UNIVERSITA DEGLI STUDI DI MILANO

CORSO DI DOTTORATO IN EPIDEMIOLOGIA AMBIENTE E SANITA PUBBLICA
XXXIII ciclo

DIPARTIMENTO DI SCIENZE CLINICHE E DI COMUNITA’

TESI DI DOTTORATO DI RICERCA

Disease risk assessment of Invasive Alien Species

Dottorando: Eleonora Chinchio

Tutor: Prof. Nicola Ferrari
Co-tutor: Dr. Matteo Crotta

Coordinatore del corso di dottorato: Chiar.mo Prof. Carlo La Vecchia

AA.
2019-2020






It is better to be healthy than ill or dead.
That is the beginning and the end of the only real argument for preventive medicine.

It is sufficient.

Geoffrey Rose, 1992






Abstract

Increased global trade and travel have led to a rise in the number of invasive alien
species (IAS), i.e. species introduced by humans in geographic areas where are not
naturally found, worldwide. Despite the recognized role of wildlife, as well as of
wildlife translocations, in the emergence and re-emergence of infections of public
health significance, IAS remain mainly studied for their environmental impacts, and
their disease risk towards humans and animals is still largely neglected by health
professionals.

The main aim of this thesis is therefore to cover this gap by setting the ground for a
new “invasion epidemiology” field, and this has been done through two main steps:
the review and analysis of both the mechanisms underlying IAS disease risk and the
information available in literature on IAS pathogens, and the development of a
standardized qualitative disease risk assessment method, applicable to different ge-
ographic contexts, to assess the risk of mammal IAS to impact on human and animal
health.

First, | reviewed the existing biological and ecological literature on IAS to identify
the main mechanisms by which animal IAS may affect disease risk in their area of
release. IAS resulted to potentially affect disease risk both directly, by acting as hosts
of infectious agents, thus possibly leading to the introduction of new pathogens,
and/or the amplification of endemic ones, or indirectly, by altering the ecosystem
equilibrium, through competitive and trophic interactions with native host species
or the modification of local habitats. This literature review highlighted how IAS may
have important health implications, which should be better acknowledged by peo-
ple working in the human and animal health field, and how the mechanisms under-
lying the sanitary outcome of a biological invasion, and in particular indirect ones,
are extremely complex, being the product of multiple factors. Acknowledging the
important limitations of our current ability to predict possible health impacts driven
by indirect mechanisms, I decided to address the issue of IAS disease risk by focus-

ing specifically on IAS possible role as infectious agents’ host.



As information on [AS pathogens is not systematized, preventing from knowing the
amount and quality of available data to inform possible disease risk assessment pro-
cedures, I systematically reviewed the literature on the infectious agents of the main
mammal species of European Union concern. Current knowledge on the pathogens
harbored by mammal IAS was evaluated through different statistical approaches:
the identification of the main factors associated with research intensity and the ob-
served pathogen species richness, the estimation of the true pathogen species rich-
ness, and a meta-analysis of prevalence of the pathogens of public and animal health
significance. Results highlighted the existence of strong information gaps and biases
in the way research on mammal IAS pathogens is carried out, the current underes-
timation of the amount of pathogens harbored by these species and high levels of
uncertainty in the pooled prevalence of pathogens of public and animal health sig-
nificance. However, the review confirmed that mammal IAS harbor pathogens of hu-
man and animal health significance, and therefore, the need to identify high-risk spe-
cies.

Considering that the existing knowledge gaps would have resulted in strong limita-
tions in informing a risk assessment procedure, I developed a qualitative disease
risk assessment methodology informed by expert opinion. This tool is specifically
aimed at assessing IAS disease risk towards humans, domestic animal populations,
and/or wildlife populations and allows to obtain a list of the pathogens of animal
and human health significance that mammal IAS could transmit to a population of
interest (directly or through the communities of local hosts), each with the related
level of risk and uncertainty. Key features of the tool are its flexibility, being appli-
cable to different contexts and for different purposes, and the high resolution of the
mechanisms under assessment, which make possible for risk managers identifying
the most critical pathogens and mechanisms involved in disease risk, allowing them
to direct targeted actions and surveillance plans.

Finally, the need to combine multiple likelihood estimates deriving from several
pathways in an overall risk estimate led me to tackle a methodological aspect of
qualitative risk assessment procedures, and [ proposed a standardized method ap-
plicable in such cases, to reduce the subjectivity that relies in the different ways mul-

tiple estimates are currently combined.



Overall, this thesis highlights how our knowledge of the role of IAS in disease dy-
namics might be currently underestimated, and the urgent necessity to identify the
species at highest priority to direct empirical research and preventive actions, de-
spite the scarcity of data. In a changing and connected world, prevention of possible

future health threats should be treated as a guiding principle, and not as an option.
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CHAPTER 1

General introduction



1. New threats in a globalized world: Invasive Alien Species

Biological invasions represent one of the drawbacks of the increased global con-
nection. Alien organisms (animals or plants), introduced outside their native range
by humans, can succeed in adapting and establishing in the new environment, and
possibly spread uncontrollably with harmful consequences for local ecosystems,
thus becoming “invasive” (Kolar and Lodge, 2002).

Since the 1800s, in parallel with the increase of travel and trade activities, the
number of introduction events of species in new areas has risen dramatically, and
this trend is not expected to change (Seebens et al., 2017). In Europe only, the num-
ber of alien species has increased of the 76% in the 1970-2007 period (Genovesi et
al, 2009), with currently more than 14.000 alien species present, of which the 10-
15% invasive (European Union, 2014a).

Invasive alien species (IAS) are a major environmental, economic and social con-
cern (European Union, 2014a). First, they are one of the main drivers of biodiversity
loss worldwide after habitat loss and fragmentation (Vitousek et al., 1997). A recent
analysis of the drivers of extinctions in five major taxa (plants, amphibians, reptiles,
birds and mammals) showed that alien species are the second most common threat
associated with species extinction (Bellard, Cassey and Blackburn, 2016). IAS can
indeed harm native species populations through several mechanisms, including pre-
dation, competition for limited resources, inter-breeding, and the transmission of
diseases. Moreover, IAS may compromise the ability of local ecosystems to provide
their benefits to human well-being (the so-called “ecosystem services”), such as pol-

lination, water regulation or flood control (European Union, 2014a).
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Biological invasions cause also significant impacts on a number of economic ac-
tivities, like agriculture, forestry and fisheries, through the damage of infrastructure
and the destruction of landscapes and water bodies. Estimates suggest that mone-
tary impacts of IAS in Australia, Brazil, India, South Africa, the United Kingdom and
the United States are in the range of 300 billion dollars per year (Pimentel et al,
2001; Pimentel, Zuniga and Morrison, 2005). In Europe, economic costs related to
both damages caused by IAS and control actions, have been estimated in about 12.5
billion euros per year (Kettunen et al., 2009).

Lastly, IAS can represent a major problem for human health, acting as vectors for
dangerous pathogens and triggering allergies and skin problems (European Union,
2014a).

Unfortunately, eradication is extremely difficult once IAS have established, often
making their impacts on local species and habitats irreversible. For this reason, pre-
vention has been recognized as the best strategy to cope with biological invasions,
and it is at the base of the current guidelines and strategies to tackle IAS developed
by international organizations and national and international governments.

The European Union has recently issued Regulation N° 1143/2014 “on the pre-
vention and management of the introduction and spread of invasive alien species”,
which is the first comprehensive legal framework dealing with IAS at Union level.
The regulation is structured around three main pillars: (i) prevention, through the
analysis of the pathways of unintentional introduction and spread of IAS, (ii) early
warning and rapid response to newly establishing IAS, thanks to an official surveil-
lance system, and (iii) management of already established IAS through a series of

measures to control, contain or eradicate them (European Union, 2014b). These
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measures focus on a specific list of invasive species of Union concern, defined with
the Commission Implementing Regulations (EU) 2016/1141 (European Union,
2016), (EU) 2017/1263 (European Union, 2017) and (EU) 2019/1262 (European
Union, 2019), which is regularly updated in collaboration with the Member States.
The list has to comprehend all the species with the most significant social, economic
and biodiversity impacts, as defined through appropriate risk assessments carried
out based on common criteria, and it is currently comprehensive of 66 species (30

animal species and 36 plant species).

1.1 Animal IAS and health

IAS have the potential to affect health in several ways. Mazza et al. (2014) identified
four main categories of modalities by which IAS may threaten human health:

e C(Causing diseases or infections;

e Exposing humans to wounds from bites/stings, biotoxins, allergens or toxi-

cants;

e Faciliting diseases, injuries or death;

e C(Causing other negative effects on human livelihood.
For example, Vespa velutina nigrithorax, a hornet introduced from Asia to France,
from where it spread to other European countries including Italy, may cause serious
allergic reactions and anaphylaxis (Chugo et al,, 2015). The American crayfish Pro-
crambarus clarkii is known to bioaccumulate toxins and heavy metals, to which hu-

mans may be exposed through food (Gherardi et al, 2002; Tricarico et al, 2008).

13



Some IAS may even cause human death: the Burmese python (Python molurus bivit-
tatus), an Asiatic snake species introduced to southern Florida, is able to kill adult
humans by constriction (Rodda, Jarnevich and Reed, 2009). Particularly relevant for
developing countries are IAS that can alter the water supply or cause a decrease in
food disposability: the golden snail Pomacea canaliculata for example, which has
been introduced into the Philippines in 1982 for food production, has become a ma-
jor pest of rice (Halwart, 1994).

However, perhaps the greatest threat to human health from IAS is that of infec-

tious diseases.

1.1.1 Invasions and infections

Besides IAS introductions, the breakdown in biogeographic barriers characteriz-
ing the last decades has facilitated the emergence/re-emergence of infectious dis-
eases, defined by the American Centers for Disease Control and Prevention (CDC) as
“diseases whose incidence in humans has increased in the past two decades or
threaten to increase in the near future”.

The number of emerging infectious disease events has increased significantly
over time and notably, the 60% of these events are zoonoses, of which the vast ma-
jority originate from wildlife (Jones et al.,, 2008).

Disease emergence is frequently associated with changes in the ecology of hosts,
pathogens, or both (Daszak, 2000). In this sense, IAS not only facilitate the world-
wide introduction of zoonotic agents (so-called “pathogen pollution”, see Daszak,

2000), but, being characterized by rapid range expansion and dramatic increases in
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local abundance, can also lead to dynamics that are exactly the precondition poten-
tially triggering disease outbreaks (Hulme, 2014).

Despite this, forecasts of the risk of emerging diseases are neglecting the potential
role of IAS (Hulme, 2014; Roy et al, 2017), and it has been pointed out how IAS and
emerging infectious diseases, despite sharing several similitaries, are studied by two
branches of science (invasion science and epidemiology) that work in parallel rather
than together (Ogden et al., 2019). Ecologists and biologists, i.e. the main people tra-
ditionally involved in the study of IAS, have explored the topic of IAS pathogens
mainly focusing on the impacts on biodiversity and the ecosystem functioning. As
such, alien pathogens with documented negative effects on native species conserva-
tion, such as the squirrel poxvirus or the fungus Batrachochytrium dendrobatidis,
which have contributed, respectively, to the decline of native European squirrel Sci-
urus vulgaris populations (Tompkins, White and Boots, 2003) and of several species
of amphibians worldwide (Fisher, Garner and Walker, 2009), have been object of
intense study. Ecologists focused on exploring the role of pathogens in the invasion
process, through the formulation and testing of several concepts, in particular the
enemy release hypothesis, which relates the success of IAS in the new environment
to the loss of its natural co-evolved enemies (including pathogens) (Keane and
Crawley, 2002; Torchin etal., 2003), and the concept of “disease-mediated invasion”,
according to which invasive organisms gain an advantage on native competitors
transmitting them pathogens affecting their fitness (Strauss, White and Boots,

2012).
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Although this kind of studies allowed to gain relevant insights on the mechanisms
and factors regulating the relationship between invasions and infections, unfortu-
nately they still have found a scarce application in the health field, where research-
ers are giving limited attention to the understanding of the potential impacts of IAS
(Hulme, 2014; Srebaliene et al., 2019). Moreover, the taxonomic bias that has been
found to characterize the invasion literature (PySek et al., 2008) seems to reflect also
in the study of alien species of health concern: a review analyzing the European re-
search available on IAS of human health concern found that most articles were avail-
able for vascular plants and dipterans, with only a few concerning other taxa as
mammal, ticks, amphibians, reptiles, and birds (Schindler et al, 2015). A small num-
ber of organisms in particular appeared to dominate research, like the Asian tiger
mosquito (Aedes albopictus), a vector of several pathogens of human health rele-
vance, while other less known species are mostly neglected (Hulme, 2014; Schindler

etal, 2015).

IAS as hazards to public health

Despite the scarcity of available studies on the public health impacts of invasive
mammal, ticks, amphibians, reptiles, and birds (Schindler et al., 2015), empirical ev-
idence suggests that several invasive species of these taxa may actually play a role
in the circulation of zoonotic infectious disease. Several reptiles and amphibian spe-
cies, including the much diffused Trachemys scripta, which was commercialized in
Europe as pet until a few years ago, are asymptomatic carriers of salmonellosis

(Ramsay et al., 2007). Moreover, reptiles and amphibians imported for pet trade are
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often parasitized by ticks, including the vectors of Rickettsia species affecting hu-
mans (Pietzsch et al, 2006). In Japan, Goka, Okabe and Takano (2013) brought to
attention how none of the national laws is regulating the import of reptiles’ ectopar-
asitic ticks, and asked for the adoption of increased preventive measures.

European starlings in America are implicated in the transmission of Esche-
richia coli 0157 to humans both directly (Ejidokun et al, 2006) and indirectly,
through livestock, contaminating cattle feed (Kauffman and LeJeune, 2011).

However, it is the lack of focus on mammal IAS that appears particular worry-
ingly, as mammals -and rodents, carnivores, and ungulates in particular- have a rec-
ognized crucial epidemiological role in the transmission of zoonoses (Cleaveland,
Laurenson and Taylor, 2001; Han, Kramer and Drake, 2016).

Rodents and carnivores are highly adaptable to new environments and often suc-
ceed in colonize both natural and urban areas (Bateman and Flaming, 2012; Capizzi,
Bertolino and Mortelliti, 2014), thus increasing the possibilities for transmission of
diseases among humans, pets and livestock and the risk of emerging infectious dis-
eases (McFarlane, Sleigh and McMichael, 2012). Besides rats and mice Rattus rattus,
R. norvegicus and Mus musculus, which are diffused worldwide and are known res-
ervoirs of diseases of public health significance (Capizzi, Bertolino and Mortelliti,
2014; Capizzi et al., 2018), there are rodent IAS far less considered from the health
point of view that may as well represent a threat: two invasive squirrel species for
example, Tamias sibiricus in France (Vourc’h et al., 2007) and Sciurus carolinensis in
the UK (Millins et al,, 2015), have found to be infected with the causal agent of Lyme
disease, a chronic debilitating disease. The American mink Neovison vison, intro-

duced as a fur animal in Russia and currently naturalized in many parts of Europe
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(Birnbaum, 2013) has recently gained the attention of media as resulted to be highly
susceptible to SARS-CoV-2, the causative agent of COVID-19 (Molenaar et al., 2020),
and spill-over events to humans have been documented, highlighting the need for
further research to shed light on its possible role as reservoir of the disease (Manes,
Gollakner and Capua, 2020; Oude Munnink et al,, 2021).

Finally, invasive ungulates can harbor a great number of zoonoses (Béhm et al,
2007; Ferroglio, Gortazar and Vicente, 2011; Capizzi, Bertolino and Mortelliti, 2014;
Capizzi et al., 2018) such as echinococcosis and hepatitis E (Boadella, 2015), poten-
tially exposing hunters, forestry workers and outdoor tourists to disease (Ruiz-Fons,

2015).

IAS as hazards to animal health: impacts on production, welfare and conservation

Invasive species health threats are not limited to humans, but extend to animals,
both domestic and wild, with potentially serious consequences for livestock welfare
and economy and biodiversity conservation.

Wild boar Sus scrofa, for example, can act as reservoirs for many important infec-
tious diseases in domestic animals, such as African swine fever (Meng and Lindsay,
2009), a highly contagious disease with mortality rates that can be as high as 100%,
causing severe socio-economic impact on the meat industry (Costard et al, 2009).
In China, where several outbreaks occurred during 2018, the disease reduced the
national pig herd by half, with direct economic losses of US$ 141 billion (Berthe,
2020). The disease is currently representing a main concern in the northern hemi-
sphere due to uncontrolled mobility of wild boars (Lange, Guberti and Thulke,

2018).
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In Europe, the invasive signal crayfish Procambarus clarkii acts as reservoir for
Aphanomyces astaci, a fungus responsible for crayfish plague, which have caused es-
timated economic losses to fish farms in Europe of over 53 million/year (European
Union, 2014a), and the extinction of native crayfish populations (Souty-Grosset et
al, 2016).

Invasive species can harbor pathogens of concern for native wild species (Daszak,
2000), especially if native species live in small populations and restricted areas.
American minks N. vison, for example, can transmit Canine distemper virus (CDV), a
highly lethal morbillivirus representing a recognized threat for several species of
conservation relevance such as the gray wolf Canis lupus (Almberg et al., 2012), and
the African lion Panthera leo (Packer et al., 1999). A study suggested that in Chile,
invasive minks acted as bridge hosts for CDV between domestic dogs and threatened
river otters (Lontra provocax), two species that in natural conditions would not have

been connected (Sepulveda et al,, 2014).

Whereas some aspects of public health connected to biological invasions, such as
mosquito-borne diseases, are managed, others, including potential vertebrate hosts,
are far less addressed. This results in a lack of understanding of the real magnitude
of the issue, which inevitably reflects in a lack in strategies to prevent the possible

negative impacts on health.
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2. Better safe than sorry: estimating risks in animal health

2.1 From science to policy: the risk analysis process

Arisk, as defined by the Compact Oxford English Dictionary of Current English, is
the possibility that something unpleasant will happen, and it composes of two com-
ponents: the likelihood of occurrence and the magnitude of consequences of a spec-
ified hazard being realized.

The need to prevent the occurrence of events that could lead to unacceptable lev-
els of risk led to the birth of risk analysis, a systematic process intended to support
rational decision-making and policy-making in the face of uncertainty, through the
logical use of the available scientific evidence (Jakob-Hoff et al., 2014).

The risk analysis field emerged in the late 20th Century, when people belonging
to several disciplines, including engineering, economy, finance, public safety and oc-
cupational health, begun to standardize methods to assess and predict risks in their
field (Jakob-Hoff et al., 2014). However, it was only relatively recently that the pro-
cess begun to be applied to the animal health sector, where, until then, veterinarian
officers were still basing their decisions on common sense and experience (Jakob-
Hoff et al, 2014). In particular, the field has evolved after the ‘Agreement on the
Application of Sanitary and Phytosanitary Measures’ entered into force with the es-
tablishment of the World Tread Organization (WTO) in 1995, which established that
any restrictive measures adopted by WTO members because of sanitary reasons
must be appropriate and justified by the outputs of recognized methodologies for
the assessment of the risk to human, animal or plant health. After risk analysis ac-

quired the role of ‘instrument of guarantee’ against protectionism, the need for
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standardized references guiding the process emerged (Crotta, 2014), and relevant
international organizations begun to develop ad-hoc frameworks. Two, in particu-
lar, are of interest in the animal health sectors, and are applied according to the risk

question under consideration:

e  The World Organisation for Animal Health (OIE) risk analysis framework

Developed by the World Organisation for Animal Health (World organisation for
animal health, 2008), this model is primarily intended as a tool for import risk anal-
ysis, which aims to answer the question related to the possible magnitude of disease
risk posed by the importation of animals and animal products. The process consists
of four steps: Hazard Identification, Risk Assessment, Risk Management and Risk
Communication. The risk assessment step is further divided in: Entry assessment,

Exposure assessment, Consequence assessment, and Risk estimation.

e The Codex Alimentarius risk analysis framework

The model developed by the Codex Alimentarius Commission of the Food and Ag-
riculture Organization of the United Nations (FAO)/World Health Organization
(WHO) (WHO and FAO, 2008) applies specifically to microbiological food safety. It
has been developed to answer the question related to the maximum amount of a
substance (or pathogen) to which a person should be allowed to be exposed from a
particular source, and it is thus a regulatory tool for setting allowed, acceptable or

tolerable levels of contaminants and pathogens in food. The process consists of three

21



steps: Risk Assessment, Risk Management and Risk Communication. The risk assess-
ment step is further divided into four steps: Hazard identification, Hazard charac-

terization, Exposure assessment, and Risk characterization.
2.2 Wildlife disease risk analysis

Risk analysis is now an accepted basis for establishing international trading
standards on the import of production animals and animal derived products, as well
as the acceptable levels of contaminants in food products. However, its application
to wildlife remains still in its infancy; the first framework for wildlife disease risk
analysis (DRA), developed starting from the OIE framework, was published in 2014
(Jakob-Hoff et al.,, 2014), with the aim to encompass the special features associated
with disease risk analysis as it is applied to wildlife. Working with wildlife poses
indeed relevant challenges, as there are multiple variables influencing the introduc-
tion, establishment and spread of infectious agents among populations (of single or
multiple species), data on disease in wildlife populations are often limited, and re-
sources like time, money, equipment, people and relevant expertise are often in
short supply (Jakob-Hoff et al., 2014).

The steps of wildlife DRA are the following (Jakob-Hoff et al, 2014):

e Problem description: outline of the background and the context of the prob-
lem, and identification of the goal of the DRA process;

e Hazard identification: identification of all possible health hazards of concern
and establishment of criteria for ranking the importance of each hazard;

e Risk assessment: assessment, for each hazard of concern, of the likelihood of

introduction into the environment of concern (release assessment), the likelihood
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that the species of interest is exposed to the hazard (exposure assessment), and, if
the risk of exposure is significant, of the consequences (biological, environmental,
social, economic) and related magnitude of the entry, establishment or spread of the
hazard.

e Riskmanagement: review of potential risk reduction or management options
and evaluation of their likely outcomes. On this basis, decisions and recommenda-
tions can be made to mitigate the risks associated with the identified hazards;

¢ Implementation and review: formulation of an action and contingency plan
and establishment of a process and timeline for the monitoring, evaluation and re-
view of risk management actions;

¢ Risk communication (throughout all the analysis steps): involvement of a
wide group of technical experts, scientists and stakeholders to maximize the quality

of analyses and the probability that recommendations arising will be implemented.

2.2.1 Disease risk assessment

Disease risk assessment, defined as “the process of estimating the likelihood of a
pathogenic agent (from any defined source) entering, establishing or spreading in a
country, zone or population and its accompanying impact(s) on animal or human
health, the environment or the economy” (Jakob-Hoff et al., 2014), is the step of risk
analysis involving the practical estimation of the risk, hence the one of scientific per-

tinence (Crotta, 2014), and provides the basis for prioritizing hazards to determine
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whether or not risk prevention or mitigation measures are needed. The methodol-
ogy used to assess risks can be qualitative or quantitative, depending on the aims of
the analysis and on the quality/amount of available data.

While both methodologies foresee the identification of the risk pathway, i.e. the
chain of steps required for the risk to occur, differentiating release, exposure and
consequence, there are significant differences in the ways risks are defined and com-
bined.

Qualitative methods use discrete levels to describe the probability of the un-
wanted event to occur and the magnitude of the consequences, such as ‘high’, ‘me-
dium’ or ‘low’. Such methods are extensively used as a first approach in routine de-
cision-making processes, when data are insufficient, for example for emerging risks,
or when time is limited, as in case of health emergencies (Crotta, 2014). In wildlife
DRA, qualitative analysis is the most common approach, as data rarely make quan-
titative assessments possible (Jakob-Hoff et al., 2014).

Quantitative methods use mathematical models to describe the events along the
risk pathway, and as such, they require mathematical expertise, time and a consid-
erable amount of data. Mathematical models can be deterministic, when both the
inputs and outputs are expressed as single numbers, or probabilistic, when the fac-
tors involved in the model are described as probability distributions. Probabilistic
approaches are normally more adapt to describe the variability and the uncertainty
of biological events. When adopting probabilistic approaches, the probability of an
unwanted event is quantified by using simulation techniques (e.g. Monte Carlo)

(Crotta, 2014).
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Risk assessment, through the reproduction of the real system, represents a trans-
parent instrument to identify the events posing the highest risks and, through the
assessment of the uncertainty surrounding risk estimates, the major knowledge
gaps, thus that risk managers and policy makers can direct resources and legislation

where they are most needed.

Despite the recognition that IAS risk towards human health should be evaluated
through appropriate risk assessments (European Union, 2014b) and despite a mul-
titude of risk assessment procedures to evaluate IAS environmental impacts have
been developed (Hulme, 2014; Srebaliene et al., 2019), a standardized ad-hoc

method to prioritize animal IAS based on their disease risk is still lacking.
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Outline of the Thesis

Despite the increasing attention received in recent years by biological invasion
and emerging infectious diseases, and their many point of contacts, these two fields
still lack of a common ground, and the potential disease risks of animal IAS remain
overlooked.

The main aim of this thesis is therefore to cover this gap by setting the ground for
anew “invasion epidemiology” field, and this has been done through two main steps:
the review and analysis of both the mechanisms underlying IAS disease risk and the
information available in literature on IAS pathogens, and the development of a
standardized qualitative disease risk assessment method, applicable to different ge-
ographic contexts, to assess the risk of mammal IAS to impact on human and animal
health.

As a first step, | reviewed the existing biological and ecological literature on I1AS
to define the main mechanisms by which animal IAS may affect disease risk, while
at the same time raising awareness in people working in the animal and public
health field on the health threat IAS may represent and on the need to develop spe-
cific risk assessment tools (Chapter 2). Then, as information on IAS pathogens was
not systematized, | systematically reviewed the literature on the infectious agents
of the main mammal IAS of European Union concern in order to evaluate the amount
and quality of the information available. This allowed to gain insights on the level of
knowledge we currently have on IAS infectious agents and to better characterize the
existing gaps (Chapter 3). Considering that the existing knowledge gaps would have

resulted in strong limitations in informing a disease risk assessment procedure, I
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developed a methodology based on expert opinion. This risk assessment methodol-
ogy (Chapter 4) has been designed to be applicable to different geographical con-
texts and mammal IAS species, and allows to assess the disease risks that estab-
lished populations of these species would pose/pose (if already established in the
area) to local human and animals populations, trough the possible transmission of
new or local pathogens of recognized health significance. As this methodology fore-
sees the combination of qualitative estimates related to multiple risk pathways, and
no standardized method to perform this kind of operation was available in the qual-
itative risk assessment literature, [ developed a method to combine qualitative esti-
mate allowing for an increase of risk, with the aim to reduce the inherent subjectiv-
ity of qualitative methodologies (Chapter 5). Lastly, a synthesis of the main thesis
findingsis provided, and implications and possible directions for future research are

discussed (Chapter 6).
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Why we should care about invasive alien species from a health
perspective

The anthropogenic movement of pathogens into new geographic locations or
host species, so-called “pathogen pollution” (Daszak, 2000), is one of the main
threats to human and animal health in a globalized world.

Since the majority of zoonotic emerging diseases originate from wildlife (Jones et
al, 2008), as recent outbreaks, like SARS-CoV-2, Nipah or Chikungunya point out,
particular attention should be paid to wild animals’ translocations, which represent
a potential driver of change in pathogen ecology and distribution (Daszak, 2000).

Invasive Alien Species (IAS) are species of animals, plants, fungi or microorgan-
isms translocated by humans into environments outside their natural range, in
which they establish and spread, negatively affecting local ecosystems’ dynamics.
They are characterized by rapid reproduction and growth, high dispersal ability and
high adaptability to new conditions, thus often out-competing native organisms in
their introduced range, and have been recognized as one of the main causes for bio-
diversity loss globally (Bellard, Cassey and Blackburn, 2016). Some well-known ex-
amples of IAS include the south-American coypu Myocastor coypus, invasive in North
America, Europe, and Asia, where it causes both environmental and economic im-
pacts consuming aquatic vegetation and undermining riverbanks (Global Invasive
Species Database, 2020), and the eastern-Asiatic Brown Marmorated Stink Bug
Halyomorpha halys, a successful global invader causing severe economic damages to

agricultural crops (Leskey and Nielsen, 2018).
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Besides affecting biodiversity conservation and economy, IAS, as translocated
species, may promote pathogen pollution in the invaded area leading to the emer-
gence of diseases (Daszak, 2000; Crowl et al., 2008; Conn, 2014). It would thus be
fair to expect animal IAS to be the focus of intense study by epidemiologists with
regard to their disease risk towards native animals (both wild and domestic) and
humans, as most of them thrive in anthropogenic environments, potentially increas-
ing the risk for zoonotic pathogen emergence (Hulme, 2014).

Within the field of invasion ecology there has been a wide interest in exploring
the relationships between invasions and infections during the last decades. Re-
searchers focused in particular in understanding how parasites (or the lack of them)
may facilitate or hamper the invasion process (Colautti et al, 2004; Dunn et al.,
2012; Strauss, White and Boots, 2012; Blackburn and Ewen, 2017), how co-intro-
duced parasites may themselves succeed in becoming invasive (MacLeod et al,
2010; Lymbery et al., 2014; Blackburn and Ewen, 2017), and explored the effects
that IAS may have on native parasites dynamics (Telfer et al, 2005; Dunn, 2009;
MacLeod et al, 2010; Blackburn and Ewen, 2017). However, outside the invasion
ecology field, IAS have yet to gain attention among people working in the fields of
animal and public health, and the concepts explored in the ecological context cannot
always find application in the development of health initiatives aimed at protecting
public and animal health. For example, empirical research on IAS pathogens, which
would be needed to assess the risk of infectious disease emergence, is skewed to-
wards a few species (e.g. vector species like the tiger mosquito Aedes albopictus) or

towards selected pathogens known to harm biodiversity conservation, while a
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global vision of 1AS-associated health threats is still not available (Hulme, 2014;
Schindler et al.,, 2015; Roy et al., 2017; Peyton et al., 2019).

In this context, it is urgent to raise awareness in people working in the fields of
animal and public health of the need to consider IAS as a health threat. To this aim,
we provide here an overview of how animal IAS may affect local disease dynamics
both directly and indirectly, i.e. acting as pathogen hosts or disrupting the recipient
ecosystem structure, through real-case examples from the ecological literature, and,
in the last paragraph, we propose future initiatives aimed at improving our capacity
for targeted actions towards the IAS most likely to threaten human and animal
health, calling for an increased involvement of people working in the fields of animal

and public health in a new invasion epidemiology field.

IAS as sources of new pathogens

IAS may host pathogens that are absent in the area of release and cause their es-
tablishment and subsequent spillover to local species, possibly resulting in an in-
crease of disease risk for humans, domestic animals and native wildlife.

The north-American raccoon Procyon lotor, for example, introduced to Central
Europe Baylisascaris procyonis (Renteria-Solis et al, 2018), a nematode causing
larva migrans syndromes potentially inducing severe central nervous system dis-
ease in humans (Fig 1A). Introduction to Europe of north-American crayfishes Pro-
cambarus clarkii infected with the fungus Aphanomyces astaci caused huge eco-
nomic losses to fisheries, being the pathogen lethal to native crayfishes (Gherardi,

2007). Similarly, squirrelpox virus, introduced to the UK along with the American
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eastern grey squirrel Sciurus carolinensis, is significantly contributing to the in-
creased mortality of native red squirrels Sciurus vulgaris (Tompkins, White and
Boots, 2003).

However, while pathogen co-introductions occur over a wide range of parasite
and host taxa (Lymbery et al,, 2014), some pathogens are lost during the invasion
process (Torchin et al.,, 2003): for example, there is no evidence for Poxvirus in Ital-
ian grey squirrel populations (Romeo et al, 2019). Pathogen loss may be due to the
absence of the pathogen in the individuals of the founding populations, or to its ina-
bility to survive to translocation or establish in the area of release. The outcome de-
pends on several factors related to the IAS (e.g., founding population origin), the
pathogens (e.g., host specificity) and the area where the species is released (e.g., en-
vironmental conditions, presence and density of local hosts) (MacLeod et al.,, 2010).
As shown by a study on ectoparasites of introduced birds, factors related to trans-
mission efficiency, such as the number of host introduced and host longevity, are

likely to play a major role (MacLeod et al., 2010).
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Figure 1 - Mechanisms through which invasive alien species may increase disease risk: real-case examples. Dark
red silhouettes represent infected hosts, black silhouettes uninfected hosts.

(A) IAS as sources of new pathogens: the North-American raccoon Procyon lotor introduced the nematode Baylisas-
caris procyonis into central European countries. Raccoon is B. procyonis definitive host and sheds parasite eggs
through feces, contaminating the environment. Small mammals and birds may serve as paratenic hosts, while do-
mestic dogs, although rarely, may act as alternative definitive hosts. Humans, which acquire the infection as acci-
dental hosts, can develop severe symptoms, caused by larvae migration to tissues.

(B) IAS as amplifiers of local pathogens: the invasive Australian possums Trichosurus vulpecula became the main
reservoir host for bovine tuberculosis in New Zealand. Despite Mycobacterium bovis was introduced to New Zealand
via cattle in the 1800s and possums in the 1850s, the disease emerged in possum populations only in the 1970s, in
locations occupied by wild deer, when decapitation of deer was a common hunting practice. Currently, intensive pos-
sum control actions, which cost to the country about SNZ50 million per year, allowed to obtain huge reductions in
the number of infected cows and deer, but New Zealand is still not free from the disease.

(C) Indirect mechanisms by which IAS can disrupt local infection dynamics: in Florida, invasive pythons Python
bivittatus reduced the abundance of several large and medium-sized mammals, indirectly causing the redirection of
the mosquito vectors for the zoonotic Everglade virus from low competent hosts, like deer, raccoons and opossums,

to the main reservoir host, the hispid cotton rat Sigmodon hispidus. Further research is needed to assess if the in-
creased abundance of infectious vectors corresponds to an increase of disease risk for local human populations
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IAS as amplifiers of local pathogens

An increase of local disease risk may also occur if the introduced IAS is suscepti-
ble to, and able to transmit, local pathogens. Pathogens acquired by IAS may be am-
plified and possibly spill back to humans and local species (Kelly et al., 2008).

A case in point is the Australian brushtail possum, Trichosurus vulpecula, in New

Zealand (Fig 1B). Invasive possums probably became infected with Mycobacterium
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bovis, the causal agent of tuberculosis in cattle, from wild deer, after the beginning
of commercial deer hunting in 1960. Currently, they are the most important mainte-
nance host for bovine tuberculosis, supporting higher transmission rates compared
to local species and, being sympatric with cattle, providing interface for transmis-
sion between livestock and forest residents (Nugent, Buddle and Knowles, 2015).
Another case is represented by invasive raccoon dogs Nyctereutes procyonoides,
which may amplify rabies circulation in Eastern Europe or cause its re-emergence
in currently rabies-free countries (Singer et al., 2009).

IAS competence for pathogen transmission plays a major role in defining the out-
come of pathogen acquisition, and, as the possum-tuberculosis case exemplifies, it
is the result of both IAS-pathogen interaction (e.g., IAS susceptibility, period of com-
municability and pathogen excretion rate) and IAS behavioral patterns (e.g., habitat,
home rage extension, intra and inter-specific contact rates).

Based on IAS competence, the acquisition of a local pathogen may even lead to
the reduction of disease risk (the so-called dilution effect, Keesing, Holt and Ostfeld,
2006) or to no consequences at all. For example, in Ireland the invasive bank vole
Myodes glareolus has been found to divert fleas from the native wood mice Apode-
mus sylvaticus, which is a more competent host for Bartonella spp. (Telfer et al,
2005). However, the identification of the contexts in which a dilution effect may oc-
cur is still highly debated in ecology, as it strongly depends on local host species
diversity and on the interactions occurring between the species involved in the

transmission cycle (Keesing, Holt and Ostfeld, 2006).
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Indirect mechanisms by which IAS can disrupt local infection
dynamics

Introduced species may disrupt local infection dynamics also indirectly, i.e. non-
acting as pathogen hosts but through competitive and trophic interactions with na-
tive species or modification of local habitats, thus altering the abundance and/or
contact rates among local host species, parasite infective stages or vectors.

In southern Florida, the invasive python Python bivittatus caused the decrease of
several mammal species, inducing the local mosquito vector of zoonotic Everglades
virus to feed almost exclusively on the virus' main reservoir host, the hispid cotton
rat Sigmodon hispidus, potentially leading to an increase in pathogen circulation (Fig
1C) (Hoyer et al, 2017). An example of habitat alteration is given by the activity of
invasive feral pigs Sus scrofa on the island of Hawaii: they create wallows and cavi-
ties in tree fern trunks improving habitat suitability for mosquito vectors for avian
malaria Plasmodium relictum (LaPointe et al., 2016), one of the main threats to na-
tive Hawaiian forest birds’ conservation.

Again, IAS indirect effects on local infection dynamics are highly context-depend-
ent, and mechanisms presented so far may act in concert, producing unpredictable
outcomes. In Scotland and Northern England, for example, the invasive grey squirrel
has been found to harbor several local strains of Borrelia burgdorferi (Millins et al.,
2015). However, in those areas, grey squirrels are also causing the decline of an-
other competent host for B. burgdorferi, the red squirrel, and the effect of these con-
curring mechanisms on human Lyme disease risk remains unknown (Millins et al,

2015).
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A call for action: from invasion biology to invasion epidemiol-
ogy

During the last centuries more than 16.000 IAS introduction events have been
recorded worldwide, and this number still presents an increasing trend (Seebens et
al, 2017). In such context, the identification of those species deserving priority at-
tention, based on their actual and potential impacts, is essential to support decision-
making (McGeoch et al, 2016). Several tools to inform preventive and management
actions on animal IAS, including horizon scanning protocols, risk assessments and
impact assessments, have been developed in the last years (see Roy et al., 2018 for
a recent review), but the majority of them focuses on environmental impacts, not
specifically considering disease emergence risks in humans and local animal popu-
lations (Essl et al,, 2011; Srebaliene et al,, 2019). Some authors have called for a
greater attention on the potential health risks posed by biological invasions (Conn,
2014; Hulme, 2014; Roy et al.,, 2017), highlighting the need for a better integration
between biological and health sciences, surveillance actions and coordinated poli-
cies. We support their appeal, arguing that an increased awareness of people work-
ing in the fields of animal and public health on the risks concerning biological inva-
sions and their consequent involvement in the invasion biology field is the first step
towards a complementary invasion epidemiology field. Such field would be inte-
grated with invasion ecology, but more specifically aimed at the prevention of the
emergence of diseases in human and animal populations consequent to IAS intro-
duction and establishment. To this aim, we propose some initiatives that should be

addressed by future research work.
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A first major constraint in addressing the issue of disease emergence connected
to IAS is given by the lack of comprehensive data on pathogens affecting IAS. In this
sense, we recommend the gathering in ad-hoc databases of all the available infor-
mation on IAS pathogens affecting human and animal health, including their geo-
graphical distribution and prevalence in IAS populations, in both native and intro-
duced ranges.

It would also be advisable to improve our understanding of the key epidemiolog-
ical events and factors driving the emergence of infectious disease following IAS es-
tablishment, for example through ex-post analyses on the already established IAS.
In particular, as the emergence process of a disease is composed of several stages
(introduction in a new area/host population, establishment and spread) (Jeschke,
Keesing and Ostfeld, 2013; Lymbery et al, 2014; Dunn and Hatcher, 2015), the key
factors involved in the process and related to IAS biology, pathogenic features and
the biotic and abiotic components of the area of release should be identified for each
of these stages.

We also suggest to urgently direct research efforts at developing transparent and
flexible tools able to prioritize IAS based on the risk of transmitting pathogens with
the potential to impact the health of humans, production animals and native wildlife.
Such tools could be based on the framework of the OIE/IUCN disease risk analysis
for wildlife and re-adapted to account for the main mechanisms through which alien
species may affect local health, in particular the introduction of new pathogens and
the acquisition and spread of local ones. The lack of data on IAS pathogens is cer-
tainly an obstacle in underpinning in-depth risk assessments (Roy et al, 2017), in

particular quantitative ones. However, a simple and transparent qualitative disease

42



risk assessment procedure would enable to prioritize the empirical research needed
to cover these knowledge gaps, while at the same time guiding local health adminis-
trators in the allocation of resources for management and preventive actions to-
wards IAS. The issue related to irregular data availability could be partially over-
come, as a first step, by eliciting opinions from experts.

Finally, awareness and action will be influenced by, and need to consider, the
wider public perspective, not just researchers and institutions. Initiatives aimed at
sensitizing citizens about the health threats of IAS will be needed to promote re-
sponsible behaviors when crossing borders and to improve the general public atti-
tude towards IAS control and eradication programs.

All the suggested initiatives, to be successful, necessitate a stronger connection
between ecologists, biologists and other people working in the fields of animal and
public health and beyond. Only through wider collaboration and dialogue will the
potential health impacts of biological invasions be fully appreciated and, perhaps,

ameliorated.
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Introduction

Invasive Alien Species (IAS), or species introduced by humans in environments
outside their natural geographic range, are a recognized environmental issue harm-
ing the conservation of native species worldwide and causing billions of dollars in
damages every year (Pimentel et al., 2001).

During the last years, governments and international organizations have put in
place specific legislation and plans to deal with the IAS issue, like the European Reg.
1143/2014 and related implementing acts, which issue a list of priority species on
which to direct preventive and management actions (European Union, 2014, 2016,
2017, 2019). The high and worryingly increasing global number of introduction
events (Seebens et al.,, 2017) makes indeed the identification of the species at high-
est risk to cause adverse impacts indispensable to guide preventive and manage-
ment actions (McGeoch et al.,, 2016). As a consequence, risk assessments, impact as-
sessments and horizon scanning procedures are now the standard approaches used
to identify species requiring priority attention (Roy et al, 2018). The species in-
cluded in the European list of Union concern, for example, should be defined and
updated according to the output of specific risk assessments aimed at estimating IAS
risks towards “biodiversity, economy and human health”.

Among the potential impacts of IAS there is the one connected to their possible
role in the emergence or re-emergence of infectious diseases (Hulme, 2014; Chin-
chio et al, 2020): IAS may indeed alter the infection dynamics existing in the areas
where they are released through several mechanisms, and in particular acting as

host or vectors of new or endemic pathogens relevant to public and animal health.
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The need to consider animal IAS from a public health perspective, and to assess their
disease risk through ad-hoc risk assessment methodologies has been highlighted
during the last years (Hulme, 2014; Chinchio et al, 2020). However, health-related
aspects continue to be scarcely considered in the development of risk assessment
methodologies in the field of invasion biology, which remain primarily devoted to
the assessment of environmental impacts (Srebaliene et al,, 2019).

Disease risk assessments (Jakob-Hoff et al, 2014) aimed at predicting health
threats associated with IAS establishment, and in particular the possible role of IAS
as introducers of new pathogens or amplifiers of endemic ones, require baseline
data on the pathogens harbored by IAS, but these data are suspected to be patching
and lacking (Hulme, 2014). As a matter of fact, while diverse global databases in-
clude information about biological features and ecological impacts of IAS, data on
their pathogens are not yet systematized (Hulme, 2014), preventing us from know-
ing what kind of information is available to inform possible risk assessment proce-
dures and from making meaningful inference about [AS-related health risks.

To gain insights in the actual availability and quality of information on IAS path-
ogens, in the current paper we systematically reviewed the scientific literature re-
lated to the pathogens of the eleven invasive mammal species included in the list of
IAS of European Union concern. We focused on mammals as they are the most im-
plicated in the transmission of zoonotic diseases (Woolhouse, Haydon and Antia,
2005; Jones et al., 2008). The enlisted mammal species include species of rodents,
carnivores and ungulates, all orders with an established role as zoonotic reservoirs

(Cleaveland, Laurenson and Taylor, 2001; Han, Kramer and Drake, 2016).

49



In particular, we investigated the drivers of the research intensity on the topic of
IAS infections, IAS pathogen species richness (i.e., the total number of pathogens
hosted by a species), and the pooled prevalence of selected pathogens of public and
animal health significance. Results are discussed in order to highlight the existing

limitations and data gaps, and possible solutions are suggested.

Methods

Systematic review of the literature

We run a systematic review in order to investigate the infectious agents affecting
the following mammal IAS of Union concern (European Union, 2014): carnivores
Herpestes javanicus, Nasua nasua, Nyctereutes procyonoides and Procyon lotor, ro-
dents Callosciurus erythraeus, Myocastor coypus, Ondatra zibethicus, Sciurus caro-
linensis, Sciurus niger and Tamias sibiricus, and the ungulate Muntiacus reevesi. In
particular, we collected information about virus, bacteria, protozoa, helminths and
ecto-parasites hosted by these species.

This systematic review followed the Cochrane and PRISMA Group guidelines
(Moher et al, 2009; O’Connor and Sargeant, 2014; Higgins et al., 2019). Literature
search was carried out using the following databases: PubMed, Scopus, Web of
Science Core Collection, Cab Abstracts and Global Health. Research strings were de-
veloped using different combinations of words and Boolean operators in order to
maximize the number of results and were adapted for each database (see Supple-
mentary Material S1). Literature results were checked for duplicates, which were

removed, and title-abstract screening was performed using the metagear package
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in R (Lajeunesse, 2016), according to the inclusion/exclusion criteria described be-
low. The remaining articles were screened in full text.

Studies eligible for inclusion in full-text review included primary research arti-
cles in English language reporting cases of infection caused by virus, bacteria, pro-
tozoa, helminths or ecto-parasites. The following articles were excluded from the
systematic review: experimental studies, studies on non-infectious pathogens,
studies where the causal agent was not clearly identified or not identified to genus,
studies on hosts other than the IAS, studies reporting non-original data (i.e. reviews
and data already published elsewhere) and theoretical epidemiology studies. No
time limit was posed, but studies not accessible online were not considered in the
analysis. In those cases, data were extracted from abstracts when possible. The list
of the articles included in the analyses for each species is available in Supplemen-
tary Material S2.

For each research article, we collected information related to the host species,
the pathogen species, and the host samples analyzed, and stored them in relational
databases in Microsoft Access.

Each pathogen was classified based on its taxon. The name of each pathogen was
updated based on current nomenclature databases, referring to the International
Committee on the Taxonomy of Viruses for virus nomenclature, and to the National
Center for Biotechnology Information Taxonomic database for the nomenclature
of other pathogens. With regard to the host species, we collected information on
the number of individual hosts sampled, the number of positive cases, the propor-

tion of positive cases on the number of hosts sampled (if available), the sampling
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locality and the methods used for pathogen identification. For each sampling local-
ity, besides collecting data related to the country, it was further specified if the sam-
pling area belonged to the natural geographic range of the IAS (i.e., area of origin),
or to areas where the species has been introduced (i.e., area of introduction).
From these data, we obtained, for each pathogen taxon (bacteria, virus, proto-
z0a, helminths and ectoparasites) of each host species: the number of pathogens
(hereafter defined as “pathogen species richness”), the number of research articles,
and the number of hosts sampled. These three outputs were also computed for
each of the two areas of the IAS (area of origin and introduction), thus that each
host species resulted to have ten data records: five for the taxa in the area of origin

of the IAS, and five for the taxa in the area of introduction of the IAS.

Research intensity analyses

To explore the main factors affecting the amount of the investigations carried
out on IAS pathogens, we fitted two generalized linear mixed models considering
the host species, the pathogen taxon and the area of study as explanatory variables,
and respectively the number of articles and the number of hosts sampled as re-
sponse variables. Due to the highly skewed distribution of data, we used a negative
binomial error structure, which better fitted data. To account for the repeated
measures within each host species and pathogen taxon, these two factors were also

included in the model as random factors.
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Pathogen richness analyses

In order to identify factors contributing to the observed pathogen species rich-
ness, we analyzed the effect of the number of articles published and the number of
hosts sampled on the observed pathogen species richness fitting a GLMM with neg-
ative binomial error structure. Pathogen taxa, the area of study and the host species
were included as additional covariates. In particular, the interaction between path-
ogen taxa with the number of articles and the number of hosts sampled was con-
sidered in order to test their different effect on pathogen richness. Host species and
pathogen taxa were considered as random factors in order to account for the re-
peated measures.

To estimate the level of knowledge we currently have on IAS pathogens, we ap-
plied approaches used in diversity ecology to estimate the true species richness in
an area based on the samples taken, i.e. species accumulation curves (Dove and
Cribb, 2006; Gotelli and Colwell, 2011; Chao et al, 2014). In parasitology, species
accumulation curves are applied to estimate the parasite species richness based on
the parasite species found in host samples. Species accumulation curves chart the
accumulation of new species recovered relative to a measure of the sampling effort.
In this study, as a measure of the sampling effort, we considered the factor among
the number of articles or the number of hosts sampled that was found to better
predict pathogen richness as a result of the previous research intensity analyses.
The curve asymptote, i.e. the total species richness estimated to characterize the
species based on the samples, is obtained through the ChaoZ2 estimator, which uses
the frequency of the rarest species (i.e. the species found less frequently) in the

samples to estimate the frequencies of undetected species (Sest in Equation 1)
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(Chao, 1987). More specifically, the observed pathogen species richness Sobs is cor-
rected by adding a term based on the number of parasite species represented in
only one sample (singletons, Q1 in Equation 1) and in two samples (doubletons, Q2

in Equation 1).

Equation 1 - Chao2 Richness Estimator
Q,*
Sest = Sobs + —
20,
Curves have been computed for the taxa of helminths using the iNEXT package

in R (Hsieh, Ma and Chao, 2016), which is based on the statistical sampling models

described in Colwell et al,, 2012.

Meta-analysis of pathogens of public and animal health significance

In order to evaluate the accuracy of information for the pathogens that are
known to affect IAS, we identified the pathogens of public and animal health signif-
icance among the ones obtained through the systematic review, and carried out a
meta-analysis of prevalence (Barendregt et al., 2013) for each of them, where pos-
sible.

Pathogens of health significance are defined here as those included in the fol-
lowing EU legislation/institutional lists (see Supplementary Material S3 for the
complete list of pathogens):

- Decision (EU) 2018/945 on the communicable diseases and related special
health issues to be covered by epidemiological surveillance (pathogens of public

health significance);
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- OIE list of notifiable diseases and Regulation EU 2016/429 (European Animal
Health Law) (pathogens of domestic animal health significance);

- List of non-notifiable diseases developed by the OIE Working Group on wildlife
diseases (pathogens of wildlife health significance).

Case reports/case series, studies on animals not belonging to wild populations
(i.e. pets, captive wild animals), and studies with data inadequate to obtain the
prevalence of the pathogen at species or genera level (e.g., studies reporting prev-
alence in broad categories of host/parasite individuals like “nematodes” or “squir-
rels”) were not included in the meta-analysis. With regard to studies’ quality, we
decided to not include in the meta-analysis studies with a sample size lower than
10 animals and with evident sampling biases, i.e. studies on symptomatic ani-
mals/animals whose dead was attributable to the infectious disease object of study.

The meta-analyses were performed using the Excel add-on MetaXL (Barendregt
and Doi, 2015) to estimate the pooled prevalence for each species pathogen. Due
to the high heterogeneity among studies included in the analysis related to both
the study setting and the methodologies used, a random-effect model was applied
(Borenstein et al., 2010). Data were transformed with the double arc-sin transfor-
mation (Barendregt, et al. 2013). When possible, a subgroup meta-analysis (Boren-
stein and Higgins, 2013) per area of study has been performed to obtain the pooled

prevalence for both the area of origin and the areas of introduction of the IAS.
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Results

Systematic review of the literature

The number of studies analyzed in each stage of the systematic review process
for the investigated species is summarized in the PRISMA flow in Figure 1. Biblio-
graphic searches, after the studies were screened for eligibility, identified a num-
ber of articles significantly different between host species (Table 1), with P. lotor
being the most sampled (each pathogen taxon of the raccoon had a mean of 114.6
articles) and H. javanicus the lowest (each pathogen taxon of the mangoose had a
mean of 2.2 articles). The number of articles did not differ among pathogen taxa,
while it was significantly higher in the area of origin (each pathogen taxon of each
host had a mean of 15 articles) respect to the area of introduction (each pathogen

taxon of each host had a mean of 6.9 articles) (Table 1).

Records identified through database searching
107 (HJ); 280 (NN); 1391 (NP); 5553 (PL);
178 (CE); 540(MC); 620(0Z); 809 (SC); 209 (SN); 176 (TS);
120 (MR)

l

Records after duplicates removed
72 (HJ); 149 (NN); 749 (NP); 2910 (PL);

Records excluded through title-abstract screening
45 (HJ); 41 (NN); 543 (NP); 2207 (PL);

48 (CE); 219 (MC); 354 (0Z); 443 (SC); 118(SN); 102 (TS); 23 (CE); 105 (MC); (0Z); 269 (SC); 64 (SN); 38 (TS);
75 (MR) 45 (MR)
Full-text articles assessed for eligibility Full-text articles excluded
27 (HJ); 108 (NN); 206 (NP); 703 (PL); 16 (HJ); 50 (NN); 69 (NP); 192 (PL);

25 (CE); 114 (MC); 235 (OZ); 185 (SC); 54 (SN); 63 (TS);
30 (MR);

12 (CE); 66 (MC); 110 (0Z); 97 (SC); 29 (SN); 37 (TS);
17 (MR)

y

Studies included
11 (HJ); 58 (NN); 137 (NP); 511 (PL);
13 (CE); 48 (MC); 125 (0Z); 88 (SC); 25 (SN); 26 (TS);
13 (MR)

Figure 1 - PRISMA flow describing the systematic review process for the eleven IAS.

HJ=Herpestes javanicus, NN=Nasua nasua, NP=Nyctereutes procyonoides, PL=Procyon lotor, CE=Callosciurus ery-
thraeus, MC=Myocastor coypus, OZ=0Ondatra zibethicus, SC=Sciurus carolinensis, SN=Sciurus niger, TS=Tamias sibiri-

cus, MR=Muntiacus reevesi.
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The number of hosts sampled did not differ among areas or among pathogen
taxa, while it was different among host species, with P. lotor being the most sam-
pled (each pathogen taxon of the raccoon had a mean of 22,000 hosts sampled) and
M. reevesi the lowest (each pathogen taxon of the muntjac had a mean of 19 hosts

sampled) (Table 2).

Table 1 - Results of Generalized Linear Mixed Model analyzing factors
explaining the number of research articles

Variable df. ¥ P value

Area 1 10.2 0.001
Pathogen taxon 4 7.6 0.104
Host species 10 214.2 <0.001

Table 2 - Results of Generalized Linear Mixed Model analyzing factors
explaining the number of sampled animals

Variable df. ¥ P value

Area 1 0.1 0.954
Pathogen taxon 4 2.4 0.659
Host species 10 107.7 <0.001

Pathogen species richness analyses

The number of pathogens extracted from the articles (i.e. the observed pathogen
species richness) ranged from a minimum of 11 (M. reevesi) to a maximum of 345
(P. lotor) (Table 3), with 5/11 host species having an observed pathogen species
richness lower than 50 (M. reevesi, H. javanicus, T. sibiricus. C. erythraeus, S. niger),
2/11 among 50 and 100 (N. nasua, M. coypus) and 4/11 higher than 100 (O. zibethi-

cus, N. procyonoides, S. carolinensis, P. lotor).
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Table 3 - Number of articles, total observed pathogen species richness, and observed pathogen species richness
per pathogen taxon

Host N articles Observed pathogen Bacteria Virus Helminths Protozoa Ecto-
species richness parasites

Procyon lotor 511 345 70 39 162 23 46
Sciurus carolinensis 88 124 24 25 23 11 41
Nyctereutes 137 138 18 14 79 14 13
procyonoides
Ondatra zibethicus 125 135 13 5 89 10 18
Myocastor coypus 48 75 27 1 31 9 7
Nasua nasua 58 53 14 2 7 12 18
Sciurus niger 25 38 4 2 16 5 11
Callosciurus erythraeus 13 32 2 1 11 2 16
Tamias sibiricus 26 22 10 0 6 1 5
Herpestes javanicus 11 20 5 3 0 0 12
Muntiacus reevesi 13 11 4 0 3 3 1
TOT 1055 993 191 92 427 90 188

The GLMM showed that the observed pathogen species richness was positively
influenced by the number of articles and that this influence differs among pathogen
taxa, with some classes (virus and bacteria) showing a higher effect than the others
(Table 4, Figure 2A). On the other hand, the number of hosts sampled showed a
different effect among parasite taxa, with no evident general positive effect (Figure
2B). With regard to the area of studies, the observed pathogen species richness in

the area of origin resulted to be significantly higher than in the area of introduction

(Figure 2C).
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Figure 2 - (A) Effect of the n° of articles on the n° of pathogens species observed, per pathogen taxa (virus in
black, bacteria in red, protozoa in green, helminths in yellow, and ecto-parasites in blue), and (B) effect of the n° of
animals sampled on the n° of pathogens species observed, per pathogen taxa.

(C) Effect of the area on the n° of pathogen species observed

Table 4 — Results of Generalized Linear Mixed Model analyzing factors
explaining the observed pathogen species richness

Variable df. | ¥ P value
Area 1 5.937 0.014
Pathogen taxon 4 36.869 <0.001
N° of articles 1 12.161 <0.001
N° of hosts sampled 1 0.101 0.750
Pathogen taxon: N° of articles 4 12.355 0.014
Pathogen taxon: N° of hosts sampled | 4 13.528 0.008

The IAS species accumulation curves fitted with the number of articles as measure

of the sampling effort showed the curve asymptotes (i.e. the estimated helminth spe-

cies richness) varying from a minimum of 16 (T. sibiricus) to a maximum of 254 (P.

lotor) (Figure 3 and Table 5). For two species, data were insufficient to compute the

accumulation curves (M. reevesi and H. javanicus). The comparison of the observed

helminth species richness with the estimated one revealed that the observed hel-

minth species richness covers more than the 50% of the estimated helminth species
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richness only for 3/11 IAS (S. carolinensis, P. lotor, N. procyonoides), while it covers
less than 50% for 6/11 species (M. coypus, O. zibethicus, T. sibiricus, N. nasua, S. ni-

ger, C. erythraeus) (Table 5).
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Figure 3 — Helminth species accumulation curves for each host species.
Red lines represents the curve asymptote, black dotted lines the 50% of the curve asymptote.

Table 5 - Observed helminth species richness, estimated helminth species richness with confidence intervals (Cl), and
coverage of the observed helminth species richness on the estimated one (%)

Observed Estimated 95% C.I. 95% C.l.  Observed helminth species
helminth helminth lower upper richness on the estimated
species species helminth species richness
richness richness (%)
Sciurus carolinensis 23 33 26 57 70
Procyon lotor 162 254 213 326 64
Nyctereutes procy- 79 144 106 231 55
onoides
Ondatra zibethicus 89 192 138 305 46
Tamias sibiricus 6 16 8 52 38
Myocastor coypus 31 89 48 221 35
Nasua nasua 7 21 10 64 33
Callosciurus erythraeus 11 51 17 264 22
Sciurus niger 16 100 30 516 16
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Muntjacus reevesi 3 NA NA NA NA
Herpestes javanicus 0 NA NA NA NA

Meta-analysis of pathogens of public and animal health significance

With regard to the sanitary relevance of the reported pathogens, the majority of
the IAS analyzed showed to have more than 10 pathogen species of public and/or
animal health significance (Table 6). Full list of pathogen species of public and an-
imal health significance identified is available in Supplementary material S4. The
lowest and highest number of pathogens of health significance identified per 1AS

were respectively 1 for M. reevesi and 38 for P. lotor (Table 6).

Table 6 - Number of pathogen species of public and animal health significance identified through the literature
review (pathogens of the same genus with similar clinical outcome were grouped together)

Pathogens relevant to (n):

IAS E::l't'f] Livestock health  Wildlife health a;‘:;'lchae’;?th
Procyon lotor 22 17 15 38
Nyctereutes procyonoides 10 8 9 19
Myocastor coypus 10 7 5 16
Sciurus carolinensis 12 5 5 14
Ondatra zibethicus 8 6 4 13
Nasua nasua 6 5 3 11
Sciurus niger 6 2 4 7
Herpestes javanicus 5 2 - 5
Tamias sibiricus 4 2 1 4
Callosciurus erythraeus 2 - 1 2
Muntiacus reevesi - 1 1 1

Each host species, on average, was found to have only the 30% of its relevant
pathogens with sufficient data to perform a meta-analysis of prevalence. In partic-
ular, it was not possible to estimate a pooled prevalence for any of the relevant
pathogens identified for C. erytraeus, H. javanicus and M. reevesi. 3/11 IAS resulted
to have less than the 40% of their relevant pathogens with data available for meta-

analysis (T. sibiricus 25%, S. niger 29%, N. nasua 36%), 3/11 between the 40% and
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50% (M. coypus 38%, S. carolinensis 43%, O. zibethicus 46%), and 2/11 higher than
50% (N. procyonoides 53% and P. lotor 53%).

Pooled prevalence of the pathogens with data available for meta-analysis were
obtained from an average number of studies varying from 3 (T. sibiricus) to 14 (P.
lotor), with 4/11 IAS with data available for meta-analysis having on average a
number of studies per pathogen lower than or equal to five (n=3: T. sibiricus, n=4:
S. niger, N. nasua, S. carolinensis), and 4/11 IAS higher than five (n=6: N. procy-
onoides, n=7=M. coypus ; n=9: O. zibethicus, n=14: P. lotor).

Considering the meta-analysis outputs (Figure 4, Supplementary Material S5),
the pathogens revealed large confidence intervals for the pooled prevalence esti-
mates, with the 18% (10/55) of the pathogen species having pooled prevalence IC
larger than 50%, the 29% (16/55) among 20% and 50%, the 30% (17/55) among
10% and 20%, and only the 23% (12/55) lower than 10. The subgroup meta-anal-
yses per area of study (see Supplementary Material S5) showed that the 42%
(17/41) of the pathogens have a difference of more than 10 percentage points

among the pooled prevalence in the area of origin and introduction.
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Discussion

In this study, we systematically reviewed the literature to explore the current
knowledge on the pathogens harbored by mammal IAS. More specifically, through
different statistical approaches, we (i) analyzed the main factors associated with
research intensity and the observed pathogen species richness, (ii) estimated the
true pathogen species richness, and (iii) evaluated the pooled prevalence of path-
ogens of public and animal health significance. Results highlighted (i) the existence
of strong information gaps and heterogeneity in the way research on the pathogens
of mammal IAS is carried out, (ii) the current underestimation of the amount of
pathogens harbored by these species and (iii) the existence of high levels of uncer-
tainty in the prevalence estimates of the pathogens of public and animal health sig-
nificance.

The investigation of the main factors associated with research intensity, meas-
ured in term of both the number of articles and the number of sampled individuals,
showed that, whilst the different pathogen taxa appear to be studied to the same
extent, research intensity varies significantly among host species and areas (area
of origin vs area of introduction). The existence of heterogeneous taxonomic re-
search intensity has already been found to characterize the study of IAS biological
and ecological impacts (Pysek et al., 2008; Hulme et al., 2013), and such biases have
also been found to characterize the study of the human health impacts of plant and
animal [AS in Europe (Shindler et al, 2015). However, focusing on the risk related
to infectious agents, this may represent an important gap in our preparedness
against zoonoses, as species belonging to taxa notoriously implicated in the epide-

miology of zoonotic diseases (e.g., rodents) (Woolhouse, Haydon and Antia, 2005;
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Jones et al., 2008; McFarlane, Sleigh and McMichael, 2012; Han, Kramer and Drake,
2016) resulted to be scarcely investigated. With regard to the area of study, IAS
pathogens were found to be more investigated in the host native areas, respect to
the areas of introduction. While acknowledging that this may be due to the fact that
the introduction of some species are relatively recent events, this highlights the
actual poor understanding of the infectious disease dynamics of invasive species in
their areas of release. It is indeed well-acknowledged that IAS, besides potentially
introducing new pathogens, may also affect local infectious disease dynamics by
acquiring, and potentially, amplifying, the endemic ones (Dunn, 2009; Chinchio et
al, 2020), and to the aim of assessing IAS disease risks, it is critical to have a
knowledge of the pathogens that these species harbor in both their native and in-

troduced areas.

The analysis of the best predictors of the observed pathogen species richness
showed the number of articles to be a better predictor respect to the number of
hosts sampled. This not obvious outcome, may be interpreted by the fact that our
systematic review encompassed studies with very different purposes. As such, the
number of pathogens does not necessarily increase in parallel with the number of
hosts sampled, as very large samples may be analyzed with the aim to search for a
single pathogen, whilst smaller samples with the aim to identify multiple patho-
gens species. This applies in particular to some taxa like viruses and bacteria,
where pathogen investigations are usually more specific than those for macro-par-
asites, and may explain why the effect of the number of articles on the observed

pathogen richness for these two taxa resulted much higher than that of other taxa.
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The effect of the area of sampling as predictor of the observed pathogen species
richness, which is higher in the area of origin, merits attention since the so-called
“enemy release hypothesis” (Torchin et al., 2003) states that the number of para-
sites in the area of introduction is usually lower than that in the area of origin. This
hypothesis has relevant sanitary implications, as a better understanding of the fac-
tors driving the phenomenon would allow to identify the species most likely to suc-
cessfully introduce and harbor pathogens of health significance. Our results high-
light how it is essential to evaluate for uneven research intensity among areas
when testing for this hypothesis, in order to prevent the outcome from being af-
fected by the higher research intensity in the area of origin.

The estimation of the true pathogen species richness and its comparison with
the observed one provided an estimation of the dimension of the disease risk that
a species may represent, and allowed us to be more aware of the proportion of this
risk we currently know. Estimating the unknown true pathogen species richness of
a host species is a challenge, and to this aim we adapted here statistical techniques
used in ecology to estimate biodiversity in vertebrates, plants and parasites (Dove
and Cribb, 2006). Such methods are usually applied to data obtained from studies
specifically designed to assess the presence of a selected taxon or group of patho-
gens in a species (see for example the application of Anthony et al. 2013 to estimate
bats viral richness), and we acknowledge that the richness estimator may be influ-
enced by its application on heterogeneous data belonging to studies with different
aims. In particular, the estimator could be influenced by the presence of studies
which focus only on specific pathogen species. Hence, the choice to apply this

method on helminths, as usually parasitological analyses on helminths, unlike
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those for virus and bacteria, are able to reveal a broad spectrum of species present
in the organ investigated.

The comparison of the observed helminth species richness with the estimated
one suggests that we are far from reaching a realistic knowledge of the parasite
community characterizing these host species, even for the best known ones. With
the exception of the grey squirrel, only two other host species were found to have
an observed helminth species richness covering more than the half of the estimated
true helminth species richness. However, as these host species were found to har-
bor a large number of helminth species, this still implies that they host hundreds
of species of which we are not aware. As it is evident from the large confidence
interval of the curves (Fig. 3), the remaining host species were far less studied, and
in two cases, data were so scant that it was not even possible to compute the spe-
cies accumulation curves. Although it could be argued that the lack of knowledge
on IAS helminths may characterize wild species in general, the lower investigation
of IAS in the areas of introduction respect to the area of origin suggests that wild
species introduced in new areas (i.e., IAS) are actually less known.

While acknowledging the intrinsic limits of applying species accumulation
curves on heterogeneous literature data, explorative analyses on the overall path-
ogen species richness computed including all the pathogen taxa showed, in general,
similar patterns (see Supplementary Material S6). This may suggest that our con-

clusions could also extend to all the pathogen taxa, and not only to helminths.

Lastly, our investigation on the IAS pathogens of health significance showed that

mammal IAS harbor several pathogens with relevant public health implications
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(e.g., rabies, leptospirosis, Lyme borreliosis) and with recognized impacts on both
the welfare and productivity of domestic animals and biodiversity conservation
(e.g., bovine tuberculosis, avian influenza, canine distemper). However, at the same
time, results revealed how our knowledge on the role of IAS in their epidemiologi-
cal dynamics is often very limited, as studies evaluating the prevalence of these in-
fections were mostly unavailable, and even in case they were, the pooled preva-
lence showed confidence intervals so high to raise serious questions on the extent
to which inference may be made based on these data. Unfortunately, IAS, as other
wild animals in general, are indeed often sampled opportunistically without a
proper statistical planning (Guberti, Stancampiano and Ferrari, 2014), and we fre-
quently observed studies with low sample sizes or heterogeneous sample struc-
ture. Additionally, the fact that many pathogens are characterized by a high varia-
bility in the pooled prevalence estimates among areas, highlights how the risk of
an IAS introducing new pathogens in an area of release may vary greatly according
to the IAS site of origin. Making inference based on restricted data which do not
necessary reflect the epidemiological situations of other contexts, may thus lead to

important over- or underestimation of disease risk.

Concluding, our results confirm how our current knowledge on mammal IAS in-
fections is lacking. These results are even more relevant if we consider that the
species here analyzed represent the 25% of the mammal IAS established in Europe
(Genovesi et al, 2009), and, being these species enlisted in the European Regula-
tion, they should be among the well-known. Further work would be required to

establish if the same knowledge gaps characterize other taxa of health relevance,
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like birds. The available information, despite all its limitations, confirms that mam-
mal IAS harbor a wide range of pathogens with possible health implications, sup-
porting the need for ad-hoc disease risk assessments to identify priority IAS species
on which to concentrate research and management efforts. Resources to investi-
gate the health status of wildlife are indeed limited, and empirical research on IAS
pathogens should be directed to the species representing the highest risks, for
which statistically sound epidemiological investigations should be carried out.
However, current knowledge gaps may importantly constrain our ability to per-
form disease risk assessments using as inputs literature data. To partially over-
come this issue, it would be advisable to develop risk assessment methods which
do not solely rely on literature data for informing the risk model, but instead on
techniques of expert knowledge elicitation (EFSA, 2014). Meanwhile, more efforts
are recommended in making the available information on IAS pathogens more ac-
cessible and systematized, implementing the existing IAS databases with infor-

mation related to their pathogens.
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1. Introduction

Wildlife plays a key role in the circulation and emergence of infectious agents
(Daszak, 2000; Jones et al., 2008), and its correct management is essential to prevent
the rise of diseases harming both public and animal health. Animal invasive alien
species (IAS) are wild species introduced by humans in areas where they are not
found naturally, and in which they spread uncontrollably harming local biodiversity
and producing huge economiclosses. Besides altering the natural dynamics thatreg-
ulate local ecosystems, they represent as well a potential health threat (Crowl et al.,
2008; Conn and Conn, 2014; Hulme, 2014; Chinchio etal.,, 2020). In particular, acting
as pathogen hosts, IAS may introduce new micro-organisms and/or acquire and
possibly amplify those endemic to the area of release, posing a potential threat to
local human and animal populations (Chinchio et al,, 2020).

The increasing number of IAS worldwide, due to globalization, makes untargeted
management actions towards them unfeasible, and the development of strategies
aimed at their prioritization a necessity (McGeoch et al., 2016). Several governments
have enacted specific legislation and intervention plans, with the primary aim to
prevent IAS introduction and spread and minimize their impacts. The European Un-
ion, for example, has recently issued a regulation setting up a list of species of Union
concern (Reg. EU 1143 /2014 and related implementing acts), to be updated contin-
uously according to the output of transparent risk assessments aimed at estimating
IAS risks towards biodiversity, economy and human health (European Union, 2014,

2016, 2017,2019).
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Risk assessment procedures allow indeed to estimate the likelihood and the mag-
nitude of adverse impacts and represent a valuable instrument to guide and imple-
ment policies and actions. During the last years, more than 300 risk approaches have
been developed in the field of invasion biology (Leung 2012), but the attention re-
mained mainly focused on IAS environmental impacts (Essl et al, 2011; Hulme,
2014; Srebaliene et al., 2019). Even when impacts on human health are considered,
they are evaluated as “general impacts on human health” (Srebaliene et al.,, 2019),
without a specific evaluation of the infectious agents that IAS may host and the dy-
namics that may occur with local populations, leading to the possible emergence of
infectious diseases in both humans and native animals.

The need to increase the collaboration among invasive species biologists and
health professionals with the aim to develop approaches to assess animal IAS infec-
tious disease risk has been brought to attention (Conn and Conn, 2014; Hulme,
2014; Chinchio et al., 2020), but currently, only a single procedure partially an-
swered this need in the context of terrestrial animal IAS, allowing to assess the risk
posed by a selected pathogen harboured by a plant or animal IAS (D’hondt et al,
2015).

In this context, our aim is therefore to propose a risk assessment tool specifically
designed to allow the prioritization of mammal IAS based on their infectious disease
risk, here defined as the likelihood that these species, once established in a selected
geographic area, act as hosts contributing to the transmission of relevant infectious
agents to humans, livestock and /or native wildlife. These three targets allow to con-
sider the impact of IAS on public health, the economy and welfare of production an-

imals, and biodiversity conservation. As the lack and fragmentation of information
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on pathogens hosted by IAS makes the existing databases and literature an insuffi-
cient input data source to inform risk assessments procedures (see Chapter 3 of the
present volume), the tool functioning relies on expert opinion and on a qualitative
methodology, less data-demanding and time-consuming than a quantitative one.

Such tool, applied to the invasive species more likely to be introduced and spread
in a selected region and/or to those already introduced in the area, allows their pri-
oritization from the human and/or animal health point of view. Its application to
different geographical contexts may thus help implementing the existing local legis-
lation, while at the same time, through the estimation of uncertainty, identifying the
species and pathogens for which further empirical research is needed.

In this paper, we describe the tool and, for illustrative purpose, we apply it to
assess the zoonotic disease risk of two IAS with reference to the Italian context: the
already established American grey squirrel Sciurus carolinensis and the raccoon Pro-

cyon lotor.

2. Methods

2.1 Tool development

The tool consists in a qualitative disease risk assessment methodology applicable
to any actual or potentially invasive mammal species in a defined area, in order to
assess the risk that an established population of this species poses/would pose to
humans, livestock and/or native wildlife (here referred to as the target popula-
tions), through the transmission of infectious agents (new or endemic to the area)

that may adversely impact them. Tool users are therefore responsible to define their
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specific risk question as regard to the IAS, the target population, and the region for
which performing the risk assessment, as well as the origin of the infectious disease
risk of interest, differentiating among the risk that the IAS pose to the target by
transmitting new pathogens not endemic to the area (here defined “risk of introduc-
tion”), or pathogens endemic to the area (here defined “risk of amplification”).

It has to be noted that this tool does not allow to evaluate the risk of the IAS to be
introduced and becoming established in the selected area, but it is specifically in-
tended to evaluate the disease risk associated with the IAS, assumed that it has suc-
ceeded in being introduced and establishing in the area. The tool is therefore in-
tended to represent an instrument for local administrators and disease managers to
identify which IAS (whether they are actually established in the area, or not) should
be prioritized in terms of preventive/management actions.

The disease risk assessment methodology has been developed according to the
OIE/IUCN guidelines for wildlife disease risk analysis (Jakob-Hoff et al, 2014). In
particular, here we deal with two risk analysis steps: a) hazard identification, where
the pathogens to take into account in the risk assessment are defined, and the actual
b) risk assessment, where the chain of events (i.e. the risk pathway) leading from
the release of each hazard to the target infection are described and their likelihoods
are estimated. The results of the foregoing steps are integrated for each pathogen
according to the risk model, and the tool output consists in a list of pathogens with
their risk to be transmitted from the IAS to the target population, expressed in qual-
itative terms.

The tool is expert-based, meaning that the input information needed to perform

the risk assessment, like the likelihoods and uncertainty estimations of the risk
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pathway events, have to be elicited from experts through an ad-hoc questionnaire
(available in Supplementary Material S1), which has been structured following the
risk assessment steps.

Further details on the risk assessment process, the qualitative risk model, and the

questionnaire are given below.

2.1.1 Risk assessment
2.1.1.1 Hazard identification

Here we define as hazards the infectious agents able to produce an adverse effect
in the target population (humans, livestock or native wildlife), to which the IAS of
interest is susceptible.

Since a comprehensive checklist of the most relevant pathogens affecting mam-
mal IAS is not available, we derived a list of relevant pathogens affecting each target
population from international legislations and Health Organisations, and in particu-
lar we referred to the zoonotic pathogens listed in the “Commission Implementing
Decision (EU) 2018/945 on communicable diseases to be covered by epidemiologi-
cal surveillance” for human target, the OIE list of notifiable diseases and the Euro-
pean “Animal Health Law” Regulation (EU) 2016/429 pathogen list for livestock tar-
get, and the list of diseases affecting wild animals defined by the OIE Working Group
on wildlife diseases for wildlife target (see Supplementary Material S3 of Chapter
3 for the complete lists of pathogens).

Based on the target of interest, the experts are presented with one of these lists
and identify the pathogens to which the IAS is susceptible, also considering, in the

lack of data, the phylogenetic proximity with the species commonly affected by the
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pathogen. The list of pathogens is non-restrictive, thus that if the IAS is known to
harbour a pathogen relevant to the target not included in the list, for example an
emerging pathogen, it is always possible to include it in the assessment.

Moreover, experts are asked to specify for each pathogen if it is endemic to the
area under assessment, thus that the risk assessment will proceed only for patho-
gens relevant to the risk question, based on the infectious disease risk of interest
(“risk of introduction” or “risk of amplification”). For livestock and wildlife target,
experts are asked to specify if a target is present for each pathogen, thus that if the
pathogen under assessment has no relevant domestic or wild hosts in the area, the

risk assessment for that pathogen is stopped.

2.1.1.2 Risk pathways and risk factors

A risk pathway, i.e. the chain of steps representing the events that may lead a
pathogen spreading from the IAS population to the target population, has been de-
fined, for both non-vector borne (Fig. 1) and vector-borne pathogens (Supplemen-
tary Material S2), and the main factors influencing each event of the pathway ac-
cording to the transmission route of the pathogen considered have been defined for
each target population. The risk pathway includes a release and an exposure assess-
ment. As the same pathogen may be preferentially transmitted through different
routes according to the communities of hosts involved and the specific context (e.g.
Yersinia pestis can be either transmitted through vectors or direct contact), the non-
vector-borne and the vector-borne pathways are not mutually exclusive, and ex-
perts are asked to identify and refer to the most likely transmission route for each

step of the pathway.

79



Both pathways and factors were validated through distinct informal discussions
with four experts in wildlife epidemiology belonging to universities (Alma Mater
Studiorium Universita di Bologna) and national organisations (Istituto Zoopro-
filattico Sperimentale delle Venezie, Istituto Zooprofilattico Sperimentale della Lom-
bardia e Dell'Emilia Romagna, Istituto Superiore per la Protezione e la Ricerca Am-
bientale), in which they provided their feedback on the general epidemiological
mechanisms involved in the pathways and the key factors to consider. In particular,
the information hardly available or unknown were identified and omitted from the
assessment process. For example, due t