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Abstract  Invasive species can impact ecosystem 
health by introducing parasites during their establish-
ment in new areas. However, the dynamics of para-
site loads between invasive and native species remain 
poorly understood. 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 Mt. Graham red 
squirrels (Tamiasciurus fremonti grahamensis). The 
study aimed to identify and quantify parasites in both 
Abert’s and Mt. Graham red squirrels, with a focus 

on investigating possible parasite spillover between 
these two species and examining how host-related 
factors affect parasite presence. PCR amplifica-
tion and morphological analyses revealed two endo-
parasite species: Citellinema sp. and Trypanoxyuris 
(Rodentoxyuris) sp. In Abert’s squirrels, ectoparasites 
such as Opisodasys robustus, Anomiopsyllus sp., and 
Neohaematoinnus sciurinus were encountered, while 
Mt. Graham red squirrels carried Orchopeas caeden 
and a mite from the Glycyphagidae family. Our find-
ings suggest new host and geographic record for the 
Glycphagidae mite in Mt. Graham red squirrels of 
Arizona and indicate possible spillover of Trypanoxy-
uris (Rodentoxyuris) sp. from Abert’s squirrels to Mt. 
Graham red squirrels. Additionally, sex influenced 
presence of ectoparasites in Abert’s squirrels. We can 
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offer a better understanding of factors that place spe-
cies at risk of extinction with enhanced insights into 
probable parasite transmission routes and the role that 
parasites play in biological invasion.

Keywords  Ectoparasites · Tamiasciurus fremonti 
grahamensis · Spillover · Helminths · Sciurus aberti · 
Presence

Introduction

Invasive species can influence ecosystem health via 
introduction of vectored parasites as these introduced 
species establish residence in a new geographic area 
(Prenter et al. 2004; Dunn et al. 2012). Parasites may 
play a key role in either enhancing or limiting the 
impacts of biological invasions, affecting native spe-
cies positively or negatively (Dunn et al. 2012; Lym-
bery et  al. 2014). Parasite-mediated competition can 
be explained by three principal processes. Spillback 
occurs when invasive species acquire native parasites 
in the area of introduction and amplify local para-
site circulation, resulting in higher infection levels in 
native species (Goedknegt et  al. 2017; Romeo et  al. 
2019). Spillover occurs via transmission of a parasite 
endemic to one host species to a new host (Daszak 
et al. 2000; Dunn et al. 2012; Borremans et al. 2019). 
In this scenario, the impact of parasites carried 
by invasive species can be severe if native species 
are naïve to the introduced parasites (Prenter et  al. 
2004; Romeo et al. 2015). Finally, the enemy-release 
hypothesis is a concept in which species introduced 
to a new area lose their natural parasites and are less 
impacted by parasitic infections, improving their fit-
ness as a consequence (Lymbery et al. 2014). These 
processes can create a competitive advantage for the 
invader making its invasion successful (Dunn et  al. 
2012; Mazzamuto et al. 2016; Romeo et al. 2021).

The squirrel poxvirus (SQPV) is one of the best-
known models of spillover and disease-mediated 
competition resulting from the introduction of the 
eastern gray squirrel (Sciurus carolinensis) from the 
USA into the UK and Ireland (Rushton et al. 2006a; 
McInnes et al. 2012; Romeo et al. 2015). Introduced 
eastern gray squirrels are unaffected carriers of SQPV 
and spread the disease to the native Eurasian red 
squirrels (Sciurus vulgaris) that are lethally affected 
by the infection (Tompkins et al. 2002; Prenter et al. 

2004). As a result, native red squirrel populations 
have declined or have been extirpated in all areas 
where the introduced eastern gray squirrel is pre-
sent (Tompkins et  al. 2002; Santicchia et  al. 2020). 
Despite the attention spillover has received, the mech-
anisms 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).

In this study we investigated the relationship 
between the introduced Abert’s squirrel (Sciurus 
aberti) and the native, federally endangered Mt. 
Graham red squirrel (Tamiasciurus fremonti graha-
mensis) on Mt. Graham in the Pinaleño Mountains 
in southern Arizona, with a focus on their respective 
parasite populations. The Pinaleño Mountains are the 
northern extent of the Madrean Sky Island Complex 
and have the highest peak in the complex at 3,269 m 
(Hoffmeister 1956; Warshall 1996). The federally 
endangered Mt. Graham red squirrel is the southern-
most and rarest subspecies of the southwestern red 
squirrel (Tamiasciurus fremonti) (Hope et  al. 2016). 
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; 
Sanderson and Koprowski 2009). This subspecies is 
restricted to mixed-conifer and spruce-fir forests at 
elevations above 2,400  m while being isolated from 
other southwestern red squirrel populations for at 
least 10,000 years (Allen 1894; Merrick et al. 2021). 
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 some-
times twice per year (Munroe et  al. 2009; Goldstein 
et al. 2017; Merrick et al. 2021). Over the last three 
decades, the population has experienced large fluc-
tuations due to low habitat quality, multiple insect 
outbreaks, three major wildfires in short succession, 
human activities, and introduced species (Sander-
son and Koprowski 2009; USFS 2011; Merrick et al. 
2021).

In the 1940s, 69 Abert’s squirrels were trapped 
at Fort Valley north of Flagstaff, Arizona and intro-
duced in the Pinaleño Mountains by the Arizona 
Game and Fish Department for hunting purposes 
(Hoffmeister 1956; Davis and Brown 1988; Edel-
man and Koprowski 2009). Abert’s squirrels are 
native to New Mexico, Colorado, Utah, northern Ari-
zona, parts of Wyoming, and north-central Mexico 
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(Davis and Brown 1988; Davis and Bissell 1989; 
Allred 2011). Abert’s squirrels are active year-round 
and often are sympatric with other squirrels in their 
natural range (Keith 1965; Cudworth and Koprowski 
2010). Abert’s squirrels were expected to be con-
strained to lower-elevation pine forests. However, 
in the last 75  years, Abert’s squirrels have extended 
mountain-wide and now overlap with Mt. Graham red 
squirrels near the summit of the Pinaleño Mountains 
dominated by spruce-fir forests (Picea engelman-
nii, Abies lasiocarpa var. arizonica) (Rushton et  al. 
2006b; Allred 2011; Merrick et al. 2021). Where co-
occurring, Abert’s squirrels may further constrain Mt. 
Graham red squirrels’ recovery via higher population 
density, competition for food resources, niche over-
lap, direct competition between squirrels species, and 
novel parasites (Steele and Koprowski 2001; Rushton 
et  al. 2006b; Goldstein et  al. 2018; Bergman et  al. 
2021).

No parasitological studies have been conducted on 
neither Abert’s nor Mt. Graham red squirrels in this 
area. We first assessed the parasitological diversity of 
these species and investigated the potential role that 
parasites may play in providing Abert’s squirrels an 
additional competitive advantage. We hypothesized 
that if spillover has occurred in the last > 75  years, 
parasites identified in Abert’s squirrels would also 
occur in native Mt. Graham red squirrels hence we 
would see a similar community composition of endo/
ectoparasites between the two host species. If spillo-
ver did not occur, then the community composition 
would be different. We also investigated if the pres-
ence or absence of parasites was influenced by host-
linked factors (sex and body mass).

Methods

Study area—Spanning more than 2,100 m, the Pina-
leño Mountains span a diverse range of forest types, 
from spruce-fir woodlands at their highest points to 
arid desert grasslands at their base (Hoffmeister 1956; 
O’Connor et  al. 2014; Merrick et  al. 2021). Domi-
nated by Engelmann spruce and corkbark fir above 
2,985 m, the forest transitions to a mix of Douglas-
fir (Pseudotsuga menziesii), southwestern white pine 
(Pinus strobiformis), and aspen (Populus tremu-
loides) at lower elevations (O’Connor et  al. 2014). 
The surrounding forest mainly comprises dry mixed 

conifer stands, including white fir (Abies concolor) 
and ponderosa pine (Pinus ponderosa) (O’Connor 
et  al. 2014). Rising from the arid desert landscape, 
the Pinaleño Mountains ascend to higher elevations, 
creating a forested sky island within the surrounding 
desert scrub (Wood et al. 2007). Precipitation primar-
ily occurs during two main periods: snowfall from 
December to April and monsoon rains spanning July 
to September (Wood et al. 2007). Small mammals that 
co-exist in the same areas of Mt. Graham red squirrels 
include rock squirrels (Otospermophilus variegatus), 
spotted ground squirrels (Xerospermophilus spilo-
soma), Mexican wood rats (Neotoma mexicana), deer 
mice (Peromyscus maniculatus), Mt. Graham pocket 
gopher (Thomomys bottae grahamensis), western 
pocket gopher (T. bottae mearnsi), western harvest 
mouse (Reithrodontomys megalotis), brush mouse (P. 
boylii), long-tailed vole (Microtus longicaudus), east-
ern cottontail (Sylvilagus floridanus), and desert cot-
tontail (S. audubonii) (Hoffmeister 1986).

Study system—Abert’s squirrels are larger 
(500–750 g), non-territorial, occasional scatter-
hoarders, have larger home ranges and practice social 
nesting (Edelman and Koprowski 2007; Derbridge 
and Koprowski 2019). Abert’s squirrels prefer open 
forests, which often result from fire and insect infes-
tations, as on the Pinaleño Mountains (Minor and 
Koprowski 2015; Gwinn and Koprowski 2016). In 
contrast, Mt. Graham red squirrels are solitary, are 
territorial, and have smaller home ranges (Koprowski 
2005; Derbridge and Koprowski 2019). Mt. Graham 
red squirrels are much smaller in size (200–250 g), 
and aggressively defend larderhoarders at the center 
of their territory aggression and have unique territo-
rial vocalizations (Debridge and Koprowski 2019).

Removal and collection—Examinations were con-
ducted on Abert’s squirrels from the years 2002 to 
2019. A total of 15 individuals were collected from 
road-killed and through an experimental removal 
conducted by Debridge and Koprowski (2019). While 
the main approach involved euthanizing a substantial 
portion of these squirrels using firearms, under the 
2019 Arizona Game and Fish Department-funded 
removal program (Bergman et al. 2021). The program 
targeted areas of proposed action that overlapped 
with the habitat of the Mt. Graham red squirrel on the 
Pinaleño Mountains (Bergman et al. 2021). The pro-
ject personnel employed suppressed firearms to miti-
gate potential noise disturbance. Shooting activities 
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were strictly limited to daylight hours and confined 
to locations where discharging firearms is both 
legal and safe (Bergman et  al. 2021). The personnel 
received specialized training to distinguish between 
Abert’s squirrels and Mt. Graham red squirrels and 
were current with all the necessary firearms handling 
training requirements (Bergman et  al. 2021). Dur-
ing collection of population data for Mt. Graham red 
squirrel, researchers opportunistically (on a monthly 
basis there are consistently at least two people on 
the mountains for a 20-d period) collected Mt. Gra-
ham red squirrels in situations where they were road-
killed, partially consumed by a predator, or found 
deceased due to natural causes in close proximity to 
their middens between 2002 to 2020. Each carcass 
was placed in an individual plastic bag, sealed, and 
stored at −20 °C for later examination. We performed 
post-mortem examinations for all carcasses.

A total of 113 Abert’s squirrels (male = 56, 
female = 57) were examined for ectoparasites, and 
only adult specimens were considered for both endo-
parasites and ectoparasites. Due to observed damages 
to the intestinal tracts in 13 individuals, the endopara-
site assessment included 100 individuals (male = 50, 
female = 50). Male and female Abert’s squirrels were 
sampled equally and randomly. We examined Abert’s 
squirrels during their breeding season, between 
late February to early June (Allred 2011). For Mt. 
Graham red squirrels, a sample of 24 individuals 
(male = 11, female = 13) was examined for ectopara-
sites, but only 22 individuals (male = 11, female = 11) 
could be included in the endoparasite assessment due 
to damage to their intestinal tracts. Due to limited 
sample size, all Mt. Graham red squirrels were sam-
pled regardless of the date collected or sex. However, 
to ensure the reliability and quality of the data, we 
excluded any bodies in decomposition from our anal-
ysis. It is worth noting that ectoparasites tend to leave 
shortly after host death, while endoparasites may be 
affected by the decomposition process.

Endoparasites

Collection -The gastrointestinal tract from the esoph-
agus to the rectum was removed during necropsy. 
The stomach, small intestine, and large intestine were 
examined for endoparasites following standard para-
sitological procedures as described in Romeo et  al. 
(2013). The content collected from each section was 

examined using a dissecting microscope (AmScope, 
California, USA) at 45X magnification. 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 sec-
tion (e.g., small intestine, large intestine, stomach).

Morphological methods -A total of 12 nema-
todes were photographed from six Abert’s squirrels 
(7,2,1,1,1 from each individual), and a total of eight 
nematodes from three red squirrels (4, 2, 2 from each 
individual) for morphological identification. Nema-
todes 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. The morphological traits 
used for identification included the tightly coiled 
body, the pattern of cuticular ridges (synlophe), the 
asymmetrical bursa, a notably reduced dorsal ray, and 
the shape and size of the spicules in males, as detailed 
in identification keys by Hall (1916) and Dikmans 
(1938). Morphological analysis was also used to vali-
date our molecular identifications.

Molecular methods—DNA was extracted from 
individual nematodes collected from both squir-
rels species. Individual nematodes were isolated and 
ground using a pestle motor mixer for ≤ 2 min. DNA 
extraction of nematodes followed the manufacturer’s 
recommendation (Thermo Fisher User guide 2016) of 
the GeneJet Genomic DNA purification kit (#K0722, 
Thermo Scientific). With the exception overnight 
incubation for the digestion step: incubation ranges 
from 45 min to overnight, depending on the amount 
of DNA in the reaction. To improve DNA binding, 
the elution buffer was incubated at 56  °C for about 
30 min. Molecular identification involved the ampli-
fication of three 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). The ITS2 
marker was selected due to it being helpful in stron-
gylid identification, although Pafčo et al. (2018) used 
the primers in metabarcoding. Optimal PCR condi-
tions were determined for each primer by adjust-
ing annealing temperatures, time of cycles, primer 
concentrations, and DNA concentrations (Table S1). 
This process was followed to refine our end prod-
uct for optimal results. The GeneJet PCR Purifica-
tion Kit (#K0702, Thermo Scientific) was used for 
the PCR purification following the manufacturer’s 
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recommendation (Thermo Fisher User guide 2015) 
for PCR purification. We incubated the elution buffer 
at 56 °C for about 15 min as the manufacture recom-
mended for maximal recovery of end product.

Sequencing and phylogenetic analyses—PCR 
products were Sanger sequenced at the University of 
Arizona Genetics Core. Nucleotide sequences were 
edited, aligned, and analyzed using Geneious soft-
ware version 9.0 (Kearse et  al. 2012) and compared 
with sequences available in GenBank dataset using 
the Basic Local Alignment Search Tool (BLAST) 
tool (Camacho et  al. 2009). For the phylogenetic 
analysis, the ITS2 sequences obtained in this study 
were aligned with sequences of Trichostrongyloidea 
(n = 8) and Heligmosomidae (n = 22) available in 
the GenBank database identified as closely related 
by BLAST. In addition, the 28S rDNA sequences 
obtained in this study were aligned with sequences 
of Heligmosomidae (n = 8), Herpetostrongylidae 
(n = 4), Herpetostrongylinae (n = 2), Trichostrongy-
loidea (n = 1), Mackerrastrongylidae (n = 2), Paras-
trostrongylus bettongia available in GenBank data-
base. Lastly, the 18S rDNA sequences obtained in 
this study were aligned with sequences of Oxyuridae 
sequences (n = 19) available in GenBank database. 
Phylogenetic analyses were performed with the maxi-
mum likelihood method using IQ-TREE multicore 
version 1.5.5 (Nguyen et al. 2014) with ultrafast boot-
strap (1,000 replicated) to test the topology robust-
ness (Minh et  al. 2013). Jmodeltest (Posada 2008) 
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 version 1.4.4 and Inkscape version 1.0.2.

Ectoparasites

Collection—We combed the entire body of each 
squirrel with a flea comb above a white surface and 
examined areas on the body where clusters most com-
monly occur (e.g., on the face, near ears, near eyes, 
neck area, underside regions). Each squirrel was 
combed for a fixed amount of time (2 min), ensuring 
uniformity across all individuals to avoid bias. The 
flea comb was properly sanitized between squirrels 
to prevent any cross-contamination. In addition to the 
post-mortem examinations, the sealed bags contain-
ing the squirrel carcasses were thoroughly inspected 
to recover any ectoparasites present. Ectoparasites 

were counted and stored in 70% ethanol for later 
identification.

Morphological methods—Ectoparasites were 
examined using a dissecting microscope (WILD 
Heerburgg, Gais Schweiz, Switzerland) for whole 
specimens and DM compound scope (Lecia 
Microsystems, Wetzlar, Germany) 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 halt the clearing process until dehy-
drated in 100% EtOH. Once cleared, specimens were 
sorted using the dissecting scope, counted, and males/
females selected for slide-mounting and identifica-
tion. Slide-mounted specimens were placed in Hoy-
er’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 (Ewing 
and Fox 1943; Hubbard 1947; Fleas of the World 
2021).

Statistical analyses for endo/ecto parasites—To 
describe the parasitic infections and infestations, we 
calculated prevalence and mean intensity for both 
endo and ecto parasites (Margolis et al. 1982). Prev-
alence was obtained by dividing the total number of 
infected/infested hosts by the total number of sampled 
hosts (Margolis et al. 1982; Mergo and Crites 1984). 
Both molecular (Sanger sequences) and morphologi-
cal confirmed identifications were included in calcu-
lating prevalence and mean intensity. Mean intensity 
was calculated by dividing the total number of indi-
viduals of a particular parasite species in an indi-
vidual of a host species by the number of infected/
infested individuals of the host species in the sample 
(Margolis et  al. 1982; Mergo and Crites 1984). The 
incorporation of Sanger sequences offers an addi-
tional dimension by facilitating the identification and 
enumeration of specific parasite taxa. Results are pre-
sented as mean ± SE.

We examined factors influencing the probability of 
squirrels being infected and infested by endoparasites 
and ectoparasites using binomial generalized linear 
models (GLMs) with a logit-link function (McCul-
lagh and Nelder 1989). Separate models were fitted 
for Abert’s and Mt. Graham red squirrels. We initially 
considered a random effect (i.e. random intercepts) of 
year in all our models for Abert’s squirrels, but the 
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random variance was consistently estimated as zero, 
so we reported results from our GLMs. When mod-
eling endo/ectoparasite presence in Abert’s squir-
rels and Mt. Graham red squirrels, we included body 
mass and sex as covariates. We conducted all statis-
tical analyses using R software version 4.1.1(R Core 
Team 2021).

Results

Endoparasites—65% (26 males, 39 females) of 
the Abert’s squirrels (n = 100) necropsied harbored 
at least one endoparasite; 36% (five males, three 
females) of Mt. Graham red squirrels (n = 22) har-
bored at least one endoparasite. Helminths were 
effectively found in small intestine in Abert’s squir-
rels and the large intestine in Mt. Graham red squir-
rels. Based on the presence of spicules, needle-like 
mating structures exclusively found in male nema-
todes (Fig. 1) within samples from both squirrel spe-
cies, we identified the initial nematode as Citellinema 
quadrivittati. These spicules represent a distinctive 
morphological feature characteristic of Citellin-
ema spp. As documented by Hall in 1916, Citellin-
ema quadrivittati is characterized by spicules with a 
length of 695  µm. In our analysis, we determined a 

range of spicule lengths from 498 µm to 693 µm, with 
a mean length of 592 µm. PCR amplification of the 
ITS2 rDNA marker (Fig. 2) was performed to further 
characterize the recovered nematodes. A 95% to 99% 
sequence similarity was observed between our ITS2 
rDNA sequences in both squirrels and that avail-
able on the NCBI database of Citellinema spp. The 
phylogenetic relationship of our ITS2 rDNA marker 
revealed the recovered nematodes grouped with other 
Citellinema spp. Nematodes recovered from both 
host squirrels clustered in a single group but showed 
strong divergences between samples (Fig. 2). To ver-
ify if the observed divergence in the analysis of ITS2 
rDNA sequences were due to intraspecific variation, 
we compared it with the divergence of the 28S rDNA 
sequences of nematodes isolated from both squirrels 
(Fig.  3). The analysis of the 28S rDNA marker dis-
played 97% to 100% similarity among the nematode 
samples, suggesting that only one species of Citellin-
ema was isolated.

The second nematode species detected in both 
squirrels species was identified as Trypanoxyuris 
(Rodentoxyuris) sp. In Abert’s squirrels, molecular 
identification through PCR amplification of the 18S 
rDNA marker was employed (Fig.  4) and observed 
a 99% similarity with sequences of this genus avail-
able on the NCBI database. Our analysis revealed 

Fig. 1   Image of the spic-
ules, needle-like mating 
structures found in males 
Citellinema quadrivittati 
in Mt. Graham red squir-
rels (T. f. grahamensis) 
and Abert’s squirrels (S. 
aberti): spicule length was 
626.1 μm. Image taken 
under 400 × magnification 
of C. quadrivittati from a 
Mt. Graham red squir-
rel from the Pinaleño 
Mountains in southeastern 
Arizona, USA
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Trypanoxyuris spp. as a monophyletic sister-group to 
Enterobius spp. (Fig. 4) as the recovered nematodes 
were closely related to Trypanoxyuris (Rodentoxyuris) 
sciuri. For nematodes from Mt. Graham red squir-
rels, experts assessments (Hugot 1984) confirmed 
the presence of a pinworm, most likely Trypanoxy-
uris (Rodentoxyuris) sp., based on an initial image 
(Fig. 5). However, due to the limited number of speci-
mens collected during the endoparasite assessment, 
challenges arose in obtaining further photographic 
evidence and amplifying the 18S rDNA sequence 

for this specific nematode, resulting in unsuccessful 
results in Mt. Graham red squirrels.

The most abundant intestinal trichostrongylid 
in Abert’s squirrels and Mt. Graham red squirrels 
was Citellinema sp. (Abert’s squirrel n = 48: Sanger 
sequences and morphological confirmations; Mt. 
Graham red squirrel n = 5: Sanger sequences). Abert’s 
squirrels exhibited an overall prevalence of 48% 
and a mean intensity of 2.6 ± 0.05 (Table  1), while 
Mt. Graham red squirrels had a prevalence of 23% 
and a mean intensity of 3.4 ± 0.11 (Table 1). Abert’s 

Fig. 2   Phylogenetic tree of ITS2 rDNA based on maximum 
likelihood method of Abert’s squirrel (S. aberti) and Mt. 
Graham red squirrels (T. f. grahamensis) from the Pinaleño 
Mountains in southeastern Arizona, USA. According to AIC 
the best-fit model for ITS2 sequencing was HKY + G4. Aqua 
colored rectangle shows Citellinema spp. Smaller blue rectan-
gle shows Citellinema quadrivattati samples. Asterisks repre-

sent other samples from that host which have been morpholog-
ically identified as Citellinema quadrivattati. Taxa colored red 
are Mt. Graham red squirrels and bold taxa are Abert’s squir-
rels. Nodes (numbers) are associated with Bootstrap values 
based on 1,000 replicates. Bootstrap values less than 70 are not 
shown. The scale bar at the bottom left indicates the number of 
nucleotide substitutions (0.06)
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squirrels harbored 127 confirmed nematodes of Cit-
ellinema sp., while Mt. Graham red squirrels har-
bored 17. Regarding Trypanoxyuris (Rodentoxyuris) 
sp. in Abert’s squirrels (n = 2: Sanger sequences), 
the overall prevalence appeared lower at 2%, with a 
mean intensity of 1.5 (Table  1). A smaller number 
of PCR products underwent Sanger sequencing for 

this nematode. Abert’s squirrels had three confirmed 
Trypanoxyuris (Rodentoxyuris) sp. None of the host 
related factors tested affected the presence of endo-
parasites in Abert’s squirrels nor in Mt. Graham red 
squirrels (p > 0.05) (Table 2).

Ectoparasites—Abert’s squirrels and Mt. Gra-
ham red squirrels did not share any ectoparasite 

Fig. 3   Phylogenetic tree of 28S rDNA based on maximum 
likelihood method of Abert’s squirrel (S. aberti) and Mt. Gra-
ham red squirrels (T. f. grahamensis) from the Pinaleño Moun-
tains in southeastern Arizona, USA. Analysis showing that 
samples from this study are grouping together. According to 
AIC the best-fit model for 28  s sequencing was TPM3u + I. 
Dark pink rectangles represent sister group Heligmosomum 
spp. The lighter pink rectangle symbolizes a representative 

subset of samples of Citellinema quadrivattati. Asterisks rep-
resent other samples from that host which have been morpho-
logical identified as Citellinema quadrivattati. Taxa colored 
red are Mt. Graham red squirrels and bold taxa are Abert’s 
squirrel. Nodes (numbers) are associated with Bootstrap values 
based on 1,000 replicates. Bootstraps values less than 70 are 
not shown. The scale bar at the bottom left indicates the num-
ber of nucleotide substitutions (0.009)
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species. Among the 113 Abert’s squirrels, a total 
of 53 males and 36 females (79%) harbored an 
ectoparasite. Abert’s squirrels hosted two species 
of fleas: Opisodasys robustus and Anomiopsyllus 
sp. The Anomiopsyllus fleas were not common, only 
occurring in two individual Abert’s squirrels. One 
host was a reproductive male collected in March 
2014, and the other host was a reproductive female 
collected in May 2019. Additionally, one species 

of louse was found on 37% of Abert’s squirrels: 
Neohaematoinnus sciurinus. The most abundant 
ectoparasite was the flea Opisodasys robustus with 
an overall prevalence of 51% and a mean intensity 
of 5.2 ± 0.37 (Table  1). The final model revealed 
that male Abert’s squirrels, rather than females, 
were more likely to be parasitized by ectoparasites 
(p < 0.001). However, body mass did not affect 
the presence of ectoparasites in Abert’s squirrels 

Fig. 4   Phylogenetic tree of 18S rDNA based on maximum 
likelihood method of Abert’s squirrel (S. aberti) from the 
Pinaleño Mountains in southeastern Arizona, USA. Accord-
ing to the AIC the best-fit model for 18  s sequencing was 
TVM + I + G4. The light-yellow rectangle represents the Tryp-
anoxyuris spp., while the green rectangle includes three sam-
ples from this study that are grouped together within the Tryp-
anoxyuris spp. category. Furthermore, one sequence labeled 

Trypanoxyuris (Rodentoxyuris) sp. from the GenBank database 
closely aligns with our sequences within the green rectangle. 
Bold taxa are the Abert’s squirrel. None of the PCR amplifica-
tion attempts for Mt. Graham red squirrels (T. f. grahamensis) 
yielded successful sequences. Nodes (numbers) are associated 
with Bootstrap values based on 1,000 replicates. Bootstraps 
values less than 70 are not shown. The scale bar at the bottom 
left indicates the number of nucleotide substitutions (0.03)
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(p > 0.05) (Table 2). Among the 24 Mt. Graham red 
squirrels examined, a total of four males and four 
females (33%) harbored an ectoparasite. The flea 
Orchopeas caedens had an overall prevalence of 
37% and a mean intensity of 6.0 ± 0.18 (Table 1). A 
solitary mite specimen, belonging to the family Gly-
cyphagidae, was recovered from a female squirrel 
captured during the spring of 2005. In Mt. Graham 

red squirrels none of the tested factors influenced 
ectoparasite presence (p > 0.05) (Table 2).

Discussion

This study finds shared endoparasites in both squir-
rel species, primarily Citellinema sp., along with 

Fig. 5   Image taken under 
400 × magnification of a 
male oxyurid: most likely a 
Trypanoxyuris (Rodentoxy-
uris) sp. from a Mt. Graham 
red squirrels (T. f. graha-
mensis), from the Pinaleño 
Mountains in southeastern 
Arizona, USA

Table 1   Macroparasite species harbored by Abert’s squir-
rels and Mt. Graham red squirrels in the Pinaleño Moun-
tains in southeastern Arizona, USA. Both molecular (Sanger 
sequences) and morphological confirmed identifications were 
included in calculating prevalence and mean intensity for both 
host species. Endo = number of squirrels sampled for endo-

parasites; ecto = number of squirrels sampled for ectopara-
sites. Ectoparasite counts are set in italic when the number of 
infected hosts < 10. SE = Standard Error. We were not able to 
obtain sequence data for pinworms (Trypanoxyuris (Roden-
toxyuris) sp.) in Mt. Graham red squirrels although they were 
present

Abert’s squirrel (n = 113)
endo = 100 ecto = 113

Mt. Graham red squirrel (n = 24)
endo = 22 ecto = 24

Macroparasite species Prevalence (%) Intensity ± SE Prevalence (%) Intensity ± SE

Helminths
 Citellinema sp. 48 2.6 ± 0.05 23 3.4 ± 0.11
 Trypanoxyuris (Rodentoxyuris) sp. 2 1.5 Present -

Arthropods
 Opisodasys robustus 51 5.2 ± 0.37 - -
 Anomiopsyllus sp.  > 1 1 - -
 Neohaematoinnus sciurinus 37 5.9 ± 0.04 - -
 Orchopeas caedens – – 37 6.0 ± 0.18
 Glycyphagidae – – > 1 1
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distinct ectoparasite communities. The presence of 
Citellinema quadrivittati, a nematode belonging to 
the Trichostrongylidae superfamily, was observed in 
both Abert’s squirrels and Mt. Graham red squirrels. 
Citellinema quadrivittati is widely distributed and 
typically inhabits the digestive systems, specifically 
the stomach and/or small intestine, of plant-feeding 
vertebrates (Mehlhorn 2016). Transmission of these 
nematodes occurs through oral uptake of larvae by a 
suitable host (Anderson 2000; Melhorn 2016). Con-
versely, the pinworm Trypanoxyuris (Rodentoxyuris) 
sp. exhibited a lower prevalence in both squirrel spe-
cies. Trypanoxyuris (Rodentoxyuris) sp. are members 
of the order Oxyurida and are common in lizards, tor-
toises, marsupials, rodents, and primates (Anderson 
2000). Transmission of the pinworm usually require 
fecal–oral transmission, but hosts can also digest 
eggs from the environment or ingest during groom-
ing (Anderson 2000; Romeo et  al. 2015; Santicchia 
et al. 2020). Importantly, both these nematodes have 
been identified in other Sciuridae species, indicating a 
lengthy co-evolutionary history as generalist parasites 
of squirrels (Anderson 2000; Mehlhorn 2016; Santic-
chia et al. 2020) (Table S2). To gain a better under-
standing of spillover dynamics, it’s crucial to consider 
the intricate life cycles of macroparasites involving 
multiple host species (Hatcher and Dunn 2011). This 
becomes particularly relevant in warmer climates, 
where elevated temperatures can expand the habi-
tats of reservoir hosts, increase vector populations, 
intensify biting frequencies, enhance survival rates, 

and accelerate parasite transmission through vectors 
(Froeschke et al. 2010).

Before the introduction of Abert’s squirrels to the 
Pinaleño Mountains, limited knowledge existed about 
parasites in Mt. Graham red squirrels. It is plausible 
that either or both squirrels may have already car-
ried the endoparasites prior to the introduction. In 
New Mexico, C. quadrivittati occurs in sympatric 
populations of Abert’s squirrels and southwestern red 
squirrels, but only Abert’s squirrels harbor the pin-
worm, Enterobius sciuri (Patrick and Wilson 1995). 
The pinworm E. sciuri occurs in other squirrels in 
North America (Sciurur niger, Glaucomys volans, S. 
carolinensis) (Rausch and Tiner 1948; Parker 1968; 
Parker and Holliman 1971; Davidson 1976). The tax-
onomy of E. sciuri remains unclear and it is difficult 
to discern differences between E. sciuri and Trypan-
oxyuris (Rodentoxyuris) sp. (Hugot 1984, 1999; Cam-
eron 1932; Popiołek et al. 2009). In North America, 
neither E. sciuri nor Trypanoxyuris (Rodentoxyuris) 
sp. has been reported in the red squirrel (T. hudsoni-
cus) or southwestern red squirrel (T. fremonti) in any 
areas where overlap occurs with other squirrel spe-
cies (Patrick and Wilson 1995; Hope et  al. 2016). 
Other rodent species present on Mt. Graham along-
side Abert’s and Mt. Graham red squirrels (e.g., rock 
squirrels, spotted ground squirrels, Mexican wood 
rats, and deer mice) could potentially host incidental 
parasites and act as reservoirs for certain parasites. 
Given that these rodent species are native to this area 
and coexistence within this ecosystem, these occur-
rences may not strictly qualify as spillover. Unfor-
tunately, this particular region lacks prior research 
on the parasite fauna of these rodents, in contrast to 
other regions in the USA with more thoroughly docu-
mented parasite profiles (Table S3).

Detecting Trypanoxyuris (Rodentoxyuris) sp. in 
both host species depicts the potential for parasite 
transmissions between Abert’s squirrels and Mt. Gra-
ham red squirrels through parasite spillover. In Italy, 
Romeo et  al. (2021) demonstrated that the spillover 
of a foreign nematode from an introduced species can 
lead to reduced survival in a native mammal, adding 
to the growing body of evidence indicating potential 
detrimental effects on native species’ fitness caused 
by less-studied forms of competition from invasive 
or introduced species (Romeo et  al. 2021). Simi-
larly, in North America, the nematode S. robustus is 
suspected to contribute to competition between two 

Table 2   Generalized linear model results of ectoparasites and 
endoparasites presence/absence of Abert’s squirrel and Mt. 
Graham red squirrels. Both host species are from the Pinaleño 
Mountains in southeastern Arizona, USA. SE = Standard Error

Coeffi-
cients

Estimates SE Z value P

Abert’s squirrels
 Ectopara-

site
Sex (male) 2.595 0.845 3.070 < 0.001
Body mass −0.002 0.004 −0.460 0.646

 Endopar-
asite

Sex (male) −0.866 0.523 −1.657 0.097
Body mass 0.005 0.004 1.097 0.273

Mt. Graham red squirrels
 Ectopara-

site
Sex (male) −0.048 0.900 −0.053 0.958
Body mass −0.031 0.022 −1.431 0.152

 Endopar-
asite

Sex (male) 0.673 0.976 0.689 0.491
Body mass −0.041 0.026 −1.572 0.116
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species of North American flying squirrels (Glauco-
mys) (Krichbaum et  al. 2010). Studies suggest that 
S. robustus can diminish the survival and productiv-
ity of northern flying squirrels (G. sabrinus) while 
having no effect on southern flying squirrels (G. vol-
ans) (Weigl 1969; Krichbaum et al. 2010). Although 
instances of rare pathogenicity from foreign parasites 
through spillover are documented in only a few cases 
in the literature, the majority of interactions between 
parasites and their hosts result in a balanced coexist-
ence, with parasites rarely causing significant harm-
ful impact (Seilacher et al. 2007; Barnard and Behnke 
1990). While our results do suggest the possibility of 
parasite spillover from Abert’s squirrels to Mt. Gra-
ham red squirrels, caution is warranted as present data 
do not conclusively demonstrate a negative impact on 
Mt. Graham red squirrel individuals. The parasites we 
have encountered are relatively ubiquitous and may 
not necessarily have damaging consequences for the 
fitness of Mt. Graham red squirrels.

The presence of distinct ectoparasite species in 
Abert’s squirrels and Mt. Graham red squirrels sug-
gests that spillover has not taken place. Transmis-
sion of fleas, lice, and mites between hosts takes 
place through direct contact, the fecal–oral route, 
and mutual grooming (Bitam et  al. 2010; Duboscq 
et al. 2016; Sundar et al. 2017). The fleas O. robus-
tus and Anomiopsyllus sp. detected on Abert’s squir-
rels were previously reported in Abert’s squirrels in 
New Mexico (Baker 1898; Jordan 1925; Holland 
1965; Barnes et al. 1977; Patrick and Wilson 1995), 
and the flea identified in Mt. Graham red squirrels, 
O. caedens, has been previously reported in south-
western red squirrels and Abert’s squirrels in New 
Mexico (Jordan 1925; Patrick and Wilson 1995; Hope 
et  al. 2016). The louse, Neohaematopinus sciurinus 
(Superfamily: Anoplura) found on our Abert’s squir-
rels has been previously reported in Abert’s squirrels 
native to Colorado (Mjöberg 1910) and on Sciurus 
niger, S. carolinensis, and other squirrels outside the 
United States (Mjoberg 1910; Ferris 1923; Durden 
and Musser 1994) (Table S2). The mite identified on 
Mt. Graham red squirrel belonged to the Glycyphagi-
dae family and was previously found on Douglas’ 
squirrels (Tamiascuiurus douglasii) in Oregon (Pence 
and Webb 1977). Our results suggest a new host and 
geographic record for the Glycphagidae mite from 
Mt. Graham red squirrels in Arizona.

The variation in parasite loads between Abert’s 
squirrels and Mt. Graham red squirrels could stem 
from distinct behavioral and social traits demon-
strated by these species. Notably, the Abert’s squirrel 
population on Mt. Graham engages in more commu-
nal nesting, a behavior that enhances the likelihood 
of parasite transmission and acquisition (Edelman 
and Koprowski 2007). The presence of co-occurring 
small mammals could lead to increased parasite 
transmission among species, potentially affecting the 
overall parasite loads and diversity in Abert’s and Mt. 
Graham red squirrels. Previous studies have revealed 
a lower incidence of endo/ecto parasites in Abert’s 
squirrels (Patrick and Wilson 1995). Our analysis 
revealed a trend: male Abert’s squirrels exhibited a 
higher susceptibility to ectoparasite infestations in 
comparison to their female counterparts. This finding 
may arise from interactions, home ranges, seasonal-
ity, habitat preferences, and breeding patterns, result-
ing in sex-specific discrepancies in parasite loads 
among Abert’s squirrels (Hillegrass et al. 2008; Mer-
rick and Koprowski 2016; Mazzamuto et  al. 2020). 
This pattern can also be attributed to breeding sea-
son behaviors: male Abert’s squirrels, engaging in 
increased social interactions, contrast with females 
that choose solitary nesting to prioritize lactation 
resources (Edelman and Koprowski 2007). In the 
context of vertebrates, males tend to carry heavier 
parasite burdens (Isomursu et  al. 2006; Perez-Orella 
and Schulte-Hostedde 2005; Hillegrass et  al. 2008). 
This well-documented pattern reinforces the impor-
tance of considering gender-based susceptibility in 
the context of host-parasite interactions.

Conclusions

Our study raises questions about squirrel host-parasite 
co-evolution and emphasizes the necessity for spe-
cific nematode DNA primers. Long-term research is 
essential for a thorough exploration of the role of par-
asites and their transmission in biological invasions 
(Prenter et  al. 2004). Understanding parasite trans-
mission routes and their consequences helps identify 
factors that jeopardize species survival. Management 
strategies should prioritize controlling introduced 
species that carry foreign parasites, as exemplified by 
the Abert’s squirrel removal program (Bergman et al. 
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2021), and monitoring parasite loads in native ranges 
remains vital (Kelly et al. 2009). Habitat conservation 
efforts are pivotal in reducing parasite transmission 
by addressing crowding and disease susceptibility 
between introduced and native species (Tompkins and 
Poulin 2006). Proactive monitoring and comprehen-
sive research on parasite infection and transmission 
enable timely responses to potential spillover effects 
(Romeo et  al. 2021). In addition, it is important to 
adopt an all-encompassing perspective when investi-
gating the impact of climate on parasite distribution 
and survival, as this approach could reveal insightful 
mechanisms underlying observed variations in para-
site patterns. With the increasing global movement 
of non-native species, vigilance becomes imperative 
in managing the introduction of exotic pathogens or 
vectors to new regions or hosts (Daszak et al. 2000). 
As ecosystems continually evolve with novel interac-
tions, the collaboration between invasion ecologists 
and parasitologists is vital in addressing emerging 
challenges (Dunn and Hatcher 2015).

Acknowledgements  Thank you to Melissa Merrick and 
Javan Bauder for additional assistance with the manuscript. 
Our gratitude to Vicki Geer, Candice Vega, Brian Blais, Alex-
andra Burnett, and Marina Morandini for help with the project. 
Mike Kinsell, Claudia Romeo, and Michael Hastriter gra-
ciously assisted with parasite identification. Funding was pro-
vided by the University of Arizona; Arizona Game and Fish 
Department and USDA APHIS provided in kind support.

Author contributions  All authors made substantial contri-
butions to the conception or design of the work and the acqui-
sition, analysis, or interpretation of data. The first draft of the 
manuscript was written by Deandra Jones and all authors com-
mented on previous versions of the manuscript. All authors 
read and approved the final manuscript.

Funding  This study was funded by University of Arizona 
(http://​www.​arizo​na.​edu/). The funders had no role in study 
design, data collection, and analysis, decision to publish, or 
preparation of the manuscript.

Data availability  The datasets generated during and/or ana-
lyzed during the current study are available from the corre-
sponding author on reasonable request.

Declarations 

Competing interests  The authors have no relevant financial 
or non-financial interests to disclose.

References

Allen JA (1894) Descriptions of ten new North American 
mammals, and remarks on others. Bull Am Mus Nat Hist 
6:320–321

Allred S (2011) Natural history of tassel-eared squirrels. Uni-
versity of New Mexico Press, Mexico City

Anderson RC (2000) Nematode parasites of vertebrates: their 
development and transmission, 2nd edn. CABI Publish-
ing, Wallingford

Baker CF (1898) Notes on Siphonaptera, with descriptions 
of four new species. J New York Entomol Soc 6:53–56. 
https://​www.​jstor.​org/​stable/​25002​799

Barnard CJ, Behnke JM (1990) Parasitism and host behav-
iour. Taylor & Francis, London, New York

Barnes AM, Tipton VJ, Wildie JA (1977) The subfamily 
Anomiopsyllinae (Hystrichopsyllidae: Siphonaptera). 
I. A revision of the genus Anomiopsyllus Baker. Great 
Basin Naturalist 37:138–206. https://​www.​jstor.​org/​sta-
ble/​41711​568

Bergman DL, Carrillo CD, Green M (2021) Abert’s squirrel 
management in support of Mount Graham red squirrel 
recovery in Arizona. Pre-decisional Draft, pp 1–55

Bitam I, Dittmar K, Parola P, Whiting MF, Raoult D (2010) 
Fleas and flea-borne diseases. Int J Infect Dis 8:e667–
e676. https://​doi.​org/​10.​1016/j.​ijid.​2009.​11.​011

Borremans B, Faust C, Manlove KR, Sokolow SH, Lloyd-
Smith JO (2019) Cross-species pathogen spillover 
across ecosystem boundaries: mechanisms and theory. 
Philos Trans R Soc B 374:20180344. https://​doi.​org/​10.​
1098/​rstb.​2018.​0344

Camacho C, Coulouris G, Avagyan V, Ma J, Papadopoulos 
J, Bealer K, Madden TL (2009) BLAST+: architecture 
and applications. BMC Bioinform 10:421. https://​doi.​
org/​10.​1186/​1471-​2105-​10-​421

Cameron TW (1932) On a new species of Oxyuris from the 
grey squirrel in Scotland. J Helminthol 10:29–32

Cudworth NL, Koprowski JL (2010) Influences of mating 
strategy on space use of Arizona gray squirrels. J Mam-
mal 91:1235–1241. http://​www.​jstor.​org/​stable/​40925​
730

Daszak P, Cunningham AA, Hyatt AD (2000) Emerging 
infectious diseases of wildlife-threats to biodiversity and 
human health. Science 287:443. https://​doi.​org/​10.​1126/​
scien​ce.​287.​5452.​443

Davidson WR (1976) Endoparasites of selected populations of 
gray squirrels (Sciurus carolinensis) in the southeastern 
United States. Helminthological Society of Washington 
43:211–217. http://​biona​mes.​org/​biona​mes-​archi​ve/​issn/​
0018-​0130/​43/​211.​pdf

Davis R, Bissell SJ (1989) Distribution of Abert’s squirrel (Sci-
urus aberti) in Colorado: evidence for a recent expansion 
of range. Southwest Nat 34:306–309. https://​doi.​org/​10.​
2307/​36717​51

Davis R, Brown DE (1988) Documentation of the transplanting 
of Abert’s squirrels. Southwest Nat 33:490–492. https://​
doi.​org/​10.​2307/​36722​22

Derbridge JJ, Koprowski JL (2019) Experimental remov-
als revel dietary niche portioning facilitates coexistence 

http://www.arizona.edu/
https://www.jstor.org/stable/25002799
https://www.jstor.org/stable/41711568
https://www.jstor.org/stable/41711568
https://doi.org/10.1016/j.ijid.2009.11.011
https://doi.org/10.1098/rstb.2018.0344
https://doi.org/10.1098/rstb.2018.0344
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
http://www.jstor.org/stable/40925730
http://www.jstor.org/stable/40925730
https://doi.org/10.1126/science.287.5452.443
https://doi.org/10.1126/science.287.5452.443
http://bionames.org/bionames-archive/issn/0018-0130/43/211.pdf
http://bionames.org/bionames-archive/issn/0018-0130/43/211.pdf
https://doi.org/10.2307/3671751
https://doi.org/10.2307/3671751
https://doi.org/10.2307/3672222
https://doi.org/10.2307/3672222


842	 D. Jones et al.

1 3
Vol:. (1234567890)

between native and introduced species. Ecol Evol 9:4065–
4077. https://​doi.​org/​10.​1002/​ece3.​5036

Dikmans G (1938) A consideration of the nematode genus Cit-
ellinema with description of a new species, Citellinema 
columbianum. Proc Helminthol Soc Wash 5:55–58

Duboscq J, Romano V, Sueur C, MacIntosh AJJ (2016) Net-
work centrality and seasonality interact to predict lice load 
in a social primate. Scientific Report 6:22095. https://​doi.​
org/​10.​1038/​srep2​2095

Dunn AM, Hatcher MJ (2015) Parasites and biological inva-
sions: parallels, interactions, and control. Trends Parasitol 
31:189–199. https://​doi.​org/​10.​1016/j.​pt.​2014.​12.​003

Dunn AM, Torchin ME, Hatcher MJ, Kotanen PM, Blumen-
tha DM, Byers JE, Coon CAC, Frankel VM, Holt RD, 
Hufbauer RA, Kanarek AR, Schierenbeck KA, Wolfe 
LM, Perkins SE (2012) Indirect effects of parasites in 
invasions. Funct Ecol 26:1262–1274. https://​doi.​org/​10.​
1111/j.​1365-​2435.​2012.​02041.x

Durden LA, Musser GG (1994) The sucking lice (Insecta, Ano-
plura) of the world: A taxonomic checklist with records of 
mammalian hosts and geographical distributions. Ameri-
can Museum of Natural History, pp 1–90

Edelman AJ, Koprowski JL (2009) Introduced Abert’s squirrels 
in the Pinaleño Mountains. The last refuge of the Mt. Gra-
ham red squirrel. The University of Arizona Press. AZ, pp 
370–288

Edelman AJ, Koprowski JL (2007) Communal nesting in aso-
cial Abert’s squirrels: the role of social thermoregulation 
and breeding strategy. Ethology 113:1470154. https://​doi.​
org/​10.​1111/j.​1439-​0310.​2006.​01310.x

Ewing HE, Fox I (1943) The fleas of North America: classifi-
cation, identification, and geographic distribution of these 
injurious and disease-spreading insects. U.S. Department 
of Agriculture, 194, Misc. Publication, Washington, DC, 
pp 144. https://​doi.​org/​10.​5962/​bhl.​title.​65554

Ferris GF (1923) Contributions toward a monograph of the 
sucking lice part IV. Stanford University Publications, pp 
243–253

Fleas of the World (2021) BYU College of Life Sciences Biol-
ogy. https://​biolo​gy.​byu.​edu/​fleas-​of-​the-​world. Accessed 
13 Dec 2021

Froeschke G, Harf R, Sommer S, Matthee S (2010) Effects of 
precipitation on parasites burden along a natural climatic 
gradient in southern Africa—implications for possible 
shifts infestation patterns due to global changes. Oikos 
119: 1029–1039. http://​www.​jstor.​org/​stable/​25700​337

Goedknegt MA, Schuster AK, Buschbaum C, Gergs R, Jung 
AS, Luttikhuizen PC, Van Der Meer J, Troost K, Weg-
ner KM, Thieltges DW (2017) Spillover but no spillback 
of two invasive parasitic copepods from invasive Pacific 
oysters (Crassostrea gigas) to native bivalve hosts. 
Biol Invasions 19:365–379. https://​doi.​org/​10.​1007/​
s10530-​016-​1285-0

Goldstein EA, Merrick MJ, Koprowski JL (2017) Functional 
semelparity drives population dynamics and endangers a 
peripheral population. Biol Cons 205:52–59. https://​doi.​
org/​10.​1016/j.​biocon.​2016.​11.​017

Goldstein EA, Merrick MJ, Koprowski JL (2018) Low sur-
vival, high predation pressure present conservation chal-
lenges for an endangered endemic forest mammal. Biol 

Cons 221:67–77. https://​doi.​org/​10.​1016/j.​biocon.​2018.​
02.​030

Gwinn NR, Koprowski JL (2016) Differential response to fire 
by introduced and endemic species complicates endan-
gered species conservation. Hystrix 27:2. https://​doi.​org/​
10.​4404/​hystr​ix-​27.2-​11447

Hall MC (1916) Nematode parasites of mammals of the orders 
Rodentia, Lagomorpha, and Hyracoidea. Proceedings of 
the US National Museum 50:213. https://​doi.​org/​10.​5479/​
si.​00963​801.​50-​2131.1

Hatcher MJ, Dunn AM (2011) Parasites in ecological commu-
nities. Cambridge University Press, Cambridge, p 12

Hillegrass MA, Waterman JM, Roth JD (2008) The influence 
of sex and sociality on parasite loads in an African ground 
squirrel. Behav Ecol 19:1006–1011. https://​doi.​org/​10.​
1093/​beheco/​arn070

Hoffmeister DF (1956) Mammals of the Graham (Pinaleño) 
Mountains, Arizona. Am Midl Nat 55:257. https://​doi.​org/​
10.​2307/​24225​91

Hoffmeister DF (1986) Mammals of Arizona. University of 
Arizona Press. Arizona Game and Fish Department, Tuc-
son, pp 28–29

Holland GP (1965) New species and subspecies of Anomiop-
syllus baker from Mexico (Siphonaptera: Hystrichopsyl-
lidae). Can Entomol 97:1051–1058. https://​doi.​org/​10.​
4039/​Ent97​1051-​10

Hope AG, Malaney JL, Bell KC, Salazar-Miralles F, Chavez 
AS, Barber BR, Cook JA (2016) Revision of widespread 
red squirrels (genus Tamiasciurus) highlights the com-
plexity of speciation within North American forests. Mol 
Phylogenet Evol 100:170–182. https://​doi.​org/​10.​1016/j.​
ympev.​2016.​04.​014

Hubbard CA (1947) Fleas of western North America: their 
relation to public health. The Iowa State College Press, 
New York, p 533

Hugot JP (1984) Sur le genre Trypanoxyuris (Oxyuridae, Nem-
atoda). I. Parasites de Sciuridae: sous-genre Rodentoxy-
uris. Bulletin du Muséum National d’Histoire Naturelle 
Section A Zoologie 6:711–720. http://​biona​mes.​org/​biona​
mes-​archi​ve/​issn/​0181-​0626/6/​711.​pdf

Hugot JP (1999) Primates and their pinworm parasites: the 
Cameron hypothesis revisited. Syst Biol 48:523–546. 
https://​doi.​org/​10.​1080/​10635​15992​60120

Isomursu M, Ratti O, Helle P, Hollmen T (2006) Sex and age 
influence intestinal parasite burden in three boreal grouse 
species. J Avian Biol 37:516–522. https://​doi.​org/​10.​
1111/j.​2006.​0908-​8857.​03838.x

Jordan K (1925) New Siphonaptera. Novitates Zool 32:96–112. 
https://​doi.​org/​10.​5962/​bhl.​part.​4502

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, 
Sturrock S, Buxton S, Cooper A, Markowitz S, Duran C, 
Thierer T, Ashton B, Meintjes PL, Drummond AJ (2012) 
Geneious Basic: an integrated and extendable desktop 
software platform for the organization and analysis of 
sequence data. Bioinformatics 28:1647–1649. https://​doi.​
org/​10.​1093/​bioin​forma​tics/​bts199

Keith JO (1965) The Abert’s squirrel and its dependence on 
ponderosa pine. Ecology 46:150–163. https://​doi.​org/​10.​
2307/​19352​66

Kelly DW, Paterson RA, Townsend CR, Poulin R, Tompkins 
DM (2009) Parasite spillback: a neglected concept in 

https://doi.org/10.1002/ece3.5036
https://doi.org/10.1038/srep22095
https://doi.org/10.1038/srep22095
https://doi.org/10.1016/j.pt.2014.12.003
https://doi.org/10.1111/j.1365-2435.2012.02041.x
https://doi.org/10.1111/j.1365-2435.2012.02041.x
https://doi.org/10.1111/j.1439-0310.2006.01310.x
https://doi.org/10.1111/j.1439-0310.2006.01310.x
https://doi.org/10.5962/bhl.title.65554
https://biology.byu.edu/fleas-of-the-world
http://www.jstor.org/stable/25700337
https://doi.org/10.1007/s10530-016-1285-0
https://doi.org/10.1007/s10530-016-1285-0
https://doi.org/10.1016/j.biocon.2016.11.017
https://doi.org/10.1016/j.biocon.2016.11.017
https://doi.org/10.1016/j.biocon.2018.02.030
https://doi.org/10.1016/j.biocon.2018.02.030
https://doi.org/10.4404/hystrix-27.2-11447
https://doi.org/10.4404/hystrix-27.2-11447
https://doi.org/10.5479/si.00963801.50-2131.1
https://doi.org/10.5479/si.00963801.50-2131.1
https://doi.org/10.1093/beheco/arn070
https://doi.org/10.1093/beheco/arn070
https://doi.org/10.2307/2422591
https://doi.org/10.2307/2422591
https://doi.org/10.4039/Ent971051-10
https://doi.org/10.4039/Ent971051-10
https://doi.org/10.1016/j.ympev.2016.04.014
https://doi.org/10.1016/j.ympev.2016.04.014
http://bionames.org/bionames-archive/issn/0181-0626/6/711.pdf
http://bionames.org/bionames-archive/issn/0181-0626/6/711.pdf
https://doi.org/10.1080/106351599260120
https://doi.org/10.1111/j.2006.0908-8857.03838.x
https://doi.org/10.1111/j.2006.0908-8857.03838.x
https://doi.org/10.5962/bhl.part.4502
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.2307/1935266
https://doi.org/10.2307/1935266


843Unraveling parasite identification in invasive and endangered squirrel species: potential…

1 3
Vol.: (0123456789)

invasion ecology? Ecology 90:2047–2056. https://​doi.​org/​
10.​1890/​08-​1085.1

Koprowski JL (2005) Annual cycles in body mass and repro-
duction of endangered Mt. Graham red squirrels. J Mam-
mal 86:309–313. https://​www.​jstor.​org/​stable/​40943​50

Krichbaum K, Mahan CG, Steele MA, Turner G, Hudson PJ 
(2010) The potential role of Strongyloides robustus on 
parasite-mediated competition between two species of 
flying squirrels (Glaucomys). J Wildl Dis 46:229–235. 
https://​doi.​org/​10.​7589/​0090-​3558-​46.1.​229

Lymbery AJ, Morine M, Kanani HG, Beatty SJ, Morgan DL 
(2014) Co-invaders: The effects of alien parasites on 
native hosts. Int J Parasitol Parasites Wildl 3:171–177. 
https://​doi.​org/​10.​1016/j.​ijppaw.​2014.​04.​002

Margolis L, Esch GW, Holmes JC, Kuris AM, Schad GA 
(1982) The use of ecological terms in parasitology 
(report of an Hoc Committee of the American Society 
of Parasitologists). J Parasitol 68:131–133. https://​doi.​
org/​10.​2307/​32813​35

Mazzamuto MV, Pisanu B, Romeo C, Ferrari N, Preatoni D, 
Wauters LA, Chapuis JL, Martinoli A (2016) Poor para-
site community of an invasive alien species: macropara-
sites of Pallas’s squirrel in Italy. Ann Zool Fenn 53:103–
112. https://​doi.​org/​10.​5735/​086.​053.​0209

Mazzamuto MV, Merrick MJ, Bisi F, Koprowski JL, Wauters 
L, Martinoli A (2020) Timing of resources availability 
drives divergent social systems and home ranges dynam-
ics in ecologically similar tree squirrels. Front Ecol Evol 
8:1–11. https://​doi.​org/​10.​3389/​fevo.​2020.​00174

McCullagh P, Nelder JA (1989) Generalized Linear Models. 
CRC Press LLC. ProQuest Ebook Central, pp 98–148

McInnes CJ, Coulter L, Dagleish MP, Deane D, Gilray J, Per-
cial A, Willoughby K, Scantlebury M, Marks N, Gra-
ham D, Everest DJ, McGoldrick M, Rochford J, McKay 
F, Sainsbury AW (2012) The emergence of squirrelpox 
in Ireland. Anim Conserv 16:51–59. https://​doi.​org/​10.​
1111/j.​1469-​1795.​2012.​00570.x

Mehlhorn H (2016) Encyclopedia of parasitology. Springer, 
Berlin, Heidelberg 12–23, pp 2860–2866

Mergo JC Jr., Crites JL (1984) Prevalence, mean intensity, 
and relative density of Lintaxine cokeri Linto 1940 
(Monogenea: Heteraxinidae) on freshwater drum (Aplo-
dinotus grunniens) in Lake Erie. Ohio J Sci 86:101–105. 
http://​hdl.​handle.​net/​1811/​23139

Merrick MJ, Koprowski JL (2016) Evidence of natal habi-
tat preference induction within one habitat type. R Soc 
B Biol Sci 283:20162106. https://​doi.​org/​10.​1098/​rspb.​
2016.​2106

Merrick MJ, Morandini M, Greer VL, Koprowski JL (2021) 
Endemic population response to increasingly severe 
fire: a cascade of endangerment for the Mt. Graham Red 
Squirrel. Bioscience 71:161–173. https://​doi.​org/​10.​
1093/​biosci/​biaa1​53

Minckley WL (1968) Possible extirpation of the spruce 
squirrel from the Pinaleño (Graham) Mountains, south-
central Arizona. J Ariz Acad Sci 5:110. https://​doi.​org/​
10.​2307/​40024​613

Minh BQ, Nguyen MAT, Haeseler AV (2013) Ultrafast 
approximation for phylogenetic bootstrap. Mol Biol 
Evol 30:1188–1195. https://​doi.​org/​10.​1093/​molbev/​
mst024

Minor RL, Koprowski JL (2015) Seed removal increased by 
scramble competition with an invasive species. PLoS 
ONE 10:12. https://​doi.​org/​10.​1371/​journ​al.​pone.​01439​27

Mjoberg E (1910) Studien uber Mallophagen und Anopluren. 
Almqvist & Wiksells boktryckeri-a.-b. Cornell University, 
pp 1–296

Munroe KE, Koprowski JL, Greer VL (2009) Reproductive 
ecology and home range size of red squirrels: do Mt. 
Graham red squirrels fit the pattern? In: Sanderson HR, 
Koprowski JL (eds) The Last Refuge of the Mt. Graham 
Red Squirrel: Ecology of Endangerment. University of 
Arizona Press, Tucson, AZ, USA,  pp 287–298

Nguyen LT, Schmidt HA, Av H, Minh BQ (2014) IQ-TREE: A 
fast and effective stochastic algorithm for estimating max-
imum likelihood phylogenies. Mol Biol Evol 32:268–274. 
https://​doi.​org/​10.​1093/​molbev/​msu300

O’Connor CD, Koprowski JL, Lynch AM, Falk DA (2014) Mt. 
Graham red squirrel use of forest habitat: Historical, pre-
sent, and future perspectives. Final Report. Tucson, AZ: 
U.S. Department of Agriculture, Forest Service, Rocky 
Mountain Research Station; Tucson AZ: University of 
Arizona, School of Natural Resources and the Environ-
ment, p 1–33

Pafčo B, Čížkova D, Kreisinger J, Hasegawa H, Vallo P, Shutt 
K, Todd A, Petrželková KJ, Modry D (2018) Metabarcod-
ing analysis of strongylid nematode diversity in two sym-
patric primate species. Sci Rep 8:59–33. https://​doi.​org/​
10.​1038/​s41598-​018-​24126-3

Parker JC, Holliman RB (1971) Notes on Gongylonema pul-
chrum Molin, 1857 (Nematoda: Spiruridae) in the gray 
squirrel in southwestern Virginia. J Parasitol 57:629. 
https://​www.​jstor.​org/​stable/​32779​29

Parker JC (1968) Parasites of the gray squirrel in Virginia. J 
Parasitol 54:633–634. https://​www.​jstor.​org/​stable/​32771​
02

Patrick M, Wilson W (1995) Parasites of the Abert’s squirrel 
(Sciurus aberti) and red squirrel (Tamiasciurus hudsoni-
cus) of New Mexico. J Parasitol 81:321–324. https://​doi.​
org/​10.​2307/​32839​46

Pence DB, Webb JP Jr (1977) Notes on Hypopi of two Der-
macarus species (Acari: Astigmata: Glycyphagidae) from 
the Douglas’ Squirrel, Tamiasciurus douglasii. J Med 
Entomol 14:175–179. https://​doi.​org/​10.​1093/​jmede​nt/​
14.2.​175

Perez-Orella C, Schulte-Hostedde AI (2005) Effects of sex 
and body size on ectoparasite loads in the northern flying 
squirrel (Glaucomys sabrinus). Can J Zool 83:1381–1385. 
https://​doi.​org/​10.​1139/​z05-​126

Popiołek M, Hilderbrand J, Zaleśny G (2009) Morphology and 
taxonomy of Rodentoxyuris sciuri (Nematoda: Oxyurida: 
Enterobiinae) with notes on molecular phylogeny. Ann 
Zool 59:415–421. https://​doi.​org/​10.​3161/​00034​5409X​
484838

Posada D (2008) jModelTest: phylogenetic model averaging. 
Mol Biol Evol 25:1253–1256. https://​doi.​org/​10.​1093/​
molbev/​msn083

Prenter J, MacNeil C, Dick JTA, Dunn AM (2004) Roles of 
parasites in animal invasions. Trends Ecol Evol 9:385–
390. https://​doi.​org/​10.​1016/j.​tree.​2004.​05.​002

https://doi.org/10.1890/08-1085.1
https://doi.org/10.1890/08-1085.1
https://www.jstor.org/stable/4094350
https://doi.org/10.7589/0090-3558-46.1.229
https://doi.org/10.1016/j.ijppaw.2014.04.002
https://doi.org/10.2307/3281335
https://doi.org/10.2307/3281335
https://doi.org/10.5735/086.053.0209
https://doi.org/10.3389/fevo.2020.00174
https://doi.org/10.1111/j.1469-1795.2012.00570.x
https://doi.org/10.1111/j.1469-1795.2012.00570.x
http://hdl.handle.net/1811/23139
https://doi.org/10.1098/rspb.2016.2106
https://doi.org/10.1098/rspb.2016.2106
https://doi.org/10.1093/biosci/biaa153
https://doi.org/10.1093/biosci/biaa153
https://doi.org/10.2307/40024613
https://doi.org/10.2307/40024613
https://doi.org/10.1093/molbev/mst024
https://doi.org/10.1093/molbev/mst024
https://doi.org/10.1371/journal.pone.0143927
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1038/s41598-018-24126-3
https://doi.org/10.1038/s41598-018-24126-3
https://www.jstor.org/stable/3277929
https://www.jstor.org/stable/3277102
https://www.jstor.org/stable/3277102
https://doi.org/10.2307/3283946
https://doi.org/10.2307/3283946
https://doi.org/10.1093/jmedent/14.2.175
https://doi.org/10.1093/jmedent/14.2.175
https://doi.org/10.1139/z05-126
https://doi.org/10.3161/000345409X484838
https://doi.org/10.3161/000345409X484838
https://doi.org/10.1093/molbev/msn083
https://doi.org/10.1093/molbev/msn083
https://doi.org/10.1016/j.tree.2004.05.002


844	 D. Jones et al.

1 3
Vol:. (1234567890)

Rausch R, Tiner JD (1948) Studies on the parasitic helminths 
of the north central states. I. Helminths of Sciuridae. Am 
Midl Nat 39:728–747. https://​doi.​org/​10.​2307/​24215​32

Romeo C, Ferrari N, Lanfranchi P, Saino N, Santicchia F, Mar-
tinoli A, Wauters LA (2015) Biodiversity threats from 
outside to inside: effects of alien grey squirrel (Sciurus 
carolinensis) on helminth community of native red squir-
rel (Sciurus vulgaris). Parasitol Res 114:2621–2628. 
https://​doi.​org/​10.​1007/​s00436-​015-​4466-3

Romeo C, McInnes CJ, Dale TD, Shuttleworth C, Bertolino S, 
Wauters LA, Ferrari N (2019) Disease, invasions and con-
servation: no evidence of squirrelpox virus in grey squir-
rels introduced to Italy. Anim Conserv 22:14–23. https://​
doi.​org/​10.​1111/​acv.​12433

Romeo C, Piscitelli AP, Santicchia F, Martinoli A, Ferrari 
N, Wauters LA (2021) Invading parasites: spillover of 
an alien nematode reduces survival in a native species. 
Biol Invasions 23:3847–3857. https://​doi.​org/​10.​1007/​
s10530-​021-​02611-7

Rushton SP, Lurz PWW, Gurnell J, Nettleton P, Bruemmer 
C, Shirley MDF, Sainsbury AW (2006a) Disease threats 
posed by alien species: the role of a poxvirus in the 
decline of the native red squirrel in Britain. Epidemiol 
Infect 134:521–533. https://​doi.​org/​10.​1017/​S0950​26880​
50053​03

Rushton SP, Wood DJA, Lurz PWW, Koprowski JL (2006b) 
Modelling the population dynamics of the Mount Graham 
red squirrel: Can we predict its future in a changing envi-
ronment with multiple threats? Biol Cons 131:121–131. 
https://​doi.​org/​10.​1016/j.​biocon.​2006.​02.​010

Sanderson HR, Koprowski JL (2009) Introduction, The last ref-
uge of the Mt. Graham red squirrel: ecology of endanger-
ment. University of Arizona Press, Tucson, AZ, USA, pp 
427

Santicchia F, Wauters LA, Piscitelli AP, Dongen SV, Martinoli 
A, Preatoni D, Romeo C, Ferrari N (2020) Spillover of an 
alien parasite reduces expression of costly behaviour in 
native host species. J Anim Ecol 89:1559–1569. https://​
doi.​org/​10.​1111/​1365-​2656.​13219

Seilacher A, Reif WE, Wenk P (2007) The parasite connection 
in ecosystems and macroevolution. Naturwissenschaften 
94:155–169. https://​doi.​org/​10.​1007/​s00114-​006-​0164-4

Steele MA, Koprowski JL (2001) North American tree squir-
rels. Smithsonian Institution Press, Washington, DC

Sundar BST, Harikrishnan TJ, Latha BR, Gomathinayagam S, 
Srinivasan MR, Ramesh S (2017) Incidence of fur mite 
infestation in laboratory rodents. J Parasitic Dis 41:383–
386. https://​doi.​org/​10.​1007/​s12639-​016-​0811-4

Tompkins DM, Poulin R (2006) Parasites and biological inva-
sions. In: Allen RB, Lee WG (eds) Biological Invasions in 
New ZealandEcological Studies (Analysis and Synthesis), 
vol 186. Springer, Berlin, Heidelberg, pp 67–84. https://​
doi.​org/​10.​1007/3-​540-​30023-6_5

Tompkins DM, Sainsbury AW, Nettleton P, Buxton D, Gurnell 
J (2002) Parapoxvirus causes a deleterious disease in red 
squirrels associated with UK population declines. Proc R 
Soc B: Biol Sci 269:529–533

U.S. Fish and Wildlife Service (2011) Draft recovery plan for 
the Mount Graham red squirrel (Tamiasciurus hudsonicus 
grahamensis), First Revision. U.S. Fish and Wildlife Ser-
vice, Southwest Region, Albuquerque, NM, pp 85

Warshall P (1996) Astronomy and animals on Mt. Graham. 
Conserv Biol 10:1479–1480. https://​doi.​org/​10.​1046/j.​
1523-​1739.​1996.​10051​475-5.x

Weigl PD (1969) The distribution of the flying squirrels, Glau-
comys volans and G. sabrinus; An evaluation of the com-
petitive exclusion idea. PhD Dissertation, Duke Univer-
sity, Durham, North Carolina, pp 247

Wood DJA, Drake S, Rushton SP, Rautenkranz D, Lurz PWW, 
Koprowski JL (2007) Fine-scale analysis of Mount Gra-
ham red squirrel habitat following disturbance. J Wildl 
Manag 71:2357–2364. https://​doi.​org/​10.​2193/​2006-​511

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing 
agreement with the author(s) or other rightsholder(s); author 
self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement 
and applicable law.

https://doi.org/10.2307/2421532
https://doi.org/10.1007/s00436-015-4466-3
https://doi.org/10.1111/acv.12433
https://doi.org/10.1111/acv.12433
https://doi.org/10.1007/s10530-021-02611-7
https://doi.org/10.1007/s10530-021-02611-7
https://doi.org/10.1017/S0950268805005303
https://doi.org/10.1017/S0950268805005303
https://doi.org/10.1016/j.biocon.2006.02.010
https://doi.org/10.1111/1365-2656.13219
https://doi.org/10.1111/1365-2656.13219
https://doi.org/10.1007/s00114-006-0164-4
https://doi.org/10.1007/s12639-016-0811-4
https://doi.org/10.1007/3-540-30023-6_5
https://doi.org/10.1007/3-540-30023-6_5
https://doi.org/10.1046/j.1523-1739.1996.10051475-5.x
https://doi.org/10.1046/j.1523-1739.1996.10051475-5.x
https://doi.org/10.2193/2006-511

	Unraveling Parasite Identification in Invasive and Endangered Squirrel Species: Potential for Parasite Spillover
	
	Authors

	Unraveling parasite identification in invasive and endangered squirrel species: potential for parasite spillover
	Abstract 
	Introduction
	Methods
	Endoparasites
	Ectoparasites

	Results
	Discussion
	Conclusions
	Acknowledgements 
	References


