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ABSTRACT OF THE THESIS 

 

 

Parasites and the city:  

Characterizing the influence of urbanization 

 on gastrointestinal parasite communities in Los Angeles area coyotes (Canis latrans) 

by 

 

Amanda Florence Natsuko Tokuyama 

 

Master of Science in Biology 

University of California, Los Angeles, 2021 

Professor James O. Lloyd-Smith, Chair 

 

Parasites are major players in structuring communities and regulating their host populations, 

making them integral parts of any ecosystem. However, little knowledge exists on how parasites 

contribute to the biomass and biodiversity of urban systems. In this study we map the presence of 

macro- and microparasites in coyotes (Canis latrans) in the Los Angeles area and explore the 

within-host co-occurrence patterns of the parasites identified in this region. This is the first study 

to characterize the parasite community and demonstrate the key impacts of urbanization on 

parasitism in southern California coyotes. We found that parasite presence is significantly 

influenced by urbanization measures, suggesting that parasites are absent from highly urbanized 

spaces due to differences in abiotic and biotic factors that govern the ecology of hosts and the 
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survival of parasites. This work demonstrates the importance of studying parasites and 

emphasizes the insights they provide on the health of urban ecosystems. 
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“Life is hard. Then you die. Then they throw dirt in your face. Then the worms eat you.  
Be grateful it happens in that order.” 

 
- David Gerrold 
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Introduction 

While cities appear to be harsh environments that cannot support diverse wildlife communities, 

in reality they are the newest and fastest growing ecosystems on earth. Cities are mosaics of 

built-up areas (e.g., buildings, roads, industrial parks), green spaces (e.g. parks, golf courses, 

lawns and gardens), and aquatic habitats (e.g., reservoirs, streams and rivers, sewers) that come 

together to build a tapestry of habitats that encompass a wide array of community assemblages 

and species interactions (Dearborn & Kark, 2010; Secretariat of the Convention on Biological 

Diversity, 2012; Tanner & Adler, 2013c). Within this mosaic, habitat quality, quantity, and 

pattern vary widely, thus creating ecological opportunities for some species while extirpating 

others.  

 

Species can be broadly classified as urban avoiders, utilizers, or dwellers (using terminology 

from Fischer et al. (2015)), which is determined in part by key behavioral traits that dictate their 

propensity to occupy urban habitats (McIntyre, 2014). In particular, urban avoiders typically 

have more specialized diets, larger space requirements, or are more restrictive in their tolerance 

of certain abiotic conditions. These qualities make urban avoiders rare in cities, but they may 

persist in urban-adjacent natural areas (e.g., mountain lions (Puma concolor) in Santa Monica 

Mountains National Recreation Area) (Beier et al., 2010; Faeth et al., 2011; McKinney, 2006). 

Urban utilizers exist at the urban-wildland ecotone. They often benefit from having access to 

natural food sources but are able to adapt to life at this junction and will frequently utilize 

anthropogenic resources (e.g., white-tailed deer (Odocoileus virginianus)). Their “in-

betweenness” likely fosters novel host interactions and these species may act as a link between 

exploiters and avoiders (MacGregor-Fors, 2010; Tanner & Adler, 2013a; Weinstein et al., 2019). 
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In contrast, urban dweller species are behaviorally flexible, making them less fearful and more 

easily adaptable to a variety of habitats and resources, which allows them to thrive in highly 

disturbed sites like the urban core (e.g., rock pigeons (Columba livia) (Fischer et al., 2015; 

Tanner & Adler, 2013a). Because of their generalist nature (both in terms of diet and habitat 

use), urban exploiters may be highly successful in competitively excluding species within the 

same guild. As a result, biotic homogenization of species composition and community 

functionality can occur (McKinney, 2006; Olden et al., 2004; Tanner & Adler, 2013a). 

 

While traditional food webs may present evidence of strong homogenization within urban 

environments and thus predict dire consequences for the diversity and resilience of these 

ecosystems, they rarely include a large class of organisms that structure communities and 

regulate populations worldwide: parasites (Lafferty et al., 2008). Nearly every species is host to 

at least one parasite species, and parasitism has independently evolved at least 223 times in the 

kingdom Animalia alone (Price et al., 1986; Weinstein & Kuris, 2016). Parasites, first and 

foremost, directly affect the fitness of their host individual. In particular, they can reduce host 

fitness by interfering with host growth or reproduction, or they can positively influence host 

fitness by competing with other more virulent parasites within the host (Budischak et al., 2018; 

Hudson et al., 2006; Poulin, 2001). Parasites can also regulate the size and growth rate of the 

local host population by reducing survival of hosts or reducing or preventing reproduction 

(Anderson & May, 1978; Marcogliese, 2004). The effects of parasites within communities are 

more complex because parasites can influence distinct host species in different ways, which can 

mediate competition, predation, and other trophic interactions between hosts. In acting as 

regulators of these interactions, parasites also affect nutrient and energy cycling within an 
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ecosystem, and thus their presence, absence, and abundance serve as useful indicators of 

community functioning and ecosystem health (Marcogliese, 2004, 2005; Hudson et al., 2006; 

Anderson & May, 1978; Dougherty et al., 2016; Wood & Johnson, 2015).  

 

Macroparasites, such as helminths and parasitic arthropods, are particularly well suited to help 

understand the subtle impacts parasites can have on the structure and function of an ecosystem, 

given that they often possess complex life cycles involving multiple host species. They can shed 

light on the consumer-resource dynamics within an ecosystem as the presence or absence of 

macroparasites reflects the trophic interactions and diet of the species comprising the local food 

web (Lafferty et al., 2008). In particular, macroparasites can demonstrate both persistent and 

temporary ecological interactions, seasonal diet shifts, and trophic specializations (Lafferty et al., 

2008; Marcogliese, 2004; Wood & Johnson, 2015).  

 

The simultaneous occurrence of multiple species of parasites within a host, or co-infection, is 

commonplace in natural systems. Examining interactions between parasites can be useful in 

understanding the disease dynamics of a system and how they may affect population structure. 

Synergistic or antagonistic interactions between infecting parasites can alter both within-host 

infection dynamics and between-host transmission (Ezenwa, 2016; Hoarau et al., 2020; Rigaud 

et al., 2010; Vaumourin et al., 2015). Interactions between parasites can drive host heterogeneity 

in infection intensity, immune response, and susceptibility to other infections (Cattadori et al., 

2008). The variation in within-host infection dynamics results in variation in individual host 

fitness and severity of disease, which can in turn affect host behavior, their interactions within a 
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population or community, and their potential to transmit parasites (Lass et al., 2013; Lopes et al., 

2016; Megía-Palma et al., 2020).  

 

Given the large impact of parasites on ecosystem functions, there is untapped potential to utilize 

parasites as sentinels of community structure and function within urban ecosystems. By 

comparing urban and non-urban hosts and their parasites we can further disentangle interactions 

that structure urban communities and explore the impacts on wildlife health. This thesis aims to 

describe the prevalence and diversity of parasites to aid in understanding the parasite ecology of 

an urban system. By examining spatial patterns of parasite infection and co-occurrence of 

parasites within coyotes (Canis latrans) from the greater Los Angeles area, I explore the 

potential influences of urbanization on parasitism and what these patterns can tell us about the 

health of an urban ecosystem. 

 

Background 

Study Area and Focal Species 

The greater Los Angeles area encompasses five counties and is characterized by a wide diversity 

of habitats, including mixed chaparral, coastal sage scrub, oak woodland, riparian areas, and 

introduced annual grasslands (FIGURE 1). With over 18.7 million residents, it is the second 

largest metropolitan area in the United States (US), and the city of Los Angeles itself is one of 

only two megacities in the US (United Nations Department of Economic and Social Affairs, 

2019; U.S. Census Bureau, 2020). This region is bordered by the Los Padres, Angeles, and San 

Bernardino National Forests and contains the world’s largest urban national park, Santa Monica 

Mountains National Recreation Area. This region is home to a diverse group of mammalian 
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carnivores including mountain lions (Puma concolor), bobcats (Lynx rufus), coyotes (Canis 

latrans), raccoons (Procyon lotor), gray foxes (Urocyon cinereoargenteus), opossums (Didelphis 

virginiana), and striped skunks (Mephitis mephitis), which vary in their tolerance to 

urbanization. 

 
FIGURE 1. Map of land cover across the greater Los Angeles area. The greater LA area is comprised of the 
Oxnard-Thousand Oaks-Ventura, Los Angeles-Long Beach-Anaheim, and Riverside-San Bernardino-Ontario 

Metropolitan Statistical Areas (outlined in red) and includes Ventura, Los Angeles, San Bernardino, Riverside, and 
Orange Counties (2015 Land Cover of North America at 30 Meters, 2020; North American Atlas-Political 

Boundaries, 2010, p. 2015; California Department of Forestry and Fire Protection, 2021; GEBCO Compilation 
Group, 2020; U.S. Department of Commerce, U.S. Census Bureau, Geography Division (Originator), 2018; US. 

Geological Survey (USGS), 2019b; Yang et al., 2018). 
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Coyote Ecology 

Coyotes (Canis latrans) are crepuscular, mid-sized canids that are widely distributed across most 

of North America. They are highly adaptable and occupy a wide range of habitat types from 

grasslands and deserts to montane forests and even cities. They are generalist omnivores with 

much of their natural diet consisting of small- to medium-sized mammals including rabbits, 

squirrels, and other small rodents (Bekoff & Gese, 2003). They will also consume birds, fruit, 

insects, ungulates, and anthropogenic resources, such as human trash and occasionally domestic 

pets (Bekoff, 2001; Bekoff & Gese, 2003; Gehrt & Riley, 2010; Larson et al., 2015). Although 

coyotes can be solitary, they generally form packs of two to seven animals that consist of a 

dominant reproductive pair and their recent offspring (Bekoff, 2001; Bekoff & Gese, 2003). 

Packs maintain territories that are on average 17.5 km2 but can range from 3 to 42 km2, with the 

size of the territory being highly dependent on resource availability and population density 

(Gehrt & Riley, 2010). 

 

Coyotes have become ubiquitous in cities across the US and have been reported in the New 

York, Los Angeles, Chicago, Denver, and Portland metropolitan areas, among others (Gehrt et 

al., 2011; Gehrt & Riley, 2010; Nagy et al., 2017; Poessel et al., 2017; Rasmussen, 2015). As 

coyotes are able to alter their behaviors to live in close proximity to humans but tend to avoid 

areas with substantial human presence, they can be classified as urban adapters (Bateman & 

Fleming, 2012; Gehrt, 2007). Urban coyotes tend to shift their activity patterns to be primarily 

nocturnal, and they generally occupy natural areas adjacent to urban development (e.g., large 

parks). Some coyotes are able to maintain territories within the urban core as long as they have 

access to small natural habitat patches or altered open space such as golf courses or cemeteries. 
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Urban coyotes generally form packs of similar sizes to their rural counterparts but maintain 

reduced territories with an average home range size of 13.4 km2 (Gehrt & Riley, 2010). Within 

the Los Angeles area, average home range size is reported as even smaller at 4.96 km2 (Riley et 

al., 2003). 

 

Coyotes and their Parasites 

Over the last century, coyotes across North America have been reported to carry a wide diversity 

of intestinal helminth parasites (TABLE 1), with reports of cestodes of the genera Taenia and 

Mesocestoides being particularly common. Of those reported, the nematode parasites Toxocara 

canis, Trichurus vulpis, Toxascaris leonina, and Ancylostoma caninum, and the cestodes 

Echinococcus granulosus and E. multilocularis, are of significant public health and veterinary 

concern due to their potential to cause severe disease. However, most other reported species are 

not known to cause severe pathogenesis in humans, domestic animals, or wildlife except in the 

case of high intensity infections.  

 

In addition to intestinal helminths, coyotes are also known to carry a variety of bacterial, viral, 

fungal, and protozoan parasites as well as ectoparasites and non-intestinal helminths. Reports of 

heartworm (Dirofilaria immitis), canine parvovirus (CPV), canine adenovirus (CAV-1), 

sarcoptic mange, and canine distemper virus (CDV) are fairly common (Almberg et al., 2009; 

Bekoff, 2001; Chitwood et al., 2015; Grinder & Krausman, 2001; Sacks et al., 2003).  

 

Extensive literature reports co-infections in coyotes, particularly in studies focused broadly on 

their macroparasitic infections. For example, Luong et al. (2018) recently surveyed Alberta 
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coyotes and found that all coyotes within their study that were infected with Echinococcus 

multilocularis were co-infected with at least one other helminth, most often a nematode. 

However, it is rare that studies examine how these parasites interact with one another or discuss 

the potential consequences of these co-infections on individual health or disease dynamics at the 

population and community levels. 

 

Literature on intestinal helminths of California coyotes is sparse, with no prior studies reporting 

specifically on southern California. Four studies have reported on coyote parasites in California, 

focusing on several northern California and Central Valley counties (Liu et al., 1970; Padgett et 

al., 2005; Romano et al., 1974; Voge, 1955b). However, these studies do not report broadly on 

intestinal helminths across taxonomic groups, only documenting the cestodes E. granulosus, 

Taenia (including T. pisiformis and T. serialis), and Mesocestoides. Comparatively, much more 

work has been done on other coyote parasites including tick-borne diseases, heartworm, mange, 

and other pathogens of veterinary concern (e.g., CPV, CDV) (Cypher et al., 1998; Foley et al., 

2005; Pusterla et al., 2000; Reddell et al., 2021; Sacks et al., 2003; Thomas & Hughes, 1992; 

Weinmann & Garcia, 1980). Reports on microparasite prevalence from the greater Los Angeles 

area are equally sparse. Los Angeles area coyotes have been surveyed for plague (Yersinia 

pestis), Ehrlichia spp., and Anaplasma phagocytophilum, but information on other 

microparasites of coyotes has yet to be reported (Foley et al., 2005; Pusterla et al., 2000; Thomas 

& Hughes, 1992). To our knowledge, no study has considered co-infection patterns of Los 

Angeles coyotes. 
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TABLE 1: Commonly reported gastrointestinal helminths in North American coyotes (1944-2019). Here Taenia spp. and Alaria spp. include reports of less 
common species as well as studies that only reported to genus. 

Species Locations Transmission Intermediate Host Definitive Host References 

Group: Cestoda 

Dipylidium caninum FL, IA, KS, NE Trophic fleas, lice canids, felids [2,18,20,44] 

Echinococcus granulosus AB, CA, MB, ME, ON, WY Trophic ungulates canids [16,25,32,41,45-46,48] 

Echinococcus multilocularis AB, BC, IA, MB, MN, MT, ND, NE, 
ON, QC, SD, SK Trophic rodents canids 

[17,28,30-
31,33,44,46,48-49,53] 

Mesocestoides spp. AB, AK, AZ, CA, KS, MT, NL, OH, 
ON, PE, SD, TX, UT, VA Trophic 

arthropod (1st); 
mammals, birds, 
herptiles (2nd) 

carnivores 
[5,7,9,11-12,16,18,22-
23,25,36,37,39-
40,44,47,49,57-59] 

Taenia hydatigena AB, AZ, IA, MB, MN, NE, NL, ON, 
SD, UT Trophic ungulates canids [5,7,9,12-

13,16,22,25,44,46-47] 

Taenia pisiformis 
AB, AZ, CA, FL, IA, KS, MB, MN, 

MT, NE, NL, OH, OK, ON, SD, 
TN, TX, UT 

Trophic lagomorphs canids 
[2,5,7,9,11-14,16,18,21-
25,33,37,39-40,43-44,46-
47,49-50,56] 

Taenia spp.* 
AB, AZ, CA, FL, GA, IA, IL, MB, 

MN, MT, NE, NL, NS, NY, OH, 
PA, PE, SD, TX, UT, VA 

Trophic variable variable 
[3,5,10-11,15,19-21,26-
27,31,33,36,37,43,46-
47,49,51,54-55,59] 

Group: Nematoda 

Ancylostoma caninum 
AB, AZ, FL, GA, IA, IL, KS, MN, 

MT, NC, NE, PA, SC, SD, TN, 
TX, UT, VA 

environmental, 
direct none carnivores 

(primarily canids) 

[3-4,8-10,11-
15,18,20,23-26,31,34-
36,38-40,43-
44,47,49,52,55-56 

Toxascaris leonina 
AB, AZ, IA, KS, MB, MT, NE, NL, 

NY, PA, SD, TN, TX, UT, VA, 
WA 

direct, paratenic rodents carnivores 
[2,4-7,9,12,15,18-19,23-
25,27,31,33,36,39-40,43-
44,46-47,49,52,54,56] 
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Species Locations Transmission Intermediate Host Definitive Host References 

Toxocara canis AB, FL, IA, NE, NL, NY, PA, PE, 
SD, UT, VA, WA 

direct, 
paratenic, 
vertical 

mammals, birds canids [5-6,9-10,19-
20,25,27,36,44,47,52,59] 

Trichuris vulpis AB, FL, GA, IA, IL, KS, NC, NE, SC, 
TN, TX, VA Direct None canids 

[2-
3,8,10,15,18,20,26,31,34,
36,39-40,44,56] 

Uncinaria stenocephala AB, FL, GA, IA, IL, MB, MT, NE, 
NL, NY, PA, PE, SD 

environmental, 
direct none carnivores 

[3-5,19-20,25-
27,29,31,33,44,46-
47,49,59] 

Group: Trematoda 

Alaria spp.† AB, FL, MB, MN, MT, OH, PE, SK, 
TX, VA 

trophic, 
paratenic 

snails (1st); 
amphibians (2nd); 
snakes, mice, 
birds (paratenic) 

carnivores 
[1,11,13-
14,20,23,25,33,36,38,40,
43,46,49,55,59] 

Group: Acanthocephala 

Oncicola canis AZ, SD, TX Trophic 
unknown arthropod 

(1st); turkeys, 
armadillos (2nd) 

carnivores [12,23,39-40,42-43,47] 

* Less commonly reported Taenia species included: T. crassiceps, T. krabbei, T. laticollis, T. macrocystis, T. multiceps, T. rileyi, T. serialis, and T. taxidiensis [3,5,710-
11,13,15,19-20,26-27,31,33,36-37,43,46-47,49,51,54-55,59] 

† Less commonly reported Alaria species included: A. americana, A. arisaemoides, A. marcianae, and A. mustelae [1,11,13-14,20,23,25,33,36,48,40,43,46,49,55,59] 

[1] Allen & Mills, 1971; [2] Ameel, 1955; [3] Banks, 2019; [4] Bixel, 1995; [5] Bridger et al., 2009; [6] Brown, 2018; [7] Butler & Grundmann, 1954; [8] Chitwood et al., 2015; [9] Condor & 
Loveless, 1978; [10] Conti, 1984; [11] Davidson et al., 1992; [12] Drewek, 1980; [13] Erickson, 1944; [14] Foster et al., 2003; [15] Franson et al., 1978; [16] Freeman et al., 1961; [17] Gesy et al., 
2014; [18] Gier & Ameel, 1959; [19] Gompper et al., 2003; [20] Grigione et al., 2014; [21] Grinder, 1999; [22] Grundmann, 1958; [23] Henke et al., 2002; [24] Hirsch & Gier, 1974; [25] Holmes & 
Podesta, 1968; [26] Keener, 1981; [27] Kindlin et al., 2013; [28] Kotwa et al., 2019; [29] Krull, 1969; [30] Leiby et al., 1970; [31] Liccioli et al., 2012; [32] Liu et al., 1970; [33] Luong et al., 2018; 
[34] Miller et al., 2009; [35] Mitchell & Beasom, 1974; [36] Montague, 2014; [37] Padgett et al., 2005; [38] Pence et al., 1988; [39] Pence & Meinzer, 1979; [40] Pence & Windberg, 1984; [41] 
Pipas et al., 2021; [42] Price, 1928; [43] Radomski & Pence, 1993; [44] Redman et al., 2016; [45] Romano et al., 1974; [46] Samuel et al., 1978; [47] Schitoskey, 1980; [48] Schurer et al., 2012a, 
[49] 2018; [50] Seesee et al., 1983; [51] Self & McKnight, 1950; [52] Shutler et al., 2021; [53] Smith, 1967; [54] Sugden et al., 2020; [55] Thompson et al., 2009; [56] Thornton et al., 1974; [57] 
Van Den Bussche et al., 1987; [58] Voge, 1955a, [59] 1955b; [60] Wapenaar et al., 2013) 
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Impacts of Urbanization on Wildlife Disease 

Urbanization can alter host-parasite relationships in several ways. Landscape modification can 

first alter community assemblages, introducing new species (humans, domestic animals, 

invasives) and extirpating others, thus altering species interactions (McIntyre, 2014). Novel or 

altered interactions can lead to spillover (transmission of a parasite to novel host) and spillback 

(transmission of infection back to potential maintenance host). This not only can introduce novel 

pathogen into a susceptible population or into new competent hosts but can also increase the 

disease burden in an established maintenance host (Daszak et al., 2000; Fagre et al., 2021; Riley 

et al., 2004, 2014).  

 

Additionally, high host densities and clumping of resources can increase contact rates between 

hosts and pathogens (Prange et al., 2003; Riley et al., 2014). When co-infecting parasites act 

synergistically to alter shedding of one or both parasites, contact rates can be further increased. 

For example, infection with a respiratory bacteria and a gastrointestinal helminth in laboratory 

mice led to increased shedding of helminth eggs and high bacterial loads (Lass et al., 2013). 

Humans contribute to resource clumping by intentionally and unintentionally feeding wildlife 

through sources such as compost heaps, unsecured trash, pet food left outside, and bird feeders 

(Murray et al., 2016). Aggregation of wildlife around these anthropogenic food sources creates 

ideal conditions for parasite transmission as they increase both direct and indirect contact rates 

with other wildlife hosts. Thus, in some cases it is suggested that supplemental feeding can 

increase prevalence of disease in urban wildlife populations (Hines et al., 2007; Murray et al., 

2016).  
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Finally, urbanization can create high stress environments for wildlife due to increased 

disturbance in the form of noise pollution, vehicular traffic, and general human activity 

(Ditchkoff et al., 2006). As physiological stress has been linked to decreased immune function 

(Glaser & Kiecolt-Glaser, 2005), this can have implications for altered parasite transmission. 

With a weakened immune system, wildlife are more vulnerable to single or multiple infections, 

which can further impact immune function (Cox, 2001). Macroparasites and microparasites are 

known to trigger different immune responses (T helper lymphocytes 1 vs 2) within a host, and it 

is thought that infection with one downregulates the immune response to the other (Bradley & 

Altizer, 2007; Cox, 2001; Jolles et al., 2008).  

 

Despite the staggering rate of urbanization across the globe, urban disease ecology has only 

recently gained significant traction, with published studies increasing 80% over the past decade 

(Collins et al., 2021). However, studies previously conducted have yet to find a consistent 

relationship between urbanization and wildlife infectious disease prevalence and intensity 

(Becker et al., 2015; Bradley & Altizer, 2007; Brearley et al., 2013; Mackenstedt et al., 2015; 

Murray et al., 2019). It is particularly difficult to unravel general patterns given the range of 

transmission types (e.g., direct, indirect, trophic, vector-borne) among infectious disease-causing 

agents as well as the range of hosts they infect and the response of those hosts to urbanization 

(Brearley et al., 2013). For example, raccoons (Procyon lotor) are typically found at higher 

densities in urban areas which can facilitate the spread of the rabies virus, leading to increased 

prevalence and higher risk of outbreaks and spillover (Prange et al., 2003; Reynolds et al., 2015). 

In contrast, Giardia spp., a protozoan parasite that requires contaminated soil, water, or food for 

transmission, shows reduced prevalence and intensity with increasing anthropogenic alteration to 



 

13 

 

the landscape in long-tailed macaques (Macaca fascicularis), likely as a result of better 

sanitation in these areas and provisioned food and water (Lane et al., 2011).  

 

In addition to inconsistent patterns, several areas within this emerging field remain severely 

understudied. Few studies have been conducted specifically on the effects of urbanization on 

helminth parasites, but notable examples include work done on Echinococcus multilocularis in 

urban red foxes (Vulpes vulpes) in Zurich (Switzerland) as well as Baylisascaris procyonis in 

raccoons from urban locations in the midwestern United States (Hegglin et al., 2007; Page et al., 

2008). These studies generally focus on single parasites, and it is very rare that urban studies 

examine co-occurrence patterns among multiple helminths or co-infection patterns between 

micro- and macroparasites. One such study found that helminth infracommunity diversity in 

Eurasian blackbirds (Turdus merula L.) in the Czech Republic is lower in urban sites when 

compared to forested sites (Sitko & Zaleśny, 2014). However, to our knowledge, few other 

studies report within host diversity in urban populations. 

 

Methods 

Necropsy, Microscopy, and Helminth Identification 
Forty coyote carcasses were collected between 2017 and 2020 from the greater Los Angeles area 

(FIGURE 2, TABLE S1). Most carcasses were collected as a consequence of vehicular 

collisions or wildlife removals through existing collaborations with the California Wildlife 

Center (CWC), the US Department of Agriculture Animal and Plant Health Inspection Service 

(USDA APHIS), the Los Angeles County Department of Animal Care and Control (LADACC), 

and the National Park Service (NPS). Coyote carcasses were brought to the University of 
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California, Los Angeles for postmortem examination and were frozen at -20°C for at least 24 

hours prior to necropsy.  
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FIGURE 2. Map of carcass collection locations and impervious surface (N = 40). Each point represents and individual coyote collected from that location. 
Points are colored by the proportion of impervious surface above 50% within their 5km2 buffer. Areas shaded in light grey represent developed areas whereas 

areas shaded white represent natural areas (including grassland, mixed scrub, etc.). Dark grey lines represent US highways and light grey lines represent primary 
and secondary roads (California Department of Forestry and Fire Protection, 2021; ESRI Data & Maps, 2015; North American Atlas-Political Boundaries, 2010; 

U.S. Department of Commerce, U.S. Census Bureau, Geography Division (Originator), 2018; US. Geological Survey (USGS), 2019b). 
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During necropsy, we conducted a full external examination during which we collected 

morphometric data, hair, whiskers, and any ectoparasites present, described any external wounds, 

and determined body condition. Body condition is a subjective score ranging from 1 

(underweight) to 5 (overweight) based on the external appearance and feel of body fat on an 

animal (Baldwin et al., 2010). Each coyote was assigned a sex and age class (pup, juvenile, or 

adult). Pups were defined as animals 3 months or younger, juveniles were classified between 4 

months and 1 year old, and adults were any individual older than 1 year. We estimated age using 

tooth eruption and wear according to Gier (1968). One individual was not given an age estimate 

(1 adult female), and no pups were included in this study. 

 

We then performed internal examinations, during which all organs were assessed for trauma or 

abnormalities and additional samples were taken. We collected 3 cm by 3 cm samples of liver, 

kidney, and spleen, the entire bladder, and 5 g of feces into Whirl-Pak® sample bags. In 

addition, 0.5 cm by 0.5 cm samples of tongue, liver, and heart muscle were placed into 2 mL 

cryovials filled with 95% ethanol. We collected blood or urine, when available, in 2 mL 

cryovials. All samples were stored at ₋80°C until analysis. Fecal samples were tested for 

evidence of genetic material (an indicator of active infection) from microparasites using the 

Canine Diarrhea RealPCR™ Comprehensive Panel (IDEXX Reference Laboratories, USA), 

which tests for the presence of nucleic acid (DNA or RNA) of bacteria (Campylobacter coli, 

Campylobacter jejuni, Clostridium difficile, Clostridium perfringens (alpha toxin and 

enterotoxin), and Salmonella spp.), viruses (canine circovirus, canine distemper virus (CDV), 

canine enteric coronavirus (CECoV), and canine parvovirus 2 (CPV-2)), and protozoan parasites 

(Cryptosporidium spp. and Giardia spp.). Homogenized kidney samples were tested for DNA of 
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Leptospira interrogans using real-time PCR (Colorado State University Veterinary Diagnostic 

Laboratory, Fort Collins, CO). 

 

During necropsy, we tied off the pyloric and lower esophageal sphincters of the stomach with zip 

ties to keep the stomach contents intact, and the stomach was stored at -20°C for diet content 

analysis. Finally, we sealed the intestinal tract from the pyloric sphincter to the anus using zip 

ties and either examined it immediately or stored it at -20°C until it could be processed. During 

processing, we removed intestinal content using methods from Justine et al. (2012), preserved it 

in 70% ethanol, and stored it in 16 oz high-density polyethylene jars in a refrigerator until it 

could be examined. All necropsies and sample collection were performed by a team of trained 

undergraduates under my supervision. I performed the parasite collection independently. 

 

I later examined the extracted intestinal content under stereomicroscope and removed, counted, 

and sorted all helminths found by major grouping (cestode, nematode, trematode, 

acanthocephalan). Collected specimens were stored in glass vials at -20°C in 70% ethanol. 

Following morphological or genetic identification, all samples were assigned the lowest 

taxonomic classification possible, with most samples classified to at least the genus level. 

Morphological identification of nematodes was performed with the aid of Dr. Mike Kinsella 

(pers. comm.) of Helm West Laboratory (Missoula, MT). Nematodes were first cleared and 

mounted in 80% phenol and then observed under a compound microscope to look for identifying 

features. Morphological identification of cestodes was performed by Dr. Ralph Appy (pers. 

comm.) of the Cabrillo Marine Aquarium through rostellar squashes using Chick’s mounting 

medium. Rostellar hooks (attachment structure at the apical end of a tapeworm scolex) were 
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measured and compared to existing data from Gubányi (1995) and Loos-Frank (2000) using a 

Multi-Dimensional Scaling (MDS) analysis (FIGURE S1) as described by Padgett et al. (2005) 

to classify species. Genetic sequencing of cestodes was performed by Dr. Vasyl Tkach (pers. 

comm.) of the University of North Dakota using protocols as described by Tkach & Pawlowski 

(1999). Preliminary phylogenetic trees to show relatedness between samples were constructed in 

MEGA7 using maximum likelihood based on mitochondrial 12S sequences under 100 bootstraps 

(Kumar et al., 2016) (FIGURE S2). 

 

Statistical Analyses 

All statistical analyses were performed in R 4.1.0, and all geospatial data were prepared and 

visualized using ArcMap Desktop 10.6 (ESRI Inc., 2017; R Core Team, 2021). Infection 

prevalence, intensity of infection, and abundance were estimated for each major taxonomic 

group, genus, and species of helminth. 

 

The proportion of infected individuals within the host population (prevalence) was calculated 

along with exact binomial CIs (reported as Clopper-Pearson intervals) using the R package 

PropCIs (Reiczigel et al., 2019; Scherer, 2018). Mean and median intensity, or the number of 

individual parasites within each infected host, were calculated for all helminth groups, 

subgroups, and species of parasite identified. To correct for bias and skewness, bias-corrected 

and accelerated (BCa) bootstrap CIs were applied to mean values using the R package bcaboot 

(Efron & Narasimhan, 2020; Efron & Tibshirani, 1994; Reiczigel et al., 2019; Rózsa et al., 

2000). Exact CIs for median values were calculated using the R package DescTools, which 

performs a one-sample sign test to construct the shortest interval that reaches the 95% confidence 
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level (Reiczigel, 2003; Rózsa et al., 2000; Signorell, 2021). In addition, mean abundance, or the 

number of individuals of a particular parasite taxon within all coyotes (including uninfected 

individuals), was determined, and BCa bootstrap CIs were estimated. In some cases BCa 

bootstrap CIs were unable to be estimated due to small sample size and thus a small set of 

possible bootstrap samples (Chernick, 2011). Finally, I used the mean and maximum 

infracommunity species richness (ICR) and Simpson’s diversity index to describe the 

infracommunity diversity (Reiczigel et al., 2019). Prevalence of parasites from the IDEXX panel 

and their exact binomial CI was calculated using the same methods as prevalence of 

macroparasites. 

 

To examine the influence of demographics, morphometrics, and health status on parasite 

intensity, I used the variables sex, age class, co-infection status, body length (cm, without tail), 

weight (kg), and body condition score. Binary values were used to represent the categorical 

variables sex, age class, and co-infection status. As body condition score is a subjective measure, 

it was redefined as a quantitative measure referred to as weight-length (WL). Three individuals 

did not have recorded weights so the median weight of coyotes with matching body condition 

score and sex was used as a proxy for their weight. Then the ratio of weight to body length was 

calculated and scaled to be between 0 and 1. 

 

I explored co-occurrence patterns to investigate possible interactions between macroparasites and 

microparasites (macro-macro, micro-micro, macro-micro). Individuals that were tested for fecal 

pathogens using the IDEXX panel (N = 32) were included in co-occurrence analysis between 

micro- and macroparasites, and all 40 hosts were included in assessing co-occurrence within the 
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macroparasite group. To assess co-occurrence patterns, I used binary parasite occurrence data as 

well as abundance data to create undirected Markov Random Fields (MRF) graphical networks, 

treating hosts as individual sites. Using the R package MRFcov, I estimated the strength of 

association between parasites through pairwise species-specific regressions that were 

individually optimized through cross-validated LASSO variable selection (Clark et al., 2018; 

Hernández-Lemus, 2021). Significant (p < 0.05) regression coefficients were scaled by the input 

coefficient’s standard deviation and are reported as the association coefficient between pairs.  

 

Geospatial data were prepared in ArcMap 10.6, and analysis was conducted in R (Version 4.1.0) 

using exported geo-data (ESRI Inc., 2017; R Core Team, 2021). Coyote collection locations 

were assigned a 5 km2 circular buffer to create a simulated home range as this is the previously 

reported average home range size for this area (Riley et al., 2003). All buffers were clipped to the 

coastline where appropriate. I transformed the 2016 NLCD impervious surface raster (30 meter x 

30 meter pixels) to a polygon using the Raster to Polygon tool (US. Geological Survey (USGS), 

2019a). Finally, I used the Intersect tool to calculate the geometric relationship between the 

impervious surface layer and the buffers. This produced a shapefile that contained all impervious 

surface values within each buffer for all coyotes. As urban adapters, coyotes can persist across a 

range of imperviousness, thus I calculated the proportion of pixels within each buffer where 

impervious surface values were greater than 50% and used these values as the measure of the 

“urban-ness” of a coyote’s buffer (Bateman & Fleming, 2012). These estimates were 

subsequently used as model predictors. 
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The abundance of parasites within hosts tends to be overdispersed and is typically assumed to 

follow a negative binomial distribution, as is observed in this dataset when accounting for overall 

abundance (FIGURE 4) (Anderson & May, 1978). However, as some parasites were rarely 

found, some of the groupings were heavily inflated by zeros. As such, to examine the 

relationship between parasite abundance within hosts and the urbanization proxy (proportion 

impervious surface over 50% within a 5 km2 buffer of the collection location (Prop_50)), a 

Hurdle model was applied separately to parasites (genera/species, group, all data combined). 

Hurdle models are particularly useful if the mechanisms driving presence are different than those 

driving abundance (Steel et al., 2013). The first component of the Hurdle model fits a logistic 

regression to assess whether the covariates influence the presence of parasites (presence/absence 

model). Subsequently, a negative binomial regression with all zeros removed (zero-truncated 

count model) is fit using intensity data (Potts & Elith, 2006). To control for effects of sex, age 

class, body condition (WL), and co-infection status (CO), both components of the Hurdle model 

included these three model predictors as well as the proportion of impervious surface above 

50%.  

 

Data Availability 

All code, data, and other materials needed to reproduce the figures and analysis in this thesis are 

provided online on the GitHub repository: https://github.com/aftokuyama/urban-parasitism. 

 

Results 

Necropsied coyotes included 18 females (45%) and 22 males (55%) and ranged in age from 

approximately 6 months to 8 years with 7 juveniles (20%) and 33 adults (82.5%) (TABLE S1, 

https://github.com/aftokuyama/urban-parasitism
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FIGURE 3). Of the 40 coyotes sampled for gastrointestinal helminths, 32 had associated fecal 

samples that were tested for fecal pathogen DNA (an indicator of active infection), and 34 had 

associated kidney samples that were tested for L. interrogans DNA.  

 

 

FIGURE 3. Distribution of coyote (N = 40) sex and age class by sampling year. Eighteen females (left) and 
twenty-two males (right) were collected, consisting of 7 juveniles (yellow) and 32 adults (orange). 

 

Taxonomy and Genetic Typing 

Identified helminths included: cestodes of genera Taenia and Mesocestoides and species 

Dipylidium caninum, and nematodes of genera Toxocara and Toxascaris and species 

Ancylostoma caninum and Uncinaria stenocephala. Two individual helminths were unable to be 

identified beyond group (cestode, nematode) and one beyond subgroup (ascarid). No specimens 

from class Trematoda or the phylum Acanthocephala were found. 
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NAD1 mitochondrial genes were sequenced from samples of Taenia (from 18/30 hosts) and 

could be broken into 2 distinct clades using maximum likelihood that are delineated here as 

Taenia sp.1 and Taenia sp.2. Sequences from the sp.2 clade were identical to previously 

sequenced NAD1 mitochondrial genes of taeniid eggs from a fecal sample of a domestic dog 

(Canis familiaris) from Alberta, Canada (GenBank accession no. JQ917875) (Schurer et al., 

2012a,b). Sequences from Schurer et al. and sp.2 were most similar to Taenia pisiformis (88% 

identical over 491 nucleotides to GenBank accession no. AJ239109) (Gasse et al., 1999; Schurer 

et al., 2012a). Sp.1 showed a 4.5% divergence in NAD1 gene sequences from sp.2 indicating 

they may be distinct but closely related species (FIGURE S2). This is consistent with 

independent morphological identification of 8 individual helminths from 5 hosts. Individuals 

from both sp.1 and sp.2 groupings had previously been identified morphologically as T. 

pisiformis based on measurement of small and large rostellar hooks (Ralph Appy., pers. comm.). 

Cestodes that were not genetically tested (from 12/30 hosts) were morphologically identified to 

genus, but whether they match sp.1, sp.2, or another species of Taenia is currently unknown. As 

species-level taxonomy is uncertain and it is not yet clear if sp.1 and sp.2 represent functionally 

distinct species, all individuals will be referred to by their clade (sp.1 or sp.2) if sequenced and 

“untyped” if only morphologically identified to genus level. 

 

Genetic testing of cestodes collected from one coyote revealed a match with 12S mitochondrial 

sequences from a previously sequenced species of Mesocestoides collected in 2005. This sample 

was from a Channel Island Fox (Urocyon littoralis) on San Clemente Island, which is 41 miles 

off the coast of southern California (GenBank accession no. DQ102744.1) (McAllister et al., 
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2018; Padgett et al., 2005). Other Mesocestoides samples (3/4) have yet to be genetically 

sequenced. 

 

Prevalence, Infection Intensity, and Abundance 

Helminths were found in 80% (32/40) of coyotes sampled (TABLE 4), and a total of 1243 

helminths were collected and identified. Overall intensity (all helminths found in hosts infected 

with at least one helminth regardless of taxonomy) ranged from 1 to 312. Mean intensity was 

38.8 (95% CI: 23.4-67.1), and median intensity was 9.5 (95% CI: 6-22) (TABLE 4). Mean 

abundance (helminth counts from all uninfected and infected hosts) was calculated to be 

31.1(95% CI: 17.4-54.1). The distribution was found to be moderately overdispersed when fit to 

a negative binomial distribution using maximum likelihood estimation with the R package 

fitdistrplus (k = 0.321 ± 0.068; FIGURE 4, FIGURE S3) (Delignette-Muller & Dutang, 2015).  

  



 

 

25 

 

 

FIGURE 4. Abundance of helminths per host (N = 40). Abundance includes all infected and uninfected individuals and represents total parasite count across 
all species found per host. Mean abundance (31.1) and bias-corrected and accelerated bootstrap confidence interval (17.4-54.1) is shown in blue. Median 

abundance (7) and exact median confidence interval (3-12) is shown in red. A negative binomial distribution was fit to these data (FIGURE S3) and shows 
moderate overdispersion (k = 0.321 ± 0.068). 
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Genera and species identified represent parasites with a range of life history strategies, and for 

which most mild to moderate infections of the identified parasites do not cause observable 

clinical signs in their hosts (Saari et al., 2019a,b; Ziegler & Macpherson, 2019). However, heavy 

abundance of all helminths reported can cause severe disease in their definitive host, especially 

in younger animals (Hawdon & Wise, 2021; Nemzek et al., 2015; Reinemeyer, 2016; Saari et al., 

2019a). Target hosts for all reported helminths are typically canids (including domestic dogs), 

but many can infect felids, other carnivores, and humans (Mariaux et al., 2017; Roberts et al., 

2013b,c; Saari et al., 2019a; Sprent, 1968; Ziegler & Macpherson, 2019). Humans are almost 

always accidental hosts and symptoms are typically mild but if clinical manifestations do appear, 

they are usually the result of tissue damage, as is the case in infections involving Toxocara 

(Appendix I) (Ziegler & Macpherson, 2019). All cestodes found have complex life cycles 

involving at least one intermediate host (commonly rodents or lagomorphs), whereas all 

nematodes found have direct life cycles and require either ingestion of eggs or larvae or 

penetration of host skin (TABLE 2) (Hawdon & Wise, 2021; Mariaux et al., 2017; Nemzek et 

al., 2015; Roberts et al., 2013b,c; Saari et al., 2019a). 
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TABLE 2. Morphology, life history, and disease features of observed helminths. Mammalian definitive hosts include canids, felids, procyonids, mustelids, 
humans; however, listed disease features focus primarily on presentation in canids. 

Parasite Morphology Disease Features Transmission References  

Cestoda: Cyclophyllidea 

Dipylidium caninum retractable rostellum; up to 
50cm length 

subclinical; abdominal pain, diarrhea, 
itching/irritation 

trophic; flea and louse intermediate [5,10] 

Mesocestoides spp. no rostellum; up to 70cm 
length 

rare unless accidentally infected as 2nd 
intermediate; peritonitis 

trophic; invertebrate arthropod 1st 
intermediate, rodent, bird, 
reptile 2nd intermediate 

[5,10] 

Taenia spp. armed rostellum; long 
strobila; vary in size 

rare; diarrhea, abdominal pain, intestinal 
obstruction 

trophic; rodent, lagomorph, 
ungulate intermediate 

[5] 

Nematoda: Ancylostomatidae 

Ancylostoma caninum large buccal cavity; 3 
prominent teeth; bursa 

anemia, lethargy, vomiting, poor weight 
gain 

direct, environmental (penetration 
of skin), ingestion of larva 

[1,3,6,9] 

Uncinaria stenocephala large buccal cavity with 
cutting plates; bursa 

intestinal disturbance, reduced weight gain, 
inflammation 

direct, environmental (penetration 
of skin), ingestion of larva 

[4,7,9] 

Nematoda: Ascarididae 

Toxascaris spp. large; 3 lips; ventriculus at 
end of esophagus 

asymptomatic; visceral larva migrans in 
humans 

direct, ingestion of eggs [2,8,11,12] 

Toxocara spp. large; 3 lips; long glandular 
esophagus 

asymptomatic in adults; coughing, 
pneumonia, diarrhea, failure to thrive in 
young animals; larva migrans in humans 

direct, ingestion of paratenic host 
or eggs, vertical 

[2,8,13] 

* More in-depth information about each parasite can be found in Appendix I 

[1] Bowman et al., 2010; [2] Esch et al., 2014; [3] Hawdon & Wise, 2021; [4] Junquera, n.d.; [5] Mariaux et al., 2017; [6] Nemzek et al., 2015; [7] Reinemeyer, 2016; [8] Roberts et al., 2013b, [9] 
2013c; [10] Saari et al., 2019a, [11] 2019b; [12] Sprent, 1968; [13] Ziegler & Macpherson, 2019 



 

28 

Cestodes were found in 77.5% (31/40) of coyotes sampled (TABLE 4). Of the cestode groups 

that received genus level classification, Taenia spp. (sp.1, sp.2, and untyped) were most 

prevalent (75%; 30/40) (FIGURE 5, TABLE 4). Taenia sp.1 was found in 32.5% of hosts 

(13/40) and Taenia sp.2 in 12.5% (5/40). Taenia sp.1 was found in 32.5% of hosts (13/40), 

Taenia sp.2 in 12.5% (5/40), and untyped Taenia in 30% (12/40). Other cestode species were less 

prevalent with Dipylidium caninum appearing in 5% of hosts (2/40), and Mesocestoides spp. in 

10% (4/40) (TABLE 4). Nematodes were found in 40% (16/40) of coyotes sampled (TABLE 4). 

Uncinaria stenocephala was the most prevalent nematode (25%; 10/40) while Ancylostoma 

caninum (2.5%; 1/40), Toxascaris spp. (2.5%; 1/40) and Toxocara spp. (5%; 2/40) were 

uncommon (TABLE 4).  
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FIGURE 5. Helminth prevalence by species. Species are colored by grouping with cestodes in blue and 
nematodes in green. Species not identified beyond genus are excluded here. 

 

Prevalence of most microparasites tested was less than 10% with the exceptions of canine 

distemper virus (CDV) (5/32, 15.6%) and Clostridium perfringens (20/32, 62.5%) (TABLE 3). 

No coyotes were positive for Cryptococcus spp., canine enteric coronavirus, canine parvovirus 2, 

Clostridium difficile, or Giardia species. 
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TABLE 3. Prevalence of non-helminth parasites. Prevalence reflects the number of positive individuals (n) 
divided by the number of individuals tested (N) and includes the 95% confidence interval. 

Parasite n N Prevalence (%) 

Campylobacter coli 1 32 3.1 (0.1-16.2) 

Campylobacter jejuni 2 32 6.2 (0.8-20.8 

Canine circovirus 3 32 9.4 (2-25) 

Canine enteric coronavirus 0 32 - 

Canine Distemper Virus (CDV) 5 32 15.6 (5.2-32.8) 

Canine parvovirus 2 0 32 - 

Clostridium difficile 0 29 - 

Clostridium perfringens* 20 32 62.5 (43.7-78.9) 

Cryptococcus spp. 0 3 - 

Cryptosporidium spp. 3 32 9.4 (2-25) 

Giardia spp. 0 32 - 

Leptospira interrogans 2 34 5.9 (0.7-19.7) 

Salmonella spp. 3 32 9.4 (2-25) 

Sarcocystis spp. (Mange) 1 40 2.5 (0.1-13.2) 

* The Canine Diarrhea RealPCR™ Comprehensive Panel tests for the presence of 
Clostridium perfringens alpha toxin, enterotoxin, and CPnetE/F genes. Here presence of 
any of the three is used to indicate active infection with the bacteria to simplify analysis. 

 

Taenia sp.1 was the most abundant species found with a total of 427 individual helminths 

observed from 13 different hosts. This species also showed the highest individual intensity of 

infection (312). Mesocestoides spp. showed the highest median intensity at 20.5 (FIGURE 6). 
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FIGURE 6. Intensity of infection by species. Boxplots (left) show median intensity with upper and lower quantiles and ridges (right) show the density of 
infection intensities across species. Points in both plots represent an individual coyote’s intensity of infection for the specified parasite. X-axis has been log 

transformed. Species not identified beyond genus are excluded here. 
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TABLE 4. Prevalence, intensity, and abundance of helminths found. Prevalence refers to the proportion of infected hosts (n/Total) where n is the number of 
infected hosts out of the 40 sampled. Intensity and abundance are measures of infectious load (total helminth counts). Intensity measures do not include 

uninfected hosts. Where confidence intervals were not reported, sample size was too small to calculate an exact binomial CI or BCa CI. 

Group Subgroup Genus Species n Prevalence (%) Intensity (mean) Intensity (median) Abundance 

Cestode    31 77.5 (61.5-89.2) 27 (16.8-61.4) 6 (4-17) 21 (11.6-42.8) 

 cyclophyllidea   30 75 (58.8-87.3) 27.9 (16.3-54.2) 7 (4-17) 20.9 (11.5-42.8) 

  Dipylidium caninum 2 5 (0.6-16.9) 3.5 (2-3.5) 3.5  0.2 (0-0.5) 

  Mesocestoides spp. 4 10 (2.8-23.7) 24.2 (5.5-40.5) 20.5  2.4 (0.6-6.4) 

  Taenia  30 75 (58.8-87.3) 24.4 (12.7-50.4) 6 (3-13) 18.3 (9.4-41.9) 

  Taenia sp.1 13 32.5 (18.6-49.1) 32.8 (8.2-103.1) 4.0 (1-23) 10.7 (2.4-34) 

  Taenia sp.2 5 12.5 (4.2-26.8) 31.0 (10.8-64.0) 13.0 3.9 (0.8-10.9) 

  Taenia untyped spp. 12 30 (16.6-46.5) 12.6 (7.8-21.4) 6.5 (4-20) 3.8 (1.9-7.1) 

Nematode    16 40 (24.9-56.7) 25.3 (6.4-62.4) 3.5 (1-12) 10.1 (2.2-24.8) 

 ancylostomatidae   11 27.5 (14.6-43.9) 35.8 (7.8-80.5) 8 (1-128) 9.8 (1.9-24.6) 

  Ancylostoma caninum 1 2.5 (0.1-13.2) 8  8  0.2 (0-0.5) 

  Uncinaria stenocephala 10 25 (12.7-41.2) 38.6 (8.3-87.4) 7.5 (1-128) 9.7 (1.7-24.7) 

 ascarididae   4 10 (2.8-23.7) 2.2 (1-3) 2  0.2 (0-0.5) 

  Toxascaris spp. 1 2.5 (0.1-13.2) 4  4  0.1 (0 -0.2) 

  Toxocara spp. 2 5 (0.6-16.9) 2 (1-2) 2  0.1 (0-0.3) 

Total    32 80 (64.4-90.9) 38.8 (23.4-67.1) 9.5 (6-22) 31.1 (17.4-54.1) 
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Co-infection & Infracommunity Diversity 
Individual coyotes were infected with 1.66 (±0.7) distinct species of helminths on average (mean 

infracommunity species richness, ICRmean), and all infected individuals experienced no more 

than 3 helminth co-infections (maximum infracommunity species richness, ICRmax). The mean 

value of Simpson’s diversity index was found to be 0.30 (± 0.21). Individual coyotes were 

infected with 1.48 (±0.65) distinct microparasite species (ICRmean), and, as with helminths, no 

individual was infected with more than 3 microparasite co-infections (ICRmax). The mean value 

of Simpson’s diversity index for microparasites was 0.53 (± 0.26). 

 

Considering patterns of co-infection, results of the Markov Random Field estimated both 

positive and negative associations between microparasites and Taenia. These patterns differed 

across species in terms of both the direction and magnitude of association (FIGURE 7). Patterns 

of association of Cryptosporidium spp. with Taenia sp.1 and sp.2 were varied. Species 2 was 

shown to have a strong positive association coefficient with Cryptosporidium spp. (x = 2.83, 

FIGURE 7), while strong negative associations were found for species 1 (x = -1.12, FIGURE 

7). For many microparasite pairs there were no clear associations observed.  
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FIGURE 7. Heatmap of macro- and microparasite association coefficients. Association coefficients were 
approximated for micro- and macroparasite presence or absence within hosts using Markov Random Fields. The 

strength of association between pairs of parasites ranges from highly associated (red) to exclusionary (blue) and is 
shown in the upper triangle of the plot. Boxes that do not contain coefficients were deemed non-significant in the 

LASSO regression. The number of co-occurrences for each parasite pair is shown in the lower triangle. The diagonal 
(black) shows the total number of occurrences for each individual parasite. Associations between micro- and 

macroparasites includes a subset (N = 32) of all coyotes that excludes individuals not tested through the IDEXX 
panel. Note that interactions between groups of Taenia are excluded as it is not currently known if multiple species 

of Taenia occurred within a single host. Species code reference can be found in TABLE S2. 
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Several macroparasite pairs showed positive associations with Taenia sp.1 and Toxocara spp. 

show the strongest association (2.55) (FIGURE 8). Interestingly, the magnitude of these 

associations was reduced when incorporating abundance into the macroparasite association MRF 

(FIGURE 8), suggesting different processes are driving the co-occurrence of macroparasites and 

the relative abundance of each within a host. For example, the two hosts with low intensity 

infections of Toxocara spp., had low level infections of Taenia sp.1 as well. This suggests the 

parasites may be acting synergistically, though, the limited number of Toxocara detections make 

it difficult to determine if these parasites are truly interacting. Alternatively, for some 

macroparasites the opposite may be occurring. For instance, Taenia sp.1 and Uncinaria 

stenocephala also see dramatic reductions in their association coefficient when incorporating 

abundances of each. However, most hosts infected with both species saw high intensities of one 

and low intensities of the other, which suggests that in this case, the parasites are acting 

antagonistically.
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FIGURE 8. Heatmap of macroparasite association coefficients, based on presence/absence (A) and abundance (B). Association coefficients were 

approximated for macroparasite abundance within hosts (N=40) using Markov Random Fields. The strength of association between pairs of parasites ranges from 
highly associated (red) to exclusionary (blue) and is shown in the upper triangle of the plot. Boxes that do not contain coefficients were deemed non-significant 
in the LASSO regression. The number of co-occurrences is shown in the lower triangle. The diagonal (black) shows the total number of occurrences (A) and the 

median intensity (B) for each parasite. Note that interactions between groups of Taenia are excluded as it is not currently known if multiple species of Taenia 
occurred within a single host. Species code reference can be found in TABLE S2. 
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Spatial Patterns of Parasitism 
Parasites were found to occur in nearly all coyotes sampled throughout the study area (80%, 

TABLE 4). The potential influence of urbanization was analyzed using the proportion of 

impervious surface above 50% in each coyote’s 5 km2 buffer (Prop_50) as a proxy for how urban 

their simulated home range was. Multiple parasite groups were analyzed according to their taxon 

and body condition (WL), sex, age class, and coinfection status (CO), and these variables were 

included in all models to control for individual effects. When all helminths are grouped, their 

presence or absence was significantly influenced by urbanization measures in a negative way 

(TABLE 5). Infected individual coyotes were found throughout the study area but tended to 

concentrate in areas of low urbanization (FIGURE 9). The zero-truncated count model found 

that higher intensity nematode infections occurred more often at low levels of urbanization 

(TABLE 5). Overall patterns indicate that while urbanization may influence the intensity of 

infection, the general presence of macroparasites is likely primarily influenced by other factors 

such as life history strategies of individual parasite species. 
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TABLE 5. Regression coefficients for impervious surface stratified by parasite grouping.  
The presence/absence model was a binomial regression that tests for effects of covariates on presence/absence of 

parasites, whereas the count model was a negative binomial regression. The count model is zero-truncated and tests 
for effects of covariates on abundance of parasites. Both models controlled for individual factors (sex, age class, 
weight-length, coinfection status). Grey shading of coefficients represents statistically significant estimates (p < 

0.05). 

Group Subgroup Species Presence/absence 
model (logit) 

Zero-truncated 
count model 

(negative binomial) 

Cestode   -4.011 1.336 

  Mesocestoides spp. -6.071 N/A 

  Taenia (sp.1, sp.2, & untyped) -1.876 1.383 

  Taenia sp.1 -1.423 -2.709 

  Taenia sp.2 2.853 N/A 

Nematode   -6.401 -5.429 

  Uncinaria stenocephala -8.249 -2.830 

 Ascarid  -1.774 N/A 

All Helminths   -5.585 -0.208 

* A supplemental table with all coefficients, standard errors, and p-values for each group tested can be found in 
Appendix II (TABLE S3) 
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FIGURE 9. Spatial distribution of helminth abundance by major grouping: cestodes (blue) and nematodes (green). Each pie chart represents an infected 
individual, while purple points indicate uninfected individuals. Size of each pie chart reflects overall abundance within each host. Areas shaded in light grey 

represent developed areas whereas areas shaded white represent natural areas (including grassland, mixed scrub, etc.). Dark grey lines represent US highways 
and light grey lines represent primary and secondary roads (California Department of Forestry and Fire Protection, 2021; ESRI Data & Maps, 2015; North 

American Atlas-Political Boundaries, 2010; U.S. Department of Commerce, U.S. Census Bureau, Geography Division, Spatial Data Collections and Products 
Branch, 2019; US. Geological Survey (USGS), 2019b). 
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As seen for all helminths, the presence of both cestodes and nematodes as major groupings 

decreased with increasing impervious surface (TABLE 5). The distribution of coyotes infected 

with cestodes of any species was concentrated more heavily in areas where urbanization is low 

(FIGURE 10, FIGURE 11). Further, infection intensity of cestodes was not associated with 

urbanization, indicating that there was little difference in cestode load within individual hosts 

between sites. Nematode infections are clearly localized to areas with lower impervious surface 

values, with only a few individuals showing infections in highly urbanized areas (FIGURE 10, 

FIGURE 12). Nematodes additionally show negative associations between infection intensity 

and the proportion of impervious surface above 50% (FIGURE 10, TABLE 5). 
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FIGURE 10. Proportion of impervious surface above 50% within individual coyote buffers and presence-absence (left) or abundance (right) of cestodes 
(blue) and nematodes (green). Each point represents an individual coyote. Presence-absence is displayed as binary values, with 0 (triangles) being absent and 1 

(diamonds) being present. A small random jitter was added in logit models (left) and the y-axis (abundance) of zero truncated models (right) was log scaled to 
better visualize point density. Models with significant (p < 0.05) proportion of impervious surface above 50% coefficients are indicated with an asterisk and 

coefficients for all covariates, including Prop_50, are in TABLE S3.  



 

42 

At the genus/species level few parasites were found to have significant associations between 

impervious surface and occurrence or abundance. As some parasites were found at very low 

prevalence, several models failed to converge under the zero-truncated count model. Uncinaria 

stenocephala was the only parasite genus/species to show significant associations and, once 

again, a negative association between impervious surface and presence of the parasite was found 

(TABLE 5). U. stenocephala (dark red) was localized to less urbanized spaces, primarily, the 

Santa Monica Mountains and additional urban adjacent habitat patches (FIGURE 12). Species 

not included in TABLE 5, including Ancylostoma caninum, Dipylidium caninum, Toxocara spp., 

and Toxascaris spp., were not found at high prevalence. As such the presence-absence and zero 

truncated count models failed to converge for these species.
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FIGURE 11. Spatial distribution of helminth abundance, for cestode species. Each pie chart represents an infected individual and purple points indicate 
uninfected individuals. Size of each pie chart reflects overall abundance within each host. Areas shaded in light grey represent developed areas whereas areas 

shaded white represent natural areas (including grassland, mixed scrub, etc.). Dark grey lines represent US highways and light grey lines represent primary and 
secondary roads (California Department of Forestry and Fire Protection, 2021; ESRI Data & Maps, 2015; North American Atlas-Political Boundaries, 2010; U.S. 

Department of Commerce, U.S. Census Bureau, Geography Division, Spatial Data Collections and Products Branch, 2019; US. Geological Survey (USGS), 
2019b). 
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FIGURE 12. Spatial distribution of helminth abundance, for nematode species. Each pie chart represents an infected individual and purple points indicate 
uninfected individuals. Size of each pie chart reflects overall abundance within each host. Areas shaded in light grey represent developed areas whereas areas 

shaded white represent natural areas (including grassland, mixed scrub, etc.). Dark grey lines represent US highways and light grey lines represent primary and 
secondary roads (California Department of Forestry and Fire Protection, 2021; ESRI Data & Maps, 2015; North American Atlas-Political Boundaries, 2010; U.S. 

Department of Commerce, U.S. Census Bureau, Geography Division, Spatial Data Collections and Products Branch, 2019; US. Geological Survey (USGS), 
2019b). 
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Discussion 

In this study, we examined the prevalence, abundance, and diversity of macro- and 

microparasites in urban coyotes in the Los Angeles area, describing patterns of co-infection and 

spatial relationships between the presence and abundance of macroparasites and urbanization. To 

our knowledge, this study is the first to describe helminth communities in coyotes in southern 

California. We found that major groups of helminths experience similar spatial patterns in the 

context of urbanization, but likely for different reasons. Urbanization likely constrains the 

presence and abundance of hosts, while also influencing host susceptibility to disease and 

altering the morbidity and mortality of disease. By comparing parasite infections at differing 

levels of urbanization, we can begin to parse ecological links and, when paired with additional 

data such as levels of toxicant exposure, look for signs of ecosystem stress, giving insights into 

community structure, biodiversity, and wildlife health. 

 

Overall, the parasite community composition across this study system was similar to those 

previously reported from coyotes in other urban locations (TABLE 1). However, Taenia, and 

cestodes more generally, were more prevalent in this study and had the highest abundances 

relative to other helminths. This pattern has not been reported in urban coyotes previously. While 

species of Taenia have been reported in urban coyotes, most of these studies the highest infection 

prevalence were seen for nematodes, particularly Toxascaris leonina and Ancylostoma caninum 

(Grigione et al., 2014; Liccioli et al., 2012; Luong et al., 2018; Watts et al., 2015). Nematode 

infections were less common in our study compared to previous studies of helminths in urban 

coyotes (Grigione et al., 2014; Liccioli et al., 2012; Luong et al., 2018; Watts et al., 2015). Most 

of these studies used feces rather than full intestinal tracts from carcasses to assess prevalence 
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and diversity, which may affect the ability to detect different species at varying life stages. In 

particular, cestode eggs are notably denser than nematode eggs, thus many traditional methods 

for flotation or sedimentation can yield false negatives (Katagiri & Oliveira-Sequeira, 2010). 

Even among studies that used carcasses and examined intestinal tracts, Echinococcus 

multilocularis was the most prevalent cestode, and nematode prevalence remained significantly 

higher than Taenia, suggesting the prevalence patterns in our system differ from those reported 

in the current literature (Liccioli et al., 2012; Luong et al., 2018). 

 

Unexpectedly, trematodes were absent from all coyotes sampled in this study, which may 

indicate lack of a suitable intermediate host in this system. In particular, the trematode genus 

Alaria is fairly common across North America and has been reported regularly in both non-urban 

and urban coyotes (Luong et al., 2018; Pence & Meinzer, 1979; Roberts et al., 2013a). They can 

be small and thus can be easy to miss under a stereomicroscope, but it is unlikely that their 

absence in our system was due to bias in observation methods. Alaria spp. have complex life 

cycles that involve at least two intermediate hosts, a snail and a tadpole (Roberts et al., 2013a). 

Canids and felids act as definitive hosts, and they contract the parasite through ingestion of an 

infected frog or snake (paratenic host). Both intermediate hosts are considered relatively 

common in the greater Los Angeles area, particularly in the Santa Monica Mountains, but many 

amphibian species are negatively impacted by increasing urbanization (Amburgey et al., 2021; 

Riley et al., 2005; Scheffers & Paszkowski, 2012). Amphibians also require reliable sources of 

water (i.e. streams, ponds, etc.) to lay their eggs in, and drought conditions, which are common 

in southern California, make suitable habitat within urban areas effectively non-existent (Walls 

et al., 2013). Comparatively, other urban studies have yielded mixed results, but those that did 
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report the presence of Alaria typically founds low prevalence (Grigione et al., 2014; Watts et al., 

2015). Liccioli et al. (2012) also did not detect trematodes in Calgary coyotes and suggested that 

the complex life cycle of Alaria may rarely be completed because of the fragmented nature of the 

city. 

 

Microparasites were less prevalent across the study area compared to macroparasites. Most 

prevalent were Clostridium perfringens and canine distemper virus (CDV). Clostridium 

perfringens is a bacterium that is usually a part of a normal intestinal microbiome. However, 

some strains produce toxins that can cause food poisoning, gas gangrene, and diarrheal disease. 

As such, it is of both veterinary and public health concern, though the focus is primarily placed 

on livestock (Niilo, 1980; Silva et al., 2015). Canine distemper virus is a highly contagious 

morbillivirus that infects carnivores with the potential to cause lethargy, fever, conjunctivitis, 

oculonasal discharge, neurological signs, and death (Sykes, 2014). CDV poses a major threat to 

many wildlife species, making it a pathogen of conservation concern. For example, CDV has 

been implicated in population declines in Serengeti lions (Panthera leo) and significant pup 

mortality in Yellowstone wolves (Canis lupus) (Almberg et al., 2012; Roelke-Parker et al., 

1996). Locally, CDV is a major concern CDV outbreaks occur regularly in Los Angeles wildlife, 

most commonly in raccoons. Outbreaks were detected in raccoons in 2017 and 2018 (LA County 

Veterinary Public Health, 2017). Our study reported 15.6% of coyotes (5/32) infected with CDV 

between 2017 and 2019; follow-up analysis using the Canine Diarrhea RealPCR™ 

Comprehensive Panel (IDEXX Reference Laboratories, USA) of additional animals in this 

system reported a 14% prevalence (8/59) in coyotes and a prevalence of 68% (98/145) in 

raccoons during this time (Helman et al., unpublished). As CDV infects most carnivores, it has 
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been hypothesized that “meta-reservoirs”, or interconnected populations of one or more host 

species, could influence the persistence of the virus (Prager et al., 2012). Thus, while raccoons 

seem to be the primary driver of outbreaks in the LA area, coyotes may contribute to its 

persistence in the system. Further, Almberg et al. (2010) postulated that coyotes are likely to be 

involved in the local maintenance of CDV in the greater Yellowstone ecosystem because of their 

relative abundance and widespread distribution. In Los Angeles, estimates of local coyote 

population density have been reported to be between 0.3 and 3 individuals/km2 depending on the 

area sampled and its relative “urban-ness” (Fedriani et al., 2001). This study also reported that 

sites with high human activity saw higher coyote densities, likely as a result of availability of 

anthropogenic food sources (Fedriani et al., 2001). If this pattern holds true, then high densities 

of coyotes at urban sites could contribute to the maintenance of CDV, and possibly other 

pathogens exhibiting density-dependent transmission, in the Los Angeles area. 

 

Co-infection with multiple parasites was common in the system but examination of these 

patterns is preliminary and exploratory in nature due to limitations in sample size. Relationships 

between micro- and macroparasites showed variable patterns. For example, Cryptosporidium 

spp. was found to be associated with both Taenia sp.1 and Taenia sp.2, but in opposite 

directions: sp.1 showed negative associations, while sp.2 showed positive associations. This may 

indicate that Taenia sp.2 and Cryptosporidium interact in a way that encourages simultaneous 

infection whereas Taenia sp.1 or Cryptosporidium precludes infection with the other. As the 

dataset is limited in terms of sample size and is further complicated by the 12 untyped Taenia, it 

is difficult to be certain whether these are true interactions or chance occurrences. 
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Multiple infections with two or more macroparasites within a single host were positively 

associated. Interestingly, many of these associations were much weaker when intensity of 

infection was considered. For many macroparasite pairs with significant association coefficients, 

high intensity of one was accompanied by low intensity of the other. For instance, Taenia sp.1 

and Uncinaria stenocephala showed strong positive associations when only considering 

presence-absence, but this association was reduced when considering infection intensities within 

hosts. This could be the result of competition between infecting parasites within the intestine, 

since intestinal helminths often occupy the same region of the gut, so moderate to heavy 

infections leave little physical space for different parasite species (Lello et al., 2004). No clear 

patterns emerged as to whether one parasite was a more successful competitor than the other in 

these cases, but any consistent differences in competitive ability could be overwhelmed by 

effects of the order of colonization (Budischak et al., 2018; Clay et al., 2020; Poulin, 2001). 

 

Multiple infections between micro- and macroparasites tended to be negatively associated, which 

be immune-mediated as microparasites and macroparasites trigger T helper lymphocytes that 

produce differing cytokines (Th1 vs. Th2). Strong response of one can downregulate the 

response of the other, leaving hosts vulnerable to infection (Cox, 2001). These dynamics have 

been demonstrated between bovine tuberculosis (TB) and gastrointestinal helminths in African 

buffalo (Syncerus caffer). In this system, Jolles et al. (2008) found evidence for cross-regulated 

immune responses resulting in negative associations between helminth infection intensity and 

infection with TB, postulating that low helminth intensity is indicative of a strong Th2 immune 

response but can result in weakened Th1 immune response to microparasite infection. 
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Nematodes displayed clear patterns in their spatial distribution in relation to urbanization with 

presence and abundance of primarily being driven by impervious surface values. Coyotes with 

less impervious surface in their buffer were more frequently parasitized by nematodes and had 

higher infection intensities than coyotes in heavily urbanized areas. In particular, Uncinaria 

stenocephala was found to occur less frequently in areas with high impervious surface values. 

Nematodes that are typically associated with domestic dogs, like Toxocara canis, were 

underrepresented in this study compared to other urban studies (Grigione et al., 2014; Liccioli et 

al., 2012; Luong et al., 2018; Watts et al., 2015). While the mechanism driving these patterns is 

not entirely clear, some possible explanations include differences in environmental and climatic 

conditions between urban and suburban/rural sites. Urban areas tend to be hotter, experience 

lower humidity, and are exposed to more toxicants and pollutants (Tanner & Adler, 2013b). 

Urban environments tend to experience higher temperatures than surrounding areas due to 

decreased evapotranspiration and heat trapped by buildings and roads, creating an urban heat 

island effect, which can influence the survival of free-living stages of such nematodes (Tanner & 

Adler, 2013b). These factors can influence the ability of free-living stages to persist in the 

environment, thereby altering the ability of nematodes to complete their life cycle. For example, 

it is known that some hookworms, such as U. stenocephala and Ancylostoma caninum, are 

sensitive to local climatic conditions and are most successful in temperate climates (Seguel & 

Gottdenker, 2017).  

 

Genetic typing of the Taenia found in this study, combined with examining spatial patterns of 

parasitism, has revealed some interesting patterns. Broadly, the presence of species of Taenia do 

not seem to be significantly impacted by urbanization, and infections of Taenia are widely 
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distributed throughout the study area. However, the intensity of infection with Taenia sp.1 

appears to show a negative association with increased urbanization, though this finding was not 

statistically significant (p > 0.05). A major challenge in this analysis is the high number of 

untyped Taenia. Given that we do not know whether these samples fall into the sp.1 grouping, 

the sp.2 grouping, or an additional unidentified group, the understanding of how these groups 

interact with urbanization is incomplete. Genetic typing of the remaining samples could enrich 

the dataset, potentially allowing for regression analysis of Taenia sp.2 as this model failed to 

converge due to the small number of positive samples. Further, as all individuals have yet to be 

definitively identified to the species level, it is difficult to identify possible intermediate hosts for 

this parasite. However, current morphological evidence suggests these are Taenia pisiformis, 

which is a common tapeworm that infects canids and felids and uses lagomorphs and rodents as 

intermediate hosts, encysting in the liver until consumed by the definitive host (Pritt et al., 2012). 

Though small mammals are a common part of coyote diets, it has been shown that, in the urban 

Los Angeles area, rabbits and rodents make up a much smaller proportion of coyote diets than 

their suburban and rural counterparts (Larson et al., 2020). If rabbits and rodents are indeed the 

intermediate species for the Taenia species identified in our study, findings from Larson et al. 

would be consistent with the negative association with urbanization detected in our study. The 

majority of sampled coyotes are exposed to the parasite to some degree, but individuals that 

inhabit areas that are less urbanized, and, in theory, consume more natural prey items, show 

higher infection intensity. 

 

Genetic typing of a single Mesocestoides sample (from coyote CM-85, Point Mugu) revealed a 

close match to a 2005 sample from a Channel Island Fox on San Clemente Island. Additional 
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Mesocestoides samples were collected from foxes across the Channel Islands, and the sample 

from our study clusters with those from San Miguel and Santa Catalina Islands. Padgett and 

Boyce (2005) identified the first intermediate host of Mesocestoides in the foxes on San Miguel 

Island as two ant species (Lasius niger and Tapinoma sessile), both of which are widespread 

across both the island and the mainland. The second intermediate host remains unknown, though 

it is suggested that deer mice (Peromyscus maniculatus) or other small vertebrates may be the 

missing link (Padgett & Boyce, 2005). As accidental transport of invertebrates and small 

mammals is common, it is not unreasonable to postulate that there are ecological links between 

coyotes and other carnivores on the mainland and foxes on the island through this parasite, 

particularly as both San Clemente Island and Point Mugu Naval Base are owned by the US 

Navy. 

 

Environmental and climatic drivers can influence the prevalence of parasite groups with and 

without free-living stages due to changes in host presence, density, and physiological condition. 

The low prevalence of cestode and nematode infections in highly urbanized areas could be due to 

the effects of toxicant exposure on free-living stages of the parasites. Macroparasites can be 

indicative of environmental toxicant exposure and pollution as species with free-living stages, 

like Uncinaria stenocephala, experience direct exposure through soil, vegetation, or water 

(Lafferty, 1997; Lemus et al., 2011; Marcogliese, 2004; Sures, 2004). As urban wildlife and their 

parasites are more frequently exposed to toxicants, the prevalence and intensity of parasitic 

infections may be reduced on the landscape and thus can be indicative of environmental 

pollution and ecosystem stress (Murray et al., 2019; Riley et al., 2014). However, it can also be 

argued that exposure of hosts to toxicants can have detrimental effects on behavior and immune 



 

53 

response which could increase them vulnerability to parasitism. For example, Serieys et al. 

(2018) documented the effects of exposure to anticoagulant rodenticides in bobcats (Lynx rufus) 

across the Los Angeles area. They found that increased exposure to these toxicants caused 

immune dysfunction in the bobcat population leaving them vulnerable to opportunistic 

infections, most notably to notoedric mange. As widespread exposure to anticoagulants has been 

documented in carnivores including coyotes across Los Angeles and the Santa Monica 

Mountains, this could be a potential driver for parasitism more broadly across this system 

(Moriarty et al., 2012). There is great opportunity to test whether findings from Serieys et al. 

(2018) translate to other parasites in other mammalian hosts of this system. Given that most 

individuals included in our study, along with nearly 500 hosts from 5 taxonomic groups of urban 

mammals, have additional disease data as well as samples of the liver, a clear next step would be 

to test these samples for anti-coagulant rodenticide exposure. While testing directly for 

immunological dysfunction using our data and samples is not possible at this time, knowledge of 

anticoagulant exposure paired with parasitological data can provide further insight into the health 

of this ecosystem and, more broadly, how urbanization impacts disease dynamics. 

 

While we were able to detect influences of urbanization and co-infection on macroparasite 

presence and infection intensity, this study was not without challenges. Major constraints on 

time, trained personnel, and availability of coyote carcasses were prominent limiting factors. 

Necropsy and processing of samples for parasites is a time-consuming process as is training 

individuals to assist and lead in this process. The time-intensive work needed to execute a study 

such as this one constrained our sample size. In addition, limitations on the number of carcasses 

we were able to collect, store, and necropsy in a timely manner made achieving desired temporal 
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and spatial coverage difficult. Limited spatial range in the dataset restricts the inferences and 

comparisons that can be made regarding the degree to which urbanization influences parasitism, 

as samples with the highest degree of urbanization are often unavailable.  

 

One possible solution to these problems is to utilize non-invasive techniques. Using a non-

invasive approach, such as fecal metabarcoding using scat samples, could not only substantially 

increase sample sizes but would allow for increased spatial coverage. With advances in DNA 

barcoding, there is potential to improve our understanding of parasite communities. This 

technique could be a promising alternative to the invasive and opportunistic sampling schema 

used in this study and would also address some of the limitations of classical methods of fecal 

flotation. Scat sample collection requires less specialized training, is less time intensive, and 

allows for larger sample sizes and repeated sampling, all of which can facilitate investigations 

into how parasite communities in specific areas change over time. However, like fecal flotation, 

fecal metabarcoding is still limited by its ability to only approximate infection intensity (Aivelo 

& Medlar, 2018). Additionally, the molecular and bioinformatic training required to process and 

analyze the data can further limit the usefulness of this technique. The challenge of achieving the 

desired taxonomic resolution remains for all techniques, including ones used in this study 

because parasites remain largely neglected in studies of biodiversity and many species have yet 

to be described and named (Carlson et al., 2020). As the expertise required to collect and identify 

parasites involves highly specialized training in a field that is relatively small, species level 

identification is difficult to achieve. 
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Despite challenges arising from a small sample size in a large and heterogeneous landscape, we 

have established a baseline of helminth prevalence and diversity in coyotes in the Los Angeles 

area and demonstrated that helminths respond to urbanization in varying ways. Parasites can 

assist in understanding how their hosts interact with the landscape and other individuals of the 

host population and community. Understanding these interactions can aid in unraveling the biotic 

and abiotic factors that may influence co-occurrence and spatial patterns of parasitism. However, 

much remains to be learned regarding parasites in coyotes and other wildlife in the Los Angeles 

area, and, more broadly, in other urban areas. Further study of urban wildlife parasites could 

advance our understanding of how urbanization influences the community-level interactions 

parasites are involved in and mediate. As parasites are a natural part of any ecological 

community, and respond sensitively to the characteristics of that community, their presence, 

diversity, and abundance provide vital insights into the overall biodiversity, structure, and 

function of an ecosystem. 
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Appendix I 
 Helminth Species – Morphology, Life History, and Clinical Manifestation 

 

1. Cestoda (tapeworms) 
1.1 Cyclophyllidea 

Cyclophyllidea are a highly diverse order of cestodes that include over 3000 known species. 

Most have complex life cycles involving one or two intermediate hosts and birds and mammals 

primarily acting as their definitive hosts. Cyclophyllidean tapeworms are characterized by the 

presence of four circular suckers on their scolex and a rostellum (Mariaux et al., 2017).  

 

1.1.1 Taenia spp. 

Taenia are the largest cyclophyllidea. Most species possess an armed rostellum and long ribbon-

like strobila. Rodents, rabbits, and ungulates typically serve as intermediates and carnivores and 

humans as definitive hosts (Mariaux et al., 2017). Within the definitive host, Taenia species 

occupy the small intestine and rarely cause clinical signs. Clinical manifestations of Taenia 

infections include diarrhea, abdominal pain, and, in severe cases, can lead to intestinal 

obstruction.  

 

1.1.2 Mesocestoides spp. 

Species within the genus Mesocestoides lack a rostellum, unlike most other cyclophyllidean 

tapeworms, and can grow up to 70 cm in length. They require two intermediate hosts and a 

carnivore definitive host. For many species of Mesocestoides, the first intermediate host is 

unknown, though some invertebrate arthropods have been suspected. Second intermediate hosts 
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vary widely and can include reptiles, birds, and rodents. Often, definitive hosts can additionally 

serve as a second intermediate, as is the case for many mammals (Mariaux et al., 2017). Adult 

Mesocestoides reside in the small intestine of their definitive host and infections are typically 

subclinical. If infected as a second intermediate host, domestic dogs may develop peritonitis, or 

irritation of the lining of the abdominal cavity. Species of Mesocestoides rarely infect humans 

(Saari et al., 2019a). 

 

1.1.3 Dipylidium caninum 

Dipylidium caninum is a common parasite of domestic cats and dogs but can infect other 

carnivorous mammals. Cat fleas (Ctenocephalides felis) and biting lice (Trichodectes canis) 

serve as intermediate hosts. Adult D. caninum occupy the small intestine, have a retractable 

rostellum, and can grow up to 50 cm long. D. caninum is primarily identifiable by its two visible 

genital pores on each proglottid. Humans can become accidentally infected if an infected flea or 

a cysticercoid from a flea is ingested. In both humans and other mammal hosts, infections are 

typically subclinical, but clinical signs can include abdominal pain, diarrhea, and itching or 

irritation. Heavy infections of D. caninum are rare (Saari et al., 2019a).  

 

2. Nematoda (roundworms) 
2.1 Ancylostomatidae 

Members of the family Ancylostomatidae are commonly known as hookworms. Hookworms 

employ a direct lifecycle and infect their hosts through ingestion (contaminated water, food, or 

soil) or through the skin. Within the host, hookworms occupy the small intestine where they 
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mature before attaching to the intestinal mucosa and submucosa. Hookworms mate within the 

host and eggs are shed with feces (Roberts et al., 2013c).  

 

2.1.1 Ancylostoma caninum 

Ancylostoma caninum is the most common hookworm of domestic dogs and is also found in both 

wild and domestic canids and felids. Like most hookworms, A. caninum is a bloodsucking 

parasite and can cause severe anemia especially in younger animals. Infection manifestation can 

range from asymptomatic to fatal exsanguination, with disease severity being dependent on host 

age and infection intensity. In addition to anemia, common clinical signs include dark, semifluid 

feces, lethargy, dehydration, vomiting, and poor weight gain (Hawdon & Wise, 2021; Nemzek et 

al., 2015). It can additionally infect humans through the skin which can lead to cutaneous larva 

migrans, and less commonly, more severe pathology in the gastrointestinal tract, muscles, lungs, 

or eyes (Bowman et al., 2010). 

 

2.1.2 Uncinaria stenocephala 

Uncinaria stenocephala is mainly found in the northern hemisphere, particularly in cooler 

regions. It primarily infects wild canids and can infect domestic canids and felids but is far less 

common than A. caninum. U. stenocephala feeds on the tissue of the small intestine leading to 

vital nutrient loss. Clinical signs are often less severe than other hookworm species and include 

intestinal disturbance, reduced weight gain, and inflammation of the skin and lungs. Humans can 

become infected leading to cutaneous larva migrans, but this clinical manifestation is more 

common to see in Ancylostoma spp. related infections (Junquera, n.d.; Reinemeyer, 2016). 
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2.2 Ascarididae 

Ascarid worms are some of the largest nematodes (Roberts et al., 2013b). Life cycles are 

typically direct, but infections can be transmitted via paratenic hosts. Eggs are ingested by the 

definitive or a paratenic host after which larvae hatch and burrow through the gut wall and 

migrate to the lungs. There they mature into adults, are coughed up, and then swallowed with 

their final destination being the small intestine (Esch et al., 2014). 

 

2.2.1 Toxocara spp. (Toxocara canis suspected) 

There are currently 26 species of Toxocara that have been identified and described. Definitive 

hosts include canids, felids, rodents, bats, and procyonids, among other mammals. Toxocara 

canis specifically infects domestic dogs and other canids, which is the most widely distributed 

geographically of the genus Toxocara. Rodents, birds, rabbits, sheep, pigs, and humans can act 

as paratenic hosts. In its definitive host T. canis infections are typically asymptomatic in adult 

animals; however, heavy infections in younger animals can cause severe clinical signs and can 

even lead to death. Typical clinical signs of infection in puppies include coughing, pneumonia, 

diarrhea, constipation, abdominal distention, and failure to thrive. Disease severity is dependent 

on parasite abundance within the host and migration route of larvae. Highly infected individuals 

may experience intestinal blockage or rupture and internal bleeding caused by larva migrans and 

anemia. Humans can become accidentally infected by ingesting infectious eggs or larva from a 

paratenic animal host. Clinical manifestations of infections of Toxocara in humans (known as 

toxocariasis) are primarily a result of mechanical damage by larvae to host tissue and organs. 

Four clinical syndromes have been described which include visceral larva migrans (VLM), 

ocular larva migrans (OLM), covert toxocariasis (CT), and neurotoxocariasis (NT). VLM, OLM, 
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and NT involve migration of larvae throughout the body generally (VLM), in the eye (OLM), or 

in the brain or spinal cord (NT). CT symptoms present as mild and non-specific but commonly 

include fever and abdominal pain (Ziegler & Macpherson, 2019). 

 

2.2.2 Toxascaris spp. (Toxascaris leonina suspected) 

Toxascaris is similar in appearance to Toxocara but are specifically parasites of members of the 

order Carnivora (Sprent, 1968). Unlike most ascarids, larvae of Toxascaris do not migrate 

between the gut and lungs during their development. Rather, eggs are ingested which hatch in the 

small intestine. Juveniles penetrate the mucosa and go through several molts as they grow and 

mature, or are ingested in a paratenic host, typically a rodent (Roberts et al., 2013b). Toxascaris 

leonina is a parasite of canids and felids and is globally distributed. It is less common than 

Toxocara and is less pathogenic. Clinical signs are limited to the gastrointestinal tract, but most 

infections are asymptomatic. Humans can become accidentally infected, which can lead to 

visceral larva migrans, but Toxocara more commonly cause this condition (Saari et al., 2019b). 
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Appendix II 
Supplemental Tables and Figures 

TABLE S1. Coyote host data (N = 40). Information includes the UCLA assigned ID number, sex, age class, death 
year, county, parasites found with associated count, and the proportion of impervious surface above 50% within 

their 5 km2 buffer (Prop_50). 

ID Sex Age Class Year County Parasites Count Prop_50 

C-154 Female Adult 2018 Los Angeles Uncinaria stenocephala 12 0.046 

CM-74 Male Adult 2017 Los Angeles None - 0.891 

CM-80 Male Adult 2017 Los Angeles Taenia spp. 50 0.703 

CM-83 Male Adult 2017 Los Angeles Unknown cestode 1 0.234 

     Uncinaria stenocephala 1  

CM-85 Male Adult 2017 Ventura Mesocestoides spp. 33 0.291 

     Taenia sp.2 2  

     Uncinaria stenocephala 128  

CM-87 Female Juvenile 2017 Ventura Mesocestoides spp. 53 0.230 

     Taenia spp. 25  

     Uncinaria stenocephala 7  

CM-98 Female Adult 2018 Los Angeles Taenia spp. 17 0.087 

CM-103 Female Adult 2017 Los Angeles Taenia spp. 4 0.201 

CM-106 Male Adult 2018 Orange Taenia spp. 1 0.576 

CM-107 Male Adult 2018 Los Angeles Dipylidium caninum 5 0.372 

     Taenia spp. 7  

CM-108 Female Adult 2018 Los Angeles None - 0.774 

CM-109 Female Juvenile 2018 Los Angeles Taenia sp.1 58 0.144 

     Uncinaria stenocephala 2  
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ID Sex Age Class Year County Parasites Count Prop_50 

CM-110 Female Adult 2018 San Bernardino Taenia sp.2 13 0.610 

CM-111 Female Adult 2018 San Bernardino Taenia sp.2 46 0.604 

CM-112 Male Juvenile 2018 Los Angeles Taenia sp.1 9 0.442 

     Toxocara spp. 1  

CM-113 Female Adult 2018 Los Angeles Taenia sp.2 91 0.382 

     Unknown nematode 2  

CM-114 Male Adult 2018 Los Angeles Taenia sp,1 1 0.28 

     Uncinaria stenocephala 8  

CM-115 Male Adult 2018 Los Angeles Taenia spp. 5 0.106 

     Uncinaria stenocephala 17  

CM-116 Female Adult 2018 Los Angeles Taenia sp.1 1 0.077 

CM-117 Male Adult 2018 Los Angeles None - 0.474 

CM-120 Female Adult 2019 Los Angeles Ancylostoma caninum 8 0.024 

     Taenia sp.1 1  

CM-123 Male Adult 2019 Orange Taenia sp.1 5 0.591 

     Uncinaria stenocephala 1  

CM-124 Male Adult 2019 Los Angeles Taenia sp.1 8 0.004 

     Uncinaria stenocephala 2  

CM-128 Male Adult 2019 Los Angeles Taenia sp.1 3 0.874 

     Toxocara spp. 3  

CM-130 Male Adult 2019 Los Angeles Taenia sp.2 3 0.672 

CM-131 Female Adult 2019 Los Angeles None - 0.677 
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ID Sex Age Class Year County Parasites Count Prop_50 

CM-134 Female Juvenile 2019 Los Angeles None - 0.84 

CM-136 Male Adult 2019 Los Angeles Taenia spp. 9 0.227 

CM-137 Female Juvenile 2019 Los Angeles Mesocestoides spp. 3 0 

     Taenia spp. 1  

     Toxascaris spp. 4  

CM-138 Male Juvenile 2019 Los Angeles Dipylidium caninum 2 0.942 

     Taenia sp.1 1  

CM-139 Male Juvenile 2019 Orange Taenia sp.1 1 0.521 

CM-141 Male Adult 2019 Los Angeles Taenia sp.1 4 0.597 

CM-142 Female Adult 2019 Los Angeles None - 0.083 

CM-143 Female Adult 2019 Los Angeles None - 0.611 

CM-144 Male Adult 2019 Los Angeles Taenia spp. 6 0.806 

CM-145 Male Adult 2020 Los Angeles None - 0.627 

CWC-352 Male Adult 2019 Ventura Taenia sp.1 23 0 

     Uncinaria stenocephala 208  

CWC-420 Male Adult 2019 Los Angeles Taenia sp.1 312 0.848 

CWC-421 Female Adult 2020 Ventura Mesocestoides spp. 8 0 

     Taenia spp. 20  

     Unknown ascarid 1  

CWC-422 Female Adult 2020 Ventura Taenia spp. 6 0.042 
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FIGURE S1. Multi-Dimensional Scaling analysis of specimens from CM 109-113 (small, colored circles) and 

data for four species of Taenia that have been reported from coyotes/canids extracted from Gubanyi (1995). 
Measurements of both small (A) and large (B) rostellar hooks were compared to existing data from Taenia serialis 
(red diamond), Taenia crassiceps (grey square), Taenia hydatigena (yellow triangle), and Taenia pisiformis (black 

circle). Due to the freezing process, most parasites examined had lost their large hooks only had small hooks. 
Specimens measured and figure prepared by Dr. Ralph Appy (Cabrillo Marine Aquarium).  
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FIGURE S2. Maximum likelihood tree of species of Taenia. Species 2 shows a 4.5% difference in the NAD1 
mitochondrial gene from species 1. NAD1 sequences from species 1 were identical to GenBank accession no. 

JQ917875 (from domestic dog (Canis familiaris) in Alberta, Canada) which was most similar to Taenia pisiformis 
(88% identical over 491 nucleotides to AJ239109) (Schurer et al., 2012a, 2012b). Species 3 is an additional 

specimen sequenced from a gray fox (Urocyon cinereoargenteus) in our study originating from Goleta, CA. The 
sequence for sp.3 was most similar to Taenia laticollis. Specimens sequenced and tree prepared by Dr. Vasyl Tkach 

using MEGA7 (University of North Dakota). 
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FIGURE S3. Negative binomial distribution fitting for total helminth abundance (N = 40). AIC = 322.93, p = 
0.082, Chi-squared statistic = 8.28 (4 df). 
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TABLE S2. Species codes for co-infection analysis as used in FIGURE 7 and FIGURE 8. 

Species Code Scientific Name 

ANCA Ancylostoma caninum 

DICA Dipylidium caninum 

MESO Mesocestoides spp. 

LEPTO Leptospira interrogans 

SASC Sarcocystis spp. (Mange) 

TAS1 Taenia sp. 1 

TAS2 Taenia sp. 2 

TASP Taenia (untyped) 

TOLE Toxascaris spp. 

TOCA Toxocara spp. 

UNST Uncinaria stenocephala 

CAJE Campylobacter jejuni 

CACI Canine circovirus 

CDV Canine Distemper Virus 

CLPE Clostridium perfringens 

CRYP Cryptosporidium spp. 

CACO Campylobacter coli 

SALM Salmonella spp. 
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TABLE S3. Model output for zero hurdle model (logistic regression) on presence absence and count model 
(truncated negative binomial regression) on infection intensity. All significant values (p < 0.05) are bolded. WL 
is body condition, CO is coinfection status (binary), and Prop_50 is the proportion of impervious surface above 50% 

within each coyote’s 5 km2 buffer. Theta represents of the overdispersion of the count data. 

Group 
  

Estimate Standard error Z value P-value 

  

A
ll 

he
lm

in
th

s 

  

Zero-truncated 
count model 

Intercept 3.389 1.885 1.798 0.072 

Sex -0.124 0.693 -0.178 0.858 

Age Class -0.787 0.928 -0.848 0.397 

WL -1.366 3.047 -0.448 0.654 

CO 1.409 0.768 1.834 0.067 

Prop_50 -0.208 1.134 -0.184 0.854 

Log(theta) -1.141 0.555 -2.055 0.040 

Presence/absence 
model 

Intercept 10.29 3.566 2.885 0.004 

Sex -2.854 1.316 -2.169 0.030 

Age Class -1.322 1.462 -0.904 0.366 

WL -4.818 2.457 -1.951 0.050 

CO -1.645 1.517 -1.084 0.278 

Prop_50 -5.585 2.333 -2.393 0.017 

A
ll 

ce
st

od
es

 

Zero-truncated 
count model 

Intercept 2.497 1.577 1.584 0.113 

Sex 0.827 0.660 1.253 0.210 

Age Class -1.278 0.884 -1.445 0.148 

WL -1.186 2.626 -0.451 0.652 

CO 0.924 0.676 1.368 0.171 

Prop_50 1.336 1.108 1.206 0.228 

Log(theta) -1.168 0.669 -1.746 0.081 

Presence/absence 
model 

Intercept 8.992 3.076 2.923 0.003 

Sex -2.753 1.217 -2.263 0.024 

Age Class -1.557 1.379 -1.129 0.259 

WL -3.687 2.320 -1.589 0.112 

CO -1.881 1.430 -1.315 0.188 

Prop_50 -4.011 1.867 -2.149 0.031 

A
ll 

ne
m

at
od

es
 

Zero-truncated 
count model 

Intercept 6.748 3.327 2.029 0.043 

Sex -3.993 1.236 -3.230 0.001 

Age Class -0.970 1.416 -0.685 0.493 

WL -9.722 5.425 -1.792 0.073 

CO 2.700 1.069 2.526 0.012 



 

69 

Prop_50 -5.429 1.880 -2.887 0.004 

Log(theta) -0.667 0.839 -0.794 0.427 

Presence/absence 
model 

Intercept 3.704 2.000 1.852 0.064 

Sex -2.103 1.138 -1.848 0.065 

Age Class -1.806 1.237 -1.460 0.144 

WL -0.619 1.882 -0.329 0.742 

CO 1.224 1.034 1.183 0.237 

Prop_50 -6.401 2.074 -3.086 0.002 

M
es

oc
es

to
id

es
 sp

p.
 

Presence/absence 
model 

Intercept -15.28 4783.2 -0.003 0.997 

Sex -0.383 1.626 -0.235 0.814 

Age Class -2.204 1.523 -1.447 0.148 

WL -1.255 3.249 -0.386 0.699 

CO 17.25 4783.2 0.004 0.997 

Prop_50 -6.071 3.885 -1.563 0.118 

Ta
en

ia
  

(s
p.

1,
 sp

.2
, a

nd
 u

nt
yp

ed
) 

Zero-truncated 
count model 

Intercept 1.570 1.977 0.794 0.427 

Sex 1.086 0.926 1.172 0.241 

Age Class -1.535 1.282 -1.198 0.231 

WL 0.633 4.230 0.150 0.881 

CO 0.768 0.771 0.996 0.319 

Prop_50 1.383 1.368 1.011 0.312 

Log(theta) -1.749 1.117 -1.566 0.117 

Presence/absence 
model 

Intercept 7.456 2.532 2.945 0.003 

Sex -1.869 1.007 -1.857 0.063 

Age Class -1.634 1.274 -1.282 0.120 

WL -2.959 3.089 -1.416 0.157 

CO -1.876 1.279 -1.466 0.143 

Prop_50 -2.863 1.604 -1.785 0.074 

Ta
en

ia
 sp

.1
 Zero-truncated 

count model 

Intercept 8.172 4.022 2.032 0.042 

Sex -4.705 2.491 -1.888 0.059 

Age Class -4.980 1.802 -2.763 0.006 

WL -4.148 7.493 -0.554 0.211 

CO 0.455 1.311 0.347 0.729 

Prop_50 -2.709 1.935 -1.400 0.161 

Log(theta) -1.497 1.541 -0.971 0.331 

Presence/absence 
model 

Intercept 4.431 1.969 2.250 0.024 

Sex -2.409 1.068 -2.256 0.024 
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Age Class -2.556 1.145 -2.233 0.026 

WL -2.003 2.226 -0.900 0.368 

CO -1.286 0.908 -1.416 0.157 

Prop_50 -1.423 1.516 -0.939 0.348 

Ta
en

ia
 sp

.2
 

Presence/absence 
model 

Intercept -20.928 3741.3 -0.006 0.996 

Sex 1.124 1.118 1.005 0.315 

Age Class 17.78 3741.3 0.005 0.996 

WL -2.366 3.254 -0.727 0.467 

CO 0.703 1.232 0.571 0.568 

Prop_50 2.853 2.131 1.339 0.180 

U
nc

in
ar

ia
 st

en
oc

ep
ha

la
 

Zero-truncated 
count model 

Intercept 1.629 6.285 0.259 0.800 

Sex -2.621 2.027 -1.293 0.196 

Age Class 0.508 2.508 0.203 0.840 

WL -1.856 8.564 -0.216 0.829 

CO 3.267 1.396 2.340 0.019 

Prop_50 -2.830 5.056 -0.560 0.576 

Log(theta) -0.713 0.897 -0.794 0.427 

Presence/absence 
model 

Intercept 5.872 2.850 2.061 0.039 

Sex -3.900 1.570 -2.483 0.013 

Age Class -2.032 1.417 -1.434 0.152 

WL -3.421 2.761 -1.239 0.215 

CO 0.060 1.153 0.052 0.959 

Prop_50 -8.249 2.993 -2.756 0.005 

A
ll 

as
ca

ri
ds

 

Presence/absence 
model 

Intercept -17.98 5271 -0.003 0.997 

Sex -0.414 -0.296 -0.296 0.767 

Age Class -1.706 1.248 -1.367 0.172 

WL 2.301 2.237 1.029 0.304 

CO 17.17 2.183 0.003 0.997 

Prop_50 -1.774 5271 -0.813 0.416 
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