR between
raccoons and dogs. ESC-R E. coli were chosen because of their ease and frequency of iso-
lation, and relevance to human medicine. Use of other ARB (e.g., methicillin-resistant
Staphylococcus aureus) may or may not yield better resolution. Similarly, comparing the
range of the resistance level between raccoon and dog samples using MICs may have
provided more insight on the distribution of ARB in these two host species and should
be explored in future studies. Thus, this study should be viewed as a first step toward
understanding the ecology of AMR at the wildlife-companion animal interface.

In conclusion, an important finding of this study was the difference in prevalence of
ESC-R E. coli between dogs and raccoons. We were over three times more likely to
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recover ESC-R E. coli from raccoons than dogs. Raccoons have the potential to pose a
risk to dogs if dogs come into contact with raccoon feces at parks or when raccoons
visit residential backyards, especially if raccoon densities are high. Exploring whether
AMR risk for dogs increases when dogs reside in areas where raccoons occur at high
densities and have high prevalence of ARB would be a useful next step. Further, given
the likely role of the environment for raccoon exposure to ARB, an important next step
for studying AMR in companion animals would be to explore the importance of not
only wildlife but also the environment. In previous work, we found that raccoons
sampled in urban areas had a higher risk of exposure than raccoons sampled in subur-
ban areas (13). Exploring whether similar patterns hold true for dogs while accounting
for relevant epidemiological factors (e.g., dog diet, attendance at dog day care) (75, 76)
would be insightful. In this way, we advocate that future work explore multiple AMR
exposure pathways simultaneously (i.e., humans, domestic animals, wildlife, and the
environment).

Environmental and wildlife AMR research has been grossly overlooked in under-
standing the epidemiology of ARB (9, 77), and our study highlights the need for contin-
ued research on wildlife AMR. To date, much wildlife AMR research has advocated tar-
geting avian species (in particular gulls) as sentinels for AMR in the environment. We
argue that mammalian species that reside in close proximity to humans, such as rac-
coons, could also be important targets. The fact that raccoons spend a large proportion
of time in residential areas and along rivers and lakes (60, 78) makes them especially
useful for understanding the spread and maintenance of ARB in urban and suburban
environments. Since raccoons in many regions across the United States are tested for
pathogens such as rabies virus, testing for the presence of clinically relevant ARB in
feces and storing isolates for future genomics work would be a productive surveillance
measure to initiate.

MATERIALS ANDMETHODS
Study site and design. In February to November 2018, raccoons were captured from seven sites in

northwestern Chicago, IL, USA, of which four were suburban and three were urban (Fig. 1). Sites were
classified as urban if the site and surrounding area (i.e., ;1 km buffer around each site) were composed
of$80% impervious surface. Otherwise, sites were classified as suburban (for details see reference 13).
Out of the seven sites, three were public sites (i.e., open to the public and domestic dogs) (Fig. 1), and
four were private sites (i.e., inaccessible to the public and domestic dogs) (Fig. 1). Domestic dogs were
sampled at each of the three public sites and at dog parks (park in which dogs mingle off leash) that
were closest to three of the public sites (Fig. 1).

Raccoon and dog sampling. Raccoons were captured using box traps (Model 108, Tomahawk Live
Trap Co., Tomahawk, WI, USA) (78) and immobilized with an injection of Telazol (Fort Dodge Animal
Health, Fort Dodge, Iowa). Fecal samples were collected opportunistically from the rectum of each im-
mobilized raccoon. After recovering from immobilization, all raccoons were released at the capture loca-
tions. Captures were approved by the University of Minnesota’s Institutional Animal Care and Use
Committee (protocol ID 1709-35105A) and by the Illinois Department of Natural Resources (permit num-
ber IDNR W17.0122).

Dogs were selected at random, but dogs less than 6 months of age were excluded. For every dog
sampled, a standardized survey (Table S1 in the supplemental material) was given to dog owners detail-
ing the age and sex of each dog, as well as history of antibiotic use in the past year. Dog owners were
also asked for their home ZIP code. Dog fecal samples were collected by dog owners using their own
dog waste bags or bags were provided by investigators. All dog and raccoon fecal samples were stored
in brain heart infusion broth and 20% glycerol at 280°C until further analyses.

Phenotypic characterization of ESC-R E. coli. Presence of ESC-R E. coli was explored by testing
E. coli susceptibility to cefotaxime, a third-generation cephalosporin. A detailed description of this proce-
dure can be found in reference 13. Briefly, samples were enriched overnight in lauryl tryptose phosphate
broth (Difco Laboratories, Detroit, MI, USA) and streaked onto CHROMagar ECC containing 2mg/ml of
cefotaxime (36, 79). If blue colonies (representative of E. coli) were obtained, one per sample was
selected at random and restreaked on CHROMagar ECC containing 2mg/ml of cefotaxime. All isolates
were stored at 280°C until sequencing.

Sequencing, bioinformatics, and phylogenetic analyses. Whole-genome sequencing (WGS) was
performed on all recovered ESC-R E. coli isolates. Details on DNA extraction, WGS, and quality check of
raw reads can be found in reference 13.

Genetic associations among isolates were explored by first determining the multilocus sequence
type (MLST) of each isolate. To do this, trimmed reads were assembled using SPAdes assembler (version
3.0) (80) with default parameters. The quality of assemblies was assessed by examining the N50 score of
each isolate, which we calculated using QUAST (version 4.3) (81). Isolates were then classified into
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different sequence types (STs) using mlst (https://github.com/tseemann/mlst) and the in silico E. coli
PubMLST typing scheme. Associations between STs were visualized using minimum spanning trees,
which were created in GrapeTree (82). To explore isolate similarity within STs, a core single-nucleotide
polymorphism (SNP)-based phylogenetic analysis was performed. A detailed description can be found in
reference 13. Briefly, trimmed reads were mapped to the E. coli K-12 laboratory strain MG1655 genome
(accession number GCA_000005845.2), and recombinant regions were removed before generating a
SNP distance matrix and constructing a maximum likelihood phylogenetic tree. The tree was visualized
and annotated using the iTOL (Interactive Tree of Life) online software (83). Isolates that differed by less
than 20 core SNPs were considered to be similar, as in references 71, 72, and 84–86.

The presence of ARG on assembled contigs was assessed using NCBI’s BLASTn and the ResFinder
database (88). An ARG was considered present if it had an identity of $90% and a coverage of $80%.
For more information see reference 13.

Statistical analysis. (i) Objective 1: similarity of ESC-R E. coli isolated from raccoons and dogs
based on prevalence, richness, and phylogenetic relatedness. The sample prevalence of ESC-R E. coli
and 95% confidence intervals for raccoons and dogs were calculated using the “prevalence” package in
R version 4.0.2 (87). Comparisons of the prevalence of ESC-R E. coli by species were performed using
Fisher’s exact test (Table 2). Using a similar approach to Mather et al. (89), the richness of ESC-R E. coli
STs (number of unique STs found in raccoons and dogs) was compared between raccoon and dog popu-
lations by bootstrapping the raccoon sample (n= 123) to the size of the dog sample (n= 29) using 1,000
replicates. Deeper phylogenetic associations between ESC-R E. coli isolated from dogs and raccoons
were explored by quantifying the pairwise SNP distance between isolates. Phylogenetic clustering by
animal species (dog versus raccoon) was assessed by performing permutational multivariate analysis of
variance (PERMANOVA) using the “adonis2” function in the “vegan” package (90) with the number of
permutations set to 999. PERMANOVA can be used on any type of pairwise matrix (93) and can be used
to identify factors shaping microbe phylogenetic associations (91). The assumption of homogeneity of
variance was validated using the “betadisper” function in vegan.

(ii) Objective 2: difference in the probability of isolating ESC-R E. coli between raccoons
sampled at public parks and raccoons sampled at private parks. The outcome variable for this analy-
sis was presence of at least one ESC-R E. coli isolate in the feces of raccoons (yes or no) (Table 2). The
interface of raccoons with dogs was quantified based on whether raccoons were sampled at private or
public sites (private/public site). Associations were explored using a binomial generalized linear mixed
model (GLMM) with a logit link function using the “lme4” package (92). Other predictors included season
and urban-suburban context because previous work in this system found that both can influence the
likelihood of isolating ESC-R E. coli from raccoons (13). We did not include raccoon age or sex as fixed
effects because neither were expected to be important based on our previous work (13). The interaction
between private/public site and urban-suburban context was also explored. Because 18 raccoons were
captured more than once, we investigated the need for including “animal ID” as a random effect. To do
this, we compared the Akaike information criterion (AIC) values between an intercept model with and
without animal ID included as a random effect. There was no significant difference in AIC values
between the two models (AIC = 319.49 and 317.9, P = 0.52), indicating that including animal ID as a ran-
dom effect was not needed (Table 2). Capture site was included as a random effect to accommodate for
any spatial autocorrelation in model residuals (Moran’s I statistic post including capture site as a random
effect: z = 20.44, P = 0.67).

(iii) Objective 3: phylogenetic similarity of ESC-R E. coli isolated from raccoons sampled at
public parks, raccoons sampled at private parks, and dogs. The outcome variable in this analysis
was pairwise SNP distance of ESC-R E. coli. The importance of the variable “host type” (i.e., public park
raccoon, private park raccoon, or dog) at influencing the phylogenetic clustering of ESC-R E. coli was
assessed by running a univariable PERMANOVA as in Objective 1 (Table 2).

TABLE 2 Description of statistical approachesb

Outcome variable n Analytical approach Predictor variable Random effect
Contingency table of ESC-R E.
coli (presence/absence)

406 Fisher’s exact test species (dog/raccoon) NA

ST richness 152 Bootstrapping species NA
Pairwise SNP distance of ESC-
R E. coli

152 Univariable PERMANOVA species NA

ESC-R E. coli presence in
raccoons (yes/no)

211 Multivariable binomial GLMM private / public site, season (fall, winter, spring, summer),
urban-suburban context (urban/suburban), urban
context� private / public site

capture site, raccoon IDa

Pairwise SNP distance of ESC-
R E. coli

152 Univariable PERMANOVA host type (public park raccoon, private park raccoon,
dog)

NA

aVariable was considered for inclusion as random effect in exploratory analyses but was found to contribute little to the overall variance (p, 0.05) and was thus excluded
from analyses listed here.

bPERMANOVA, permutational multivariate analysis of variance; GLMM, generalized linear mixed model; ESC-R, extended-spectrum cephalosporin-resistant; ST, sequence
type; SNP, single-nucleotide polymorphism; NA, not applicable.
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Data availability. Raw reads were deposited in the National Center for Biotechnology Information’s
Sequence Read Archive (BioProject numbers PRJNA662117 and PRJNA671493). Isolates and accession
numbers can be found in Table S2.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.

ACKNOWLEDGMENTS
Funding was provided by Donna Alexander from the Cook County Animal and

Rabies Control, the Max McGraw Wildlife Foundation, the Forest Preserve District of
Cook County, the National Science Foundation (DEB-1654609 and 2030509), and CVM
Research Office UMN Ag Experiment Station General Ag Research Funds (MIN-62-098).

We extend many thanks to the Gehrt lab for field and technical assistance,
particularly Andy Burmesch, Yasmine Hentati, Lauren Ross, and Steven Winter. We also
thank members of the Johnson lab, particularly Bonnie Weber and Alison Millis, for
laboratory assistance. Finally, many thanks to the Minnesota Supercomputing Institute
for bioinformatic support.

REFERENCES
1. Daszak P, Cunningham AA, Hyatt AD. 2000. Emerging infectious diseases of

wildlife-threats to biodiversity and human health. Science 287:443–449.
https://doi.org/10.1126/science.287.5452.443.

2. Plowright RK, Parrish CR, McCallum H, Hudson PJ, Ko AI, Graham AL,
Lloyd-Smith JO. 2017. Pathways to zoonotic spillover. Nat Rev Microbiol
15:502–510. https://doi.org/10.1038/nrmicro.2017.45.

3. Patz JA, Olson SH, Uejio CK, Gibbs HK. 2008. Disease emergence from
global climate and land use change. Med Clin North Am 92:1473–1491.
https://doi.org/10.1016/j.mcna.2008.07.007.

4. Hassell JM, Begon M, Ward MJ, Fèvre EM. 2017. Urbanization and disease
emergence: dynamics at the wildlife–livestock–human interface. Trends
Ecol Evol 32:55–67. https://doi.org/10.1016/j.tree.2016.09.012.

5. Karesh WB, Dobson A, Lloyd-Smith JO, Lubroth J, Dixon MA. 2012. Ecol-
ogy of zoonoses: natural and unnatural histories. Lancet 380:1936–1945.
https://doi.org/10.1016/S0140-6736(12)61678-X.

6. Letko M, Seifert SN, Olival KJ, Plowright RK, Munster VJ. 2020. Bat-borne
virus diversity, spillover and emergence. Nat Rev Microbiol 18:461–471.
https://doi.org/10.1038/s41579-020-0394-z.

7. Carroll D, Wang J, Fanning S, Mcmahon BJ. 2015. Antimicrobial resistance
in wildlife: implications for public health. Zoonoses Public Health
62:534–542. https://doi.org/10.1111/zph.12182.

8. Radhouani H, Silva N, Poeta P, Torres C, Correia S, Igrejas G. 2014. Poten-
tial impact of antimicrobial resistance in wildlife, environment, and
human health. Front Microbiol 5:23. https://doi.org/10.3389/fmicb.2014
.00023.

9. Dolejska M, Literak I. 2019. Wildlife is overlooked in the epidemiology of
medically important antimicrobial-resistant bacteria. Antimicrob Agents
Chemother 63:e01167-19. https://doi.org/10.1128/AAC.01167-19.

10. Vittecoq M, Godreuil S, Prugnolle F, Durand P, Brazier L, Renaud N, Arnal
A, Aberkane S, Jean-Pierre H, Gauthier-Clerc M, Thomas F, Renaud F.
2016. Antimicrobial resistance in wildlife. J Appl Ecol 53:519–529. https://
doi.org/10.1111/1365-2664.12596.

11. Österblad M, Norrdahl K, Korpimäki E, Huovinen P. 2001. Antibiotic resist-
ance. How wild are wild mammals? Nature 409:37–38. https://doi.org/10
.1038/35051173.

12. Allen HK, Donato J, Wang HH, Cloud-Hansen KA, Davies J, Handelsman J.
2010. Call of the wild: antibiotic resistance genes in natural environments.
Nat Rev Microbiol 8:251–259. https://doi.org/10.1038/nrmicro2312.

13. Worsley-Tonks KEL, Miller EA, Anchor CL, Bender JB, Gehrt SD, McKenzie
SC, Singer RS, Johnson TJ, Craft ME. 2021. Importance of anthropogenic
sources at shaping the antimicrobial resistance profile of a peri-urban
mesocarnivore. Sci Total Environ 764:144166. https://doi.org/10.1016/j
.scitotenv.2020.144166.

14. Atterby C, Ramey AM, Hall GG, Järhult J, Börjesson S, Bonnedahl J. 2016.
Increased prevalence of antibiotic-resistant E. coli in gulls sampled in
Southcentral Alaska is associated with urban environments. Infect Ecol
Epidemiol 6:32334. https://doi.org/10.3402/iee.v6.32334.

15. Subbiah M, Caudell MA, Mair C, Davis MA, Matthews L, Quinlan RJ,
Quinlan MB, Lyimo B, Buza J, Keyyu J, Call DR. 2020. Antimicrobial resist-
ant enteric bacteria are widely distributed amongst people, animals and
the environment in Tanzania. Nat Commun 11:1–12. https://doi.org/10
.1038/s41467-019-13995-5.

16. Swift BMC, Bennett M, Waller K, Dodd C, Murray A, Gomes RL, Humphreys
B, Hobman JL, Jones MA, Whitlock SE, Mitchell LJ, Lennon RJ, Arnold KE.
2019. Anthropogenic environmental drivers of antimicrobial resistance in
wildlife. Sci Total Environ 649:12–20. https://doi.org/10.1016/j.scitotenv
.2018.08.180.

17. Williams NJ, Sherlock C, Jones TR, Clough HE, Telfer SE, Begon M, French
N, Hart CA, Bennett M. 2011. The prevalence of antimicrobial-resistant
Escherichia coli in sympatric wild rodents varies by season and host. J
Appl Microbiol 110:962–970. https://doi.org/10.1111/j.1365-2672.2011
.04952.x.

18. Pesapane R, Ponder M, Alexander KA. 2013. Tracking pathogen transmis-
sion at the human-wildlife interface: banded mongoose and Escherichia
coli. Ecohealth 10:115–128. https://doi.org/10.1007/s10393-013-0838-2.

19. Mercat M, Clermont O, Massot M, Ruppe E, De Garine-Wichatitsky M,
Miguel E, Fox HV, Cornelis D, Andremont A, Denamur E, Caron A. 2016.
Escherichia coli population structure and antibiotic resistance at a buffalo/
cattle interface in Southern Africa. Appl Environ Microbiol 82:1459–1467.
https://doi.org/10.1128/AEM.03771-15.

20. Benavides JA, Shiva C, Virhuez M, Tello C, Appelgren A, Vendrell J,
Solassol J, Godreuil S, Streicker DG. 2018. Extended-spectrum beta-lacta-
mase-producing Escherichia coli in common vampire bats Desmodus
rotundus and livestock in Peru. Zoonoses Public Health 65:454–458.
https://doi.org/10.1111/zph.12456.

21. Dolejska M, Papagiannitsis CC. 2018. Plasmid-mediated resistance is
going wild. Plasmid 99:99–111. https://doi.org/10.1016/j.plasmid.2018.09
.010.

22. Greig J, Raji�c A, Young I, Mascarenhas M, Waddell L, LeJeune J. 2015. A
scoping review of the role of wildlife in the transmission of bacterial
pathogens and antimicrobial resistance to the food chain. Zoonoses Pub-
lic Health 62:269–284. https://doi.org/10.1111/zph.12147.

23. Ramey AM, Ahlstrom CA. 2020. Antibiotic resistant bacteria in wildlife:
perspectives on trends, acquisition and dissemination, data gaps, and
future directions. J Wildl Dis 56:1–15. https://doi.org/10.7589/2019-04
-099.

24. Carter DL, Docherty KM, Gill SA, Baker K, Teachout J, Vonhof MJ. 2018. An-
tibiotic resistant bacteria are widespread in songbirds across rural and
urban environments. Sci Total Environ https://doi.org/10.1016/j.scitotenv
.2018.01.343.

25. Schaufler K, Nowak K, Düx A, Semmler T, Villa L, Kourouma L, Bangoura K,
Wieler LH, Leendertz FH, Guenther S. 2018. Clinically relevant ESBL-pro-
ducing K. pneumoniae ST307 and E. coli ST38 in an urban West African

Worsley-Tonks et al. Applied and Environmental Microbiology

August 2021 Volume 87 Issue 15 e00484-21 aem.asm.org 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
09

 J
ul

y 
20

22
 b

y 
26

00
:1

70
2:

16
a0

:9
25

0:
d5

ac
:e

47
9:

35
46

:2
34

d.

29

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA662117
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA671493
https://doi.org/10.1126/science.287.5452.443
https://doi.org/10.1038/nrmicro.2017.45
https://doi.org/10.1016/j.mcna.2008.07.007
https://doi.org/10.1016/j.tree.2016.09.012
https://doi.org/10.1016/S0140-6736(12)61678-X
https://doi.org/10.1038/s41579-020-0394-z
https://doi.org/10.1111/zph.12182
https://doi.org/10.3389/fmicb.2014.00023
https://doi.org/10.3389/fmicb.2014.00023
https://doi.org/10.1128/AAC.01167-19
https://doi.org/10.1111/1365-2664.12596
https://doi.org/10.1111/1365-2664.12596
https://doi.org/10.1038/35051173
https://doi.org/10.1038/35051173
https://doi.org/10.1038/nrmicro2312
https://doi.org/10.1016/j.scitotenv.2020.144166
https://doi.org/10.1016/j.scitotenv.2020.144166
https://doi.org/10.3402/iee.v6.32334
https://doi.org/10.1038/s41467-019-13995-5
https://doi.org/10.1038/s41467-019-13995-5
https://doi.org/10.1016/j.scitotenv.2018.08.180
https://doi.org/10.1016/j.scitotenv.2018.08.180
https://doi.org/10.1111/j.1365-2672.2011.04952.x
https://doi.org/10.1111/j.1365-2672.2011.04952.x
https://doi.org/10.1007/s10393-013-0838-2
https://doi.org/10.1128/AEM.03771-15
https://doi.org/10.1111/zph.12456
https://doi.org/10.1016/j.plasmid.2018.09.010
https://doi.org/10.1016/j.plasmid.2018.09.010
https://doi.org/10.1111/zph.12147
https://doi.org/10.7589/2019-04-099
https://doi.org/10.7589/2019-04-099
https://doi.org/10.1016/j.scitotenv.2018.01.343
https://doi.org/10.1016/j.scitotenv.2018.01.343
https://aem.asm.org


rat population. Front Microbiol 9:150. https://doi.org/10.3389/fmicb.2018
.00150.

26. Jobbins SE, Alexander KA. 2015. From whence they came—antibiotic-re-
sistant Escherichia coli in African wildlife. J Wildl Dis 51:811–820. https://
doi.org/10.7589/2014-11-257.

27. Hassell JM, Ward MJ, Muloi D, Bettridge JM, Robinson TP, Kariuki S,
Ogendo A, Kiiru J, Imboma T, Kang'ethe EK, Öghren EM, Williams NJ,
Begon M, Woolhouse MEJ, Fèvre EM. 2019. Clinically relevant antimicro-
bial resistance at the wildlife-livestock-human interface in Nairobi: an epi-
demiological study. Lancet Planet Heal 3:e259–e269. https://doi.org/10
.1016/S2542-5196(19)30083-X.

28. Gehrt SD, Riley SP, Cypher BL. 2010. Urban carnivores: ecology, conflict,
and conservation. Johns Hopkins University Press, Baltimore, MD.

29. Mackenstedt U, Jenkins D, Romig T. 2015. The role of wildlife in the trans-
mission of parasitic zoonoses in peri-urban and urban areas. Int J Parasitol
Parasites Wildl 4:71–79. https://doi.org/10.1016/j.ijppaw.2015.01.006.

30. Soulsbury CD, White PCL. 2015. Human-wildlife interactions in urban
areas: a review of conflicts, benefits and opportunities. Wildl Res
42:541–553. https://doi.org/10.1071/WR14229.

31. Magouras I, Brookes VJ, Jori F, Martin A, Pfeiffer DU, Dürr S. 2020. Emerg-
ing zoonotic diseases: should we rethink the animal-human interface?
Front Vet Sci 7:582743. https://doi.org/10.3389/fvets.2020.582743.

32. Overgaauw PAM, Vinke CM, van Hagen MAE, Lipman LJA. 2020. A one
health perspective on the human-companion animal relationship with
emphasis on zoonotic aspects. Int J Environ Res Public Health 17:3789.
https://doi.org/10.3390/ijerph17113789.

33. Pomba C, Rantala M, Greko C, Baptiste KE, Catry B, van Duijkeren E,
Mateus A, Moreno MA, Pyörälä S, Ružauskas M, Sanders P, Teale C, John
Threlfall E, Kunsagi Z, Torren-Edo J, Jukes H, Törneke K. 2017. Public
health risk of antimicrobial resistance transfer from companion animals. J
Antimicrob Chemother 72:957–968. https://doi.org/10.1093/jac/dkw481.

34. Guardabassi L, Schwarz S, Lloyd DH. 2004. Pet animals as reservoirs of
antimicrobial-resistant bacteria: review. J Antimicrob Chemother
54:321–332. https://doi.org/10.1093/jac/dkh332.

35. Massella E, Reid CJ, Cummins ML, Anantanawat K, Zingali T, Serraino A,
Piva S, Giacometti F, Djordjevic SP. 2020. Snapshot study of whole ge-
nome sequences of Escherichia coli from healthy companion animals,
livestock, wildlife, humans and food in Italy. Antibiotics 9:782–722.
https://doi.org/10.3390/antibiotics9110782.

36. Albrechtova K, Papousek I, De Nys H, Pauly M, Anoh E, Mossoun A,
Dolejska M, Masarikova M, Metzger S, Couacy-Hymann E, Akoua-Koffi C,
Wittig RM, Klimes J, Cizek A, Leendertz FH, Literak I. 2014. Low rates of
antimicrobial-resistant Enterobacteriaceae in wildlife in Tai National Park,
Côte d’Ivoire, surrounded by villages with high prevalence of multiresist-
ant ESBL-producing Escherichia coli in people and domestic animals.
PLoS One 9:e113548. https://doi.org/10.1371/journal.pone.0113548.

37. Ordeñana MA, Crooks KR, Boydston EE, Fisher RN, Lyren LM, Siudyla S, Haas
CD, Harris S, Hathaway SA, Turschak GM, Miles AK, Van Vuren DH. 2010.
Effects of urbanization on carnivore species distribution and richness. J
Mammal 91:1322–1331. https://doi.org/10.1644/09-MAMM-A-312.1.

38. Bondo KJ, Pearl DL, Janecko N, Boerlin P, Reid-Smith RJ, Parmley J, Jardine
CM. 2016. Epidemiology of antimicrobial resistance in Escherichia coli iso-
lates from raccoons (Procyon lotor) and the environment on swine farms
and conservation areas in southern Ontario. PLoS One 11:e0165303.
https://doi.org/10.1371/journal.pone.0165303.

39. Worsley-Tonks KEL, Miller EA, Gehrt SD, McKenzie SC, Travis DA, Johnson
TJ, Craft ME. 2020. Characterization of antimicrobial resistance genes in
Enterobacteriaceae carried by suburban mesocarnivores and locally
owned and stray dogs. Zoonoses Public Health 67:460–466. https://doi
.org/10.1111/zph.12691.

40. Coque TM, Baquero F, Canton R. 2008. Increasing prevalence of ESBL-pro-
ducing Enterobacteriaceae in Europe. Eurosurveillance 13:19044. https://
doi.org/10.2807/ese.13.47.19044-en.

41. Wieler LH, Ewers C, Guenther S, Walther B, Lübke-Becker A. 2011. Methicil-
lin-resistant staphylococci (MRS) and extended-spectrum beta-lacta-
mases (ESBL)-producing Enterobacteriaceae in companion animals: noso-
comial infections as one reason for the rising prevalence of these
potential zoonotic pathogens in clinical sampl. Int J Med Microbiol
301:635–641. https://doi.org/10.1016/j.ijmm.2011.09.009.

42. Partridge SR. 2015. Resistance mechanisms in Enterobacteriaceae. Pathol-
ogy 47:276–284. https://doi.org/10.1097/PAT.0000000000000237.

43. Woerther P-L, Burdet C, Chachaty E, Andremont A. 2013. Trends in human
fecal carriage of extended-spectrum-lactamases in the community:

toward the globalization of CTX-M. Clin Microbiol Rev 26:744–758.
https://doi.org/10.1128/CMR.00023-13.

44. Arpin C, Dubois V, Maugein J, Jullin J, Dutilh B, Brochet J-P, Larribet G,
Fischer I, Quentin C. 2005. Clinical and molecular analysis of extended-
spectrum-lactamase-producing enterobacteria in the community setting.
J Clin Microbiol 43:5048–5054. https://doi.org/10.1128/JCM.43.10.5048
-5054.2005.

45. Pitout JDD, Nordmann P, Laupland KB, Poirel L. 2005. Emergence of Enter-
obacteriaceae producing extended-spectrum b-lactamases (ESBLs) in the
community. J Antimicrob Chemother 56:52–59. https://doi.org/10.1093/
jac/dki166.

46. Bezabih YM, Sabiiti W, Alamneh E, Bezabih A, Peterson GM, Bezabhe WM,
Roujeinikova A. 2021. The global prevalence and trend of human intesti-
nal carriage of ESBL-producing Escherichia coli in the community. J Anti-
microb Chemother 76:22–29. https://doi.org/10.1093/jac/dkaa399.

47. Smet A, Martel A, Persoons D, Dewulf J, Heyndrickx M, Herman L,
Haesebrouck F, Butaye P. 2010. Broad-spectrum b-lactamases among
Enterobacteriaceae of animal origin: molecular aspects, mobility and
impact on public health. FEMS Microbiol Rev 34:295–316. https://doi.org/
10.1111/j.1574-6976.2009.00198.x.

48. Ewers C, Bethe A, Semmler T, Guenther S, Wieler LH. 2012. Extended-
spectrum b-lactamase-producing and AmpC-producing Escherichia coli
from livestock and companion animals, and their putative impact on pub-
lic health: a global perspective. Clin Microbiol Infect 18:646–655. https://
doi.org/10.1111/j.1469-0691.2012.03850.x.

49. Cummings KJ, Aprea VA, Altier C. 2015. Antimicrobial resistance trends
among canine Escherichia coli isolates obtained from clinical samples in
the northeastern USA, 2004–2011. Can Vet J 56:393.

50. Liu X, Thungrat K, Boothe DM. 2016. Occurrence of OXA-48 carbapene-
mase and other b-lactamase genes in ESBL-producing multidrug resist-
ant Escherichia coli from dogs and cats in the United States, 2009–2013.
Front Microbiol 7:1057. https://doi.org/10.3389/fmicb.2016.01057.

51. Hordijk J, Schoormans A, Kwakernaak M, Duim B, Broens E, Dierikx C,
Mevius D, Wagenaar JA. 2013. High prevalence of fecal carriage of
extended spectrum b-lactamase/AmpC-producing Enterobacteriaceae in
cats and dogs. Front Microbiol 4:242. https://doi.org/10.3389/fmicb.2013
.00242.

52. Wellington EMH, Boxall ABA, Cross P, Feil EJ, Gaze WH, Hawkey PM,
Johnson-Rollings AS, Jones DL, Lee NM, Otten W, Thomas CM, Williams
AP. 2013. The role of the natural environment in the emergence of antibi-
otic resistance in Gram-negative bacteria. Lancet Infect Dis 13:155–165.
https://doi.org/10.1016/S1473-3099(12)70317-1.

53. Korzeniewska E, Harnisz M. 2013. Extended-spectrum beta-lactamase
(ESBL)-positive Enterobacteriaceae in municipal sewage and their emis-
sion to the environment. J Environ Manage 128:904–911. https://doi.org/
10.1016/j.jenvman.2013.06.051.

54. Huijbers PMC, Blaak H, De Jong MCM, Graat EAM, Vandenbroucke-Grauls
CMJE, Maria A, Husman R. 2015. Role of the environment in the transmis-
sion of antimicrobial resistance to humans: a review. Environ Sci Technol
49:11993–12004. https://doi.org/10.1021/acs.est.5b02566.

55. Guenther S, Ewers C, Wieler LH. 2011. Extended-spectrum beta-lacta-
mases producing Escherichia coli in wildlife, yet another form of environ-
mental pollution? Front Microbiol 2:246. https://doi.org/10.3389/fmicb
.2011.00246.

56. Zhang X-X, Zhang T, Fang HHP. 2009. Antibiotic resistant genes in water
environment. Appl Microbiol Biotechnol 82:397–414. https://doi.org/10
.1007/s00253-008-1829-z.

57. Surette MD, Wright GD. 2017. Lessons from the environmental antibiotic
resistome. Annu Rev Microbiol 71:309–329. https://doi.org/10.1146/
annurev-micro-090816-093420.

58. Veldman K, Van Tulden P, Kant A, Testerink J, Mevius D. 2013. Characteris-
tics of cefotaxime-resistant Escherichia coli from wild birds in the Nether-
lands. Appl Environ Microbiol 79:7556–7561. https://doi.org/10.1128/
AEM.01880-13.

59. Nelson M, Jones S, Edwards C, Ellis J. 2008. Characterization of Escherichia
coli populations from gulls, landfill trash, and wastewater using ribotyp-
ing. Dis Aquat Organ 81:53–63. https://doi.org/10.3354/dao01937.

60. Gehrt SD, Fritzell EK. 1998. Resource distribution, female home range dis-
persion and male spatial interactions: group structure in a solitary carni-
vore. Anim Behav 55:1211–1227. https://doi.org/10.1006/anbe.1997.0657.

61. Henner CM, Chamberlain MJ, Leopold BD, Burger LW. 2004. A multi-reso-
lution assessment of raccoon den selection. J Wildl Manage 68:179–187.
https://doi.org/10.2193/0022-541X(2004)068[0179:AMAORD]2.0.CO;2.

Antimicrobial Resistance in Raccoons and Domestic Dogs Applied and Environmental Microbiology

August 2021 Volume 87 Issue 15 e00484-21 aem.asm.org 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
09

 J
ul

y 
20

22
 b

y 
26

00
:1

70
2:

16
a0

:9
25

0:
d5

ac
:e

47
9:

35
46

:2
34

d.

30

https://doi.org/10.3389/fmicb.2018.00150
https://doi.org/10.3389/fmicb.2018.00150
https://doi.org/10.7589/2014-11-257
https://doi.org/10.7589/2014-11-257
https://doi.org/10.1016/S2542-5196(19)30083-X
https://doi.org/10.1016/S2542-5196(19)30083-X
https://doi.org/10.1016/j.ijppaw.2015.01.006
https://doi.org/10.1071/WR14229
https://doi.org/10.3389/fvets.2020.582743
https://doi.org/10.3390/ijerph17113789
https://doi.org/10.1093/jac/dkw481
https://doi.org/10.1093/jac/dkh332
https://doi.org/10.3390/antibiotics9110782
https://doi.org/10.1371/journal.pone.0113548
https://doi.org/10.1644/09-MAMM-A-312.1
https://doi.org/10.1371/journal.pone.0165303
https://doi.org/10.1111/zph.12691
https://doi.org/10.1111/zph.12691
https://doi.org/10.2807/ese.13.47.19044-en
https://doi.org/10.2807/ese.13.47.19044-en
https://doi.org/10.1016/j.ijmm.2011.09.009
https://doi.org/10.1097/PAT.0000000000000237
https://doi.org/10.1128/CMR.00023-13
https://doi.org/10.1128/JCM.43.10.5048-5054.2005
https://doi.org/10.1128/JCM.43.10.5048-5054.2005
https://doi.org/10.1093/jac/dki166
https://doi.org/10.1093/jac/dki166
https://doi.org/10.1093/jac/dkaa399
https://doi.org/10.1111/j.1574-6976.2009.00198.x
https://doi.org/10.1111/j.1574-6976.2009.00198.x
https://doi.org/10.1111/j.1469-0691.2012.03850.x
https://doi.org/10.1111/j.1469-0691.2012.03850.x
https://doi.org/10.3389/fmicb.2016.01057
https://doi.org/10.3389/fmicb.2013.00242
https://doi.org/10.3389/fmicb.2013.00242
https://doi.org/10.1016/S1473-3099(12)70317-1
https://doi.org/10.1016/j.jenvman.2013.06.051
https://doi.org/10.1016/j.jenvman.2013.06.051
https://doi.org/10.1021/acs.est.5b02566
https://doi.org/10.3389/fmicb.2011.00246
https://doi.org/10.3389/fmicb.2011.00246
https://doi.org/10.1007/s00253-008-1829-z
https://doi.org/10.1007/s00253-008-1829-z
https://doi.org/10.1146/annurev-micro-090816-093420
https://doi.org/10.1146/annurev-micro-090816-093420
https://doi.org/10.1128/AEM.01880-13
https://doi.org/10.1128/AEM.01880-13
https://doi.org/10.3354/dao01937
https://doi.org/10.1006/anbe.1997.0657
https://doi.org/10.2193/0022-541X(2004)068[0179:AMAORD]2.0.CO;2
https://aem.asm.org


62. Stuewer FW. 1943. Raccoons: their habits and management in Michigan.
Ecol Monogr 13:203–257. https://doi.org/10.2307/1943528.

63. Gordon DM, Cowling A. 2003. The distribution and genetic structure of
Escherichia coli in Australian vertebrates: host and geographic effects. Mi-
crobiology 149:3575–3586. https://doi.org/10.1099/mic.0.26486-0.

64. Mathys DA, Mollenkopf DF, Bremer CA, Daniels JB, Wittum TE. 2017. Prev-
alence of AmpC- and extended-spectrum b-lactamase-harbouring Enter-
obacteriaceae in faecal flora of a healthy domestic canine population.
Zoonoses Public Health 64:554–560. https://doi.org/10.1111/zph.12341.

65. Schaufler K, Bethe A, Lübke-Becker A, Ewers C, Kohn B, Wieler LH,
Guenther S. 2015. Putative connection between zoonotic multiresistant
extended-spectrum beta-lactamase (ESBL)-producing Escherichia coli in
dog feces from a veterinary campus and clinical isolates from dogs. Infect
Ecol Epidemiol 5:25334. https://doi.org/10.3402/iee.v5.25334.

66. Kozak GK, Boerlin P, Janecko N, Reid-Smith RJ, Jardine C. 2009. Antimicro-
bial resistance in Escherichia coli isolates from swine and wild small mam-
mals in the proximity of swine farms and in natural environments in On-
tario, Canada. Appl Environ Microbiol 75:559–566. https://doi.org/10
.1128/AEM.01821-08.

67. Ahlstrom CA, Bonnedahl J, Woksepp H, Hernandez J, Reed JA, Tibbitts L,
Olsen B, Douglas DC, Ramey AM. 2019. Satellite tracking of gulls and
genomic characterization of fecal bacteria reveals environmentally medi-
ated acquisition and dispersal of antimicrobial resistant Escherichia coli
on the Kenai Peninsula, Alaska. Mol Ecol 28:2531–2545. https://doi.org/10
.1111/mec.15101.

68. Ahlstrom CA, Bonnedahl J, Woksepp H, Hernandez J, Olsen B, Ramey AM.
2018. Acquisition and dissemination of cephalosporin-resistant E. coli in
migratory birds sampled at an Alaska landfill as inferred through genomic
analysis. Sci Rep 8:7361. https://doi.org/10.1038/s41598-018-25474-w.

69. Lotze J-H, Anderson S. 1979. Procyon lotor. Mamm Species 1:1. https://
doi.org/10.2307/3503959.

70. Hoffmann CO, Gottschan JL. 1977. Numbers, distribution, and move-
ments of a raccoon population in a suburban residential community. J
Mammal 58:623–636. https://doi.org/10.2307/1380010.

71. Manges AR. 2016. Escherichia coli and urinary tract infections: the role of
poultry-meat. Clin Microbiol Infect 22:122–129. https://doi.org/10.1016/j
.cmi.2015.11.010.

72. Dallman TJ, Byrne L, Ashton PM, Cowley LA, Perry NT, Adak G, Petrovska
L, Ellis RJ, Elson R, Underwood A, Green J, Hanage WP, Jenkins C, Grant K,
Wain J. 2015. Whole-genome sequencing for national surveillance of
Shiga toxin-producing Escherichia coli O157. Clin Infect Dis 61:305–312.
https://doi.org/10.1093/cid/civ318.

73. Bonnedahl J, Drobni M, Gauthier-Clerc M, Hernandez J, Granholm S,
Kayser Y, Melhus Å, Kahlmeter G, Waldenström J, Johansson A, Olsen B.
2009. Dissemination of Escherichia coli with CTX-M type ESBL between
humans and yellow-legged gulls in the south of France. PLoS One 4:
e5958. https://doi.org/10.1371/journal.pone.0005958.

74. Ewers C, Grobbel M, Stamm I, Kopp PA, Diehl I, Semmler T, Fruth A,
Beutlich J, Guerra B, Wieler LH, Guenther S. 2010. Emergence of human
pandemic O25:H4-ST131 CTX-M-15 extended-spectrum-b-lactamase-pro-
ducing Escherichia coli among companion animals. J Antimicrob Chemo-
ther 65:651–660. https://doi.org/10.1093/jac/dkq004.

75. Wedley AL, Dawson S, Maddox TW, Coyne KP, Pinchbeck GL, Clegg P,
Nuttall T, Kirchner M, Williams NJ. 2017. Carriage of antimicrobial resistant
Escherichia coli in dogs: prevalence, associated risk factors and molecular
characteristics. Vet Microbiol 199:23–30. https://doi.org/10.1016/j.vetmic
.2016.11.017.

76. Procter TD, Pearl DL, Finley RL, Leonard EK, Janecko N, Reid-Smith RJ,
Weese JS, Peregrine AS, Sargeant JM. 2014. A cross-sectional study exam-
ining the prevalence and risk factors for anti-microbial-resistant generic
Escherichia coli in domestic dogs that frequent dog parks in three cities in
south-western Ontario, Canada. Zoonoses Public Health 61:250–259.
https://doi.org/10.1111/zph.12064.

77. Perez F, Villegas MV. 2015. The role of surveillance systems in confronting
the global crisis of antibiotic-resistant bacteria. Curr Opin Infect Dis
28:375. https://doi.org/10.1097/QCO.0000000000000182.

78. Prange S, Gehrt S. 2004. Changes in mesopredator-community structure
in response to urbanization. Can J Zool 82:1804–1817. https://doi.org/10
.1139/z04-179.

79. Furness LE, Campbell A, Zhang L, Gaze WH, McDonald RA. 2017. Wild
small mammals as sentinels for the environmental transmission of antimi-
crobial resistance. Environ Res 154:28–34. https://doi.org/10.1016/j
.envres.2016.12.014.

80. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV,
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new ge-
nome assembly algorithm and its applications to single-cell sequencing. J
Comput Biol 19:455–477. https://doi.org/10.1089/cmb.2012.0021.

81. Gurevich A, Saveliev V, Vyahhi N, Tesler G. 2013. Genome analysis QUAST:
quality assessment tool for genome assemblies. Bioinformatics 29:1072–1075.
https://doi.org/10.1093/bioinformatics/btt086.

82. Zhou Z, Alikhan NF, Sergeant MJ, Luhmann N, Vaz C, Francisco AP, Carriço
JA, Achtman M. 2018. GrapeTree: visualization of core genomic relation-
ships among 100,000 bacterial pathogens. Genome Res 28:1395–1404.
https://doi.org/10.1101/gr.232397.117.

83. Letunic I, Bork P. 2016. Interactive tree of life (iTOL) v3: an online tool for
the display and annotation of phylogenetic and other trees. Nucleic Acids
Res 44:W242–W245. https://doi.org/10.1093/nar/gkw290.

84. Ludden C, Raven KE, Jamrozy D, Gouliouris T, Blane B, Coll F, de Goffau M,
Naydenova P, Horner C, Hernandez-Garcia J, Wood P, Hadjirin N, Radakovic
M, Brown NM, Holmes M, Parkhill J, Peacock SJ, Ludden CC. 2019. One
Health genomic surveillance of Escherichia coli demonstrates distinct line-
ages and mobile genetic elements in isolates from humans versus live-
stock. mBio 10:e02693-18. https://doi.org/10.1128/mBio.02693-18.

85. Berg ES, Wester AL, Ahrenfeldt J, Mo SS, Slettemeås JS, Steinbakk M,
Samuelsen Grude N, Simonsen GS, Løhr IH, Jørgensen SB, Tofteland S,
Lund O, Dahle UR, Sunde M. 2017. Norwegian patients and retail chicken
meat share cephalosporin-resistant Escherichia coli and IncK/blaCMY-2
resistance plasmids. Clin Microbiol Infect 23:407.e9-407–e15. https://doi
.org/10.1016/j.cmi.2016.12.035.

86. Pietsch M, Irrgang A, Roschanski N, Brenner Michael G, Hamprecht A,
Rieber H, Käsbohrer A, Schwarz S, Rösler U, Kreienbrock L, Pfeifer Y, Fuchs
S, Werner G, RESET Study Group. 2018. Whole genome analyses of CMY-2-
producing Escherichia coli isolates from humans, animals and food in Ger-
many. BMC Genomics 19:601. https://doi.org/10.1186/s12864-018-4976-3.

87. R Development Core Team. 2020. R: a language and environment for sta-
tistical computing. Vienna, Austria.

88. Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, Lund O,
Aarestrup FM, Larsen MV. 2012. Identification of acquired antimicrobial
resistance genes. J Antimicrob Chemother 67:2640–2644. https://doi.org/
10.1093/jac/dks261.

89. Mather AE, Matthews L, Mellor DJ, Reeve R, Denwood MJ, Boerlin P, Reid-
Smith RJ, Brown DJ, Coia JE, Browning LM, Haydon DT, Reid SWJ. 2012. An
ecological approach to assessing the epidemiology of antimicrobial resist-
ance in animal and human populations. Proc Biol Sci 279:1630–1639.
https://doi.org/10.1098/rspb.2011.1975.

90. Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, Mcglinn D,
Minchin PR, O’hara RB, Simpson GL, Solymos P, Henry M, Stevens H,
Szoecs E, Maintainer HW. 2013. Community ecology package “vegan”.

91. Fountain-Jones NM, Pearse WD, Escobar LE, Alba-Casals A, Carver S,
Davies TJ, Kraberger S, Papes� M, Vandegrift K, Worsley-Tonks K, Craft ME.
2018. Towards an eco-phylogenetic framework for infectious disease
ecology. Biol Rev 93:950–970. https://doi.org/10.1111/brv.12380.

92. Bates D, Mächler M, Bolker B, Walker S. 2015. Fitting linear mixed-effects
models using lme4. J Statist Software https://doi.org/10.18637/jss.v067.i01.

93. Anderson MJ. 2001. A new method for non-parametric multivariate analy-
sis of variance. Austral Ecol 26:32–46.

Worsley-Tonks et al. Applied and Environmental Microbiology

August 2021 Volume 87 Issue 15 e00484-21 aem.asm.org 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
09

 J
ul

y 
20

22
 b

y 
26

00
:1

70
2:

16
a0

:9
25

0:
d5

ac
:e

47
9:

35
46

:2
34

d.

31

https://doi.org/10.2307/1943528
https://doi.org/10.1099/mic.0.26486-0
https://doi.org/10.1111/zph.12341
https://doi.org/10.3402/iee.v5.25334
https://doi.org/10.1128/AEM.01821-08
https://doi.org/10.1128/AEM.01821-08
https://doi.org/10.1111/mec.15101
https://doi.org/10.1111/mec.15101
https://doi.org/10.1038/s41598-018-25474-w
https://doi.org/10.2307/3503959
https://doi.org/10.2307/3503959
https://doi.org/10.2307/1380010
https://doi.org/10.1016/j.cmi.2015.11.010
https://doi.org/10.1016/j.cmi.2015.11.010
https://doi.org/10.1093/cid/civ318
https://doi.org/10.1371/journal.pone.0005958
https://doi.org/10.1093/jac/dkq004
https://doi.org/10.1016/j.vetmic.2016.11.017
https://doi.org/10.1016/j.vetmic.2016.11.017
https://doi.org/10.1111/zph.12064
https://doi.org/10.1097/QCO.0000000000000182
https://doi.org/10.1139/z04-179
https://doi.org/10.1139/z04-179
https://doi.org/10.1016/j.envres.2016.12.014
https://doi.org/10.1016/j.envres.2016.12.014
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1101/gr.232397.117
https://doi.org/10.1093/nar/gkw290
https://doi.org/10.1128/mBio.02693-18
https://doi.org/10.1016/j.cmi.2016.12.035
https://doi.org/10.1016/j.cmi.2016.12.035
https://doi.org/10.1186/s12864-018-4976-3
https://doi.org/10.1093/jac/dks261
https://doi.org/10.1093/jac/dks261
https://doi.org/10.1098/rspb.2011.1975
https://doi.org/10.1111/brv.12380
https://doi.org/10.18637/jss.v067.i01
https://aem.asm.org


Worsley‑Tonks et al. Parasites Vectors          (2021) 14:464  
https://doi.org/10.1186/s13071‑021‑04958‑1

RESEARCH

Infection risk varies within urbanized 
landscapes: the case of coyotes and heartworm
Katherine E. L. Worsley‑Tonks1*, Stanley D. Gehrt2,3, Chris Anchor4, Luis E. Escobar5 and Meggan E. Craft1,6 

Abstract 

Background: Urbanization can have profound effects on ecological interactions. For host–pathogen interactions, dif‑
ferences have been detected between urban and non‑urban landscapes. However, host–pathogen interactions may 
also differ within highly heterogeneous, urbanized landscapes.

Methods: We investigated differences in infection risk (i.e., probability of infection) within urbanized landscapes 
using the coyote (Canis latrans) and mosquito‑borne nematode, Dirofilaria immitis (the causative agent for canine 
heartworm), as a case study. We focused on a coyote population in Chicago for which extensive behavioral and heart‑
worm infection data has been collected between 2001 and 2016. Our objectives were to: (i) determine how onset 
and duration of the heartworm transmission season varied over the 16‑year period and across the urban–suburban 
gradient; and (ii) investigate how heartworm infection risk in coyotes varied over the years, across the urban–subur‑
ban gradient, by coyote characteristics (e.g., age, sex, resident status), and coyote use of the urbanized landscape (e.g., 
use of urban areas, mosquito habitats).

Results: While onset of the heartworm transmission season differed neither by year nor across the urban–subur‑
ban gradient, it was longer closer to the core of Chicago. Of the 315 coyotes sampled, 31.1% were infected with D. 
immitis. Older coyotes and coyotes sampled in later years (i.e., 2012–2016) were more likely to have heartworm. While 
coyote location in the urban–suburban gradient was not a significant predictor of infection, the proportion of urban 
land in coyote home ranges was. Importantly, the size and direction of this association varied by age class. For adults 
and pups, infection risk declined with urbanization, whereas for subadults it increased. Further, models had a higher 
predictive power when focusing on resident coyotes (and excluding transient coyotes). The proportion of mosquito 
habitat in coyote home ranges was not a significant predictor of infection.

Conclusions: Our findings suggest that urbanization may affect host exposure to vectors of D. immitis, that risk of 
infection can vary within urbanized landscapes, and that urbanization–wildlife infection associations may only be 
detected for animals with certain characteristics (e.g., age class and resident status).

Keywords: Age, Home range, Pathogen, Urban, Vector, Wildlife
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Background
Urbanization causes a shift in climatic conditions and 
landscape structure and composition [1]. Temperatures 
tend to increase with urbanization due to pollution and 

impervious surfaces [2–4]. Vegetation becomes subdi-
vided into patches surrounded by urban and suburban 
blocks. This shift in environmental context can have 
profound effects on processes unfolding in wildlife com-
munities [5, 6]. For example, urban-induced fragmenta-
tion of the landscape and/or warming can alter animal 
behavior [7, 8] and species composition and abundance 
[9–12], which can in turn influence ecological rela-
tionships, such as predation and competition [13, 14]. 
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Host–pathogen interactions can also be affected by 
urbanization, although it may vary with context, and in 
many cases, depends on pathogen transmission mode 
(reviewed in [15–19]).

Vector-borne pathogens are prone to be affected by 
urbanization because of the insect vector’s dependence 
on appropriate habitat, warm temperatures, and compe-
tent hosts [20, 21]. Whether we should expect an increase 
or decrease in vector-borne diseases with urbanization is 
a topic of intense debate, as opposing trends have been 
detected [16]. For example, the prevalence of both ticks 
and avian malaria was found to be higher in rural com-
mon blackbirds (Turdus merula) than in urban ones [22]. 
In contrast, West Nile virus seroprevalence was greater in 
urban than non-urban birds (e.g., [23–25]). Importantly, 
in addition to contrasting large-scale outcomes across 
landscapes (e.g., urban vs. rural), differences in infection 
risk (i.e., probability of infection) can also occur within 
urbanized landscapes [23, 26]. For instance, differences 
in the number and types of mosquito habitats (e.g., wet-
lands, artificial containers; [27]) across neighborhoods 
may lead to fine-scale differences in infection outcomes 
[28]. While differences in infection risk within urbanized 
landscapes have been detected in vector species [26, 28], 
whether we should expect to observe similar patterns in 
urban host populations is less well understood.

The mosquito-borne nematode Dirofilaria immitis is 
the causative agent for canine heartworm, which is one 
of the most important parasitic diseases of domestic dogs 
in North America [29, 30]. Successful development and 
transmission of D. immitis is dependent on warm, humid 
conditions [31, 32], along with the presence of competent 
vectors and hosts [33, 34]. Warm, humid conditions are 
important for both the onset and duration of the heart-
worm transmission season and mosquito survival and 
reproduction. While over 60 mosquito species are sus-
ceptible to D. immitis, only nine act as competent vectors 
[35] and differ in their ability to adapt to urban settings
[27]. Competent hosts include domestic dogs and wild
canids, in particular coyotes (Canis latrans). Coyotes in
rural or natural areas are considered one of the primary
reservoir hosts for D. immitis [36–38]. D. immitis preva-
lence can be as high as 37% in coyotes sampled in some
rural areas [36, 39]. Despite an increasing presence of
coyotes in many urban settings [40, 41], the distribution
and prevalence of D. immitis in urban coyote populations
is relatively unknown [41].

Here, we investigated how urbanization influences 
coyote risk of infection with D. immitis. To do this, we 
leveraged animal behavior and infection data from a well-
studied coyote population sampled between 2001 and 
2016 in the northwestern portion of the Chicago metro-
politan area, which included both urban and suburban 

regions. Historically, coyotes were rare in the Chicago 
area, but they increased dramatically during the 1990s 
and are now common throughout the metropolitan area 
[42]. While D. immitis prevalence in Chicago is unknown, 
the number of domestic dog cases reported by veteri-
nary clinics in the Chicago area has increased by over 
four-fold in the past decade [43]. Our objectives were to 
(i) determine how onset and duration of the heartworm
transmission season varied over the 16-year period and
across the urban–suburban gradient; and (ii) investigate
how infection risk in coyotes varied over the years, across
the urban–suburban gradient, by coyote characteristics
(e.g., age, sex), and coyote use of the urbanized landscape
(e.g., use of urban areas, mosquito habitats). Because the
location and size of resident coyote home ranges vary less
than those of transient coyotes [42, 44], we explored coy-
ote use of the urbanized landscape for both resident and
transient coyotes and for resident coyotes only.

Methods
Study area
The Chicago metropolitan area, with a human population 
of > 9  million people, extends across six counties (i.e., 
Cook, DuPage, Kane, Lake, McHenry, Will) in north-
eastern Illinois, USA (41.88°  N, 87.63°  W). Chicago has 
a temperate climate, with mean summer and winter tem-
peratures ranging from 26 to 33 °C and from −1 to 3 °C,
respectively, and rainfall averaging ~ 845  mm per year 
[45]. Land cover in the region includes urban, suburban, 
natural areas, and agriculture. Landscapes in natural and 
urbanized areas include deciduous and coniferous forest, 
prairie, floodplain, wetland, open water, and managed 
green spaces (e.g., parks, greenways, golf courses).

The core of the metropolitan area, downtown Chi-
cago, is situated on the edge of Lake Michigan. While 
proximity to a major water body can create a cooling 
effect and cause urban heat to shift westward [46], Chi-
cago generally experiences only mild cooling that is most 
pronounced near the lakeshore during the summer [47] 
(although see [48]). This is in part due to Lake Michi-
gan’s downwind location from the southwest winds as 
well as warm water temperatures in late summer [47]. 
Further, any cooling effect of Lake Michigan in the core 
of Chicago is apparently counteracted by densely popu-
lated buildings, industrial zones, and train stations [49]. 
Thus, Chicago’s heat island most likely occurs in the core 
of Chicago like traditional urban centers [1, 49], although 
low summer lake temperatures may push the heat island 
westerly.

Heartworm transmission season
Once infected, the temperature of the mosquito dictates 
the development of the microfilaria to the infective third 
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stage [50–52]. Microfilarial development occurs above 
a threshold temperature of 14  °C, the progress of which 
can be tracked through the accumulation of heartworm 
development units (HDUs; [53]) such that 1 HDU is 
equal to 1  day with an average temperature 1  °C above 
14 °C [53]. Infective third-stage larvae will pass from the 
mosquito to the new host during blood meals only after 
enough HDUs have been accumulated throughout a 
given period [53]. The period during which infective lar-
vae are transmitted is called the heartworm transmission 
season and can be constructed for any region given suf-
ficient climatological data [50–52]. The heartworm trans-
mission season is said to have begun when 30-day HDUs 
surpass 130 °C and ends when 30-day HDUs drop below 
130 °C [53].

To investigate the influence of urbanization on the 
onset and duration of the heartworm transmission sea-
son, we created four zones, each 15  km wide, to char-
acterize a gradient from urban to suburban landscapes. 
Zone 1 had an average housing density of ~ 3250/km2, 
zone 2 of ~ 850/km2, zone 3 of ~ 530/km2, and zone 4 
of ~ 400/km2 (Fig. 1) based on the 2010 SILVIS housing 
density data set (SILVIS Lab Spatial Analysis for Conser-
vation and Sustainability). We obtained daily mean tem-
perature data for the years 2000–2015 from the PRISM 
Climate Group (PRISM Climate Group, Oregon State 
University, http:// prism. orego nstate. edu). Daily mean 
temperatures are available as spatial grids of 4-km spatial 
resolution which are calculated by interpolating climate 

data obtained from weather monitoring networks. For 
each zone, we used three 4-km grids that were evenly dis-
tributed across the zone (Additional file 1: Figure S1). For 
each 4-km grid in each year, daily HDUs were calculated 
by subtracting the threshold temperature of 14  °C from 
the daily mean temperature [53]. Thirty-day HDUs were 
constructed by summing each daily HDU with the daily 
HDUs from the previous 29  days [52, 53,54]. The dura-
tion of each heartworm transmission season was deter-
mined by the number of months between the initiation 
and termination of the heartworm transmission season.

Coyote sampling
Coyotes were captured between February 2001 and 
December 2016 in the central and northwestern portion 
of the Chicago metropolitan area (Fig.  1). Most coyotes 
were captured in forest preserves, golf courses, small 
woodland parks, or in abandoned lots. Captures were 
performed opportunistically throughout the year, but pri-
marily during winter and early spring. Coyotes were live-
trapped with padded foothold traps and cable restraint 
devices [55]. With the exception of 19 coyotes, capture 
locations were recorded using a handheld GPS. For the 
19 coyotes without specific location coordinates, we used 
the coordinates of the center of the park where trapping 
occurred. All captured individuals were transported in 
a metal dog carrier to a research laboratory. Each coy-
ote was sedated while in the dog carrier with 2.5  mg/
kg Telazol (Fort Dodge Animal Health, Fort Dodge, IA, 
USA), which was administered intramuscularly in the 
hind limb. After immobilization, each coyote was sexed, 
and aged based on reproductive condition and tooth 
wear [ 56, 57]. Pups were 6–12  months, subadults were 
between 1 and 2  years, and adults were > 2  years. Pups 
less than 6  months were excluded since the prepatent 
period for heartworm is ~ 6 months [58]. Approximately 
3 ml of blood was collected from each coyote and poured 
into serum separator tubes. Tubes were left for ~ 30 min 
in an upright position and allowed to clot before being 
centrifuged for 15 min at 1790×g. Serum was extracted
and stored in cryovial tubes at −80 °C. Serum was left in
the freezer for periods ranging from 6 months to 5 years 
prior to further analyses. After blood collection, all coy-
otes were ear tagged and fitted with very-high-frequency 
radio collars (Advanced Telemetry Systems, Isanti, MN, 
USA). After recovering from immobilization, animals 
were released at the capture locations.

Heartworm screening
Serum samples were submitted to the Veterinary 
Diagnostic Laboratory at the University of Illinois 
Urbana-Champaign for heartworm screening. Pres-
ence of heartworm antigen was assessed using a 

Fig. 1 Map of the Chicago metropolitan area. Grey land represents 
built‑up/developed land and roads (i.e., impervious surfaces from the 
2011 National Land Cover Database). Red circles are coyote capture 
locations (n = 315). Zones 1–4 delineated by black circular lines were 
generated to explore the relationship between urbanization and 
the onset and duration of the heartworm transmission season. The 
heartworm transmission season was estimated by collecting daily 
temperature data from each zone (see Additional file 1: Figure S1)
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membrane-bound ELISA test (SNAP® 4Dx® Plus Test, 
IDEXX Laboratories Inc.) following the manufacturer’s 
instructions. SNAP® 4Dx® Plus Test detects proteins 
produced within the reproductive tract of adult female 
heartworms and has a sensitivity of 97.5% (95% CI 94.26–
99.18) and specificity of 94.0% (95% CI 83.45–98.75) [59].

Home range analysis and resident status classification
Relocations of all radio-collared coyotes were recorded 
2–3 times a week during the day, and once a week during 
the night [42]. Relocations were estimated using trian-
gulation (with program LOCATE II; Pacer, Truro, Nova 
Scotia, Canada) with a truck-mounted antenna, or vis-
ual sightings. Relocations were used to estimate annual 
home ranges. We restricted annual home range estimates 
to individuals with a minimum of 30 relocations during 
at least 6 consecutive months. All relocations recorded 
beyond the 12-month period post capture were excluded. 
We assumed that the land cover types used by each coy-
ote 6–12 months post capture were similar to those used 
when exposed to vectors of D. immitis.

We used two nonparametric methods to obtain home 
range estimates for each coyote: (1) we calculated and 
plotted 95% minimum convex polygons (MCPs); and 
(2) we used the adaptive local convex hull (a-LoCoH)
method [59, 61]. For a-LoCoH, we calculated 95% con-
tours and obtained the value of the adaptive sphere
of influence “a” by calculating the maximum distance
between two points [61]. We used MCP and a-LoCoH
over other home range estimators (e.g., the kernel den-
sity estimator) because MCP is most frequently used for
very-high-frequency data, and a-LoCoH minimizes the
extent to which home ranges cross hard boundaries (e.g.,
highways, rivers) [42, 60]. Since MCP can overestimate
home range size [61] and a-LoCoH underestimate home
range size (particularly if the sample size of locations is
relatively small) [61], we explored heartworm–land cover
associations using both methods. Because results were
similar across methods (see “Results”), we presented
MCP results in the main text and a-LoCoH results in the
supplementary materials. All home range analyses were
performed using the “adehabitatHR” package [62] in the
statistical program R version 4.0.2 [63].

Home ranges were imported into ArcGIS version 
10.3 [64] and linked to land cover data to estimate the 
proportion of each land cover type present within each 
coyote’s home range. We used the 2011 National Land 
Cover Database (https:// www. mrlc. gov) (spatial reso-
lution: 30  m) to subdivide the landscape into different 
land cover types. Fourteen land cover types were pre-
sent in the area. We combined eleven of these into two 
categories: (1) “mosquito habitat” (open water, woody 
wetlands, and emergent herbaceous wetlands); and (2) 

“green spaces” (open developed space, mixed forest, ever-
green forest, deciduous forest, cultivated crops, pasture/
hay, grassland/herbaceous, shrub/scrub). The other three 
were urban land cover types (high, medium, and low 
developed urban land) and were examined as independ-
ent variables since we were interested in the degree of 
urbanization. High, medium, and low developed urban 
land indicates that 80–100%, 50–79%, and 20–49% of the 
land is impervious surface, respectively. Because all three 
urban variables were highly correlated with the “green 
spaces” variable and the “high developed urban land” 
variable with the “medium developed urban land” vari-
able (r2 > 0.5), we excluded the “green spaces” and "high 
developed urban land” variables from statistical analyses 
and focused on “mosquito habitat,” “developed medium 
urban land,” and “developed low urban land” variables.

We used multiple characteristics to discriminate resi-
dent and transient coyotes. Residents repeatedly used an 
explicit territory across two or more seasons, and tran-
sients shifted use areas across seasons and had larger 
home ranges that overlapped multiple territories [42, 
65, 66]. Further, residents were often seen traveling with 
other coyotes, whereas transients did not, or residents 
shared the same territories with reproductive pairs occu-
pying a territory.

Statistical analysis
We ran a linear regression to determine how the dura-
tion of the heartworm transmission season varied by 
year and urban zone (Table 1). The outcome variable in 
this model was duration of the heartworm transmission 
season (in months), and predictor variables were year 
(2001–2015) and urban zone (1–4). We also included 
latitude to account for any variation associated with col-
lecting temperature data from three 4-km grids located 
at different latitudes within each zone (Additional file 1: 
Figure S1). Variation in the onset of the heartworm trans-
mission season with year, urban zone, and latitude was 
not explored because there was little variation (i.e., onset 
of the heartworm transmission season occurred in June 
97.9% of the time).

We ran a generalized linear model (GLM) to investigate 
how heartworm infection risk in coyotes varied across 
years (2001–2016), the urban–suburban gradient (urban 
zone 1–4), with coyote characteristics (e.g., age, sex), and 
coyote use of the urbanized landscape (i.e., mosquito 
habitat, medium developed urban land, and low devel-
oped urban land). However, we split the analysis into 
two because of differences in sample size for some of the 
fixed effects. One analysis included all coyotes tested for 
heartworm (n = 315 coyotes with 16 tested more than
once) and the other included coyotes for which enough 
relocation data were obtained to estimate annual home 
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ranges (n = 146 coyotes, a subset of the 315 coyotes).
The outcome variable was heartworm infection (yes/
no), thus we ran binomial GLMs with logit link functions 
using the “lme4” R package [67]. Additionally, because we 
expected infection to increase with age [38, 39, 68], we 
also included the proportion of adults tested each year as 
an offset in both analyses (Table 1).

In the analysis that included 315 coyotes, urban zone, 
age class, and sex were included as categorical fixed 
effects. Year was included as a continuous fixed effect, 
and nonlinear relationships with heartworm infection 
were examined using basis splines (Table  1) using the 
“splines” R package. Since 16 coyotes were tested more 
than once (Additional file  1: Table  S1), we include “ani-
mal ID” as a random intercept and ran a generalized lin-
ear mixed model (GLMM) instead of a GLM using the 
“lme4” package. Further, we grouped observations into a 
“site” random intercept to account for any significant spa-
tial autocorrelation in model residuals (Moran’s I statistic 
after including site as a random effect: z = 0.52, P = 0.3). 
Coyotes were included in the site that was closest to their 
capture location except if there were man-made barriers 
(e.g., highways).

In the analysis that included 146 coyotes, we ran four 
models: (1) for residents and transients using MCP; (2) 
for residents only using MCP; (3) for residents and tran-
sients using a-LoCoH; and (4) for residents only using 

a-LoCoH. Fixed effects included the proportion of mos-
quito habitat, medium developed urban land, and low
developed urban land in coyote home ranges. Age class
and year were included as fixed effects because they
were significant predictors in the analysis with 315 coy-
otes (see “Results”). Resident status was also included
in models that examined both residents and transients.
Since we expected age class to be an important predic-
tor of infection, we also evaluated whether the associa-
tion between infection and the proportion of mosquito
habitat, medium developed urban land, and low devel-
oped urban land in coyote home ranges varied by age
class by including interactions between these variables.
We included site as a random intercept to account for
any significant spatial autocorrelation (Moran’s I statistic
after including site as a random effect for residents and
transients using MCP: z = 0.08, P = 0.47; for residents
only using MCP: z = −0.24, P = 0.59; for residents and
transients using a-LoCoH: z = −0.02, P = 0.51; for resi-
dents only using a-LoCoH: z = −0.36, P = 0.64). Animal 
ID was not included as a random intercept because none 
of the coyotes in this second analysis were resampled 
more than once.

For all models, the most parsimonious model was 
identified using an information theory approach, com-
paring models with different variable combinations, and 
used the  Akaike information criterion corrected for 
small sample size (AICc) to rank models [69, 70] using 

Table 1 Description of statistical approaches used

a Sixteen of the coyotes were captured more than once
b Four models were run using this model structure and composition: (1) for residents and transients using MCP; (2) for residents only using MCP; (3) for residents and 
transients using a‑LoCoH; and (4) for residents only using a‑LoCoH
c Variable was included only when both resident and transient coyotes were analyzed

Analytical approach n Outcome variable Fixed effects Random effect(s)

Linear regression model 192 Duration of the heart‑
worm transmission season 
(months)

Year (2000–2015)
Urban zone (1–4)
Latitude

NA

Binomial generalized linear mixed model 315a Infection (yes/no) Year (2001–2016; no heartworm data were col‑
lected in 2006 and 2007)
Age class (pup (6–12 months), juvenile, adult)
Sex
Urban zone (1–4)
Proportion of adults tested each year (as an offset)

Site
Animal ID

Binomial generalized linear mixed  modelb 146 Infection (yes/no) Year
Age class
Resident status (resident vs. transient)c

Proportion low developed urban land in home 
range
Proportion medium developed urban land in 
home range
Proportion mosquito habitat in home range
Proportion of adults tested each year (as an offset)
Age class * proportion low developed
Age class * proportion medium developed
Age class * proportion mosquito habitat

Site
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the “MuMIn” R package [71]. If at least one model was 
within 2 ΔAICc values of the top-ranking model, model 
averaging was used to obtain mean effect sizes and 95% 
confidence intervals [69]. All continuous predictors were 
centered and standardized to facilitate interpretation of 
main effects and to perform model averaging [72]. Mul-
ticollinearity among continuous predictors was assessed 
using the variance inflation factor [73]. Scaled residu-
als of each model were examined for uniformity using 
the “DHARMa” package [74]. Model fit was assessed by 
calculating the marginal and conditional coefficients of 
determination (rm

2 and rc
2, respectively) [75]. rm

2 is the 
variance explained by the fixed effects, and rc

2 the vari-
ance explained by the fixed and random effects [75].

Results
Onset and duration of the heartworm transmission season
Across all urban zones (1–4) and years (2000–2015), the 
heartworm transmission season most often began in June 
(97.9% of the time) and lasted for a period of 2–5 months 
(mean of 3.56  months). For the duration of the heart-
worm transmission season, urban zone appeared in all 
three of the top-ranking models, and year and latitude 
in one (Additional file  1: Table  S2). Model averaging of 
the top three models showed that urban zone was a sig-
nificant predictor of infection (Table  2), while year and 
latitude were not (Table 2). The heartworm transmission 
season was significantly longer in zone 1 compared to 
zone 3 and 4 (Fig. 2). Pairwise comparisons revealed that 
the same was true for zone 2 compared to zone 3 and 4 
(zone 2 vs. zone 3: z = 2.88, P = 0.02; zone 2 vs. zone 4:
z = 2.89, P = 0.02).

Urbanization and coyote infection risk
Three hundred and fifteen coyotes were captured and 
tested for heartworm between 2001 and 2016 (16 were 

captured more than once; Additional file 1: Table S1). The 
number of animals captured and tested each year ranged 
from 5 in 2001 to 51 in 2014 (mean = 22.5 per year).
Heartworm tests were performed on 94 pups (52 females 
and 42 males), 108 subadults (53 females and 55 males), 
and 113 adults (38 females and 75 males). Ninety-eight 
coyotes were positive for heartworm (31.1%). Preva-
lence ranged from 7.7% in 2011 (n = 13) to 66.7% in 2016
(n = 21) (Fig. 3a).

When examining infection risk for all captured coy-
otes (n = 315), the best fit model contained only age class
and year (Additional file  1: Table  S3). Urban zone and 
sex were not important predictors of infection because 
they did not appear in the top-ranking model (Additional 
file 1: Table S3). A quadratic relation better explained the 
relationship between heartworm infection and year than 
a linear relationship (Table 3). Infection risk was lowest 
in 2008–2011 and increased in 2012–2016 (Fig. 3a). For 
age class, adults had a higher risk of infection than pups 
and subadults (Table 3; Fig. 3b).

Of the 315 coyotes tested for heartworm, 146 had 
enough relocations to estimate annual home ranges 
(mean number of relocations per animal = 163, 
range = 45–585). The 146 individuals comprised 37 pups
(21 females and 16 males), 46 subadults (23 females and 
23 males), and 63 adults (25 females and 38 males). In 
terms of resident status, this amounted to 107 residents 
and 39 transients. The years with the lowest number of 
coyotes tracked were 2005 and 2010 (n = 3), and the years
with the highest number of coyotes tracked were 2012 
and 2013 (n = 22) and 2014 (n = 23). Association between
heartworm infection and age class, year, resident status, 
and coyote use of the urbanized landscape tended to be 

Table. 2 Model averaging results from the linear regression 
model of the duration of the heartworm transmission season 
(n = 192)

Predictors were obtained from the top‑ranking models (ΔAICc < 2; Additional 
file 1: Table S2)

For urban zone, zone 1 is the reference level.  Significant terms are those for 
which 95% confidence intervals [CI] do not overlap with 1 and P < 0.05.

Predictors Estimate SE z Pr(> |z|) 95% CI

(Intercept) 3.79 0.08 48.79 < 0.001 3.63 to 3.93

Urban zone 2 −0.1 0.11 0.9 0.37 −0.31 to 0.12

Urban zone 3 −0.41 0.11 3.74 < 0.001 −0.63 to −0.2

Urban zone 4 −0.41 0.11 3.74 < 0.001 −0.63 to −0.2

Latitude −0.04 0.04 0.94 0.35 −0.12 to 0.04

Year 0.03 0.04 0.84 0.4 −0.04 to 0.11

Fig. 2 Duration of the heartworm transmission season (in months) 
for each urban zone. Zone 1 is closest to the core of Chicago, and 
zone 4 is furthest away (Fig. 1, Additional file 1: Figure S1). Whiskers 
are 95% confidence intervals
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similar across all four models (i.e., resident and transient 
coyotes using MCP, resident coyotes only using MCP, res-
ident and transient coyotes using a-LoCoH, and resident 
coyotes only using a-LoCoH). However, models with the 
greatest predictive power used MCP instead of a-LoCoH 
and focused on resident coyotes only. For top-ranking 
models using MCP (ΔAICc < 2), the largest r2 value was 
0.68 for the resident coyotes only analysis and 0.49 for the 

resident and transient coyote analysis. For top-ranking 
models using a-LoCoH, the largest r2 value was 0.47 for 
the resident coyotes-only analysis and 0.5 for the resident 
and transient coyote analysis (Additional file 1: Table S3). 
Results using MCP are summarized in Table 4, Fig. 4, and 
Additional file 1: Table S4, and results using a-LoCoH are 
summarized in Additional file 1: Tables S4, S5, and Figure 
S2.

Fig. 3 Relationship between heartworm prevalence and a year and b age class. Whiskers are 95% confidence intervals. In panel a, the line denotes 
the mean infection risk by year based on a quadratic model. The shaded area denotes the 95% confidence interval, and numbers are sample sizes. 
No heartworm data were collected in 2006 and 2007.

Table. 3 Relationship between heartworm infection and coyote age class and year (n = 315)

Predictors were obtained from the best fit GLMM (Additional file 1: Table S3)

For age class, adult is the reference level. Significant terms are those for which  95% confidence intervals [CI] do not overlap with 1 and P < 0.05. SE is the standard 
error, Pr(> |z|) the P‑value associated with the z statistic, and OR the odds ratio

Predictors Estimate SE z Pr(> |z|) OR 95% CI

(Intercept) −0.52 0.56 −0.93 0.35 0.6 (0.2–1.79)

Age class (subadult) −1.005 0.35 −2.87 0.004 0.37 (0.18–0.73)

Age class (pup) −1.74 0.41 −4.2 < 0.001 0.18 (0.08–0.4)

Year −2.14 1.12 −1.9 0.06 0.12 (0.01–1.07)

Year (quadratic) 1.44 0.52 2.75 0.006 4.21 (1.5–11.9)
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Age class, proportion of medium developed urban 
land in coyote home ranges, and the interaction between 
these two predictors appeared in all top-ranking models 
(Additional file  1: Table  S4, except for resident coyotes 
only using MCP in which two out of three models had 
the two predictors and interaction) and thus were the 
most important predictors of heartworm infection. Fur-
ther, for the resident and transient models, proportion of 

mosquito habitat and year were second most important, 
followed by proportion of low developed urban land in 
coyote home ranges and resident status (Additional file 1: 
Table  S4). For the resident  only models, year appeared 
in none of the top-ranking models (Additional file  1: 
Table S4). The interaction between age class and propor-
tion of low developed urban land, and mosquito habitat 
in coyote home ranges were the least important as they 

Table 4 Model averaging results from binomial generalized linear mixed models of heartworm infection risk in coyotes (n = 146)

Predictors were obtained from the top‑ranking models (ΔAICc < 2; Additional file 1: Table S4). Coyote home ranges were estimated by calculating and plotting 95% 
minimum convex polygons (MCPs). Results using 95% adaptive local convex hulls (a‑LoCoH) are summarized in Additional file 1: Table S4 and S5)

SE is the standard error, Pr(> |z|) the P‑value associated with the z statistic, and mean OR the mean odds ratio

Model Predictor Estimate SE z Pr(> |z|) Mean OR 95% CI

Resident and    
  transient coy 

otes (n = 146)

(Intercept) −0.59 0.45 1.33 0.18 0.55 (0.23–1.33)

Age class (subadult) −0.75 0.46 1.64 0.1 0.47 (0.19–1.16)

Age class (pup) −2.37 1.02 2.33 0.02 0.09 (0.01–0.69)

Prop. low developed in home range −0.22 0.27 0.82 0.41 0.8 (0.48–1.36)

Prop. medium developed in home range −0.63 0.33 1.9 0.06 0.53 (0.28–1.02)

Prop. mosquito habitat in home range 0.33 0.23 1.46 0.15 1.4 (0.89–2.19)

Year −1.74 1.53 1.14 0.26 0.18 (0.01–3.54)

Year (quadratic) 0.75 0.65 1.15 0.25 2.12 (0.59–7.64)

Age class (subadult) * proportion medium developed 1.48 0.48 3.06 0.002 4.39 (1.7–11.3)

Age class (pup) * proportion medium developed −1.26 1.33 0.95 0.34 0.28 (0.02–3.84)

Resident coyotes  
only (n = 107)

(Intercept) −0.49 0.3 1.62 0.1 0.61 (0.35–1.08)

Age class (subadult) −0.75 0.5 1.5 0.13 0.48 (0.18–1.27)

Age class (pup) −3.49 2.66 1.31 0.19 0.02 (0.00–4.48)

Proportion medium developed in home range −0.56 0.34 1.64 0.1 0.57 (0.29–1.12)

Proportion mosquito habitat in home range 0.28 0.25 1.14 0.26 1.32 (0.82–2.14)

Age class (subadult) * proportion medium developed 1.16 0.56 2.07 0.04 3.19 (1.06–9.53)

Age class (pup) * proportion medium developed −3.36 3.83 0.88 0.38 0.03 (0.00–62.73)

Fig. 4 Relationship between infection risk and the proportion of medium developed urban land in coyote home ranges by age class. Panel a 
includes both resident and transient coyotes (n = 146), and panel b resident coyotes only (n = 107). Lines are mean estimates of infection risk (i.e., 
probability of infection) by proportion of medium developed urban land in coyote home ranges. The shaded bands are 95% confidence intervals. 
Coyote home ranges were estimated using 95% minimum convex polygons (95% MCPs). For results using a‑LoCoH, see Additional file 1: Figure S2
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did not appear in any of the top-ranking models (Addi-
tional file 1: Table S4).

Model averaging revealed that when resident and tran-
sient coyotes were examined, pups had a lower infection 
risk than adults (Table 4 and Additional file 1: Table S5). 
Further, infection risk tended to decline as the propor-
tion of medium developed urban land in coyote home 
ranges increased. However, this association varied by age 
class, where infection risk declined as the proportion of 
medium developed urban land in home ranges increased 
for adults but increased for subadults (Table 4, Fig. 4, and 
Additional file 1: Table S5 and Fig. S2). Further, changing 
the model reference level to pups revealed that, for the 
models that included both resident and transient coyotes, 
the relationship between infection and proportion of 
medium developed urban land in home ranges was sig-
nificantly different between pups and subadults (P < 0.05 
for all four model types), where pups, like adults, had a 
lower risk of infection with more medium developed 
urban land in their home ranges (Fig.  4 and Additional 
file  1: Table  S2). No significant difference was detected 
between pups and subadults when focusing on resident 
coyotes only.

Discussion
Urbanization can have contrasting effects on host–
pathogen interactions [15,  18  19]. Here, we found that 
urbanization influenced the duration of the heartworm 
transmission season and infection risk in coyotes. The 
heartworm transmission season was longer closer to 
the core of Chicago. Heartworm prevalence in coyotes 
increased during the study period and with coyote age. 
Further, the proportion of medium developed urban 
land in coyote home ranges was an important predictor 
of infection, but direction and size of the effect varied by 
age class and models had a higher predictive power when 
examining resident coyotes only. For adults and pups, 
infection risk declined with urbanization, whereas for 
subadults, it increased.

The Chicago coyote population had a heartworm prev-
alence of 31.1%. Previous studies performed in Madison, 
Wisconsin and Tucson, Arizona have found heartworm 
prevalence in urban coyotes to be 35.7% (n = 14) [76] and
0% (n = 22) [77], respectively. Importantly, we found that
heartworm prevalence fluctuated yearly, with prevalence 
being as low as 8% in some years and as high as 67% in 
others, suggesting that there can be notable differences in 
prevalence across years. Further, heartworm prevalence 
tended to increase over the 16-year period, a finding that 
is in line with national trends observed in domestic dogs 
suggesting that heartworm prevalence is increasing over 
time across the USA [30]. For northern US states like 

Illinois, this increase may be associated with an increase 
in the number and density of mosquito vectors [78, 79], 
possibly due to the combined effect of shifting climate 
conditions and few mosquito abatement programs [30]. 
For Chicago, an increase in coyote numbers over the 
years [42] could also be an important factor.

The proportion of coyotes sampled closer to the core 
of Chicago also increased over the years, which may have 
contributed to an increase in heartworm prevalence over 
time. Twenty-six coyotes were sampled in the urban zone 
1, of which 24 (92%) were sampled in 2013–2016. While 
urban zone was not a significant predictor of infection, 
coyote proximity to the core of Chicago may play a role 
because the heartworm transmission season tended to 
be longer closer to the core of Chicago. Additionally, 
heartworm prevalence in rural coyotes in Illinois is 16% 
[38], suggesting that urban coyotes might be at a higher 
risk of infection than non-urban coyotes. Further, mos-
quitoes sampled in urban areas can have a higher heart-
worm prevalence than rural mosquitoes [80]. This could 
be because one of the main vectors of D. immitis, Aedes 
albopictus, tends to thrive in urbanized landscapes owing 
to warmer conditions and the presence of natural and 
artificial water bodies and containers [35, 80, 81]. A non-
significant effect of urban zone may be due to a smaller 
sample size closer to the core Chicago (i.e., only 29 coy-
otes were tested in zone 1 and 2 combined: 26 in zone 1 
and three in zone 2).

Another potential reason for not detecting a significant 
effect of urban zone on coyote infection could be that 
measuring proximity of coyotes to the urban core simpli-
fies or underestimates complex patterns occurring within 
urban patches. For example, mosquito abundance and 
richness, as well as infection, can vary across distances as 
small as neighborhoods [26], and the degree of landscape 
heterogeneity can influence mosquito diversity [82,  10]. 
Exploring land cover composition of coyote home ranges 
provided greater insight for associations with infection 
risk than proximity to the core of Chicago. The propor-
tion of urban land in coyote home ranges was an impor-
tant predictor of infection, but only when quantified 
as medium developed urban land and not low devel-
oped urban land. Since impervious surfaces account for 
50–79% of total land cover for medium developed urban 
land and 20–49% for low developed urban land, impervi-
ous surfaces and built-up land may explain the observed 
association.

It was surprising that the proportion of mosquito habi-
tats in coyote home ranges was a nonsignificant predictor 
of infection risk. In the case of domestic dogs, proxim-
ity to mosquito-bearing waters can be an important pre-
dictor of infection with D. immitis [83]. One reason for 
not detecting an association in our system could be that 

40



Worsley‑Tonks et al. Parasites Vectors          (2021) 14:464 

there were other unaccounted  for water bodies (e.g., 
man-made or temporary water bodies such as artificial 
containers, puddles, tires, trash cans) [84, 85]. Exploring 
whether the presence of man-made and temporary water 
bodies versus permanent/vegetated water bodies in coy-
ote home ranges influences heartworm infection would 
be an important next step to take.

It is noteworthy that the relationship between infec-
tion risk and the proportion of medium developed urban 
land in coyote home ranges varied both in directionality 
and size by age class. The negative association detected 
for adults and pups is likely associated with built-up 
areas having lower mosquito abundance and mosquito 
species richness than green spaces (e.g., parks, forest 
preserves; [86, 87]). There are nine competent vectors 
of D. immitis [35], most of which breed in wetland and 
woodland areas [88]. For example, Ae. vexans, a floodwa-
ter mosquito, is most frequently found in riparian zones, 
roadside ditches, and wetlands [35, 89], and is therefore 
perhaps more commonly found in urban green spaces. 
Adults and pups may also be at a lower risk of infection 
with more medium developed urban land in their home 
range because there is perhaps more mosquito control 
than in green spaces. The small effect size detected for 
pups is probably because pups had a lower prevalence 
than adults. Indeed, heartworm infection risk tended to 
increase with age, a pattern that is consistent with previ-
ous work [38, 39, 68]. The positive association detected 
for subadults could be because most subadults are tran-
sitioning between their natal and new territories. Dur-
ing this dispersal period, subadults may be exposed to a 
broader range of microhabitats than adults and pups, and 
thus could have more opportunities to encounter envi-
ronments with more mosquitoes. An important next step 
that would help disentangle the importance of these vari-
ous potential explanations would be to explore whether 
there is a relationship between infection risk and habitat 
use within home ranges.

The fact that the directionality of the infection–urban-
ization association by age class remained the same 
regardless of the home range estimator used (MCP vs. 
a-LoCoH) highlights the strength of these associations.
However, it is interesting that model predictive power
increased when focusing on resident coyotes and exclud-
ing transients. Because transients tended to have larger
and more complex home ranges than residents, we sus-
pect that the infection–urbanization association might
differ, or might be less apparent, if a larger number of
transients were included in the analysis (and/or that
transients were examined separately). More research
is needed to determine whether transient coyotes likely
would have the same infection–urbanization association
as resident adult coyotes or as subadult coyotes.

We cannot infer that adult coyotes, particularly tran-
sients, were likely infected in the areas where they were 
sampled; however, we can for pups, as coyotes only tend 
to leave their natal territories as subadults [90]. The fact 
that the direction of the infection–urbanization associa-
tion was the same in pups and adults suggests that coy-
otes from these two age classes may have been infected in 
the area (or similar environment) where they were sam-
pled. This lends support for the notion that urban wild-
life reflect their local environment [25, 91] and highlights 
the need to carefully consider which types of individu-
als should be examined to effectively capture any asso-
ciations with local environments (e.g., pups and resident 
adults in our case study).

While this study provides insight on how urbaniza-
tion might influence wildlife infection risk, there were 
a number of limitations. Firstly, coyote sampling varied 
across years and urban zones, which limited result inter-
pretations in some cases. That said, to the best of our 
knowledge, this is one of the first + 15-year urban wild-
life disease investigations and provides unique evidence 
that wildlife disease risk can vary over time in urbanized 
settings. Another broader limitation worth noting was 
the inability to account for the time lag between human-
derived changes to the landscape, and vector and wildlife 
response to this change [16, 33]. This could be especially 
important for urban and suburban land covers, which 
tend to increase over time. Future work should focus 
on developing approaches that can approximate time 
lags between land-use change and host and pathogen 
response to such changes [16]. Another important limita-
tion of this study was not accounting for socioeconomic 
factors. Recent studies suggest that a number of socio-
economic factors can influence the distribution of wild-
life diseases in urbanized areas (e.g., household income) 
[92, 93]. Future vector-borne and wildlife disease stud-
ies should quantify socioeconomic factors alongside of 
structural and abiotic components when exploring effects 
of urbanization on infection risk [94].

Conclusions
Measuring the effects of urbanization on host–pathogen 
interactions is becoming an important area of research 
[15, 19], particularly as urbanized areas continue to 
expand [95]. Recent work has found differences in disease 
risk between urban and non-urban wildlife populations 
(reviewed in [18]). Here, we found that coyote infec-
tion with the vector-borne pathogen D. immitis can vary 
within urban and suburban areas, and that effects may 
only be detected for certain age classes, and when using 
certain metrics of urbanization. While we were not able 
to make comparisons with rural or wildland coyotes, the 
fact that we detected differences in infection risk among 
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coyotes residing in different urban and suburban areas 
highlights the complex way by which vector-borne dis-
eases are transmitted in urbanized landscapes.
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Ghost Dogs and Their 
Unwitting Accomplices

Stanley Gehrt

Foreword, by Rylan Higgins

Stan Gehrt and I “met” for the first time 
via Zoom in May of 2021. We talked for 

about an hour, and at some point, we learned 
that we grew up within about 45 minutes of 
each other in southeast Kansas. As an an-
thropologist, I have always found that such 
connections facilitate a level of comfort that 
makes for good conversation. Within min-
utes, furthermore, I was sure I was talking 
with not only an intelligent coyote researcher 
but also a compassionate human who had 
come to relate to animals in ways few peo-
ple have. By the end of the conversation, bi-
ologist (Stan) and anthropologist (Rylan) had 
put heads together and arrived at a plan for 
a rather unique essay for Anthropology Now.

A week or so before my meeting with 
Stan, I had heard him talk on CBC Radio One 
while I drove home (in the Halifax region 
of Canada). He was being interviewed by 
Quirks & Quarks host Bob McDonald about 
his coyote research in Chicago, and several 
things about that conversation struck me. 
The general idea that North American cities 
are home to many, many coyotes was itself 
quite notable, as was Stan’s in-depth knowl-
edge about these urban-based creatures. The 
evolving story of how humans and coyotes 

have related to one another, and continue 
to, was also rather remarkable and revealed 
features of interaction that I had never con-
sidered, even though I, like nearly everyone 
in North America, live among coyotes. I also 
found Stan’s relationship with coyotes both 
intriguing and endearing.

As I listened to Stan on the radio and later 
talked with him, I was certain that his research 
on coyotes in general, but especially on hu-
man-coyote relations, would make interest-
ing content for Anthropology Now. Based on 
what he described, I came to think that Stan 
does something akin to an ethnography of 
coyotes. As of the writing of this Foreword, I 
am still not sure how fitting this comparison 
is. Does Stan’s research with coyotes mimic 
in any significant way the work that anthro-
pologists carry out? Perhaps it is a bit of a 
stretch with regard to some of his methods. 
Radio collars and the use of sedatives simply 
aren’t part of the anthropology tool kit. But 
hanging out, communicating and forming 
relationships are. And this is what Stan does 
with coyotes. He knows individual animals 
in a way that is not entirely dissimilar from 
the human-to-human interactions that result 
from anthropological research.

Regardless, human/nonhuman relations 
are an increasingly common and important 
topic in anthropology. This vein of scholar-
ship is producing a lot of compelling insights, 
including ideas about expanding our under-
standing of personhood to include nonhu-
man animals. Stan’s research on coyotes 
weds very nicely with this trend and makes 
it clear that collaborations between biolo-
gists and anthropologists hold a lot of po-
tential for developing in-depth knowledge 
about how our species relates to others. As 
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Stan’s essay below so nicely shows, a lot is 
being learned, but plenty remains unknown. 
I, for one, am glad that there are researchers 
like Stan forming relationships with animals, 
learning about their lives and addressing key 
questions about how people make meaning 
as we interact with the non-human world.

The Story of Human-Coyote 
Relations in North America

If you are reading this article from basically 
any place in North America, in all likelihood 
you have been an unwitting accomplice to 
one of the most amazing wildlife stories to 
take place in the last century. This story in-
volves the coyote (Canis latrans) and its un-
qualified success at conquering the continent 
at least partially through its strange, paradoxi-
cal relationship with humans. To be clear, the 
consequence of the coyote’s success is that 
most of you are living with coyotes whether 
you are aware of it or not, whether you are 
reading this from a rural farm, residential 
subdivision or even a downtown office.

There are many layers involved in the his-
tory of the coyote that combine to make it such 
a compelling wildlife story in North America. 
Two aspects form the underlying foundation. 
Firstly, during a period of extreme persecu-
tion and land conversion to primarily human 
use, the coyote has dramatically expanded its 
distribution and abundance across the con-
tinent. Secondly, in the last 20 to 30 years, 
coyotes have become residents in virtually 
all metropolitan areas in the United States 
and Canada, a truly remarkable process be-
cause it has involved establishing themselves 
as the apex predator in urban systems built 
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and occupied by their most dangerous pred-
ator: humans. Consequently, many readers of 
this article are participants in this second part 
of the coyote’s story, and this is also where 
my research comes in to play.

The coyote is an exclusive North Ameri-
can member of the Canidae family, which in-
cludes wolves, foxes, jackals and, of course, 
our domestic dogs. At the time of European 
expansion across the continent (1600–1850 
AD), the coyote’s range was mostly restricted 
to plains and deserts west of the Mississippi 
and from the Canadian border to parts of 
Central America.1 On the open range of the 
West, the coyote occupied the mid-sized car-
nivore niche, hunting mostly small prey and 
scavenging off kills made by the larger preda-
tors, while at the same time avoiding those 
dangerous competitors. This lifestyle, hunting 
prey while avoiding larger predators, would 
serve the coyote well as the landscape shifted 
from one dangerous predator to another.

Although coyotes had a largely positive 
relationship with the first people to inhabit 
North America, and indeed figured promi-
nently in western Native American culture, 
things would change with pioneer expan-
sion by those with European ancestry and the 
landscape would become dangerous again. 
Intense persecution of mammalian predators 
took place with such effectiveness that larger 
predators mostly disappeared. As Native 
Americans experienced their own persecution 
in the face of white expansion, the relation-
ship between coyotes and people shifted to 
one of hostility. However, while larger mam-
malian predators succumbed to persecution 
and were largely extirpated from their former 
ranges, coyotes responded to this pressure by 
dramatically expanding their range across all 
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conterminous states and Canadian provinces. 
They have also expanded southward, increas-
ing their range in Central America, and by 
2013 crossed the Panama Canal.2

The amazing aspect of this tremendous 
range expansion is that it has been accom-
plished in the face of intense human persecu-
tion. At no point have coyotes benefited from 
any sort of protection or conservation efforts 
by state or federal agencies. Throughout most 
of their range, coyotes are regulated as game 
animals, which allows people to harvest them 
but also to remove them as predators. In most 
states, harvest regulations are the most le-
nient for coyotes compared to other species. 
Unlike other game species, nearly all states 
allow year-round hunting of coyotes with no 
limits on the number that can be taken. Oc-
casionally coyote hunting contests, bounties 
and other forms of incentives appear to in-
crease this persecution. Currently, using re-
ported harvest and predator control numbers, 
between 500,000 and 800,000 coyotes are 
harvested or killed as part of predator control 
measures in the United States each year. Of 
course, these are underestimates of the total 
number of animals killed, because coyotes 
are killed for other reasons as well, so the 
total number of animals removed may ap-
proach 1 million in some years. Yet, despite 
this pressure, despite the human efforts to 
control or remove them, the coyote not only 
persists but has more than doubled its range 
and increased in abundance. Put differently, 
after nearly two centuries of intensive “coy-
ote control,” there are more coyotes on the 
continent today than at any point since Euro-
pean colonization. No other wildlife species 
can claim that level of invulnerability to hu-
man persecution.

As remarkable as that success is, a more 
stunning aspect of the coyote’s story is their 
amazing success populating all metropolitan 
areas in the United States and Canada.3 If the 
coyote had an opposable digit, it is likely they 
would be using it to thumb their noses at our 
efforts to exterminate them by claiming resi-
dence in our own backyards. But is this per-
ception true, and what does their perceived 
“success” in urban areas mean for us and our 
ever-evolving relationship to coyotes?

For the past 21 years, I have had the privi-
lege of developing and supervising the larg-
est study of coyotes to date within one of the 
largest urban centers in North America, the 
Chicago metropolitan area. Over the years, 
we have used various types of technology to 
peer into the hidden lives of these animals, 
lifestyles that remain largely hidden despite 
living within a landscape containing 9 mil-
lion people. But even with the advantages 
of radiotelemetry, GPS (Global Positioning 
System) satellites, remote cameras, chemical 
analysis of tissue for diet, and the latest ge-
netic tools, it never ceases to amaze me how 
difficult it is to study these animals, even in a 
system where these animals are living among 
millions of people. In many ways they are as 
mysterious to me as when we started.

The story of the emergence of the coyote 
in the Chicago system is emblematic of most 
major cities across the United States and 
Canada. Prior to the 1990s, coyotes were 
only found in the more remote areas of the 
Chicagoland area, and usually in low num-
bers. But at the close of the 20th century, it 
appeared that their numbers increased dra-
matically, such that coyotes began appearing 
in areas where they have never been seen be-
fore.4 Animal control agencies began fielding 
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calls from concerned residents, and many 
communities demanded animals be removed 
because of the perceived risk. However, de-
spite efforts to “depopulate” coyotes from the 
area, they persisted. This, in turn, led to the 
need for better understandings of how the 
coyote population in the Chicago area was 
functioning and of the real risks they posed 
to people and their pets. 

At the turn of the 21st century, the phe-
nomenon of the urban coyote was relatively 
new, and little information existed on which 
to direct management decisions and, per-
haps more important, how to respond to the 
general public’s increasing fear. This need 
for basic information was the initial motiva-
tion for our Chicago research. Our project 
began in March 2000, when we captured 
and radio-collared our first coyote, a sub-
adult female, Coyote #1. I still remember 

the excitement of actually capturing a free-
ranging, wild coyote just a few miles from 
O’Hare International Airport, with airliners 
flying overhead and thousands of cars pass-
ing by a few hundred meters away. Little did 
we know just how special that animal would 
become.

We also began the study by assigning 
each coyote the functional, if not creative, 
ID numbers corresponding to the order in 
which we capture them. Hence, Coyote #1 
was the first coyote captured, and her mate, 
a handsome, large male, Coyote #115, was 
the 115th coyote captured; our most recently 
captured animal is Coyote #1376. Never-
theless, some individuals that we follow do 
earn nicknames that stick, such as #115’s 
name “Mellonhead,” because of his large 
head. Obviously, the rather boring number 
system helps to minimize anthropocentric 

Image 1. An alpha male, Coyote #748, attending a den with his litter of newborn pups, on top of a parking garage 
across from Soldier Field, downtown Chicago, April 1, 2013. For more of his story, see: https://urbancoyoteresearch.
com/coyote/748. Photo credit S. Gehrt.
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influences in our science but also serves to 
help maintain some degree of impartiality 
as we are observers of their lives and try not 
to influence what transpires, which can be 
difficult. However, the radio collars serve as 
windows into their lives, and the process of 
spending countless hours observing certain 
animals naturally produces a relationship 
with them, even if they are unaware of it. The 
radio collars also allow us to document the 
end of their life, and the numbers help miti-
gate our loss to some degree, as we will in-
evitably record their death. 

In my first night of tracking Coyote #1, 
she took me on a journey across five sub-
divisions and a tollway. This trek ended in a 
patch of weeds with my headlights shining 
on three men with dogs on leashes, com-

pletely unaware that a coyote was hiding 
only five meters away. In one night, that ani-
mal taught me the following: (1) we were un-
derestimating their ability to move through 
a presumably challenging, urbanized land-
scape; (2) we were grossly underestimating 
the coexistence already occurring between 
people and coyotes; (3) we were likely un-
derestimating the abundance of these ani-
mals in Cook County and, most important; 
(4) I definitely underestimated the budget
for this research! She and her mate taught us
many other things over a decade. Both lived
for 12+ years and raised at least 38 offspring
from seven litters. They spent every day of
their lives living within a few meters of peo-
ple and their pets, without conflict. One of
their favorite hiding spots during the day was

Image 2. Graduate student Ashley Wurth and technician Abby-Gayle Prieur take measurements and samples from an 
immobilized coyote, adult male Coyote #1071. Photo credit: J. Nelson.
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under a bush a couple meters from a post of-
fice, where hundreds of unsuspecting people 
walked past each day. To be fair, coyote pups 
sometimes destroyed Nerf footballs and stole 
chew bones from backyards, but these are 
hardly the behaviors worthy of human per-
secution.

Coyotes have highly structured social sys-
tems, in which family groups, or “packs,” 
maintain exclusive territories that are de-
fended from other coyotes. As the population 
grows, more of the landscape is filled with 
these territories, and young (and sometimes 
older) coyotes leaving their packs will at-
tempt to create a territory in a new area. It is 
through this territorial system that the coyote 
population expanded across the Chicago re-
gion and into areas that had not previously 
experienced coyotes. Survival is relatively 
high and vacant territories are limited, so 
young coyotes are continually forced to ex-
plore and attempt to exploit strange, novel 
areas — which they do, quite well.

Using radiotelemetry and GPS technol-
ogy to track over 1,300 marked and radio-
collared animals, our research has shown 
that coyotes are capable of maintaining ter-
ritories and raising litters in all parts of the 
Chicago area, even the most heavily devel-
oped regions we originally thought impossi-
ble.5 For example, possibly the most urban of 
our coyotes, adult female #447, had a terri-
tory that encompassed all of downtown Chi-
cago. Thus, she shared her territory with ap-
proximately 750,000 people, which does not 
include the commuters who worked down-
town. She lived in that area for at least five 
years, without a conflict. Indeed, based on 
her location and the number of humans she 
shared space with, I would argue that she 
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may have been the most “urban” coyote in 
the country.

To successfully live in the city, coyotes 
must avoid humans as much as possible. The 
vast majority of the coyote population goes 
about their daily lives largely unnoticed by 
people, even when they are living a few me-
ters away. To do this, they may hide during the 
day and move at night. In fact, we have found 
that coyotes living in the most urbanized ar-
eas are exclusively nocturnal and travel fur-
ther distances within larger territories than 
more suburban coyotes. They learn human 
traffic patterns and know the safest times and 
locations to cross roads. Coyotes learn when 
and where humans are most active, and they 
scale down their activities to avoid us. They 
spend a lot of time watching us and learn-
ing. Consequently, we are largely coexisting 
with them without knowing it. Indeed, they 
are so effective at avoiding us I have referred 
to them as Chicago’s ghost dogs.67 

Another important aspect of the relation-
ship between urban coyotes and humans is 
food. Our initial assumption was that suc-
cess in urban areas was likely because of a 
reliance on human-associated food. In other 
words, we assumed that coyotes in cities 
were living off of us. Starting in 2012, we 
began using stable isotopes to characterize 
individual coyote diets. We did so because 
traditional techniques, such as fecal analysis, 
tended to underestimate the use of human-
processed foods. To do this, we collected a 
whisker from a captured coyote (so the in-
dividual information was known: sex, age, 
social status, location); the whisker was sec-
tioned into multiple segments, and each seg-
ment was analyzed individually. This gave 
us a dietary profile for the animal over the 
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weeks and months of whisker growth and al-
lowed us to measure the variability of food 
items in their diet over time, as well as vari-
ability in diet across individuals in the popu-
lation. The picture that emerged is that, much 
like us, coyotes are highly individualistic in 
their diets, even those within the same packs 
and living in the same areas. Most coyotes, 
moreover, have maintained diets largely 
dominated by natural foods, such as voles, 
mice, and rabbits, with only a minority heav-
ily relying on human foods.7 Basically, urban 
coyotes have a smorgasbord of natural and 
human-associated foods available to them, 
and unlike rural systems, food abundance is 
maintained across seasons and years.

Other lines of evidence support the con-
clusion that dietary resources are not limit-
ing. Our study animals, on average, are in 
excellent health and body condition. There 

is a small trend for increasing size with ur-
banization among our population of coy-
otes, such that they tend to be heavier than 
rural animals. Another indicator of the ben-
efits of city life is litter size. Each spring, 
we enter the dens of our study animals and 
microchip and measure neonate pups. We 
do this for a variety of reasons, but a pri-
mary one is to record litter size. Coyotes 
are able to scale their litter size relative 
to available resources, so when resources 
are abundant they may produce relatively 
large litters. We regularly record large litter 
sizes, at times averaging over 8 pups per lit-
ter, and sometimes exceeding 11 or more. 
Again, these lines of evidence reveal a pic-
ture of the metropolitan area as a type of 
hospitable refuge compared to more rural 
areas. As a kid born and raised in a small 
Kansas town, I would have never guessed 

Image 3. Recapture of Coyote #967 on February 23, 2018. The red ear tags are slightly visible in the ears and radio 
collar peaks out under his chin. Photo credit J. Nelson.
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that an area with millions of people would 
be an oasis of sorts for coyotes. 

There are, however, costs to living in the 
urban world. Coyotes in the core of the city 
must travel further and faster, within a re-
duced activity period, to obtain resources.8 
All coyotes must navigate roads, and for a 
transient, solitary coyote in a new part of 
town, a miscalculation means death. And if 
a coyote suddenly becomes too obvious to 
people, by, for example, engaging in regu-
lar daytime activity, there will inevitably be 
a call to lethally remove it. Although urban 
coyotes are relatively protected from hunt-
ing and trapping, human-caused mortalities 
are still the most common causes of death, 
either unintentional human-caused mortali-
ties through vehicle collisions, which is by 
far the leading cause of mortality, or coyotes 
killed intentionally through removal efforts. 
A minority of these removals are the result 

of actual conflicts in the form of aggression 
or attacks on pets. Most coyote removals/kill-
ings are simply the result of animals becom-
ing habituated to human activities.

For most cities, coyotes are the largest pred-
ator in their midst, and attacks on people and 
pets do occur, albeit rarely. Thus, coyotes do 
represent a risk that was not present in most 
cities prior to their expansion, and part of our 
research is measuring that risk. Each year, 1 to 
4 percent of the coyotes we monitored were 
removed as nuisances. In nearly all cases, the 
animal had not actually attacked or injured a 
pet or person but was becoming too obvious 
to people or may have conflicted with humas 
in other ways. For example, some “nuisance” 
coyotes are removed each year from airports, 
where there is understandably zero tolerance 
for disrupting flights. The large grasslands 
surrounding airports are unfortunately attrac-
tive for coyotes hunting rodents. Overall, of 

Image 4. S. Gehrt holding a litter of seven pups from Coyote #581, an adult female living in the Chicago suburbs. Each 
year we enter dens once during the spring to count and microchip pups for population estimates and to record family 
relationships. Photo credit S. Eszterhas.
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the animals we have marked, only a handful 
have attacked pets, and none have attacked 
or threatened a person.

The characteristics of conflicts often vary 
based on the quirky nature of coyotes. Coy-
ote #748, an alpha male (meaning he was 
an adult with a mate), occupied a territory 
encompassing Lakeshore Drive and some of 
Chicago’s most iconic sites, such as the Field 
Museum, Soldier Field and Sears Tower. He 
and his mate were “good” coyotes, in that 
they avoided people and their pets at all 
costs. This changed suddenly in April, when 
748 suddenly became aggressive toward 
dogs, but in his own unique style. The pair 
had a newborn litter in a den at the top of 
a parking garage across from Soldier Field, 
a very popular dog-walking spot along the 
lakefront. During the first two weeks after the 
litter was born, he would sneak down from 
the garage and, ignoring the poor dog owner, 
“attack” a dog in an attempt to protect the 
den. Although there was a constant flow of 
dog walkers from early morning until late at 
night, 748 would “attack” only one dog each 
evening between 6:30 and 8:30 pm, and only 
between those hours. Equally as strange, he 
never injured a dog. He would jump on them 
and they would roll around with much yelp-
ing in front of their terrified owner, but then 
he would trot away, leaving the dog covered 
in saliva but otherwise unharmed. Fortu-
nately, after the pair moved the litter to a dif-
ferent location away from dog walkers, 748 
reverted to a “good” coyote again.

This case also illustrated a common hu-
man quirk that likely contributes percep-
tions of risk and trepidation regarding coy-
otes. People tend to exaggerate the size of 
animals, especially predators (no one ever 

reports encountering a “tiny” coyote, only 
the “big” ones). I became aware of 748’s 
switch to “dog attacker” only an hour or 
two after his first attack, because the owner 
of the dog googled me and called my of-
fice while I was working late. While he was 
walking his dog on a leash near the stadium, 
a “huge” radio-collared coyote came “out of 
nowhere” and jumped on his dog. Luckily, 
his dog was not injured, but he described 
the coyote as over 100 lb. I asked him how 
he estimated the coyote to be that big, and 
he said that the coyote was at least as large 
as his dog, which was a 110-lb mastiff. 
When we captured 748 a month prior, he 
weighed a typical 29 lb. The heaviest animal 
we have captured to date was 42.4 lb. Some-
how, with the animal right in front of him 
and even with his dog as a comparison, the 
owner managed to add 70 lb of imaginary 
size to 748. Our ability to unconsciously 
inflate size of animals we fear undoubtedly 
contributes to conflicts. 

Although the actual risk of humans being 
attacked by coyotes is small, the perceived 
risk is often high. So, I’m regularly asked by 
members of the public and officials what 
good are coyotes? Why should people toler-
ate any risk, no matter how remote? Is there 
anything positive about coyotes in cities, or is 
the urban coyote story simply about manag-
ing risk? My answers to these questions likely 
are at least a bit surprising.

Predation is an important, even vital, func-
tion in ecosystems, and unfortunately the 
lack of predators in urban systems results in 
overpopulation of some prey species, often 
at the expense of habitats or damage to our 
property. For far too long, predation was ab-
sent or limited in our cities, such that urban 
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ecosystems were severely altered and some 
species (e.g., geese, deer, rodents) became 
artificially o verabundant. A s c oyotes h ave 
made their appearance onto the urban stage, 
it is possible that they have introduced pre-
dation to this severely altered ecosystem. 
Whether this is the case and to what extent 
became new research questions for us.

At different stages of our study, we were 
able to expand our objectives to explore the 
relationship between coyotes and two prey 
species that are known to become overabun-
dant in urban areas: Canada geese and white-
tailed deer. Using a variety of techniques and 
technologies, we documented that coyotes 
were responsible for taking the eggs from 
half of goose nests each year, thereby reduc-
ing the annual population growth rate from 
14 percent to less than 2 percent. Regard-
ing coyotes and deer, we found the preda-
tion rate of deer fawns ranges from 35 to 80 
percent each year, with most years over 
50 
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percent. In both cases, coyote predation has 
helped slow the population growth of the 
prey species at the local level. Deer are par-
ticularly problematic when overabundant, 
because they can cause ecological damage 
through herbivory, while also representing a 
threat to health and safety through collisions 
with automobiles.

A predation rate of more than 50 percent 
of fawns is sufficient to limit growth at the 
local level, and limiting the deer population 
has direct benefits for people. This is because 
the most dangerous wildlife species to peo-
ple and their property in urban systems is 
not a predator but rather deer and their col-
lisions with automobiles. Each year, tens of 
thousands of accidents occur with deer, es-
pecially in large urban centers, with injuries 
to people and occasionally fatalities. For ex-
ample, during 2019 there were over 16,000 
auto-deer accidents across Illinois, resulting 
in 604 injuries and four deaths. This is ac-

Image 5. S. Gehrt and Coyote #1, an adult female living in the suburbs near O’Hare International Airport. At the time 
of her recapture, she had been monitored continuously for nearly a decade and had outlived the battery life of her 
radio collar. Duct tape on the mouth was necessary because she was not immobilized. Photo credit S. Gehrt.
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cording to data from Illinois Department of 
Transportation.9 Only a few months prior 
to writing this essay, two people were tragi-
cally killed near our study area from a colli-
sion with a deer.10 By comparison, there have 
only been two recorded human deaths from 
coyote attacks over the past 50 years across 
the United States and Canada.

There is a particular irony here. Through a 
largely unnoticed process, a predator that the 
public associates with risk actually helps to 
reduce the much more substantial risk posed 
by a prey species. When I talk to the public 
about urban coyotes, I often point out that it 
is very likely that coyotes actually save hu-
man lives regularly by reducing deer popu-
lations and the risk of deadly car accidents 
caused by deer.

An alpha predator can also impact the 
system by influencing the behavior of other, 
small predators. Outdoor domestic cats, or 
feral cats, are also a prominent feature of ur-
ban landscapes that can be a management 
dilemma. Over a four-year period, I created 
experimental feral cat shelters across parts 
of Chicagoland in areas where we also had 
coyotes radio-collared. We followed humane 
protocols and all cats were vaccinated; pro-
vided food, water and shelter; and radio-
collared. We found a strong coyote effect on 
cats, but surprisingly it was primarily in the 
form of avoidance rather than predation. De-
spite establishing cat shelters in areas of high 
coyote densities, only 7 percent of 127 ra-
dio-collared cats were killed by coyotes. This 
is because nearly all cats avoided the green 
spaces and natural habitat fragments that 
were occupied by coyotes and restricted their 
movements to neighborhoods and yards. Es-
sentially, coyotes served as buffers for green 

spaces that limited outdoor cat use, which 
benefits a variety of birds and small mam-
mals that traditionally serve as prey for cats. 
Other studies have found that the diversity of 
native wildlife species in urban landscapes is 
higher where coyotes are present than where 
they are absent, largely due to their exclusion 
of outdoor cats.11

Although these positive aspects of coy-
otes in the system are important when try-
ing to understand the various layers to this 
amazing coyote story, they are only the tip of 
the iceberg of our understanding how coy-
otes affect other wildlife species or whatever 
positive effects are associated with them. The 
studies mentioned above were incredibly 
challenging, took years of effort and required 
the best of our technologies to uncover coy-
ote-related processes taking place among 9 
million people. We are only scratching the 
surface of what coyotes bring to the urban 
ecosystem and, in fact, the roles they play 
across North America. It is an unfortunate 
fact that, by far, funding for research on coy-
ote and other mammalian predators has been 
focused specifically on conflicts and ways to 
control or limit their populations. This leaves 
us with a limited understanding of how coy-
otes function ecologically or how we benefit 
from them.

Similarly, through their perseverance, coy-
otes are infusing themselves into our urban 
culture, as they did originally with Native 
Americans, and even western white Amer-
ica. Despite their best efforts, coyotes in the 
most urban areas have a difficult time avoid-
ing people completely, especially in the most 
urban areas. It is these times when people 
encounter coyotes when they develop their 
own “coyote stories.” When we began our 
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research two decades ago, urban coyote sto-
ries were rare, but now they are common 
and even transcend continental boundaries.

As an example, one of my favorite anec-
dotes comes courtesy of Coyote #447, an 
adult female I described earlier. Sometime in 
2010, I received an email from a person from 
Switzerland who traveled to Chicago each 
year for a week of business meetings. He 
wondered whether he had encountered one 
of our study animals on his most recent trip. 
When he stayed in Chicago, his traditional 
routine was meetings all day and then a run 
at night in Grant Park. On this warm summer 
night, as he jogged, he was surprised by a 
dog-like animal passing him from behind on 
the path. It was notable because it was not 
leashed and was wearing this strange collar. 
She gave him a quick glance but never broke 
her effortless trot as she continued down the 
path. It happened so quickly, he wasn’t sure 
if it was a coyote or a strange dog. However, 
as he continued his jog around the park, he 
kept an eye out for the animal. Sure enough, 
before he had completed his lap, she came 
from behind him again and, like before, 
barely acknowledged him as she casually 
lapped him, passing a few inches from his 
leg, as she did before. He thought her glance 
was mildly approving of his progress, and 
then she was gone.

When I responded that yes, this was Coy-
ote #447, and she regularly used Grant Park, 
he was thrilled, using many exclamation 
points!!! He described his experience of be-
ing lapped by one of the famous “Chicago 
coyotes” in Grant Park as easily the most 
memorable experience from all his busi-
ness trips, and he would remember it forever. 
Though this is a cute anecdote (it makes me 

 anthropology 

smile each time I share it), it is worth noting 
that it is one of thousands of coyote encoun-
ters that take place each year that are not 
conflicts but rather a spice of life — memo-
rable moments that are never reported in the 
media, unlike the rare cases of an attack on a 
dog. Much like their ecological effects on the 
urban ecosystem, coyotes are likely impact-
ing human culture in subtle ways that have 
not yet been fully recognized.

So, how are you a participant in this coy-
ote story, even if you do not have your own 
coyote story? With a rather high degree of 
certainty, most of you are living with coy-
otes. If you live or work within a metropol-
itan area, at some point you have passed 
within a few meters of a coyote. Some of 
you may pass them on foot or with your car 
on a regular basis. If you use a park, visit a 
cemetery, run an errand or play a round of 
golf, undoubtedly there is a coyote watch-
ing and learning from you. As you commute 
to work, a coyote is near the road or rail 
line, avoiding you. It is through your ac-
tivity that you reinforce or, in some cases, 
change their behavior, and you are playing 
a role in one of the most amazing wildlife 
stories 1in North America. More than any-
thing else, the coyote’s ability to live in an 
urban area and effectively coexist with us 
relies on its ability to avoid you. But I be-
lieve we can learn from coyotes as well, if 
we are willing. Coyotes teach us lessons in 
humility, whether that is scientists attempt-
ing (and often failing) to understand them 
or the many landowners, municipalities 
and government agencies attempting to ex-
terminate them. They teach us every day 
that there is still much to learn about this 
world, even in our own backyards.
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• Wildlife exposed to anthropogenic
sources can have antimicrobial resistant
bacteria.

• Extended-spectrum cephalosporin-
resistant (ESC-R) Escherichia coli were
more common in urban than suburban
raccoons.

• ESC-R E. coli richnesswas higher for rac-
coons sampled at sites with a wastewa-
ter treatment plant (WWTP).

• ESC-R E coliwith plasmid-associated re-
sistance genes were more common at
sites with a WWTP.

• WWTPmay increase the risk for antimi-
crobial resistance to spread in wildlife
bacterial communities.
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Anthropogenically derived antimicrobial-resistant bacteria (ARB) and antimicrobial resistance genes (ARG) have
been detected inwildlife. The likelihood of detecting ARB and ARG inwildlife increases with wildlife exposure to
anthropogenic sources of antimicrobial resistance (AMR). Whether anthropogenic sources also increase the risk
for AMR to spread in bacteria of wildlife is not well understood. The spread of AMR in bacteria of wildlife can be
estimated by examining the richness of ARB and ARG, and the prevalence of ARB that have mobilizable ARG
(i.e., ARG that can be transferred across bacteria via plasmids). Here, we investigated whether raccoons
(Procyon lotor), with different exposures to anthropogenic sources, differed in prevalence and richness of
extended-spectrum cephalosporin-resistant (ESC-R) Escherichia coli, richness of ARG present in ESC-R E. coli,
and prevalence of ESC-R E. coliwith plasmid-associated ARG. Sampling took place over the course of 10 months
at seven sites in Chicago, USA. ESC-R E. coliwere isolated from over half of the 211 raccoons sampled and were
more likely to be isolated from urban than suburban raccoons. When examining the whole-genome sequences
of ESC-R E. coli, 56 sequence types were identified, most of which were associated with the ARG blaCMY and
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Wastewater treatment plant
Wildlife
blaCTX-M. A greater richness of ESC-R E. coli sequence types was found at sites with a wastewater treatment plant
(WWTP) than without, but no difference was detected based on urban context. ARG richness in ESC-R E. coli did
not significantly vary by urban context norwith presence of aWWTP. Importantly, ESC-R E. coli carrying plasmid-
associated blaCTX-M and blaCMY ARGweremore likely to be isolated from raccoons sampled at sites with aWWTP
thanwithout. Ourfindings indicate that anthropogenic sourcesmay shape theAMRprofile ofwildlife, reinforcing
the need to prevent dissemination of AMR into the environment.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Use of antibiotics in human and veterinary medicine has led to the
emergence of many forms of antimicrobial resistant bacteria (ARB)
(WHO, 2014). In addition to undermining the successful treatment of
bacterial infections, intensive antimicrobial use has been linked to the
widespread dissemination of ARB in the community and the wider en-
vironment (Laxminarayan et al., 2013; Radhouani et al., 2014). Hence,
what was originally observed only in clinical and agricultural settings
is now frequently reported in non-hospitalized people, animals, and
the environment. ARB can enter the environment via multiple path-
ways, such as through rivers or streams receivingwastewater treatment
plant (WWTP) effluent (Rizzo et al., 2013; Berendonk et al., 2015).
These types of environments can be hotspots for horizontal gene trans-
fer, and thus act as sources of antimicrobial resistance (AMR), and may
also facilitate widespread dissemination of AMR in the environment
(Wellington et al., 2013;Marti et al., 2014;Huijbers et al., 2015), directly
exposing people, domestic animals, and wildlife to ARB (Berkner et al.,
2014).

Wildlife exposure to ARB has been reported in a number of different
species, fromdifferent ecosystems and continents (e.g., Cole et al., 2005;
Jobbins and Alexander, 2015; Kipkorir et al., 2019). However, in most
cases the risk of isolating ARB fromwildlife tends to increase with wild-
life proximity to human-dominated areas (Skurnik et al., 2006; Allen
et al., 2010), or when wildlife come into contact with anthropogenic
sources of AMR such as wastewater or landfills (Radhouani et al.,
2014; Varela et al., 2015; Ahlstrom et al., 2018). For example, urban
wildlife are more likely to have ARB than non-urban wildlife
(e.g., Navarro-Gonzalez et al., 2018; but see Carter et al., 2018). Simi-
larly, aquatic species present in waters contaminated with ARB, antimi-
crobial resistance genes (ARG), and/or antimicrobial residues are more
likely to have ARB (e.g., Jobbins and Alexander, 2015). Because wildlife
carriage of ARB is typically associated with human activity, wildlife are
frequently used as sentinels for understanding the spread of AMR in
the environment (Vittecoq et al., 2016; Furness et al., 2017; Torres
et al., 2020; although see Swift et al., 2019).

Wildlife can also play a role in the dissemination of ARB to thewider
environment (Cole et al., 2005; Vittecoq et al., 2016;Wang et al., 2017).
This is especially true for migratory species, species that have large
home ranges, or species that use multiple ecosystems (Arnold et al.,
2016; Vittecoq et al., 2016). For example, aquatic avian species are pre-
dicted to play an important role in the dissemination of ARB to areas
away from anthropogenic activity (Wang et al., 2017). Further, wildlife
have the potential to act as secondary reservoirs or amplifiers of AMR
(Radhouani et al., 2014; Carroll et al., 2015; Ramey and Ahlstrom,
2020; Vittecoq et al., 2016; Arnold et al., 2016; Dolejska and Literak,
2019), potentially facilitating the maintenance and spread of known
ARB and emergence of novel ARB (Jones et al., 2008; Karesh et al.,
2012; Ramey and Ahlstrom, 2020). However, the likelihood for this to
occur depends on whether ARG can be transferred between bacteria
of wildlife (Allen et al., 2010; Dolejska and Papagiannitsis, 2018). ARG
can be transferred between bacteria if they are located on plasmids (a
process known as conjugation), but are less likely to transfer if they
are located on the chromosome of bacteria, unless they are transferred
to plasmids via transposons or integrons. Wildlife that carry ARB with
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plasmid-associated ARG are more likely to act as secondary reservoirs
of AMR (Dolejska and Papagiannitsis, 2018).

Most wildlife AMR research has focused on investigating the occur-
rence and similarity of ARB and ARG in relation to various anthropo-
genic sources or environments (e.g., urban vs. non-urban, presence of
a WWTP; Carter et al., 2018; Swift et al., 2019). However, little is
known about whether we should expect ARG to be plasmid- or
chromosomally-associated (Dolejska and Literak, 2019). Environmental
AMR research has shown that water and soil associated with anthropo-
genic sources of AMR (e.g., rivers connected to WWTPs) are not only
more likely to have a greater richness of ARB and ARG (i.e., number of
unique ARB and ARG), but also more plasmid-associated ARG, than en-
vironments that are not, or less associated with anthropogenic sources
of AMR (Berendonk et al., 2015; Rizzo et al., 2013). Whether similar
differences hold true for the wildlife in these environments is less well
understood, yet it is essential for evaluating the importance of anthro-
pogenic sources at shaping the AMR profile of wildlife.

Here, we used whole-genome sequencing and phylogenetic analy-
ses to determine whether wildlife exposed to known anthropogenic
sources of AMR were more likely to have a higher prevalence and rich-
ness of ARB and ARG and plasmid-associated ARG than wildlife that
were not exposed. The study took place in themetropolitan area of Chi-
cago over the course of ten months, and two anthropogenic sources
were examined: 1) urban context (urban vs. suburban) (Parker et al.,
2016); and 2) presence of a WWTP upstream of sampling sites (Marti
et al., 2013; Rizzo et al., 2013;Wellington et al., 2013). The wildlife spe-
cies of focus was the raccoon (Procyon lotor) because raccoons are
widely distributed in urban and suburban areas (Gehrt et al., 2010;
Bateman and Fleming, 2012), use multiple ecosystems (e.g., forage in
aquatic and terrestrial systems), and are known to shed ARB and ARG
(Bondo et al., 2016; Bondo et al., 2019;Worsley-Tonks et al., 2020). Fur-
ther, raccoons have relatively small home ranges (<2 km in urban and
suburban areas; Šálek et al., 2015) meaning that exposure to ARB is
likely associated with the area in which each animal was sampled. The
microorganism of focus was clinically relevant extended spectrum
cephalosporin-resistant (ESC-R) Escherichia coli, which includes both
extended-spectrum beta-lactamase (ESBL) and AmpC beta-lactamase
producing E. coli. ESC-R E. coli are of increasing concern in human and
veterinary medicine (Partridge, 2015; Woerther et al., 2013; Bezabih
et al., 2020), and have been detected in the environment (e.g., Tacão
et al., 2012; Egervärn et al., 2017; Fagerströ et al., 2019) and in the
feces of many wildlife species (Guenther et al., 2011).

Our objectives were to 1) describe the prevalence, richness, and
characteristics of ESC-R E. coli and associated ARG in the sampled rac-
coon population; and 2) determine whether urban context and/or the
presence of a WWTP upstream of capture sites influenced prevalence
and richness of ESC-R E. coli sequence types, richness of ARG in ESC-R
E. coli, and prevalence of ESC-R E. coli with plasmid-associated ARG.
Hundreds of ARG can confer ESC resistance, but we focused on ARG
from the blaCTX-M and blaCMY families because they are most commonly
detected and are of clinical importance in the Chicago area and globally
(Partridge, 2015; Bezabih et al., 2020; Logan et al., 2016, 2020).We pre-
dicted that raccoons sampled at urban sites and sites with a WWTP
would have a higher prevalence of ESC-R E. coli, greater richness of
ESC-R E. coli sequence types and associated ARG, and higher prevalence
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of ESC-R E. coli with plasmid-associated ARG than raccoons sampled at
suburban sites and sites without a WWTP.

2. Methods

2.1. Study site and design

From February–November 2018, raccoons were captured from
seven sites in northwestern Chicago (Fig. 1). Sampling took place over
the course of four seasons [winter (mid-December until end of
March); spring (beginning of April until end of June); summer
(beginning of July until mid-September); and fall (mid-September
untilmid-December)]. The seven sites differed in composition of natural
vegetation, managed green spaces, and built-up land. Specifically,
Crabtree, MMWF, PC, and Busse were mostly composed of a combina-
tion of green space and built-up land (built-up land made up 36–66%),
while Edgebrook, DRCA, and Damen were mostly composed of built-
up land (built-up land made up 86–97%). Sites were classified as
urban if the mean number of households per square kilometer within
a 1-km buffer around each site was greater than 1000 (Parsons et al.,
2018). Otherwise, sites were classified as suburban. Data on household
number per square kilometerwere obtained from the 2010 SILVIS hous-
ing density dataset (SILVIS Lab Spatial Analysis for Conservation and
Sustainability). Raccoons were sampled in urban and suburban sites
and not rural sites to investigate the importance of wildlife proximity
to human dominated areas, since proximity can be important for isolat-
ing ARB from wildlife (Skurnik et al., 2006; Allen et al., 2010; Furness
et al., 2017). Raccoonswere not sampled at rural sites because of the po-
tential for raccoons to be exposed to ARB via agricultural sources in
those settings. Additionally, four of the sites had rivers that were down-
stream from aWWTP (i.e., Busse, Damen, Edgebrook, and MMWF), and
threewere not downstream from aWWTP (i.e., CT, DRCA, and PC). Sites
that were downstream from a WWTP were less than a kilometer from
treatment outlets. Finally, since the home range of an urban and subur-
ban raccoon tends to be less than 2 km2 (Šálek et al., 2015; McClure
et al., 2020), and the shortest distance between any of the seven sites
was ~4 km (and often separated by interstates), raccoons most likely
did not move between sites.

2.2. Raccoon handling

Raccoons were captured using box traps (Model 108, Tomahawk
Live Trap Co., Tomahawk, WI, U.S.A.) (as in Prange and Gehrt, 2004)
and immobilized with an injection of Telazol (Fort Dodge Animal
Health, Fort Dodge, Iowa) (Gehrt et al., 2001). After collecting fecal
Fig. 1. Sampling sites in urban and suburban Chicago. The four yellow polygons are sites that ha
redpolygons are sites not downstream fromaWWTP. Damen, DRCA, and Edgebrook are urban s
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samples opportunistically from each individual, all captured individuals
were aged based on reproductive condition (adult or juvenile), sexed
(male or female), and fitted with ear tags for identification. After
recovering from immobilization, all animals were released at the
capture locations. Fecal samples were stored in brain heart infusion
broth and 20% glycerol at −80°C until processing. Captures were ap-
proved by the University of Minnesota's Institutional Animal Care and
Use Committee (protocol ID: 1709-35105A) and by Illinois Department
of Natural Resources (permit number: IDNR W17.0122).

2.3. Phenotypic characterization of ESC-R E. coli

To investigate the presence of ESC-R E. coli, we tested E. coli suscep-
tibility to cefotaxime, a 3rd generation cephalosporin commonly used to
test for the presence of ESC-Rmicrobes (Gazin et al., 2012).More specif-
ically, samples were enriched in Lauryl Tryptose Phosphate broth (Difco
Laboratories, Detroit,MI, USA) overnight at 37°C and then streaked onto
CHROMagar ECC (CHROMagar, Paris, France) containing 2 μg/mL of cef-
otaxime, a concentration that is typically used for environmental and
wildlife research (e.g., Albrechtova et al., 2014; Furness et al., 2017)
and is in accordance with the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) guidelines. If blue colonies were ob-
tained (indicative of being E. coli), one colony was selected at random,
restreaked on CHROMagar ECC containing 2 μg/mL of cefotaxime, and
incubated overnight at 37°C. Isolates were then grown in 3 mL of LB
broth overnight with shaking at 37°C and then stored at −80 °C until
sequencing.

2.4. Genome assembly and gene content analysis

ESC-R E. coli isolates obtained from each sample were subjected to
whole genome sequencing (WGS). DNA was extracted from an over-
night growth of a single colony for each isolate using the DNeasy
Blood and Tissue Kit (Qiagen, Valencia, California) according to the
manufacturer's instructions. WGS of isolates was performed using
NovaSeq Illumina 150 bp paired-end sequencing and dual-indexed
Nextera XT libraries (Illumina, USA) at the University of Minnesota Ge-
nomics Center (Saint Paul, Minnesota, USA). Raw reads were quality fil-
tered and trimmed using Trimmomatic (version 0.33) (Bolger et al.,
2014), which involved removing Illumina Nextera adapters, removing
the bases off the start and end of reads if below a threshold quality of
3, having a sliding window of size 4 bp that removed bases if their
phred score was <20, and having the minimum read length be 36 bp.

To identify ARG, trimmed reads were assembled using the SPAdes
assembler (version 3.0) (Bankevich et al., 2012) with default
d rivers that were downstream from awastewater treatment plant (WWTP), and the three
ites, andBusse, CT,MMWF, and PCare suburban sites. Grey represents impervious surfaces.
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parameters. The quality of assemblies was assessed by examining the
N50 score of each isolate (mean = 85,675, range = 32,473-197,340),
which was calculated using QUAST (version 4.3) (Gurevich et al.,
2013). Presence of ARG on contigs was assessed using the Resfinder da-
tabase (Zankari et al., 2012), which includes only acquired ARG, and not
point mutations in chromosomal target genes. Open reading frames
were identified using Prokka (version 0.7.17) (Seemann, 2014) and
were then aligned to the Resfinder database using the NCBI BLASTn al-
gorithm. ARG presence was based on an identity ≥90% and a coverage
≥80%. When multiple ARG alleles were identified on the same contig
and at the same location (e.g., blaCMY-2 and blaCMY-101), the allele with
the highest identity and coverage was selected. In instances when al-
leles could not be differentiated, the ARGwas not classified at the allele
level but at the gene family level (e.g., described solely as blaCMY and not
blaCMY-2).

2.5. Assessing the plasmid- vs. chromosomal-association of ARG conferring
ESC-resistance

Given the challenges associated with identifying plasmids from
short-read sequencing datasets (Arredondo-Alonso et al., 2017; Orlek
et al., 2017), we opted to use two typing programs to classify ARG con-
ferring ESC-resistance as plasmid or chromosomally-associated:
1) Mlplasmids (Arredondo-Alonso et al., 2018); and 2) MOB-suite
(Robertson and Nash, 2018). Mlplasmids uses trainedmachine learning
models (specifically Support Vector Machines), to predict whether
contigs are plasmid- or chromosomally-associated using pentamer fre-
quencies. Models in this typing program were trained using 583 E. coli
genomes (168 chromosomal and 415 with plasmid entities) and have
a sensitivity of 71% for detecting the plasmid class (Arredondo-Alonso
et al., 2018). The default threshold for classifying contigs as plasmid or
chromosome-associated is 50%, but we set the threshold to 70% to re-
duce the false positive error rate. MOB-suite types and reconstructs
plasmids using publicly available Illumina short-read sequencing data.
MOB-suite can classify contigs as plasmid-associated with a sensitivity
and specificity of 95% and 88%, respectively. In instances where
Mlplasmids and MOB-suite predicted different results (i.e., plasmid in
one and chromosomal in the other), we classified contigs as unknown
and did not include them in relevant downstream statistical analyses.

2.6. Phylogenetic analysis

We explored genetic associations among isolates by subjecting as-
sembled contigs to traditional multilocus sequence typing (MLST)
using mlst (https://github.com/tseemann/mlst) and the in silico E. coli
PubMLST typing scheme.MLST classifies isolates into different sequence
types (STs) by exploring the allelic profile of seven housekeeping genes
(adk, gyrB, fumC, icd, mdh, purA and recA) unique to E. coli (Wirth et al.,
2006). Associations between STs were visualized usingminimum span-
ning trees, which were created in GrapeTree (Zhou et al., 2018).

Deeper phylogenetic associations were explored by performing
single-nucleotide polymorphism (SNP)-based phylogenetic analysis
from the core genomes of sequenced isolates. A core SNP alignment
was created by mapping trimmed reads to the E. coli K-12 laboratory
strain MG1655 genome (Accession number: GCA_000005845.2) using
Snippy version 4.4.0 (https://github.com/tseeman/snippy). Recombi-
nant regions were removed with Gubbins version 2.3.4 (Croucher
et al., 2015). A SNP-distance matrix was created using snp-dist version
0.6.3 (https://github. com/tseemann/snp-dists). A maximum likelihood
phylogenetic tree was constructed using IQ-TREE version 1.6.12
(Trifinopoulos et al., 2016), where model selection was performed
using ModelFinder (Kalyaanamoorthy et al., 2017), and the tree was
validated using 1000 ultrafast bootstrap repetitions (Hoang et al.,
2017). The TVM + F + ASC + R3 model was identified as the best fit
based on Bayesian Information Criterion. The resulting phylogenetic
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tree was visualized and annotated using the iTOL (Interactive Tree of
Life) online software (Letunic and Bork, 2016).

2.7. Statistical analysis

The importance of urban context and presence of aWWTP at capture
sites was examined firstly based on the probability of isolating at least
one ESC-R E. coli from raccoons. To do this, we ran a binomial general-
ized linear mixed model (GLMM) with a logit link function using the
‘lme4’ package (Bates et al., 2014) in R version 4.0.2 (R Development
Core Team, 2020). Predictor variables included in the GLMM were
urban context (urban vs. suburban) and presence of a WWTP at the
site (yes vs. no) (Table 1). Additionally, we included season (fall, winter,
spring, summer) because previous wildlife AMR research has found
season to be important (Williams et al., 2011; Miller et al., 2020)
(Table 1).We also included host age (juvenile vs. adult) and sex to con-
trol for their potential importance (Table 1). Sampling site was included
as a random effect because model residuals were significantly spatially
autocorrelated (z = 2.83, p = 0.02) (Table 1) (Dormann et al., 2007),
which was tested using a permutation test (999 permutations) for
Moran's I statistic from the ‘spdep’ R package (Bivand et al., 2011). Spa-
tial standardized weights were calculated using the ‘dnearneigh’ and
‘nb2listw’ functions in the ‘spdep’ package. Because 18 raccoons were
captured more than once, we also investigated the need for including
‘animal ID’ as a randomeffect. To do this,we compared the Akaike infor-
mation criterion (AIC) values between an intercept model with and
without animal ID included as a random effect. There was no significant
difference in AIC values between the two models (AIC = 319.49 and
317.9, p = 0.52) indicating that including animal ID as a random effect
was not needed (Table 1).

Secondly, we explored whether ESC-R E. coli sequence type (ST)
richness varied with urban context and/or presence of a WWTP. ESC-R
E. coli ST richness was defined as the number of unique STs by raccoon
group (e.g., urban vs. suburban raccoons). Since richness measures can
vary greatly with sample size, comparisons were made by sub-
sampling the group with the larger sample size 10,000 times to the
group with the smaller sample size (as in Mather et al., 2012).

Thirdly, the association between ARG richness in ESC-R E. coli and
urban context, and presence of a WWTP was assessed by running a
GLMM with a Poisson distribution and a log link function using the
‘lme4’package. ARG richness was defined as the number of unique
ARG present in each ESC-R E. coli isolate. Season was also controlled
for in this model. Capture site was not included as a random effect be-
cause model residuals were not significantly spatially autocorrelated
(Moran's I statistic: z =−1.79, p=0.96). In contrast, including animal
ID as a random effect was necessary as it significantly improved model
fit (AIC = 629.77 for generalized linear model (GLM) and 604.47 for
GLMM, p< 0.0001) and controlled for overdispersion (before including
animal ID as a random effect: χ2 = 232.6, p < 0.001; after: χ2 = 73.84,
p = 0.99).

Finally, we explored whether urban context and presence of a
WWTP influenced the probability of isolating ESC-R E. coli carrying
plasmid-associated blaCTX-M or blaCMY from raccoons by running a bino-
mial GLM. Season was also included as a predictor variable. Site was not
included as a random effect as model residuals were not significantly
spatial autocorrelated (Moran's I statistic: z = −1.07, p = 0.93). Be-
cause of the small sample size for this analysis (n=62, Table 1), animal
ID could not be included as a random effect.

For all models, predictor importance and model fit was performed
by starting with a global model and subsequently identifying the most
parsimonious model using model selection using the ‘dredge’ function
in the ‘MuMIn’ package (Barton, 2013). Models were ranked using AIC
corrected for small sample size (AICc) (Burnham and Anderson, 2002;
Johnson and Omland, 2004). If one or more models were within 2
AICc values of the highest-ranking model, model averaging was used
to obtain standardized estimates and confidence intervals. Model fit

https://github.com/tseemann/mlst
https://github.com/tseeman/snippy
https://github


Table 1
Description of the four statistical approaches used to explore the importance of urban context and presence of a WWTP at influencing 1) the prevalence and 2) richness of ESC-R E. coli,
3) the richness of ARG, and 4) prevalence of ESC-R E. coli carrying plasmid-associated ARG.

Outcome variable n Predictor variables Random effect(s) Analytical approach

Isolation of at least one ESC-R E. coli in raccoon feces (yes/no) 230 • Urban context (urban/suburban)
• Presence of a WWTP (yes/no)
• Season (winter, spring, summer, fall)
• Age (adult/juvenile)
• Sex (male/female)

• Capture site
• Animal IDa

Binomial GLMM

Richness of ESC-R E. coli sequence types 123 • Urban context
• Presence of a WWTP

NA Bootstrapping and subsampling

Richness of ARG present in ESC-R E. coli 123 • Urban context
• Presence of a WWTP
• Season

• Capture sitea

• Animal ID
Poisson GLMM

Isolation of at least one ESC-R E. coli carrying plasmid-associated
blaCTX-M or blaCMY (yes/no)

62 • Urban context
• Presence of a WWTP
• Season

NA Binomial GLM

n = sample size.
a Variable was considered for inclusion as random effect in exploratory analyses but was found to contribute very little to the overall variance (p > 0.05) and was thus excluded from

analyses listed here.

Fig. 2.Characteristics of ESC-R E. coli and associated antimicrobial resistance genes (ARG) detected in the feces of raccoons sampled in themetropolitan area of Chicago, USA. (A)Minimum
spanning tree based onMLST allelic profiles of the 123 ESC-R E. coli isolates recovered from raccoons. Each node represents a unique sequence type (ST) and the size of the node represents
the number of isolates classified as each ST. The length of lines connecting nodes represent the number of alleles that are found in common between STs. STs are divided into those that
carry blaCTX-M (orange), those that carry blaCMY (blue), and those that carry neither blaCTX-M nor blaCMY but rather blaTEM (grey). (B) core SNP-basedmaximum likelihood phylogenetic tree
of the 123 ESC-R E. coli and heatmap of isolates classified based on ARG families (first 15 bands), capture site (16th band), and raccoon recapture (17th band). The ST of each isolate is also
listed on the right side of the heatmap. For ARG families, only those that were detected in more than 10 raccoons are represented on the heatmap. The red color indicates that the ARG
family is present. For capture site, each color represents a capture site (purple: Busse, light blue: CT, orange: Damen, red: DRCA, green: Edgebrook, black: MMWF, dark blue: PC). For
raccoon recapture, each color represents an individual raccoon). The reference is the laboratory strain E. coli K-12 MG1655. (C) Percent of all samples for which ARG were detected in
ESC-R E. coli of raccoons. Each color represents an antibiotic class.
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was assessed by calculating the coefficient of determination (r2)
(Nakagawa and Schielzeth, 2013).

3. Results

3.1. Prevalence, richness, and characteristics of ESC-R E. coli and associated
ARG isolated from raccoons

A total of 211 raccoons was sampled between February and No-
vember 2018, 17 of which were captured twice and one three
times. At least one ESC-R E. coli colony was present in the fecal sam-
ples of 120 raccoons (sample prevalence = 56.9%). Of the 18 rac-
coons captured more than once, seven had at least one ESC-R E. coli
present in feces on both capture events (Supplementary Table S1).
Although ESC-R E. coli were recorded for 128 raccoon fecal samples
(including recaptures), WGS was performed on 123 isolates only
due to isolation issues and DNA concentration restrictions (isolate
NCBI accession numbers can be found in Supplementary Table S2).
MLST analysis revealed that the 123 isolated ESC-R E. coli belonged
to 55 known STs and one unknown ST (Fig. 2A). The unknown ST
closely resembled ST155 (with variation in the gyrB allele only).
The most common STs included ST38, ST68, ST69, ST162, ST973,
and ST1406 (Fig. 2A). The core-SNP based maximum likelihood phy-
logenetic tree indicated that when raccoons were sampled more
than once, isolates did not cluster by raccoon ID (Fig. 2B). While iso-
lates also did not cluster by capture site in general (Fig. 2B), over 50%
of isolates obtained from raccoons sampled at DRCA (n= 9) were of
the same sequence type (i.e., ST1406; Fig. 2A) and differed by 0 SNPs
(Fig. 2B).

Fourteen unique beta-lactam resistance genes (which confer ESC-R)
were detected in the isolates, most of which belonged to the blaCTX-M
(prevalence = 43.9%), blaCMY (prevalence = 56.1%), and blaTEM
(prevalence = 26.8%) ARG families (Fig. 2C). blaCMY-2 and blaTEM-1B

were the most prevalent beta-lactam resistance genes, followed by
blaCTX-M-15, blaCTX-M-55, and blaCTX-M-14 (Fig. 2C). Beta-lactam resistance
genes of the blaCTX-M and blaCMY families were distributed throughout
the ESC-R E. coli population identified (Fig. 2B). However, in general,
blaCTX-M and blaCMY tended to cluster by ST (Fig. 2A).

Themost prevalent non-beta-lactam resistance geneswere from the
aminoglycoside (e.g., 21.1% for aph(3″)-Ib and 24.4% for aph(6)-Id),
Fig. 3. Predictive association of contigs carrying beta-lactam resistance genes with
chromosome or plasmid location. Predictions were performed using Mlplasmids and
MOB-suite. Only contigs that were classified as plasmid- or chromosomally-associated
by both Mlplasmids and MOB-suite are presented (78 out of 155 contigs. In terms of
number of isolates: 71 isolates out of 123 isolates).
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tetracycline (e.g., 30.1% for tet(A) and 13% for tet(B)), and sulfonamide
classes (e.g., 9.8% for sul1 and 30.1% for sul2), followed by the quinolone
class (e.g., 15.4% for qnrS1; Fig. 2C). The median number of ARG in an
ESC-R E. coli isolate was 4, with over half of isolates having 2-4 ARG
(53.7%).

When investigating whether contigs with beta-lactam resistance
genes were more likely to be plasmid or chromosomally-associated, we
were unable to classify 50% of contigs (77 out of 155 contigs in 52 out
of 123 isolates). Mlplasmids predicted chromosomal association when
MOB-suite predicted plasmid 11% of the time, and vice versa 39% of the
time. In instances when Mlpasmids and MOB-suite predictions were
the same, certain beta-lactam resistance genes were more likely to be
found on chromosomal- or plasmid-associated contigs. In particular,
blaCMY-2, blaTEM-1, blaOXA-1, and blaMOX-4 were typically found on contigs
associated with plasmids, whereas blaCTX-M-14, blaCTX-M-15, and blaCMY-27

were generally found on chromosomal contigs (Fig. 3).

3.2. Importance of anthropogenic sources at influencing the ESC-R E. coli
profile of raccoons

3.2.1. Urban context and season were important predictors for isolating
ESC-R E. coli from raccoons

Season and urban context appeared in all top-ranking models
(ΔAICc < 2, Supplementary Table S3), and were therefore the most im-
portant predictors for isolating ESC-R E. coli from raccoons. Presence of a
WWTP and raccoon sex and age each appeared in one of the top four
ranking models (Supplementary Table S3). In general, the top GLMMs
explained 39% of the variance for the fixed effects and 55% with site in-
cluded as a random effect (Supplementary Table S3). Model averaging
revealed that there was a significantly higher probability of isolating
ESC-R E. coli from raccoons if they were sampled in the summer and
spring than in the winter and fall (Table 2; Fig. 4A) and if raccoons
were sampled at urban rather than suburban sites (Table 2; Fig. 4B).
Raccoon age, sex, and the presence of a WWTP did not significantly in-
fluence the likelihood of isolating ESC-R E. coli from raccoons (Table 2).

3.2.2. Presence of a WWTP at sampling sites was an important predictor of
ESC-R E. coli ST richness, but not ARG richness

Raccoons sampled at sites that were downstream from aWWTP had
a greater richness of ESC-R E. coli STs than raccoons sampled at sites that
were not downstream from a WWTP (Table 3). This finding remained
consistent after sub-sampling the larger group (i.e., WWTP present) to
the smaller group (i.e., WWTP not present; Table 3). In contrast, ST rich-
nesswas similar between raccoons sampled at urban and suburban sites
(Table 3), even after sub-sampling the larger group (i.e., urban) to the
smaller group (i.e., suburban; Table 3).

In terms of ARG richness among isolates, model selection revealed
that the top two ranking models were the intercept model and a
model that only included presence of a WWTP (Supplementary
Table 2
Model averaging results from binomial generalized linearmixedmodels of the probability
of isolating at least one ESC-R E. coli from raccoons (n = 230). Predictors were obtained
from the top ranking models (ΔAICc < 2; Supplementary Table S3). Significant terms
are depicted in bold. The reference level for “Season” is “fall”, for “Urban context” and
“WWTP present” is “no”, for “Age” is “juvenile”, and for “Sex” is “female”.

Predictor Mean OR 95% CI

Season (spring) 7.68 (2.59–22.72)
Season (summer) 5.2 (2.09–12.94)
Season (winter) 0.46 (0.19–1.11)
Urban context (urban) 10.48 (1.45–75.93)
WWTP present (yes) 1.64 (0.3–9.16)
Age (juvenile) 1.34 (0.63–2.85)
Sex (male) 1.18 (0.59–2.35)

Mean OR represents themean odds ratio and 95% CI the 95% confidence intervals for each
mean OR.



Fig. 4. Raw prevalence of ESC-R E. coli in raccoons based on (A) season; and (B) urban context. Whiskers are 95% confidence intervals.
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Table S4). For the interceptmodel, animal ID explained 44% of the over-
all variance (Supplementary Table S4). In theWWTPmodel, WWTP ex-
plained only 0.3% of the overall variance and thus was not a significant
predictor of ARG richness among isolates (p > 0.05).

3.2.3. Presence of a WWTP influenced the probability of isolating ESC-R
E. coli carrying plasmid-associated blaCTX-M or blaCMY from raccoons

Presence of aWWTP at sampling sites appeared in the two top rank-
ingmodels (ΔAICc< 2, Supplementary Table S5), andwas therefore the
most important predictor for isolating ESC-R E. coli carrying blaCTX-M or
blaCMY from raccoons. Season appeared in one of the two top models,
and urban context appeared in none (Supplementary Table S5). In gen-
eral, the top GLMs explained a maximum of 22% of the overall variance
(Supplementary Table S5). Model averaging revealed that ESC-R E. coli
carrying plasmid-associated blaCTX-M or blaCMY were more likely to be
isolated from raccoons if raccoons were sampled at sites with a
WWTP than without (Table 4; Fig. 5). Season had no significant effect
on the probability of isolating ESC-R E. coli carrying plasmid-associated
blaCTX-M or blaCMY from raccoons (Table 4).
Table 4
4. Discussion

Our understanding of the importance of anthropogenic sources at
shaping the AMR profile of wildlife is in its infancy. Here we show that
urban context is an important predictor for isolating ESC-R E. coli from
raccoons, with ESC-R E. coli more likely to be identified in raccoons
from urban sites than from suburban sites. While the presence of a
WWTP at sampling sites did not influence the probability of isolating
ESC-R E. coli, it was an important predictor of both ESC-R E. coli ST
richness and the probability of isolating ESC-R E. coli carrying plasmid-
associated blaCTX-M or blaCMY. Season also had an impact on the likeli-
hood of isolating ESC-R E. coli from raccoons, with higher probability
in the spring and summer than the fall and winter. Our findings show
that anthropogenic factors are important at influencing the AMR profile
of wildlife.

Detecting ESC-R E. coli in the feces of raccoons is not surprising as
ESC-R E. coli have been detected in raccoons and other wildlife species
previously (Guenther et al., 2011). However, it is noteworthy that
over half of raccoons had ESC-R E. coli and that many were classified
as STs of clinical relevance (i.e., commonly identified among infections
Table 3
Richness of ESC-R E. coli sequence types (STs) by urban context and presence of a waste-
water treatment plant (WWTP) at sampling sites. Bootstrap 95% confidence intervalswere
not presented for predictor levels with the lowest sample sizes.

Predictor Level n ST richness Bootstrap 95% CI

Urban context Suburban 57 37 –
Urban 66 34 (34.01–42.30)

Presence of WWTP No 39 24 –
Yes 84 44 (30.59–39.24)
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in humans). In fact, the detection of typically human-associated se-
quence types such as ST131, ST410, ST10, ST69, and ST23, along with
ARG such as blaCTX-M-15 and blaCTX-M-14, in raccoon feces reinforces the
concern that clinically relevant isolates are present in the environment
(Woodford et al., 2011; Wang et al., 2017) and ARB and ARG detected
in wildlife are of anthropogenic origin (Vittecoq et al., 2016;
Wellington et al., 2013). Further, our classifications of beta-lactam
ARG as either plasmid- or chromosomally-associated tended to be sim-
ilar to those described in human and domestic animal (Partridge, 2015;
Hamamoto et al., 2016, 2020; Zurfluh et al., 2015) and wildlife isolates
(Guenther et al., 2010, 2017; Tausova et al., 2012; Poirel et al., 2012).
Taken together, these findings suggest that the AMR situation unfolding
in wildlife might mirror that observed in human and domestic animal
communities (Guenther et al., 2011; Wang et al., 2017). This is impor-
tant because it suggests that ARB that circulate in human and domestic
animal populations also have the potential to circulate in wildlife
populations.

Our result that ESC-R E. coliweremore likely to be isolated from rac-
coons sampled in urban sites than suburban sites is in line with general
trends that wildlife that reside close to human-dominated areas are
more likely to have a higher prevalence of anthropogenically-derived
ARB than wildlife sampled at further distances (Vittecoq et al., 2016;
Skurnik et al., 2006; Furness et al., 2017; Dolejska et al., 2007). This find-
ing is important because it lends support for the hypothesis that certain
wildlife populations and/or species can be used as sentinels for under-
standing the dissemination of AMR in the environment (Vittecoq
et al., 2016). What specific factors present in urban areas and absent
in suburban areas are driving these differences is unclear and could
not be determined in this study. However, several factors are likely to
be involved and are probably additive, such as a higher concentration
of heavy metals in urban rivers or greater contact with human waste
in urban areas (Almakki et al., 2019; Baker-Austin et al., 2006; Wright
andMason, 1999). Additionally, urban and suburban raccoons can differ
in their feeding habits and population densities, which could be contrib-
uting to the urban context effect. For example, raccoons are generalist
mesocarnivores and will exploit anthropogenic food resources when
available (Prange et al., 2003; Bateman and Fleming, 2012). It is possible
Model averaging results frombinomial generalized linearmodels for the probability of iso-
lating at least one ESC-R E. coli carrying plasmid-associated blaCTX-M or blaCMY from rac-
coons (n = 62). Predictors were obtained from the top ranking models (ΔAICc <2;
Supplementary Table S5). Significant terms are depicted in bold. Note that the variable ‘ur-
ban context’was dropped duringmodel selection. The reference level for “Season” is “fall”
and for “WWTP present” is “no”.

Predictor Mean OR 95% CI

Season (spring) 0.27 (0.03–2.82)
Season (summer) 0.55 (0.05–6.4)
Season (winter) 0.12 (0.01–1.46)
WWTP present (yes) 4.1 (1.21–13.94)

Mean OR represents the mean odds ratio and 95% CI the 95% confidence intervals.



Fig. 5. Raw prevalence of ESC-R E. coli carrying plasmid-associated blaCTX-M or blaCMY ARG
based on the presence ofWWTP at sampling sites. Whiskers are 95% confidence intervals.
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that urban raccoons had greater access to anthropogenic food sources
than suburban raccoons, which may have resulted in urban raccoons
having a higher exposure risk to ARB than suburban raccoons. Similarly,
raccoon population densities tend to increase along the rural-urban gra-
dient (Šálek et al., 2015; Slate et al., 2020), whichmay mean that urban
raccoons have higher contact rates than suburban raccoons and thus
more potential for ARB transmission among raccoons. Combining tools
from landscape ecology and wildlife movement ecology could help
tease apart the importance of various environmental and host factors
(Singer et al., 2006; Arnold et al., 2016) and would be an important
next step to take.

It was surprising that no association was found between the proba-
bility of isolating ESC-R E. coli andpresence of aWWTPat sampling sites,
givenWWTPs are one primary pathway bywhich ARB and ARG are dis-
seminated to the environment (Wellington et al., 2013). Further, wild-
life that use or reside close to WWTPs are expected to have a higher
risk of exposure to ARB and ARG (Arnold et al., 2016). In fact, rivers
that are downstreamof aWWTP are posited to be important AMR expo-
sure pathways for wildlife (Nelson et al., 2008; Radhouani et al., 2014).
A lack of association detected in this study could be because sites dif-
fered not only in the presence of a WWTP, but also in urban context.
Since other wildlife research has detected an association with WWTPs
(e.g., Dolejska et al., 2007; Swift et al., 2019), we suspect that WWTPs
likely played a role in this study, but that the urban context effect
masked the association with WWTP. However, the presence of a
WWTP at sampling sites was a significant predictor of isolating ESC-R
E. coli carryingplasmid-associated blaCTX-M or blaCMY. Aswell as facilitat-
ing the dissemination of ARB and ARG to the environment (Wellington
et al., 2013), WWTPs can act as hotspots for the horizontal transfer of
ARG among bacteria (Berendonk et al., 2015; Rizzo et al., 2013). Thus,
it is possible that the importance of WWTPs at facilitating the dissemi-
nation of anthropogenically-derived ARB and ARG to the environment
was only apparent when focusing on those ARB that carry plasmid-
associated ARG. Our results therefore suggest that the association with
WWTPs might be more complex than a simple presence-absence asso-
ciation, and suggests that the risk for AMR to spread in wildlife bacterial
communities is higher when wildlife reside downstream from aWWTP
than when they do not.

The finding that raccoons sampled at sites with a WWTP had a
greater richness of ESC-R E. coli STs than raccoons sampled at sites with-
out a WWTP is in line with previous environmental and wildlife AMR
research (e.g., Akiyama and Savin, 2010; Furness et al., 2017), and fur-
ther supports that raccoons at WWTP sites are more likely to display
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an anthropogenic source profile of AMR. While several factors could
be influencing this finding, it highlights a need to better understand
the association between AMR in wildlife and their exposure to waters
derived from WWTPs. Freshwater studies have shown that the preva-
lence, richness, and abundance of ARB and ARG in river systems tend
to be higher downstream than upstream of WWTPs (e.g., Marti et al.,
2013; Bueno et al., 2020). Exploring whether similar associations hold
true for wildlife sampled up and downstream from a WWTP would
help tease apart the role of WWTPs in shaping the AMR profile of
wildlife.

While not themain focus of this study, seasonwas an important pre-
dictor for isolating ESC-R E. coli from raccoons. The risk of isolating ESC-
R E. coliwas higher for raccoons sampled during the spring and summer
than for raccoons sampled during the fall andwinter. While this finding
should be consideredwith caution because raccoonswere only sampled
for a 10-month period, a seasonal effect is likely to exist as it has been
observed in other wildlife AMR studies (e.g., Williams et al., 2011;
Miller et al., 2020) and in aquatic environmental research (e.g., Keen
et al., 2018). Factors that could be contributing to this potential seasonal
effect include icemelt or rainfall increasing the risk of heavymetals and
ARB entering river systems in the spring, and/or bacterial growth and
proliferation in the summer. Alternatively, the potential seasonal effect
could be associatedwith differences in raccoon diet, which is thought to
be influential for AMR in other wildlife systems (e.g., Jobbins and
Alexander, 2015). Seasonal differences could also have been caused by
differences in raccoon demographic or social dynamics (e.g., Prange
et al., 2011). More work is needed to ascertain any seasonal effect and
we recommend that differences in animal behavior across seasons
(e.g., Hirsch et al., 2016) be explored alongside the AMR-season rela-
tionship. Further, exploring behavioral differences among individuals
may help better understand the importance of individual ID in
explaining the variance of certain AMR components, such as ARG rich-
ness within ARB.

A potential limitation of our work is that only two anthropogenic
sources of AMRwere explored, but there are others that could be impor-
tant at influencing the AMR profile of raccoons (e.g., urban runoff;
Almakki et al., 2019). Indeed, most of our statistical models explained
<40% of the overall variance. It is possible that a large portion of the un-
explained variance was attributed to other anthropogenic factors not
accounted for in this study. Alternatively, it could be because we did
not explore the interface with domestic animals. In urban settings,
pets can be important reservoirs and sources of AMR for humans
(Guardabassi et al., 2004), and may also be reservoirs for wildlife. Ac-
counting for all potential sources of AMR is a common challenge for en-
vironmental AMR research (Bueno et al., 2018), and we advocate that
futurework develop approaches to fill thismethodological gap. Another
important limitation worth attention is the lack of comparison with the
anthropogenic source sites themselves. The assumption in this study
was that the AMR profile of raccoonswas associatedwith urban context
and the presence of a WWTP. However, no soil or water samples were
collected from sites. A final limitation worth mentioning is the chromo-
somal versus plasmid classification. Predictions made should be taken
with a degree of caution because the classification programsMlpasmids
and MOB-suite only agreed 50% of the time. Nevertheless, the fact that
several of the predicted plasmid- and chromosomally-associations
have been reported in other research, suggests that when Mlpasmids
and MOB-suite agreed, the plasmid/chromosomal classification was
likely to be robust.

5. Conclusions

Associations detected with urban context and the presence of a
WWTP lends support to the hypothesis that some AMR inwildlife is de-
rived from anthropogenic sources (Vittecoq et al., 2016). However, dif-
ferences in the importance of each factor at different biological levels of
resistance (i.e., prevalence of ARB for urban context versus prevalence of
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ARB with plasmid-associated ARGs for WWTP) highlights the complex
ways in which anthropogenic sources may influence the AMR profile
of wildlife. Importantly, several wildlife AMR studies stress that isola-
tion of ARB and detection of ARG differs bywildlife species, and thus dif-
ferent species may play different roles in the dissemination of AMR in
the environment (Williams et al., 2011; Jobbins and Alexander, 2015;
Vittecoq et al., 2016; Torres et al., 2020). Here we show that there can
even be great variation among individuals of the same species.Whether
raccoons act as reservoirs or sentinels of AMR remains unknown, but
given their association with both terrestrial and aquatic systems
(Gehrt and Fritzell, 1998; Henner et al., 2004), raccoons may act as im-
portant conduits for the introduction of ARB disseminated via rivers into
terrestrial systems. More generally, our results lend support for the hy-
pothesis that wildlife exposed to anthropogenic sources of AMR (in our
case urban sites and sites with a WWTP) are more likely to have an an-
thropogenic source profile of AMR. This may indicate that wildlife at
these sites act as secondary reservoirs of AMR. However, studies explor-
ing how control of AMR at anthropogenic sources influences the AMR
profile of local wildlife would be needed to confirm this speculation.
While several investigations have shown that wildlife sampled at sites
with anthropogenic sources of AMR tend to have a higher prevalence
of ARB, few have explored differences based on plasmid vs. chromo-
somal association of ARGs. Comparing the chromosomal vs. plasmid as-
sociation of ARG using Mlpasmids and MOB-suite was insightful, and
we recommend this approach be used in future wildlife and environ-
mental AMR research.
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coyotes (Canis latrans)
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Natal dispersal plays an important role in connecting individual animal behavior with ecological processes at all levels of biological 
organization. As urban environments are rapidly increasing in extent and intensity, understanding how urbanization influences these 
long distance movements is critical for predicting the persistence of species and communities. There is considerable variation in the 
movement responses of individuals within a species, some of which is attributed to behavioral plasticity which interacts with experi-
ence to produce interindividual differences in behavior. For natal dispersers, much of this experience occurs in the natal home range. 
Using data collected from VHF collared coyotes (Canis latrans) in the Chicago Metropolitan Area we explored the relationship between 
early life experience with urbanization and departure, transience, and settlement behavior. Additionally, we looked at how early life 
experience with urbanization influenced survival to adulthood and the likelihood of experiencing a vehicle related mortality. We found 
that coyotes with more developed habitat in their natal home range were more likely to disperse and tended to disperse farther than 
individuals with more natural habitat in their natal home range. Interestingly, our analysis produced mixed results for the relationship 
between natal habitat and habitat selection during settlement. Finally, we found no evidence that early life experience with urbaniza-
tion influenced survival to adulthood or the likelihood of experiencing vehicular mortality. Our study provides evidence that early life 
exposure influences dispersal behavior; however, it remains unclear how these differences ultimately affect fitness.

Key words:  Canis latrans, dispersal, natal habitat preference induction, urban ecology

INTRODUCTION
Natal dispersal makes up the bulk of  most species’ long distance 
movements (Studds et  al. 2008). These movements influence ec-
ological processes at multiple levels of  biological organization. 
Natal dispersal affects individual fitness (Clobert et al. 2012), pop-
ulation extinctions and colonizations (Bowler and Benton 2009), 
gene flow for dispersers, and the codispersers that move with them 
(Trakhtenbrot 2005; Cowie and Holland 2006), and species inva-
sions (Shigesada and Kawasaki 2002).

Natal dispersal consists of  three stages: departure from the natal 
home range, transience through the matrix environment, and settle-
ment in the new home range (Ronce 2007). For many species, dis-
persal is a plastic, condition dependent behavior. Due to the high 
cost of  dispersal, the development of  an adaptive dispersal strategy is 
essential to the survival and fitness of  the animal (Bonte et al. 2012). 

For behaviorally flexible natal dispersers, the natal habitat is thought 
to play a significant role in shaping this behavior (Davis 2008).

The natal habitat influences departure in myriad ways. Most 
obvious is the relationship between departure and the quality of  
the natal habitat: departure rates tend to increase as habitat quality 
decreases (Lurz et  al. 1997; Lin and Batzli 2001; Baguette et  al. 
2011; Legrand et  al. 2015; but see Baines and McCauley 2018). 
Changing environmental conditions, including resource availability, 
competition, and predation rates, require that the animal assesses 
the relative qualities of  the natal and matrix habitats to make an 
adaptive decision about whether it should stay or go (Schtickzelle 
and Baguette 2003; McCauley and Rowe 2010). The natal habitat 
can also influence departure by influencing how the animal assesses 
habitat quality (Stamps et  al. 2009). Natal habitat preference in-
duction (NHPI) describes the process in which an animal develops 
a preference for habitat features experienced in the natal home 
range (Davis and Stamps 2004). Although it is usually studied in 
the context of  settlement, this induced habitat preference is likely 
to influence each stage of  the dispersal process. For instance, NHPI 
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may discourage an animal from departing the natal home range 
if  it does not perceive the matrix environment as suitable habitat, 
whether or not it is (Benard and McCauley 2008; Piper et al. 2013).

Transience is a particularly risky stage of  dispersal. During tran-
sience, the animal moves through unfamiliar matrix habitat where it 
is vulnerable to predation, depletion, and injury (Bonte et  al. 2012). 
Similarly to departure, NHPI can influence how an animal perceives 
various habitats and environmental features during transience, where 
it decides to go, and how long it will search for suitable habitat. This is 
critical because transience length is positively associated with mortality 
rate (Johnson et  al. 2009; Cox and Kesler 2012). Importantly, early 
life experiences in the natal habitat can act as a primer, influencing an 
animal’s ability to navigate the challenges of  the matrix environment 
(Clobert et  al. 2009; Sih 2011; Frankenhuis and Del Giudice 2012). 
For example, coral reef  damselfish (Pomacentrus wardi) who were ex-
posed to predator cues as fry had higher survival rates as adults than 
fish with no early life predator experience (Lönnstedt et al. 2012).

Finally, NHPI has been shown to have an effect on settlement 
behavior across taxa (Selonen et  al. 2007; Mabry and Stamps 
2008; Dixson et al. 2014; Camacho et al. 2016; Sanz-Pérez et al. 
2018). Species that experience NHPI tend to select habitats sim-
ilar to those found in their natal home range, consequently they are 
more likely to settle in that type of  habitat. This can be adaptive 
when it allows individuals to more easily identify suitable habitat in 
a heterogeneous landscape. Additionally, early experience with cer-
tain habitat features can result in the development of  phenotypes 
that are best suited for those habitats (Stamps and Davis 2006). 
Therefore, NHPI can confer an adaptive advantage on animals 
who choose habitats for which their phenotype is best suited.

Like other types of  behavioral plasticity, the plastic dispersal be-
havior discussed above should be particularly adaptive in hetero-
geneous environments (Snell-Rood 2013). This is the case in many 
urban areas, where habitat fragments are interspersed between de-
veloped areas of  different intensities. Increases in human activity 
and the rapid loss and fragmentation of  habitat resulting from 
urbanization can have profound effects on animal movement, in-
cluding dispersal (Ricketts 2001; van der Ree et  al. 2015; Tucker 
et al. 2018). While dispersal is costly no matter the environment, in-
creased detection by humans and collisions with vehicles can make 
urban areas particularly dangerous for dispersers (Baker and Harris 
2007). However, not all individuals’ or species’ dispersal behavior is 
negatively impacted by urbanization. Fey et al. (2016) demonstrated 
that during dispersal, red squirrels (Sciurus vulgaris) cross roads with 
high traffic volume with little risk of  mortality.

Coyotes are an ideal animal for studying dispersal behavior and 
NHPI in urban environments. They exhibit high levels of  behav-
ioral plasticity and are one of  the few large carnivores to establish 
populations in almost every major city in North America (Poessel 
et al. 2017). In urban areas, they decrease risks associated with trav-
elling through the environment by avoiding humans spatially and 
temporally (Murray and St. Clair 2015; Ellington and Gehrt 2019). 
In addition to their behavioral flexibility, coyotes are ideal for 
studying the influence of  natal experience on dispersal because of  
their strong tendency to disperse. A  study conducted by Harrison 
(1992) found that of  the coyotes collared, 80% dispersed within 
their first year of  life. In natural systems, departure from the natal 
home range often occurs in response to social pressure from parents 
which is influenced by aspects of  habitat quality (Bekoff and Wells 
1986, Gese et  al. 1996). Finally, earlier research suggests coyotes 

may experience NHPI. Studies by Sacks et al. (2004; 2008) revealed 
that habitat type is a strong predictor of  the genetic structure of  the 
population of  coyotes in central California which the authors sug-
gest is a result of  natal habitat biased dispersal.

Given the rapid rate of  urbanization and the critical role dis-
persal plays in individual, population, and community processes, 
understanding how urbanization impacts dispersal behavior is im-
portant in predicting species and community responses. Despite the 
potential importance of  NHPI in shaping adaptive responses to ur-
banization, to our knowledge there are few studies that explore the 
phenomenon in these environments and even fewer that study the 
behavioral pattern in carnivores (but see Mannan et al. 2007 and 
Milleret et al. 2019).

To understand the effects of  natal habitat on dispersal in urban 
environments, we studied the departure, transience, and settlement 
behavior of  coyotes in the Chicago metropolitan area. The hetero-
geneous landscape of  the area is made of  diverse land use types, in-
cluding nature preserves and high density urban development. We 
predicted that: 1) high habitat quality in natural areas would result 
in lower departure rates from these areas; 2) due to NHPI, coyotes 
who did disperse from natural areas would travel farther during 
transience in pursuit of  natural habitat; 3) during settlement, coy-
otes would select habitats similar to those experienced in their natal 
home range; and 4)  due to lack of  early life experience with hu-
mans and vehicles, coyotes dispersing from natural areas would be 
less likely to survive to adulthood and suffer from higher rates of  
vehicle related mortality. To address these predictions, we looked 
at the relationship between proportion of  developed habitat in the 
natal home range and the likelihood an animal would leave its natal 
home range, how far it traveled during transience and where it set-
tled. We also evaluated the relationship between proportion devel-
oped habitat in the natal home range, survival to adulthood, and 
vehicle-related mortality to address the hypothesis that early-life ex-
perience with developed habitat better prepares coyotes to navigate 
this habitat.

METHODS
Coyotes included in this analysis were part of  a long term study 
exploring the behavioral ecology, disease ecology, and management 
of  urban coyotes (Gehrt et al. 2009; Newsome et al. 2015; Worsley-
Tonks et al. 2020). Each coyote included in the study met two re-
quirements: their parents were collared with very high frequency 
(VHF) transmitters in the year the coyote was born and they were 
VHF collared after leaving the natal den. Because juvenile move-
ment tends to be restricted to the den site and rendezvous sites 
(areas frequented by members of  a pack after pups have left the 
den) within the parents’ home range in the first few months of  life 
(Harrison et al. 1991), we estimated the natal home range using the 
parents’ location data and the post-departure home range (herein-
after referred to as the “adult home range”) using the offspring’s 
location data (see Figure 1 for examples). Using these home ranges, 
we quantified characteristics of  each stage of  the dispersal process. 
This included departure from the natal home range, transience 
distance, and habitat type pre- and post-dispersal. Using data col-
lected postmortem, we explored how natal habitat type influenced 
the likelihood a coyote survived to adulthood and the likelihood a 
coyote experienced a vehicle related mortality.
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Study area

The Chicago metropolitan area includes Chicago and its sur-
rounding suburbs which make up one of  the largest urban centers 
in North America. Consequently, the region is made up of  mostly 
developed land uses including commercial, residential and indus-
trial areas. Notably, the Forest Preserve District of  Cook County 
maintains protected areas which amount to 70,000 acres or 11% 
of  land cover in the county (Wang and Moskovits 2001). The pre-
serves are patchily distributed throughout the landscape providing 
habitat for wild flora and fauna.

We characterized the landscape into habitat types using the 2016 
National Land Cover Database (United States Geological Survey). 
This database classifies the landscape into 16 land cover categories 
at a 30 m resolution. We reclassified these categories into two 
groupings, “natural” and “developed.” Natural habitat included 
forest, shrubland, grassland, wetlands, and water. Developed hab-
itat includes areas with more than 20% impervious surface cover. 
We included cultivated land in developed habitat due to its rela-
tively high level of  human disturbance.

Live captures and telemetry

Coyotes used in this study were captured year round between 2000 
and 2018. Trapping was done opportunistically in nature pre-
serves and on private properties across the Chicago metropolitan 
area using foot-hold traps or cable restraints. After animals were 
captured, they were transported to a laboratory where they were 
immobilized with Telazol (Zoetis Manufacturing & Research) and 
fitted with VHF radiocollars (Advanced Telemetry Systems and 
Lotek Wireless). Each coyote was weighed and sexed. Blood samples 
were collected and later used to determine parent–offspring rela-
tionships. All procedures were approved by Ohio State University’s 
Institutional Animal Care and Use Committee (Protocol Nos. 
2006A0245, 2010A00000113, 2013A00000012).

Coyotes were located using triangulation with a truck 
mounted antenna or by visual observations. Triangulations were 
recorded using a minimum of  three bearings with a maximum 
of  twenty minutes between first and final bearings. Coordinates 
were recorded with the program LOCATE II (Pacer). Coyotes 
were located once during the day, typically two or three times 
per week, and at night during tracking shifts in which we fo-
cused on a group of  coyotes and obtained sequential locations at 

60–120 minute intervals for 5–6 hours during the night. When 
radiocollared coyotes could not be located by vehicle, we con-
ducted flights with a helicopter or fixed wing aircraft to locate 
signals and then confirmed their location on the ground. Such 
flights were deployed opportunistically in most years, and cov-
ered northeastern Illinois and parts of  Wisconsin and Indiana.

Determining parent–offspring relationships

To confirm that the correct parent location data were being used 
to generate each focal coyote’s natal home range, parent–off-
spring relationships were established using blood or tissue sam-
ples collected at the time of  capture. Individuals were genotyped 
using 12 microsatellite markers and scored using Genetic Analysis 
System Software (version 8.0, Beckman-Coulter, Inc., Fullerton, 
California). Genotypes of  pups were matched with parents using 
the programs CERVUS and PASOS (version 1.0; Duchesne et al. 
2005). Further details can be found in Hennessy et al. (2012).

Calculation and analysis of home range, 
dispersal, and mortality characteristics

Departure
The departure analysis examined the relationship between natal 
home range habitat type and the likelihood of  departing from the 
natal home range. Eighty-five offspring from 44 parent coyotes 
were used in this analysis. Coyotes were categorized as dispersers 
if  their adult home range had no overlap with their natal home 
range. Natal home ranges were calculated using the location data 
of  parents from the year the focal coyote was born (number of  lo-
cations used to calculate natal home ranges: mean = 306 ± 231). 
We only included offspring whose parents had at least 60 location 
observations recorded in the year the offspring was born. We calcu-
lated 95% minimum convex polygons (MCP) for each focal coyote’s 
parent in the package adehabitatHR (v 0.4.18; Calenge 2006) in 
R 4.0.2 (R Core Team 2020). Due to the high degree of  overlap 
between the space use of  mated pairs, when location data were 
available for both parents, we combined those data and calculated 
one MCP (Chamberlain et al. 2000). The focal coyote’s adult home 
ranges were calculated in the same way using the last six months or 
less of  its location data (number of  locations used to calculate adult 
home ranges: mean = 60 ± 31; duration of  tracking for adult home 
ranges in days: mean = 160 ± 42). Subsetting the offspring location 
data was necessary because some of  the individuals were collared 

(a) (b)
N

0 5 10 km

Figure 1
Maps showing the natal (dotted line) and adult (solid line) 95% MCP home ranges of  three dispersed coyotes. Each focal coyote is represented with a different 
color. The hybrid map (a) is a combination of  street maps and satellite maps and depicts the various levels of  development coyotes might traverse during 
dispersal. The raster map (b) was generated using the NLCD landcover classifications and depicts “natural” (green) and “developed” (gray) habitat. This 
raster was used to determine the proportion of  developed habitat in the natal home range, the adult home range, and in available habitat.
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prior to departure resulting in MCPs that spanned natal and adult 
home ranges. Previous studies indicate that coyote dispersal be-
gins when coyotes are 6 months old and that most coyotes disperse 
within their first year of  life (Harrison 1992). By focusing on the last 
6 months of  data, we ensured that all of  the coyotes experienced 
this typical dispersal window, in other words, all coyotes were at 
least 1 year old by the end of  the 6 month tracking period. Due to 
the challenges associated with collecting dispersal data, we included 
all offspring regardless of  the number of  recorded locations.

The proportions of  developed habitat in the natal home range 
and the adult home range were calculated using the raster package 
in R and the NLCD raster (v3.0–12; Hijmans 2015). We evalu-
ated the relationship between departure and proportion of  devel-
oped habitat in the natal home range by constructing a generalized 
linear model (GLM) with the binomial outcome variable, dispersed 
or not dispersed. Proportion developed habitat in natal home range 
and sex were included as fixed effects.

Transience distance
The transience analysis assessed the relationship between natal 
home range habitat type and dispersal distance. First, we had to 
determine which coyotes were residents who had completed dis-
persal and which coyotes were transients who had yet to establish 
a home range. To determine whether a dispersed coyote was a res-
ident, we calculated the area of  the minimum convex polygon for 
all of  the offspring using successively greater proportions of  their 
location data, starting with the location data collected in their first 
2 weeks of  tracking and increasing the time frame by 2 weeks until 
their entire tracking period was included. We looked for individ-
uals whose home range size reached an asymptote (Supplementary 
Appendix 1). We interpreted the asymptote as an indication that an 
animal was using the same areas throughout its tracking period and 
was a resident animal. Once animals were determined to be resi-
dents, their transience distances were calculated by measuring the 
distance between the centroid of  the natal and adult home ranges 
using the package rgeos in R (v0.5.5, Bivand et al. 2017).

To test the relationship between dispersal distance and propor-
tion of  developed habitat in the natal home range, we constructed 
a GLM using a gamma distribution for the outcome variable, dis-
persal distance. Proportion developed habitat in natal home range, 
proportion developed habitat in available habitat, and sex were in-
cluded as fixed effects.

We used three alternative methods to identify the area (and thus 
proportion of  developed habitat in that area) available to coyotes 
during  dispersal and settlement (Supplementary Appendix 2). The 
first, the dispersal habitat method, is best suited for coyotes with 
sufficient location data during dispersal (i.e., post-departure and 
pre-settlement). This method allowed us to evaluate the actual hab-
itat experienced by the coyote during dispersal. For the dispersal 
method, we combined the location data of  offspring (this included 
data prior to the 6 month subset period) and the location data of  
their parents from the year the focal coyote was born. We calcu-
lated the 100% MCPs using this combined dataset and then re-
moved the natal home range since this area was not available to the 
coyotes for dispersal (our definition of  dispersal excludes the natal 
home range). This method, however, is not informative in cases 
where a coyote had no or few location data collected during this 
time. The individualized dispersal distance method was ideal for in-
dividuals who dispersed intermediate distances because it incorpor-
ates the habitat along the direct path from the focal coyote’s natal 
home range to their adult home range, while also including areas 

where the coyote may have made exploratory bouts within a ra-
dius defined by its actual dispersal distance. For the individualized 
dispersal distance method, we drew a circle of  available habitat 
around the centroid of  the natal home range with a radius equal to 
the dispersal distance of  the focal coyote. However, particularly for 
individuals that settled long distances from their natal home range, 
the individualized dispersal distance method likely included areas 
that the animal did not actually experience before settling. Finally, 
the median dispersal distance method was useful for coyotes who 
dispersed short distances because it included more habitat than the 
dispersal habitat and individualized dispersal distance methods, 
accounting for exploratory bouts the coyotes likely made. For the 
median dispersal distance method, we drew a circle of  available 
habitat around the centroid of  the natal home range with a radius 
equal to the median dispersal distance of  all dispersal distances in 
the sample. While each of  these methods has weaknesses, our con-
fidence in results is enhanced if  the different methods produce the 
same qualitative results. We ran three versions of  the dispersal dis-
tance model, one for each of  the three different habitat availability 
metrics.

Settlement: natal habitat preference induction
To determine if  coyotes from the Chicago metropolitan area ex-
perience NHPI, we examined the relationship between the pro-
portion of  developed habitat in the natal home range, the adult 
home range, and in available habitats that the individual coyote 
could have potentially settled in. The latter is important for testing 
whether the habitat type in the offspring’s adult home range resem-
bles its natal home range more than we would expect by random 
chance. This analysis included 19 resident dispersers.

We examined the relationship between proportion of  developed 
habitat in the natal and adult home ranges by constructing a linear 
model using the Manly-Chesson index α as the outcome variable 
(Chesson 1978; Minder and Pyron 2018). The Manly-Chesson 
index α is calculated as follows:

α =
ri/pi∑
ri/pi

, i = 1, ...,m

Where ri = the proportion of  used habitat type i, pi = the proportion 
of  available habitat type i, and m = the number of  habitat types. 
Here, we simplified habitat types into two types: developed versus 
natural, that is, m = 2. We calculated the Manly-Chesson index α for 
developed habitat. If  α = 0.5 then habitat is used randomly; there 
is no preference. If  α > 0.5 developed habitat is selected for and if  
α < 0.5,  developed habitat is avoided. We included the proportion 
of  developed habitat in natal home range and sex as fixed effects in 
the model. We ran three separate NHPI models, one for each of  the 
different availability metrics. NHPI is supported if  there is a positive 
relationship between developed habitat in the individual’s natal home 
range and α, its preference for developed habitat.

Mortality
Of  the 85 coyotes in the original dispersal analysis, 48 were re-
covered postmortem. Mortality data for these coyotes included 
approximate date of  death and the suspected cause of  death. In 
particular, we were able to identify mortality due to vehicle colli-
sions with high confidence. With these 48 coyotes, we conducted 
two mortality analyses. The first assessed the relationship be-
tween survival to adulthood, that is, 2 years, and developed hab-
itat in the natal home range. We constructed a Cox proportional 
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hazards regression model, including the proportion of  developed 
habitat in the natal and adult home ranges and sex as fixed ef-
fects. The second analysis assessed the relationship between 
mortality due to vehicle collision and developed habitat in the 
natal home range. We ran a GLM with the binomial outcome 
variable, death by vehicle or by other cause. Proportion devel-
oped habitat in natal and adult home ranges were included as 
fixed effects.

Statistical analysis
Statistical analyses using linear models were performed using the 
stats package (v 3.6.2; R Core Team 2020). We report parameter 
estimates, standard errors, t-values, and P-values for parameters in 
these models. GLMs were formatted with the package glmmTMB 
(v 0.2.3; Brooks et al. 2017). The Cox proportional hazards regres-
sion model was performed using the survival package (Therneau 
2020). We report parameter estimates, standard errors, z-values, 
and P-values for parameters in these models.

RESULTS
Departure

To assess the influence of  experience in the natal home range on 
the propensity of  coyotes to disperse, we analyzed the relationship 
between the proportion of  developed habitat in the natal home 
range and departure. Of  the 85 coyotes included in the analysis, 
22 had no overlap between their adult and natal home ranges, sat-
isfying our criteria for dispersal (see Table 1 for the dispersal status 
of  all coyotes). Of  those 22 coyotes, 14 had natal home ranges 
that consisted of  more than 50% developed habitat. According 
to our model, proportion of  developed habitat in the natal home 
range was positively associated with dispersal tendency (estimate 
= 2.591 ± 1.130, z = 2.292, P = 0.022). Coyotes with the largest 
proportion of  developed habitat in their natal home range (0.97) 
were 2.7 times more likely to disperse than coyotes with the smallest 
proportion of  developed habitat in their natal home range (0.22; 
Figure 2). Sex was not a significant predictor of  dispersal (estimate 
= −0.705 ± 0.522, z = −1.350, P = 0.177).

Transience

We analyzed the influence of  experience in the natal home range 
on the transience behavior of  coyotes by examining the relationship 

between the proportion of  developed habitat in the natal home 
range and dispersal distance. Dispersal distances in this study 
ranged from 1.7 to 60.0 km (mean = 18.1 ± 3.7 km; median = 8.1 
km). The proportion of  developed habitat in the natal home range 
had a significant and positive relationship with dispersal distance 
in models using each of  the three availability methods (Table 2). 
The model using the dispersal habitat method predicted that coy-
otes with the highest proportions of  developed habitat in their natal 
home range would travel 3.9 times as far as coyotes with the lowest 
proportions of  developed habitat in their natal home range (Figure 
3). The proportion of  developed habitat in habitat available while 
in transience was only a significant predictor in the model using the 
median dispersal distance method for determining habitat availa-
bility. Based on this model, the proportion of  developed habitat in 
both the coyotes’ natal habitat and in available habitat during tran-
sience tended to be associated with longer dispersal distances. Sex 
was not a significant predictor in any of  the models.

Settlement

To understand if  experience with the natal home range hab-
itat influences preference for that habitat type during settlement, 
we analyzed the relationship between natal home range habitat 
type and the selection for developed habitat in the adult coyotes. 
Interestingly, the proportion of  developed habitat in the natal home 
range was only a significant predictor of  selection for developed 
habitat in one of  the models (Table 3). With this model, a higher 
proportion of  developed habitat in the natal home range was as-
sociated with a stronger preference for developed habitat in the 
adult home range; however, overall selection for developed habitat 
was weak. Individuals with the lowest levels of  developed habitat in 
their natal home range were predicted to exhibit a strong avoidance 
of  developed habitat (α = 0.10) while animals with an average pro-
portion of  developed habitat in their natal home range still slightly 
avoided developed habitat (α = 0.44). Animals with the highest 
levels of  developed habitat in the natal home range were still pre-
dicted to exhibit only a weak preference for developed habitat (α = 
0.58). Sex was not a significant predictor in any of  the models.

Mortality

We analyzed the relationship between survival to adulthood and natal 
habitat type. Survival to adulthood (age 2) was quite high with only 11 

Table 1
The dispersal status of  the 85 coyotes included in the departure 
analysis. Coyotes categorized as “successfully dispersed” were 
those who exhibited no natal home range overlap. Animals 
categorized as “dispersal incomplete” exhibited natal home 
range overlap but were recovered postmortem outside of  their 
natal home range. Animals who were categorized as “did not 
disperse” were animals who exhibited overlap with their natal 
home range and who died in the natal home range. Finally, 
animals with an “unknown” dispersal status were those who 
exhibited natal home range overlap and who were not recovered 
postmortem

Dispersal Status Number of  coyotes

Successfully dispersed 22
Dispersal incomplete 24
Did not disperse 12
Unknown 27
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Figure 2
Model predicted effect of  the proportion of  developed habitat in the natal 
home range on departure. The model included sex as a fixed effect. Shaded 
region is the 95% confidence interval.
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of  48 coyotes dying before reaching adulthood; however, survival (or 
not) to adulthood was not explained by either the proportion of  devel-
oped habitat in the natal home range (estimate = −0.779 ± 0.773, z = 
−1.007, P = 0.314), the proportion of  developed habitat in the adult
home range (estimate = 1.414 ± 0.761, z = 1.859, P = 0.063), or sex
(estimate = −0.222 ± 0.272, z = −0.816, P = 0.414).

To understand if  experience with developed habitat in the natal 
home range influenced the likelihood a coyote experienced a vehicle 
related death, we analyzed the relationship between natal home range 
habitat type and vehicle related mortality. Twenty-eight of  the 48 
coyotes included in the mortality analysis died after being hit by a ve-
hicle. Neither the proportion of  developed habitat in the natal home 
range (estimate = −0.529 ± 1.519, z = −0.349, P = 0.727) nor the 
proportion of  developed habitat in the adult home range (estimate = 
−0.789 ± 1.633, z = −0.484, P = 0.629) had a significant effect on the
probability of  a coyote experiencing a vehicle related death.

DISCUSSION
We used VHF data from a long term study of  urban coyotes 
to explore the relationship between early life experience with 

urbanization and dispersal and mortality. We found evidence that 
coyotes from natal home ranges with more developed habitat were 
more likely to disperse than animals from primarily natural habi-
tats. Contrary to our prediction, of  the dispersing coyotes, coyotes 
with more developed habitat in their natal home range dispersed 
farther. Models using different habitat availability metrics to ex-
plore the relationship between natal habitat type and adult habitat 
selection produced mixed results; however, we found some evidence 
that coyotes experience NHPI. Finally, we found no evidence that 
experience with developed habitat in the natal home range influ-
ences survival to adulthood or the likelihood of  experiencing a 
vehicle-related mortality.

Early life experience may shape juvenile coyotes’ perceptions of  
habitat quality and their willingness to depart from the natal home 
range. While urban wildlife generally avoid humans and their as-
sociated landscapes, there is evidence that avoidance is plastic and 
varies with experience (Kitchen et  al. 2011; Vincze et  al. 2016). 
Studies comparing the behavioral traits of  urban and rural coy-
otes found that urban coyotes tend to be bolder and more explor-
atory toward humans and novel objects (Breck et al. 2019; Brooks 
et  al. 2020). Additionally, Schell et  al. (2018) identified a flexible, 
transgenerational mechanism for human tolerance in coyotes where 
successive litters born to the same mated pair exhibited increased 
habituation towards humans as the parents' became more habitu-
ated . In addition to responses to individual environmental features, 
larger scale changes in preference for human altered habitats have 
been observed in other mammalian species (Knopff et  al. 2014; 
Scrafford et  al. 2017). Raccoons in more highly urbanized areas 
show increased selection for human-use areas, which may be a re-
sponse to their experience using anthropogenic resources in these 
areas (Bozek et  al. 2007). Because the decision to leave the natal 
home range is dependent on perceptions of  habitat quality, expe-
rience with more or less urbanization in the natal home range is 
likely influencing what the animal perceives as the optimal decision 
(Bowler and Benton 2009). Animals who primarily experience nat-
ural habitat in their early life might perceive the surrounding ma-
trix as more hostile decreasing their motivation to initiate dispersal 
relative to those with more experience in urban habitats.

In addition to environmental factors, social interactions play 
an important role in dispersal (Wey et  al. 2015). For coyotes, 
intrapack interactions are particularly important in determining 
departure behavior (Bekoff 1977). Mated pairs will often engage 
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Figure 3
Model predicted effect of  proportion of  developed habitat in the natal 
home range on dispersal distance. The model included proportion of  
developed habitat in available habitat as a fixed effect. Predictions depicted 
here were generated using the dispersal habitat method for determining 
available habitat. Shaded region is the 95% confidence interval.

Table 2
Parameter estimates for the dispersal distance analysis. The model (distance ~ 1 + natalDeveloped + availableDeveloped + sex) 
included distance dispersed (distance; km) as the outcome variable. The proportion of  developed habitat in the natal home range 
(natalDeveloped) and in the available habitat (availableDeveloped) and sex (sex) were included as fixed effects. The analysis was 
conducted three times, each with a different method for determining habitat availability

Availability metric Predictor Estimate Std. error z value P value

 Dispersal habitat method (Intercept) −0.098 0.575 −0.171 0.865
natalDeveloped 1.819 0.659 2.761 0.006**
availableDeveloped 1.832 0.740 2.474 0.013*
sex (m) −0.073 0.336 −0.219 0.827

 Individualized dispersal distance method (Intercept) 0.164 0.989 0.166 0.868
natalDeveloped 2.095 0.696 3.011 0.003**
availableDeveloped 1.065 1.190 0.895 0.371
sex (m) 0.019 0.435 0.045 0.964

 Median dispersal distance method (Intercept) 1.145 2.910 0.394 0.694
natalDeveloped 2.297 0.787 2.917 0.004**
availableDeveloped −0.279 3.690 −0.076 0.940
sex (m) −0.180 0.380 −0.474 0.636

*<0.05; **<0.01.
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in antagonistic interactions with yearlings or older offspring during 
the mating season, driving them out of  the natal home range. 
However, increased resource availability in natural areas may re-
duce social pressure to disperse. Interestingly, anecdotal evidence 
for alternative “dispersal” behavior has been observed in this 
system. In nature preserves, some coyotes have been observed to 
take over part of  their natal home range causing shifts in their 
parents’ home range away from that area (Gehrt, unpublished 
data). This behavior is likely less frequent or absent in developed 
habitat particularly if  lower resource availability results in in-
creased competition and social pressure to disperse (Gese et  al. 
1996).

Transience is risky (Bowler and Benton 2009). In undisturbed 
areas, dispersers are more likely to die during transience than 
their nondispersing counterparts and this increases with distance 
travelled during transience (Bekoff and Wells 1986; Bonnet et  al. 
1999; Letty et  al. 2000; Meek et  al. 2003; Moehrenschlager and 
McDonald 2003). In urban areas, risk may be enhanced as animals 
are required to navigate through unfamiliar matrix habitat where 
various human and vehicle related dangers are common. Dispersal 
distances in this study (mean: 18.1  ± 3.7 km) were substantially 
shorter than mean distances observed in less disturbed areas, which 
range from 51 to 310 km (Harrison 1992; Kolbe and Squires 
2004; Sasmal et  al. 2019). In our study, data collection methods 
bias the sample toward individuals who disperse within the area 
of  high tracking effort. However, other studies indicating that hab-
itat fragmentation inhibits animals’ movement suggest that the 
patchy, developed landscape of  the Chicago metropolitan area may 
also contribute to shorter dispersal distances (Tucker et  al. 2018). 
Shorter dispersal distances in response to human activity or devel-
opment could reduce gene flow and thus facilitate evolutionary ad-
aptation to urbanization. In particular, if  human altered habitats 
act as a barrier to wildlife dispersing from more remote habitats 
in the same way that they inhibit the dispersal movements of  ani-
mals in our study, urban populations may undergo microevolution 
at a more rapid rate than would be expected if  immigration rates 
remained at undisturbed levels (Sol et  al. 2013; Miranda 2017; 
Adducci et  al. 2020). Although for a behaviorally flexible gener-
alist like the coyote, phenotypic plasticity is generally considered the 
most salient response to human disturbance, in many taxa, genetic 
adaptations are also important (Atwell et  al. 2012; Miranda et  al. 
2013; Mueller et al. 2013; Alberti et al. 2020; Lambert et al. 2020).

We found that of  the coyotes who did disperse, those with more 
urban development in their natal home range tended to disperse 

farther. Larger home ranges in developed habitat may force coyotes 
from these areas to disperse farther to find suitable, unoccupied 
habitat (Gehrt et  al. 2009). While this may put developed coyotes 
at a disadvantage due to the risks they might face travelling long 
distances through the urban matrix, given coyotes’ high degree of  
behavioral plasticity and their early life experience with developed 
habitat we hypothesized that these coyotes are better at navigating 
these risks. Studies examining the relationship between behavioral 
responses to human disturbance and previous experience have 
found that experience with humans and human altered habitats 
plays an important role in shaping adaptive behavior (Zaccaroni 
et al. 2007; Thurfjell et al. 2017). Despite this evidence, our mor-
tality analyses did not indicate that this phenomenon occurs in 
these coyotes. This might be attributed to our limited sample size. 
However, it is possible that early life experience with anthropogenic 
risks and increased exposure to anthropogenic risks during dispersal 
have additive effects in developed coyotes resulting in no difference 
in the likelihood that they and their natural counterparts will sur-
vive to adulthood or experience a vehicle related mortality.

While previous studies have suggested coyotes may expe-
rience NHPI (Sacks et  al. 2004, Sacks et  al. 2008), the mixed 
results in our study are open to multiple interpretations. If  the 
median dispersal distance method for establishing availability is 
most accurate, coyotes may exhibit NHPI. In that case, habitat 
preferences formed in the natal home range could have impor-
tant population-level effects. For instance, if  only coyotes with 
the highest proportion of  developed habitat are settling in highly 
urbanized areas and coyotes born in more natural versus more 
developed habitat within the Chicago metropolitan area are 
dispersing to and mating with individuals from the same habi-
tats, this assortative mating could change the scale at which mi-
croevolution might act as an adaptive mechanism (Richardson 
et al. 2014). Instead of  interbreeding between all coyotes in the 
region, genetically distinct subpopulations within highly urban-
ized areas may be undergoing selection specific to that habitat. 
In addition to its effects on individual fitness and population 
dynamics, it could also have implications for human–coyote 
interactions. Many of  the behavioral traits that allow animals 
to take advantage of  novel opportunities and cope with novel 
challenges in urban environments are also traits that increase the 
likelihood an animal interacts with humans (Barrett et al. 2019). 
Studies comparing traits including neophobilia and boldness in 
urban and rural passerines found evidence that some of  the dif-
ferences in behavior between populations can be attributed to 

Table 3
Parameter estimates for the natal habitat preference induction analysis. The model (selectionDeveloped ~ 1 + natalDeveloped + 
sex) included the Manly-Chesson index α (selectionDeveloped) as the outcome variable. The proportion of  developed habitat in the 
natal home range (natalDeveloped) and sex (sex) were included as fixed effects. The analysis was conducted three times, each with a 
different method for determining habitat availability

Availability metric Predictor Estimate Std. error t value P value

Dispersal habitat method (Intercept) 0.365 0.174 2.104 0.052
natalDeveloped 0.219 0.223 0.985 0.340
sex (m) 0.012 0.117 0.106 0.917

Individualized dispersal distance method (Intercept) 0.045 0.247 0.181 0.859
natalDeveloped 0.578 0.317 1.825 0.087
sex (m) 0.147 0.166 0.886 0.389

Median dispersal distance method (Intercept) −0.021 0.227 −0.092 0.928
natalDeveloped 0.620 0.292 2.127 0.049*
sex (m) 0.055 0.153 0.357 0.726

*<0.05; **<0.01.
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microevolution (Atwell et al. 2012; Miranda et al. 2013; Müller 
et al. 2013). Associative breeding among the least neophobic and 
most bold coyotes has the potential to enhance human-coyote 
conflict in these areas.

Despite some evidence for NHPI, the lack of  a significant rela-
tionship between natal habitat type and selection during settlement 
in our other two model suggests that in these coyotes, the phenom-
enon may not be occurring or may at best, be weak. There are 
a number of  explanations for an absence of  NHPI. Coyotes may 
have an innate preference for natural areas that outweighs early life 
experiences. Again, this is supported by previous research that in-
dicates coyotes prefer natural or rural areas to urban areas (Tigas 
et al. 2002; Gehrt et al. 2009; Gese et al. 2012; Poessel et al. 2016; 
Wang et  al. 2017, Ellington and Gehrt 2019). Alternatively, given 
the high costs of  searching for and establishing a new home range, 
other intrinsic characteristics like condition or extrinsic factors like 
competition may drive settlement decisions rather than previous ex-
perience with a given habitat type (Clobert et al. 2009; Rémy et al. 
2014; Wey et al. 2015). Finally, for animals that exhibit high levels 
of  plasticity, if  early life experience is not reinforced, its effects on 
behavior may be updated to reflect more recent experiences. This 
has been shown in rats (Rattus spp.) whose behavioral reactivity to 
stress, which increases after experiencing early life maternal sepa-
ration, can be reversed with environmental enrichment (Francis 
et al. 2002). The results of  these two models agree with a number 
of  studies that found no evidence of  NHPI suggesting innate pref-
erences or experiences other than the natal habitat may be more 
important for shaping dispersal behavior in some species (Reiskind 
and Zarrabi 2013; Ousterhout 2014).

CONCLUSION
Despite dispersal’s importance at various levels of  biological orga-
nization, few wildlife studies have examined the stages of  dispersal 
beyond departure and even fewer have looked at this behavior in 
an urban setting. We show that early life experience with urbani-
zation influences departure, transience, and potentially settlement 
behavior. While we did not find that these differences resulted 
in changes to survival to adulthood, we suspect that they may 
have implications for individual fitness, population structure, and 
human–wildlife interactions.

Future studies should focus on fine scale heterogeneity in in-
trinsic and extrinsic factors associated with dispersal. Intrinsic traits 
like condition and behavioral type are important factors that in-
teract with the environment to produce variation in dispersal be-
havior. Additionally, more detailed information about the natal 
and matrix environments should be considered. While we were 
constrained to two habitat types based on our sample size, consid-
ering multiple dimensions of  environmental variability like vegeta-
tion density and type, level of  impervious surface cover, patch size, 
human population density, road density, and traffic rate will allow 
the identification of  specific urban environmental factors that drive 
differences in dispersal behavior. These are lost when the landscape 
is dichotomized into categories like developed and natural or urban 
and rural. Combining detailed features about the animal and its en-
vironment may help identify how they interact to produce dispersal 
behavior. Finally, gaining a deeper understanding of  how various 
dispersal strategies are associated with survival and fitness will be 
crucial in identifying which dispersal responses are truly adaptive 
and how those strategies influences dynamics at the various levels 
of  biological organization.
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Cook County Department of Animal and Rabies Control Environmental Impact Program 
Annual Report 2021 

Karen A. Terio, DVM, PhD, Diplomate ACVP, Chief of Staff,  
Clinical Professor University of Illinois Zoological Pathology Program 

Disease surveillance is a critical component of ongoing and effective wildlife management and 
has benefits for public health.  Surveillance improves understanding of wildlife disease dynamics, 
the effect of disease on pass-through migratory species and permanent resident animals, and, 
probably of utmost importance, facilitates monitoring for emergence/re-emergence of novel 
diseases of concern to wildlife, domestic animal, and public health communities in Cook County.  
The majority of infectious diseases of concern for public (human) health have wildlife reservoirs.  
As the current coronavirus (COVID-19) pandemic highlights, overlooking disease in animals that 
could spill over to humans has enormous personal and economic costs.  Notably, University of 
Illinois Zoological Pathology Program (ZPP) has been on the frontlines of surveillance for SARS-
CoV-2 spillback to wildlife and zoo animals throughout the country. Monitoring for spillback is 
critical as mutation and/or recombination with other viruses could result in a variant that has even 
more severe consequences for public health.  

The ZPP, in cooperation with personnel from Cook County Animal and Rabies Control and the 
Forest Preserve District of Cook County (FPDCC), has been monitoring wildlife diseases in Cook 
County since 1993.  The multidisciplinary knowledge accumulated through decades of wildlife 
and habitat study has allowed for major advances in evaluation of ecosystem health and 
recognition of diseases of concern to public health.   

In 2021, ZPP evaluated carcasses from 202 animals of the following species and groups: 

Canids (coyote, fox and dog)  11 
Mesocarnivores (raccoon, skunk, otter, mink) 52 
Cervids (deer and elk)   1 
Fish  85 
Reptile /amphibian  27 
Avian  21 
Other Mammal (rodent, marsupial)    5 

Continued surveillance endeavors are important given disease presence and risk of spread in the 
County.  Pathogens of particular concern, potentially affecting humans, domestic animals and 
wildlife, notably include rabies, chronic wasting disease (CWD), influenza, leptospirosis, West 
Nile Virus, SARS-CoV-2, and tick-borne diseases.  Surveillance is also important to assess the 
health of ecosystems utilized for public recreation.   In 2021, ZPP finalized a study looking at 
environmental contaminants (PCBs and Mercury) in fish from lakes in Cook County (see attached 
manuscript). 
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The following cases from the past year further exemplify the approach and application of results 
for the betterment of human and animal health in Cook County. 

SARS-CoV-2, the virus that causes COVID-19 in humans, is a known zoonotic agent having likely 
originated in animals.  For much of the pandemic it has been known that cats, mink and dogs could 

be infected, and surveillance has been targeted towards these species. 
Deer have also now been shown to be able to get infected and shed the 
virus representing a possible reservoir for the virus in local wildlife.  In 
November 2021, SARS-CoV-2 infection hit one of the zoos within 
Cook County and infected coatis, a procyonid native to South America 
that is closely related to raccoons.  Given the close relatedness of the 
coati to raccoons and the large numbers of raccoons in the region, 
surveillance was initiated to screen raccoons for infection.  To date, 
there are no confirmed cases of SARS-CoV-2 infection in raccoons. 

Chronic wasting disease (CWD) is a debilitating neurological disease of free-ranging elk and 
deer caused by a prion (infectious protein) similar to bovine spongiform encephalopathy (“mad 
cow” disease).  All deer are specifically evaluated for CWD. Statewide in FY 2021 there were 
1,165 CWD-positive deer from both hunter-killed and intensive culling/surveillance programs 
(IDNR CWD Annual Report FY 2021).  This represents an almost 10-fold increase from FY 2020.  
In Cook County, 3 positive deer were identified through the IDNR surveillance program.  
Targeted surveillance of deer in collaboration with the FPDCC to further assess the prevalence of 
CWD in the county could not be performed due to COVID but is planned for 2022.   

Leptospirosis is a disease caused by the bacteria Leptospira interrogans.  The bacteria can survive 
within water and soil for weeks and can be shed into the environment by infected wildlife species.  
People and companion animals can be infected directly from other animals or by ingestion of 
contaminated water or soil in the environment.  In both people and companion animals, infection 
can result in kidney and liver damage, even failure.  ZPP has been conducting a multi-year study 
into leptospirosis in Cook County to better understand the role of wildlife in disease ecology.  Our 
surveillance has identified squirrels as a new species of concern for leptospirosis monitoring for 
and another potential vector for transmission.  There were no identified cases of leptospirosis in 
submitted wildlife in 2021. 

Canine distemper virus (CDV) is a virus that affects carnivores causing pneumonia (image on 
left) and encephalitis.  The virus is normally present in Cook County 
carnivores and causes sporadic deaths of raccoons, foxes, skunks and 
coyotes.  However, in 2004, there was a large CDV outbreak that 
spilled over into domestic dogs both in shelters and those that were 
privately owned.  Any disease that causes encephalitis can alter an 
animal’s behavior and increase the risk of unprovoked bites and 
attacks warranting public health concern.  In 2021 there were 38 cases 
of CDV primarily in raccoons and skunks.  Many of the affected 

animals had neurologic signs (“zombie raccoons”).    Timely reporting and confirmation of the 
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cause to CCARC allowed messaging to the public. With the westward geographic progression of 
raccoon rabies, differentiation between rabies and CDV will be critical.  The ZPP laboratory has 
developed multiple tests for rapid diagnosis of CDV, and our parent lab, the VDL, is an approved 
testing site for rabies in Illinois.   

In collaboration with EIRG partners, ZPP is monitoring raccoon populations for the parasite 
Baylisascaris procyonis.  The parasite is a normal inhabitant of the raccoon gastrointestinal tract.  

Eggs are shed in the feces of raccoons and can develop into 
infective larvae in the environment.  These larvae can infect 
humans.  Following ingestion, larvae migrate through the gut wall 
into various tissues.  Most concerning is that the larvae often 
migrate to the brain (image on left) where they cause encephalitis 
and extensive damage despite treatment.  Infections can be fatal 
or cause profound neurologic disabilities.  Children are at 
increased risk of infection when they place potentially 
contaminated objects and fingers into their mouths.  Ongoing 

research has been studying the distribution and seasonality of infections in raccoons to determine 
risk factors for human infection.  

2021 marked the final year in a 5 year active surveillance aimed at assessing general fish health 
in a selection of Cook County inland lakes regularly used for recreational fishing by the public.  

This work is in collaboration with the Forest Preserves of 
Cook County Fisheries Management Division.  All collected 
fish received full postmortem examinations including gross 
necropsy, wet-mount cytologic assessment for gill and skin 
parasites, and complete histopathology.  Examination has 
revealed varying levels of parasitism in the fish (wet mount 
image on left), however, no changes to indicate an associated 
health detriment have been noted.  Importantly, no lesions 
considered to pose risk for human consumption were detected 
in any fish species, from any lake, at any time point during 

the survey.  In all examined fish, skeletal muscle (flesh) was free of inflammation and other 
tissue damage.  Results of this research are currently being collated and analyzed for publication. 

The fish health surveillance program has also served as the basis for a Master’s student project 
correlating levels of tissue contaminants on fish health.  In the Forest Preserves of Cook County, 
all of the lakes are currently under state-issued fish consumption advisories due to high levels of 
tissue toxicants including mercury (Hg) and polychlorinated biphenyls (PCBs). This manuscript 
was published in 2021 and is attached to this report.      

Other ZPP activities have focused on surveillance for diseases of concern including rabies, West 
Nile Virus, avian influenza (bird flu), SARS CoV-2 spillover in wildlife, tularemia, yersiniosis, 
and epizootic hemorrhagic disease in deer.   
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Pathologic impacts of contaminants in freshwater fish of Cook County IL 
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A B S T R A C T

Mercury (Hg) and polychlorinated biphenyls (PCBs) are widespread environmental toxicants in urban envi-
ronments with negative impacts to fish health. The present study evaluated the potential association between 
muscle tissue contaminant (total Hg and total PCB) concentrations and indicators of health in benthic and 
predatory fish collected from four Forest Preserves of Cook County lakes in the Chicago metropolitan area. 
Common carp (carp; Cyprinus carpio) and largemouth bass (LMB; Micropterus salmoides) were sampled three times 
a year (spring, summer, fall) during 2019 and 2020. Water quality analyses (temperature, color, turbidity, 
dissolved oxygen, total alkalinity, pH, chloride, nitrate, phosphate, ammonium, and pH) were performed 
concurrently with fish collections. Tissue (skin-on fillet) contaminant concentrations were compared between 
lake types and fish species and assessed for any relationship with fish morphometric data and pathologic lesions. 
Main health indicator endpoints included muscle lipid content, parasite burden, and pathologic lesions. Mean 
total PCB concentrations were greater in carp (203.1 ± 152 µg/kg, wet weight), and mean Hg concentrations 
were greater in LMB (0.11 ± 0.1 mg/kg, wet weight). In most fish, concentrations of both toxicants surpassed the 
EPA’s lowest threshold to restrict fish consumption for sensitive cohorts (0.029 mg/kg for Hg and 1.5 µg/kg for 
PCBs). In both species, Hg positively correlated with splenic pigmented macrophage aggregate area (P < 0.001). 
In carp, Hg also positively correlated with hepatocellular pigmentation (P < 0.01). Mercury correlated with 
standard length in both species (LMB: P < 0.001, carp: P = 0.95), but polychlorinated biphenyls only correlated 
with standard length in carp (P < 0.001). No association was found between intraspecific contaminant con-
centrations and parasite burden, year, or lake type, though differences were noted among individual lakes. The 
contaminant burden appeared well-tolerated with only mild Hg-associated and no appreciable PCB-associated 
lesions. However, possible effects on reproduction or behavior were not fully assessed, and future studies are 
warranted.   

1. Introduction

Widespread contamination of freshwater fish with mercury (Hg) and
polychlorinated biphenyls (PCBs) is a global issue with known harmful 
effects on human and environmental health (US Environmental Pro-
tection Agency [USEPA], 2000). Investigations into aquatic toxicants 
are often focused on human health, and more research is necessary to 
better understand implications to fish health, particularly in the heavily 
industrialized Chicago area. The Forest Preserves of Cook County 
(FPCC), Chicago, Illinois, contains over 40 bodies of water, all of which 
are currently under state-issued fish consumption advisories due to high 

concentrations of tissue toxicants (Illinois Department of Public Health 
[IDPH], 2021). 

Within the FPCC, there are two lake types, seepage and impound-
ment. Seepage-type lakes have no inlet or outlet and derive most of their 
water from precipitation and runoff, whereas impoundment-type lakes, 
(formed by damming a slow-moving body of water), have an inlet and 
outlet and derive most of their water from stream drainage. Because of 
differences in hydrology, these two lake types can have differences in 
total surface area for run-off, an important source of aquatic pollution. 
Additionally, variation in pH and other water chemistry parameters 
among water bodies could affect contaminant availability. Previous 
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studies have noted associations between water chemistry and watershed 
influxes and tissue contaminant concentrations in fish, though the 
importance of each of these factors may have wide regional variation 
(Wiener et al., 1990). 

The major source of environmental Hg in the Chicago area is from 
coal-burning power plants (Gratz et al., 2016). Nationwide, power 
plants contribute approximately 40% of atmospheric mercury (Olson 
et al., 2020). In aquatic environments, inorganic mercury can be con-
verted in the water column and in sediment by sulfate-reducing bacteria 
to a more bioavailable and toxic form, methylmercury (MeHg), which is 
the predominant form in fish tissues (Olson et al., 2020). Mercury 
bioavailability is influenced by several water quality parameters, and is 
negatively correlated with pH, dissolved oxygen (DO), calcium, alka-
linity, total hardness, conductance, total nitrogen, and total phospho-
rous (Lange et al., 1993). Due to its high affinity binding to proteins, 
MeHg crosses gastrointestinal and blood-brain barriers, has a very low 
excretion rate, and thus results in both bioaccumulation and bio-
magnification (Bjørklund et al., 2017). The highest concentrations of 
MeHg are found in renal, neural, and hepatic tissue (Bjørklund et al., 
2017). Though not fully elucidated, the predominant mechanism of 
MeHg toxicity is believed to be due to enzyme inhibition through high 
affinity binding to protein sulfhydryl groups (Tchounwou et al., 2012). 
Methylmercury is also pro-oxidative with the potential to manifest in 
neurotoxicity, hepatotoxicity, gastrointestinal toxicity, and nephrotox-
icity (Tchounwou et al., 2012). In humans, MeHg toxicity leads to 
neurologic symptoms, primarily in developing fetuses and children 
(Trasande et al., 2005). In fish, high dietary exposure in experimental 
studies have been associated with metabolic, necrotizing, and/or 
reparative lesions involving the liver and/or kidney (Mela et al., 2007; 
Oliveira Ribeiro et al., 2002). Both laboratory- and field-based studies 
have associated tissue Hg concentrations with increased hepatic 
pigment and/or increased pigmented macrophage aggregates (PMAs; 
Barst et al., 2016, Barst et al., 2011; Drevnick et al., 2008; Meinelt et al., 
1997; Mubarokah et al., 2018; Müller et al., 2015) 

Polychlorinated biphenyls are a group of over 200 related, highly 
stable, synthetic chemicals individually termed “congeners”. Congener 
mixtures were produced and sold under the trade name Aroclor and had 
widespread industrial uses in dielectric and coolant fluid (US Dept of 
Health and Human Services [HHS], 2000). Despite a 1978 production 
ban due to their recognition as persistent environmental pollutants, 
PCBs continue to be a widespread environmental contaminant of 
concern (HHS, 2000). Toxicity of individual PCB congeners is influenced 
by the position (coplanar or non-coplanar) of chlorine atoms on the 
biphenyl group. Coplanar PCBs may cause immunotoxicity, endocrine 
disruption, and mutagenic effects in humans through agonism of the aryl 
hydrocarbon receptor (Faroon and Ruiz, 2016; Takeuchi et al., 2017). 
Non-coplanar PCBs may impair thyroid function, resulting in decreased 
immune function and survival (Faroon and Ruiz, 2016). In fish, PCB 
toxicity resulting from environmental exposure has been primarily 
associated with reproductive lesions such as follicular atresia and he-
patic lesions such as foci of cellular alteration (a putative preneoplastic 
lesion) and neoplasia (Barron et al., 2000; Dey et al., 1993). Although 
most experimental exposure studies have been mainly performed using 
select PCB congeners at high concentrations, an experimental study 
mimicking environmental situations (in terms of doses, composition, 
and congener distribution) had similar reproductive lesions (Daouk 
et al., 2011). This study is the first environmental study investigating the 
effects of these contaminants on fish health in the Chicago metropolitan 
area. 

1.1. Objectives 

The primary objective of this study was to investigate associations 
between tissue contaminant (total Hg and PCB) concentrations and in-
dicators of health in common carp (carp; Cyprinus carpio, a benthic 
omnivorous species) and largemouth bass (LMB; Micropterus salmoides, a 

highly predatory species) within the FPCC inland lakes. Secondary ob-
jectives of this study were to compare fish tissue contaminant concen-
trations by lake type (impoundment vs. seepage), species (trophic level), 
and morphometric data. 

2. Materials and methods

2.1. Fish and water sampling

Carp and LMB were sampled in May, August, and October 
2019–2020 from four locations (Fig. 1). Fish were collected from both 
seepage (Axehead and Powderhorn) and impoundment (Busse and 
Tampier) lakes. The fish and water quality data used in this study were 
collected by FPCC fisheries biologists as part of the FPCC’s ongoing Fish 
Health Surveillance Program (FHSP). Fish were presented euthanized to 
the University of Illinois Zoological Pathology Program for diagnostic 
necropsy. Water samples were collected from each lake at the time of 
fish collection, and FPCC fisheries biologists reported results for the 
following indicators: temperature, color, turbidity, dissolved oxygen 
(DO), total alkalinity, chloride (Cl− ), nitrate (NO3), phosphate (PO4), 
ammonium (NH4) and pH. 

2.2. Necropsy procedures 

Total length (TL, cm), standard length (SL, cm), and weight (g) were 
recorded. Wet mount preparations of skin scrapes and gill clips were 
evaluated cytologically for lesions and ectoparasites using light micro-
scopy. External and internal examinations were performed, and sections 
of gill, heart, brain, liver, spleen, stomach (for LMB), intestine, gonad, 
body wall, skin, and eye were preserved in 10% neutral buffered 
formalin (NBF). Sex was determined for mature fish. Fresh skin-on fillets 
were collected, placed in individual sterile lab-grade plastic bags (Whirl- 
Pak), and frozen at -20 ◦C. A separate sample of skin-on fillet was pre-
served in 10% NBF for histopathology. 

2.3. Contaminant analysis 

Fillet samples (>10 g) from each fish (N = 86) were transferred 
frozen to Pace Analytical Services, LLC (Green Bay, Wisconsin, USA) for 
tissue homogenization and contaminant analysis. Total Hg analysis was 
performed by thermal decomposition, amalgamation, and atomic ab-
sorption spectrophotometry according to the USEPA Method 7473 
(USEPA, 2007a). Analysis of total Hg instead of MeHg in fish tissue is 
recommended by the USEPA due to the cost-prohibitive nature of MeHg 
analysis and because the large proportion (variable, though typically 
95–99% of Hg in tissues of larger fish is present as MeHg (USEPA, 2007a; 
Lescord et al., 2018). Polychlorinated biphenyl (total and by Aroclor) 
analysis was performed by gas chromatography and high-resolution 
mass spectrometry (Method 8082A; USEPA, 2007b). Undetectable 
concentrations were estimated at half of the detection limit, which was 
the same for all PCB congeners. Mercury concentration values above the 
calibration curve were extrapolated using the lower calibration curve. 
Percent lipid was reported with contaminant data and was used as a 
measure of body proximate condition (Kaufman et al., 2007). 

All PCB method blanks and 61% of Hg method blanks were beneath 
the detection limit, and all were beneath the reporting limit. Method 
blank values were subtracted from their respective analyte values prior 
to analysis. Most (99%) matrix spike recoveries and matrix spike 
duplicate recoveries ranged from 75 to 105%. Certified reference ma-
terial (raw chicken breast) recoveries were all within quality control 
limits (75–105%). Polychlorinated biphenyl and Hg data were reported 
as wet weight. Lipid normalization was not performed due to the lack of 
a significant relationship between toxicant concentration and percent 
lipid (Hebert and Keenleyside, 1995). 
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2.4. Histopathologic analysis 

A histologic review was performed on a full set of tissues including 
liver, gonad, brain, spleen, cranial kidney, caudal kidney, gill, stomach 
(LMB), intestine, swim bladder, axial skeletal muscle, and skin. 
Formalin-fixed samples were processed routinely, paraffin-embedded, 
and cut at 4–5 µm thickness on a rotary microtome. Tissue sections 
were mounted onto glass slides, stained with hematoxylin and eosin 
(H&E), and analyzed by light microscopy with an Olympus CX41 mi-
croscope (Olympus, Shinjuki, Tokyo, Japan). After each seasonal 
collection, individual cases were assigned a random number using an 
online list randomizer for blinded review (Haahr and Haahr, 1998). 
Prior to analysis, a literature review was performed for familiarization 
with histologic lesions associated with lipophilic toxicant exposure 
(Pinkney et al., 2017; Wolf and Wolfe, 2005; Wolf et al., 2015; Wolf and 
Wheeler, 2018). Most lesions were assessed semi-quantitatively using 
previously published generic grading scale criteria, with grade 
increasing with percentage of tissue affected (Schafer et al., 2018). 
Diffuse changes (e.g., hepatocellular pigment and protein accumulation) 
were assessed by level of severity. Parasite burden, distribution, and 
type (to phylum or class level) were also evaluated. For more compre-
hensive estimation of parasitic burden, histologic lesions were later 
combined with gross and cytologic findings. Composite parasite scores 

were created for encysted larval metazoans (trematodes and cestodes) 
and gastrointestinal luminal helminths by addition of the scores 
assigned to individual organs. 

Gonadal staging was performed using the following scheme adapted 
from Blazer (2002). Male gonads were categorized as 
pre-spermatogenic/regressed, early spermatogenic, mid-spermatogenic, 
late spermatogenic, or post-spermatogenic/spent. Female gonads were 
given the following designations: Stage 0 – follicles undeveloped with 
only pre-vitellogenic oocytes; Stage 1 – early development; ≥ 90% fol-
licles pre-vitellogenic and others early to mid-vitellogenic; Stage 2 – 
mid-development; majority of follicles are early and mid-vitellogenic 
with larger oocytes containing peripheral yolk vesicles; Stage 3 – late 
development; majority of follicles are late vitellogenic with eosinophilic 
yolk globules distributed throughout ooplasm. 

2.5. Image analysis: average hepatocellular size and splenic pigmented 
macrophage aggregate (PMA) area 

Photomicrographs of the liver and spleen were captured using an 
Olympus BX43 microscope, a DP73 digital camera, and cellSens Entry 
software (Olympus Corporation, Tokyo, Japan). For the liver, average 
hepatocyte area (µm2) was calculated by taking ten consecutive, non- 
overlapping digital images (352 × 264 µm) systematically at 400x 

Fig. 1. Map of the Forest Preserves of Cook County (FPCC), Illinois, highlighting the four lakes sampled in 2019 and 2020: Busse (impoundment-type), Axehead 
(seepage-type), Tampier (impoundment-type), and Powderhorn (seepage-type). 
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magnification, with a standardized starting point for each tissue section. 
Areas of parasitism or associated granulomatous inflammation were 
avoided. A 700 µm2 grid overlay was placed, and a single hepatocyte 
within every 10th box manually outlined and measured using Fiji soft-
ware until a total of 100 hepatocytes were measured per fish (Schindelin 
et al., 2012). For the spleen, the average PMA area per 200x field was 
calculated by taking five consecutive, non-overlapping digital images 
(704 × 528 µm) systemically at 200x magnification with a consistent 
starting point and also avoiding areas of parasitism/granulomatous 
inflammation. Pigmented macrophage aggregates, identified by 
pigment color and appearance (golden-brown to tan, coarsely granular) 
were manually outlined and measured. Measured PMAs were marked to 
avoid duplicate measurements. 

2.6. Statistical analyses 

Statistical analyses were performed using R version 4.0.3 (R Core 
Team, 2017) and Rstudio software (R Studio Team, 2020). A 
Shapiro-Wilk test was used to test for data normality, and appropriate 
log transformations were applied if needed. A series of T-tests (student’s 
and Welch’s) were performed to identify significant differences between 
the following predictor variables: year, species, sex and the following 
outcome variables: morphometric data (weight, SL), tissue contaminant 
concentration (total PCB, total Hg), lipid content, image analysis data 
(splenic PMA area, hepatocellular size), and parasite scores. The same 
statistical method was used to identify significant differences in water 
chemistry parameters (temperature, DO, total alkalinity, Cl-, NO3, PO4, 
NH4, and pH; surface and 1 m depth) by year and lake type. Seasonal 
variation was not statistically assessed due to low sample size. A 
two-way analysis of variance (ANOVA) was used to compare toxicologic 
data by year and lake type. Fish collected from all years, seasons, and 
lake types were pooled for statistical comparisons between species, by 
pathologic lesions, by morphometric data, and by parasite burden. 
Simple linear regressions were performed to identify significant re-
lationships between the above water quality parameters and tissue 
contaminant concentrations. Multivariate linear regressions were per-
formed to account for the effect of covariates. Simple and multivariate 
linear regressions were performed to identify significant relationships 
and account for the effect of covariates between variables in each of the 
following categories: tissue contaminant concentrations, morphometric 
data, image analysis data, and parasite score. The overwhelming ma-
jority of histologic lesions were scored as minimal and were thus 
analyzed categorically by presence/absence. T-tests (student’s and 
Welch’s) were used to identify significant relationships between histo-
logic lesions and tissue contaminant concentrations. Binomial logistic 
regressions were performed to identify significant relationships between 
morphometric data, toxicologic data, and histologic lesions. An alpha 
level of 0.05 was considered statistically significant in all tests. 

3. Results

A total of 40 carp (21 females, 19 males) and 46 LMB (20 females, 23
males, 3 sex undetermined) were collected with approximately equal 
distribution by year, season, and lake type (Tables S1a–d). The average 
weight and SL for carp were 2043 ± 1495 g and 44 ± 8 cm, respectively, 
and the average weight and SL for LMB were 520 ± 262 g and 28 ± 5 cm, 
respectively. Weight and SL did not vary significantly by year or lake 
type (P > 0.20). 

There was no significant association (P > 0.05) between year, lake 
type and measured outcome variables (tissue contaminant concentra-
tions, pathologic lesions, parasite burden) after removing one carp 
outlier. Only one carp was collected from Axehead lake during the 
second year, and Hg concentrations in this individual fish (0.12 µg/kg) 
were higher than the average Hg concentrations of carp collected from 
Axehead lake the previous year (0.05 ± 0.02 µg/kg, N = 3). 

Total Hg concentrations in LMB (0.11 ± 0.1; range 0.009–0.38 mg/ 

kg) were significantly higher (P < 0.001) than in carp (0.05 ± 0.03; 
range 0.004–0.12 mg/kg). Total Hg concentrations significantly and 
positively correlated with splenic PMA area in both species (R2

adj = 0.43 
[LMB], 0.28 [carp]; P < 0.001; Fig. 2). Photomicrographs exhibiting the 
range of splenic PMA severity are illustrated in Fig. 3. In carp, total Hg 
concentrations also significantly and positively correlated with hepa-
tocellular cytoplasmic pigment (P < 0.01; photomicrographs illustrated 
in Fig. 4). Standard length was included as a covariate due to its positive 
correlation with splenic PMAs in LMB (R2 = 0.3; P < 0.001; Fig. 5a), 
though this relationship was not significant in carp (P = 0.95; Fig. 5b). 
There was no significant difference in SL between carp with or without 
hepatocellular pigment (P = 0.32) or between tissue Hg concentrations 
and other pathologic lesions in either fish species. 

Mean total PCB concentrations in carp (203.1 ± 152; range 
11.8–505 µg/kg) were significantly higher (P < 0.001) than in LMB 
(33.2 ± 35.5; range 4.1–121 µg/kg). In carp, total PCB concentrations 
significantly and positively correlated with SL (R2 = 0.32; P < 0.001; 
Fig. 6a). There was no association between SL and total PCB concen-
trations in LMB (P> 0.05; Fig. 6b) or between tissue PCB concentrations 
and other pathologic lesions or parasite burden. 

Although contaminant concentrations did not vary significantly by 
lake type, there was notable variation in tissue PCB concentrations by 
individual lake (Table 1). Impoundment-type lakes had higher concen-
trations of Cl− than seepage-type lakes, though this difference was not 
statistically significant (P = 0.20; Table S2). In carp, tissue Hg concen-
trations positively correlated with Cl− (R2

adj = 0.23, P = 0.03) and 
negatively correlated with pH and DO (R2

adj = 0.23; pH: P = 0.04; DO: P 
= 0.01). In LMB, tissue Hg concentrations negatively correlated with 
DO, NO3, and total alkalinity (R2

adj = 0.58; DO: P = 0.01; NO3: P = 0.03; 
total alkalinity: P = 0.03). PCB concentrations in carp positively corre-
lated with NH4

+ (R2
adj = 0.4; P = 0.02) and negatively correlated with 

DO (R2
adj = 0.4; P = 0.02). In LMB, PCB concentrations negatively 

correlated with NO3
− (R2

adj = 0.25; P = 0.02). 
Parasite burden and diversity were not associated with contaminant 

concentrations in either species, however there were notable differences 
between carp and LMB (Table S3). All LMB had larval metazoan endo-
parasitism (mean score = 6.95, range 2–14); 100% had larval trema-
todes (metacercariae) and 61% had larval cestodes (plerocercoids). The 
majority (65%) of LMB also had encysted nematodes. Larval metazoan 
endoparasitism was not detected in carp. Gastrointestinal helminths 
were more prevalent in LMB (75%) than carp (20%), and the average 
gastrointestinal helminth score in LMB (1.86 ± 1.43) was significantly 
greater (P< 0.001) than in carp (0.2 ± 0.4). Branchial ectoparasitism 
was noted in both species of fish; carp and LMB had the same prevalence 
of branchial ciliates (15%), whereas LMB had a greater prevalence of 
monogeneans (96%) than carp (30%). Cutaneous ectoparasitism was not 
detected in either species. Renal myxozoan plasmodia were also noted 
exclusively in LMB (43.4% of individuals). Tissue granulomas were 
detected in 100% of LMB and 72.5% of carp; no intralesional bacteria 
were detected, and granulomas were considered parasite associated in 
LMB. Granulomas identified in carp were generally rare, small, quies-
cent, and of undetermined etiology. 

Stages of gonadogenesis (vitellogenesis and spermatogenesis) varied 
by species, though low sample sizes precluded statistical evaluation. 
Largemouth bass (synchronous spawners) had greater seasonal variation 
compared to carp (asynchronous spawners). No ovotestis were detected 
in any fish, and primary inflammation (i.e., not considered to be asso-
ciated with parasitism) was detected at minimal concentrations with no 
evident association with variables of interest. Many histologic changes 
previously reported to be associated with lipophilic contaminant 
intoxication were either not detected or were present at minimal levels 
lacking association with tissue contaminant concentrations (Table S4, 
Fig. S1 [examples]). Neoplastic disease was not observed in any of the 
fish examined. 
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Fig. 2. Correlation between fish total Hg (mg/kg) in fillets and average splenic PMA area (µm2) in largemouth bass (black triangle; R2 = 0.42; P < 0.001; y = 0.44x – 
2.7) and common carp (gray circle; R2 

= 0.28; P < 0.001; y = 0.40x – 2.94) collected from lakes in Cook County, Illinois, 2019–2020. 

Fig. 3. Photomicrographs of spleen of fish collected from lakes in Cook County, Illinois, 2019–2020 with varying degrees of pigmented macrophage aggregate (PMA) 
coverage. (A) Example of largemouth bass with no appreciable splenic PMAs. (B) Example of common carp with increased splenic PMA area (hyperplasia). 

Fig. 4. Photomicrographs of hepatic parenchyma of common carp collected from lakes in Cook County, Illinois, 2019–2020 with (A) no appreciable hepatocellular 
cytoplasmic pigment and (B) hepatocellular cytoplasmic tan granular pigment. 
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4. Discussion

4.1. Mercury

Mild Hg-associated pathologic changes were detected in both species 
of fish. Total Hg concentrations positively correlated with splenic PMA 
area in both carp and LMB. Pigmented macrophage aggregates are focal 
accumulations of macrophages containing pigments such as lipofuscin, 
ceroid, melanin, and/or hemosiderin (Wolke, 1992). Pigmented 
macrophage hyperplasia generally indicates increased cellular break-
down and can be influenced by toxic, metabolic, nutritional, infectious, 
and/or environmental factors (Wolf and Wheeler, 2018). Several pre-
vious studies have positively associated tissue Hg concentrations with 
hepatic PMAs in fish (Barst et al., 2016, 2011; Drevnick et al., 2008; 
Meinelt et al., 1997; Mubarokah et al., 2018; Müller et al., 2015). Using 
laser ablation-inductively coupled plasma-mass spectrometry (ICP-MS), 

Barst et al. (2011) localized Hg at the cellular level in spotted gar 
(Lepisosteus oculatus) and determined that hepatic PMAs had twice as 
many Hg counts as the adjacent parenchyma. In yellow perch (Perca 
flavescens), Hg has been localized to both hepatic PMAs as well as he-
patocellular lysozymes (Müller et al., 2015). Findings from these studies 
imply that Hg sequestration by tissue PMAs may act as a “sink” that 
could increase fish tolerance to high Hg levels. 

Fish tissue Hg concentrations in this study (range 0.004–0.38 mg/kg 
wet weight, skin-on fillet) were generally lower than previously reported 
concentrations associated with similar lesions in wild fish (range 
0.04–0.7 mg/kg wet weight, muscle or skin-on fillet, Barst et al., 2016; 
Drevnick et al., 2008; Müller et al., 2015), and well below the threshold 
level experimentally associated with clinically significant pathology 
(0.5 mg/kg wet weight, muscle, equivalent whole body threshold of 0.2 
mg/kg, wet weight; Dillon et al., 2010; Sandheinrich and Wiener, 2011). 
Only mild Hg-associated pathologic changes were noted here, though 

Fig. 5.. a. Correlation between standard length and total Hg concentrations in fillets from largemouth bass collected from lakes in Cook County, Illinois, 2019–2020 
(R2 

= 0.3; P < 0.001; y = 0.03x - 1.8). Fig. 5b. Correlation between standard length and total Hg concentrations in fillets from common carp collected from lakes in 
Cook County, Illinois, 2019–2020 (R2 = 0.14; P = 0.28; y = 0.01x – 1.87). 
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effects on fitness remain undetermined and are likely minimal. Despite 
the low Hg concentrations in reference to fish pathogenicity, the ma-
jority of fish (91% LMB, 73% carp) had tissue Hg concentrations at or 
above 0.029 mg/kg, the lowest threshold concentration for restriction of 
fish consumption determined by the EPA (i.e., consumption of > 16 
meals/month; USEPA 2000). Current local fish consumption guidelines 
recommend limiting predator fish consumption to 1 meal/week or 1 
meal/month for sensitive cohorts (pregnant women, children) to mini-
mize Hg exposure (IDPH, 2021). 

Largemouth bass, a highly predatory species, had significantly 
higher concentrations of tissue Hg than carp (omnivorous species), 
indicating biomagnification had occurred. The consideration of stan-
dard length (a surrogate for age) in evaluating lesion data is also 
important because many toxicant-associated lesions are nonspecific, and 
occurrence and severity increase with age (Bermejo, 2007). Tissue Hg 
bioaccumulation was also evident by the positive correlation between 
length and Hg concentration in both species of fish; however, this 

relationship was only statistically significant for LMB. Mercury bio-
accumulation and biomagnification are well-documented in fish and 
occurs with such consistency that Hg stable isotope analysis can be 
performed to determine species trophic level when unknown (Al-Reasi 
et al., 2007). Largemouth bass tissue Hg concentrations correlated with 
few water chemistry parameters (negative correlation with pH and DO, 
positive correlation with Cl− ) and were generally supportive of previous 
reports associating acidic, anoxic environments with greater Hg 
bioavailability (Lange et al., 1993). 

4.2. Polychlorinated biphenyls 

In contrast to Hg, no pathologic changes associated with PCB 
contamination were detected in either fish species. Tissue total PCB 
concentrations fell well below those associated with decreased survival 
and reproduction (30,000 µg/kg; Freeman and Idler, 1975; Hansen 
et al., 1974). Barron et al. (2000) found that hepatic foci of cellular 

Fig. 6.. a. Correlation between standard 
length and total PCB concentrations in 
fillets from common carp collected from 
lakes in Cook County, Illinois, 
2019–2020 (R2 

= 0.32; P < 0.001; y =
0.03x + 0.91). Fig. 6b. Correlation be-
tween standard length and total PCB 
concentrations in fillets from large-
mouth bass collected from lakes in Cook 
County, Illinois, 2019–2020 (R2 = 0.02; 
P = 0.43; y = -0.01x + 1.58). Points 
below the method detection limit were 
estimated at half the detection limit (0.6 
ug/kg) and included in the analyses.   

S.M. Imanse et al.

103



Aquatic Toxicology 242 (2022) 106043

alteration (FCA) and neoplasia in walleye were associated with liver 
total PCB concentrations ranging from 400 to 900 µg/kg in assessment 
areas. No association was observed between tissue PCB concentrations 
and hepatocellular FCA, though only 8% of the fish (7 carp) had con-
centrations surpassing 400 µg/kg. Of these carp, only 1 had hepatocel-
lular FCA, and this individual had a tissue PCB concentration of 459 
µg/kg. The method detection limit (8.2 µg/kg) in the study was above 
the EPA’s lowest threshold for fish consumption (> 16 meals/month, 
1.5 µg/kg), thus the true risk to human health was equivocal. Recom-
mendations for consumption of common carp in the Cook County lakes 
sampled ranged from 1 meal per week to 1 meal per month, depending 
on the size of the fish (less or greater than 23 inches, respectively; IDPH, 
2021). 

Carp had significantly higher concentrations of tissue PCBs than 
LMB, suggesting that bioaccumulation played a more important role in 
PCB acquisition than biomagnification. Bioaccumulation in carp was 
further evidenced by the significant positive correlation between PCB 
concentration and length, whereas this association was not evident in 
LMB. Sediment mineral solids and organic matter are important binding 
sites for PCBs, and carp may have had higher exposure than LMB as a 
result of their benthivore status, allowing for contaminated sediment 
particles to be ingested with food items (Eggleton and Thomas, 2004). 
Carp tissue PCB concentrations positively correlated with water 
NH4

+and negatively correlated with DO, which is consistent with pre-
vious reports indicating that eutrophication (increased nutrient and 
mineral enrichment) increases the association of PCBs to dissolved 
organic matter (Gunnarsson and Rosenberg, 1996). 

4.3. Lake type 

No association between lake type (seepage vs. impoundment) and 
tissue contaminant concentrations in either fish species was found. 
However, there was notable variation in carp tissue PCB concentrations 
between individual lakes, with carp from Powderhorn and Busse having 
the highest concentrations. This finding may be due to the proximity of 
these lakes to industrialized areas or superfund sites. Powderhorn Lake 
is located in an industrialized area 3.7 miles from the Lake Calumet 
Cluster (LCC) superfund site, which is an 87-acre group of land, waste 
storage, and disposal facilities in southeastern Chicago. An ecological 
risk assessment of the LCC site conducted by the USEPA revealed high 
concentrations of sediment contaminants, including PCBs (Soucek et al., 
2013; Sprenger et al., 2001). Similarly, Busse Lake is near a heavily 
industrialized area. Previous studies have found that differences in hy-
drology between lake types may be overshadowed by regional in-
fluences (e.g., geology, atmospheric pollution; Lange et al., 1993). In the 
Chicago area, lake proximity to highly industrialized and/or superfund 

sites may have overshadowed any effect of lake type. Additionally, no 
significant differences in water quality parameters between the two lake 
types were noted, which may have partially accounted for the lack of 
significant variation in tissue contaminant concentrations. 

4.4. Parasitism 

Parasitism was the most common pathologic finding in this study 
with many individual fish colonized by multiple parasites. Although 
parasites are common in wild fish, overall parasite burden can be 
influenced by tissue contaminants (Booton et al., 2018). In this study, 
parasite burden was not significantly associated with tissue contaminant 
concentrations, lake type, size, or condition. Largemouth bass had a 
greater parasite burden and diversity when compared to carp, which 
was likely reflective of their higher trophic level and carnivorous diet. 
Despite the relatively high parasite burden in some LMB, there was no 
histologic evidence of organ dysfunction or indication of decreased 
overall health. 

4.5. Limitations and future directions 

Effects of contaminants on reproduction were not fully examined in 
this study due to a few limitations. Fish were collected multiple times 
during the year according to previously determined protocols for the 
FHSP, rather than at times corresponding with spawning. Thus, seasonal 
effects on gonadogenesis impacted sample sizes for some gonadal stages 
and the low sample sizes precluded statistical evaluation. This precluded 
assessment of contaminant-associated effects on reproductive maturity. 
Changes in gonad cell proportions, which are best evaluated by rigor-
ously standardized gonad collection and analytical techniques (e.g., 
preservation in Bouin’s solution, quantitative analysis), were also not 
assessed in the present study (Wolf et al., 2004). A future study using fish 
collected at spawning would allow evaluation of reproductive parame-
ters (i.e., gonadosomatic index, serum vitellogenin, stage gonado-
genesis, and gonad cell proportions) to investigate possible effects of 
contaminants on fish reproductive health. 

Tissues utilized for the toxicologic review in this study were origi-
nally collected for diagnostic purposes in accordance with the FHSP 
protocols. Therefore, the comparative sensitivity in detecting subtle le-
sions (e.g., hepatic foci of cellular alteration) may have been decreased 
compared to more focused toxicologic studies that evaluate greater 
numbers of tissue sections in fewer targeted organs. This investigation 
was also limited to two species of fish representing different trophic 
levels, and evaluation of greater numbers of species may be valuable in 
further elucidating the relationship between tissue contaminant con-
centrations and fish trophic level. 

5. Conclusion

Illinois fish consumption advisories reported high concentrations of
tissue contaminants (Hg and PCBs) in FPCC inland lake fish, warranting 
this investigation of possible impacts on fish health (IDPH, 2021). In this 
study, mild pathologic changes associated with total Hg, and no lesions 
associated with total PCB concentrations in carp or LMB from four FPCC 
lakes were documented. Mercury-associated lesions were considered 
secondary to chronic, low-level oxidative damage and was similar to 
previous studies investigating Hg in wild fishes. These results indicate 
that, although FPCC fish tissue contaminant concentrations remain a 
concern for human consumption, the concentrations were below the 
threshold level for adverse effects (0.5 mg/kg, muscle, wet weight) in 
the fishes examined and appeared to be well-tolerated. Additional 
studies are warranted to evaluate the effects of contaminants on fish 
reproduction, behavior, and recruitment in this region. 

This study highlighted the importance of trophic level on the selec-
tive bioaccumulation and biomagnification of Hg and PCBs in FPCC 
lakes. Contaminant concentration and parasite burden varied 

Table 1 
Contaminant concentrations (wet weight) in fillets from common carp (carp) 
and largemouth bass (LMB) collected from lakes in Cook County, Illinois, 
2019–2020, by location and lake type.    

Carp LMB 

Lake type Sample 
location 

Total PCB 
(µg/kg) 

Total Hg 
(mg/kg) 

Total 
PCB (µg/ 
kg) 

Total Hg 
(mg/kg) 

Seepage Axehead lake 174.28 ±
63.12 

0.07 ±
0.04 

6.99 ±
6.66 

0.13 ±
0.02   

(n = 4) (n = 4) (n = 10) (n = 10)  
Powderhorn 
lake 

286.13 ±
144.59 

0.04 ±
0.02 

64.05 ±
33.64 

0.08 ±
0.04   

(n = 12) (n = 12) (n = 12) (n = 12) 
Impoundment Busse lake 240.53 ±

174.95 
0.04 ±
0.02 

35.36 ±
30.52 

0.16 ±
0.09   

(n = 12) (n = 12) (n = 12) (n = 12)  
Tampier lake 92.24 ±

57.42 
0.06 ±
0.03 

21.88 ±
32.64 

0.07 ±
0.04   

(n = 12) (n = 12) (n = 12) (n = 12)  
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significantly between benthic (carp) and predatory (LMB) species. Lake 
type (seepage vs. impoundment) was not a significant determinant of 
fish tissue contamination or pathology, and regional influences (e.g., 
proximity to a superfund site) may play a greater role than individual 
lake hydrology in the Chicagoland area. These findings emphasize the 
value of performing ecotoxicologic research at a local level for better 
appreciation of local variables and risk factors for toxicity. 
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OTTER BEHAVIORAL, DISEASE, AND TOXICOLOGY WORK 

THE URBAN RIVER OTTER RESEARCH PROJECT 

The first modern otter sign documented in Cook County occurred in the early 1990s. 

The observational study detection was part of a statewide Illinois Department of Natural Resources (IDNR) 

effort to document water loving mammals. This observational effort was prior to the formal river otter, state-

wide reintroduction which took place from 1994-1997. The river otter release occurred at fifteen sites, 

throughout Illinois: the closest to CHICAGO was over one hundred and fifty miles to the south.  

The Forest Preserve District of Cook County (FPDCC) initiated a preliminary otter telemetry study in 2015.The 

purpose of the preliminary work was to:  

• Test the efficacy of trapping in the urban environment.

• Test the efficacy of various trapping modalities.

• Test the efficacy of radiotracking a water endemic animal in the urban environment.

• Begin the process of understanding home range and land use in an urban setting.

• Begin to understand mortality and foraging issues in the urban setting.
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The FPDCC enlisted the assistance of staff from the Brookfield Zoo; this ensured expert veterinary surgical 

protocol during the radio implant procedure. The initial group of otters consisted of six individuals. The 

successful implementation of this first cohort of otters, stimulated the beginning the Urban Otter Research 

Project.  

The Urban Otter Research Project (URORP) has been modeled 

after the Urban Coyote Study. The otter study is partnered and 

funded by:  

• Cook County Animal and Rabies Control.

• Forest Preserve District of Cook County.

• Ohio State University (OSU).

• Max McGraw Wildlife.

• Brookfield Zoo.

• USDA.

108



Principle investigators Dr. Stan Gehrt and 

Chris Anchor are directing the otter study. 

Blood is monitored for disease, adipose 

tissue for toxicology, and whiskers for 

stable isotope food Studies.  

Early results include: 

• Remarkable ability to move and navigate

urban settings.

• Exploitation of varied food types

(invertebrate, large turtles…...). 

• Apparent ease of overland movement.

River otters disappeared from the Chicago landscape for one hundred years. The otter’s re-introduction to this 

urban landscape affords the opportunity; to study an apex predator in a situation that few would have predicted. 

The initiation of the URORP is made possible with funding from Cook County Rabies and Animal Control. An 

OSU graduate student (Zack Hahn) will work full time evaluating some of the many findings yet to come. 

Pathology will be performed by the University of Illinois  
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	cook county 2021 annual report
	AEM.00484-21
	RESULTS
	Raccoon and domestic dog characteristics.
	Domestic dogs had a lower prevalence of ESC-R E. coli than raccoons, but ESC-R E. coli bacteria isolated from dogs and raccoons were not genetically distinct and in some c ...
	Probability of isolating ESC-R E. coli from raccoons sampled at public parks was higher than for raccoons sampled at private parks, but only at suburban parks.
	ESC-R E. coli bacteria isolated from raccoons sampled at public parks were not phylogenetically distinct from those isolated from raccoons sampled at private parks or from ...

	DISCUSSION
	MATERIALS AND METHODS
	Study site and design.
	Raccoon and dog sampling.
	Phenotypic characterization of ESC-R E. coli.
	Sequencing, bioinformatics, and phylogenetic analyses.
	Statistical analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

	coyotes heartworm Worsley_Tonks 2021
	Infection risk varies within urbanized landscapes: the case of coyotes and heartworm
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study area
	Heartworm transmission season
	Coyote sampling
	Heartworm screening
	Home range analysis and resident status classification
	Statistical analysis

	Results
	Onset and duration of the heartworm transmission season
	Urbanization and coyote infection risk

	Discussion
	Conclusions
	Acknowledgements
	References


	Ghost Dogs and Their Unwitting Accomplices
	Ghost Dogs and Their Unwitting Accomplices
	The Story of Human-Coyote Relations in North America
	Notes


	katie antimicrobial resist
	Importance of anthropogenic sources at shaping the antimicrobial resistance profile of a peri-�urban mesocarnivore
	1. Introduction
	2. Methods
	2.1. Study site and design
	2.2. Raccoon handling
	2.3. Phenotypic characterization of ESC-R E. coli
	2.4. Genome assembly and gene content analysis
	2.5. Assessing the plasmid- vs. chromosomal-association of ARG conferring ESC-resistance
	2.6. Phylogenetic analysis
	2.7. Statistical analysis

	3. Results
	3.1. Prevalence, richness, and characteristics of ESC-R E. coli and associated ARG isolated from raccoons
	3.2. Importance of anthropogenic sources at influencing the ESC-R E. coli profile of raccoons
	3.2.1. Urban context and season were important predictors for isolating ESC-R E. coli from raccoons
	3.2.2. Presence of a WWTP at sampling sites was an important predictor of ESC-R E. coli ST richness, but not ARG richness
	3.2.3. Presence of a WWTP influenced the probability of isolating ESC-R E.�coli carrying plasmid-associated blaCTX-M or bla...


	4. Discussion
	5. Conclusions
	Data accessibility
	Author contributions
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References


	neuroscience raccoon pub 2021
	zepeda BehavEcol coyote life experience 2021
	EIRG Report 2021 ZPP
	EIRG Report ZPP 2021 FN.pdf
	Pathologic impacts of contaminants in freshwater fish of Cook County IL.pdf

	OTTER BEHAVIORAL_SMP



