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ABSTRACT 

 

Invasive species are among the leading global threats to native wildlife and are a factor in 

the decline of 42% of threatened and endangered species. Invasive species can influence 

ecosystem health through parasite loads that they introduce during establishment in new areas. In 

the 1940s, Abert’s squirrels (Sciurus aberti) were introduced to the Pinaleño Mountains in 

southeastern Arizona where they now co-occur with endemic endangered Mount Graham red 

squirrels (Tamiasciurus fremonti grahamensis). Parasite loads between invaders and imperiled 

endemic species are poorly understood, including S. aberti and T. f. grahamensis; where we 

identified and quantified parasites in this important system. We hypothesized that spillover of 

parasites occurred between S. aberti and T. f. grahamensis. We also hypothesized that 

presence/absence of parasites might be affected by host-linked factors and extrinsic factors. 

Genetic analyses through PCR amplification revealed two species of helminths from single 

nematode DNA: Citellinema sp. and Trypanoxyuris (Rodentoxyuris) sp. Our results suggest the 

potential for spillover of Trypanoxyuris (Rodentoxyuris) sp. between S. aberti and T. f. 

grahamensis. The following ectoparasites were encountered in Abert’s squirrels: Opisodasys 

robustus, Anomiopsyllus sp., and Neohaematoinnus sciurinus. The following ectoparasites were 

encountered in Mt. Graham red squirrels: Orchopeas caeden and a species of mite from the 

Glycyphagidae family. Body mass influenced presence/absence of endoparasites and males are 

more likely to have presence of ectoparasites than females in Abert’s squirrels. Enhanced insight 

into possible parasite transmission routes and the role that parasites play in biological invasion 

can offer a better understanding of all factors that place species at risk of extinction. Our data 

highlight the importance of developing future management and conservation strategies for 

similarly threatened or endangered species. 
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INTRODUCTION 

Change in species distribution is occurring at an unprecedented rate due to human 

activity (Dunn and Hatcher 2015). Human activity has led to habitat change, emergent disease, 

and the introduction of non-native and invasive species globally (Dunn and Hatcher 2015). 

Invasive species are plants, animals, or pathogens non-native, whose introduction causes changes 

in the structure and composition of an ecosystem (Whitney and Gabler 2008; Robert et al. 2013). 

Species that grow and reproduce quickly, and spread aggressively, are given the label "invasive,” 

but not all introduced species become invasive, some can have a neutral or even positive effect 

on the environment (Buckley and Catford 2015). Invasive species are among the leading global 

threats to native wildlife and are a factor contributing to the decline of 42 percent of threatened 

and endangered species in the United States (Pimentel et al. 2004). On the island of South 

Georgia in the southern Atlantic Ocean, brown rats (Rattus norvegicus) were introduced by 

whalers in the 18th century and led to dramatic reductions in several bird populations, and 

threatened others with extinction (Piertney et al. 2005). In Florida, Burmese pythons (Python 

molurus bivittatus), native to southeast Asia, were established after escape or intentional release 

from the pet trade into new environments (Harvey et al. 2008; Dorcas et al. 2011). With a 

suitable ecosystem and relaxed predation pressures in the Everglades, Burmese pythons have 

devastated native fauna, including threatened and endangered species (Dorcas et al. 2011; Dove 

et al. 2011). Invasive species can disrupt balance in native ecosystems by eliminating different 

organisms, altering habitat, and even impact biota on smaller scales (Strong 1987; Pimentel et al. 

2004; White et al. 2006).  

Invasive species can influence ecosystem health via introduction of harbored parasites as 

these nonnative species establish residence in a new area (Dunn et al. 2012: Prenter et al. 2004). 
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Parasites may play a key role in enhancing or limiting the impacts of biological invasions and 

positively or negatively impact native species (Lymbery 2015; Dunn et al. 2012). Spillover is the 

transmission of a parasite that occurs when a parasite endemic to one host species is transferred 

and infects new hosts (Borremans et al. 2019; Dunn et al. 2012; Daszak et al. 2000). The shared 

parasites may then facilitate competition between two species, if the parasites harbored by the 

invasive host have a greater impact on the native species then, the invader gains a competitive 

advantage and the invasion will have tremendous success (Romeo et al. 2021; Dunn et al. 2012; 

Mazzamuto et al. 2016). The impact of foreign parasites can be severe if native species are naïve 

to the introduced parasites (Romeo et al. 2015: Prenter et al. 2004). 

One of the best-known paradigms of spillover and disease-mediated competition is the 

squirrel poxvirus (SQPV) due to the introduction of the American eastern gray squirrel (Sciurus 

carolinensis) in the UK and Ireland (Romeo et al. 2015; Rushton et al. 2006a; McInnes et al. 

2012). Introduced eastern gray squirrels are unaffected carriers of SQPV and spread the disease 

to the native Eurasian red squirrels (Sciurus vulgaris), which is in most cases lethal to the red 

squirrels (Romeo et al. 2015: Prenter et al. 2004). As a result, native red squirrel populations 

have declined or been extirpated in all areas where the introduced eastern gray squirrel is present 

(Romeo et al. 2015; Santicchia et al. 2020). In Europe, spillover of the crayfish plague (caused 

by the fungus Aphanomycesastaci) carried by the invasive signal crawfish 

(Pacifastacusleniusculus) led to the extinction of local populations of the native, white-clawed 

crayfish (Austropotamobius pallipes) (Dunn and Hatcher 2015). In Italy, spillover of a foreign 

gastrointestinal helminth (Strongyloides robustus) from introduced eastern gray squirrels has 

caused a significant reduction in an important personality trait of native red squirrels (Romeo et 

al. 2021; Santicchia et al. 2020). Despite the attention spillover has received, the mechanisms 
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used by these parasitic invaders remain poorly understood, and studies demonstrating the impact 

of foreign parasites on native hosts are surprisingly few (Romeo et al. 2021). However, parasites 

(even foreign) are not always a horrible thing, theses few cases show large negative impacts but 

a majority of the time parasites and their host live in balance. We had a unique opportunity to 

study this system between introduced Abert’s squirrel (Sciurus aberti) and native, endangered 

Mt. Graham red squirrel (Tamiasciurus fremonti grahamensis). 

The Pinaleño Mountains (i.e., Mount Graham) are located in southern Arizona and are 

the northern extent of the Madrean Sky Island Complex; and at 3,269 m, have the highest peak in 

the complex (Warshall 1996; Hoffmeister 1956). The Mt. Graham red squirrel is the 

southernmost and rarest subspecies of the southwestern red squirrel (Tamiasciurus fremonti) 

(Hope et al. 2016). This subspecies exists only in upper elevation mixed-conifer and spruce-fir 

forests while being isolated from other red squirrel populations for at least 10,000 years (Allen 

1894). Mt Graham red squirrels were initially thought to have been extinct in the 1960s, but a 

few squirrels were rediscovered in the 1970s (Minckley 1968). Mt. Graham red squirrels are 

sensitive to changes in the environment and are short-lived, typically about three years in the 

wild, and reproduce once or sometimes twice per year (Munroe et al. 2009; Merrick et al. 2021; 

Goldstein et al. 2017). Over the last 3 decades, the population has experienced large fluctuations 

due to low habitat quality, multiple insect outbreaks, three major wildfires in short succession, 

human activities, and introduced species (Merrick et al. 2021; Sanderson and Koprowski 2009; 

USFS 2011).  

In the 1940s, sixty-nine Abert’s squirrels were trapped at Fort Valley north of Flagstaff, 

Arizona and released in the Pinaleño Mountains by the Arizona Game and Fish Department for 

hunting purposes (Edelman and Koprowski 2009, Hoffmeister 1956, Davis and Brown 1988). 
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Abert’s squirrels are native to New Mexico, Colorado, Utah, northern Arizona, and parts of 

Wyoming, and north-central Mexico (Allred 2011; Davis and Brown 1988, Davis and Bissell 

1989). Abert’s squirrels are active year-round and often are sympatric with other squirrels 

(Cudworth and Koprowski 2010; Keith 1965). Once thought to be ponderosa pine (Pinus 

ponderosa) obligate, it was expected that introduced Abert’s squirrel would be constrained to 

lower-elevation pine forests in the Pinaleño Mountains (Hutton et al. 2003). Now both Abert’s 

and Mt. Graham red squirrels currently occupy mixed coniferous forests near the summit of the 

Pinaleño Mountains (Allred 2011; Rushton et al. 2006b). Where co-occurring, Abert’s squirrels 

may further constrain Mt. Graham red squirrel recovery via higher relative density, competition 

for food resources, niche overlap, direct competition between squirrels, and possibly noval 

parasites (Goldstein et al. 2018; Rushton et al. 2006b; Steele and Koprowski 2001).  

Endoparasites encountered in Sciuridae in the USA included helminths from the Cestoda, 

Trematoda, Nematoda, Oxyuridae, Ascarididae, Thalaziidae, Spiruridae, Physalopteridae, 

Trichuridae, Acanthocephala Gigantorhynchidae, and Moniliformidae (Rausch and Tiner 1948). 

Within Abert’s squirrels and red squirrels (T. fremonti) in their native range (Appendix D) 

portions of the southwest, Citellinema quadrivittati (Nematoda) occurs in both squirrels and 

Enterobius sciuri (Oxyuridae) occurs only in Abert’s squirrels (Patrick and Wilson 1995). 

Ectoparasites encountered in Sciuridae in the USA included arthropods from Anoplura, 

Siphonaptera, Ixodida, Mesostigmata, and Trombiculidae (Durden et al. 2004). Seven species 

from the Siphonaptera order occurs in Abert’s squirrels and red squirrels in New Mexico (Patrick 

and Wilson 1995). Neohaematopinus (Anoplura) occurs in Abert’s squirrels native to Colorado 

(Mjöberg 1910)(Appendix D).  
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No parasitological studies have been conducted on both Abert’s squirrels and Mt. 

Graham red squirrels in this area to assess the potential role of parasites in providing Abert’s 

squirrels an additional competitive advantage. We performed post-mortem examinations of both 

species and studied the ectoparasite and helminth fauna. Being an endangered species, Mt 

Graham red squirrels were collected opportunistically over an 18-year period, whereas we 

collected Abert’s squirrels during a control campaign funded by the Arizona Game and Fish 

Department (Bergman et al. 2021). We identified and quantified nematodes through molecular 

and morphological methods. We identified ectoparasites using morphological methods. We 

hypothesized that spillover has occurred, and parasites identified in invasive non-native Abert’s 

squirrels should also occur in native red squirrels. If spillover occurred in the last 80 years, we 

predict to see a similar community composition of endo/ecto-parasites between the two host 

species. If spillover has not occurred, then community composition will differ. We investigated if 

the presence or absence of parasites was influenced by host-link and extrinsic factors. By 

conducting evidence-based analyses of host-parasite associations, we provide data informative 

for future conservation and management of other similar species and systems.  
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PRESENT STUDY 

 

This thesis includes a manuscript intended for publication in the peer reviewed journal 

Biological Invasions. All methods, results, and conclusions of the study are included as 

appendices to this thesis. The manuscript (Appendix A) is titled “Ecology of invasion: Potential 

for parasite spillover in Abert’s squirrels (Sciurus aberti) and endangered Mt. Graham red 

squirrels (Tamiasciurus fremonti grahamensis)”. This paper documents of ectoparasite and 

helminth fauna recovered in Abert’s squirrels and Mt. Graham red squirrels. We focused on the 

potential for parasite spillover between both squirrels and investigated if the presence or absence 

of parasites were influenced by host-link and extrinsic factors. By conducting evidence-based 

analyses of host-parasite associations, we provide data informative for future conservation and 

management of other similar species and systems. 
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ABSTRACT 

 

Invasive species are among the leading global threats to native wildlife and are a factor in the 

decline of 42% of threatened and endangered species. Invasive species can influence ecosystem 

health through parasite loads that they introduce during establishment in new areas. In the 1940s, 

Abert’s squirrels (Sciurus aberti) were introduced to the Pinaleño Mountains in southeastern 

Arizona where they now co-occur with endemic endangered Mount Graham red squirrels 

(Tamiasciurus fremonti grahamensis). Parasite loads between invaders and imperiled endemic 

species are poorly understood, including S. aberti and T. f. grahamensis; where we identified and 

quantified parasites in this important system. We hypothesized that spillover of parasites 

occurred between S. aberti and T. f. grahamensis. We also hypothesized that presence/absence of 

parasites might be affected by host-linked factors and extrinsic factors. Genetic analyses through 

PCR amplification revealed two species of helminths from single nematode DNA: Citellinema 

sp. and Trypanoxyuris (Rodentoxyuris) sp. Our results suggest the potential for spillover of 

Trypanoxyuris (Rodentoxyuris) sp. between S. aberti and T. f. grahamensis. The following 

ectoparasites were encountered in Abert’s squirrels: Opisodasys robustus, Anomiopsyllus sp., 

and Neohaematoinnus sciurinus. The following ectoparasites were encountered in Mt. Graham 
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red squirrels: Orchopeas caeden and a species of mite from the Glycyphagidae family. Body 

mass influenced presence/absence of endoparasites and males are more likely to have presence 

of ectoparasites than females in Abert’s squirrels. Enhanced insight into possible parasite 

transmission routes and the role that parasites play in biological invasion can offer a better 

understanding of all factors that place species at risk of extinction. Our data highlight the 

importance of developing future management and conservation strategies for similarly threatened 

or endangered species. 

KEY WORDS Invasive species, Tamiasciurus fremonti grahamensis, spillover, parasites, 

Sciurus aberti 

INTRODUCTION 

Change in species distribution is occurring at an unprecedented rate due to human activity (Dunn 

and Hatcher 2015). Human activity has led to habitat change, emergent disease, and the 

introduction of non-native and invasive species globally (Dunn and Hatcher 2015). Invasive 

species are plants, animals, or pathogens non-native, whose introduction causes changes in the 

structure and composition of an ecosystem (Whitney and Gabler 2008; Robert et al. 2013). 

Species that grow and reproduce quickly, and spread aggressively, are given the label "invasive,” 

but not all introduced species become invasive, some can have a neutral or even positive effect 

on the environment (Buckley and Catford 2015). Invasive species are among the leading global 

threats to native wildlife and are a factor contributing to the decline of 42 percent of threatened 

and endangered species in the United States (Pimentel et al. 2004). On the island of South 

Georgia in the southern Atlantic Ocean, brown rats (Rattus norvegicus) were introduced by 

whalers in the 18th century and led to dramatic reductions in several bird populations, and 

threatened others with extinction (Piertney et al. 2005). In Florida, Burmese pythons (Python 
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molurus bivittatus), native to southeast Asia, were established after escape or intentional release 

from the pet trade into new environments (Harvey et al. 2008; Dorcas et al. 2011). With a 

suitable ecosystem and relaxed predation pressures in the Everglades, Burmese pythons have 

devastated native fauna, including threatened and endangered species (Dorcas et al. 2011; Dove 

et al. 2011). Invasive species can disrupt balance in native ecosystems by eliminating different 

organisms, altering habitat, and even impact biota on smaller scales (Strong 1987; Pimentel et al. 

2004; White et al. 2006).  

Invasive species can influence ecosystem health via introduction of harbored parasites as 

these nonnative species establish residence in a new area (Dunn et al. 2012: Prenter et al. 2004). 

Parasites may play a key role in enhancing or limiting the impacts of biological invasions and 

positively or negatively impact native species (Lymbery 2015; Dunn et al. 2012). Spillover is the 

transmission of a parasite that occurs when a parasite endemic to one host species is transferred 

and infects new hosts (Borremans et al. 2019; Dunn et al. 2012; Daszak et al. 2000). The shared 

parasites may then facilitate competition between two species, if the parasites harbored by the 

invasive host have a greater impact on the native species then, the invader gains a competitive 

advantage and the invasion will have tremendous success (Romeo et al. 2021; Dunn et al. 2012; 

Mazzamuto et al. 2016). The impact of foreign parasites can be severe if native species are naïve 

to the introduced parasites (Romeo et al. 2015: Prenter et al. 2004). 

One of the best-known paradigms of spillover and disease-mediated competition is the 

squirrel poxvirus (SQPV) due to the introduction of the American eastern gray squirrel (Sciurus 

carolinensis) in the UK and Ireland (Romeo et al. 2015; Rushton et al. 2006a; McInnes et al. 

2012). Introduced eastern gray squirrels are unaffected carriers of SQPV and spread the disease 

to the native Eurasian red squirrels (Sciurus vulgaris), which is in most cases lethal to the red 
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squirrels (Romeo et al. 2015: Prenter et al. 2004). As a result, native red squirrel populations 

have declined or been extirpated in all areas where the introduced eastern gray squirrel is present 

(Romeo et al. 2015; Santicchia et al. 2020). In Europe, spillover of the crayfish plague (caused 

by the fungus Aphanomycesastaci) carried by the invasive signal crawfish 

(Pacifastacusleniusculus) led to the extinction of local populations of the native, white-clawed 

crayfish (Austropotamobius pallipes) (Dunn and Hatcher 2015). In Italy, spillover of a foreign 

gastrointestinal helminth (Strongyloides robustus) from introduced eastern gray squirrels has 

caused a significant reduction in an important personality trait of native red squirrels (Romeo et 

al. 2021; Santicchia et al. 2020). Despite the attention spillover has received, the mechanisms 

used by these parasitic invaders remain poorly understood, and studies demonstrating the impact 

of foreign parasites on native hosts are surprisingly few (Romeo et al. 2021). However, parasites 

(even foreign) are not always a horrible thing, theses few cases show large negative impacts but 

a majority of the time parasites and their host live in balance. We had a unique opportunity to 

study this system between introduced Abert’s squirrel (Sciurus aberti) and native, endangered 

Mt. Graham red squirrel (Tamiasciurus fremonti grahamensis). 

The Pinaleño Mountains (i.e., Mount Graham) are located in southern Arizona and are 

the northern extent of the Madrean Sky Island Complex; and at 3,269 m, have the highest peak in 

the complex (Warshall 1996; Hoffmeister 1956). The Mt. Graham red squirrel is the 

southernmost and rarest subspecies of the southwestern red squirrel (Tamiasciurus fremonti) 

(Hope et al. 2016). This subspecies exists only in upper elevation mixed-conifer and spruce-fir 

forests while being isolated from other red squirrel populations for at least 10,000 years (Allen 

1894). Mt Graham red squirrels were initially thought to have been extinct in the 1960s, but a 

few squirrels were rediscovered in the 1970s (Minckley 1968). Mt. Graham red squirrels are 
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sensitive to changes in the environment and are short-lived, typically about three years in the 

wild, and reproduce once or sometimes twice per year (Munroe et al. 2009; Merrick et al. 2021; 

Goldstein et al. 2017). Over the last 3 decades, the population has experienced large fluctuations 

due to low habitat quality, multiple insect outbreaks, three major wildfires in short succession, 

human activities, and introduced species (Merrick et al. 2021; Sanderson and Koprowski 2009; 

USFS 2011).  

In the 1940s, sixty-nine Abert’s squirrels were trapped at Fort Valley north of Flagstaff, 

Arizona and released in the Pinaleño Mountains by the Arizona Game and Fish Department for 

hunting purposes (Edelman and Koprowski 2009, Hoffmeister 1956, Davis and Brown 1988). 

Abert’s squirrels are native to New Mexico, Colorado, Utah, northern Arizona, and parts of 

Wyoming, and north-central Mexico (Allred 2011; Davis and Brown 1988, Davis and Bissell 

1989). Abert’s squirrels are active year-round and often are sympatric with other squirrels 

(Cudworth and Koprowski 2010; Keith 1965). Once thought to be ponderosa pine (Pinus 

ponderosa) obligate, it was expected that introduced Abert’s squirrel would be constrained to 

lower-elevation pine forests in the Pinaleño Mountains (Hutton et al. 2003). Now both Abert’s 

and Mt. Graham red squirrels currently occupy mixed coniferous forests near the summit of the 

Pinaleño Mountains (Allred 2011; Rushton et al. 2006b). Where co-occurring, Abert’s squirrels 

may further constrain Mt. Graham red squirrel recovery via higher relative density, competition 

for food resources, niche overlap, direct competition between squirrels, and possibly noval 

parasites (Goldstein et al. 2018; Rushton et al. 2006b; Steele and Koprowski 2001).  

Endoparasites encountered in Sciuridae in the USA included helminths from the Cestoda, 

Trematoda, Nematoda, Oxyuridae, Ascarididae, Thalaziidae, Spiruridae, Physalopteridae, 

Trichuridae, Acanthocephala Gigantorhynchidae, and Moniliformidae (Rausch and Tiner 1948). 
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Within Abert’s squirrels and red squirrels (T. fremonti) in their native range (Appendix D) 

portions of the southwest, Citellinema quadrivittati (Nematoda) occurs in both squirrels and 

Enterobius sciuri (Oxyuridae) occurs only in Abert’s squirrels (Patrick and Wilson 1995). 

Ectoparasites encountered in Sciuridae in the USA included arthropods from Anoplura, 

Siphonaptera, Ixodida, Mesostigmata, and Trombiculidae (Durden et al. 2004). Seven species 

from the Siphonaptera order occurs in Abert’s squirrels and red squirrels in New Mexico (Patrick 

and Wilson 1995). Neohaematopinus (Anoplura) occurs in Abert’s squirrels native to Colorado 

(Mjöberg 1910)(Appendix D).  

No parasitological studies have been conducted on both Abert’s squirrels and Mt. 

Graham red squirrels in this area to assess the potential role of parasites in providing Abert’s 

squirrels an additional competitive advantage. We performed post-mortem examinations of both 

species and studied the ectoparasite and helminth fauna. Being an endangered species, Mt 

Graham red squirrels were collected opportunistically over an 18-year period, whereas we 

collected Abert’s squirrels during a control campaign funded by the Arizona Game and Fish 

Department (Bergman et al. 2021). We identified and quantified nematodes through molecular 

and morphological methods. We identified ectoparasites using morphological methods. We 

hypothesized that spillover has occurred, and parasites identified in invasive non-native Abert’s 

squirrels should also occur in native red squirrels. If spillover occurred in the last 80 years, we 

predict to see a similar community composition of endo/ecto-parasites between the two host 

species. If spillover has not occurred, then community composition will differ. We investigated if 

the presence or absence of parasites was influenced by host-link and extrinsic factors. By 

conducting evidence-based analyses of host-parasite associations, we provide data informative 

for future conservation and management of other similar species and systems.  
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METHODS 

 

Collection of squirrels- Abert’s squirrels were harvested between 2002 and 2019. The majority 

of the samples came from the Abert’s squirrel removal project funded by Arizona Game and Fish 

Department (Bergman et al. 2021). All Abert’s squirrel samples were taken from the Pinaleño 

Mountains (i.e., Mount Graham) located in southern Arizona. Endangered Mt. Graham red 

squirrels were collected between 2002 and 2020 on Mount Graham and limited to natural and 

accidental deaths. Each carcass was placed in a sealed plastic bag and stored at -20°C for later 

examination. We examined Abert’s squirrels harvested during their breeding season, between 

late February to early June (Allred 2010). Males and females Abert’s squirrels were sampled 

equally and randomly. We examined only adult specimens in Abert’s squirrels for both 

endoparasites and ectoparasites. Mt. Graham red squirrels were sampled regardless of date 

collected or sex due to limited sample sizes..  

Endoparasite collection and examination- The gastrointestinal tract from the esophagus 

to the rectum was removed during necropsy. About 1-2 g of feces were taken from the rectum 

and stored at -20°C in the freezer for future fecal flotations. A small portion of the spleen was 

removed from each specimen and stored in the freezer at -20°C for future use. The tip of the 

right ear of each squirrel specimen was cut and stored for DNA use in the future. The stomach, 

small intestine, and large intestine were examined for endoparasites. The contents collected from 

each section were washed with tap water using two sieves (lumen 0.40 and 00.3 mm) and 

examined using a stereomicroscope at 45X magnification (AmScope, dissecting microscope). 

For later identification, the helminths were counted and stored in Tris-EDTA (TE) pH 8.0. 

Helminths were stored in separate tubes for each squirrel’s intestinal tract section (e.g., small, 

large, stomach).  
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We photographed twenty nematode samples from both squirrel species for morphological 

identification. Nematodes were cleared and studied in temporary mounts of lactophenol. Most 

features were studied at 100X and 200X magnification. Measurements were taken with an 

optical micrometer. Characters used in the identification included the tightly coiled body, the 

pattern of cuticular ridges (synlophe), the asymmetrical bursa, significantly reduced dorsal ray, 

and the shape and size of the spicules in the males (Hall 1916; Dikmans 1938). 

Endoparasite molecular methods -Single nematodes were placed in 1.5 ml 

microcentrifuge vials containing 500 μl of TE. The vials were centrifuged for 1 min at the lowest 

speed, and about 400 μl of the TE was discarded. Nematodes were grounded using a pestle motor 

mixer for ≤ 2 min We used the GeneJet Genomic DNA purification kit (#K0722, Thermo 

Scientific) for the DNA extraction of nematodes following the manufacturer’s recommendation 

(Thermo Fisher User guide 2016), except the incubation for the digestion step was performed 

overnight. The elution buffer was incubated at 56°C for about 30 min to improve binding of the 

DNA better. The GeneJet PCR Purification Kit (#K0702, Thermo Scientific) was used for the 

PCR purification. We followed Thermo Scientific PCR purification Protocol (Thermo Fisher 

User guide 2015) for PCR purification, except we incubated the elution buffer at 56°C for about 

15 min to improve of the DNA better. Molecular identification of the samples was performed by 

amplification of 3 markers using the polymerase chain reaction (PCR): 18S small subunit (SSU) 

ribosomal DNA, 28S large subunit (LSU) ribosomal DNA, and the internal transcribed spacer 2 

(ITS2)(Appendix B). Optimal PCR conditions were used for each primer by adjusting annealing 

temperatures, time of cycles, primer concentrations, and DNA concentrations (Appendix B). 

This process was followed to refine our end product for optimal results. The ITS2 marker was 

selected because it is helpful in strongylids identification, although Pacfo et al. used the primers 
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in metabarcoding (Pafco et al. 2018). Some limitations during the PCR process were few or 

nonexistent primers specific enough for the potential taxa sampled. Also, the ITS2 gene we 

amplified can have high nucleotide diversity and is not often used for nematodes (Zhang et al. 

2015). In addition, we designed specific primers, 28S rDNA of strongylids nematodes (Appendix 

B) because, unlike ITS2, this gene presents less intraspecific divergence (Bik et al. 2013). The 

18S rDNA markers were used to study the potential for the presence of other nematodes; the set 

of primers used were designed for a larger range of nematodes species (Stock Lab 2020) 

(Appendix B). Amplicons were examined by standard gel electrophoresis.  

Sequencing and phylogenetic relationships- A total of 335 PCR products were Sanger 

sequenced at the University of Arizona Genetics Core. Nucleotide sequences were edited, 

aligned, and analyzed using Geneious software version 9.0 (Biomatters Ltd., Auckland, New 

Zealand; Kearse et al. 2012) and compared with sequences available in GenBank dataset using 

the Basic Local Alignment Search Tool (BLAST) tool. For the phylogenetic relationships 

analysis, ITS2 sequences obtained in this study were considered along with sequencing of 

Trichostrongyloidea (n=8), Heligmosomoidae (n=22) available in the GenBank database. For the 

phylogenetic relationships analysis, 28s rDNA sequences obtained in this study were considered 

along with sequencing of Heligmosomoidae (n= 8), Herpetostrongylidae (n=4), 

Herpetostrongylinae (n=2), Trichostrongyloidea (n=1), Mackerrastrongylidae (n=2), 

Parastrostrongylus bettongia available in GenBank database. For the phylogenetic relationships 

analysis, 18s rDNA sequences obtained in this study were considered along with sequencing of 

Oxyuridae sequences (n=19) available in GenBank database. Phylogenetic relationships were 

measured by the maximum likelihood method using IQ-TREE multicore version 1.5.5 with 

ultrafast bootstrap to test the topology robustness (Ngyuen et al. 2014; Minh 2013). Jmodeltest 
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was used to select the best model of evolution for each gene based on the Akaike information 

criterion. The produced phylogenetic trees were edited using FigTree and Inkscape. 

Ectoparasite collection and examinations- We combed whole squirrel bodies with a flea 

comb above a white surface and examined areas on the body where clusters most commonly 

occur (e.g., on the face, near ears, near eyes, neck area, underside regions). Ectoparasites were 

counted and stored in 70% ethanol for later identification. For each individual, we recorded sex, 

location, age class (e.g., adult, juvenile), species, reproductive condition, and collection date. In 

addition, calipers were used to measure body mass(g) and morphology (e.g., skull length and 

width, spine length, tail length, head: body length, skull width, nasal width, foot length, and left 

ear length) per squirrel.  

We examined ectoparasites using a wild dissecting scope for whole specimens and Lecia 

DM compound scope for slide-mounted and dissected material. Specimens were placed in cold 

10% potassium hydroxide (KOH) to remove soft internal tissues. When cleared, specimens were 

passed through water and ethanol alcohol (EtOH) progressions to stop the clearing process until 

dehydrated in 100% EtOH. Once cleared, specimens were sorted using the dissecting scope, 

counted, and males/females selected for slide-mounting and identification. Slide-mounted 

specimens were placed in Hoyer’s medium or glycerol under a coverslip on a slide, then viewed 

under high magnification to examine critical external morphological characters, including the 

female spermatheca and male aedeagus (Hubbard 1947; Ewing and Fox 1943; Fleas of the World 

2021)  

Statistical analyses - The following terminology was used to describe the parasitic 

infestations: prevalence and mean intensity (Mergo and Crites 1984; Margolis et al. 1982). We 
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calculated the prevalence of infection by dividing the total number of infected hosts by the total 

number of sampled hosts (Mergo and Crites 1984). We calculated the mean intensity by dividing 

the total number of individuals of a particular parasite species in a sample of a host species by 

the number of infected individuals of the host species in the sample (Mergo and Crites 1984). 

The probability of squirrels being infected and infested by endoparasites and ectoparasites was 

analyzed using logistic regression to explore the effects of host-linked factors (sex, body mass, 

and age class) and the extrinsic factors (year and season) on the presence/absence of parasites. 

Abert’s squirrels and Mt. Graham red squirrels were treated separately for this analysis. We used 

binomial generalized linear mixed models (GLMMs; Bolker et al. 2009). We classified 

seasonality for Mt. Graham red squirrels following Koprowski (2005) (winter: December–

February, spring: March-May, summer: June-August, autumn: September–November). We 

classified age class based on body mass (juvenile:100-150 g, subadult:150-200 g, adult: >200 g) 

for Mt. Graham red squirrels. We used the lme4 package (Bates et al. 2015) to fit a full model 

with all candidate factors then conducted backward stepwise elimination to obtain an optimal 

model. We employed model selection by comparing each model using ANOVA (Girden 1992) 

and selected an optimal model with the lowest ∆AIC >2. We conducted all statistical analyses 

using R (R Core Team). 

RESULTS 

Abert’s squirrels - Of 100 S. aberti (male=50, female=50) that were necropsied for 

endoparasites, 65% (65/100) harbored at least one endoparasite. From those 65 Abert’s squirrels, 

726 nematodes were extracted from the gastrointestinal tract. We extracted 32 nematodes from 

the stomach, 664 nematodes from the small intestine, and 30 nematodes from the large intestine. 

Seven nematodes were identified based on morphological analysis as Citellinema quadrivittati 
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(Hall 1916). A spicule is a morphological characteristic used as an excellent criterion to identify 

Citellinema spp. We observed spicules, needle-like mating structures found only in males, like 

Hall’s (1916) description with a mean of 532 µm and a range of 480–615 µm. Spicules of C. 

quadrivittati are documented to be 695 µm long (Hall 1916). We found no evidence that more 

than one nematode species was present based upon morphological features.  

DNA was extracted from individual nematodes collected from Abert’s squirrels: all 

Abert’s squirrels that contained at least one nematode were sampled. We sent 169 PCR products 

for the ITS2 rDNA marker, 118 PCR products for the 28s rDNA marker, and 11 PCR products 

for the 18s rDNA marker to be Sanger sequenced. PCR amplification of the ITS2 rDNA marker 

(Figure 3) helped in identifying the first nematode belonging to the genus Citellinema spp. We 

observed 95 to 99% similarity of our ITS2 rDNA sequences with sequences of Citellinema spp. 

available on the NCBI database. Phylogenetic relationship of ITS2 rDNA marker revealed our 

ITS2 rDNA sequences isolated formed a sister clade to other Citellinema spp. sequences 

obtained from NCBI database. For the taxa recovered from both host squirrels all nematode 

sequences clustered in one single group but showed strong divergences between samples (Figure 

3). To reinforce detecting different species among our ITS2 rDNA sequences, we looked at the 

phylogenetic relationship between the 28s rDNA sequences of nematode from both squirrels 

(Figure 4). The 28s rDNA marker concluded our 28s rDNA sequences were indeed the same 

species, and we concluded no interspecific or intraspecific differences within our samples. 

 PCR amplification of the marker 18S rDNA (Figure 5) helped in identifying a second 

nematode belonging to the genus Trypanoxyuris (Rodentoxyuris) sp. We observed 99% 

similarity of our 18s rDNA sequences with Trypanoxyuris (Rodentoxyuris) sp. available 
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sequences on the NCBI database. The 18s rDNA marker was created for pinworms 

(Trypanoxyuris spp.), and we were able to sequence three samples from Abert’s squirrels (Figure 

5). Monophyletic sister-group, Enterobius spp., are included and support for the Trypanoxyuris 

spp. clade. A GenBank sequence is included in our sequences’ group because we believe that our 

species is closely related to Trypanoxyuris (Rodentoxyuris) sciuri. The most abundant intestinal 

trichostrongyle (based on Sanger sequences, n= 287) was Citellinema sp. with a total prevalence 

of 48% and a mean intensity of n= 2.6 ± 6.60 in Abert’s squirrels (Table 1). Fewer PCR products 

were Sanger sequenced (n=11) for Trypanoxyuris (Rodentoxyuris) sp.; however, the prevalence 

appeared lower in Abert’s squirrels, about 4% with a mean intensity of n= 1.5 ± 0.22 (Table 1). 

The analysis carried out on presence/absence of endoparasites revealed that body mass has an 

effect on endoparasite-presence squirrels (p < 0.01). Heavier squirrels were more likely to have 

endoparasites (Figure 1). For every 1 g unit change in body mass, the odds of squirrels having 

endoparasites increase by 10.0% (CI 0.3–1.8%). Sex and year did not affect the presence of 

endoparasites in Abert’s squirrels (p > 0.05; Table 2). 

With the same samples necropsied an additional 13 Abert’s squirrels (male=56, 

female=57) were examined for ectoparasites and 79% (90/113) harbored at least one 

ectoparasite. Two species of fleas were discovered on S. aberti: Opisodasys robustus and 

Anomiopsyllus sp. The Anomiopsyllus fleas were not common, only occurring in two samples of 

Abert’s squirrel. One host was a reproductive male from March 2014, and the other host was a 

reproductive female from May 2019. One species of louse was found on Abert’s squirrels: 

Neohaematoinnus sciurinus. The louse was found on 37% (42/113) of Abert’s squirrels. The 

most abundant ectoparasite among Abert’s squirrels was the flea Opisodasys robustus with a 

total prevalence of 51% and a mean intensity of 5.2 ± 0.37 (Table 1). The analysis carried out on 
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presence/absence of ectoparasites revealed that males are more parasitized by ectoparasites than 

females (p < 0.001; Table 3); however, body mass and year did not affect the presence of 

ectoparasites (p > 0.05) in Abert’s squirrels. 

Mt. Graham red squirrels -Among 22 T. f. grahamensis (male=11, female=11) 

necropsied for endoparasites, 36% (8/22) harbored at least one endoparasite. From these eight 

squirrels, we counted 240 nematodes in the gastrointestinal tract and we were able to extract 41. 

We extracted two nematodes from the stomach, 11 nematodes from the small intestine, and 28 

from the large intestine. We extracted DNA from 21 single nematodes; all Mt. Graham red 

squirrels that contained at least one nematode were sampled. We sent 19 PCR products for the 

ITS2 rDNA marker, 16 PCR products for the 28s rDNA marker, and 4 PCR products for the 18s 

rDNA marker to be Sanger sequenced. PCR amplification of the ITS2 rDNA marker (Figure 3) 

helped in identifying our ITS2 rDNA sequences as a nematode belonging to the genus 

Citellinema spp. We observed 95 to 99% similarity of our ITS2 rDNA sequences with sequences 

of Citellinema spp. available on the NCBI database. The phylogenetic relationship between our 

ITS2 rDNA sequences of Mt. Graham red squirrels samples formed a clade and a sister group 

was formed by Citellinema spp. sequences available in the NCBI database (Figure 3). 

Morphological examination detected the presence of samples similar to Trypanoxyuris 

(Rodentoxyuris) sp. (Figure 6) in Mt. Graham red squirrels. Unfortunately, we did not obtain 

successful amplification of 18s rDNA sequence from this host. The most abundant intestinal 

trichostrongyle (based on Sanger sequences, n=35) was Citellinema sp. with a total prevalence of 

23% and a mean intensity of n =3.4 ± 0.39 in the Mt. Graham red squirrels (Table 1). The 

GLMM analysis carried out on presence/absence of endoparasites revealed that none of the 
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tested factors (sex, body mass, age class, and season) had an effect on nematode presence (p > 

0.05) in Mt. Graham red squirrels.  

With the same samples necropsied an additional two Mt. Graham red squirrels (male=11, 

female=13) were examined for ectoparasites and 33% (8/24) harbored at least one ectoparasite. 

One species of flea Orchopeas caedens was found on 58% (14/24) of Mt. Graham red squirrels 

with a total prevalence of 37% and a mean intensity of 6.0 ±  0.95 (Table 1). Only one mite 

specimen from the family Glycyphagidae was found on one female of Mt. Graham red squirrel 

collected in 2005. The GLMM analysis carried out on presence/absence of ectoparasites revealed 

that none of the tested factors(sex, body mass, age class, and season) had an effect on 

ectoparasite presence (p > 0.05) in Mt. Graham red squirrels. 

DISCUSSION 

Our morphological and molecular results confirmed that one of the helminth species extracted in 

Abert’s squirrels belong to Citellinema quadrivittati. In Mt. Graham red squirrels the molecular 

results confirmed one of the helminth belonged to Citellinema sp. In both Abert’s squirrels and 

Mt. Graham red squirrels the molecular result did suggest there was interspecific and/or 

intraspecific species of Citellinema, but the 28s rDNA marker did confirm that all samples were 

of the same species (Figure 4). Based on morphological and molecular results, we believe that 

the pinworm found in S. aberti and T. f. grahamensis is Trypanoxyuris (Rodentoxyuris) sp. Both 

endoparasites are found in other Sciurids, likely a long coevolutionary history as squirrel 

generalist parasites with the potential to be passed back and forth to novel hosts. Citellinema sp. 

nematodes are included in the Trichostrongylidae superfamily. This superfamily occurs 

worldwide in practically all plant-feeding vertebrates and reside in the stomach and/or small 

intestine (Mehlhorn 2016). Transmission of the nematodes occur through oral uptake of larvae 
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by a suitable host (Melhorn 2016; Anderson 2000). Trypanoxyuris (Rodentoxyuris) sp. are 

included in the order Oxyurida. These nematodes are common in lizards, tortoises, marsupials, 

rodents, and primates (Anderson 2000). Oxyurids or pinworms are strictly monoxenous and 

expected to use vertical transmission (parent to offspring at or before birth) (Anderson 2000; 

Santicchia et al. 2020) The nematodes usually require fecal-oral transmission where eggs are 

deposited on the perianal region (Anderson 2000; Santicchia et al. 2020). Host can digest eggs 

from the environment or consumed during grooming. (Romeo et al. 2015; Anderson 2000; 

Santicchia et al. 2020). 

Two fleas were identified in S. aberti; O. robustus and Anomiopsyllus sp. Both fleas have 

been reported in S. aberti in New Mexico (Jordan 1925; Patrick and Wilson 1995; Holland 1965; 

Baker 1898), whereas the flea Anomiopsyllus was less common in the Abert’s squirrels. Species 

of Anomiopsyllus are primarily associated with woodrats (Neotoma), but A. martini was found in 

a “rodent nest,” which was a nest of an S. aberti (Holland 1965; Barnes et al. 1977). 

Anomiopsyllus spp. maybe consistent with the host of S. aberti because the Anomiopsyllus fleas 

were directly removed from sample host bodies (Holland 1965; Barnes et al. 1977). A species of 

louse, N. sciurinus, was found on S. aberti. This species of louse has been found on Sciurus 

niger, S. carolinensis, S. aberti and other squirrels outside the U.S (Mjoberg 1910; Durden and 

Musser 1994; Ferris 1923). One species of flea was identified in T. f. grahamensis; O. caedens, it 

has been reported in T. fremonti and S. aberti in New Mexico (Hope et al. 2016; Patrick and 

Wilson 1995; Jordan 1925). One mite species from the Glycyphagidae family was identified in 

T. f. grahamensis. In Douglas’ squirrels (Tamiascuiurus douglasii) in Oregon, two species of 

Dermacarus spp. part of the Glycyphagidae family were identified (Pence and Webb 1977). Our 

results suggest a new host and geographic records for the Glycphagidae mite from T. f. 
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grahamensis in Arizona. Additional in-depth identification methods are still in progress for all 

ectoparasites found.  

To test the spillover hypothesis, we evaluated whether parasites typical of Abert’s squirrels 

were present in Mt. Graham red squirrels; thus foreign parasites “spilling over” to native fauna. 

C. quadrivittati and Trypanoxyuris (Rodentoxyuris) sp. were found in Mt. Graham red squirrels 

and Abert’s squirrels. In sympatric populations of Abert’s and red squirrels in New Mexico, C. 

quadrivittati occurs in both squirrel species, but only Abert’s squirrels harbored a pinworm, 

Enterobius sciuri (Patrick and Wilson 1995). The pinworm E. sciuri does occurs in other 

squirrels (Sciurur niger, Glaucomys volans, S. carolinensis) in North America (Rausch and Tiner 

1948; Parker 1968; Parker and Holliman 1971; Davidson 1976). The taxonomy of E. sciuri 

remains unclear and complicated to discern differences between E. sciuri and Trypanoxyuris 

(Rodentoxyuris) sp. (Hugot et al. 1984, 1999; Cameron 1932; Popiołek et al. 2009). In North 

America, neither E. sciuri or Trypanoxyuris (Rodentoxyuris) sp. has not been reported in the red 

squirrel (T. hudsonicus) nor Fremont’s squirrel (T. fremonti) in any areas where overlap occurs 

with other squirrel species (Patrick and Wilson 1995; Hope et al. 2016). Detecting Trypanoxyuris 

(Rodentoxyuris) sp. in both host species shows the potential for parasite transmissions between S. 

aberti and T. f. grahamensis through parasite spillover.  

Both hosts harbored different communities of ectoparasites; we can conclude that spillover of 

ectoparasites has not occurred between S. aberti and T. f. grahamensis. The distribution and 

density of our host species may have direct impact on the ectoparasite populations. While most 

ectoparasites are host-specific others have a wider range of hosts. Most ectoparasites display 

strong tendencies to select their primary hosts and reject novel hosts (Esberard et al. 2005). Bat 

flies, Hippoboscoidea, are highly specialized for their host(s); some flies have strong tarsal claws 
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for gripping host fur. Others have rows of spines termed combs, or ctenidia, where the spacing of 

the spines bears a close relationship to the diameter of the hairs of their host (Humphries 1967; 

Dick and Patterson 2006). Ectoparasites reported in marine and freshwater fish species are 

adapted in mobility and reproductive strategies to extreme environmental conditions (Bush et al. 

2001). These adaptations created more robust organs for attachment and reproduction, thus 

permitting more host-specificity (Bellay et al. 2020). Host specificity can also be due to limited 

dispersal ability (Giorgi et al 2004). Further studies of ectoparasite communities composition 

between both host squirrels should be conducted. 

In Italy, spillover of a foreign nematode (S. robustus) from introduced gray squirrels reduces 

the native red squirrels’ activity, an important personality trait (Santicchia et al. 2020). Romeo et 

al. (2021) demonstrated that a foreign nematode can reduce survival in a native mammal, further 

adding to the detrimental effect on the native species fitness induced by understudied forms of 

competition of an invasive species. In North America, S. robustus is suspected to facilitate the 

competition between two species of North American flying squirrels (Glaucomys) (Krichaum et 

al. 2010). Studies suggest that S. robustus reduces the survival and productivity of the northern 

flying squirrels (G. sabrinus) whereas southern flying squirrels (G. volans) are unaffected (Weigl 

1969; Kirchaum et al. 2010). Having only a handful of cases in the literature showing rare 

pathogenicity of foreign parasites through spillover, the parasites we encountered are relatively 

ubiquitous and are not necessarily of consequences to fitness. Our data do not presently allow us 

to highlight any negative impact on T. f. grahamensis individuals; additional studies to better 

understand the potential consequences of parasite spillover on Mt. Graham red squirrels will be 

required. Unfortunately, knowledge of parasites of T. f. grahamensis before the introduction of S. 

aberti to the Pinaleño Mountains are unknown. We showed the potential for spillover between 
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Abert’s squirrels and Mt. Graham red squirrels by identifying and quantifying parasites within 

these two squirrels. This research does fill a knowledge gap about parasites in these squirrel 

species on an isolated sky island. Our work also raises several interesting new questions about 

the need for more squirrel-specific nematode primers, to better understand the co-evolutionary 

history of host and parasites in squirrels, and in-depth research on the understudied impacts of 

parasite transmission.  

Differences in the social system of both squirrel species may explain some of our findings on 

why parasite loads were large in Abert’s squirrels, why males harbored more ectoparasites, and 

how parasite transmission could be occurring between both squirrels. Mt. Graham red squirrels 

live in solitary, are territory, and have a smaller home range (Derbridge and Koprowski 2019). 

While Abert’s squirrels are non-territorial, have a larger home range, and practice social nesting 

(Derbridge and Koprowski 2019; Edelman and Koprowski 2007). Several Abert’s squirrels’ 

home ranges completely overlap Mt. Graham red squirrels’ home ranges where they now co-

occur. Social nesting is practiced within Abert’s squirrels (Edelman and Koprowski 2007) 

creates a higher risk of transmitting parasites intraspecific. Intermediate host(s) could be 

transferring parasites between both squirrels including rodents (other squirrels, packrats, deer 

mice)(Appendix C), arthropods, and one or both squirrels may have harbored the parasite before 

introduction.  

We found large loads of endo and ectoparasites on Abert’s squirrels, while in other areas 

endo and ectoparasites prevalence have been reported to be generally low in Abert’s squirrels 

(Patrick and Wilson 1995). We showed that the likelihood of Abert’s squirrels being infested by 

endoparasites was positively affected by body mass. We expected larger animals to harbor more 

parasites because of their larger surface area and increased mass—desirable traits for 
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ectoparasites (Gorrell and Schulte-Hostedde 2008). But body mass may partially represent body 

condition, and other untested factors may provide further details of parasite infection (Romeo et 

al. 2021). The positive relationship between presence of endoparasites and body mass could be 

an indirect consequence of other mechanisms that might influence presence, like social structure, 

time of collection, and dominance of one species over another (Romeo et al. 2021). 

Unfortunately, we found that none of our tested factors in the GLMM analysis affected the 

presence/absence of both endo/ectoparasites in Mt. Graham red squirrels. We showed that 

Abert’s squirrel males are more likely to have presence of ectoparasites than females. We note 

that all Abert’s squirrel samples originated during their breeding season when contact between 

squirrels is expected. In vertebrates, males tend to carry higher parasite loads than females 

(Hillgrass et al. 2008; Isomursu et al. 2006; Perez-Orella and Schulte-Hostedde 2006; Ferrari et 

al. 2004). Higher parasite loads in males could be due to how they interact with others, home 

ranges, body size, habitat choices, and breeding season (Hillgrass et al. 2008; Mazzamuto et al. 

2020; Merrick and Koprowski 2016). During necropsies of Abert’s squirrels and Mt. Graham red 

squirrels, we did note that Abert’s squirrels had a much larger and longer gastrointestinal tract 

than Mt. Graham red squirrels. Studies showed that Abert’s squirrels did have significantly 

longer gastrointestinal tracts with a greater surface area and weight than other generalist tree 

squirrels (Murphy and Linhart 1999). This unique gastrointestinal tract demonstrates why 

Abert’s squirrels were thought to have been obligate ponderosa pine specialists (Hutton et al. 

2003).  

CONCLUSIONS 

When we overlook the understudied impacts of parasite transmission by invasive or non-native 

species, we may underestimate their full impact on native fauna (Prenter et al. 2004). Long-term 
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studies may be required to fully understand the contribution that parasites and their transmission 

routes play on the outcome of invasions (Prenter et al. 2004). Further research on whether the 

parasites identified in our study significantly affect the survival and reproduction in Mt. Graham 

red squirrels may be beneficial. When we have better insight into possible parasite transmission 

routes and the role parasites play in a biological invasion, we can better understand all factors 

that place species at risk of extinction. Our data highlight the importance of developing future 

management and conservation strategies for similarly threatened or endangered species. 

Evidence-based management plans are better equipped to tackle the multiple scenarios and 

outline steps that should be taken in various scenarios (Dunn and Hatcher 2015; Daszak et al. 

2003). Managers should continue to control introduced species that potentially carry foreign 

parasites to manage possible disease impacts (e.g., Abert’s squirrel removal program)( Kelly et 

al. 2009). Management plans that focus on minimizing habitat reduction and alteration should be 

necessary. Habitat reduction and alteration can increase parasite transmission between 

introduced species and native species (Tompkins and Poulin 2006). Habitat reduction can 

increase parasite transmission through effects of crowding, therefore, increasing susceptibility to 

infection of diseases (Tompkins and Poulin 2006). Abert’s squirrels prefer open forests that often 

result from fire and insect infestations as on the Pinaleño Mountains (Minor and Koprowski 

2015; Gwinn and Koprowski 2016). Future studies that monitor parasite infection and 

transmission, and investigate parasite composition in-depth, may help managers respond early to 

potential effects of spillover (Romeo et al. 2021). Despite successful management plans, the 

increased level of global movement of non-native species means that we will undoubtedly 

introduce exotic pathogens or vectors to new geographic regions or host species (Daszak et al. 
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2003). Invasion ecologists and parasitologists should be open to investigating the ever-growing 

novelty within our ecosystems (Dunn and Hatcher 2015).  
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Fig. 1 Effect of body mass in grams on endoparasite presence/absence in Abert’s squirrels (S. 

aberti). The results are significantly different (p > 0.01). Heavier squirrels were more likely to 

have endoparasites. Abert’s squirrels (S. aberti) are from the Pinaleño Mountains in southeastern 

Arizona. The y-axis depicts absence or presence of endoparasites. The x-axis depicts body mass 

of squirrels in grams. 
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Fig. 2 Ectoparasite presence/absence on Abert’s squirrel (S. aberti). Males represented by the 

blue section of the bar are more likely to be parasitized by ectoparasites than females (purple; p < 

0.001). Females are represented by the purple section of the bar. Abert’s squirrels (S. aberti) are 

from the Pinaleño Mountains in southeastern Arizona. The y-axis depicts the absence or presence 

of ectoparasites. The x-axis depicts the number of squirrels examined for ectoparasites.  
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Fig. 3 Bayesian phylogenetic relationships of sequences using the ITS2 rDNA primer. According 

to AIC the best-fit model for ITS2 sequencing was HKY+G4. Aqua colored rectangle shows 

Citellinema spp. Smaller blue rectangle shows Citellinema quadrivattati samples. Asterisks 

represent that other samples from that host have been morphological identified as Citellinema 

quadrivattati. Taxa colored red are Mt. Graham red squirrels (T. f. grahamensis), bold taxa are 

Abert’s squirrel (S. aberti). Nodes (numbers) are associated with Bootstrap values based on 

1,000 replicates. Bayesian posterior probabilities less than 0.70 are not show. The scale bar at the 

bottom left indicates the number of nucleotide substitutions (0.06). Abert’s squirrel (S. aberti) 

and Mt. Graham red squirrels (T. f. grahamensis) are from the Pinaleño Mountains in 

southeastern Arizona.  
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Fig. 4 Bayesian phylogenetic relationships of sequences using the 28s rDNA primer. Analysis 

showing that our samples are grouping together. According to AIC the best-fit model for 28s 

sequencing was TPM3u+I. Dark pink rectangles represent sister group Heligmosomum spp. 

Lighter pink rectangle is a representatives of samples of Citellinema quadrivattati. Asterisks 

represent that other samples from that host have been morphological identified as Citellinema 

quadrivattati. Taxa colored red are Mt. Graham red squirrels (T. f. grahamensis). Bold taxa are 

Abert’s squirrel (S. aberti). Nodes (numbers) are associated with Bootstrap values based on 

1,000 replicates. Bayesian posterior probabilities less than 0.70 are not shown. The scale bar at 

the bottom left indicates the number of nucleotide substitutions (0.009). Abert’s squirrel (S. 

aberti) and Mt. Graham red squirrels (T. f. grahamensis) are from the Pinaleño Mountains in 

southeastern Arizona.  
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Fig. 5 Bayesian phylogenetic relationships of sequences using the 18s rDNA primer. According 

to the AIC the best-fit model for 18s sequencing was TVM+I+G4. The yellow rectangle 

represents the Trypanoxyuris spp. The green rectangle represents our samples that are grouping 

within the group of Trypanoxyuris spp. Bold taxa are the Abert’s squirrel (S. aberti). No 

successful sequences in the PCR amplification occurred for Mt. Graham red squirrels (T. f. 

grahamensis) were successful in the PCR amplification. Nodes (numbers) are associated with 

Bootstrap values based on 1,000 replicates. Bayesian posterior probabilities less than 0.70 are not 

shown. The scale bar at the bottom left indicates the number of nucleotide substitutions (0.03). 

Abert’s squirrel (S. aberti) are from the Pinaleño Mountains in southeastern Arizona.  
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Fig. 6 Photo taken under 400x magnification of a male oxyurid: most likely a Trypanoxyuris 

(Rodentoxyuris) sp. from a Mt. Graham red squirrels (T. f. grahamensis), from the Pinaleño 

Mountains in southeastern Arizona.  
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TABLES 

 

 

Table 1. Marcoparasite species hosted by Abert’s squirrel (S. aberti) and Mt. Graham red 

squirrels (T. f. grahamensis) in the Pinaleño Mountains in southeastern Arizona. Prevalence 

calculated for helminths in Abert’s squirrels and Mt. Graham red squirrels are based on numbers 

from molecular methods. Endo stands for number of squirrels sampled for endoparasites and ecto 

stands for number of squirrels sampled for ectoparasites. Ectoparasite counts are set in italic 

when the number of infected hosts < 10 We were not able to obtain sequence data for pinworms 

(Trypanoxyuris (Rodentoxyuris) sp.) in Mt. Graham red squirrels although they were 

documented.  

 

 Abert’s squirrel 

endo=100: ecto=113 

Mt. Graham red squirrel 

endo=22: ecto=24 

Marcoparasite species  Prevalence 

(%) 

Intensity ± SE Prevalence 

(%) 

Intensity ± SE 

Helminths  

  Citellinema sp.  

  Trypanoxyuris (Rodentoxyuris) sp. 

 

48 

4 

 

2.6 ± 6.6 

1.5 ± 0.2 

 

 

23 

Detected 

 

 

 

3.4 ± 0.4 

- 

 

 

Arthropods  

  Opisodasys robustus  

  Anomiopsyllus sp. 

  Neohaematoinnus sciurinus 

  Orchopeas caedens 

  Glycyphagidae  

   

 

51 

>1 

37 

- 

- 

 

5.2 ± 0.4 

1 

5.9 ± 0.5 

- 

- 

 

- 

- 

- 

37 

>1 

 

- 

- 

- 

6.0 ± 1.0 

1 

 

 

Table 2 Generalized linear model results of endoparasite presence Abert’s squirrel (S. aberti) on 

body mass. Body mass has a significant positive effect on the endoparasite presence. Abert’s 

squirrels (S. aberti) are from the Pinaleño Mountains in southeastern Arizona.  

 
Coefficients  Estimates P SE 

Sex (Male) 

Body Mass 

Year  

-0.05632 

0.010481 

1.059e-01 

0.3010  

0.00499*** 

0.19185 

5.445e-01  

0.003733 

8.116e-02 

Asterisks indicate level of significance (*P < 0.05; **P < 0.01; ***P < 0.001). 

 



 

 

72 

 

Table 3 Generalized linear model results of ectoparasites presence Abert’s squirrel (S. aberti) on 

sex (male). Males are more parasitized by ectoparasites than females. Abert’s squirrels (S. aberti) 

are from the Pinaleño Mountains in southeastern Arizona. 

Coefficients Estimates P  SE 

Sex (Male) 

Body Mass 

Year 

2.7568 

-2.243e-03 

0.07836 

0.000347*** 

0.61406 

0.426205 

0.7707 

4.448e-03 

0.09848 

Asterisks indicate level of significance (*P < 0.05; **P < 0.01; ***P < 0.001). 

 

APPENDIX B: PCR amplification and sequencing primers used are detailed below 

Primer Amplified 

Gene 

Sequence Conditions Cycle 

Strongyl_ITS2_F 

 

Strongyl_ITS2_R 

Internal 

transcribed 

spacer 2  

ACGTCTGGTT

CAGGGTTG 

 

ATGCTTAAGT

TCAGCGGGT

A 

25μl of  OneTag Quick-

Load 2X Master Mix with 

Standard Buffer, 0.15 μM 

of each primer, 17μl of 

Nuclease-Free water, 5μl 

(3-10 ng) of DNA 

35 cycles at 95C for 

3 min, 95C for 15 

sec, 50C for 15 sec, 

and 68C for 15 sec 

followed by 1 cycle 

at 68C for 5 min  

Tristrong_28S_F 

 

Tristrong_28S_R 

28S 

ribosomal 

RNA 

TACCCGCTGA

ACTTAAGCAT 

 

GACTCGCGT

ACAAGTTAC

ACT 

25μl of  OneTag Quick-

Load 2X Master Mix with 

Standard Buffer, 0.2 μM of 

each primer, 19μl of 

Nuclease-Free water, and 

4μl (3-10 ng) of DNA 

34 cycles at 94C for 

3 min, 94C for 15 

sec,  55C for 30 sec, 

68C for 40 sec, 

followed by 1 cycle 

at 68C for 5 min. 
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18S_550 

 

18S_AR420 

18S 

ribosomal 

RNA 

GCAGCCGCG

GTAATTCCAG

CT 

CATCTAAGG

GCATCACAG

ACCTGTT 

12.5μl of OneTag Quick-

Load 2X Master Mix with 

Standard Buffer, 0.3 μM of 

each primer, 8.5μl  

Nuclease-Free water, and 

1μl (3-10 ng) of DNA. 

35 cycles at 94C for 

3 min, 94C for 20 

sec, 55C for 30 sec, 

68C for 50 sec, 

followed by 1 cycle 

68C for 7 min. 

 

 

APPENDIX C: Examples of ectoparasites in rodents that occur in the general area as Mt. 

Graham red squirrels and Abert’s squirrels in Pinaleño Mountains.  

 

Rodent Fleas 

 

Ticks Lice Mites 

Spotted ground 

squirrel (Spermophilus 

spilosoma) 

Thrassis pansus  

Orchopeas 

leucopus  

Echidnophaga 

gallinaceae 

Can carry over 

15 species of 

fleas 

 

Dermacentor 

parumapertus 

Enderleinellus 

suturalis  

Linognathoides 

spilosomae  

Neohaematopinus 

citellinus  

Neohaematopinus 

spilosoma  

 

Unknown mites 

 

 

Rock squirrel 

(Spermohilus 

variegatus) 

Oropsylla 

montana 

Orchopeas 

caedens 

Subfamily 

Anomiopsyllinae 

Can carry over 

10 different 

species of fleas. 

 

Dermacentor 

andersoni  

D. parumapertus  

Ixodes marmotae  

 I. sculptus kingi  

 

Linognathoides 

laeviusculus  

Neohaematopinus 

citellinus  

 

Family 

Dermanyssidae 

(4 mites) 

 

Suborder 

Trombidiformes 

(2 mites) 

Deer mouse 

(Peromyscus 

maniculatus) 

Orchopeas 

leucopus 

Ixodes pacificus 

 

Hoplopleura 

hesperomydis 

 

Neotrombicula 

microti 
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Megabothris sp. 

 

Epitedia 

wenmanni  

Anomiopsyllus 

spp.  

Can carry over 

20 species of 

fleas 

 

Polypax spp. Androlaelaps 

fenilis 

 

A.fahrenholzi 

 

Hirstionyssus 

utahensis 

Mexican wood rat 

(Neotoma mexicana) 

 

 

 

 

Orchopeas 

sexdentatus 

O. montana 

Anomiopsyllus 

spp.  

Can carry over 

10 species of 

fleas.  

 

 

Ixodes woodi  

Ornithodoros 

turicata 

Neohaematopinus 

neotomae  

 

Trombicula sp.   

 

Ornithonyssus 

sp.  
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APPENDIX D: Examples of parasites of Abert’s squirrels, southwestern red squirrels, and other 

tree squirrels in the United States 

 

 Helminths Arthropods 

Sciuridae Nematoda Oxyuridae  Siphonaptera Anoplura Ixodida 

Abert’s 

squirrel (S. 

aberti) 

 

 

 

 

 

 

 

 

 

 

Southwestern 

red squirrels 

(T. fremonti) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Other tree 

squirrels  

Citellinema 

quadrivittati 

 

 

 

 

 

 

 

 

 

 

 

Citellinema 

quadrivittati 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strongyloides 

sp.  

Enterobius 

sciuri 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Enterobius 

sciuri  

Ceratophyllus 

vison 

 

Eumolpianus 

eumolpid 

 

Opisodasys 

robustus 

 

Orchopeas 

caedens caedens 

 

 

Orchopeas 

neotomae 

 

 

Orchopeas 

leucopus 

 

Oropsylla 

idahoensis 

 

Ceratophyllus 

vison 

 

Opisodasys 

robustus 

 

Orchopeas 

caedens caedens 

 

Orchopeas 

neotomae 

 

 

 

Orchopeas sp. 

 

Neohaematopinus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Neohaematopinus 

sciuri  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rodentopidae 
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Citellinema 

bifurcatum  

 

Citellinema grisei 

 

Heligmodendrium 

hassalli 

 

Trichostrongylus 

calcaratus 

 

Obeliscoides 

cuniculi 

 

 

 

Syhacia 

sp. 

 

Citellina 

marmotae 

Anomiopsyllus 

spp.  

Ixodes 

pacificus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


