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Abstract. Parasites, and the diseases they cause, are important from an ecological and evolutionary perspective because they can
negatively affect host fitness and can regulate host populations. Consequently, conservation biology has long recognized the vital role that
parasites can play in the process of species endangerment and recovery. However, we are only beginning to understand how deeply
parasites are embedded in ecological systems, and there is a growing recognition of the important ways in which parasites affect ecosystem
structure and function. Thus, there is an urgent need to revisit how parasites are viewed from a conservation perspective and broaden the
role that disease ecology plays in conservation-related research and outcomes. This review broadly focusses on the role that disease ecology
can play in biological conservation. Our review specifically emphasizes on how the integration of tools and analytical approaches
associated with both disease and molecular ecology can be leveraged to aid conservation biology. Our review first concentrates on disease-
mediated extinctions and wildlife epidemics. We then focus on elucidating how host–parasite interactions has improved our understanding
of the eco-evolutionary dynamics affecting hosts at the individual, population, community and ecosystem scales. We believe that the role of
parasites as drivers and indicators of ecosystem health is especially an exciting area of research that has the potential to fundamentally alter
our view of parasites and their role in biological conservation. The review concludes with a broad overview of the current and potential
applications of modern genomic tools in disease ecology to aid biological conservation.
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Introduction

Parasites are the most ubiquitous, but possibly one of the
least understood, members of global ecosystems. Ranging
from microscopic viruses to tapeworms measuring over 10
m, parasites and the diseases they cause have long occupied
a prominent place in social and scientific domains (see
Appendix). However, despite our long fascination for para-
sites, we are only now beginning to understand how deeply
they are embedded within the ecological systems. This is
especially important in present times when human-mediated
alterations in the environment from global climate change to
local habitat fragmentation—have led to dramatic declines in
biodiversity (Mace et al. 2012; Dirzo et al. 2014; Keith et al.

2015; Sato and Lindenmayer 2018) and have altered the
structure and function of natural ecosystems. Such anthro-
pogenic alterations can interact in complex ways to impact
disease dynamics directly or indirectly in human and wildlife
populations, creating a ‘geographic arena of pathogen
emergence’ (Hoberg and Brooks 2015). Emerging and re-
emerging diseases have been characterized as one of the
most important challenges of our times, and it is increasingly
becoming clear that managing parasites in natural popula-
tions depends upon viewing disease as an eco-evolutionary
process.

Most diseases in natural populations, including recently
emerging or re-emerging disease are a complex interplay of
multiple host and parasite species as well as the broader
ecological community (including nonhost species). This
review focusses specifically on the role that parasites play in
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biological conservation, and comes a decade after the
influential review by Smith et al. (2009) on the same topic.
Consequently, here we primarily focus on the literature and/
or concepts related to disease ecology that have been
developed in the past decade. Also, given the substantial
growth in the fields of genetics and genomics, our review
also focusses specifically on how the integration of molec-
ular and disease ecology can be leveraged to aid conserva-
tion biology. The first section focusses on the most apparent
implications of parasites from a conservation perspective:
disease-mediated extinctions and wildlife epidemics. The
next sections take a step back and focus on elucidating how
host–parasite interactions, specifically using genetic tools,
has improved our understanding of the ecological and evo-
lutionary dynamics affecting hosts at the individual, popu-
lation, community and ecosystem scales (figure 1). We also
discuss how parasites can serve as better ecological indica-
tors at the host population and ecosystem scale. We believe
that the role of parasites as drivers and indicators of
ecosystem health is especially an exciting area of research
that has the potential to fundamentally alter our view of

parasites and their role in biological conservation. In the
final section, we provide an overview of the recent
advancements in molecular tools, especially high throughput
DNA sequencing, that can be used to address broader
questions in disease ecology such as enhanced disease
surveillance, improved understanding of disease origin and
spread, and spatio-temporal disease dynamics.

Disease-mediated extinctions and epidemics
in wildlife

There is an increasing recognition that wildlife diseases have
important implications for biological conservation through
their effects on biological diversity. Large-scale epidemics
have occurred in natural populations leading to loss of bio-
logical diversity at local or global scales. Such epidemics
have affected a wide variety of taxa, including the following.
(i) Birds: one important group of emerging infectious dis-
eases in birds are those attributed to avian haemosporidians
(phylum Apicomplexa, order Haemosporida, genus

Figure 1. Schematic illustrating host, parasite and environmental factors influencing disease dynamics across scales of biological
organization, at the individual, population, community and ecosystem scales. It is noteworthy that the effect of host and parasite factors on
disease dynamics at each level is often not mutually exclusive and can range from individual to population and community/ecosystem
levels.
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Plasmodium and other related genera such as Haemoproteus
and Leucocytozoon). Avian haemosporidians are a diverse
group of vector-borne blood parasites that infect a wide array
of bird taxa globally (Valkiŭnas 2005; Clark et al. 2014;
Rivero and Gandon 2018). Large-scale mortalities in native
wild birds have been well documented due to the accidental
introduction of Plasmodium relictum and the vector Culex
quinquefaciatus into island bird communities which had no
coevolutionary history with these blood-borne parasites (e.g.
Hawaii and New Zealand; Riper et al. 1986; Woodworth
et al. 2005; Tompkins and Gleeson 2006). (ii) Amphibians:
one of the most important emerging infectious diseases
affecting amphibians is caused by the chytrid fungus, Ba-
trachochytrium dendrobatidis. Chytridiomycosis has been
linked to population declines, local extirpations and even
global extinctions (Pounds et al. 2006; Skerratt et al. 2007).
Initial reports indicated that the fungus likely originated in
Africa (Weldon et al. 2004), but a more recent genomewide
study suggests an Asian origin of B. dendrobatidis, and the
pathogen was likely introduced globally with the expansion
of commercial amphibian trade (O’Hanlon et al. 2018).
Additionally, a newly discovered sister species, B. sala-
mandrivorans has been associated with global population
declines of salamanders (Martel et al. 2013; Yap et al. 2017).
(3) Mammals: an important example of emerging infectious
disease-causing catastrophic declines in mammalian popu-
lations is the white-nose syndrome (WNS) in bats. This
disease is caused by the fungus Pseudogymnoascus
destructans, a highly pathogenic fungus that colonizes the
skin of hibernating bats (Blehert et al. 2009). The fungus
was first identified in 2006 from New York and has caused
local extirpations of many bats species, both endangered
(e.g. Indiana bat, Myotis sodalist; Thogmartin et al. 2013)
and formerly common ones (e.g., little brown bat, Myotis
lucifugus; Frick et al. 2010) across North America.

Apart from the diseases mentioned above, a number of
parasites have been implicated in population declines,
including the rinderpest virus epidemic in wild ruminants in
Kenya (Kock et al. 1999); the Ebola virus epidemic in Zaire
that was responsible for the death of over 5000 gorillas
(Gorilla gorilla; Bermejo et al. 2006); and the large-scale
declines of North American bird populations due to West
Nile virus (WNV; LaDeau et al. 2007).

In the face of large-scale epidemics, one major way in
which molecular approaches can aid conservation is through
the development of diagnostic tools to unambiguously
identify parasites and quantify infection intensities (see
section ‘Integrating genomics, disease, and conservation:
current efforts and future directions’). These approaches
have already been leveraged to develop diagnostic tools for a
wide range of parasites and pathogens, including those that
have been identified as being directly responsible for species
endangerment, such as avian malaria (Richard et al. 2002)
and WNV in birds (Kauffman et al. 2003), fungus causing
WNS in bats (Lorch et al. 2010) and the chytrid fungus in
amphibians (Rosenblum et al. 2013). However, animal

extinctions caused solely by disease are likely to be rare
because they will only occur under a relatively restricted set
of ecological conditions. First, when a parasite is a gener-
alist, capable of infecting more than one species, it can
persist in a reservoir host (i.e., a host that is relatively
unaffected by the parasite; De Castro and Bolker 2005).
Indeed, most of the parasites cited above (i.e. B. dendro-
batidis. P. relictum and the rinderpest virus) are generalist
parasites infecting a broad diversity of hosts. Moreover,
specific parasite strains may be more successful invaders
into novel host communities as compared to others (e.g., P.
relictum invasion in New Zealand; Ewen et al. 2012). The
second mechanism that can lead to disease-mediated
extinctions is frequency-dependent transmission (i.e. when
transmission rate depends on the frequency of host contact,
rather than host density; Boots and Sasaki 2003). Classic
examples of frequency dependent transmission include
vector-borne diseases (e.g., WNV and avian malaria), where
high transmission rates can be maintained even at low host
populations when the vector is efficient at finding their target
species (Boots and Sasaki 2003). Consequently, from a
conservation perspective, the most important effects of par-
asites are likely to be driven by their effects on other eco-
evolutionary factors that directly or indirectly affect the
process of species endangerment and recovery (see details
below). The rest of our review focusses on how disease
ecology, especially in conjunction with molecular ecology,
can aid conservation by elucidating the varied eco-evolu-
tionary interactions between parasites and their hosts.

Ecological and evolutionary dynamics

Parasites and the diseases they cause, negatively affect the
organisms at multiple levels of biological organization:
individuals, populations and species (Daszak et al. 2000;
Smith et al. 2009; Tompkins et al. 2011) and alter the
structure and function of ecological communities. At the
individual level, parasites directly impact survival: mortality
of infected animals is 2.65 times higher than uninfected ones
(see meta-analysis by Robar et al. 2010). Parasites can
reduce fitness through sub-lethal effects (e.g., impaired
reproduction) or through indirect mechanisms (e.g.,
increased predation risk; Seppälä and Jokela 2008; Hatcher
et al. 2014). Through their impacts on host fitness, parasites
can also regulate host populations, limit host abundance, and
lead to large-scale epidemic mortalities (see above). Further,
parasites can alter the outcome of species interactions (e.g.,
competition, predation) and influence population and com-
munity structure (see section ‘Host-parasite transmission
dynamics at the community and ecosystem level’). Finally, it
is important to recognize that parasites are deeply embedded
within our ecosystems and its effects can cascade through all
trophic levels via alteration of food web structure, flow of
energy and nutrients (Hatcher et al. 2012b; Wood and
Johnson 2015).
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Host–parasite transmission dynamics
at the individual level

Numerous factors acting at the scale of the individual can
impact parasite transmission dynamics. Here we focus on
two factors, host genetic diversity and antiparasite defense,
that modify the host susceptibility to infection.

Host genetic diversity

Parasites constitute a robust selective force on host popula-
tions because of their rapid evolutionary rate that can pro-
mote the maintenance of host genetic diversity (Ladle 1992).
Many studies have indicated that host genetic diversity plays
an important role in buffering host populations from diseases
(King and Lively 2012). However, the relative importance of
neutral versus adaptive genetic diversity has long been
questioned in the field of conservation biology (e.g. Hughes
1991; Vrijenhoek and Leberg 1991). Low levels of neutral
genetic diversity or high levels of inbreeding in natural
populations are expected to increase host susceptibility to
disease due to reduced adaptive potential. For instance,
genetic diversity at neutral loci (measured as marker-based
heterozygosity) has shown to be negatively associated with
susceptibility to parasites in insects (e.g. Whitehorn et al.
2011), birds (e.g. Ortego et al. 2007a; Townsend et al.
2018), mammals (e.g. Mitchell et al. 2017; Rijks et al. 2008)
and fish (e.g. Hedrick et al. 2001; Eszterbauer et al. 2015).
Empirical evidence supports the perspective that inbred
individuals generally tend to be more susceptible to parasites
compared to outbred ones (Hedrick et al. 2001). Inbreeding
has also been associated with increased disease severity. For
example, American crows (Corvus brachyrhynchos) that
died due to symptoms associated with WNV infec-
tions showed higher levels of inbreeding as compared to
birds that died due to other causes (Townsend et al. 2009).
Similarly, European treefrogs (Hyla arborea) from inbred
populations died more quickly when exposed to B. den-
drobatidis compared to those from outbred populations
(Luquet et al. 2012).

However, the association between genetic diversity and
parasitism is not universal, with some studies finding no
association (Côté et al. 2005; Ortego et al. 2007b), or
variable effects based on the strength of parasite-mediated
selective pressures (Ruiz-López et al. 2012). Additionally,
since inbreeding is negatively correlated with genetic
diversity (e.g., marker-based heterozygosity), it is generally
assumed that these metrics will affect parasite infection in
opposite directions. Interestingly, Mitchell et al. (2017)
found that while increased heterozygosity was associated
with lower parasite loads in wild banded mongooses
(Mungos mungo), there was no association with the pedi-
gree-based inbreeding coefficient, likely due to linkage
between genetic markers and genes influencing parasite
burdens. Importantly, as genetic diversity increases, there is

also a concomitant increase in the prevalence of rare geno-
types in the population. The rarity of a particular host
genotype could affect the infection risk if parasites tend to be
coadapted to more common genotypes, as predicted by the
Red Queen hypothesis (Lively et al. 1990; Lively and
Dybdahl 2000; Decaestecker et al. 2007). However, a few
studies have explicitly tested the relative effects of genotype
rarity and heterozygosity on infection risk in wildlife. In an
elegant study, Eastwood et al. (2017) showed that both
heterozygosity and genotype rarity affect beak and feather
disease virus infection risk in wild parrots (Platycercus
elegans). Importantly, these authors show that heterozygos-
ity reduced infection risk (but not infection load), while host
genotype rarity decreased viral loads in infected individuals
(but did not affect infection risk). Thus, in keeping with the
Red Queen hypothesis, the more related an individual was to
others within its population, the higher the infection risk.
However, the metric used to measure ‘relatedness’ critically
affected infection risk. Thus, the study found that non-
specific measures of relatedness (i.e. reduced overall
heterozygosity) were associated with increased risk of
infection (but did not affect the intensity of infection once a
bird was infected). Alternatively, individual-specific mea-
sures of relatedness (i.e. genotype rarity) primarily affected
parasite load, a pattern likely due to viral tracking of com-
mon host genotypes (i.e., the coevolution of viral genotypes
with host susceptibility), assuming that risk of coinfection is
low.

In contrast to neutral loci, functionally important loci (e.g.
immune loci) can be more informative because genes asso-
ciated with immune function generally seem to evolve more
rapidly than other areas of the genome (Nielsen et al. 2005;
Lazzaro and Clark 2012; Shultz and Sackton 2019). The
major histocompatibility complex (MHC) is one of the most
studied immune gene families in wild vertebrates due to its
high variability and central role in adaptive immune
response (Acevedo-Whitehouse and Cunningham 2006).
Numerous studies have reported a negative relationship
between MHC diversity and parasitism risk or disease
severity in mammals (Sin et al. 2014; Caldwell and Siddle
2017), reptiles (Elbers and Taylor 2016), amphibians (Fu
and Waldman 2017) and fish (Wegner et al. 2003). However,
these patterns are not universal, with no effects of MHC
diversity on infection risk in New Zealand passerine birds
(Sutton et al. 2016) and giant pandas (Ailuropoda melano-
leuca; Zhang et al. 2015).

MHC diversity could have important implications for
community-level processes (e.g., interspecific competition).
For example, the decline of red squirrels (Sciurus vulgaris)
in the UK is likely due to apparent competition with the
invasive eastern grey squirrels (Sciurus carolinensis) medi-
ated by squirrelpox disease (see details in section on ‘Bio-
logical invasions’). Importantly, recent data have indicated
that the increased susceptibility of red squirrels for the dis-
ease may be driven by MHC diversity because the red
squirrel populations in the UK have much lower MHC
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diversity compared to populations in continental Europe
(Ballingall et al. 2016). Studies have also revealed that
selection tends to maintain high MHC diversity even in
populations that have undergone recent, severe bottlenecks
and have dramatically reduced neutral genetic diversity in
numerous species, including Hume’s pheasant, Syrmaticus
humiae (Chen et al. 2015); zebra finches, Taeniopygia gut-
tata (Newhouse and Balakrishnan 2015); lowland leopard
frog, Lithobates yavapaiensis (Savage and Zamudio 2016);
alpine ibex, Capra ibex (Brambilla et al. 2018); black-
spotted pond frog, Pelophylax nigromaculatus (Wang et al.
2017); European rabbits, Oryctolagus cuniculus (Schwen-
sow et al. 2017). Strong balancing selection on MHC loci
has also been shown in some populations, thus maintaining
relatively uniform MHC diversities, despite population
genetic differentiation at neutral markers (Niskanen et al.
2014). However, this study also revealed that in some par-
asites, individual MHC alleles may be more important than
overall MHC diversity. Other studies have found similar
patterns. For example, particular conformations of the MHC
class II PBR appear to confer resistance to the chytrid fungus
and these alleles are shared by parasite-resistant amphibian
species globally (Fu and Waldman 2017). Similarly, in the
case of avian malaria, individual MHC alleles or supertypes
(functional clustering of alleles) seem to confer resistance to
parasite infection in a wild great tit (Parus major) population
(Sepil et al. 2013).

While MHC has been well studied, factors affecting MHC
diversity in natural populations could be complex. For
example, it has been hypothesized that mate choice should
tend to maximize the offspring’s MHC diversity to improve
resistance to parasites (Von Schantz et al. 1996) and survival
(Agbali et al. 2010). A meta-analysis across a wide variety
of taxa suggests that the direct effects of sexual selection
may outweigh those associated with parasites in maintaining
MHC variation (Winternitz et al. 2013), and there is evi-
dence that both diversity-based and dissimilarity-based mate
choice act to maintain MHC diversity (Kamiya et al. 2014).

Another critical issue is that much of our understanding of
wildlife immunogenetics has primarily focussed on the
MHC family of genes, and there is a need for expanding the
immune genes studied in wildlife. Many such candidate
genes exist including chemokine, interleukin and toll-like
receptors (TLRs), and interferon and tumour necrosis factor
genes (Acevedo-Whitehouse and Cunningham 2006). Some
of these genes have been investigated for their association
with disease or immune competence in wildlife. For
instance, Turner et al. (2012) reported that parasite-influ-
enced selection maintains genetic diversity in cytokines,
genes critical for initiating and mediating the immune
response, in field voles (Microtus agrestis). A large-scale
capture-mark-recapture study of wild bank voles (Myodes
glareolus) showed that individual infection risk for Borrelia
spp. infection was associated with specific genetic variants at
the TLR gene (Tschirren et al. 2013). Further, a study by le
Roex et al. (2013) revealed that three SNPs located in genes

with predicted immune function were associated with bovine
tuberculosis infection in the African buffalo (Syncerus caf-
fer). Many studies in cervids also have shown that amino
acid polymorphisms in the prion protein gene affects resis-
tance to chronic wasting disease (Monello et al. 2017;
Brandt et al. 2018). Finally, in one of the most compre-
hensive studies to date, Bateson et al. (2016) showed that in
the endangered Attwater’s prairie-chicken (Tympanuchus
cupido attwateri), innate (TLRs) and adaptive (MHC)
immune systems, but not genomewide heterozygosity,
affected the post-release survival of captive-bred birds.

Antiparasite defense

Traditional models of parasite virulence generally assume
that parasites cause damage to their hosts because they
acquire resources from their hosts to reproduce, and thus
transmit infections to new hosts (Frank 1996). Thus, host–
parasite interactions have traditionally been viewed as being
antagonistic, with hosts maximizing fitness primarily by
negatively impacting the parasite’s fitness through the
development of resistance mechanisms. Such mechanisms
either act to reduce infection risk (e.g., through behavioral
mechanisms) or to reduce parasite burden once infected
(e.g., immune-mediated killing; Råberg et al. 2009; De
Roode and Lefèvre 2012; Medzhitov et al. 2012; Soares
et al. 2017). However, it is increasingly being recognized
that hosts can also minimize harm (fitness cost) inflicted at a
given parasite burden through tolerance mechanisms (e.g.,
tissue repair; Ayres and Schneider 2012; Kutzer and Armi-
tage 2016; Råberg et al. 2009, 2007; Schneider and Ayres
2008; Soares et al. 2017). The importance of parasite tol-
erance in plants has long been recognized (Caldwell et al.
1958; Pagán and Garcı́a-Arenal 2018), but only recently
have the animal ecologists started investigating the role of
tolerance in shaping host–parasite interactions (above).
Pioneering studies have revealed that variation in tolerance
in insects could ameliorate infection-mediated reduction in
survival (Ayres and Schneider 2009) or fecundity (Parker
et al. 2014). While both resistance and tolerance improve
host fitness in the face of parasite attack, they are expected to
have very different outcomes. From an epidemiological
perspective, resistance is expected to reduce parasite preva-
lence and select increased parasite virulence, while tolerance
will have neutral or even positive effects on both prevalence
and virulence (Schneider and Ayres 2008; Råberg et al.
2009; Ayres and Schneider 2012). From an evolutionary
perspective, since tolerance does not directly reduce parasite
fitness, antagonistic coevolution (i.e. Red Queen dynamics)
is not expected in the case of tolerance, unlike in the case of
resistance (Schneider and Ayres 2008; Råberg et al. 2009;
Ayres and Schneider 2012; Kutzer and Armitage 2016). The
relative investment in resistance versus tolerance can indeed
affect disease dynamics at multiple scales of biological
organization. For example, highly tolerant individuals are

Towards a more healthy conservation paradigm Page 5 of 26 65



expected to be efficient at transmitting disease in a popula-
tion (i.e. super-spreaders; Gopinath et al. 2014). Addition-
ally, species that are tolerant to parasite infection may serve
as reservoirs of infection and amplify the risk for vulnerable
species. For example, the introduction of grey squirrels to
Great Britain led to the decline of native red squirrel popu-
lations as grey squirrels were carriers of Parapoxvirus and
were tolerant to infection (Rushton et al. 2000; Tompkins
et al. 2002). Introduction of avian malaria in the Hawaiian
Islands caused mass mortality and extinction of several
native forest birds due to the virulent strain of P. relictum
(GRW04) (Warner 1968; Atkinson et al. 2000). Empirical
evidence suggests that lowland populations of Hawaii
Amakihi (Hemignathus virens) that survived the infection
had evolved tolerance as a defense strategy against avian
malaria and may serve as reservoirs for local parasite pop-
ulations (Atkinson et al. 2013). Vector-borne disease
dynamics can also be affected by the evolution of tolerance
in the vector. A recent study quantifying parasite resistance
and tolerance in natural mosquito populations revealed that
mosquitoes colonized from high transmission intensity areas
had higher tolerance and lower resistance as compared to
those colonized from low transmission intensity (Dhar-
marajan et al. 2019). Further, as tolerance was associated
with increased vectorial capacity (i.e., the probability of a
mosquito transmitting the parasite), this study showed that
transmission intensity can impact vector evolution, which in
turn can impact disease risk. Importantly, this study also
showed that there was a tradeoff between resistance and
tolerance as indicated by a significant negative relationship
between these traits across the different natural populations.
A negative relationship between resistance and tolerance has
been reported previously (Stowe et al. 2000; Råberg et al.
2007), but such a relationship is not universal (Simms and
Triplett 1994; Mauricio et al. 1997).

The view of the parasitic infections from a resistance-
tolerance perspective necessarily delinks parasite infection
risk and parasite burden from fitness consequences. For
example, highly tolerant populations could have high para-
site burdens with low fitness costs. Alternatively, popula-
tions with high resistance may have low parasite burdens but
face costs associated with immunopathology. Consequently,
the importance of eco-immunology (Hawley and Altizer
2011) and ecophysiology (Blaustein et al. 2012) both con-
tribute to the progression of infection to disease. Method-
ological approaches to the measurement and analysis of
resistance and tolerance in parasite populations are possible
and continue to grow. However, there are multiple chal-
lenges in the interpretation of parasite load (e.g., the relative
effects of increased infection risk versus reduced resistance),
and the implications of parasite load on fitness (e.g., the
confounding effects of immune-mediated vs. parasite-me-
diated pathology). Additionally, quantifying fitness and
individual health in natural populations is a challenging
issue. For instance, body-condition indices, a commonly
used surrogate measure of fitness in ecological studies have

been associated with some fundamental issues (e.g., many
animals maintain body composition at homeostasis; Wilder
et al. 2016). A recent meta-analysis reveals that while there
is evidence for a negative relationship between condition
indices and infection risk, the magnitude of this effect is
relatively small and that there is evidence for publication
bias towards negative relationships (Sánchez et al. 2018).

Taken together, while resistance versus tolerance are
important host defense strategies in shaping parasite
dynamics, hosts may not always evolve mechanisms to resist
or tolerate parasite infections. Host behaviour and physiol-
ogy can often play an important role in parasite transmission.
Hosts can also evolve behavioural mechanisms to minimize
or clear infection through sickness behaviours (e.g. cough-
ing, fever, reduced social interactions and/or lethargy; Hart
1990) and/or self-medication (Ghai et al. 2015). In addition
to infection induced changes in host behaviour which reduce
parasite transmission, some parasites can manipulate host
behaviour to increase their own transmission (i.e. adaptive
manipulation; Moore 2002; Poulin 2010; Hughes et al.
2012). Some of the classic examples include hairworms
causing crickets to jump into water where the worms
reproduce (Thomas et al. 2002), brainworms inducing ants
to bite into leaves to travel to the guts of ruminants (Moore
2002) and Toxoplasma gondii altering the behaviour of its
rodent hosts by eliminating innate fear and inducing a fatal
feline attraction that enables the parasite to reach its feline
definitive host (Berdoy et al. 2000). Identifying the under-
lying physiological and/or developmental mechanisms for
such parasite-induced behavioural changes is still challeng-
ing and is an active area of research (Hughes et al. 2012;
Lafferty and Shaw 2013). Selection can act on parasitic traits
to manipulate host behaviour if they increase parasite
transmission, but the strength of this selection may depend
on parasite life cycle (e.g. direct, vector-borne or trophic
transmission) and/or host factors (e.g. spatial structure and
social networks) at the population level.

Host–parasite transmission dynamics
at the population level

Numerous mechanisms acting at the population scale can
affect parasite transmission dynamics. Here, we focus on
two of the most important factors, host spatial and social
structure that can influence heterogeneity in contact rates,
and thus parasite transmission risk.

Spatial structure

Molecular tools in conjunction with population/landscape
genetic and phylogeographic analyses have been used to
elucidate ecological and evolutionary processes across
populations (Manel and Holderegger 2013; Petren 2013;
Robin et al. 2015). The integration of such genetic methods
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with epidemiological information (e.g., parasite prevalence)
has provided critical insights into disease transmission
dynamics and epidemiological history of emerging infec-
tions (Archie et al. 2009). Levels of geneflow can help
characterize the spatial spread of phenotypes of epidemio-
logical importance (e.g., virulence, drug and pesticide
resistance) in parasite and vector populations, and also help
quantify parasite invasion risk (Schwabl et al. 2017). Thus,
genetic data can aid biological conservation by provid-
ing insights into how ecological factors affect the functional
connectivity of parasites, hosts and vectors at the individual
or population scales. For example, fine-scale genetic data has
been used to elucidate the spatio-temporal factors affecting
how individual wildlife hosts sampled ticks from their
environment (Dharmarajan et al. 2010, 2011). Specifically,
this research produced empirical evidence for the aggregated
transmission of parasites as ‘packets’ of related individuals,
and such transmission dynamics, along with a subdivided
mating system (i.e. mating at the host scale), could explain
the deviations from Hardy–Weinberg equilibrium expecta-
tions, which is common in many parasites (Dharmarajan
et al. 2011). Critically, such aggregated transmission
dynamics in conjunction with host spatial structure could
have critical epidemiological implications (e.g., the spread of
recessive drug resistance genes; Dharmarajan 2015).

Underlying landscape features can critically alter host
movement patterns and consequently influence the spatial
spread of parasites (Biek and Real 2010; Kozakiewicz et al.
2018). Landscape genetics has been an extraordinarily
powerful approach that has been used effectively to identify
landscape features influencing the spatial spread of parasites,
including chronic wasting disease prions due to movement
of deer (Cullingham et al. 2011a; 2011b; Kelly et al. 2014;
Brandt et al. 2018) and rabies virus due to movement of
hosts like raccoons (Procyon lotor) and skunks (Mephitis
mephitis; Heloise et al. 2012; Paquette et al. 2014). How-
ever, landscape features do not necessarily limit animal
movement in all species and may facilitate parasite spread.
For example, Deyoung et al. (2009) were unable to identify
natural boundaries to geneflow and thus rabies spread for
gray foxes (Urocyon cinereoargenteus). Landscape genetics
approaches also form a powerful approach to quantify dis-
persal resistance/permeability surfaces for natural popula-
tions. For example, Bouyer et al. (2015) used microsatellite
data to develop landscape resistance surfaces and thus
identify candidate populations for tsetse fly (Glossina pal-
palis gambiensis) elimination.

Alternatively, the genetic structure of parasite populations
can be used to elucidate characteristics of the host population
that could not be obtained from host genetics alone (Dhar-
marajan et al. 2016). In the case of migratory birds, host
genetics is a poor indicator of migratory routes since genetic
recombination only occurs in the breeding grounds (sum-
mer) but not in nonbreeding (winter) grounds. However,
critical insights into migratory strategies can be obtained
through the genomic characterization of parasites, such as

avian influenza virus in waterfowl (Hill et al. 2012; Newman
et al. 2012).

Using phylogenetic approaches to analyse high-resolution
parasite, genotype data can help detect and date historical
changes in epidemiological patterns (Stadler and Bonhoeffer
2013), which can have implications for conservation. For
example, genome resequencing of the chytrid fungus, shows
that the fungus evolved in East Asia, and that the evolu-
tionary history of this parasite likely predates its continent-
scale movement (Rosenblum et al. 2013), which has likely
been driven by commercial trade in amphibians (Fisher et al.
2012; O’Hanlon et al. 2018). Similarly, sequencing of the
hemagglutinin gene of canine distemper virus isolates from
over a period of four decades revealed that the virus emerged
in the United States in the late 1800s, with subsequent
diversification and global spread, likely due to uncontrolled
animal trade and human transfer of pets (Panzera et al.
2015). Spatial spread of parasites is not necessarily associ-
ated with phylogenetic divergence. For example, in the case
of Yersinia species, whole-genome sequencing has revealed
a deep phylogenetic split between pathogenic strains and
nonpathogenic lineages. However, all pathogenic Yersinia
species do not share a recent common pathogenic ancestor,
but instead they seem to have converged independently to
acquire the same virulence determinants (Reuter et al. 2014).

For parasites that evolve rapidly, phylodynamics—an
analytical method combining phylogenetics, epidemiology,
population genetics, and immunology (Grenfell et al. 2004;
Leventhal et al. 2012; Baele et al. 2017)—is a powerful
approach that has been used to elucidate ecological (e.g.,
transmission bottlenecks; Volz et al. 2017) and evolutionary
(virulence heritability; Vrancken et al. 2015) dynamics.
RNA viruses are particularly well suited as markers for host
ecology because they can spread via direct contact and have
higher mutation rates compared to the host genome (Volz
et al. 2013). Because of their relatively rapid evolutionary
rate, viruses can reveal patterns of host movement and
provide insight into patterns of disease distribution and
spread that may not be apparent in the host genetic data, and
thus provide a complementary tool for studying population
dynamics of their hosts in ‘shallow’ time. For example,
genetic patterns associated with feline immunodeficiency
virus isolates from mountain lions (Puma concolor) in the
Rocky Mountains of North America revealed pronounced
spatial genetic structure providing information on the recent
demographic history that was not evident from the host
microsatellite data (Biek et al. 2006).

Social structure

Many animals show spatial heterogeneity in contact net-
works due to underlying ecological or environmental factors
affecting levels of social structure. Social group size is
generally driven by levels of competition for critical
resources such as food (e.g., in golden jackal, Canis aureus;
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MacDonald 1979) or mates (e.g., in the striped mouse,
Rhabdomys pumilio; Schradin et al. 2012). Aggregation of
resources, such as supplemental feeding, can increase
infectious disease transmission risk (Sorensen et al. 2013;
Murray et al. 2016). Thus, bird aggregation around bird
feeders during winter has been linked to outbreaks of
mycoplasma conjunctivitis in North America (Dhondt et al.
2005). There is generally a positive association between
group size and parasite infection risk (Griffin and Nunn
2012), and thus the elevated risk of parasitism could be a
substantial cost associated with sociality. For example,
gorillas in central Africa that clustered around seasonally
fruiting trees were more affected by the outbreak of Ebola
(97% mortality) compared to solitary individuals (77%
mortality; Caillaud et al. 2006). At the population level,
parasite transmission rates are expected to be higher in
populations with low levels of social or spatial structure (i.e.
smaller group sizes and more movements between groups;
Craft 2015). For example, in the case of lions (Panthera leo),
infection risk in animals living in prides is epidemiologically
similar to homogeneous populations up to 20% larger
(Caillaud et al. 2013).

Spatial aggregation of related individuals (i.e. kin struc-
ture) is a common form of social organization in wildlife
(Altizer et al. 2003). Generally, we would expect increased
levels of social interactions between related versus nonre-
lated individuals, and several studies have confirmed this
pattern using epidemiological data. For instance, higher
contact rates within family groups have been demonstrated
in white-tailed deer (Odocoileus virginianus) owing to the
fact that the deer infected by bovine tuberculosis (a parasite
transmitted primarily by direct contact) are more closely
related than noninfected deer (Blanchong et al. 2007).
Similar findings have been reported in the case of chronic
wasting disease in deer (Cullingham et al. 2011a; Magle
et al. 2013). However, the effects of host relatedness on
disease risk will depend up the spatial scale relevant for
parasite transmission. For example, in raccoons, the infec-
tion risk associated with a directly transmitted parasite (ca-
nine distemper) was positively related to contact rates (i.e.
familial structure) within spatially discrete habitat patches,
while infection risk associated with an environmentally
transmitted parasite (Leptospira spp.) was positively related
to contact rates (i.e. geneflow) among the patches (Dhar-
marajan et al. 2012).

Social networks critically affect parasite transmission
dynamics in wildlife (White et al. 2017), and consequently
parasite networks can be used to provide valuable and often
unique insights into contact/association patterns in natural
populations. For example, in an interesting study, Chiyo
et al. (2014) found that bacterial networks were not associ-
ated with social structure in African elephants (Loxodanta
africana), but rather primarily driven by the habitat utiliza-
tion patterns or individual host characteristics (i.e. sex and
age). However, other studies have found that bacterial
transmission networks strongly reflect underlying social

structure of their hosts including sleepy lizards (Tiliqua
rugosa; Bull et al. 2012) and giraffes (Giraffa camelo-
pardalis; VanderWaal et al. 2014a).

Host–parasite transmission dynamics
at the community and ecosystem levels

While disease ecology has traditionally focussed on
dynamics at the individual and population scale, there is
increasing evidence that community and ecosystem level
process also critically affect transmission dynamics.

Species interactions

As in the case of individual species (see above), bacterial
transmission networks have also been used to characterize
patterns of species interactions in multi-species communi-
ties. For example, genetic analysis of Escherichia coli across
10 species of wild and domestic ungulates in Kenya revealed
that the Grant’s gazelle (Gazella granti) showed the highest
number of network connections in the community (Van-
derWaal et al. 2014b). However, the zebra (Equus burchelli),
which tends to move longer distances than many other
ungulates in this system, connected regions of the network
that would otherwise have been poorly connected. Such
studies at the community level have especially significant
ramifications for emerging infectious diseases because
characterizing disease emergence often entails a better
understanding of when a parasite will spill over from one
host species into another.

Ecological filters critically affect disease emergence
because host switching is more likely for sympatric host
species, and many emerging viruses in humans have zoo-
notic origins (e.g., SARS, corona and hanta viruses; Jones
et al. 2008). Consequently, characterization of viruses har-
boured by potential wildlife reservoirs is a potential tool to
predict or prevent disease emergence. For example, a
metagenomic survey of viruses in the urine of the Old World
fruit bat (Eidolon helvum) revealed that bats roosting close to
humans harboured a wide variety of viruses, some of which
are genetically related to known human parasites, high-
lighting the risk of zoonotic transmission (Baker et al. 2013).
Whole-genome sequence data has also been used to char-
acterize the parasite transmission at the wildlife–domestic
animal interface, including the transmission of bovine
tuberculosis from badgers (Meles meles) to cattle (Biek et al.
2012) and the spatial spread of Brucella abortus among
livestock, bison (Bison bison) and elk (Cervus canadensis;
Kamath et al. 2016).

Another novel way in which genetic tools (e.g.,
sequencing of mitochondrial genes) have been used to elu-
cidate the potential for interspecific disease transmission is
through the analyses of blood meals in disease-transmitting
vectors such as mosquitoes (Crabtree et al. 2013), blackflies
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(Hellgren et al. 2008) and ticks (Gariepy et al. 2012). Such
studies can be crucial for transmission dynamics. For
instance, mosquito blood meal analysis combined with
knowledge of host competence was used to identify which
bird species were most important in the amplification of
WNV (Hamer et al. 2009). This study predicted that the
virus was primarily maintained by just three bird species
(American robins, Turdus migratorius; blue jays, Cyanocitta
cristata; house finches, Carpodacus mexicanus) which
constituted a large proportion (35%, 17% and 15%,
respectively) of hosts fed on by WNV-infectious Culex
pipiens. From a conservation perspective, a particularly
exciting avenue is that the vector blood meal analyses can be
used as a tool for biodiversity prospecting (Bohmann et al.
2013; Lee et al. 2015; Schnell et al. 2015).

Biodiversity-disease relationship

The importance of host community structure on disease risk,
especially zoonotic disease risk, in humans has been an area
that has been especially contentious (Salkeld et al. 2013;
Civitello et al. 2015). The dilution effect hypothesis posits
host communities with high diversity are comprised of more
hosts that are either refractory or less susceptible to parasites,
and that such hosts ‘dilute’ the risk of disease in more
competent hosts (Ostfeld and Keesing 2012; Johnson et al.
2015b). Consequently, this hypothesis predicts that reduced
disease risk could be an ‘ecosystem service’ associated with
biodiversity (Ostfeld and Logiudice 2003; Ostfeld and
Keesing 2017). Other authors have argued that the ‘biodi-
versity protects against disease’ paradigm is Panglossian
because it provides a questionable utilitarian justification for
protecting biodiversity, and that, the specific composition of
the host community critically decides whether biodiversity
dilutes or amplifies disease risk (Randolph and Dobson
2012). The concept behind the dilution effect is not in itself
new, and this has been proposed earlier in the ecological
literature (e.g., the decoy effect; Chernin 1968), or has been
effectively used to control vector-borne disease (e.g.,
zooprophylaxis; Hess and Hayes 1970). A recent meta-
analysis has provided strong support for the dilution effect
independent of host density, study design, and type and
specialization of parasites (Civitello et al. 2015). However,
there remains no definitive conclusion on the dilution effect
debate (e.g. Ostfeld 2013; Randolph and Dobson 2012), and
as in most ecological debates, the answer likely lies
‘somewhere in the middle’. For example, Keesing and
Ostfeld (2012) mention that in two of the best case studies of
the dilution effect (Lyme disease and WNV), the most
competent host for the parasite (white-footed mice, Per-
omyscus leucopus and American robins, T. migratorius,
respectively), are also the most resilient hosts that reach high
abundance in degraded habitats. Basic ecological niche
theory predicts that increasing levels of species diversity will
favour the evolution of narrower niches to minimize niche

overlap between species in a community. Consequently,
generalist species are expected to dominate ecological
communities with low species diversity and vice versa.
Thus, the universality of the dilution effect could be driven
by two potential mechanisms (Keesing and Ostfeld 2012):
(i) successful parasites are those that have adapted to gen-
eralist hosts, thus areas with more generalist hosts (i.e. low
diversity areas) will have higher infection risk; (ii) generalist
hosts have evolved life history strategies that minimize
allocation of resources to particular types of anti-parasite
defense mechanisms (e.g. resistance), and thus areas with
more generalist hosts (i.e. low diversity areas) will show
higher infection risk.

Parasites and biological invasions

Invasive species are pervasive biotic agents that can impact
native community structure and threaten global biodiversity,
and the dual role of parasites as drivers of, as well as pas-
sengers responding to, altered community structure, is
especially important from the perspective of biological
invasions (Prenter et al. 2004; Dunn et al. 2012; Blackburn
and Ewen 2017). Disease is as an important driver or con-
sequence associated with nearly a quarter of species listed in
the IUCN’s list of the world’s worst invaders (Hatcher et al.
2012a), and models reveal that parasites can affect the
magnitude and rate of invasive species (Hilker et al. 2005;
Coates et al. 2017). Parasites can drive the success (or
failure) of biological invasions through three mechanisms:
(i) the enemy release hypothesis (Keane and Crawley 2002)
proposes that some invasive species may escape the adverse
fitness effects (e.g., on survival or reproduction) associated
with parasites in their native range and thrive better in their
introduced range. This effect of parasites has been compared
to the kryptonite effect (Hudson et al. 2006) because
Superman gained super-powers on earth because he was
freed from the effects of kryptonite. A meta-analysis found
that parasite diversity and prevalence were higher in native
versus exotic populations, indicating that enemy release
could be common in biological invasions (Torchin et al.
2003). For example, the European green crabs (Carcinus
maenas) that were introduced in North America carried only
a subset of parasites from their native range, and conse-
quently were larger in size and had better reproductive
success (Torchin et al. 2001). (ii) Novel weapon hypothesis
(Price et al. 1986) proposes that parasites can be cointro-
duced with invasive species that may spill over to native
species. This can negatively impact the native species by
influencing the competitive interactions between invasive
and native species (i.e. through apparent-mediated or para-
site-mediated competition). For instance, as mentioned ear-
lier, the introduction of grey squirrels to Great Britain, which
introduced Parapoxvirus and replaced native red squirrels is
one of the best-documented cases of such parasite-mediated
invasion. The Parapoxvirus caused a 20-fold greater
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mortality in red versus grey squirrels (Rushton et al. 2000;
Tompkins et al. 2003). (iii) Biotic resistance hypothesis
(Elton 1958) is similar but opposite to the novel weapons
hypothesis, and proposes that introduced species could be
negatively affected by resident parasite communities. Thus,
generalist parasites could directly affect ecosystem stability
through increased virulence in nonadapted alien hosts (i.e.
Suicide King Dynamics). However, more broadly, it has
been recognized that ecological diversity and complexity
help maintain ecosystem resilience, and parasites may be
important components of ecosystems because they constitute
a large proportion of species diversity and dominate food
web links in most ecosystems (see below). Consequently, it
has been proposed that a healthy ecosystem is one that has
high parasite species richness (Hudson et al. 2006).

While parasites may drive biological invasions, it is also
possible that they are just passengers associated with bio-
logical invasions (Blackburn and Ewen 2017). The coin-
troduction of parasites with invasive species seems to be
more common than previously recognized (Lymbery et al.
2014). Such cointroduced parasites are not only powerful
tools for the reconstruction of invasion history (e.g. Bla-
keslee and Byers 2008) but may also alter the outcome of
invasion (Lymbery et al. 2014). For example, a meta-anal-
ysis shows that parasite spillover from native to alien species
is common, with native parasite species accounting for over
60% of the parasite fauna across a wide range of invasive
taxa (Kelly et al. 2009). However, these authors also show
that nonindigenous species can be highly competent hosts
for such parasites and that there is evidence for spillback of
these native parasites from the invasive to native species
(Kelly et al. 2009). Consequently, parasites can affect and be
affected by the structure of their host communities.

Parasites and ecosystem health

Myriad human-mediated environmental perturbations—
habitat modification, chemical contamination and global
climate change are increasingly impacting ecosystem struc-
ture and function and impairing the resilience of these sys-
tems to such perturbations. One way in which environmental
perturbations affect human/wildlife populations is through
altered disease dynamics, and consequently the emergence
of novel pathogens or re-emergence of old ones (Rogalski
et al. 2017). Such epidemiological endpoints are critical
from the perspective of ecosystem health for three reasons.
First, the sensitivity of disease dynamics to environmental
modification makes parasites one of the best indicators of
ecosystem health (see below). Second, altered disease
dynamics can feedback on ecosystem health through its
impact on various processes from community composition
to nutrient cycling (Horwitz and Wilcox 2005; Johnson et al.
2015a; Preston et al. 2016). Third, the link between the
altered structure and function of ecological systems and the
health of humans, domestic animals and wildlife at

individual and population scales is well recognized (Cable
et al. 2017; Rogalski et al. 2017), and these concepts have
particular importance from the perspective of emerging
infectious disease (Bird and Mazet 2018). In this section, we
primarily focus on how parasites form an integral component
of ecosystems and alter food web structure, flow of energy
and nutrients, and drive trophic cascades.

Parasites play an important role in maintaining the struc-
ture and functioning of food webs since they constitute a
large proportion of total biomass in many ecosystems (Kuris
et al. 2008; Preston et al. 2013). In one of the first empirical
studies, Kuris et al. (2008) estimated that parasite biomass
was similar to fishes and many invertebrate taxa; and
exceeded that of avian predators in estuarine ecosystems.
Similarly, it has been shown that the annual biomass of
trematode larval stages could be up to 10-fold more than
winter bird biomass and exceeded that of most aquatic
invertebrate taxa (Preston et al. 2013). Besides their contri-
bution to productivity in ecosystems, parasites can increase
food web complexity by increasing connectivity, chain
length and nestedness. For instance, studies have shown that
parasites comprise a large proportion of trophic links
(ranging from 29–78%) in aquatic ecosystems (Lafferty
et al. 2006; Amundsen et al. 2009; Preston et al. 2014). The
centrality of parasites in ecological networks is not surpris-
ing because, from a trophic perspective, parasites are
predators (see Appendix), and thus, they can have cascading
effects on many essential ecosystem processes such as
decomposition (Sato et al. 2011) and grazing (Cleaveland
et al. 2009). However, unlike true predators, parasites can
also transfer energy within trophic levels (e.g., direct trans-
mission of parasites between herbivores through grazing).
Additionally, energy can move from parasites to true
predators through direct (e.g., consumption of infected prey
or parasite free-living stages; Johnson et al. 2010) or indirect
(e.g., increasing susceptibility of intermediate hosts to pre-
dation through behavioural modification; Lefèvre et al.
2009) mechanisms.

Parasites, by definition, survive and reproduce by using
resources obtained from their hosts. However, surprisingly a
few empirical studies have highlighted the importance of
parasites for cycling nutrients at the ecosystem scale (Van-
natta and Minchella 2018). For example, frog tadpoles are
dominant grazers in many stream ecosystems, and conse-
quently high (98%) mortality of tadpoles due to chytrid
fungus infections were associated with strong trophic cas-
cades (increased algae and fine detritus biomass) and a 50%
reduction in nitrogen cycling (Whiles et al. 2012). The study
by Connelly et al. (2008) showed that chytrid-mediated local
extirpation of over 90% of tadpoles led to similar large-scale
trophic cascades and altered nutrient cycling in natural
streams, including a 269% increase in chlorophyll, 220%
increase in ash-free dry mass and 140% increase in inorganic
sediments. Also, fungus-mediated mortality in alder trees
(Alnus tenuifolia) has been shown to impact nitrogen cycling
of flood plain ecosystems (Ruess et al. 2009). Other studies
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have found that parasite-mediated effects on nutrient cycling
dynamics are similar/larger in magnitude than those attrib-
uted to better-characterized disturbances, such as climate
change and air pollution (Lovett et al. 2010) or forest fires
(Cobb et al. 2012).

As may be expected in the case of true predators, parasites
can also drive trophic cascades by decreasing the abundance
of herbivores and releasing producers from the pressures of
herbivory (reviewed by Buck and Ripple, 2017). For
instance, parasite-mediated mortality of rabbits due to Myx-
oma virus (Dobson and Crawley 1994), large ungulates due
to rinderpest virus (Cleaveland et al. 2009), and amphibians
due to chytrid fungus (Connelly et al. 2008; Whiles et al.
2012) have all led to cascading effects on producers. There
are also examples where parasite-mediated mortality of true
predators was associated with the release of herbivores from
predatory pressures, including the mortality of red foxes
(Vulpes vulpes) due to ectoparasitic mites (Lindström et al.
1994), and wolves (Canis lupus) due to canine parvovirus
(Wilmers et al. 2006). Alternatively, because parasites are
critically affected by host community structure, trophic cas-
cades can feedback to alter disease dynamics. For example,
long-term exclusion of herbivores has been associated with
altered disease dynamics in grassland ecosystems (Keesing
and Young 2014). A recent study (Weinstein et al. 2017)
shows that the removal of large herbivores leads to increased
rodent densities (due to reduced competition), which in turn
leads to an increase in rodent-borne parasites. Consequently,
parasites can be ‘drivers’ of trophic cascades or can simply be
‘passengers’ that respond to trophic cascades.

Parasites can serve as excellent indicators of ecosystem
health. Historically, coal miners used canaries to detect low
levels of carbon monoxide and methane gas (Holt and Miller
2011), and it has been proposed that parasites can act as
‘canaries’ to detect alterations in the health of ecological
systems. One way in which parasites have been effectively
used as bioindicators is with respect to accumulation of
environmental contaminants, which may be driven by their
higher trophic position as compared to their hosts. For
example, concentrations of heavy metals in the tissue of
certain parasites, like acanthocephalans of fish (Sures 2001;
Nachev and Sures 2016; Sures et al. 2017b) and pinnipeds
(McGrew et al. 2018) can be several magnitudes higher than
those present in host tissues or environment. However, this
pattern is not universally the case. For example, Tellez and
Merchant (2015) found that while parasites (i.e. intestinal
trematodes) showed higher concentrations of some heavy
metals (e.g. arsenic and zinc), hosts (i.e., the American
alligator, Alligator mississippiensis) were better indicators of
others (e.g. cadmium and lead).

Parasites may also be effective indicators of ecosystem
structure and function because they are likely sensitive to
perturbations, including anthropogenic effects on ecological
systems that affect host community structure, species inter-
action dynamics and food web topology (Marcogliese 2005).
One area that has received a lot of attention is in testing the

effects of specific anthropogenic modifications of the envi-
ronment, such as pollution or land-use change (e.g., urban-
ization) on parasite infection risk or community structure.
With respect to parasite infection risk (i.e. parasite loads),
despite several decades of effort, there remain no general
trends, and four influential meta-analysis have found that
effects of contaminants on parasite loads could be positive,
negative, or absent depending on the parasite and pollutant
(Lafferty 1997; Sures 2008; Blanar et al. 2009; Vidal-Mar-
tı́nez et al. 2010). Alternatively, contaminants seem to have a
relatively consistent negative effect on species richness
(Blanar et al. 2009). For example, Calegaro-Marques and
Amato (2014) found that helminth species richness in
rufous-bellied thrushes (Turdus rufiventris) was inversely
related to the degree of urbanization, and hypothesized that
structures in urbanized landscapes (i.e. buildings) act to
break up host–parasite interactions. Similarly, T. gondii
genotype diversity was found to decrease in areas of human
settlement (Jiang et al. 2018), and lead intoxication was
found to reduce helminth species richness in mallards (Anas
platyrhynchos; Prüter et al. 2018). It has also been proposed
that the ratio between species richness of heteroxenous
versus monoxenous parasites (i.e. parasites with complex
versus direct life cycles, respectively) can be used as a
measure of pollution impact (Pérez-del Olmo et al. 2007;
Sures 2008; Sures et al. 2017b). Indeed, species richness of
certain taxa (e.g., heteroxenous parasites like trematodes)
has been used as a potential indicator of habitat restoration
(Huspeni and Lafferty 2004; Morley and Lewis 2006; Sures
et al. 2017a).

Integrating genomics, disease and conservation:
current efforts and future directions

Recent advances in high-throughput sequencing technolo-
gies and concomitant development of bioinformatics tools
have revolutionized the field of disease ecology. In this
section, we illustrate how genomic tools have expanded the
scope of wildlife disease research and refined our under-
standing of previously unexplored questions in disease
ecology (Selbach et al. 2019). We highlight applications of
genomic tools in five key research areas and hope to bridge
the gap between genomics, disease and conservation to
stimulate more interdisciplinary research (figure 2). First,
applications of emerging molecular methodologies (e.g.,
whole-genome sequencing and metagenomics) have
enhanced disease surveillance from individual hosts to
ecosystem monitoring, improved management of disease
outbreaks and can aid in biodiversity conservation. Second,
phylogenomics can be used to infer the geographic origin of
parasites, routes of parasite transmission, identify reservoir
hosts, and provide more robust parasite phylogenies that can
yield insights into the spatio-temporal patterns of parasite
spread. Third, genomic approaches have allowed us to gain
insights into fine-scale epidemiological patterns and contact
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tracing. Fourth, modern population genomic approaches
(e.g. RAD-Seq) and genomewide scans provide a powerful
platform to examine variation in disease susceptibility, and
better understand host–parasite interactions. Fifth, tran-
scriptomics or functional genomics can help us to better
uncover genetic mechanisms underlying host resistance and/
or tolerance and parasite virulence, elucidating host–parasite
dynamics.

Parasite detection and parasite genetic diversity

Molecular typing methods using traditional PCR techniques
(e.g., genotyping or sequence analysis) have long been used
to identify and characterize parasite infections as they are
relatively easy to use and do not require any specialized lab
setting or equipment. Quantitative PCR (qPCR) is another
common diagnostic tool for sensitive and reliable identifi-
cation of parasites, which also allows quantification of par-
asite load (Bell and Ranford-Cartwright 2002). More
recently, the advent of droplet digital PCR (ddPCR) has
advanced the detection and quantification of parasites,
especially parasites with low intensity infections (Hindson
et al. 2011; Pinheiro et al. 2012). It involves absolute end-
point quantification of parasites and is more advantageous
over qPCR, as it relies on calibration curves (generated from
a sample with known concentration) to give relative quan-
tification (Li et al. 2018). This technique has been success-
fully applied in accurate detection of several viral, bacterial
diseases (King et al. 2017), and parasitic infections (Wilson
et al. 2015; Koepfli et al. 2016; Ramı́rez et al. 2018).

Traditional PCR techniques are, however, limited in the
amount of genetic information recovered as they use single
or a few genetic markers. With reduced cost of high-
throughput sequencing, rapid development in novel genomic
approaches and bioinformatics, researchers can now access
high resolution genomic level information for several para-
sites with relative ease at a fast pace, accurately identify
multiple parasites simultaneously and assess parasite genetic
diversity at both local and global spatial scales. Whole-
genome sequencing and/or reduced genome technologies
such as restriction-site associated DNA sequencing (RAD-
SEQ) can provide thousands of markers (e.g. SNPs) for
population genomics and/or phylogenomics and provide
novel insights into disease transmission processes (Hupalo
et al. 2015; Andrews et al. 2016). As more parasite genomes
are being sequenced, huge amounts of genomic resources
have become available for downstream applications such as
comparative genomics, gene expression studies and
improved insights into host–parasite interactions.

Most parasite genetic studies currently focus on one or a
few related parasite species. However, more powerful
genomic approaches such as, metagenomics can facilitate
parasite discovery (Lipkin 2013), and help detect newly
emerging pathogens or re-emerging pathogens in novel
environments. By targeting a specific genetic region (e.g.,
16S, 18S rDNA), metabarcoding or amplicon-based meth-
ods have improved our capability to characterize the struc-
ture and function of parasite communities in wildlife hosts
(Bodewes et al. 2014; Tanaka et al. 2014; Bergner et al.
2019) and disease vectors (Ma et al. 2011). For example,
‘nemabiome’ sequencing, deep-amplicon sequencing of

Figure 2. Applications of various high-throughput genomic tools (inner circle) to answer key questions in disease ecology (outer circle).
Each genomic tool is represented by a different colour and colour gradients in the outer circle represent the multiple genomic approaches
that can be used to answer a given question in the box. For instance, parasite origin and spread can be inferred using landscape genomics
and/or phylogenomics.
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internal transcribed spacer 2 (ITS-2) rDNA has been used to
characterize the diversity and composition of gastro-intesti-
nal nematode parasite communities of grazing cattle in the
mid-west USA (Avramenko et al. 2015) and in wild non-
human primate populations in central Africa (Pafčo et al.
2018). In another recent study, a metabarcoding approach
targeting 18S rRNA was used to characterize entire proto-
zoan haemoparasite diversity from canine populations in
Thailand (Huggins et al. 2019).

While metabarcoding has been recognized to have a great
potential for parasite identification, many wildlife hosts often
carry chronic infections, which makes it more difficult to
obtain parasite genomic data due to the low abundance and/or
intensity of parasites, without any prior enrichment strategy or
when there is a high host contamination. One of the common
approaches aimed at increasing the probability of capturing
parasite specific DNA is depletion of host DNA. For instance,
Flaherty et al. (2018) undertook a novel approach of restric-
tion enzyme digestion of host DNA prior to enrichment and
18S rRNA amplicon sequencing of blood-borne parasites in
human clinical samples. This method substantially reduced
human reads and increased parasitic reads 5–10 folds relative
to undigested samples. Another promising approach is target
capture enrichment, which utilizes parasite-specific oligonu-
cleotide probes or baits sequences to increase the proportion
of parasite-specific genomic sequences in mixed species
samples (Mamanova et al. 2010; Jones and Good 2016). For
example, Lee et al. (2017) demonstrated potential use of
target capture enrichment to obtain genomic sequences for
multiple viral and bacterial pathogens from felids. The authors
obtained up to 56 million-fold enrichment of pathogen DNA
relative to the host DNA. As target capture enrichment uses
probes developed from highly conserved sequences, this
platform can also identify highly divergent and previously
uncharacterized pathogens, in addition to the reference
pathogens used to develop capture probes (Wylie et al. 2015;
Barrow et al. 2018).

Another promising application of metagenomics has been
to detect and characterize all microbial taxa within hosts and
better understand the relationship between host microbiome
and disease. Most eukaryotic organisms host many diverse
microbial communities, which can be mutualistic, com-
mensal or parasitic symbionts (Hooper et al. 2012). Taking
this simplistic classification of host symbionts as discrete
ecological entities rather than viewing them as a gradient
along the parasitism–mutualism continuum has been chal-
lenging (Ewald 1987; Brown et al. 2012). Some of the key
microbes that make up the resident microbiota can shift from
a commensal to parasitic to mutualistic relationship in a
context-dependent manner (e.g., changes in environmental
conditions, tissue type, time and underlying biology of the
interacting species; Leung and Poulin 2008). An extreme
example of such a transition has been observed in Wolbachia
spp., which evolved from being a parasite (reproductive
manipulator) to a mutualist (enhanced host fecundity) in
natural populations of Drosophila simulans over 20 years

(Weeks et al. 2007). Thus, it is important to take a broad-
spectrum approach when examining disease dynamics, as
ecological and evolutionary interactions between symbionts,
both beneficial and detrimental to hosts can influence the
outcome of parasitic infections. Recently, Bass et al. (2019)
has proposed the ‘pathobiome’ concept to encompass this
diverse and complex relationship among the host-associated
organisms to better understand the diseases of plants and
animals.

High-throughput sequencing approaches such as metage-
nomics and metabarcoding have made it more feasible to
characterize the host resident microbiota and its influence on
host–parasitic interactions. A recent meta-analysis revealed
disease associated shifts in human host microbiome, with
both disease-specific and shared responses of gut microbial
communities to multiple diseases (Duvallet et al. 2017).
Shotgun metagenomics can also be used to investigate
microbial communities in disease vectors carrying important
human/wildlife vector-borne pathogens (ticks, Carpi et al.
2011; mosquitoes, Mancini et al. 2018; triatomines, Rodrı-
guez-Ruano et al. 2018). Such information can be leveraged
to advance our understanding of host–symbiont, symbiont–
symbiont interactions from the perspective of infectious
disease risk and developing novel strategies for disease
control (see reviews for mosquitoes, Scolari et al. 2019; sand
flies, Telleria et al. 2018, triatomines, Teotônio et al. 2019).
Interestingly, Wolbachia spp., a bacterial endosymbiont
found in Drosophila fruit flies that suppresses RNA viruses
has been transfected in Aedes aegypti mosquitoes to combat
dengue in several wild populations (reviewed in Dorigatti
et al. 2018).

Host microbiome plays an important role in shaping the
host immune system and can contribute to host defense
against parasites (Chiu et al. 2017). A better understanding
of interactions between host microbiome and parasitic
infections can also aid in development of new therapeutic
approaches for emerging/re-emerging diseases. The targeting
of skin microbiota has gained momentum as an effective
strategy against fungal pathogens. In the case of amphibian
chytridiomycosis, skin microbiome is suggested to play an
important role in host resistance and immune function (Bletz
et al. 2013; Rebollar et al. 2016). Experimental studies have
demonstrated that augmenting an antifungal bacterial
species, Janthinobacterium lividum, to the skins of some
amphibians can provide protective immunity against chytrid
pathogen B. dendrobatidis and reduce morbidity and mor-
tality of infected amphibians (Harris et al. 2009). In another
study, composition of skin microbiota rather than treatment
with antifungal bacteria improved the ability of Panamanian
golden frogs (Atelopus zeteki) to clear B. dendrobatidis
infection and *30% of the infected individuals survived B.
dendrobatidis exposure (Becker et al. 2015). Similarly, in
bats susceptible to WNS, caused by the fungus P. destruc-
tans, treatment with symbiotic bacteria (Pseudomonas spp.)
seems to be a promising tool to protect bats from WNS
(Hoyt et al. 2015, 2019).
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Taken together, these examples highlight the burgeoning
potential of how host microbiome data has been invaluable
for vector control strategies, tackling lethal emerging infec-
tious diseases and improving host health and conservation.
In addition to the importance of host microbiome, micro-
biome of parasites is important in understanding their biol-
ogy and management of diseases. Despite the global
concerted effort to characterize the animal microbiome
through the Human Microbiome Project (Turnbaugh et al.
2007), or the Earth Microbiome Project (Gilbert et al. 2014),
a similar initiative to characterize parasite microbiomes has
only recently begun (Dheilly et al. 2017, 2019).

Moving up from within hosts to ecosystem scales, envi-
ronmental DNA (eDNA) tools coupled with metagenomics
can facilitate a more in-depth investigation of diversity of
parasites and characterize all parasite taxa simultaneously
from bulk environmental samples (e.g. water, soil, feces). In
comparison to traditional field surveys and parasitic mor-
phological identification approaches, eDNA approaches are
a powerful, noninvasive approach (see Bass et al. 2015 for
review) and particularly useful for detecting parasites with
complex life cycles, which tend to shed transmission stages
into the environment (Sengupta et al. 2019). Although,
eDNA approaches have largely been used to detect the
presence/absence of free-living species and biodiversity
assessments (Taberlet et al. 2012; Bohmann et al. 2014;
Thomsen and Willerslev 2015), they show promising
potential in early detection of parasites, spread of invasive
parasites, identifying reservoir host populations and quanti-
fying disease risk at ecosystem scales. Until now, eDNA
techniques have been successfully employed to detect
amphibian pathogens from aquatic ecosystems, such as
ranavirus (Miaud et al. 2019; Vilaça et al. 2019), the
trematode Ribeiroia ondatrae (Huver et al. 2015) and the
fungus B. dendrobatidis (Kamoroff and Goldberg 2017).
Moreover, eDNA metabarcoding has also been used in early
detection of disease vectors such as dipteran insects (Sch-
neider et al. 2016) and phlebotamine sand flies (Kocher et al.
2017), which are known to transmit numerous diseases
affecting human and wildlife populations.

It is, however, important to recognize that while metage-
nomics and/or metabarcoding approaches are promising
tools for characterization of parasites from host (e.g.
microbiome) or environment (e.g. eDNA), its applications
are still limited. In metagenomics studies, accurate parasite
detection relies on the availability of comprehensive refer-
ence databases that may limit the number of parasite species
and taxonomic groups detected. We still lack high quality,
well-annotated reference genomes for several parasite spe-
cies, especially wildlife parasites. It could also be difficult to
identify some eukaryotic parasites due to its dependency on
an appropriate DNA marker for metabarcoding studies. For
instance, conserved genetic loci for a eukaryotic parasite
may be also be conserved across its eukaryotic host and may
lead to disproportionately low amplification of parasite
DNA.

Parasite origin and spread

Phylogeographic analysis of pathogen genomes using
metagenomics and/or whole-genome sequencing is a pow-
erful approach for identifying putative origins and examin-
ing evolutionary relationships among parasites (O’Hanlon
et al. 2018). For instance, whole-genome sequencing of bat
White-nose fungus supports the recent introduction of P.
destructans to North America from Europe rather than Asia
and subsequent loss of genetic diversity among the isolates
from North America (Drees et al. 2017). In the case of
raccoon rabies virus (RRV), which has largely been restric-
ted to eastern North America but has recently been reported
from Canada (Stevenson et al. 2016), whole-genome
sequencing of RRV recovered multiple introduction events
or backflow between US and Canada that resulted in mul-
tiple rabies outbreaks near the US–Canada border (Trewby
et al. 2017).

Parasite genomic data can also aid in examining spatio-
temporal patterns of disease spread, identifying transmission
routes and improve prediction of emerging infectious disease
risk (Faria et al. 2011; Dellicour et al. 2016). For example,
viral RNA-seq and whole-genome sequence data have been
effectively used to study the spread and transmission pat-
terns of WNV in North America (Swetnam et al. 2018) and
the spatial dynamics of the rabies virus in Africa (Brunker
et al. 2018). Another novel application of pathogen geno-
mics has been in identifying reservoir hosts. Babayan et al.
(2018) analysed viral genome sequences and used a machine
learning framework to predict reservoir hosts and/or
arthropod vectors for 12 different RNAviral groups based on
host-associated genomic biases.

Fine scale transmission dynamics: contact networks

At a finer spatio-temporal scale, pathogen genomic data can
provide valuable, often unique insights into disease epi-
demiology and can be used to infer transmission trees (who-
infected-whom), identify super-spreaders, elucidate host
contact networks and unravel potential transmission path-
ways (Kao et al. 2014; Dudas and Bedford 2019). Such
information is crucial in improving our understanding of
how pathogens spread within and between host populations,
which in turn can be used to predict future disease risk,
develop effective management interventions and potentially
mitigate disease outbreaks. Whole-genome sequencing of
pathogens have increasingly been used for epidemiological
investigations of human health importance (Ebola virus,
Gire et al. 2014; Zika virus, Thézé et al. 2018). Transmis-
sion networks in an infectious disease outbreak can now be
inferred with more accuracy via identification of genomic
variants shared between individuals (Worby et al. 2017) and
SNP typing (Stucki et al. 2015).

The emerging field of phylodynamics coupled with par-
asite genomic data shows great potential for building upon
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and refining our understanding of parasite transmission in
wildlife populations (see earlier section on ‘Spatial struc-
ture’). Additionally, incorporating social or contact data with
parasite genomic data in a network analysis framework is an
exciting open avenue for investigating disease dynamics
(White et al. 2017; Gilbertson et al. 2018). For example, in a
well-characterized European badger and cattle population,
Crispell et al. (2019) compared Mycobacterium bovis (cau-
sative agent for bovine tuberculosis) genomes from cattle
and badgers to examine cross-species transmission and
obtain fine-scale resolution of contact networks for bovine
tuberculosis transmission. With pathogen genomic data,
researchers were able to quantify the direction and extent of
disease transmission, revealing that M. bovis likely trans-
mitted more frequently from badgers to cattle (10.4x in the
most likely model) and within-species transmission was
more common than between-species disease transmission.
However, it is important to note that despite the greater
resolution on pathogen transmission events obtained using
whole-genome sequencing approaches, it is still challenging
to infer fine-scale epidemiological processes, especially for
pathogens (e.g. bacteria) that do not evolve fast enough over
epidemiological timescales, and might lack informative
mutations needed to differentiate them among infected
individuals (Kao et al. 2014; Campbell et al. 2018).

Host–parasite interactions: genomewide
associations

Pathogens exert a strong selective force on host popula-
tions and pathogen mediated selection on host genomes
has been widely recognized across a wide range of taxa
(Enard et al. 2016; Shultz and Sackton 2019). Recent
developments in high-throughput sequencing have allowed
researchers to expand beyond a limited number of genes
and use whole-genome scans to infer host–parasite inter-
actions. While candidate gene approach targeting immu-
nity related genes (MHCs, TLRs etc., see section on ‘Host
genetic diversity’) has been the standard approach to study
signatures of parasite-mediated selection on hosts, high-
throughput sequencing and genomewide approaches enable
an unbiased detection of areas of the genome under
selection (e.g., by identifying loci that exhibit outlier allele
frequencies).

Whole-genome scans provide a powerful approach as it
does not require a priori knowledge about the regions of the
genome that are potentially under selection and could lead to
identification of novel candidate loci associated with disease
susceptibility. For instance, Epstein et al. (2016) identified
two genomic regions, with putative cancer or immune
function in other mammals, that may be under strong
selection imposed by devil facial tumour disease in Tasma-
nian devils (Sarcophilus harrisii), reflecting a rapid evolu-
tionary response to infection. In another study, Cassin-
Sackett et al. (2019) used a hybridization capture approach

and SNP typing to identify genes under selection from avian
malaria between low-elevation and high-elevation Hawaii
amakihi population. The study revealed signatures of
selection in immune-related genes and identified several
novel candidate loci that may confer tolerance to avian
malaria infection in the low-elevation amakihi populations.
Overall, for accurate and unbiased estimation of genomic
variants associated with disease susceptibility, it is important
to account for the underlying population structure and/or
environmental heterogeneity. It is also often challenging to
assess whether selection on a particular genomic region is
parasite-mediated or result of some other environmental
factor.

Host–parasite interactions: functional genomics

As discussed above, while genomewide association studies
have an enormous potential to reveal novel candidate loci
associated with disease susceptibility and/or resistance in
natural populations, they are correlational and thus, gene
expression studies are still needed to substantiate the
underlying mechanisms for variation in host susceptibility to
infection. Transcriptomic or RNA-seq approaches have
emerged as excellent novel approaches to gain a mechanistic
understanding of host–pathogen interactions, particularly for
elucidating host response to an infection and/or identifying
genes underlying parasite virulence. Host gene expression
studies have major implications for elucidating genetic
underpinnings of variation in host susceptibility to infection.
One can also design effective disease management strate-
gies, by identifying candidate host immune genes/pathways
associated with resistance to infection and/or virulence fac-
tors expressed by the pathogen, providing potential blocking
targets for therapeutics.

RNA-seq allows sequencing of all expressed transcripts
in a host organism and examine genes that may be
upregulated or downregulated in response to an infection.
For instance, Videvall et al. (2015) examined host tran-
scriptome response of European siskins (Carduelis spinus)
infected with avian malaria parasites (Plasmodium ash-
fordi) and identified several genes (e.g., genes related to
immune response, stress response) that were differentially
expressed at different time-points over the course of
infection. In another study examining genome-scale host
gene expression patterns underlying amphibian Chytrid-
iomycosis, researchers revealed striking differences in
transcriptional response by susceptible and resistant
amphibian species exposed to B. dendrobatidis (Poorten
and Rosenblum 2016; Eskew et al. 2018). The resistant
amphibian host species showed minor changes in gene
expression in response to B. dendrobatidis infection but
exhibited an upregulation of skin structural integrity path-
ways compared to the susceptible species.

With further advancements in high-throughput sequenc-
ing, dual RNA-seq approaches can now facilitate the
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simultaneous study of gene expression in hosts and patho-
gens, and characterize genes underlying resistance/tolerance
or identify virulence factors associated with the pathogen
(Westermann et al. 2012). Transcriptomic studies generally
generate millions of reads from the target species, but a small
fraction of reads can also correspond to other nontarget
species, including known or unknown pathogens, which can
be easily separated by bioinformatics post-processing. For
example, in the case of bat WNS, Field et al. (2015) were
able to simultaneously characterize transcriptome-wide
changes in gene expression in the little brown bats infected
with WNS and the causative fungal agent P. destructans.

Concluding remarks

The importance of parasites has long been recognized, and
the earliest written records of parasitic infections from
ancient Egypt date back to 1500 BC (Cox 2002). However,
it has only been over the last few decades that parasites have
been recognized as being integral members of ecological
systems, playing critical roles in many ecological, evolu-
tionary and ecosystem-level processes. Consequently, there
is a growing recognition that disease ecology can contribute
substantially to the field of conservation biology. Disease
ecology is a fundamentally interdisciplinary field of research
and has successfully integrated theoretical models and
empirical data from numerous fields, including epidemiol-
ogy, parasitology, ecology, evolutionary biology and the
spatial sciences (e.g., global information systems). Disease
ecology has been particularly successful in utilizing the
power of molecular ecology to elucidate how ecological and
evolutionary factors affect, and are in turn affected by, dis-
ease dynamics in natural populations.

Modern genetic and genomic tools improve parasite
diagnostics, help better understand parasite transmission
and characterize aspects of the parasite (virulence genes)
and host (immunogenetics) that affect disease dynamics
(DeCandia et al. 2018). Consequently, the integration of
disease and molecular ecology has already helped, or has
the potential to help, integrate parasites into the broad
framework of conservation biology in five major ways.
First, at the most basic level, molecular approaches provide
an efficient way to unambiguously identify parasites and
quantify infection intensities (see above). Second, genetic
approaches provide critical information to elucidate
coevolutionary dynamics between symbiotic species, such
as hosts and parasites. Such information is especially
important from a conservation perspective because, in the
ongoing mass extinction, parasites and mutualists may
comprise some of the most vulnerable organismal groups
(Dunn et al. 2009; Derne et al. 2018). Third, molecular
tools in conjunction with population genetic and genomic
analyses have provided critical insights into how anthro-
pogenic changes, such as global climate change and habitat
modification, are likely to affect parasite transmission

dynamics (see details above). Additionally, integration of
modern technologies (e.g., next-generation sequencing) and
growing utilization of analytical approaches (e.g., phylo-
dynamics and network analyses) are allowing conservation
biologists to leverage parasite genetics (e.g., bacterial
transmission networks) to obtain vital information on host
ecology (e.g., social structure and movement patterns) that
can be used to inform conservation action (see details
above). Fourth, both traditional (e.g., Sanger sequencing)
and modern (e.g., next-generation sequencing) technologies
provide an excellent platform for further empirical studies
of parasites at ecosystem levels, and thus have the poten-
tial to improve our understanding of the role parasites play
in ecosystem structure and function, and aid further the
development of parasites as indicators of ecosystem health
(see details above). Finally, conservation biology has long
recognized the importance of biodiversity (Soulé 1985) due
to its intrinsic value (Ghilarov 2000) and its importance
from a utilitarian anthropocentric perspective (e.g., main-
tenance of ecosystem function and provision of ecosystem
services; Justus et al. 2009; Mace et al. 2012). A large
proportion of Earth’s biodiversity is likely represented by
parasitic species (Poulin and Morand 2000). It is estimated
that helminth parasites alone have 50% more species than
there are vertebrate hosts (Dobson et al. 2008), but only
about 10% of parasite species have been documented
(Brooks and Hoberg 2013), and it remains impossible to
quantify the exact number of parasitic species. However,
molecular tools can be effectively used to uncover cryptic
parasite diversity and can thus be used to set conservation
priorities through the development of unbiased metrics,
such as those based on phylogenetic diversity (Faith 2008;
Mooers et al. 2008; Winter et al. 2013; Nunes et al. 2015).
Consequently, there remains a great scope for genetic and
genomic tools to help incorporate parasites into the broader
discussion on species diversity, and potentially help elevate
parasites to conservation endpoints in and of themselves.
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Appendix

Parasite

Any organism that is associated with another organism (re-
ferred as the host) for all or part of its life cycle and acquires
resources from the host, thereby reducing host fitness.
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Pathogen

Parasites that cause disease in the host organism upon
infection are referred to as pathogens.

Macroparasites and microparasites

Parasites can be classified as microparasites (bacteria, viru-
ses, protozoa and fungi) and macroparasites (helminths and
arthropods) based on their size and reproductive strategies.
Microparasites are smaller with shorter generation times,
reproduce intracellularly and multiply within the host. They
are transmitted either by direct contact between hosts or via
vector (usually an insect vector) and can also be transmitted
vertically—from parents to offspring. In contrast,
macroparasites are relatively larger with longer generation
times and do not undergo direct reproduction or multipli-
cation within the host. They are transmitted by the release of
infective stages in the environment that are either directly
taken up by another host or by predation upon an infected
host.

Predation, herbivory and parasitism

Predation can simply be defined as consumption of one
organism (the prey) by another organism (the predator),
often in its entirety. Herbivory refers to the consumption of
plant parts by animals (herbivores). Although parasitism is
similar to other consumer–resource interactions such as
predation and herbivory, there are ecological differences
between them. One such dichotomy is whether the enemy
completely eliminates its victim– a criterion almost univer-
sally accepted as central to predation but not always true of
parasites. Parasites may reduce host fitness but do not always
kill their hosts. However, some parasites (e.g. trophically
transmitted parasites) could kill their host to facilitate their
transmission onto the next host. Second, unlike predators,
parasites are much smaller than their hosts. Third, predators
can kill many diverse prey individuals throughout their
lifetime; however, in contrast, parasites are restricted to one
or few hosts.
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L. and Lemnell P. 1994 Disease Reveals the predator: sarcoptic
mange, red fox predation, and prey populations. Ecology 75,
1042–1049.

Lipkin W. I. 2013 The changing face of pathogen discovery and
surveillance. Nat. Rev. Microbiol. 11, 133–141.

Lively C. M. and Dybdahl M. F. 2000 Parasite adaptation to locally
common host genotypes. Nature 405, 679–681.

Lively C. M., Craddock C. and Vrijenhoek R. C. 1990 Red Queen
hypothesis supported by parasitism in sexual and clonal fish.
Nature 344, 864–866.

Lorch J. M., Gargas A., Meteyer C. U., Berlowski-Zier B. M.,
Green D. E. and Shearn-Bochsler V. 2010 Rapid polymerase
chain reaction diagnosis of white-nose syndrome in bats. J. Vet.
Diagnostic Investig. 22, 224–230.

Lovett G. M., Arthur M. A., Weathers K. C. and Griffin J. M. 2010
Long-term changes in forest carbon and nitrogen cycling caused
by an introduced pest/pathogen complex. Ecosystems 13,
1188–1200.
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Seppälä O. and Jokela J. 2008 Host manipulation as a parasite
transmission strategy when manipulation is exploited by non-
host predators. Biol. Lett. 4, 663–666.

Shultz A. J. and Sackton T. B. 2019 Immune genes are hotspots of
shared positive selection across birds and mammals. Elife 8,
e41815.

Simms E. L. and Triplett J. 1994 Costs and benefits of plant
responses to disease: resistance and tolerance. Evolution 48,
1973–1985.

Sin Y. W., Annavi G., Dugdale H. L., Newman C., Burke T. and
MacDonald D. W. 2014 Pathogen burden, co-infection and major
histocompatibility complex variability in the European badger
(Meles meles). Mol. Ecol. 23, 5072–5088.

Skerratt L. F., Berger L., Speare R., Cashins S., McDonald K. R.,
Phillott A. D. et al. 2007 Spread of chytridiomycosis has caused
the rapid global decline and extinction of frogs. Ecohealth 4,
125–134.

Smith K. F., Acevedo-Whitehouse K. and Pedersen A. B. 2009 The
role of infectious diseases in biological conservation. Anim.
Conserv. 12, 1–12.

Soares M. P., Teixeira L. and Moita L. F. 2017 Disease tolerance
and immunity in host protection against infection. Nat. Rev.
Immunol. 17, 83–96.

Sorensen A., van Beest F. M. and Brook R. K. 2013 Impacts of
wildlife baiting and supplemental feeding on infectious disease
transmission risk: A synthesis of knowledge. Prev. Vet. Med. 11,
1–8.
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