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In the context of wildlife translocations, it is important to recognize that there is a
growing body of evidence that parasites are an essential component of a healthy
ecosystem (Hudson et al. 2006). Parasites broadly defined (to include everything
from viruses to parasitic arthropods) play an important role in regulating
populations (Hudson et al. 1998; Tompkins et al. 2002a), structuring communities
(Dobson and Hudson 1986; Marcogliese 2004; Tompkins et al. 2011; Hatcher et al.
2014), and adding complexity and stability to food webs (Lafferty et al. 2006; Smith
et al. 2006; Wood 2007). Since ecosystem restoration is typically one of the goals of
wildlife translocations, we should strive whenever possible to translocate animals
with their native parasites - those that have coevolved with the host in the region
and ecosystem in question. The regional context is critical, as some host species
with broad geographic distribution could have a parasite that is native to one
region, but not another. Such an approach could even reduce the risk of
translocation failure, since movement of naive animals without their native
parasites into an environment where exposure will occur could increase the risk of
parasite-induced morbidity and mortality (Almberg et al. 2012). While this
approach might not be practical in all situations, the potential benefits, and minimal
risk, posed by most native parasites to a stable or growing host population should
be considered in any risk analysis for wildlife translocations (Gompper and Williams
1998; Gomez et al. 2012).

The primary concern, then, is with the potential for invasion and spread of non-
native (alien) parasites - those that are either not native to the host, not native e+to
the local ecosystem, or both - with subsequent negative population-level or species-
level impacts. For example, mortality associated with non-native parasites could
result in a loss of genetic diversity, a decline in a population or species such that it
becomes more vulnerable to stochastic events, additional parasite spillover into
other susceptible populations or species, disruption of ecosystem functions, or even
species extinction. Recent examples of such wide-ranging impacts include the global
spread of the fungus Batrachochytrium dendrobatidis in amphibians (Berger et al.
1998; Fisher et al. 2009) and the invasion of the White-nose Syndrome fungus
Pseudogymnoascus destructans in North American bats (Blehert et al. 2009; Foley et
al. 2011; Fisher et al. 2012).

There-may-be-otherlower-level concerns-with-dDisease associated with non-native

parasites;sueh-as could also contribute to translocation failure, impacts on
individual animal health and welfare, financial or other resource losses, bad
publicity, and reduced opportunities for future translocations.

While we should be concerned about the introduction of any non-native parasite
because of the potential for negative impacts on populations and ecosystems, the



characteristiessome traits of non-native parasites thatshould-inerease-ourlevel-of
concern-are-these thatfacilitatemay increase the risk of invasion, spread, and
persistence. These characteristies-traits are explained below.

Studies of emerging human and animal diseases suggest that we should be more
concerned about microparasites (viruses, bacteria, fungi, and protozoa) than
macroparasites (helminths and parasitic arthropods) (Cleaveland et al. 2001;
Dobson and Foufopoulos 2001; Tompkins et al. 2015). Although both categories of
parasites have the potential to invade, persist, and negatively impact populations or
species, the microparasites have greater potential for host-switching and adaptation
because of their shorter generation times and more rapid evolution (Cleaveland et
al. 2001; Woolhouse et al. 2005; Cooper et al. 2012; Engering et al. 2013). RNA
viruses are an extreme example of this. Their propensity for spontaneous mutation
during replication (Duffy et al. 2008) and potential for reassortment and
recombination events (Simon-Loriere and Holmes 2011) enable RNA viruses to very
rapidly alter their host range and virulence. The recurring emergence of
Morbilliviruses, such as Canine Distemper Virus, and highly pathogenic avian
influenza viruses in new hosts are good examples of this (Chen and Holmes 2006;
McCarthy et al. 2007; Origgi et al. 2012; Shi et al. 2014).

In contrast, macroparasites tend to have more complex life cycles, longer generation
times, slower evolution, and lower virulence overall (Cleaveland et al. 2001). This
does not suggest that macroparasites should be ignored, only that they present a
lower risk of invasion, epidemic spread, and persistence. Under the right set of
circumstances, macroparasites can be drivers of population declines as well
(Tompkins et al. 2015). One current example would be the impact of the recently
introduced parasitic fly Philornis downsi on native birds in the Galapagos Islands
(Fessl and Tebbich 2002). There have also been a number of instances where non-
native macroparasites have caused significant species-level or population-level
impacts in fish, such as reduced fecundity, clutch-size, and survival (Watson 2013;
Lymbery et al. 2014). Nevertheless, in the majority of circumstances, microparasites
pose the greatest threat.

We should also be more concerned about generalist (multi-host) parasites than
specialists (Woolhouse et al. 2001). Generalists will tend to be better invaders by
virtue of having a more diverse array of susceptible hosts available during invasion
attempts. In addition, multi-host parasites are more prone to causing apparent
competition effects (Hudson and Greenman 1998; Tompkins et al. 2000). For
example, if a parasite infects two host species and one of those species is more
abundant than the other, there is a risk of increased parasite exposure to the less
abundant host, resulting in a greater parasite burden and more significant disease
impacts. In extreme cases, this could result in population extirpation or species
extinction (Tompkins and Wilson 1998; De Castro and Bolker 2005; Hudson et al.
2006). Although generalist parasites may be more prone to competitive exclusion
than specialists, they still appear to be better invaders - the majority of emerging
disease agents have been classified as generalists (Cleaveland et al. 2001; Tompkins



et al. 2015). Notable examples of generalist pathogens causing significant mortality
in wildlife include Canine Distemper Virus in wild carnivores (Viana et al. 2015),
avian malaria in Hawaiian forest birds (Warner 1968; De Castro and Bolker 2005),
and Batrachochytrium dendrobatidis in amphibians (Fisher et al. 2009).

Parasites that have the potential to persist in a reservoir host or the environment
are a significant concern because the reservoir or environment provides a persistent
source of infection even when the alternate host's population size drops below the
threshold required for sustained transmission (McCallum and Dobson 1995; Gog et
al. 2002; De Castro and Bolker 2005). Ordinarily, a directly transmitted parasite
would go extinct before its host because of this population threshold effect, but the
presence of a reservoir turns the tables and enables the parasite to persist until the
alternate host becomes extinct. In addition, parasites with reservoirs have no
evolutionary pressure to adapt to lower virulence in alternate hosts because the
alternate host is not required for persistence (Woolhouse et al. 2001). Furthermore,
once established in a reservoir, a parasite can be difficult or impossible to eradicate.
These effects of reservoirs can significantly increase extinction risk for small
populations (De Castro and Bolker 2005). Squirrelpox virus, which has a reservoir
in non-native grey squirrels (Sciurus carolinensis) in the UK has caused catastrophic
mortality and local extirpation-extinction of native red squirrels (Sciurus vulgaris)
(Tompkins et al. 2002b; Sainsbury et al. 2008).

Vector-borne parasites present a similar concern, since the vector can function as a
short-term reservoir, allowing parasite persistence even when few susceptible
individuals are available. More importantly, since transmission would typically
depend on the frequency of contact between the host and vector rather than on host
density (McCallum et al. 2001), transmission can be very efficient even in the low
density scenarios we often encounter with endangered species, potentially driving a
population or species to extinction (McCallum et al. 2001; De Castro and Bolker
2005). Vector-borne parasites also have the potential to maintain higher virulence
because they can continue to be transmitted from immobile hosts (Ewald 1996).
Perhaps the most striking example of an non-native vector-borne parasite driving
extinction is avian malaria in native Hawaiian forest birds (Warner 1968;
Woodworth et al. 2005).

Parasites with long incubation and infectious periods should also be of greater
concern because their opportunity for transmission to another host is spread out
over a longer period of time, 1ncreasmg the potential for invasion (Andre and Day

Parasites with long incubation perlods are also more dlfflcult to detect by
conventional surveillance and quarantine methods. Moreover, the longer the
incubation and infectious periods are, the more time the parasite has to evolve and
adapt to a novel host species,- such as through mutations that allow binding to a

host receptor (Parrish and Kawaoka 2005), increasing the potential foradaptation
te-horizontal spread (Antia et al. 2003; Gandon et al. 2013). The long incubation and



infectious periods of Mycobacterium bovis almost certainly contributed to its ability
to invade and persist in wildlife in East Africa after spillover from domestic animals
(Cleaveland et al. 2005).

The potential for invasion and spread will also be greater for parasites with the
largest basic reproduction number (Ro) (Gandon et al. 2013), which represents the
average number of secondary cases arising from a single infectious individual
introduced into a uniformly susceptible population. Ro must be greater than one for
successful invasion and spread, and the probability of success would increase as Ro
Increases (André and Day 2005). Parasites with larger Ro values may be more likely
to cause severe declines or extinction in small populations, particularly when
reservoirs or frequency-dependent transmission are involved (De Castro and Bolker
2005). A notable example would be the rapid amphibian population declines in
Panama due to chytridiomycosis, where entire populations are susceptible to fatal
disease and become infected in a relativel narrow window of time (Lips et al. 2006).

Parasite pathogenicity has not been addressed specifically in this review because
thevariability-init varies with host susceptibility and immune response, which
makes it difficult to offer generalizations - a parasite that is highly pathogenic in one
host, or age-class of host, might be nonpathogenic in another. For similar reasons,
we have not discussed the influence of population structure or social contact
networks, or the influence of overall biodiversity, on parasite invasion and spread,
since these are highly context and species dependent. These issues are critically
important, but would need to be addressed in a specific disease risk analysis where
the host’s demography and ecology are known.

These parasite characteristics are only intended to be a starting point. They can
provide a structured means of prioritizing hazards identified during a disease risk
analysis (OIE and IUCN 2014), and enable informed predictions in the consequence
assessment. We acknowledge that there can be challenges with evaluating or
predicting these parasite characteristics in real-world scenarios. We may only be
able to make educated guesses about the basic reproduction number and invasion
potential of a non-native parasite, its potential for establishment in a reservoir host,
or its ability to be transmitted by a new vector species. Indeed some parasites may
not have been identified by (be known to) the individuals undertaking the disease
risk analysis. In spite of these limitations, efforts should be made to use these or
similar criteria in evaluating the risk of disease from non-native parasites for any
wildlife translocation. With ongoing anthropogenic changes in ecosystems, climate
change, and expansion of global transportation networks, the risk of non-native
parasite invasion and spread as a consequence of translocation will only be
increasing in the future.
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