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ABSTRACT

Biological invasions, often linked to the exotic pet trade, represent a major threat to global 

biodiversity and are increasingly recognized as drivers of pathogen pollution. �e Pallas’s 

squirrel (Callosciurus erythraeus) is an invasive alien species that has established popula-

tions in Northern Italy. Its presence raises ecological concerns, particularly because it can 

compete with and potentially displace the native Eurasian red squirrel (Sciurus vulgaris), 

whose presence is already threatened by the American grey squirrel (Sciurus carolinensis).  

At the same time, the introduction of a new species into an ecosystem may alter local 

disease dynamics by introducing new pathogens or interacting with those already pres-

ent. To better understand the health status and potential epidemiological role of this in-

vasive population, this study carried out a comprehensive pathogen screening. Necropsies 

were performed on 99 Pallas’s squirrel carcasses collected in the province of Varese be-

tween January 10th and February 27th, 2025, as part of the regional eradication program.

�e results show that the Italian population of Pallas’s squirrels carries a relatively low patho-

gen load. �is �nding supports the enemy release hypothesis, which suggests that invasive 

species may become successful partly because they leave many of their natural parasites and 

pathogens behind when introduced to a new environment. �ese results are also consistent 

with previous studies on this species, which suggested no evidence of pathogen spillover 

or spillback from invasive Pallas’s squirrels to the native red squirrel species and indicat-

ed that most of the detected pathogens were likely acquired locally rather than introduced 

with the invasive squirrel, with the exception of the nematode Strongyloides callosciureus.

Overall, the low diversity and prevalence of pathogens observed suggest that the current 

sanitary risk posed by this population is limited. However, because invasive hosts can accu-

mulate pathogens over time and indirectly facilitate local disease transmission, continuous 

monitoring, expanded research - particularly concerning microparasites - and the strict en-

forcement of trade bans remain crucial for long-term ecological and public health protection.
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INTRODUCTION

Biological invasions, de�ned as the human-mediated movement of species outside their natu-

ral range, represent one of the primary drivers of global biodiversity loss and can profoundly 

modify native ecosystems [1]. When species are moved, intentionally or not, beyond their 

natural range, the introduced population can become invasive and cause signi�cant ecolog-

ical harm. �eir impacts may include local species declines or extinctions, degradation of 

ecosystem functions, and risks to human health. 

To be de�ned as invasive a species has to be able to establish population outside its distri-

bution range, must have a fast demographic increase and should have an impact on native 

species and/or ecosystems [2].

 

Over the past centuries, biological invasions have increased dramatically. According to the 

2023 report of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosys-

tem Services (IPBES), approximately 37,000 alien species have been introduced worldwide, 

with Europe representing the most invaded region and hosting more than 18,000 established 

alien species [3] ,[18]. Of the alien species recorded globally, more than 3,500 are classi�ed 

as invasive and have documented ecological or economic impacts, although this number is 

likely underestimated and expected to increase [3]. 

�e global economic burden associated with Invasive Alien Species (IAS) is extremely high, 

exceeding USD 423 billion annually as of 2019, with evidence suggesting a four-fold in-

crease in costs every decade since 1970 [3], [4]. �is value, however, represents a major 

underestimation of the real situation, since data on the economic impact of many invasive 

alien species are still missing [5]. �e trend highlights how quickly the problem is grow-

ing and how signi�cant the economic consequences of biological invasions have become.  

Recently Italy, like many other countries, has faced an increasing number of biological in-

vasions: the average number of introduced species per year has increased exponentially over 
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time, rising from about 6 species per year in the 1970s to 25 species per year in the cur-

rent decade [6] with mammals representing a signi�cant proportion of these introductions. 

Among these, squirrels constitute one of the most challenging groups since it has been proven 

that, once a squirrel is introduced, it has a very high potential to establish a population, both 

in regions close to their native range and in entirely new areas far beyond it [1]. 248 intro-

duction events involving squirrels have been recorded worldwide, with 18 of the 20 species 

introduced successfully establishing self-sustaining populations [7].  

One of the main threats in Europe is the potential competition with the native red squirrel 

(Sciurus vulgaris), particularly through indirect competition for resources in areas where the 

native and alien species coexist. Additional concerns are related to the impact on avian com-

munities, as squirrels may prey on eggs and nestlings, [8] and huge damage is also caused by 

introduced squirrels to natural vegetation and tree plantations through their bark-stripping 

behaviour [1]. 

Among the previously cited risks, invasive squirrel - and IAS in general - can function as 

hosts or vectors of pathogens of human and animal health concern. �ey may reshape local 

infection dynamics by introducing pathogens absent from the release area with potential 

spillover to native species, by acquiring endemic pathogens and causing spillback to native 

populations, and by altering local population dynamics in ways that indirectly a�ect patho-

gen transmission [9], [10]. 

�e grey squirrel (Sciurus carolinensis) represents the clearest example of an invasive species 

causing native declines. Introduced to Australia, South Africa, Great Britain, Ireland, Scot-

land and Italy, it has been closely associated with the replacement of the native red squirrel. 

In the UK, Scotland and Ireland, the replacement process is exacerbated by the squirrelpox 

virus (SQPV), a virus belonging to the parapoxvirus clade. Grey squirrels can carry the virus 

without developing symptoms, acting as a reservoir, whereas red squirrels typically die shortly 

after infection [11]. Nevertheless, the grey squirrel is only one of several introduced squirrel 

species. Another invasive species of European and national concern is Callosciurus erythrae-

us, the Pallas’s squirrel: a medium-sized, diurnal, arboreal rodent whose natural distribution 
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extends across much of northeastern South Asia, central and southern China, and mainland 

Southeast Asia, as seen in Figure 1 [8].

Its remarkable adaptability, including the ability to colonize urban environments, has favored 

its spread beyond the native range, with non-native populations now present in France, Bel-

gium, the Netherlands, Argentina, Japan, Hong Kong and Italy (Figure 2) [12], where � rst 

con� rmed sighting in Lombardy (Varese Province) dates back to 2007 [13].

Figure 1. Callosciurus erythraeus’s native range – [Schockert, 2012] [12]

Figure 2. Original range of Callosciurus erythraeus and areas of introduction (•) – [Schockert, 2012] [12]
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Figure 3. Distribution of Callosciurus erythrae-

us in 10×10 km² cells (June 2019) [Santicchia et 
al., 2019, ISPRA: Piano nazionale per la gestione 
dello Scoiattolo di Pallas] [8].

As with other invasive species, the exotic pet trade represented the main pathway of introduc-

tion. In fact, both grey squirrels (S. carolinensis) and Pallas’s squirrels (C. erythraeus) were 

legally sold as pets in Italy until February 2013 [14]. In response to the biological invasion 

a complete trade ban on three squirrel species (S. carolinensis, S. niger, C. erythraeus) was 

enacted through the Inter-Ministerial Decree No. 28 of 2 February 2013, in compliance 

with EU Wildlife Trade Regulation No. 338/97 (Annex B) [15]. Callosciurus erythraeus is 

also included in the Union list of invasive alien species of concern (updated 2 August 2022) 

under EU Regulation No. 1143/2014. �is listing places the species under strict regulatory 

measures, including bans on keeping, importing, selling, breeding, or releasing individuals 

into the wild. In addition, the Regulation requires Member States to take action by address-

ing pathways of unintentional introduction, implementing preventive measures, ensuring 

early detection and rapid eradication of new incursions, and managing populations that are 

already widely established [16].

Currently, the presence of Pallas’s squirrel in Italy is con�ned to Lombardy, in the mountain-

ous area north of Varese Province, as shown in Figure 3, where it co-occurs with the native 

red squirrel. Ecological barriers - lake Maggiore and the Valtravaglia and Valcuvia valleys 

- currently limit its spread. However, overcoming these barriers could enable the species to 

expand beyond Italy’s borders, [8] extending invasion risks to an increasing number of areas. 

An eradication plan is currently in place with the aim 

of removing the species from Italian territory, with 

particular attention given to preventing its spread be-

yond national borders [8]. Eradication programs are 

globally recognized as one of the keys to manage bi-

ological invasions and there is increasing evidence of 

their success with 37 successful eradication programs 

recorded in Europe [17]. Eradicating alien species 

can support the recovery of biodiversity and should 

be pursued when prevention, which is the �rst and 
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most important line of defence, supported by ongoing monitoring and risk assessment, has 

failed to avoid the invasion [5]. Trapping activities were carried out as part of the European 

LIFE project EC-SQUARE (LIFE09 NAT/IT/00095), speci�cally focused on controlling 

this invasive species. Baiting techniques were designed to selectively target the alien squirrel 

population, and live traps were used and checked regularly to reduce animal stress. For each 

captured individual, sex and reproductive status were recorded. Lactating females were re-

leased immediately to safeguard dependent o�spring, while all other individuals were eutha-

nized using CO₂ inhalation, in accordance with the European Commission (EC) and AVMA 

animal welfare guidelines [8], [13].

Given that IAS are recognized as potential drivers of pathogen pollution in the ecosystems 

they colonize [18] it would be reasonable to expect animals recognized as IAS to be a major 

focus of epidemiological research, especially concerning the potential risks they pose to both 

human and wildlife health. However, information on the pathogens carried by IAS is still 

quite limited. �is lack of data represents a major barrier to evaluating disease emergence 

linked to biological invasions, as reliable health-risk assessments require knowledge of the 

parasites, bacteria, and viruses carried by the invading species [9]. 

Carrying out a disease risk assessment involves several steps: �rst identifying the pathogens 

of concern (the hazards), then assessing the chances that these pathogens are introduced and 

that the target population is exposed to them, and �nally evaluating the potential conse-

quences. Unfortunately, there are gaps in our knowledge at almost every stage of this process, 

which makes building an e�ective disease risk model for IAS quite challenging. To properly 

evaluate these risks it is essential to know which pathogens IAS naturally carry, yet this infor-

mation remains very limited [5].

�e issue becomes even more relevant when dealing with IAS that adapt well to urban envi-

ronments, where close contact with people can increase the chance of zoonotic transmission. 

�is is especially true for squirrel species, which are one of the few mammals occurring in 

both natural environments and highly urbanized settings and are often reported to be com-

fortable around humans [19], which is one of the reasons they were introduced in the �rst 
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place [7] , raising further concerns about their role in spreading zoonotic diseases.

Given these gaps there is a clear need for studies that investigate which pathogens are carried 

by invasive species, especially in areas where they are spreading and frequently interact with 

humans, domestic animals, and wildlife. In this context, this thesis focuses on the Pallas’s 

squirrel (Callosciurus erythraeus) and is carried out within a broader research project on the 

health status of invasive alien species in northern Italy. �e study is based on the necropsies 

of 99 Pallas’s squirrel carcasses and aims to provide a screening for pathogens that may be 

relevant for both human and wildlife health.
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CHAPTER 1

FROM BIOLOGY TO IMPACT: UNDERSTANDING 

THE INVASIVENESS OF THE PALLAS’S SQUIRREL

Callosciurus is a genus of diurnal, arboreal squirrels commonly known as the “beautiful 

squirrels” [14], a name earned due to their vivid colours and striking appearance. �ese at-

tractive traits are not only descriptive but also help explain why several species in this genus 

entered the pet trade, which represents the �rst reported cause of introduction for the spread 

of IAS [14], [7], [6].

�e visual appeal of exotic animals and plants is often a powerful driver of intentional human 

transport, and it can easily overshadow ecological risks. Bright colours, unusual shapes or 

charismatic behaviour can make a species seem harmless, reducing awareness of the potential 

consequences of escape or release into the wild [5], [20], [21]. 

Well-known examples illustrate how aesthetic appeal has contributed to biological invasions. 

�e American red-eared slider (Trachemys scripta elegans), for instance, became a globally 

invasive species after the pet trade sold more than 52 million individuals between 1989 and 

1997. Its attractiveness and the perceived ease of maintenance directly facilitated its spread 

worldwide, where it now represents a major threat to native turtle species. �is phenomenon 

is part of a much older pattern, since human fascination with exotic beauty has deep histori-

cal roots. As for the case of the water hyacinth (Pontederia crassipes): appreciated for its large 

violet �owers, it was introduced into Europe by Napoleon himself to decorate ponds and 

gardens. Since then, its accelerated growth has led to the formation of dense mats that cur-

rently su�ocate native vegetation and alter freshwater ecosystems, causing cascading negative 

consequences for biodiversity [5].

Squirrels themselves were already kept as pets in early modern Europe, where they appear 

in treatises on quadrupeds as desirable companions for noblewomen. �eir small size, soft 

fur and lively behaviour made them fashionable animals to keep in private chambers and at 
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1.1	 Biology and ecology of the Pallas’s squirrel

court. Given this long history of human interest in squirrels, it is not surprising that several 

squirrel species have also been moved outside their native range in more recent times. �e 

earliest known introduction of Callosciurus occurred in 1935 in Japan, when several Pallas’s 

squirrels escaped from the zoological gardens on Izu-Oshima Island, near Tokyo. In Europe, 

the �rst introduction took place in France, between the late 1960s and early 1970s, when a 

small number of individuals were imported from Asia by a private owner, and their release or 

escape resulted in the establishment of the initial French population. 

�e �rst documented presence of the Pallas’s squirrel in Italy dates to 2007, yet the origin of 

introduction is still unclear. It has been proposed that the Italian population may derive from 

individuals escaping, or being released, from a private residence in an area with many holiday 

homes owned by citizens from the Netherlands. �is hypothesis is noteworthy considering 

that a well-known escape event occurred in the Netherlands in 1998 from a local animal 

trader, and that the invasive population established in Argentina originated from individuals 

owned by a European family who had purchased them in a pet shop in the Netherlands [14].

�e number of recognised species within the genus Callosciurus varies among taxonomic 

references. While Wilson and Reeder [12] list 15 species, more recent taxonomic revisions 

identify 16 [14]. All species within the genus are native to Southeast Asia [7], [12], [14] and 

two of them have been introduced outside their native range: Finlayson’s squirrels (C. fin-

laysonii) and the Pallas’s squirrel (C. erythraeus), focus of this study.

�e Pallas’s squirrel (Callosciurus erythraeus) is a medium-sized sciuromorph not showing 

clear sexual dimorphism, as males and females have similar body size and general appearance. 

Reported body mass ranges from about 309 to 460g, although in Italy adults are usually 

lighter, with weights between 250 and 320g [8]. In overall measurements the Pallas’s squirrel 

is quite similar to the Eurasian red squirrel (S. vulgaris). However, the two species can be 

easily distinguished by the colour of the belly: S. vulgaris typically has a completely white 

ventral area, while the Pallas’s squirrel shows a much wider range of coat colours, with the 
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belly varying from orange or reddish to yellowish tones [22], [8].

Figure 4a. �e native red squirrel (Sciurus vulgaris) 
[Renato Olivieri, 2020 - JuzaPhoto.com] 

Figure 4b. �e invasive Pallas’s squirrel (Callosciurus 

erythraeus) on the right [Santicchia et al., 2019, ISPRA: 
Piano nazionale per la gestione dello Scoiattolo di Pallas] 

[8].

In its native range the Pallas’s squirrel shows a high level of ecological �exibility, thriving in 

a wide variety of habitats. It can occupy subtropical montane evergreen and broadleaved 

forests as well as subalpine coniferous and mixed forests at elevations above 3,000 m. �is 

adaptability is also evident where the species has been introduced. In Europe it uses mixed 

and deciduous woodlands, while in Argentina it persists in fragmented conifer–broadleaved 

patches. It is also well established in suburban and peri-urban environments in Japan, Bel-

gium and France. 

�e main factors in�uencing habitat selection in this species are reported to be high canopy 

cover, consistent with its arboreal lifestyle, and abundant food resources [12]. Two conditions 

that are well represented in the northern part of the Varese province (Lombardy) and have 

favoured the establishment of the species. In this area, the alien population currently covers 

approximately 9,800 hectares, extending along the mountainous belt from the municipality 

of Laveno-Mombello in the south to Luino in the north and its density has been estimated 

at about 7.8 individuals per hectare [8], a value slightly higher than that reported in Taiwan, 

part of the species’ native range.
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In areas where the introduced Pallas’s squirrel occurs in syntopy with the native red squirrel, 

the latter shows a markedly reduced density compared with sites where it is the only squir-

rel species, with roughly 150 Pallas’s squirrels for every single red squirrel [23]. �is strong 

decline seems to result from a combination of habitat displacement and food competition 

driven by the invasive species. By occupying the best-quality patches and probably compet-

ing for cached food [24], the Pallas’s squirrels indirectly forces red squirrels into marginal, 

low-productivity areas where resources are limited, reducing their foraging opportunities and 

overall �tness. 

�e competitive advantage of C. erythraeus is likely linked to its broad diet and marked di-

etary plasticity. �e species feeds on �owers, fruits, seeds and occasionally insects [12], [22] 

and is able to exploit alternative food sources when availability is low, such as during winter 

or periods of high energetic demand. Under these conditions, it may switch to bark stripping, 

a behaviour widely documented in introduced populations [7], [12]. As a consequence of this 

combined pressure, red squirrels living in syntopic areas often show lower body mass [24] 

than individuals living in areas where they are the only species present, and syntopic popula-

tions also exhibit a reduced local survival rate [23].

�e negative e�ects on body mass and survival rate could eventually reduce the reproductive 

output of the red squirrel: as an income breeder,  the breeding phenology of S. vulgaris is 

closely linked to the availability of resources within its territory. When these resources are 

heavily exploited by invasive squirrels, such as the Pallas’s squirrel or the grey squirrel, red 

squirrels reproduce less and may disappear from a�ected areas within a relatively short time 

(evidence shows that when S. carolinensis is present, populations of S. vulgaris can disappear 

from the area within a single year) [5], [25].

�is process, driven by ecological competition, is one of the mechanisms through which IAS 

replace native species. According to the competitive exclusion principle, when two species 

compete for the same limited resources within an ecological niche, the species with a higher 

1.2	 Interspeci�c competition with the Eurasian red squirrel (Sciurus 
vulgaris): traits favoring the success of C. erythraeus 
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�tness will ultimately outcompete the other [26].

Native species that have not evolved in the presence of close competitors may be particularly 

vulnerable in this context. When exposed to an invasive species, they often lack the be-

havioural, ecological or physiological adaptations needed to respond e�ectively. In contrast, 

invasive species typically display superior competitive abilities, including behavioural plastici-

ty, e�cient resource exploitation, lower susceptibility to local pathogens and predators and 

higher reproductive potential [26].

Interestingly, studies conducted in C. erythraeus native range indicate a lower reproductive 

potential compared to the European red squirrel [12]. �e species has a promiscuous mating 

system and individuals reach sexual maturity at about one year of age, a pattern that is similar 

to that observed in Sciurus vulgaris [12], [8]. Breeding can occur throughout the year, al-

though two main peaks are usually observed: one in spring and one in summer [22], [12] but 

despite this extended breeding period, native populations show relatively low reproductive 

output. Reported litter sizes average around 2 young, with a range of 1 to 4, depending on 

population density, and the number of weaned juveniles is also limited (1.1 on average in a 

population from Taiwan) [22]. 

However the situation di�ers in the introduced range where the invasive species shows higher 

fecundity, with evidence of up to three litters per year in Japan and Italy [12], [27]. 

�is suggests that the species can adjust its reproductive activity to more favourable environ-

mental conditions, reinforcing its status as a highly adaptable and invasive species [12]. In 

Italy studies on 40 females recorded an annual production ranging from 0 to 9 o�spring per 

female, with a maximum litter size of 6 (though such cases are infrequent) [27]. �is upper 

value exceeds most reports from both native and other invasive populations, where litters 

typically consist of two to three young [12], [22]. 

Although Pallas’s squirrel does not appear to directly reduce the fertility of the native red 

squirrel yet [27], unlike the invasive grey squirrel, which has shown strong negative e�ects in 

both England and Italy, its higher reproductive rate provides a clear competitive advantage 

that may contribute to the progressive displacement of S. vulgaris. 
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�e Pallas’s squirrel is therefore considered a “good invader” due to its high colonisation 

potential, with more than a 70% probability that the release of a single pair will lead to the 

formation of a new population, as seen in Figure 5  [1], [12].

Besides its e�ects on native species, one of the main problems caused by the Pallas’s

squirrel is its bark-stripping behaviour , [12]. By removing bark, these squirrels can 

seriously harm trees and timber plantations, making them more prone to fungi and insect 

infestations, which can ultimately impact the plant and animal species living in those for-

ests [28].  In its native range in Taiwan the species has been identi�ed as the main cause 

of bark damage, especially on conifer trees [7] and similar issues have been observed 

in several other introduction areas, including Belgium, France, Japan and Argentina, 

where C. erythraeus has been reported to damage forest plantations, fruit orchards and 

ornamental trees [7]. However, most of the available data are qualitative and do not al-

low for a reliable assessment of the quantitative losses linked to the Pallas’s squirrel [12].

Figure 5. Likelihood of Sciurus and Callosciurus establishment as a function of the number of animals 
released (Bertolino et al., 2009) [1]

1.3	 Additional ecological and socio-economic impacts of the Pallas’s 
squirrel
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Bark stripping tends to become more frequent in periods of food shortage, for example during 

snow cover or in phases of high energetic demand such as the reproductive season. In these 

moments, squirrels may strip bark to reach the phloem sap, which is rich in sugars. 

In Europe, the native red squirrel (Sciurus vulgaris) only rarely causes signi�cant damage to 

forests or arboriculture systems [29].

Some reports from introduced areas mention occasional predation on the eggs of native spe-

cies by the Pallas’s squirrel. Although this behaviour seems rare and currently of limited con-

cern, its impact could grow if squirrel densities continue to rise, with possible consequences 

for local wildlife [8], [12]. 

�e Pallas’s squirrel can also give origin to human-wildlife con�icts. For example, it may 

build nests in private gardens or close to houses, which can disturb residents. In France, 

the species was at �rst appreciated because of its appearance and behaviour, but over time 

it started to be considered as a pest, even earning the nickname “Korean rat”. �is change 

happened mainly because the squirrels can damage di�erent types of infrastructures, such as 

telephone cables, sprinkler systems and other equipment. As a result, some people have tried 

to remove them by poisoning or shooting, even though these actions are dangerous and can 

harm non-target species [7], [12].

�e impacts of IAS can take many forms, and it is often di�cult to de�ne or quantify them 

[30].  Some e�ects, like the loss of habitat or visible damage, can be measured more easily. 

However, many other impacts are more di�use, may develop slowly over long periods of 

time, and are therefore harder to detect or to clearly demonstrate [7]. 

For instance, a plant or animal introduced today may initially appear harmless, but its pop-

ulation can slowly increase over decades until ecological impacts become evident. A good ex-

ample is the invasive blue crab (Callinectes sapidus): although it was �rst recorded in Italy in 

1948, its dramatic expansion occurred only in the spring of 2023, causing strong impacts on 

native species such as oysters, mussels and small �sh and consequently on the economic activ-

ities that depend on them [5], with an economic loss of 100 million euros between 2023 and 
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2024 [6]. It is therefore crucial to act promptly as management measures launched only after 

impacts have become widespread are usually far less e�ective and much more expensive [6].

Some impacts of biological invasions cannot be quanti�ed economically, particularly those 

a�ecting biodiversity [6]. Biological introductions, acting both as direct threats and as syner-

gistic drivers alongside other environmental and anthropogenic pressures, are contributing to 

unprecedented rates of species decline and extinction [31].

Globally IAS have been identi�ed as the sole cause of 16% of documented species extinc-

tions, and they have contributed to 60% of all recorded global extinctions [6], leading to pro-

found changes in species diversity and community composition across most ecosystems. Such 

changes in biodiversity can strongly in�uence how infectious diseases emerge and spread, 

with major economic, public health, and conservation consequences [31]. 
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CHAPTER 2

ALIEN SQUIRREL-ASSOCIATED PATHOGENS:

IMPLICATIONS, POTENTIAL THREATS, AND PARASITE-RELATED 

INVASION PROCESSES

2.1	 Understanding the impact of invasive alien species on disease  
emergence

�e impacts of IAS extend beyond competition, predation, and habitat alteration. An im-

portant, yet often underestimated, consequence of biological invasions is their role in the 

transmission and emergence of infectious diseases [9]. Invasive alien species can contribute to 

a process known as pathogen pollution, which occurs when human activities such as interna-

tional trade, global travel, and species translocations, introduce parasites and microorganisms 

into regions where they were previously absent. 

Considering that at least 60% of known human pathogens are zoonotic, with approximately 

70% originating from wildlife reservoirs [30], [32] and infectious diseases are among the top 

�ve drivers of global species extinctions [33],  IAS and their associated pathogens can repre-

sent a signi�cant threat to both biodiversity and human health [32]. 

Global trade and climate change are rapidly altering ecosystems worldwide, increasing oppor-

tunities for the introduction and spread of IAS [34], [35], which have been demonstrated to 

play a signi�cant role in the transmission and emergence of infectious diseases, in�uencing 

ecosystem health through the pathogens they introduce, acquire, or leave behind [18].

Evidence accumulated over the past two decades indicates a positive association between the 

presence of IAS and an increase in zoonotic disease emergence events [10], [36], a relation-

ship which remains evident even when major anthropogenic drivers, such as climate change 

and land-use change, are taken into account (Figure 6) [35]. 
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Figure 6. Association between selected drivers and zoonotic disease emergence  [Zhang et al., 2022]
�e x-axis shows how much each variable di�ers from the global average in standard deviations, while the 
y-axis shows whether a region has more or fewer zoonotic events than expected after correcting for surveil-
lance e�ort. �e blue line represents the overall trend estimated by the model, with shaded areas indicating 

95% con�dence intervals [35]

Quantitative analyses have estimated an average of approximately 5.9 zoonotic pathogens per 

alien host species and have identi�ed a marked increase in zoonotic emergence events around 

1962, shortly after a major rise in alien host introductions [35]. 

�e close proximity of the breakpoints for species introductions and disease events, suggests 

a strong temporal link between the global movement of animals and the emergence of zoo-

notic diseases. Overall, the data in Figure 7 show that the middle of the 20th century was an 

important period that changed the way biological risks spread around the world.
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Figure 7. historical trajectory of zoonotic events and alien species introductions between 1800 and 2000 
using three di� erent statistical models [Zhang et al., 2022]

In all categories (A, B, and C), the Two-slope regression (right column) is identi� ed as the best � t. � e 
analysis reveals a signi� cant “breakpoint” (marked by the green dashed line) where the rate of these events 

shifted from slow growth to rapid acceleration. Speci� cally, the introduction of non-zoonotic species 
began to surge around 1948, followed closely by a surge in zoonotic host introductions in 1960 and actual 

zoonotic disease events in 1962 [35]

A substantial proportion of IAS also have signi� cant impacts on wildlife health. In fact, ap-

proximately one quarter of the species included among the 100 of the World’s Worst Invasive 

Alien Species identi� ed by the International Union for Conservation of Nature (IUCN) 

are associated with environmental impacts related to diseases a� ecting wildlife [37]. A well-

known example is the chytrid fungus (Batrachochytrium dendrobatidis), which has been 

strongly associated with global amphibian population declines and multiple species extinc-

tions [9]. Amphibians are currently considered the most threatened vertebrate group, accord-

ing to assessments by the IUCN.



18

Figure 8. Potential Pathways for Any Given Introduced-Host Parasite System. [Chalkowski, Lepczyk, 
Zohdy, 2018] 

Because an introduced host may carry multiple parasites at the same time, any of the following possi-
bilities can coexist for a given introduced host species. (a) �e introduced host brings a parasite from 

its native range to its introduced range, where the given parasite can be transmitted to native species via 
host-switching or spillover, or not. (b) �e introduced species may arrive to the introduced range without 

a parasite where a number of interactions with parasites of native hosts is possible. (c) �e introduced 
species does not obtain parasites of native hosts, thereby allowing for enemy release to occur. (d) �e 

introduced species does not become infected with parasites of native hosts, but aids parasite spread as a 
mechanical facilitator through habitat alteration or as a mechanical vector. (e) Parasites of native hosts are 
transmitted to the introduced species where the introduced host can (f ) act as a sink host that does not 

transmit parasites back to native hosts, (g) su�er �tness consequences via suppressive spillover, or (h) trans-
mit parasites back into native hosts via spillback. (i) Introduced species can facilitate parasites of native 

hosts via classic roles of spillback as ampli�ers or vectors, and as mechanical facilitators [38].

Depending on whether pathogens originate from the species’ native range, are acquired 

during transit through intermediate regions, or are picked up after establishment in the new 

environment, invasive hosts can interact with local species in di�erent ways (Figure 8) [38].

2.1.1	 Pathways of pathogen transmission in biological invasions
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When an IAS carrying a pathogen from its native range is introduced into a new ecosystem, 

it may come into contact with native hosts, facilitating the transmission of a novel pathogen 

through pathogen spillover: the process by which a pathogen maintained in a reservoir host 

is transmitted to a new host species that has not previously been exposed to it [9], [10], [38], 

[34]. Such pathogens can spread rapidly because native hosts often lack prior exposure and 

e�ective immunological defenses, making them highly susceptible to infection and allowing 

invasive pathogens to amplify and cause severe outbreaks [32]. 

A prominent example in Europe is the introduction of the North American raccoon (Pro-

cyon lotor), which acts as the de�nitive host for the nematode Baylisascaris procyonis. �is 

parasite can cause larva migrans syndromes in humans, potentially leading to severe central 

nervous system disease [18]. 

Conversely, IAS may become infected with local pathogens already present in the invaded 

range, leading to increased opportunities to infect native species through pathogen spillback. 

In this scenario, the invasive species acts as a new reservoir, increasing the amount of the 

pathogen in the environment [9], [10], [38], [34] . 

�is is exempli�ed by the Australian brushtail possum (Trichosurus vulpecula) in New Zea-

land. Following its introduction, the possum became infected with bovine tuberculosis (My-

cobacterium bovis), eventually becoming a primary maintenance host that ampli�es the 

disease and facilitates its transmission back to livestock and native wildlife [18]. 

�ese two mechanisms represent direct pathways through which IAS can increase 

the risk of disease transmission and are strongly supported by real-world example. 

However, IAS may also enhance disease spread through indirect mechanisms [38]. 

In some cases, invasive species are not infected by the pathogen themselves but in-

stead alter local ecosystems and the behavior of native hosts or vectors, thereby mod-

ifying existing disease dynamics [9], facilitating the di�usion of pathogens [38]. 

Disease facilitation refers to the process by which an introduced species increases infection 

by pathogens already present in native hosts, either through pathogen ampli�cation (by in-
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�uencing vector populations) or through mechanical habitat alteration, that improves con-

ditions for pathogens transmission [38]. A clear example is provided by the invasion of the 

Burmese python (Python molurus bivittatus) in the Florida Everglades. �e python has 

caused a drastic decline in large mammal populations, leading local mosquito vectors to shift 

their feeding behavior toward smaller mammals, such as the hispid cotton rat (Sigmodon 

hispidus), the primary reservoir of the Everglades virus. �is shift increases viral prevalence 

in rat populations and elevates the risk of transmission to humans, particularly given the 

tendency of these rodents to thrive in anthropogenic environments [18]. In this case, the 

invasive Burmese python acts as a disease facilitator through its predation-driven alteration 

of the host community.

�e role of invasive alien species in disease transmission is therefore not limited to whether 

they directly host a pathogen, but also includes the ecological e�ects they exert in the invaded 

area, as a consequence of their invasiveness. 

Empirical evidence shows that native populations host approximately twice as many parasites 

species as invasive populations [39], a pattern described by the Enemy Release Hypothesis 

(ERH), which proposes that alien species �ourish in new environments because they escape 

the natural predators and pathogens that regulate their populations in their native range 

[39], [40]. Freed from these natural regulators, invasive alien species can allocate more energy 

to growth and reproduction, facilitating their spread and increasing their ecological impact 

within the invaded ecosystem. �is population expansion may mechanically facilitate parasite 

transmission, as previously explained, by altering habitats and host–vector interactions [38].

Another example of this is provided by invasive wild boars (Sus scrofa), whose rooting be-

havior creates extensive soil disturbance and wallows. In Hawaii, these wallows, together with 

tree fern hollows damaged by wild boars, frequently accumulate standing water, creating 

suitable breeding sites for invasive mosquito species. �ese mosquitoes are competent vectors 

of the avian malaria parasite Plasmodium relictum. By increasing the availability of mosquito 

breeding habitats, wild boars indirectly facilitate the transmission of avian malaria, which is 

considered one of the main drivers of population declines in critically endangered Hawaiian 
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forest birds [38]. Furthermore, many IAS are well adapted to human-modi�ed landscapes, 

which increases contact with humans and domestic animals and enhances opportunities for 

pathogen transmission [8]. Although invasive populations often exhibit a lower pathogen 

richness then in the area of origin [9], [35], they may exhibit a higher prevalence of infection 

for speci�c zoonotic pathogens [10]. 

In a systematic review of 234 papers analyzing the relation between the transmission of zoo-

notic pathogens and invasive alien species, a subset of comparative studies identi�ed 65 host–

pathogen interactions between invasive alien and native species. Across these comparisons, 

the pathogen prevalence within sampled invasive alien species was found to be “lower than 

in the native host in 15 studies, equivalent to the native host in 14 studies, and higher than 

the native host in 33 studies” (Roy et al.) [10]. �e potential impact IAS represent in the 

transmission of zoonotic pathogens is linked to a wide range of ecological, environmental 

and social processes as their ability to thrive in human-dominated environments, where high 

population densities facilitate pathogen transmission. Synanthropic species, such as rats, rep-

resent well-documented examples of this phenomenon [10].

Despite the growing evidence that invasive alien species play an important role in the emer-

gence and spread of infectious diseases, risk assessment approaches in invasion biology have 

traditionally focused mainly on economic and environmental impacts, often giving limited 

attention to risks for public and animal health [9], [34]. Information on pathogens associ-

ated with IAS is still fragmented and not systematically integrated into major international 

databases, such as the European Alien Species Information Network (EASIN) which provides 

information on the distribution, pathways and impacts of alien species in Europe, and the 

Global Invasive Species Database (GISD), a worldwide reference platform documenting in-

vasive species, their impacts, and management responses. �is lack of integration hampers 

the development of comprehensive and reliable disease risk assessments [9].

Having outlined the general role of invasive alien species in disease emergence and pathogen 

transmission, the following chapters focus on the speci�c case of the Pallas’s squirrel (Callo-

sciurus erythraeus).
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2.2 Pathogen risks related with the invasive Pallas’s squirrels

As discussed in section 2.1, IAS are increasingly recognized as signi� cant drivers in the spread 

of infectious diseases, particularly in the case of mammals [10], [34], with rodents as the most 

species-rich zoonotic mammalian hosts [10], [41] (as seen in Figure 9). � is growing aware-

ness has led many researchers to emphasize the importance of predicting and managing the 

health risks associated with biological invasions through the development of speci� c risk as-

sessment tools, horizon scanning approaches and standardized health evaluation procedures, 

including necropsy and targeted pathogen screening [9], [10], [18], [34].

Evaluating the disease risk associated with invasive alien species requires a broad understand-

ing of the host–pathogen relationships and their interactions with the new environment. � is 

includes considering their role in the maintenance and spread of infectious agents and the 

possible implications for wildlife, domestic animals, and public health. As a starting point it 

is necessary to identify the hazards of interest, namely the pathogens that are associated with 

the species under natural conditions [9], [37]. 

In the case of C. erythraeus, current knowledge is still scarce, particularly with regard to the 

pathogens associated with the species in its native range [9], [12], [42], [43]. Most available 

Figure 9. Zoonotic virus richness in relation to species richness among wild mammalian orders, with 
circle size representing the proportion of zoonotic viruses recorded in each order relative to the total across 

all mammals [C. K. Johnson et al., 2020] [41]
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data concern macroparasites in introduced areas [9], [13], [42] whereas information on mi-

croparasites remains poor.

According to the systematic review by Chinchio et al. (2022) [9], which examined over 1,000 

articles on 11 mammalian IAS of Union concern in Europe, C. erythraeus is among the 

species with the most limited information on its pathogen pro�le. Only 13 articles met the 

eligibility criteria for this species (primary research, written in English, available online and 

based on natural infections), and the available data were insu�cient to estimate pooled prev-

alence for any of the relevant pathogens associated with the squirrel. �is means that while 

these pathogens have been reported, there is not enough scienti�c evidence to determine how 

common they are in the wild populations [9].

�e review identi�ed 32 infectious agents associated with C. erythraeus (Table 1), including 

16 ectoparasites, 11 helminths, 2 bacteria, 2 protozoa, and 1 virus [9]. �e data is heavi-

ly skewed toward macroparasites, which represent the 84% of the recorded pathogens (27 

of 32), highlighting a clear research e�ort bias: most of the available information concerns 

pathogens that are visually detectable, while micro-pathogens remain largely uninvestigated. 

Table 1. Number of articles, total observed pathogen species richness, and observed pathogen species richness per patho-
gen taxon [Chinchio, Romeo, Crotta, and Ferrari, 2022] [9].

Of these 32 infectious agents identi�ed in C. erythraeus, only two pathogen species were 

recognized as having public health and wildlife health signi�cance, according to European 

legislation and international health organizations: Leptospira interrogans and Cryptosporid-

ium spp. 
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Leptospira interrogans, was detected in an introduced population of C. erythraeus in Argen-

tina, where 13 of 34 squirrels examined (38% prevalence) tested positive [44], and has also 

been reported in the species’ native range: a study in Laos found the bacterium in 12 of 73 

Pallas’s squirrels sold for human consumption [45]. 

�e second relevant agent, Cryptosporidium spp. has been reported in introduced popula-

tions in Japan and Italy [46], [47]. In addition, Cryptosporidium spp. have been detected in 

captive individuals of C. erythraeus sold as pets in China [48]. 

Despite these two infectious agents being present in both native and introduced populations 

of Pallas’s squirrels, evidence suggests that in the invaded range the pathogens were most like-

ly acquired locally rather than introduced from the native range. 

For what concern Leptospira interrogans, this hypothesis is supported by the fact that the 

entire Argentinean invasion originated from only 10 individuals bought from a pet shop in 

the Netherlands in 1970, with genetic analysis con�rming a founder e�ect, showing that all 

Argentinean populations likely stem from this single, small introduction. In addition, the 

serovars found in the squirrels (Canicola and Copenhagen) are frequently found in Argen-

tinean peridomestic animals like dogs and rats. Because Pallas’s squirrels in Argentina inhabit 

urban and rural areas in close contact with these animals, they likely entered the local epide-

miological cycle after their release [44]. Furthermore, studies on other parasite groups, such 

as gastrointestinal helminths, in Argentine populations of Pallas’ squirrels indicate a loss of 

their native Asian parasites and the acquisition of novel parasites from local Argentine rodents 

[43].

Regarding Cryptosporidium spp., a study conducted in China, within the native range of 

Pallas’ squirrel, identi�ed C. parvum, C. wrairi, and rat genotype II. �ese taxa have not been 

reported in invasive populations in Italy or Japan [46], [47], [48].
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2.3	 Pathogen pro�le of Pallas’s squirrels in Italy: insights from literature

In line with �ndings from other introduced populations worldwide, Pallas’s squirrels in Eu-

rope appear to harbour a limited range of pathogens, most of which seem to have been ac-

quired locally rather than introduced from the native range [13], [14], [42].

Similar �ndings were reported in studies investigating pathogens in Italian populations of 

Pallas’s squirrel. 

Mazzamuto et al. [13] examined 161 Pallas’s squirrels from Italy’s only known population, in 

Varese province, and described the invasive colony as hosting a relatively poor parasite com-

munity. With only one exception (the nematode Strongyloides callosciureus), all identi�ed 

parasite species were native to Europe, indicating that they were acquired locally after the 

establishment of the squirrels in Italy [13]. 

2.3.1	 Ectoparasites

In the 135 squirrels hosting ectoparasites, the most prevalent species was the �ea Ceratophyl-

lus (Monopsyllus) sciurorum sciurorum, detected in 50% of the individuals. �is �ea is a 

speci�c parasite of the native red squirrel (Sciurus vulgaris). �e high prevalence observed 

in the invasive population is likely the result of ecological overlap with the native species, 

including habitat sharing and the use of the same nests. �is interaction creates favorable 

conditions for parasite exchange and may result in spill-back dynamics [13]. 

�e second most common ectoparasite was the tick Ixodes ricinus, with a prevalence of 47%. 

Unlike C. sciurorum, this tick is a generalist species whose distribution depends mainly on 

environmental factors and the presence of suitable hosts, such as roe deer (Capreolus capre-

olus), rather than on squirrels speci�cally. While I. ricinus has been reported on both native 

and introduced squirrels in France, it had interestingly not been recorded on S. vulgaris or S. 

carolinensis in Italian study sites previously, likely due to di�ering ecological factors such as 

local ungulate density [13]. �e heavy infestation of Pallas’s squirrels by these ticks introduces 

a potential risk to human health, as these introduced sciurids could in�uence local transmis-

sion dynamics of tick-borne pathogens, including Borrelia burgdorferi, the causative agent 

of Lyme borreliosis (LB) [14]. Furthermore, Pallas’s squirrels exhibit a high nymph-to-larvae 
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2.3.2	 Endoparasites

ratio of approximately 2:1, which is likely attributed to their arboreal behavior [13]. �is ob-

servation is ecologically signi�cant because, whereas tick larvae are generally pathogen-free, 

nymphs have typically completed a prior blood meal. Consequently, they are more likely to 

carry and transmit infectious agents to both the vertebrate community and humans. 

While the risk of spillover from the invasive squirrel to the native species has not been ob-

served yet it remains a possibility, along with the potential alteration of tick-borne pathogen 

distribution as the invasive squirrel may acts as a new, signi�cant host for local disease-carry-

ing ticks [49].  

Endoparasites were considerably less common than ectoparasites. Of the 73 squirrels exam-

ined for gastrointestinal helminths, only 12 individuals were infected, and all parasite species 

showed a prevalence below 10% (Table 2). Most nematodes identi�ed in the gastrointestinal 

tract were acquired locally. For example, Trypanoxyuris (Rodentoxyuris) sciuri, a speci�c 

parasite of the native red squirrel, con�rms the occurrence of spillover from native hosts to 

the invasive species. Although this parasite can complete its life cycle in Pallas’s squirrels, its 

low prevalence suggests that spillover events are relatively rare and that the parasite may not 

yet be fully adapted to this new host. Consequently, the risk of spillback to native red squir-

rels is currently considered low. Another species, Trichuris muris, is commonly associated 

with other rodents, such as mice and voles, suggesting cross-species transmission within the 

local rodent community [13]. 

Only one nematode species, Strongyloides callosciureus, appears to have been co-introduced 

with C. erythraeus into Italy. �is parasite, a dominant nematode within the gastrointestinal 

helminth fauna of Pallas’s squirrels, has been previously reported in introduced populations 

in Japan, with a prevalence of 73%, likely co-introduced with the host species [50]. Its prev-

alence in Italy is extremely low (1%) and it has not been repored in native squirrels. �is 

low prevalence may be linked to founder e�ects and reduced genetic variability in the Italian 

squirrel population, potentially limiting parasite establishment and transmission [13]. Some 

studies suggest it may have relatively broad host potential among rodents [54], but con�rmed 

records are still mostly from sciurids.
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Table 2.  Prevalence and intensity (± SE) of helminths and arthropods in Italian C. erythraeus. Italics denote low-frequen-
cy infections (n<10) [M. V. Mazzamuto et al., 2016] [13]. 

2.3.3	 Microparasite

For microparasite, data are very scarce. A recent study in Italy looked at the presence of 

coccidia (genus Eimeria) in both native and invasive squirrels and found that Callosciurus 

erythraeus has a very di�erent parasite pro�le compared to other squirrel species. �e study 

identi�ed three types of Eimeria (E1, E2, and E3), which were distributed di�erently among 

the hosts. Native red squirrels and invasive grey squirrels had high infection rates, around 

95–96%, while Pallas’s squirrels showed a much lower prevalence of only 4.1%.

Morphological examination showed that the E2 type was present in all three squirrel species, 

while E1 was only found in red squirrels and E3 in red and grey squirrels. However, Pallas’s 

squirrels shed very few oocysts, which meant there was not enough DNA for molecular 

analysis. �erefore, it is still unclear whether the parasite found in Pallas’s squirrels is speci�c 

to them or came from the red squirrels. In contrast, DNA analysis of red and grey squirrels 

clearly showed that they carry separate, host-speci�c coccidia [51]. 

Another recent study investigated Cryptosporidium spp. infection in native and invasive tree 

squirrels in northern Italy. Cryptosporidium is a genus of protozoan parasites that infect ep-

ithelial cells of the gastrointestinal tract in all classes of vertebrates, causing cryptosporidiosis, 

a diarrheal disease [46]. Transmission occurs mainly via the fecal–oral route, and oocysts are 

environmentally resistant, making the parasite particularly relevant in waterborne contami-

nation.



28

�e study analyzed fecal samples of a total of 357 individuals (123 Sciurus vulgaris, 162 

Sciurus carolinensis, and 72 Callosciurus erythraeus) across 17 locations in Northern Italy 

revealing that, despite overlapping ranges (with no site hosting all three species simultaneous-

ly), each species harboured distinct Cryptosporidium taxa (Table 3) [46].

Native red squirrels were exclusively infected with the Cryptosporidium ferret gen-

otype. �is genotype was absent in both invasive species, suggesting a lack of hori-

zontal transmission from native to alien populations in the study area. Interestingly, 

the probability of infection in red squirrels was signi�cantly a�ected by habitat: no 

infected animals were recorded in lowland woods, whereas 20.3% of those in moun-

tain conifer forests tested positive. �is distribution suggests that the circulation of 

the ferret genotype may be linked to extrinsic ecological factors, such as the presence 

of other host species, likely mustelid, that are absent in lowland habitats [46].

Grey squirrels were found to harbor a diverse array of non-native pathogens: C. 

ubiquitum, the skunk genotype, and chipmunk genotype I. �e detection of C. 

ubiquitum subtype XIIb is particularly noteworthy as this subtype is common in 

North American rodents but previously unrecorded in Europe. �is �nding suggests 

that grey squirrels may have acted as the primary introduction pathway from North 

America [46].

On the contrary, the role of Callosciurus erythraeus appears to be that of a second-

ary host. �is species was found to carry the chipmunk genotype I (subtype XIVa), 

identical to the strains found in grey squirrels. Given that Pallas’s squirrels and grey 

squirrels did not cohabit the speci�c sampling sites (although unobserved ecological 

contact cannot be excluded) , the acquisition of this alien parasite likely occurred 

through environmental mediation [46]. �e persistence of oocysts in water or soil 

suggests that Pallas’s squirrels may have become infected via substrates previously 

contaminated by grey squirrels. �is reinforces the hypothesis that invasive sciurids 

can maintain and circulate introduced pathogens, representing a potential sanitary 

risk [52]. 

i.

ii.

iii.



29

�e detection of Cryptosporidium chipmunk genotype I in both grey and Pallas’s squirrels, 

but not in red squirrels in this speci�c study, suggests that transmission to native species had 

not occurred in those particular populations. However, previous research in Northern Italy 

had already reported this genotype in Italian red squirrels, demonstrating that interspeci�c 

transmission to native populations could be possible [52]. 

An important �nding is that none of the examined squirrels (red, grey, or Pallas’s) showed 

clinical signs such as diarrhea, even when heavily infected. �is suggests that these species can 

act as asymptomatic carriers, potentially contributing to environmental contamination and 

parasite spread without displaying disease [46]. 

Finally, the presence of these genotypes raises zoonotic concerns. �e three taxa identi�ed 

in invasive squirrels (C. ubiquitum, the skunk genotype, and chipmunk genotype I) are all 

known to infect humans. Chipmunk genotype I, introduced to Europe, is increasingly asso-

ciated with human cryptosporidiosis in the United States. Although human cases in Europe 

remain rare (with only a few reported in Sweden and France), the presence of this genotype 

in wildlife represents a potential public health concern [46], [49]. 

Table 3. �e distribution of Cryptosporidium spp. in Eurasian red squirrels (Sciurus vulgaris), eastern grey squirrels 
(Sciurus carolinensis), and Pallas’s squirrels (Callosciurus erythraeus) [J. Prediger et al., 2021]  [46]

Age: SA (Subadult), A (Adult), or ND (Not Determined). Subgroup Sample: speci�c number of individuals that fall into 
the combined sex and age category. Isolated numbera: PCR positive samples. MIC: Microscopic Examination, − micro-
scopically negative; + mild infection; ++ medium infection; +++ severeinfection; ++++ intense infection. 
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Regarding viral pathogens, recent concerns arose following the discovery of the variegated 

squirrel bornavirus 1 (VSBV-1), a pathogen associated with cases of fatal encephalitis in 

animal caretakers. Because VSBV-1 was detected in captive squirrel populations of a closely 

related Asiatic species (Callosciurus prevostii) located in Germany, the Netherlands, and 

Croatia, the wild introduced population of C. erythraeus in Italy was subsequently screened 

for the virus.

Fortunately, the Italian population tested entirely negative, suggesting that C. erythraeus is 

not a reservoir host for this dangerous zoonotic bornavirus. However, this viral screening led 

to the discovery of three novel viruses circulating within the Italian C. erythraeus population: 

one polyomavirus (Callosciurus erythraeus polyomavirus 1) and two herpesviruses (Callosci-

urus erythraeus betaherpesvirus 1 and gammaherpesvirus 1) [53].  Because these viruses were 

detected exclusively in this species, it is highly likely they are species-speci�c and that Pallas’s 

squirrels are their original natural hosts, having introduced these novel microparasites to the 

invaded environment via the exotic pet trade [14].
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CHAPTER 3

MATERIAL AND METHODS

As presented in the previous chapter, to date, research in the introduced ranges of C. eryth-

raeus has generally reported an overall poor pathogen species richness, supporting the enemy 

release hypothesis [13], [42], [43], [51]. However, a signi�cant lack of data may bias these 

�ndings, particularly concerning microparasites, which are recognized as major drivers of 

wildlife epidemics. �eir speci�c life-history traits, such as direct life cycles and the lack of 

intermediate stages, facilitate their emergence and allow them to persist in a wide range of 

environmental conditions [36].

In this context, where an increased e�ort in the screening and health assessment of IAS could 

improve health surveillance and the prevention of disease emergence, necropsies of 99 Pallas’s 

squirrel from Northern Italy were carried out to provide a screening for pathogens that may 

be relevant for both human and wildlife health.

A total of 99 Callosciurus erythraeus were captured in Valcuvia (Varese province, northern 

Italy) - which hosts the only known Italian population of this species – between January 10th 

and February 27th, 2025. (Complete data are provided in APPENDIX A).

3.1	 Euthanasia suppression technique

Squirrels were captured using live traps (model 202, Tomahawk Live Trap Co., Wisconsin, 

USA). Traps were set in the morning, baited with apple and hazelnuts, and checked twice dai-

ly in order to minimize animal stress. For each captured individual, sex and reproductive sta-

tus were recorded. Lactating females, identi�ed by enlarged nipples and milk secretion upon 

gentle pressure, were immediately released to ensure the welfare of dependent o�spring. All 

males and non-reproductive females were euthanized by CO₂ inhalation in accordance with 

European Commission and American Veterinary Medical Association (AVMA) guidelines.

Each carcass was placed in a sealed plastic bag immediately after death and stored at −20 °C 
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until further examination. Only adult individuals were included in the present study.

Body mass and right forelimb length were recorded, as these measurements are important for 

comparisons with native species and for assessing potential interspeci�c competition.

3.2	 Post-mortem technique 

Each carcass was subjected to a complete post-mortem examination following standard small 

mammal necropsy protocols, adapted for sciurid species. Prior to necropsy, each specimen 

was weighed to the nearest 0.5 g using a precision balance. �e external examination includ-

ed assessment of body condition score, nutritional status evaluated through palpation of 

subcutaneous and visceral fat deposits. �e entire body surface was systematically inspected 

for the presence of ectoparasites (ticks, �eas, mites, and lice), traumatic lesions, integument 

abnormalities, swellings, discharges, and congenital malformations. �e oral cavity, eyes, 

ears, and anogenital region were individually examined. When ectoparasites were detected, 

they were collected using �ne forceps, preserved in 70% ethanol, and stored in individually 

labelled vials for subsequent taxonomic identi�cation.

Following external examination, the carcass was placed in dorsal recumbency. A midline inci-

sion was made through the skin from the mandibular symphysis to the pubic symphysis, and 

the skin was re�ected bilaterally to expose the underlying musculature and body cavities. �e 

abdominal cavity was opened by a ventral midline incision through the abdominal wall, and 

the thoracic cavity was accessed by bilateral parasternal incisions through the rib cage using 

scissors, followed by removal of the sternum. Upon opening each body cavity, the presence 

of abnormal �uid accumulations, including ascites, hydrothorax, haemothorax, or pericardial 

e�usion, was recorded and �uid samples were collected when present. �e overall disposition 

and appearance of the visceral organs were assessed in situ prior to their individual removal.

Each organ was then systematically removed, weighed, and examined macroscopically. �e 

heart was examined externally and sectioned to assess myocardial thickness, chamber dimen-

sions, valvular integrity, and the presence of endocardial or epicardial lesions. �e lungs were 

assessed for colour, consistency, and presence of consolidation, haemorrhage, oedema, or 

parasitic nodules. �e trachea and major bronchi were opened longitudinally and inspected 
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for mucosal lesions and luminal contents. �e liver was examined for size, colour, capsular in-

tegrity, and parenchymal texture, with representative sections made to assess the cut surface. 

�e spleen was evaluated for size, colour, and consistency. �e kidneys and adrenal glands 

were examined externally and sectioned transversally. �e urinary bladder was opened and its 

content and mucosal surface were evaluated. In female specimens, the uterus and ovaries were 

examined; in males, the testes and accessory reproductive glands were assessed. �e skeletal 

musculature was inspected for pallor, haemorrhage, or parasitic cysts, and representative sec-

tions of major muscle groups, including epaxial and hindlimb muscles. Finally, the skull was 

opened using bone scissors and a scalpel, and the brain was carefully extracted and examined 

for meningeal congestion, haemorrhage, or gross parenchymal lesions. �e gastrointestinal 

tract, comprising the stomach and the entire length of the small and large intestine, was pre-

served intact and transferred to individually labelled containers for subsequent parasitolog-

ical examination, including luminal content analysis and mucosal scraping for endoparasite 

detection.

Histological sampling was performed only on carcasses with a decomposition code ≤ 3. 

Tissue samples (approximately 1 cm³) were collected and �xed in 10% neutral bu�ered for-

malin, placed in dedicated containers, and stored in a ventilated cabinet until processing. 

Each container was labelled with SIMBAVET code (www.simbavet.org), squirrel identi�ca-

tion code, date of necropsy and operator’s initials.

�e following tissues were collected in a single container: heart, liver (section), kidney, brain, 

intestine (section, opened and cleaned from content), urinary bladder, spleen, trachea (sec-

tion). 

For microbiological investigations, 6–7 sterile Eppendorf tubes (1.5–2.5 ml) were �lled al-

most to capacity with tissue in order to ensure an adequate amount of material for analysis. 

Each tube was labelled with the SIMBAVET code, squirrel identi�cation code, and organ. 

�e tubes from each individual were placed in a sealed plastic bag labelled with the same 

identi�cation codes and stored in a vertical freezer.
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Figure 10. Post-mortem examination of a male Pallas’s 
squirrel (Callosciurus erythraeus), specimen C319. Ventral 
view of the gross internal anatomy with visceral organs in 

situ following a midline incision.

Figure 11. Macroscopic examination of harvested internal 
organs from specimen C319.

When carcasses were available unfrozen, bacteriological swabs were collected from the oral 

cavity, abdominal cavity and rectum. �ese procedures were performed only on the �rst 

freshly collected specimens (AY657, AY658, AY659). Bacterial strains were identi�ed and 

evaluated using the MALDI-TOF scoring system. All recorded scores fell between 2.000 and 

2.299, providing secure identi�cation at the genus level and probable identi�cation at the 

species level. To comprehensively screen the pathogens carried by the invasive population, a 

pooled sampling approach was employed.
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CHAPTER 4

RESULTS

Our study found that Pallas’s squirrels introduced to Italy carry a very low pathogen load, 

consistent with previous research on populations established outside their native range.

Of the 99 Pallas’s squirrel samples collected, 54 were subjected to histological analysis.

�e histopathological evaluation of the tissue samples from the Pallas’s squirrels was a�ected 

by two main factors: severe post-mortem autolysis, which made many organs di�cult to ex-

amine, and signi�cant blood �ow changes caused by the CO₂ euthanasia, as seen in in Table 

5, Table 6 and Table 7. �e �ndings are detailed below by organ system.

�e pulmonary parenchyma consistently exhibited moderate to severe di�use edema (45/54), 

as seen in Figure 13, vascular congestion (4/54), and instances of blood extravasation within 

the alveolar spaces (1/54), as seen in Figure 12. �ese acute vascular changes are artifacts 

caused by the euthanasia procedure. �ey resulted from the hypoxia and increased capillary 

permeability induced by CO₂ inhalation. Independent of these terminal events, histopatho-

logical evaluation revealed pre-existing chronic respiratory alterations. Speci�cally, a mild 

multifocal lymphoplasmacytic bronchiolitis (1/54, specimen C302), as seen in Figure 14, 

and a moderate to severe pulmonary emphysema  (1/54, specimen C375).

4.1	 Histopathological examination

4.1.1	 Lungs
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Figure 12. Lung, vascular congestion (asterisks) and haemorrhages in alveolar spaces (arrow). HE, 10X.

Figure 13. Lungs, dense eosinophilic material within the alveoli, severe pulmonary edema. HE, X10.
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0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Post mortem autolysis

Agonal changes

Lymphoplasmacytic bronchiolitis

 Pulmonary emphysema

No significant findings

Lungs

Figure 14. Lungs, peribronchial mild lymphocytic in� ltrate (arrowhead). HE, X10.

Table 5. Prevalence of histopathological � ndings in the lungs of examined Pallas’s squirrels (n = 54). 
� e graph contrasts the high frequency of euthanasia-induced agonal changes (di� use edema, vascular 

congestion, alveolar blood extravasation) with the minimal occurrence of pre-existing chronic respiratory 
alterations.
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4.1.2 Liver

A widespread, moderate passive congestion was constantly observed, caused by blood back-

ing up due to acute right heart failure as a consequence of the euthanasia process (13/54). 

Several specimens presented a severe di� used post-mortem autolysis (33/54). Severe vacuolar 

degeneration was observed in a liver section (1/54, specimen AY657) with multifocal areas of 

chronic granulomatous in� ammation predominantly localized within the portal tracts. � is 

in� ltrate was of a mixed nature (neutrophilic and macrophagic) and was accompanied by 

cellular debris and the presence of multinucleated giant cells displaying a horseshoe nuclear 

conformation (Figure 15). Multifocal areas of neutrophilic and macrophagic in� ammatory 

in� ltrate associated with necrosis was detected in another specimen (1/54, specimen AY756), 

as seen in Figure 16.

Figure 15. Liver, lymphoplasmacellular in� ltrate (arrow), mild to moderate multifocal lymphoplasmacel-
lular cholangio-hepatitis. HE, 10X.
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0% 10% 20% 30% 40% 50% 60% 70%

Post mortem autolysis

Agonal changes

Vacuolar degeneration with chronic

granulomatous inflammation

Neutrophilic and macrophagic

inflammatory infiltrate

No significant findings

Liver

Figure 16. Liver, neutrophilic  in� ltrate (arrows), moderate to severe multifocal to coalescing necrotic 
hepatitis. HE, 10X.

Table 6. Prevalence of histopathological � ndings in the liver of examined Pallas’s squirrels (n = 54). � e 
chart details the percentage of specimens compromised by post-mortem autolytic processes and procedural 

artifacts compared to the low incidence of true pre-existing chronic lesions.

4.1.3 Kidneys

Examination of the renal tissue, in samples not entirely compromised by post-mortem au-

tolytic processes allowed for the identi� cation of pre-existing, chronic in� ammatory and 

degenerative alterations (9/54, specimens AZ025, AY756, AZ059, AY658, AZ065, AZ069, 

AZ077, AZ519, AZ521). Speci� cally, the parenchyma exhibited focal to multifocal areas of 
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Figure 17. Kidney, lymphocytic in� ltrate (arrow), mild multifocal interstitial nephritis. HE, 10X.

Figure 18. Kidney, multifocal mineralizations in the renal tubules (arrowheads). HE, 10X.

interstitial nephritis (1/54, specimen AY756), as seen in Figure 17, and minimal to mild focal 

pyelonephritis (4/54, specimens AY658, AZ077, AZ519, AZ521). � e in� ammatory in� l-

trates were predominantly lymphoplasmacytic, indicating a chronic immune response. Ad-

ditionally, multifocal micro-mineralizations were observed within the renal medulla (1/54, 

specimen AZ059), as seen in Figure 18.
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4.1.4	

4.1.5	

Heart

Central nervous system and gastrointestinal system

Examination of the heart muscle in some specimens was limited by post-mortem tissue deg-

radation (7/54). �e only �nding in the was the accumulation of a brownish intracellular pig-

ment within the cardiomyocytes (2/54), which is consistent with a formalin �xation artifact 

rather than a primary clinical pathology.

Histological analysis of the spleen, brain (CNS), and gastrointestinal tract (GIT) yielded no 

signi�cant pathological �ndings. �e evaluation of several specimens was limited by severe 

and di�use post-mortem tissue degradation (Spleen: 4/54, GIT: 28/54, CNS: 7/54).

Table 7. Prevalence of histopathological �ndings in the kidneys of examined Pallas’s squirrels (n = 54). �e 
chart details the percentage of specimens compromised by post-mortem autolytic processes versus those 

presenting with pre-existing chronic in�ammatory and degenerative alterations.

0% 10% 20% 30% 40% 50% 60% 70%

Post mortem autolysis

Agonal changes

Interstitial nephritis

 Pyelonephritis

Multifocal micro-mineralizations

Focal lympho-interstitial inflammatory

infiltrate

No significant findings

Kidneys
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4.2	 Bacteriological examination

Bacteriological analyses were performed on swabs collected exclusively from the three fresh 

squirrel carcasses (3/99: specimens AY657, AY658, and AY659), as seen in Table 8. Bacteri-

ological �ndings from the oral cavity, rectum, and abdominal cavity of three Pallas’s squirrel 

specimens examined. 

Specimen AY657: examination of the oral cavity revealed a high-load of Staphylococ-

cus kloosii (score 2.18) and the presence of Streptococcus spp.. 

In the anal cavity, Escherichia coli, Enterococcus faecalis (score 2.25), and Staph-

ylococcus spp. were isolated. �e abdominal cavity swab was negative, showing a 

complete absence of bacterial growth.

Specimen AY658: for this subject, the oral swab showed a high load of Streptococ-

cus spp. associated with a medium-load of Haemophilus spp..In the anal region, a 

high-load of both Escherichia coli and Staphylococcus spp. was detected. Unlike 

the other specimens, the swab taken from the abdominal cavity revealed a low-load 

growth of Streptococcus spp.

Specimen AY659: analysis of the oral cavity con�rmed a high-load growth of Strepto-

coccus spp.. A high-load of Streptococcus gallolyticus (score 2.18) was isolated from 

the anal cavity, along with a medium-load of Escherichia coli. Similar to specimen 

AY657, the abdominal cavity swab showed no bacterial growth.

i.

ii.

iii.

Table 8. Bacteriological �ndings from the oral cavity, rectum, and abdominal cavity of three Pallas’s squirrel specimens 
examined. MALDI-TOF Score: Values between 2.000 and 2.299 indicate secure genus identi�cation and probable species 
identi�cation.
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4.3	 Limitations of the study

�e 99 examined squirrels were collected within a very narrow timeframe (January 10th 

to February 27th, 2025). Pathogen prevalence often shows seasonal �uctuations in�uenced 

by host physiology, climate-dependent vector life cycles (e.g. ticks and �eas), and the envi-

ronmental persistence of microparasites. �erefore, sampling only during winter may have 

limited the detection of pathogens that typically peak in warmer months or during the re-

productive period in spring and summer. �is seasonal e�ect has already been demonstrated 

for some ectoparasites of squirrels: the �ea Ceratophyllus (s.) sciurorum shows a signi�cantly 

higher prevalence in autumn than in spring, while the tick Ixodes ricinus is signi�cantly 

more prevalent in spring compared with the other seasons [13].  

Histopathological evaluations were heavily compromised by severe post-mortem autolysis, 

which made tissues such as the heart muscle, spleen, brain, and gastrointestinal tract di�cult 

to properly examine. �e use of CO₂ for euthanasia induced acute vascular artifacts, resulting 

in signi�cant blood �ow changes such as di�use edema, vascular congestion, and blood ex-

travasation in the lungs, as well as passive congestion in the liver. In addition, bacteriological 

swabs were collected only from the �rst three freshly retrieved specimens, reducing the num-

ber of samples available for viable bacterial culture and likely leading to an underestimation 

of the bacterial diversity within the studied population.

Finally, the pooled sample technique, although e�cient for large-scale screening and cost-ef-

fective for detecting low-prevalence pathogens, may produce a dilution e�ect. When a patho-

gen is present at a very low load in a single individual, mixing its tissues with those of unin-

fected animals can reduce the pathogen concentration below the detection limit of molecular 

or microbiological assays [54].
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DISCUSSION

�e exponential increase in biological invasions, driven by global trade and the movement of 

species, is fundamentally altering native ecosystems and facilitating the introduction of novel 

pathogens. In the last decade, the rate of alien species introductions has risen signi�cantly, 

highlighting the urgent need for integrated ecological and epidemiological research [6], [3].

Within this context, the present study evaluated the epidemiological impact of the invasive 

Pallas’s squirrel (Callosciurus erythraeus).

Necropsies of 99 carcasses revealed that Italian populations of C. erythraeus harbor a notably 

low parasite and pathogen load.  Microbiological cultures predominantly yielded bacterial 

populations consistent with normal commensal �ora, while histological evaluations high-

lighted only a few localized chronic in�ammatory responses.

Several mechanisms may explain this reduced parasite richness in introduced populations of 

Pallas’s squirrel. In Europe, these populations originate from releases or escapes from the pet 

trade and therefore likely derive from small founder groups, which reduces the probability 

of introducing their natural enemies. Moreover, animals involved in the pet trade are often 

treated with antiparasitic drugs, further decreasing the likelihood of co-introducing their 

original parasite fauna. Additionally, parasites that require high host densities or intermediate 

hosts may fail to establish in the new environment, while the arboreal habits of the species 

may limit its exposure to some parasites [13], [14], [39], [13], [55].

Overall, the invasion process may act as a �lter that removes part of the original parasite com-

munity, a pattern consistent with the “enemy release hypothesis”, according to which invasive 

species experience reduced parasitic pressure in the invaded range [14].

�is conclusion is consistent with previous studies on introduced populations outside their 

native range, which have reported low pathogen prevalence in Pallas’s squirrels.
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In Italy, ectoparasites represent the most frequently detected infectious agents in Pallas’s squir-

rels. �e most common species identi�ed were the �ea Ceratophyllus sciurorum sciurorum 

and the generalist tick Ixodes ricinus. �ese ectoparasites could represent a potential pathway 

for pathogen transmission between invasive and native squirrels. In particular, I. ricinus is an 

important vector of several pathogens of veterinary and public health relevance, meaning that 

Pallas’s squirrels could potentially in�uence the transmission dynamics of tick-borne diseases 

[13].

Gastrointestinal helminths and microparasites show very low prevalence and high host spec-

i�city [13], [46], [51]. Regarding viruses, the Italian population tested negative for the zoo-

notic Variegated Squirrel Bornavirus 1 (VSBV-1). However, three novel viruses were iden-

ti�ed: one polyomavirus and two herpesviruses, probably introduced to Italy through the 

exotic pet trade [53].

Most of the pathogens recorded in epidemiological studies appear to have been acquired after 

the establishment of the species in the invaded environment rather than being co-introduced 

from the native range. �e only likely exception is the nematode Strongyloides callosciureus, 

a parasite speci�c to sciurids that appears to have been introduced together with Pallas’s squir-

rels [13]. However, its prevalence is extremely low (1%), and it has not yet been reported in 

native squirrel species. Although some studies suggest that this parasite may have a relatively 

broad host potential [56], con�rmed records are still largely restricted to sciurids [13].

In conclusion, evidence of parasite exchange between native and invasive squirrels appears to 

be limited. Some cases of spillover from the native red squirrel to the invasive Pallas’s squirrel 

have been documented, such as Trypanoxyuris sciuri and the �ea Ceratophyllus sciurorum 

sciurorum. However, spillback from Pallas’s squirrels to native species has not yet been ob-

served [13], suggesting that active interspeci�c transmission is currently minimal and that the 

immediate sanitary risk remains low.

However, these �ndings should be interpreted as part of a dynamic rather than a stable situ-

ation. Host–parasite relationships require time to develop, and evidence shows that invasive 

species tend to accumulate parasites as their populations expand and persist in the invaded 
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area. Repeated introduction events can further increase the probability of co-introducing 

pathogens from the native range [37], [55]. In this context, the ban on the trade and release 

of this species in Italy represents a fundamental measure to prevent new introductions and 

reduce future sanitary risks.  

It is important to consider that an invasive species may remain apparently harmless for a 

long time and become problematic only after environmental changes. For example, warmer 

temperatures in northern Europe have allowed the development of Diro�laria nematodes, 

leading to a sudden increase in infections in dogs and humans. �erefore, a  prolonged 

phase of low impact should not be interpreted as evidence of a low future risk. Following the 

precautionary principle, as stated in the Convention on Biological Diversity, very invasive 

species should be considered a potential source of undesirable e�ects, even when there is no 

immediate evidence [36]. In addition, invasive species do not necessarily need to introduce 

new pathogens to have a sanitary impact. �ey can also modify habitats and ecological re-

lationships in ways that facilitate the spread of local diseases. �ese mechanisms are often 

di�cult to detect in the early stages.

It should also be noted that although C. erythraeus has a low pathogen load, this does not 

mean that it is harmless. Release from natural enemies may enhance its competitive advan-

tage over the native red squirrel. Unlike the native species, which must invest energy in cop-

ing with a complex parasite community, the invasive squirrel may have more energy available 

for survival, reproduction, and space occupation. �is advantage may promote population 

growth and increase competition with S. vulgaris, contributing to its decline in invaded areas 

[18], [31].

�e discussion about invasive alien species has gained increasing attention in the last decade, 

but preventive measures are still far from e�ective in reducing their introduction. �e rising 

trend of new introductions highlights the need for stronger management e�orts focused 

on prevention, which represents the most cost-e�ective strategy, together with increased re-

search, monitoring, and public education.
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�e management of invasive alien species is not only a scienti�c and institutional issue but 

also a social one. Public awareness plays a crucial role in preventing new introductions and in 

supporting control and eradication programs. Informing citizens about the risks associated 

with invasive species and promoting responsible behaviors, particularly in relation to the pet 

trade and the release of animals, is essential for the long-term e�ectiveness of management 

strategies. One of the main challenges in addressing biological invasions lies in public percep-

tion. Public awareness of invasive alien species is often limited, and many people underesti-

mate the risks they pose. Even among those who recognize these threats, support for control 

measures is often low, especially when the species involved is visually attractive. Perception is 

also important among professionals: for a species to be formally recognized as invasive and 

prioritized for management, it must be widely perceived as problematic. Species that primar-

ily a�ect speci�c sectors rather than public health are often treated as niche issues rather than 

broader management priorities [5], [6].

Initiatives aimed at increasing public awareness about the health risks associated with inva-

sive alien species are therefore essential. Such e�orts can promote responsible behavior when 

crossing borders and improve public support for IAS control and eradication programs.
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