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ABSTRACT

Dedicated studies on aquatic disease in New Zealand began in
1974, inspired by a developing aquaculture industry. Since then,
two main aquatic disease study areas have emerged: (1) aquatic
disease ecology and (2) diseases of commercial species. Progress
over the past 20-years has been made by only a small number of
researchers and aquatic disease in New Zealand has not received
much attention from the wider marine science community. In
2020, the aquaculture industry continues to grow, and disease
remains a threat to the industry’s viability. However, additional
factors such as climate change, invasive species, and pollution,
have emerged as future threats for aquatic disease in wild and
farmed populations, which are currently understudied. Here, we
provide a review of studies on aquatic disease ecology and
commercial species carried out in New Zealand. We also present
how climate change, pollution and invasive species could
inﬂuence future aquatic disease dynamics and identify where
future research eﬀort is required to address knowledge gaps. The
emergence of consequential aquatic diseases overseas highlights
wider attention across marine science disciplines is needed to
progress and diversify aquatic disease studies in New Zealand.
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Introduction
The detection of whirling disease, caused by the Myxozoa parasite Myxobolus (=Myxosoma) cerebralis, in a Dunedin trout hatchery in 1972 (Hewitt and Little 1972), identiﬁed
a critical knowledge gap of aquatic diseases in New Zealand (Waugh 1975). As a result, a
call went out for more detailed studies on aquatic diseases in the country, principally to
support a developing aquaculture industry (Waugh 1975). In 1974, a New Zealand Fish
Disease Seminar informed government, the New Zealand research community and other
interested parties of current work areas and problems afoot regarding aquatic diseases
(Waugh 1975). Topics covered in the seminar included diseases of aquaculture species,
aquatic disease management, biosecurity issues of ﬁsh importation, and the role of universities in addressing aquatic disease topics (see Waugh 1975). The topics covered at the
Fish Disease Seminar are still relevant today, nearly 50 years later. Initial studies on
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aquatic diseases were generally descriptive, dominated by a basic natural history
approach of helminth parasites, consisting in the discovery and elucidation of life
cycles (Howell 1967). While parasite species discovery continues (Randhawa and
Brickle 2011), studies have now increased in scope to include molecular diagnostics
(Brosnahan et al. 2019a; Keeling et al. 2012), the application of ‘-omics’ (Nguyen and
Alfaro 2020) and epidemiology of commercially important diseases (Pande et al.
2015). Through the inﬂuence of ecological theory and the incorporation of diseases
into ecological studies, we now better understand how diseases can inﬂuence the structure, dynamics and function of natural populations and communities (Mouritsen and
Poulin 2005a, 2005b).
The total number of aquatic disease studies in New Zealand has steadily increased
since 1991, while the proportion of aquatic disease studies of the total marine science
studies has remained stable for the same time period (Figure 1). Advances in aquatic
disease in New Zealand have been made by a handful of people, as aquatic disease
receives little attention from the wider marine science community. In fact, aquatic
disease has received little attention globally (Laﬀerty and Hofmann 2016). The ﬁrst
marine disease ecology textbook was only released in 2020 (Behringer et al. 2020),
having largely been neglected in earlier editions of marine ecology textbooks (Laﬀerty
and Hofmann 2016). Almost 40% of all aquatic animal disease studies in New Zealand
has come from one institution (Figure S1) and the top 10 authors by publication
count contribute 39% of all aquatic disease research in New Zealand (Figure S2). In contrast, the top 10 authors by publication count for a comparable number of studies on
climate change in marine ecosystems in New Zealand contribute just over 10% of all
marine climate change research (Figure S2). These contrasting ﬁgures indicate that
research on aquatic disease is mainly conducted by a small number of researchers,
whereas interest in climate change is more broadly shared by marine scientists. In a

Figure 1. Total number of studies on aquatic disease in New Zealand (bars) and the proportion of
aquatic disease studies out of the total number of marine science studies (line) in the period
1974–2019. Refer to supplementary material for search strings.
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recent survey of the New Zealand marine science community, aquatic disease was not
considered a research priority (Jarvis and Young 2019). Despite this, the aquaculture
industry continues to evolve (Heasman et al. 2020), New Zealand’s borders are busy
through commerce (and tourism pre-COVID-19 border closure) (MPI 2019), and the
marine environment continues to change (Law et al. 2018), all of which can alter
disease dynamics that can have ecological and socioeconomic consequences (Cranﬁeld
et al. 2005; Harvell and Lamb 2020).
In reviewing the literature from New Zealand on aquatic diseases, it is clear there are
two main areas of work: (1) studies of parasites (mainly helminths) in natural systems
that contribute to our understanding of aquatic ecosystems through hypothesis-driven
science; and (2) applied studies, usually of animals of commercial importance, e.g. aquaculture and ﬁsheries species and marine mammals. The central tenet of each area is
diﬀerent: the former strives to understand the role disease has in driving intra- and
inter-species interactions and structuring communities, whereas the latter aims to diagnose and manage commercially important diseases. In lieu of a second Fish Disease
Seminar, we provide a review of studies on aquatic diseases in New Zealand to determine
what we know, where knowledge gaps lie, and where we should direct our future focus.
To achieve this, we ﬁrst introduce basic disease concepts, including some deﬁnitions and
how disease can occur. Second, we review salient studies of disease in natural marine ecosystems and how disease can structure marine communities. We then review studies on
diseases of commercially important species (farmed and wild). Our primary focus is on
estuarine and marine species, including anadromous species, although where relevant we
use freshwater examples. We do not document all parasites detected in New Zealand
(Lehnert et al. 2017) nor do we review what diseases are not present in New Zealand
(Diggles et al. 2002a). Third, we discuss climate change, invasive species and pollution
and how these might inﬂuence disease dynamics. Finally, we identify areas of future
research and where greater synergy among marine science disciplines should occur to
grow and direct aquatic disease research in New Zealand. Our overall goal is to give
greater exposure to aquatic disease studies in New Zealand and encourage greater participation and contribution to this ﬁeld from the New Zealand scientiﬁc community.

An introduction to aquatic disease
A quick scan of the syllabus of New Zealand university courses for marine biology or
related subjects shows that disease is not commonly taught, so it is presumed that
many marine biology and ecology graduates will not be familiar with disease or epidemiological theory and that some background information will be useful. For a more
in-depth overview of aquatic diseases, refer to Behringer et al. (2020).
Generally, infectious agents are categorised into two groups, parasites and pathogens,
where parasites are comprised of macroparasites like helminths, i.e. worm-like parasites,
and microparasites like haplosporidian Bonamia parasites, whereas pathogens are comprised of viruses, bacteria, fungi and oomycetes. For the purpose of this review we will use
the word parasite in its broader sense, i.e. including macro- and microparasites, bacteria,
viruses, fungi and oomycetes, and then state the relevant taxa for speciﬁc examples. Parasites, pathogens, infectious agents, and etiological agents are all terms that could be used
interchangeably. Parasites are endemic if they are known to occur in New Zealand, e.g.
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the haplosporidian oyster parasite Bonamia exitiosa (Dinamani et al. 1987; Berthe and
Hine 2003), and are exotic if they are not found in New Zealand prior to a documented
introduction, e.g. the salmonid orthomyxovirus infectious salmon anaemia virus (ISAV).
Disease is a negative deviation from normal health, demonstrated by reduced function, changes in form, or both. Reduced function can encompass reduced feeding, socialising, growth, reproduction or survival (Coen and Bishop 2015). How, when, and where
disease may occur is the primary concern of the ﬁeld of epidemiology. Central to epidemiology are transmissibility and susceptibility. Transmissibility is a parasite’s or disease’s ability to spread to other organisms, while a susceptible host is one that is at
risk of becoming infected. Susceptible hosts that become infected may acquire immunity
and once recovered from the disease are no longer susceptible. Transmission can be horizontal (between individuals) or vertical (from parent to oﬀspring). Organisms that transmit parasites are known as vectors. Helminths are often trophically transmitted and
have complex lifecycles that use at least two diﬀerent hosts and transmit via predatorprey interactions (Anglade and Randhawa 2018). Conversely, directly transmitted parasites like bacteria, viruses or parasitic copepods, like salmon sea lice (Costello 2006), are
transmitted among conspeciﬁcs. Refer to Poulin and Randhawa (2015) for an overview of
the six general parasitic life strategies. Simply put, the probability of disease increases
with a higher density of susceptible hosts, i.e. transmission is more likely to occur.
However, the relationship between transmission and susceptible host density is not
always linear. For instance, transmission might remain high at low host density for
social species (Johnson et al. 2011).
Disease is caused by parasites; however, the presence of a parasite does not necessarily
equate to disease. At any one time an animal is likely to be aﬀected by one or many parasites and be perfectly healthy (H. Lane pers. obs.). Disease is largely governed by the
interaction of three factors: the host, the parasite, and the environment (Sniesko
1974), known as the epidemiological triangle (Figure 2). Recent investigations give consideration to the role of the host and parasite microbiome in the development of disease
(Dheilly et al. 2019; Bernardo-Cravo et al. 2020) (see Figure 2), however, for this review
we will consider the three components of the epidemiological triangle in the development
of disease. The outbreak of disease is the result of a shift in the host, parasite, or environment (Sniesko 1974). A shift may come in the form of pathogenicity or virulence of the
parasite. Pathogenicity is the capacity of the parasite to initiate a given disease and associated related parasite production, whereas virulence is the degree of pathogenicity as indicated by the severity of a given disease and its capacity to invade the host’s tissue overall
(Coen and Bishop 2015). Alternatively, the host may become more susceptible, e.g.
immune-compromised, or the environment becomes less favourable for an organism,
moving it beyond the bounds of its ability to adjust, known as stress. Stress may negatively impact the host and/or parasite, but when it negatively impacts the host, the
host may become more susceptible to infection, particularly from opportunistic parasites. For instance, in humans, we are familiar with wounds that become infected
under unsanitary conditions by opportunistic bacteria that are otherwise benign when
a person is healthy. Opportunistic parasites are more dependent on environmental
factors to cause disease, and the emergence of opportunistic parasites during climate
instability is an important future focus (Harvell 2019). An emerging disease is a
disease that increases in prevalence, geographic range, or virulence, moved into new
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Figure 2. The epidemiological triangle demonstrating the three interacting factors that govern the
outbreak of disease, including the prospective epidemiological pentagon (dotted lines) with two proposed additional factors of host microbiome and parasite microbiome.

hosts, newly evolved, or is a new disease (Brown 2000). Examples of emerging aquatic
disease include the sea star wasting disease that caused the precipitous decline of keystone North American sea stars (Hewson et al. 2018), or the emergence of new pathogenic viruses associated with the rapid growth of global prawn aquaculture (Walker
and Mohan 2009).
Principles of terrestrial veterinary science, epidemiology and disease ecology do not
necessarily apply in the aquatic world. For starters, seawater is 800 times denser and
50 times more viscous than air (McCallum et al. 2004). These physical properties keep
particles, such as parasites, suspended in the water where they can be transported over
long distances, precluding the need for vectors like many terrestrial diseases, e.g.
malaria (McCallum et al. 2004). Studies on aquatic disease have lagged behind their terrestrial counterparts, probably because marine organisms were not as readily available to
study as terrestrial animals, and economic interests in New Zealand only recently diversiﬁed from purely terrestrial agriculture to include aquaculture. Considering the ﬁrst
volume (including six issues) of the New Zealand Veterinary Journal was published in
1952 and aquatic disease studies did not noticeability appear until 1991 (see Figure 1),
it is clear our understanding of aquatic disease is in its infancy compared to terrestrial
disease.
The World Organisation for Animal Health (OIE) lists important parasites of terrestrial and aquatic animals that pose the greatest economic, social and ecological risks in
order to prevent their transboundary spread. The OIE is analogous to the human
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health focused World Health Organisation (WHO). By law, the OIE must be notiﬁed of
the detection of any OIE-notiﬁable parasites in order to maintain clear reporting and
ensure their accurate management. In New Zealand, four OIE notiﬁable aquatic parasites
have been detected: Bonamia exitiosa (see Dinamani et al. 1987), Bonamia ostreae (see
Lane et al. 2016), ostreid herpesvirus-1 microvariant (OsHV-1 µvar) (see Keeling et al.
2014), and Perkinsus olseni (see Hine and Diggles 2002). These parasites only aﬀect
mollusc species, and none of the OIE notiﬁable aquatic parasites aﬀecting ﬁnﬁsh and
crustaceans have yet been reported from New Zealand. A full list of OIE notiﬁable
aquatic animal parasites can be found on the OIE website (https://www.oie.int/animalhealth-in-the-world/oie-listed-diseases-2020/).

Aquatic disease ecology
Parasites are naturally occurring in the aquatic environment. They are the most abundant
organisms in the marine environment and parasitism the most common lifestyle
(Laﬀerty and Harvell 2014). There are 10 billion viruses per litre of seawater
(Fuhrman 1999), although not all of them are capable of causing disease, and the collective biomass of estuarine parasites outweighs that of animals at higher trophic levels
(Kuris et al. 2008). Parasites have traditionally been overlooked in marine ecology
studies and it was not until their inclusion that their ecological importance attracted
wider attention (Marcogliese and Cone 1997). Parasites impact individuals, by
aﬀecting ﬁtness components such as growth and reproductive success (Howell 1967),
and populations, by lowering the abundance or density of their host species (Cranﬁeld
et al. 2005). In addition, a single parasite species can have community-wide impact by
modifying the activity of ecosystem engineers or key grazers and indirectly aﬀecting
the density and diversity of other free-living species of algae or invertebrates (Thomas
et al. 1998). It is clear that the size of parasites is disproportional to the impact they
can have on marine ecosystems.
Much of what we know about aquatic disease ecology in New Zealand and overseas
comes from studies on helminth parasites, e.g. digenean trematodes. Helminths make
ideal model species for testing ecological theories, because they are ubiquitous in the
marine environment, use diﬀerent hosts across trophic levels, and are relatively easy to
manipulate in the laboratory (Thomas et al. 1998; Studer and Poulin 2013; O’ConnellMilne et al. 2016b). Using only helminth model species creates blind spots in our understanding of the diversity of other host–parasite interactions (Poulin et al. 2016) (see
section 5.1). For instance, how infection and mortality from B. exitiosa in the New
Zealand ﬂat oyster Ostrea chilensis aﬀects the ecology of the Foveaux Strait is
unknown. When parasites cause economic harm, the broader ecological eﬀects seem
less likely to be researched (but see Chiaradia et al. 2010).
Parasites, food webs and diseases
Food webs are complex networks through which energy and materials move across all
trophic levels in an ecosystem. Despite their ubiquity, parasites were late additions to
food web studies (Thompson et al. 2005). Parasites aﬀect food webs in diverse ways.
For instance, parasites infect across all trophic levels, mediate species interactions, and
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either directly or indirectly aﬀect the ﬂow and direction of energy in an ecosystem
(Thomas et al. 1998; Bennett et al. 2019; Bennett and Presswell 2019). Parasites are
similar to predators by deriving energy from host tissue for their own growth and reproduction. A free-living stage for a parasite can also be an important energy source for
lower trophic consumers. For instance, the common New Zealand intertidal anemone
Anthopleura aureoradiata readily consumes the free-living transmission stages of trematodes (Hopper et al. 2008; Vielma et al. 2019). Parasites indirectly aﬀect food web energy
through hosts spending energy to avoid becoming infected or in mounting an immune
response to control an infection or repair damaged tissues (Laﬀerty et al. 2008). Adding
parasites to food webs provides a more complex and accurate overview of linkages,
energy expenditure within species and energy ﬂow between species (Laﬀerty et al. 2008).
The navigation of food webs provides a challenge for parasites, especially for those
parasites with complex life cycles (Vielma et al. 2019). During the parasite’s free-living
stage, they can often end up as food for a non-host organism preventing the completion
of the parasite’s lifecycle (Vielma et al. 2019). Importantly, some parasites can manipulate
host behaviour to facilitate trophic transmission to their ﬁnal host, increasing the chance
the parasite will complete its lifecycle (Poulin 2010). Adaptive parasitic manipulation of a
host can be through a physical change in the host’s appearance to attract predators or
impair escape, such as colour changes making the host more conspicuous (Lagrue
et al. 2016). Alternatively, a parasite can manipulate a host to put itself at greater risk
of predation by changing its activity (Ruehle and Poulin 2020). A classic example in
the New Zealand mud-ﬂat community involves cockles (Austrovenus stutchburyi) and
the digenean trematode Curtuteria australis (Thomas et al. 1998). Usually cockles bury
into the benthos, but those heavily infected with C. australis remain at the surface
because the parasite encysts in the foot of the cockle making it diﬃcult for the
shellﬁsh to bury. Shellﬁsh that are on the surface are many times more vulnerable to predation by the pied oystercatcher (Haematopus longirostris), the deﬁnitive host of
C. australis, than those buried under the sediment (Thomas and Poulin 1998). This
alteration of cockle burying behaviour increases predation rates on shellﬁsh, altering
energy ﬂow through the intertidal food web.
Most of what we know about parasites come from nearshore ecosystems, e.g. the
shallow intertidal and estuarine mudﬂats (see Table 1). There are many studies constructing food webs in New Zealand, but almost all do not include parasites (Leleu et al. 2012;
Jones et al. 2017). Food webs incorporating parasites into New Zealand ecosystems are
limited to a couple of localities: an estuarine mudﬂat (Dunne et al. 2013; Thompson
et al. 2005) and freshwater lakes (Lagrue and Poulin 2015). A comparison of food web
structure for the same estuarine mudﬂat between one with no parasites and one with
parasites showed that including parasites increased food chain length, relegated top predators to intermediate status, and increased food web complexity (Thompson et al.
2005). The addition of parasites also modulates the energy transfer through a system,
even opening up completely new routes of energy transfers, through behavioural
manipulation as described for the cockle-trematode example above (Thomas and
Poulin 1998; Thompson et al. 2005) Fundamental to incorporating parasites into a
food web is some knowledge of the parasite’s lifecycle because it demonstrates ecological
linkages (e.g. Anglade and Randhawa 2018). As parasite studies move further oﬀshore
new parasite species and lifecycles will become uncovered, elucidating ecological linkages
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Table 1. Studies on risk factors associated with climate change, e.g. temperature, ocean acidiﬁcation, and aquatic disease in New Zealand.
Host(s)

Principle Area
(s)

Risk factor(s)

Method

Results

Reference

V. parahaemolyticus was detected in 81%
of M. gigas and 34% of GLM. Putative
toxin gene tdh was detected in
V. parahaemolyticus (n = 3). Overall,
numbers of V. parahaemolyticus
increased with water exceeding 19 °C.
V. vulniﬁcus was present in 13.6% of
M. gigas. Water temperature was a strong
predictor of bacterial numbers in
shellﬁsh.
Highest mortality and infection intensity
were observed in cold and hot water,
hypersaline and trough exposure
treatments.

Cruz et al.
2020; Cruz
et al. (2015)

Vibrio parahaemolyticus
(Proteobacteria)

Magallana gigas, Perna
canaliculus, Ostrea chilensis
(Mollusca)

Human health
and
aquaculture

Temperature and
salinity

Survey

Vibrio vulniﬁcus (Proteobacteria)

M. gigas, P. canaliculus,
O. chilensis (Mollusca)

Human health
and
aquaculture

Temperature

Survey

Bonamia exitiosa
(Haplosporodia)

O. chilensis (Mollusca)

Aquaculture
and wild
ﬁsheries

Experimental

Matrima novaezealandensis
(Platyhelminthes)

Zeacumantus subcarinatus (1st
intermediate host) (Mollusca)
Paracalliope novizealandiae
(2nd intermediate host)
(Arthropoda)
P. novizealandiae (Arthropoda)

Intertidal
ecosystem

Temperature,
salinity, food
availability,
disturbance, air
exposure
Temperature

Experiment

Parasite transmission increased with higher
temperatures, directly aﬀecting second
intermediate host survival.

Studer and
Poulin (2013)

Intertidal
ecosystem

Temperature

Modelling

Simulation model investigating increasing
temperature with parasitic infection for
population dynamics of
P. novizealandiae. Temperature increases
within the forecast range can cause a
collapse of P. novizealandiae populations.
Survey across a latitudinal gradient as a
proxy for temperature found no
diﬀerence in parasite abundance. Instead
host prevalence and A. stutchburyi foot
size were main predictors of parasite
infection, suggesting local factors could
oﬀset wider ecological factors.
Free-living cercariae are highly susceptible
to UV damage and have little scope for
protection or repair against UV damage

Studer et al.
(2013a)

M. novaezealandensis
(Platyhelminthes)

Digenean trematodes
(numerous) (Platyhelminthes)

Austrovenus stutchburyi,
Z. subcarinatus, Z. lutulentus
Cominella spp. (Mollusca)

Intertidal
ecosystem

Temperature

Survey

Digenean trematodes
(numerous) (Platyhelminthes)

NA

Intertidal
ecosystem

UV light

Experiment

Cruz et al.
(2016)
Hine et al.
(2002)

Studer et al.
(2013b)

Studer et al.
(2012a)

H. S. LANE ET AL.

Parasite(s) (Phylum)

Z. subcarinatus (Mollusca)
P. novizealandiae (Arthropoda)

Intertidal
ecosystem

UV light

Experiment

M. novaezealandensis
(Platyhelminthes)

Z. subcarinatus (Mollusca)
P. novizealandiae (Arthropoda)

Intertidal
ecosystem

Temperature

Experiment

Digenean trematodes
(numerous) (Platyhelminthes)

Z. subcarinatus (Mollusca)

Intertidal
ecosystem

Ocean acidiﬁcation
(OA)

Experiment

Philophthamus sp. and Parorchis
sp. (Platyhelminthes)

Z. subcarinatus, Austrolittorina
cincta (Mollusca)

Intertidal
ecosystem

OA

Experiment

M. novaezealandensis
(Platyhelminthes)

P. novizealandiae (Arthropoda)

Intertidal
ecosystem

OA

Experiment

M. novaezealandensis,
Philophthamus sp.,
Acanthoparyphium sp.
(Platyhelminthes)

Z. subcarinatus (Mollusca)

Intertidal
ecosystem

OA

Experiment

M. novaezealandensis
(Platyhelminthes)

P. novizealandiae (Arthropoda)

Intertidal
ecosystem

OA

Experiment

Survival of free living cercariae decreased
with increased UV light exposure, while
infection susceptibility of the 2nd
intermediate host increased.
Temperature strongly but diﬀerentially
aﬀects transmission and disease
dynamics (i.e. a non-linear relationship):
transmission was lowest at low
temperature (<20 °C); transmission was
highest at moderate temperature (20–25
°C) and increased risk of intensitydependent mortality of 2nd int. host;
Transmission at high temperature (>25 °
C) was lower than moderate, but
mortality of 2nd int. host was highest.
Parasitic infection increases survivorship
compared to controls when aﬀected with
increasing acidiﬁed water
More acidic water increased production of
parasite free-living stages, but less
encysted resting stages. Overall, the
eﬀects were parasite species-speciﬁc. The
results suggest OA can aﬀect the biology
and transmission of parasites.
Parasite genotypes (n = 8) assessed for
infection success and parasite-induced
mortality showed little variation between
them, suggesting limited evolutionary
potential.
Parasite infection can increase shell growth
and dissolution and reduce shell strength
compared to non-infected. Diﬀerences
were observed between diﬀerent
parasite species.
Parasite species transmission from ﬁrst to
second intermediate host increased with
increasing acidic conditions

Studer et al.
(2012b)
Studer et al.
(2010)

MacLeod and
Poulin
(2016a,
2016b)
Guilloteau
et al. (2016)

Harland et al.
(2016)

MacLeod and
Poulin
(2015b)
Harland et al.
(2015)
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Table 1. Continued.
Host(s)

Principle Area
(s)

Risk factor(s)

Method

Z. subcarinatus, Austrolittorina
cincta (Mollusca)

Intertidal
ecosystem

OA

Experiment

M. novaezealandensis
(Platyhelminthes)

Z. subcarinatus (Mollusca)

Intertidal
ecosystem

Temperature

Experiment

M. novaezealandensis,
Philophthamus sp.
(Platyhelminthes)

Z. subcarinatus (Mollusca)

Intertidal
ecosystem

Temperature,
salinity and water
level

Experiment

M. novaezealandensis
(Platyhelminthes)

Various amphipod species
(Arthropoda)

Intertidal
ecosystem

Temperature

Experiment
and Survey

Philophthamus sp.
(Platyhelminthes)

Z. subcarinatus (Mollusca)

Intertidal
ecosystem

Salinity

Experimental

-

Scleractinian coral, soft coral,
zoanthid (Cnidaria)

Coral reefs

Temperature

Survey

Benedenia seriolae, Zeuxapta
seriolae (Platyhelminthes)
Syndesmis kurakaikina n. sp.
(Platyhelminthes)

Seriola lalandi (Chordata)

Aquaculture

Temperature

Experiment

Evechinus cloroticus
(Echinodermata)

Subtidal
ecosystem

Temperature

Experiment

Results
Overall, a reduced longevity of free-living
cercariae and reduced survival of
encysted metacercaria. Some parasites
showed higher sensitivity to OA
compared to other parasites.
Increased output and longevity of cercariae
at elevated temperature. Variation in
sensitivity to temperature observed
between genotypes.
Diﬀerent eﬀects were observed for
diﬀerent trematode species. Maritrema
novaezealandensis released less cercariae
at higher temperature than
Philophthamus sp.
Higher temperatures strongly aﬀected
parasitism of amphipod species. There
was a negative relationship between
parasitism and amphipod species
richness.
At reduced salinities (25 or 30 PSU), the
emergence of cercariae was lower, it took
longer for the cercariae to encyst, and
lower overall survival of encysted
cercariae
Baseline survey of disease at 0.33%
prevalence across the atoll but was
spatially variable and variable among
coral genera.
Between 17.5 and 21.0 °C both parasites
have the ability for rapid multiplication.
Non-liner relationship of parasite
transmission to temperature. Optimal
parasite temperature between 18 and
21.5 °C.

Reference
MacLeod and
Poulin
(2015a)
Berkhout et al.
(2014)
Koprivnikar
and Poulin
(2009)
Mouritsen
et al. (2018)

Lei and Poulin
(2011)

Williams et al.
(2011)
Tubbs et al.
(2005)
Monnens et al.
(2019)

H. S. LANE ET AL.

M. novaezealandensis,
Philophthamus sp.,
Galactosomum sp., Parorchis
sp. (Platyhelminthes)
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pathways (Anglade and Randhawa 2018; Bennett et al. 2019; Lehnert et al. 2019) that can
be incorporated into pelagic food web studies.
Disease aﬀects biodiversity
Parasites can modify habitats through infections of keystone species, engineering the ecosystem to become available for other organisms. The most well-known example involves
the interaction mentioned above between cockles (A. stutchburyi) and the trematode
C. australis. In areas with high infection levels, a large number of cockles end up
unable to bury and stranded at the sediment surface (Thomas et al. 1998). Shellﬁsh at
the surface generate hard substrate in an otherwise soft substrate system (Thomas
et al. 1998; Mouritsen and Poulin 2002). Limpets prefer to settle on exposed shell,
whereas anemones that use cockle shells as an attachment surface are disadvantaged
due to desiccation stress associated with increased exposure during low tide (Thomas
et al. 1998). Manipulation of the host by the parasite not only allows the parasite to complete its lifecycle through predation of the bivalve host but generates distinct habitat types
that can be occupied by diﬀerent organisms, facilitating coexistence among competing
epibionts and increasing species diversity on mudﬂats (Mouritsen and Poulin 2005b).
A reduction in the burrowing by cockles also reduces bioturbation and increases sediment stabilisation that increases species richness and the density of other benthic macroinvertebrates (Mouritsen and Poulin 2005b). Additionally, because benthic
macroinvertebrates feed on algae, infected cockles also indirectly decrease primary production (Mouritsen and Poulin 2006). Therefore, in one system (a mudﬂat), involving
parasitism of one shellﬁsh species by one helminth species (actually a few closely
related, cryptic trematode species), the complexity and species richness of that system
is dramatically changed.
Foundation species such as seagrasses, corals, kelps and mangroves provide food,
shelter and substrate for many species. Keystone species, such as sea stars, produce
strong interactions that exert impacts disproportionate to their abundance (Paine
1966). In New Zealand, large disease events in foundation and keystone species are
unrecorded, except for the report of seagrass wasting disease caused by an opportunistic
fungus, Labyrinthula zostreae, in Auckland and Christchurch (see Inglis 2003). Marine
ecologists are familiar with the importance of foundation species or keystone species
for biodiversity and community structure and from global examples we can appreciate
the eﬀects and widespread impacts disease can directly have on ecologically important
species that can cascade through an ecosystem (Harvell and Lamb 2020).

Diseases of commercial species
Generally, the degree to which parasites and diseases of aquatic animals have been
studied reﬂect the commercial importance of the host concerned and the severity of
infection. There is information on the parasites of eels because they were identiﬁed as
an aquaculture species in the mid-1970s (Hine 1978); see also for snapper (Sharples
and Evans 1995a, 1995b, 1995c, 1995d) and kingﬁsh (Sharp et al. 2003). Parasites can
increase mortality rates (Cranﬁeld et al. 2005), reduce ﬂesh quality and marketability
(Diggles 2003; Lane et al. 2015), reduce fecundity (Howell 1967), incur extra costs
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through treatments (Sharp et al. 2004), and in the case of OIE-notiﬁable diseases, aﬀect
international trade (http://www.stuﬀ.co.nz/business/industries/10542544/Canada-bansNZ-live-mussel-exports-after-parasite-ﬁnd). Marine mammals are not commercial in
the sense of wild capture ﬁsheries or aquaculture production, instead they support ecotourism and people value their existence.
Studies on diseases of commercial species includes a larger contribution from government agencies and applied studies, such as the development of diagnostic methods for
important aquatic parasites (Gias et al. 2011; Keeling et al. 2012, 2013) or the application
of epidemiological models to better manage aquatic diseases (Pande et al. 2015). A core
function of Biosecurity New Zealand is to investigate and diagnose aquatic diseases. Consequently, detections are often reported (Lane et al. 2015; Brosnahan et al. 2017b), but
host–parasite interactions are rarely investigated because government agencies are
limited in their research scope. Beneﬁts in operational research between government
and research providers have been exempliﬁed in terrestrial disease events such as the
New Zealand Veterinary Journal (2016) Special Issue vol. 64: 1 on the bovine parasites
Theileria orientalis and Mycoplasma bovis (https://www.mpi.govt.nz/news-andresources/media-releases/study-will-reveal-more-about-m-bovis-impact-on-cattle/),
however, there are no comparable examples for aquatic diseases that we are aware of.
Outbreaks of disease in wild populations
Disease and parasites mostly go unnoticed in the aquatic environment until a large
disease outbreak that draws attention from scientists and media alike. A herpesvirus
that emerged in Australian and New Zealand pilchards in 1995 killed ∼70% of the pilchard population (Jones et al. 1997). Rafts of ﬂoating dead ﬁsh up to 10 km long and
piles of ﬁsh washing ashore occurred along 5000 km of the Australian coastline and
500 km of the New Zealand coastline (Jones et al. 1997). Aﬀected ﬁsh died with clinical
signs of respiratory distress and were diagnosed to be infected with a novel herpesvirus,
later named pilchard herpesvirus (PHV) (Hyatt et al. 1997). The number of ﬁsh impacted
across a wide geographic range makes this one of the largest and most well-known
aquatic disease outbreaks recorded anywhere in the world (Ben-Horin et al. 2020).
Within four months of the ﬁrst disease event, the dying ﬁsh spread east and west
across the southern Australian coastline and to New Zealand (Jones et al. 1997). The distinct spread of dying ﬁsh associated with the disease event was modelled to support the
hypothesis that PHV was introduced into Anxious Bay, South Australia, presumably as
imported contaminated feed for South Australia tuna farms (Murray et al. 2001a, 2001b).
The origins of mass mortality events are often not easy to identify, but the distinct pattern
of spread and the severity of PHV provided an opportunity to apply epidemiological
models to identify the most likely point source (Murray et al. 2001a, 2001b), and it
has since proved to be a textbook example of aquatic disease epidemiology (see BenHorin et al. 2020).
Bonamia exitiosa was ﬁrst detected in the New Zealand ﬂat oyster Ostrea chilensis
ﬁshery in Foveaux Strait in 1986 (Dinamani et al. 1987; Berthe and Hine 2003). The
New Zealand ﬂat oyster from Foveaux Strait, more commonly known as the Bluﬀ
oyster, is a revered seafood delicacy. The Bluﬀ oyster ﬁshery is one of New Zealand’s
oldest and most iconic ﬁsheries and remains one of the last commercially viable
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natural populations of ﬂat oysters in the world (K. Michael pers. comm.). Bonamia exitiosa has caused three epizootics in New Zealand from 1986 to 1992, 2000 to 2005 and
2011 to 2015, reducing the population size to ∼9% of its pre-disease level (Doonan
et al. 1994; Fu et al. 2016; Michael et al. 2020). Bonamia exitiosa is the main driver of
population size within the ﬁshery (Michael 2020), with outbreaks of disease reoccurring,
often corresponding with high oyster densities that increases the chance of parasite transmission (Cranﬁeld et al. 2005). Annual surveys of the Bluﬀ oyster ﬁshery collect data on
oyster densities and infection prevalence and intensity to predict summer mortality and
the eﬀects of mortality on the new oyster ﬁshing season (Michael et al. 2015). Management of the Bluﬀ oyster ﬁshery is unique in New Zealand as the only one to explicitly
consider disease-related mortality in stock assessments. There is merit in including
disease into other stock assessment models, for instance O’Connell-Milne et al.
(2016a) showed a higher level of trematode parasite infection in harvested cockle
A. stutchburyi beds than non-harvested beds, potentially aﬀecting the host population
dynamics. There are few international examples where disease-related mortalities are
incorporated into stock assessments, but when disease is considered it can be telling
(Wahle et al. 2009; Wood et al. 2010; Hoenig et al. 2017). For example, for the American
lobster Homarus americanus ﬁshery, the emergence of epizootic shell disease corresponded very closely to recruitment failure (Wahle et al. 2009).
Reports of beach-cast dying shellﬁsh along New Zealand shorelines to the Ministry for
Primary Industries biosecurity hotline (0800 80 99 66) and specimens submitted to the
Animal Health Laboratory (AHL) for disease investigation have increased over the
past few years (J. Howells pers. comm.). Observations of intracellular bacteria in gill
and digestive tissue of submitted shellﬁsh led to the hypothesis that the presence of intracellular bacteria is associated with shellﬁsh health (Howells et al. 2019). DNA sequences
generated from infected shellﬁsh and conﬁrmed by in situ hybridisation, identiﬁed the
bacteria as Endozoicomonas spp. (Howells et al. 2019), a group of bacteria that has
been reported as causing disease in King scallops Pecten maxima (Cano et al. 2018).
Endozoicomonas spp. are ubiquitous in the environment, even in the absence of
disease, therefore, Endozoicomonas spp. are proposed to be an opportunistic parasite
that has its greatest eﬀect on stressed hosts (Hooper et al. 2019). The recurrent reports
of shellﬁsh mortality events do not follow a pattern of spread characteristic of infectious
disease (H. Lane unpub. data.). However, this does not rule-out infectious disease. Diseases in corals and other ectotherms are linked to changes in the organism microbiome
that is driven by environmental factors (Harvell and Lamb 2020). Understanding how a
changing environment could aﬀect opportunistic parasites and the diﬀerent taxa they
infect is an important line of future enquiry for New Zealand researchers.
Baseline data for aquatic disease is virtually non-existent, which makes it diﬃcult to
forecast, track and mitigate disease emergence (but see Williams et al. 2011). In the
absence of baselines, trends analyses have tested whether marine diseases have increased,
decreased, or remained stable over time (Ward and Laﬀerty 2004; Tracy et al. 2019).
Although useful for macro-scale trends, they do not allow for speciﬁc or timely management of response actions. There is a need for health baseline surveys across taxa and
localities. Baseline health surveys supplemented by passive observations of diseased
animals, such as Microsporidia Myospora metanephrops detected in New Zealand
scampi Metanephrops challengeri (Stentiford et al. 2010) and Thelohania sp. in kōura
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Paranephrops planifrons (Jones 1980), fungal lesions in pāua Haliotis iris (Grindley et al.
1998), the Myxozoa parasite Myxobolus equisquamalis in grey mullet Mugil cephalus
(Lane et al. 2015) and others (Diggles 2003), allow for the assessment of changes in
disease prevalence and intensity more easily and quickly.
Outbreaks of disease in New Zealand marine mammals, sea birds and other vulnerable
species may conspire against management eﬀorts to conserve population numbers. For
example, the bacterium Klebsiella pneumoniae has caused mortality in endangered
New Zealand sea lions Phocarctos hookeri on the Auckland Islands, causing 58%
observed seal pup deaths over a ﬁve-year period (Roe et al. 2015). In 2004, 90% of mainland and Stewart Island Hoiho (yellow eyed penguin) Megadyptes antipodes chicks were
infected with the viral disease avian diptheria, with 50% of them dying from the disease
(Alley et al. 2017), and an apicomplexan parasite Leucocytozoon sp. caused signiﬁcant
mortality of Hoiho chicks on Stewart Island (Hill 2008). Another apicomplexan parasite,
Toxoplasma gondii, is an emerging parasite of marine mammals from around the world
and has been reported from ﬁve marine mammal species in New Zealand (Lehnert et al.
2019), most notably the Hector’s dolphin Cephalorhynchus hectori where it is hypothesised to cause increased mortality rates (Roe et al. 2015). An unusual reddening syndrome has been observed in IUCN red listed New Zealand lamprey Geotria australis,
where it has been linked to mortalities although no cause has yet been formally identiﬁed
(Brosnahan et al. 2019d). Because low population numbers beget low genetic diversity,
there is a lower chance of adaptability of these species to tolerate outbreaks of diseases.
Regrettably, as low population numbers persist the likelihood of deleterious events such
as disease may increase (Acevedo-Whitehouse et al. 2009).
Diseases in farmed ﬁsh
The introduction of livestock into New Zealand concomitantly introduced pests and diseases that severely impacted New Zealand’s ﬂedgling farming industry and led to the
genesis of New Zealand veterinary industry (Tenquist 1990). Despite salmonids being
introduced into New Zealand around the same time as livestock (late-1800s), salmonids
were introduced free of pests and diseases because they were introduced as eggs, the
safest life stage from a disease transmission point-of-view (Anderson 1996). This ‘fresh
start’ coupled with New Zealand’s geographic isolation and strict import standards,
has meant the New Zealand salmon industry has only experienced minor disease
events compared with epidemics that have plagued salmon in their Northern Hemispheric range (Costello 2006).
Virtually all commercial ﬁsh farmed in New Zealand are Chinook (=King) salmon
Oncorhynchus tshawytscha and much of what we know of parasites of farmed ﬁsh in
New Zealand is from Chinook salmon (but see Diggles 2000; Diggles et al. 2000). Commercial farming of Chinook salmon began in freshwater in the mid-1970s then transitioned to on-grow sea cages in the early 1980s (Knowles 1983). Possibly the most
serious salmonid disease detected in New Zealand was the ﬁrst: whirling disease. Whirling Disease, caused by the Myxozoa parasite M. cerebralis, is named after the ‘whirling’
observed in aﬀected salmon, a symptom of neurological damage from the parasite
(Hewitt and Little 1972). Mortality rates for this disease can be >50% for ﬁsh <1-yearold (Hoﬀman 1966). Following the detection of whirling disease, the aﬀected hatchery

NEW ZEALAND JOURNAL OF MARINE AND FRESHWATER RESEARCH

15

was depopulated and decommissioned, and a subsequent survey detected the parasite in
farmed rainbow trout O. mykiss near Christchurch in 1980 (Boustead 1982). Whirling
disease was ultimately detected in six establishments across the South Island (Anderson
1996), but has not been detected for over 20 years, which is attributable to an improvement in hatchery facilities (Diggles et al. 2002a). Annual surveillance for whirling disease
remains for those New Zealand salmon farms exporting salmon for human consumption
to Australia where it is considered exotic (refer to Surveillance Annual Report for testing
statistics for salmon export to Australia, e.g. Surveillance (2019) vol. 46 (3) pg. 21).
A 1996 review of parasites detected in New Zealand salmonids presents a short list
(Anderson 1996) and very little has been added to it since (Table 2). New Zealand
salmon are free of all serious diseases (Boustead et al. 1993). For example, only one
virus has been detected in New Zealand salmonids, an aquabirnavirus (Tisdall and
Phipps 1987). The aquabirnavirus was ﬁrst isolated in 1985 during routine sampling
of healthy sea-run wild salmon returning up the Rakaia River (Tisdall and Phipps
1987). Initially all aquabirnaviruses were referred to as infectious pancreatic necrosis
virus (IPNV), a serious salmonid disease, but serological analyses showed that the
New Zealand aquabirnavirus is serologically diﬀerent from IPNV (Tisdall and Phipps
1987). Consequently, IPNV is exotic to New Zealand. Viruses are some of the most abundant life forms in the aquatic environment (Suttle 2007) that can infect all cellular life
forms, so it is inevitable more viruses will be detected in New Zealand ﬁshes, especially
with increasing research eﬀort on salmonids and the advent of high throughput sequencing (HTS) (e.g. Mordecai et al. 2019). The challenge lies in understanding the importance of newly discovered viruses to ﬁsh health (Mordecai et al. 2019).
Bacteria are ubiquitous in the marine environment with only a small proportion being
a primary cause of disease (Austin 2005). The chance of bacterial disease increases with
stress caused by excessive handling, crowding or poor water quality (i.e. opportunistic)
(e.g. Brosnahan et al. 2017b). Flavobacterium columnare, F. branchiophilum and
F. psychrophilum, Aeromonas hydrophila, Pseudomonas ﬂuorescens, Nocardia sp. and
Vibrio sp. have been associated with bacterial disease in ﬁsh hatcheries and onTable 2. List of parasites recorded for New Zealand salmon for the period 1977–2020. In bold are
parasites detected in the period 1997–2020 following Anderson (1996). Note that aquabirnavirus
was originally reported as infectious pancreatic necrosis virus.
Parasite

1977–2020

Reference

Virus
Bacteria

aquabirnavirus
Flexibacter (= Flavobacterium) sp.
Aeromonas sp.
Hafnia alvei
Streptococus sp.
Vibrio sp.
Yersinia ruckeri O1b
Flavobacterium psychrophilum
NZ-RLO-1 -2 -3
Tenacibaculum maritimum
Lactococcus garvieae
Nocardia sp.
Chilodenella sp.
Icthyophthirus multiﬁlis
Myxobolus cerebralis
Paramoeba sp.

Tisdall and Phipps (1987)
Anderson (1996)
Diggles et al. (2002a)
Anderson (1996)
Anderson (1996)
Anderson (1996); Diggles et al. (2002a)
Anderson et al. (1994)
Bingham (2013)
Brosnahan et al. (2017a); Brosnahan et al. (2019c)
Brosnahan et al. (2019c)
EPA (2020)
Brosnahan et al. (2017b)
Anderson (1996)
Anderson (1996)
Hewitt and Little (1972)
Anderson 1996; Diggles et al. (2002a)

Protozoa
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growing facilities (Diggles et al. 2000; Diggles et al. 2002a; Bingham 2013; Brosnahan
et al. 2017b). Probably the most signiﬁcant bacterial disease of New Zealand salmon is
caused by Yersinia ruckeri. Yersinia ruckeri was ﬁrst isolated in 1989 from dying
farmed salmon in Canterbury (Anderson 1996) then later isolated at two other South
Island locations (Anderson et al. 1994). Yersinia ruckeri serotype O1a (Hagerman
strain) is the cause of enteric redmouth disease, a major salmon disease in the Northern
Hemisphere, whereas New Zealand Y. ruckeri is serotype O1b, a less virulent serotype
(Barnes et al. 2016). A comparison of genomes between global isolates of Y. ruckeri
showed that serotype O1b is endemic in New Zealand and Australia and was not concomitantly introduced with Northern Hemisphere salmon (Barnes et al. 2016). Yersinia
ruckeri can infect other ﬁsh, including sole, turbot and eel (Carson and Wilson 2009)
and its status in other wild New Zealand ﬁsh, especially salmonids, is not currently
known. Other disease-causing bacteria detected in New Zealand salmon include New
Zealand rickettsia-like organism strain-type-1 (NZ-RLO-1), -2, and -3, as well as Tenacibaculum maritimum (Brosnahan et al. 2019c). The NZ-RLOs were identiﬁed for the
ﬁrst time in New Zealand and T. maritimum conﬁrmed for the ﬁrst time during
higher mortality levels during summer months. Disease trials carried out on NZ-RLO1 and NZ-RLO-2 demonstrated their ability to cause disease in salmon smolt (Brosnahan
et al. 2019b; Brosnahan 2020).
Vaccinating farmed ﬁsh
Vaccines are well-known as a useful tool for managing disease, including in farmed ﬁsh
populations. Shellﬁsh do not have an adaptive immune system so are not suitable for vaccination strategies (Guo and Ford 2016). New Zealand produces almost 100% of the
world’s farmed Chinook salmon and has done so without the need for vaccines, unlike
the Atlantic salmon industry that has used vaccines to control many viruses and bacteria
(see review by Ma et al. 2019). The New Zealand salmon industry has some interest in
developing vaccines for diﬀerent parasites because they are a good preventative
measure for disease control compared to antibiotics which is a reactive measure that
can lead to the evolution of antibiotic resistance in parasites (http://www.stuﬀ.co.nz/
marlborough-express/editors-picks/8599220/Funding-for-salmon-research). Eﬀective
vaccinations require a thorough understanding of the pathogen (i.e. the antigen) and
the host’s ability to mount an immune response to that antigen (Ma et al. 2019). The
eﬃcacy of a vaccine ideally needs to be demonstrated in vitro and in vivo. Globally available commercial vaccines for many salmon parasites may not be eﬀective for New
Zealand salmon. For example, NZ-RLOs of New Zealand salmon are diﬀerent to
P. salmonis infecting Atlantic salmon from other countries (Brosnahan et al. 2019c).
Although a vaccine exists for P. salmonis there is no guarantee of its eﬀectiveness in a
New Zealand context. Parasites that are geographically separate evolve independently
leading to distinct antigens (see Barnes et al. 2016 for Y. ruckeri). There are fewer
studies on the immunology of Chinook salmon compared to Atlantic salmon Salmo
salar. A Web of Science search result using the key words immun* AND Atlantic
salmon returned >3,000 results whereas immune* AND Chinook salmon returned 365
results. As a result, the likelihood of antigenically diﬀerent parasites aﬀecting New
Zealand salmon and an unknown host immune system means that bespoke vaccines
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probably need to be developed. The development of vaccines is necessary, but the biosecurity also needs to be considered, because vaccines can be a biosecurity risk: (1) vaccinated and non-vaccinated ﬁsh may not be able to be diﬀerentiated during diagnostic
tests, increasing the risk of incorrect results (Jansen et al. 2019); (2) vaccines for exotic
organisms can change a country’s ‘disease-free’ status, e.g. New Zealand could no
longer declare freedom for IPNV if an IPNV vaccine gets implemented; and (3) vaccines
can be a vector for introducing non-native parasites, for example, infectious bursal
disease, an important chicken virus was introduced into New Zealand via an imported
commercial vaccine (Ryan et al. 2000). Currently, New Zealand does not have the data
nor capacity to develop ﬁsh vaccines or trial their eﬃcacy but remains an important
area of future work requiring both empirical research and infrastructure capital investment (see section 5.1).
Diseases of farmed invertebrates
The Paciﬁc oyster Magallana gigas is one of New Zealand’s top-three aquaculture
species by volume and value and is unique among them in being the only species to
be regularly aﬀected by a known disease. In the mid-1980s Paciﬁc oysters were considered largely free of parasites (Dinamani 1986) (but see Handley and Bergquist
1997), however, an incursion of a microvariant genotype of ostreid herpesvirus
OsHV-1 (OsHV-1 µvar) changed that. In 2009 OsHV-1 aﬀected over 70% of oyster
growers in northern New Zealand, including up to 100% mortality in spat and
between 5% and 60% mortality in adult oysters (Bingham et al. 2013). Herpes-like
infections have been reported from New Zealand Paciﬁc oysters and ﬂat oysters
(Hine et al. 1992, 1998), but it was the emergence of the problematic herpesvirus microvariants that caused severe disease and production losses in Paciﬁc oysters around the
world since 2008 (Segarra et al. 2010; Jenkins et al. 2013). Epizootics caused by OsHV-1
occur during spring and summer when the seawater is at its warmest (Renault et al.
2014) and mortality is usually higher in spat than adult oysters (Paul-Pont et al.
2014). Interactions between OsHV-1 and other parasites, particularly bacteria Vibrio
spp. (Pernet et al. 2012; Keeling et al. 2014), are also likely to contribute to disease outbreaks of Paciﬁc oysters. de Lorgeril et al. (2018) demonstrated that OsHV-1 immunesuppressed Paciﬁc oysters lead to a fatal disease from opportunistic bacteria. Although
progress in selective breeding has reduced mortality rates from OsHV-1, gaps remain
in our knowledge on disease risk factors. For example, the ability of the virus to persist
in the environment and the role of other fauna as infection reservoirs are poorly understood (Pernet et al. 2016; Bookelaar et al. 2020).
New Zealand’s main aquaculture species by production and value is green-lipped
mussels (GLM) Perna canaliculus (Castinel et al. 2019). GLM are free from signiﬁcant
production diseases (Castinel et al 2019). Common parasites, the New Zealand pea
crab Nepinnotheres novaezelandiae and digenean trematode Cercaria cercaria rarely
induce mortalities although their presence can aﬀect product quality (Hickman 1978;
Trottier et al. 2012). Bacterial diseases of hatchery-reared GLM intermittently cause mortality events but are often the result of unsanitary hatchery practice (Kesarcodi-Watson
et al. 2009). Jones et al. (1996) identiﬁed virus-like particles associated with signiﬁcant
GLM spat loss, but the virus has never been identiﬁed.
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The protist Perkinsus olseni is an important parasite of shellﬁsh and is notiﬁable to the
OIE because of the severity of disease it can cause (e.g. Shimokawa et al. 2010). Perkinsus
olseni was ﬁrst detected in New Zealand in wedge shells Macomona liliana from Kaipara
Harbour in 1999 (Hine and Diggles 2002) and has never been associated with any large
mortality event in New Zealand. A health survey carried out in 2001 detected P. olseni
only in northern New Zealand cockles A. stutchburyi (Hine and Diggles 2002).
Notably, Hine and Diggles (2002) reported that GLM, scallops Pecten novaezelandiae,
and pāua Haliotis iris were refractory to P. olseni infection based on thousands of historically negative samples. Since 2014, P. olseni has been detected in GLM, scallops and pāua
and has extended its range to the South Island (H. Lane pers. obs.). The emergence of
P. olseni in commercially important species such as GLM is apparent and further investigation is needed to assess the risk of this parasite to future production. The lifecycle of
P. olseni is controlled by temperature, peaking during warmer seawater temperatures
(Villalba et al. 2005), suggesting infections may continue to become more frequent or
severe, or it may continue to extend its range further south. Empirical data on how
climate change will aﬀect the pathobiology of P. oseni in New Zealand shellﬁsh is an
important research gap.
Pāua like other New Zealand aquaculture species are aﬀected by few production diseases. The most important parasite reported from pāua is P. olseni (McDonald 2014). An
unnamed haplosporidian parasite was reported and its disease progression documented
(Diggles et al. 2002b), but has not been reported since. The OIE notiﬁable abalone herpesvirus, the causative agent of abalone viral ganglioneuritis, failed to establish an infection in pāua during a disease trial carried out in Australia, while blacklip (Haliotis rubra)
x greenlip (H. laevigata) abalone hybrids experience >70% mortality (Corbeil et al. 2017).
Abalone herpesvirus ﬁrst emerged in Australia and spread throughout land-based farms
and wild abalone populations, causing high mortalities and considerable ﬁnancial losses
(Hooper et al. 2007). The apparent disease resistance of New Zealand pāua to abalone
herpesvirus is unique among the Haliotids, although the mechanism behind it is
unknown (Corbeil et al. 2017). New Zealand endemic species like pāua and GLM are
not farmed outside of their natural range, so have not been exposed to new parasites,
making it diﬃcult to assess their susceptibility to disease. We are familiar with native
macrofauna, we are less so with native microorganisms (e.g. Barnes et al. 2016), and
there may be a long evolutionary history between pāua and abalone herpesvirus moderating the severity of disease.
Diagnostic testing
Diagnostic testing is critical for accurately detecting parasites and demonstrating proof of
freedom from speciﬁc diseases (Gias et al. 2011; Keeling et al. 2012, 2013). Histopathology is a classical diagnostic method that provides the ability to detect parasite infections,
lesions and the nutritional and reproductive condition of the host (Lane et al. 2016).
Other classical methods such as transmission electron microscopy (TEM), scanning electron microscopy (SEM), bacterial culture, immunological assays like immunohistochemistry (IHC) and ELISAs, and viral cell culture are still used in diagnostic testing with
many still considered the gold standard method for diagnosis. For instance, the gold standard test for diagnosing OIE-notiﬁable P. olseni and P. marinus is a culture method
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developed in the 1950s (Ray 1952). Refer to the Manual of Diagnostic Tests for Aquatic
Animals for recommended diagnostic methods for OIE notiﬁable diseases (https://www.
oie.int/standard-setting/aquatic-manual/)
The advent of PCR and HTS has unquestionably improved speed, sensitivity and
speciﬁcity of testing. An inherent shortcoming of PCR is that it only detects nucleic
acid and not necessarily a viable organism. However, Brosnahan et al. (2019a) developed
and validated a PCR method capable of detecting viable nucleic acid (vPCR) of Y. ruckeri
and T. maritimum and assessed its potential for the detection of aquabirnavirus. Brieﬂy,
vPCR detects nucleic acid within an intact cell membrane and therefore derived from a
presumably viable organism that is capable of establishing a new infection (Brosnahan
et al. 2019a). The implementation of portable hand-held next generation DNA sequencers, such as MinION (Oxford Nanopore Technologies), has demonstrated the potential
of HTS in disease diagnostics, particularly outside of a laboratory setting (http://blog.
worldﬁshcenter.org/2020/03/lab-in-a-backpack-rapid-genomic-detection-to-revolutionizecontrol-of-disease-outbreaks-in-ﬁsh-farming/). However, HTS in disease diagnostics
requires more validation before its wider application, including assessing its rate of
false-positive and false-negatives (OIE 2019). Diagnostic validation for any diagnostic
test is labour intensive and expensive, but it is vital for correctly assessing false-positive
and false-negative results. False-positives can unnecessarily disrupt trade through nontariﬀ trade restrictions or unnecessarily culling of farmed stock for biosecurity control
(e.g. Qviller et al. 2020), while false-negatives can miss infections theoretically allowing
diseases to persist and spread making them harder to control and/or eradicate. The Laboratories for Emergency Animal Disease Diagnosis and Response (LEADDR) (2019) in
Australia has released guidelines on validation for HTS in addition to existing guidelines
for the development and optimisation of nucleic acid detection assays (OIE 2014).
Although HTS allows us to understand microbial communities better than ever
before, it can prove to be a quagmire when a single sequence of an exotic parasite is produced that cannot to be conﬁrmed by other diagnostic tests because of the higher analytical sensitivity of HTS (e.g. Darling et al. 2020). This is a hurdle to overcome in the
application of environmental DNA (eDNA) in disease testing. eDNA has been investigated for marine pest surveillance in New Zealand (Wood et al. 2018) but is yet to be
thoroughly investigated for disease surveillance. The use of eDNA for parasite detection
has been successfully demonstrated overseas (e.g. Merou et al. 2020). eDNA samples are
usually complex assemblages of organisms and organic matter that can aﬀect downstream processes, reducing test sensitivity (see Wood et al. 2019 for a comparison of
analytical sensitivty for diﬀerent molecular eDNA methods). The implementation of
eDNA in disease surveillance will allow for greater understanding of dispersal of
diﬀerent parasites as well as their persistence in the environment (Merou et al. 2020).
Early detection is a critical outcome of disease surveillance and eDNA remains a
method with high potential that needs further exploration.
Metabarcoding and metagenomics of eDNA samples are broad-stroke approaches
providing a snapshot of species diversity and relative abundance. This ‘catch-all’
method can saturate users with large amounts data, particularly when only a few parasites
are of interest. AmpliSeq Community Panels (ThermoFisher) allow for the detection of
speciﬁc genetic variations of diﬀerent human diseases or antimicrobial resistant bacteria,
removing all superﬂuous sequencing data and targeting pre-deﬁned areas of interest.

20

H. S. LANE ET AL.

Existing AmpliSeq Community Panels are all for human diseases, but bespoke panels can
be designed that could be applied for animal disease surveillance. Sequencing data (C.
Brosnahan unpub. data) from shellﬁsh samples using a Pan-Bacterial Community
Panel demonstrated its utility, but other trials will need to be undertaken before
speciﬁc HTS for aquatic diseases could be implemented in disease surveillance or
disease diagnostics.

The Anthropocene and aquatic disease
The Anthropocene will see the largest changes to ecosystems through human-driven
impacts. Parasites and disease are natural parts of normal functioning ecosystems, but
climate change, invasive species and pollution can alter host and parasite ecology and
the co-evolved interactions between them, changing disease dynamics, that can lead to
ecosystem or socioeconomic changes (Marcogliese 2008) (Figure 3). For example, the
emergence of sea star wasting disease (SSWD) of North American sea stars beginning
in 2011 was likely fuelled by warm water temperature anomalies (Hewson et al. 2018).
Infected sea stars developed lesions in the dermis that dissolved the tissue from the
outside in, leading to arm detachment from the central disc as individuals died. The
SSWD was linked to a densovirus (Hewson et al. 2014) and caused the precipitous
decline in at least ﬁve species of sea stars, including Pisaster ochraceus a keystone
species of the rocky intertidal (Harvell and Lamb 2020). The outbreak of SSWD signiﬁcantly changed the seascape of the Paciﬁc coastline of North America, shifting kelp
forests to urchin barrens, and releasing previously regulated populations of bivalves
from predation (Harvell and Lamb 2020). The outbreak of SSWD demonstrated how
the emergence of a novel parasite through environmental changes can so greatly
impact an ecosystem.

Figure 3. Schematic of how abiotic stressors can cascade through a system resulting in ecosystem
and/or socioeconomic impacts. Dashed lines represent feedback interactions.
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We know that parasites aﬀect the functioning of food webs, but alterations to food
webs can aﬀect parasites that can increase or decrease disease risk. Impacts on hosts
populations from disease, ﬁshing, or other perturbations can feedback to alter parasite
ecology and disease dynamics (Wood et al. 2010) (Figure 3). For instance, the California
sea urchin population exploded following the extirpation of lobsters from overﬁshing,
triggering a phase shift from a predominant kelp-based system to an urchin barren
(Laﬀerty 2004). However, as the population density of sea urchins increased so too did
the transmission of density-dependent bacteria, resulting in an outbreak of disease in
sea urchins returning urchin barrens back to a more kelp-dominated system (Behrens
and Laﬀerty 2004; Laﬀerty 2004).
Eﬀect of climate change on parasitic diseases
All hosts and parasites have a temperature optimum, enabling hosts and parasites to
extend geographic ranges if favourable conditions emerge outside of their historical
native range. For example, the oyster parasite Perkinsus marinus has extended its
range north by over 500 km from Chesapeake Bay into Maine along the Atlantic coastline
of North America as a result of warming seawater temperatures (Pecher et al. 2008).
Alternatively, environmental changes can act as stressors, compromising host immunity,
increasing the number of susceptible hosts in a population and increasing the chance of
disease, especially from opportunistic parasites (Sniesko 1974).
Warming water is a commonly studied stressor of disease dynamics (see Table 1).
Empirical data from host–parasite systems demonstrate some general patterns of how
warmer water will aﬀect aquatic disease. For instance, warmer seawater temperature is
expected to increase parasite transmission, particularly for digenean trematodes. The
emergence of trematode infective stages (cercariae) from their mollusc ﬁrst intermediate
host can be many times higher with an increase of just a few °C in seawater temperature
(Poulin 2006; Thieltges and Rick 2006; Studer et al. 2010). Higher transmission of freeliving stages of digenean trematodes will disproportionately aﬀect intermediate hosts of
their lifecycle. For instance, on New Zealand mudﬂats, greater rates of transmission of
the trematode Matrima novaezealandensis from the snail ﬁrst intermediate host Zeacumantus subcarinatus to the amphipod second intermediate host Paracalliope novizealandiae will result in a higher parasite load in the amphipod leading to higher mortality rates
of the intermediate hosts (Studer and Poulin 2013). The relationship between disease
transmission and seawater temperature is non-linear, with parasite transmission reducing beyond an optimum seawater temperature (Thieltges and Rick 2006), suggesting
that predictions of future disease dynamics will be challenging without empirical data.
Temperature range as opposed to maximum temperature experienced has been demonstrated as important to aquatic disease (Ben-Horin et al. 2013), which is an important
consideration with an increase in report of marine heatwaves and warm seawater temperature pulses (Claar and Wood 2020).
Ocean acidiﬁcation is predicted to negatively impact many marine species (Law et al.
2018), so it is conceivable that parasites will act with ocean acidiﬁcation to amplify those
negative impacts. However, disease impacts on calcifying hosts in more acidic seawater
can be counterintuitive. MacLeod and Poulin (2016b) found that infected New Zealand
snails Z. subcarinatus had higher survivorship than uninfected snails under increasing
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acidic seawater. The mechanism behind the increased survival is unknown, but it is surmised that because of parasitic castration of the snail, host energy is redirected from
gametogenesis to resilience to ocean acidiﬁcation (MacLeod and Poulin 2016b). Importantly, had MacLeod and Poulin (2016b) not considered parasitic infection in their survivorship study, an important host–parasite interaction would have been overlooked
possibly leading to an inaccurate conclusion on species tolerance to ocean acidiﬁcation.
It would be relatively straightforward to add a disease perspective to existing mesocosm
studies and in doing so the results could be telling (MacLeod and Poulin 2016b).
Many of the studies on climate change and disease in New Zealand include the digenean trematode M. novaezealandensis and the snail host Z. subcarinatus (Table 1). Poulin
et al. (2016) cautioned against a reliance on a few model systems to understand disease
ecology. Considering some of the interspeciﬁc and genotype-based intraspeciﬁc variation
observed across diﬀerent studies (e.g. Koprivnikar and Poulin 2009; Berkhout et al.
2014), our overall understanding of parasite–host interactions based on a few host–parasite models is limited. For example, the accuracy and utility of disease forecasting is
grounded in part on some understanding of the host–parasite interaction under
diﬀerent environmental parameters. It is logistically impossible to test all host–parasite
systems, however selecting other host–parasite models across a range of taxa will
provide a greater breadth and depth of understanding. Indeed, it is expected that parasites of primary producing marine algae (Saﬁ and Gutierrez-Rodriguez 2017) will have
diﬀerent interactions to parasites of grazing herbivores (Monnens et al. 2019), each
aﬀecting the ecology of a system in diﬀerent ways.
The eﬀect of warming water on the health of aquaculture species, in particular New
Zealand salmon, is well publicised (https://www.stuﬀ.co.nz/business/farming/
112404171/climate-change-hits-nz-king-salmon-ﬁsh-stocks-and-forecast-earnings) but
few empirical data for any commercial species are available to accurately assess the
true risk (Table 1). A disease trial carried out at the high containment aquarium at
New Zealand’s Animal Health Laboratory (AHL) serendipitously demonstrated how
important water temperature could be to disease progression in salmon. Salmon smolt
were inoculated with New Zealand rickettsia-like organism strain-type 2 (NZ-RLO-2)
(Brosnahan et al. 2019b) and were held for 30 days to monitor disease progression. At
day 22, the aquarium air conditioning failed, causing a spike in water temperature.
Fish that had been infected with the bacteria showed a steep increase in cumulative mortality following the increase in water temperature, whereas uninfected control ﬁsh experienced no increase in mortality rate (see Brosnahan et al. 2019b). The ﬁndings of this
study should provide motivation for similar future studies, especially with increasing
reports of ‘summer mortality syndromes’ of aquaculture species.
Outbreaks of disease from OsHV-1 is associated with warmer seawater (Keeling et al.
2014; de Kantzow et al. 2016). Therefore, the continual warming of sea water through
climate change may contribute to an increase in the number of disease events from
this virus. Whether selective breeding for disease tolerance to OsHV-1 in Paciﬁc
oysters is an adequate line of defence remains to be thoroughly tested in New Zealand
conditions (Gutierrez et al. 2020). Further, whether the new host and geographic
range of P. olseni is a consequence of warming waters is an important question that
remains to be tested. The dearth of studies addressing these types of questions in New
Zealand is obvious. Empirical data is needed because the eﬀect of temperature on
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disease is not uniform; for example, the haplosporidian B. ostreae prefers cooler more
saline waters (Arzul et al. 2009), whereas incidences of bacterial infection across multiple
aquaculture species have increased with warmer waters (Reverter et al. 2020). The collection of empirical data of host–parasite interactions under diﬀerent environmental conditions allows for more accurate forecasting of disease risks and a clearer prioritisation
of future research eﬀort to mitigate those risks.
Experimental studies on aquaculture species are accompanied with an extra level of
regulatory complexity because often research into diseases of commercial species is
under strict biosecure management to avoid the spread of parasites that could aﬀect
domestic and international trade and wild ecosystems. The spread of disease from
high-density land-based facilities can have severe consequences for wild populations.
For example, in 2005 a herpesvirus that causes abalone viral ganglioneuritis ﬁrst
emerged in an aquaculture facility in Australia. In 2006, the disease emerged in wild
populations near farms, where it greatly impacted ﬁsheries production (Hooper et al.
2007). The biosecure facility at AHL is the only facility in New Zealand capable of
testing disease interactions for unwanted or emerging pathogens. New Zealand needs
to develop other biosecure facilities that have the capacity for disease trials while maintain strict biosecurity procedures. The shortage of appropriate facilities may explain the
limited number of disease studies for aquaculture species. Indeed, we can learn much
from overseas studies on important diseases like OsHV-1 in Paciﬁc oysters (Renault
et al. 2014), but this falls short of studies on endemic species such as GLM that are
also considered a marine pest in many overseas jurisdictions. Developing biosecure facilities will take time and signiﬁcant capital investment, but it is necessary infrastructure for
future aquatic disease studies.
Eﬀect of pollution on parasitic diseases
Pollutants from terrestrial run-oﬀ can introduce new parasites to the marine environment that can aﬀect human and animal health. Most people are familiar with the
banning of shellﬁsh gathering following a period of heavy rain to reduce infections of
enteric parasites introduced from stormwater. Fish parasites, like the bacterium Edwardsiella tarda, the cause of piscine septicaemia, have been reported overseas as introduced
to the sea from wastewater (Mohanty and Sahoo 2007). Toxoplasma gondii is a common
terrestrial parasite that uses felines as a deﬁnitive host and recently T. gondii has been
identiﬁed in GLM (Coupe et al. 2018) and ﬁve New Zealand marine mammals
(Lehnert et al. 2019), most notably Hector’s dolphins (Roe et al. 2013). Globally, the
detection of T. gondii has sparked concerns about the role T. gondii has in the health
of diﬀerent aquatic animals, particularly the endangered southern sea otter (Enhydra
lutris nereis) (Miller et al. 2002). T. gondii is shed as environmentally robust oocysts
from cat faeces that presumably make their way into the marine environment via wastewater and whether T. gondii infects marine mammals through consumption of infected
shellﬁsh or through passive dispersal of oocysts is not clear (Laﬀerty 2015). Although
T. gondii is likely to cause some disease in southern sea otters, it is thought that infections
are quite natural and not necessarily a consequence of anthropogenic pollution. Laﬀerty
(2015) summarises that T. gondii is as prevalent in areas of low human-population densities as high human population densities, suggesting wild native cats are just as great a
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source of parasites as domestic house cats. Unlike North America, marine mammals in
New Zealand have evolved independently of terrestrial mammals, suggesting New
Zealand marine mammals may be at greater risk from terrestrial diseases (e.g. Fenwick
et al. 2004).
Globally, studies on the interactions between pollution and disease dynamics are
scarce (Bojko et al. 2020) and it is similarly the case in New Zealand, where only ﬁve
studies have been conducted in either freshwater or marine systems (Table 3). Pollution
can be biological (Coupe et al. 2018), chemical (Kelly et al. 2010; Hock and Poulin 2012),
or physical (Hofmann et al. 2016), and it is expected that each can aﬀect host physiology,
parasite multiplication or infectivity to a lesser or greater extent. Coastal fringe habitats
like kelp forests, sea grasses and reefs are exposed to greater amounts of pollution than
pelagic habitats, increasing their disease risk. Biogenic habitats such as kelp forests and
sea grasses provide habitat for many organisms and can also reduce parasites from the
water column (Lamb et al. 2017), therefore, their extirpation will have far-reaching ecological consequences, including human health impacts (Lamb et al. 2017). An outbreak of
wasting disease of eelgrass Zostrea marina caused >90% loss in seagrass meadows along
the Atlantic coastlines of North America and Europe in the 1930s (Short et al. 1988). The
causative agent was an opportunistic fungus, Labryinthula zostreae, that has also been
reported from New Zealand (Inglis 2003). Seagrass declines in New Zealand have been
linked to anthropogenic pollution (Inglis 2003) and the continued input of pollutants
may see a re-emergence of sea grass wasting disease. Records of parasites in seaweed
in New Zealand are rare but some have been reported (Preuss and Zuccarello 2018)
and how these parasites may interact with current abiotic threats is unknown.
As the terrestrial and marine worlds become increasingly connected, the emergence of
aquatic diseases and syndromes could become more likely (Sanderson and Alexander
2020). Several important prawn viruses such as white spot syndrome virus (WSSV)
and Taura syndrome virus potentially emerged as a result of insects co-inhabiting terrestrial pond environments (Walker and Winton 2010). A mysterious syndrome called tail
fan necrosis (TFN) has emerged in New Zealand crayﬁsh Jasus edwardsii. TFN includes
the blackening and eroding of the crayﬁsh tail fan, reducing saleability. The cause of TFN
is unknown but is probably multifactorial (Zha et al. 2018a, 2018b, 2019). Novel interactions between crayﬁsh and terrestrial contaminants has been postulated as a hypothesis
for the emergence of TFN but has yet to be investigated. The concept of One Health
interlinks human health and the emergence of disease and the wider environmental
health, particularly terrestrial ecosystems. As the marine world and terrestrial world
become more connected, it is important to include marine ecosystems into the One
Health concept (Sweet et al. 2020).
Parasitic invasive species
Four introduced parasites to New Zealand demonstrate the negative impact non-native
parasites can have (Table 4). The introduction of B. ostreae to populations of O. chilensis
led to the depopulation of virtually all ﬂat oyster farms from New Zealand, eﬀectively
ending an industry (https://www.mpi.govt.nz/news-and-resources/media-releases/mpiconﬁrms-ﬂat-oyster-stocks-removal-from-big-glory-bay/). Large disease events can–
but not always (Harrison and Duggan 2019)–follow the introduction of non-native

Table 3. Studies on factors associated with pollution and aquatic disease in New Zealand.
Host(s)

Risk factor

Pollution
Type

Salmonella serotypes (Proteobacteria)

Phocarctos hookeri
(Chordata)

Run-oﬀ

Biological

Toxoplasma gondii (Apicomplexa)
Giardia duodenlais (Metamonada)
Multiple species

Perna canaliculus
(Mollusca)
Potamopyrgus antipodarum
(Mollusca)

Run-oﬀ

Biological
Physical and
Chemical

Telogaster opisthorchis
(Platyhelminthes)

Galaxias anomalus,
Potamopyrgus
antipodarum (Chordata)
Potamopyrgus antipodarum
(Mollusca)

Farming and
water
abstraction
Herbicide

Chemical

Herbicide

Chemical

Coitocaecum parvum, Apatemon sp.,
an undescribed renicolid species
(Platyhelminthes)

Result

Reference

Salmonella serotypes S. Cerro and S. Newport were isolated from
New Zealand sea lions and feral pigs on Auckland Islands,
suggesting contamination of marine mammals from run-oﬀ from
terrestrial animals.
Report of terrestrial parasites in wild P. canaliculus at river mouths.

Fenwick et al.
(2004)

The most common parasite Microphallus was most prevalent at
high farming intensity and low water abstraction. Antagonising
interactions between two agricultural stressors.
Glyphosate (herbicide) can synergistically act on parasites and hosts
and can increase disease risk.
Increased glyphosate (herbicide) increased emergence of cercariae
across all three parasites. Higher survivorship observed in
renicolid species. Clear interaction between glyphosate
concentrations and parasitism.

Coupe et al.
(2018)
Hofmann
et al. (2016)
Kelly et al.
(2010)
Hock and
Poulin
(2012)
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Impact
Parasite (phylum)

Host (phylum)

Ostreid herpesvirus
genotype 1
microvariant (OsHV-1
µvar) (Herpesviridae)

Magallana gigas
(Mollusca)

Pilchard herpesvirus
(Herpesviridae)

Sardinops sadax
(Chordata)

Bonamia ostreae
(Haplosporidia)

Ostrea chilensis
(Mollusca)

Myxobolus cerebralis
(Cnidaria)

Oncorhynchus
tshawytscha,
O. mykiss
(Chordata)

Introduction pathway

Ecological

Commercial

Reference

Unknown. M. gigas was introduced to
New Zealand in the 1960s and OsHV-1
µvar emerged in 2008. Possibly
subsequently introduced through
infected M. gigas
Introduced to Australia via
contaminated ﬁsh feed and then
transmission from pilchard to pilchard
from Australia to New Zealand.
Understood to have been introduced
to Australia independent of host.
Unknown, but possibly through
infected O. chilensis or O. edulis or an
unknown alternative host.

The ecological impacts on wild
M. gigas is unknown nor whether
wild M. gigas may act as a disease
reservoir to aquaculture
populations
Decreased reproductive ﬁtness and
population size of predators, e.g.
little penguins Eudyptula minor.
Range expansion of competitors,
Australian anchovy Engraulis
australis.
Unknown, but likely to be negligible
because B. ostreae was detected in
low numbers of wild O. chilensis.

100% mortally of spat and
then up to 70% loss of adult
oysters. Ongoing seasonal
issues, particularly with
warming water.
70% loss of ﬁshing stock,
aﬀecting commercial
ﬁsheries in the area.

Bingham et al. (2013);
Keeling et al. (2014);
Pande et al. (2015)

Imported contaminated ﬁsh feed.
Understood to have been introduced
independent of host.

Unknown status in wild populations.

Removal of all ﬂat oyster
farms from New Zealand,
eﬀectively shutting down an
industry. Active surveillance
is ongoing.
Depopulation and subsequent
closure of aﬀected
hatcheries. Active
surveillance is ongoing.

Chiaradia et al. (2010);
Jones et al. (1997);
Ward (2001);
Whittington et al.
(1997)
Lane et al. (2018); Lane
and Jones (2020);
Lane et al. (2016)
Hewitt and Little
(1972)
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Table 4. Signiﬁcant introductions of non-native parasites to New Zealand, the hosts infected and the ecological and socioeconomic impact of their introduction.
Non-native hosts are shown by bold type.

NEW ZEALAND JOURNAL OF MARINE AND FRESHWATER RESEARCH

27

parasites (see Table 4). Less conspicuous parasite introductions are probably more
common. Pagenkopp Lohan et al. (2020) argue that because of the microscopic size of
parasites, they are often overlooked in species introduction and their detection is
usually left to chance, as in the case of the cestode parasite Ligula sp. (see Lagrue et al.
2018) and the digenean trematode Transversotrema patialense (see Harrison and
Duggan 2019), both introduced to New Zealand freshwater ecosystems. Identifying
non-native parasites is complicated by slow rates of parasite species descriptions
(Poulin et al. 2016) and poor documentation of historical natural ranges of parasites,
although checklists are useful ‘working inventories’ of New Zealand parasites (e.g.
Lehnert et al. 2019). Regardless, species-rich and abundant microbial communities
detected in high-risk biosecurity vectors like ship ballast water (Pagenkopp Lohan
et al. 2016), suggest parasite introductions is an ever-present risk that remains a large
gap in biosecurity science and invasion ecology.
The constant movement of consignments across New Zealand’s border is a high-risk
pathway for parasite introduction. Parasites can be introduced with a host or independently of hosts, as either dispersal stages or dormant stages, meaning there are a
variety of routes a parasite introduction may take. The ornamental ﬁsh trade is a highrisk pathway for introducing parasites into New Zealand (McDowall 2004), with
exotic parasites often detected in post-border quarantine consignments (Edwards and
Hine 1974). The trade of live animals for aquaculture is a well-known pathway for parasite introductions overseas (Elston et al. 1986), similarly for animals intended for human
consumption, such as the introduction of OIE notiﬁable WSSV into Australia via the
importation of uncooked prawns (Scott-Orr et al. 2017) and the detection of B. ostreae
in imported consignments of frozen O. edulis into China (Feng et al. 2013). Because of
its relative geographic isolation, New Zealand has had comparatively fewer introductions
than, say, European countries that share multiple land borders and water ways (Peeler
et al. 2011). In spite of New Zealand’s geographical advantage as well as other aquatic
biosecurity measures (e.g. the Craft Risk Management Standard), parasite introductions
still occur via pathways that are not always obvious (e.g. Lane and Jones 2020) (see Table
4). The importance of trade and tourism to New Zealand coupled with aquatic disease
events in other jurisdictions means parasite introductions are an ongoing threat. As
we write these lines, New Zealand has installed strict biosecurity measures to prevent
the introduction of the virus that causes COVID-19 highlighting more tangibly the connection between disease, biosecurity and globalisation.
The ability of a parasite to establish in a non-native range is greatly aﬀected by its lifecycle and the capability to persist in the environment. Myxobolus cerebralis was probably
introduced as dormant spores in contaminated imported ﬁsh feed (Hewitt and Little
1972). Similarly, PHV was introduced to Australia via imported bait feed, but then
spread to New Zealand likely through a ﬁsh, bird or mammal host (Jones et al. 1997).
It is not clear how B. ostreae or OsHV-1 was introduced to New Zealand, but it likely
via boat, most probably through infected hull-fouling organisms (Lane and Jones
2020). Shipping is a well-known vector for marine pests, and it is theoretically a high
risk for parasites, but few data empirically demonstrate that shipping acts as a vector
for parasites to establish in non-native ranges. Reports of new parasites often occur
near ports of entry (e.g. Kroeck and Montes 2005; Lane et al. 2016), however, these
data are only correlative. The life cycle and host range for many parasites is unknown
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and introductions and disease transmission may occur through previously unsuspected
hosts. For example, the European cockle Cerastoderma edule was recently demonstrated
as a host for OsHV-1 capable of transmitting virus to naïve Paciﬁc oyster (Bookelaar et al.
2020). Exploratory surveillance of ballast water and of alternative host species will
provide data on the risk of shipping as a vector for aquatic parasites. Biosecurity is an
exercise in risk management; therefore, studies should be directed towards assessing
risk of shipping and assigning management eﬀorts accordingly.
Invasion ecology theory tells us that in addition to non-native hosts introducing concomitant non-native parasites, non-native hosts can increase the prevalence or severity of
existing native diseases (see Poulin et al. 2011). Introduced hosts may be capable of
becoming infected with native parasites, amplifying endemic parasites that ‘spill back’
to native hosts (Kelly et al. 2009b). In contrast, if introduced hosts are capable of becoming infected by native parasites but the parasite cannot complete its lifecycle then it is a
dead-end host that may act as a sink for parasites and thus dilute disease risk for native
hosts (Paterson et al. 2013). Alternatively, the introduced host may alter the relative
abundance of a native host in a way that could increase or decrease disease transmission
to other native hosts in the parasite’s lifecycle (Poulin et al. 2011). Introduced hosts may
also alter disease prevalence and severity indirectly by changing the behaviour of native
hosts or by changing physicochemical conditions that aﬀect native host exposure and/or
resistance to disease. Species introduction provides a natural experiment for a diﬀerent
Table 5. Studies on non-native hosts (shown by bold type) and disease dynamics in New Zealand.
Host (phylum)

Parasite(s)

Results

Salmo trutta, Bullies,
Galaxiids. (Chordata)

Numerous (Platyhelminthes)

Salmo trutta, Galaxias
anomalus (Chordata)

Acanthocephalus galaxii
(Platyhelminthes)

Salmo trutta,
Oncorhynchus mykiss
(Chordata)

Telogaster opisthorchis,
Stegodexamene anguillae
(Platyhelminthes)

Perna canaliculus,
Xenostrobus pulex,
Musculista senhousia
(Mollusca)

Copepods (Myicolidae)
Pinnotheres
novaezaleandiae
(Arthropoda)

Charybdis japonica,
Ovalipes catharus
(Arthropoda)

–

Parasite spillover is not an issue because
brown trout were introduced as eggs
(i.e. free of parasites). Presents evidence
of parasite dilution (i.e. introduced
brown trout acts as a sink for native
parasites releasing native hosts from
infection).
Methods used include survey,
experimental and modelling. Field
observations and experimentation
support the hypothesis that brown
trout act as an infection sink for this
parasite. However, modelling shows
trout disrupt infection of galaxiid
through altering foraging behaviour or
reducing density and not as an actual
sink.
Through experimentation and surveys,
exotic salmonids are poor hosts of both
native trematodes. Exotic salmonids
may act as parasite sinks decreasing
native parasite ﬂow to native hosts.
A survey and experimental study, the
invasive M. senhousia is less likely to
become infected with native parasites
compared with native hosts
(P. canaliculus and X. pulex).
A survey revealed diﬀerent parasite
species assemblages between the
introduced (C. japonica) and native
(O. catharus) crab. The reported
parasite species richness was low.

Reference
Kelly et al.
(2009a)

Paterson
et al.
(2011)

Paterson
et al.
(2013)
Miller et al.
(2008)

Miller et al.
(2006)
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perspective on the role of disease in natural populations. In New Zealand there are over
200 non-native aquatic species of diﬀerent taxa that have become established, but only
ﬁve studies (two on marine systems, three on freshwater systems) have investigated
how their introduction has interacted with native disease dynamics (Table 5).

Future aquatic disease studies and greater synergy with other marine
science ﬁelds
Studies on aquatic disease represent an emerging ﬁeld that has developed through aquatic
ecological research, veterinary parasitology, the growth of aquaculture and catastrophic
aquatic disease events. The USA has been the epicentre of recent large aquatic disease
outbreaks that attracted greater mainstream attention to aquatic disease. Following the
emergence of SSWD, a National Science Foundation funded Research Coordination
Network brought together individuals with expertise across a range of areas, including
pathology, parasitology, ﬁsheries, ecology, oceanography, economics, communications
and policy to promote cross-pollination of ideas, knowledge and frameworks for studying and managing marine disease (Laﬀerty and Hofmann 2016). The idea was based on
the principle that individuals from each area brought a diﬀerent set of skills. For instance,
parasitologists understood parasites and their lifecycles, pathologists understood disease,
and oceanographers could assist with modelling disease transmission and connectivity.
Although the Research Coordination Network was born out of a catastrophic disease
event, New Zealand can achieve similar goals through greater studies and recognition
of disease in aquatic studies. Collaborative studies across disciplines will promote preparedness in the event SSWD-like events emerge in New Zealand, support our primary
industries and progress the ﬁeld of aquatic disease ecology.
Unexpected disease events and a developing aquaculture industry inspired dedicated
studies on aquatic disease in New Zealand starting in 1974. In 2020, the aquaculture
industry is still growing, and disease still poses a major threat to the industry’s viability.
However, additional threats from anthropogenic factors like climate change, invasive
species and pollution add an extra layer of complexity that remain under studied. It is
apparent that now more than in 1974 a call to arms across science disciplines is
needed to progress and diversify aquatic studies in New Zealand. This will not happen
overnight, but progress could be made in the exposure of marine science students to
aquatic disease during University teaching. There are few marine science courses in
New Zealand that teach on aquatic disease, and veterinary courses oﬀer limited
aquatic disease modules. Scientists working in current aquatic disease areas such as
microbiology, veterinary science, parasitology and epidemiology need to continue to
attend marine science meetings and draw similarities across disciplines to promote
advancement in aquatic studies in New Zealand. To assist with progression, below we
suggest some areas of future work, including some relevant science ﬁelds (in italics):
1. Develop disease baselines for taxa across diﬀerent localities. Collecting data on parasites can be added to any already-planned sampling programme or integrated into any
experimental or mesocosm studies. Particular focus should go on taxa that have been
less studied in a disease context, such as primary producing organisms and invertebrates (parasitologists and microbiologists, marine ecologists, marine phycologists).
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2. Through disease trials, test host–parasite interactions across diﬀerent taxa under
diﬀerent environmental conditions. Combine the empirical data with modelling
methods to assist in forecasting future disease events and ecological or socioeconomic
impacts (parasitologists and microbiologists, marine ecologists, marine phycologists,
oceanographers, epidemiologists).
3. Elucidate parasite lifecycles for pelagic ﬁshes, especially commercial ﬁshes, and incorporate parasites and their trophic linkages into food webs to assess how ﬁshing may
interact with disease (parasitologists, ﬁsheries scientists, marine ecologists).
4. Apply HTS to better understand the interaction between host microbiome, parasite
microbiome and a changing environment in the development and progression of
disease. This work could be completed in conjunction with point 2 (bioinformaticians,
parasitologists and microbiologists, marine ecologists, marine phycologists).
5. Identify and prioritise economically and/or ecologically important aquatic diseases
and design a surveillance plan for them. Implement and governmentally mandate
the surveillance plan, and regularly audit the surveillance operations (epidemiologists,
oceanographers, policy makers, diagnosticians)
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