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Although research into the ecology and impacts of invasive species is prevalent, there are knowledge gaps relating to the role of invasive species in parasite transmission. This work synthesises invasive host–parasite interactions and impacts, using marine bivalves as a model group, to consider how global movement of shellfish consignments for aquaculture purposes facilitates the unintentional transfer of invasives. We discuss how invasive species can act as both hosts or parasitic organisms themselves, and introductions may lead to diseases within the bivalve aquaculture sector. This review highlights the importance of interdisciplinary research, with particular regard to the fields of parasitology and invasion ecology. We suggest that further integrating these fields will enhance critical knowledge of marine diseases, parasite-invasive-bivalve interplay dynamics, and potential mitigation strategies, including temperature-based disease surveillance models. We also address how climate change might impact invasive species, again with a focus on marine bivalves, and the potential outcomes for parasite transmission, including changes in host/parasite distribution, life-history and virulence. We acknowledge the importance of horizon scanning for future invasive host–parasite introductions and note that increased screening of invasive species, both in their native and invaded ranges, will provide clarity on invasion dynamics and potential impacts.
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INTRODUCTION

The purpose of this review is to highlight the intrinsic links between marine bivalves and invasive host–parasite interactions, and the subsequent impacts on the aquaculture sector. There is a particular focus on the cyclical nature of these links, as commercial bivalve culture often provides a pathway for invasive host–parasite complexes and yet these same bivalves are then impacted by disease outbreaks caused by the parasites. Throughout the existing literature a number of synonyms exist for species that have extended their geographic distribution outside of their native range, primarily ‘alien’, ‘exotic’, ‘non-indigenous’ and ‘non-native’. However, these terms must be carefully distinguished from ‘invasive species’, defined here as having spread widely beyond the point of initial establishment (Lodge et al., 2006) and likely to have deleterious effects on biodiversity and associated ecosystem services in their new range (EU regulation 1146,2014). Here, we distinguish between non-native species, which although introduced do not necessarily have negative impacts, and invasive species (as defined above) and use these terms and definitions throughout.

The movement of invasive species in the marine environment has been exacerbated in recent decades due to increased globalisation resulting from trade and travel (Hulme, 2009; Katsanevakis et al., 2016). Introductions can be mediated by deliberate human intervention but vectors of introduction are primarily accidental, with transport of the invasive species secondary to primary purposes such as trade and tourism (Lodge et al., 2006; Hulme, 2015). The relative importance of vectors for accidental introductions differs both spatially and temporally. However, aquaculture, ballast water and hull fouling are consistently cited as prominent vectors (Minchin et al., 2009; Williams et al., 2013; Hulme, 2015; Laeseke et al., 2020). Anthropogenic debris is another vector, and may be influenced by aquaculture activities due to the contribution of aquaculture gear to what is termed ‘abandoned, lost or otherwise discarded fishing gear’ (ALDFG) (Rech et al., 2018). Accidental introductions may also arise through escapes from captivity (Hulme, 2009), from recreational water use (Hulme, 2015) and from static marine structures (Laeseke et al., 2020).

Global production of marine bivalves, particularly oysters, mussels, clams and scallops, measures over 15 million tonnes per year, with 89% of this production coming from aquaculture rather than wild fisheries (Wijsman et al., 2019). Indeed, culture of shelled molluscs accounts for 58.8% of the combined production of marine and coastal aquaculture (FAO, 2018). Over 85% of bivalve production originates in Asia, particularly China (Wijsman et al., 2019), and the sector is projected to increase globally to provide food security as a source of affordable protein (Steeves et al., 2018). It is therefore important to fully elucidate the potential risks and challenges to growth in an effort to develop sustainable practices. Intentional translocation of bivalves for aquaculture is common practice, for example Atlantic European countries regularly engage in local, national and regional transfer throughout the European economic zone, along with occasional international transfers (Muehlbauer et al., 2014). These transfers can lead to one of the primary risks to sustainable growth; the movement of invasive species and their associated parasites.

Aquaculture is one of the primary anthropogenic activities that results in the unintentional movement of invasive species, as they may be inadvertently shipped with consignments of cultured species (Naylor et al., 2001). Potentially invasive organisms can be transported in a number of ways, for example as epifauna on the shells, internally within the shell cavity, in water, sediment or equipment, or in association with other fouling epifauna. The three major groups that may be introduced are phytoplankton, macrofauna, and macroalgae (McKindsey et al., 2007). It follows therefore that parasitic introductions will increase, as parasites travel with invasive hosts, or are unintentionally introduced with purposefully translocated cultured hosts (Peeler et al., 2011). The term parasite is often used in its broadest sense to include macroparasites, defined as those in which direct multiplication in the definitive host is low or entirely absent, and microparasites, specifically protozoa, bacteria and viruses that display high rates of direct reproduction within the host (Anderson and May, 1979). Both macro- and microparasites affect naturally occurring aquatic species and also the commercial bivalve species utilised both in cultured systems and in local, often traditional, shellfisheries.

Climate change will influence the geographic range, abundance and impacts of invasive species (Walther et al., 2009; Beaury et al., 2020). Warming temperatures will likely allow invasive species to expand into regions where previously they could not survive and reproduce. Altered climatic factors might also facilitate extended spawning times, increases in reproductive output and growth rates and altered dispersal due to modified hydrodynamic conditions (Mellin et al., 2016). However, the impact of climate change on invasive-parasite interactions, and the subsequent potential for disease transmission in the marine environment is still a developing field of research. Climate change may enhance the virulence of introduced pathogens, or cause disease outbreaks in new ranges if pathogens are introduced (Conn, 2014; Rowley et al., 2014). Furthermore, susceptible hosts may already be under increased thermal or osmotic stress (Harvell et al., 2002; Burge et al., 2016a), rendering them vulnerable to infection and potential mortality events, which can in turn negatively impact the aquaculture sector.

Awareness of the links between parasitology and invasion ecology is still not fully reflected in research output. Indeed Poulin (2017) noted circa 4000 studies per year on invasive species, but circa 50 per year only on parasitism in the context of biological invasions. However, the potential role of parasites in marine invasions is increasingly recognised as an important factor in invasion biology (Lagrue, 2017). The importance of marine bivalves in invasive parasite/host interactions and their influence on native community dynamics are synthesised in the following sections.



AQUACULTURE AND PARASITE INTRODUCTIONS: IMPACTS ON COMMERCIAL BIVALVES

Bivalves are an interesting model group when considering invasion ecology as they can enter new regions via accidental introductions or as a result of deliberate translocations for aquaculture (McKindsey et al., 2007) where they can be stocked at high densities (Wijsman et al., 2019), spread quickly from initial introduction points, are susceptible to co-infections (Zannella et al., 2017) and can transfer parasites to native bivalves. They may also introduce other cohabiting and potentially invasive species (McKindsey et al., 2007). Ruesink et al. (2005) noted, in a study of nine regions, that the culturing of non-native oysters introduced 78 species of invasive marine algae, invertebrates and protozoa. The role of bivalve culture in species introductions holds true across other studies, as an estimated 40% of non-native species in the North Sea arrived via oyster culture (Gallardi, 2014). Furthermore, an analysis of current and historical introductions of both marine and estuarine species in California found that 126 introductions arose from aquaculture practices, and of these 106 species became established. A number of the species that established are also bivalve predators, specifically the Atlantic oyster drill Urosalpinx cinerea and Japanese oyster drill Ocenebra inornata, and are now considered severe oyster pests (Grosholz et al., 2015).

In the marine environment the introduction of bivalves for aquaculture, similar in function to the expansion of invasive species to new ranges, may be considered a vector for unintentional parasite introduction and can be used as a proxy to investigate how the movement of invasive species may transport parasites. A number of these heavily cultured species, specifically the Pacific cupped oyster Crassostrea gigas (Goedknegt et al., 2017), the Mediterranean mussel Mytilus galloprovincialis (Lynch et al., 2020) and the Manila clam Ruditapes philippinarum (Cordero et al., 2017) are considered to display invasive tendencies despite also being commercially important species. The American razor clam Ensis directus (Gollasch et al., 2015) underwent accidental introductions to Europe and also displays invasive tendencies, despite being the subject of commercial fisheries (Table 1).


TABLE 1. A sample of introduced marine bivalves and/or parasites demonstrating the diversity of bivalve-parasite interactions and the impacts on commercial species, both wild and cultured.

[image: Table 1]Parasites and diseases in the marine environment are currently a challenge to bivalve aquaculture practices (Solomieu et al., 2015). For example, microvariants of ostreid herpesvirus OsHV-1 threaten global production of C. gigas by inducing mass mortalities in early life-stages (Carnegie et al., 2016; Bookelaar et al., 2018). Macroparasites, often in the form of trematode species, can compromise the immunology and physiology of the hosts, thereby impacting the ecology of the species (Morley, 2010). Microparasites may include bacterial diseases, often belonging to the genus Vibrio, protistans and viruses. A number of protistan species, particularly within the genera Bonamia, Haplosporidium, Marteilia, and Perkinsus, are recognised as threats to bivalve populations (Fernández-Robledo et al., 2014), as are viruses (Coen and Bishop, 2015) and bacterial species such as Vibrio aestuarianus and V. splendidus (Solomieu et al., 2015).



INTERACTIONS BETWEEN PARASITES, INVASIVE SPECIES AND NATIVE COMMUNITIES

Parasites associated with freshwater biological invasions are well-documented. For example, upon introduction to the Great Lakes, the invasive zebra mussel Dreissena polymorpha introduced the parasitic platyhelminth Bucephalus polymorphus to cyprinid fish (Crowl et al., 2008). Furthermore, the zebra mussel has been the subject of numerous baseline parasitological studies early in its invasion, partly in an effort to detect viable biological controls, confirming the presence of helminths, protistans, and bacteria (Toews et al., 1993). However, although the interactions between parasites and marine invasive species are increasingly recognised (Goedknegt et al., 2016), information relating to marine ecosystems is less available (Vignon and Sasal, 2010). Accordingly, questions about the co-introduction of parasites with invasive species, for example their origin or impacts, or the potential role of invasive species in the transmission of native parasites still arise (Lagrue, 2017; Poulin, 2017; Lucy et al., 2020). Please see Goedknegt et al. (2016) for an in-depth review of invasive species-parasite interactions across multiple taxa in the marine environment.

Marine diseases are a field important to both aquaculture research and management, particularly given the well-documented diversity of parasites and pathogens as seen in Table 1 (Lafferty and Hofmann, 2016). Aquaculture practices have long been associated with repeated introductions of infectious diseases (Lafferty and Kuris, 1999), particularly as high stocking densities under aquaculture conditions can encourage the spread of parasitic infections (Cheng and Combes, 1990). An increased understanding of how invasive species also influence disease dynamics in bivalve aquaculture is necessary, as rapid detection of pathogens is important in preventing wide scale disease outbreaks (Telfer and Bowen, 2012). Interactions between parasites, invasive species and native communities are complex as invaders may benefit from parasite loss, transmit novel parasites to native hosts (spillover) or acquire new generalist parasites native to the invaded range, which may then spillback to native hosts (Figure 1) (Dunn et al., 2012).
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FIGURE 1. Major interactions between invasive hosts, parasites and native hosts featuring: (clockwise) (A) Enemy release hypothesis whereby an invasive host escapes some or all of its natural parasites as it moves through a series of biotic and abiotic filters (the invasion pathway) to a new range. (B) The introduction of free-living parasite stages. (C) Climate change and the potential for changes in disease prevalence/virulence. (D) Spillback whereby an invasive species proves a suitable host for native parasites thus amplifying the load. (E) Spillover whereby an invasive host spills its parasites to native hosts.


Parasite spillover from an invasive species can occur when a parasite that co-invades with the invasive host infects a new susceptible native host species. For example, the parasitic copepod Myicola ostreae travelled from Asia (native to Korea and Japan) with C. gigas consignments to France where it succeeded in becoming established and infecting the European flat oyster Ostrea edulis. The copepod can reduce the growth rate of the host, impacting the market quality and also potentially leading to mortality (CABI, 2020b datasheet 110220). Mechanisms to address the questions relating to parasite spillover in the marine environment include screening invasive species in their native and invaded ranges to compare the parasitic burden in each locality, and then comparing the parasitic assemblages of invasive species in the invaded range with those of native species (Krakau et al., 2006).

Parasite spillback is when a parasite in a native host infects an invasive host, with the presence of an additional host increasing parasite abundance and/or dispersal thereby providing more opportunities to encounter and infect native species (Kelly et al., 2009; Chalkowski et al., 2018). Previous research conducted laboratory transmission trials between oysters and other invertebrate species to investigate whether they can act as carriers or vectors of parasites and confirmed that the native brittle star Ophiothrix fragilis was capable of transmitting Bonamia ostreae to naive O. edulis (Lynch et al., 2007). This principle could also be utilised to investigate parasite spillback, as transmission trials could be conducted between native and invasive species to determine if parasites from the native species can infect the invasive species and then in turn be transmitted back to native hosts.

Conceptually, parasite spillover and spillback influence community dynamics through the process of ‘host-switching’ and may be considered augmentative interactions. However, it is important to note that there is also the possibility for parasite dilution, when the addition of novel hosts decreases infection intensity in the native hosts (Blakeslee et al., 2020). Invasive hosts may reduce infection intensity in bivalves by acting as pathogen sinks, if hosts become infected but do not transmit the pathogen to other hosts (Burge et al., 2016a) or if they prey on free-living infectious stages (Thieltges et al., 2009). Alternatively, invasive hosts can be pathogen sources if they act as carriers or reservoirs of disease.

Non-bivalve taxa can serve as carriers or reservoirs of bivalve disease, maintaining bivalve pathogens even when bivalve hosts are absent. For example, Costello et al. (2020) confirmed that invasive tunicates can harbour oyster pathogens, both protistan and bacterial. One such species (the club tunicate Styela clava) maintained the protistan B. ostreae with no oyster hosts present, indicating it can potentially act as a reservoir of the parasite. Additionally, protistan M. mercenariae-like sp. sporulation in S. clava suggested the tunicate can facilitate replication of this parasite. Non filter-feeders have also been found to transmit bivalve diseases; the European shore crab Carcinus maenas can effect transmission of ostreid herpesvirus-1 microvariant (OsHV-1 μVar) from wild-caught C. maenas (from oyster trestles where the presence of the virus has been confirmed) to uninfected C. gigas, demonstrating the role of the crab as a carrier and reservoir of the virus (Bookelaar et al., 2018). The presence of pathogens in these diverse taxa demonstrates the necessity of screening bivalve-associated organisms when investigating pathogen maintenance and transmission.

In addition to maintaining their own suite of parasites, bivalves may also serve as habitat for a multitude of fouling species that have their own associated parasites. Thus, bivalves can carry numerous species that may serve as intermediate or definitive hosts for parasites/pathogens. The relationship between oysters, sponges and parasites is note-worthy, as sponges have networks of canals permeating the interior and are home to a diverse array of invertebrates in relationships that vary from symbiosis to parasitism (Ďuriš et al., 2011). Invertebrates associated with sponges can number up to thousands of individuals and encompass amphipods, crustaceans, isopods, ophiuroids, ostracods, and polychaetes. Even microbial communities within host sponges may differ from the habitat-specific bacteria present in the surrounding environment (Pierce and Ward, 2018). Essentially, the movement of bivalves also facilitates the movement of their associated fouling organisms and potentially the flora and fauna harboured within these fouling pests. Fouling organisms may then potentially interact with parasites resulting in further instances of spillover or spillback.

The strong association between fouling organisms and bivalves means that fouling organisms acting as pests or parasites may also influence the degree of parasitism within the bivalve host. For example, boring sponges in the genus Cliona are considered macroparasites that reduce oyster growth, condition and recruitment. The sponges compromise the integrity of the oyster shells, thus decreasing fitness and potentially increasing susceptibility to predators and parasites (Hanley et al., 2019). Indeed, a study of two different sample sites on the east coast of the United States found that Crassostrea virginica fouled with these sponges were more likely to have a second pest, the pea crab Zaops (Pinnotheres) ostreum. Furthermore, when both sponge and pea crab were present their effects were additive, demonstrating that interactions between bivalve host and fouling pest/parasite can increase susceptibility to other parasites (Watts et al., 2018). While these species are native to the study region, interactions such as these may also be of relevance to invasive bivalve/parasite complexes, if associated fouling organisms influence the degree of parasitism.

With processes such as spillover, spillback and introductions of fouling organisms the invasive host directly interacts with the parasites or fouling species, with subsequent effects on native organisms. However, invasive bivalves can also indirectly affect native community host–parasite dynamics. For example, habitat modifications by the reef-building C. gigas influence parasitism in blue mussels Mytilus edulis, as mussels at the top of the reefs have a higher prevalence of parasitic copepods (Mytilicola spp.) compared to mussels seeking refuge at the bottom of the reef. Conversely the trematode Renicola roscovita, known to reduce blue mussel condition, displays higher prevalence in mussels at the bottom of the reef rather than mussels on the top. The study suggests indirect effects may be more common than currently understood and warrant further research (Goedknegt et al., 2020). There are also examples of the indirect effects of invasive parasites on native hosts, as in separate studies of M. edulis, individuals infected with the parasitic copepod Mytilicola intestinalis were more susceptible to secondary infections with a virulent bacterial Vibrio orientalis/tubiashii strain, thus highlighting the role of indirect effects arising from what was initially parasite spillover of copepod to mussel (Demann and Wegner, 2019).

Invasive bivalves can also interact with other extrinsic factors to influence parasitism in native bivalve communities. For example, a study of invasive C. gigas investigated its role in determining parasitic infection levels in native blue mussel M. edulis in relation to other biotic factors such as salinity, tidal exposure and host densities (both oyster and mussel) (Goedknegt et al., 2019). The results suggested that the presence of an invasive species could affect parasite interactions with native hosts in different ways. For example, when oyster density was high, the prevalence and abundance of the parasitic copepod M. intestinalis decreased in its native mussel host, while prevalence of the trematode R. roscovita increased. The study did note that interactions may be further mediated by environmental and biotic factors, as invasive species are not the sole drivers of infection levels (Goedknegt et al., 2019).

Parasites are particularly relevant to invasion ecology, as escape from parasites may facilitate host invasion via a mechanism known as the enemy release hypothesis (ERH) (Figure 1) (Torchin et al., 2001). Invasive species may lose their parasites as they colonise a new range, perhaps due to unsuitable environmental conditions, or the absence of a required secondary host. It may also be because the source population of invasive hosts has low parasite prevalence and only a subset of these hosts, some of which may be uninfected, extend their range, meaning that upon entry to the new range parasite abundance is low. Infected hosts may also be more likely to die during transfer due to the additional stress of parasitism. Investigations of the ERH are broadly split into biogeographical studies, which examine native and introduced populations of a specific host, and community studies which compare parasitism between cohabiting native and introduced species (Colautti et al., 2004). One such study identified low levels of digenean trematode infection in introduced Manila clams R. philippinarum compared to native sympatric bivalves. However, digenean infection is also low in native clam populations, potentially due to characteristics intrinsic to the Ruditapes genus (specifically tough epithelial tissue that is difficult for cercariae to penetrate) rather than a classical enemy escape, further highlighting the complexities underpinning bivalve host–parasite interactions (Dang et al., 2009).

If invasive hosts do escape their parasites when colonising a new area, it is unlikely that they will remain free of parasites, especially if native generalist parasites are present. For example, Miller et al. (2008) used laboratory choice-chambers to demonstrate that generalist native pea crabs, Pinnotheres novaezelandiae, could adopt the introduced Asian date mussel Musculista senhousia (now listed on the Global Invasive Species Database), although their preference was for the native New Zealand green lipped mussel Perna canaliculus and the little black mussel Xenostrobus pulex. The impact of native parasites on introduced hosts is host–parasite specific. For example, if the parasite has negative effects it could potentially act as a control and slow the expansion of the host. Furthermore, if the introduced species is not a competent host it may reduce the disease risk for native species by acting as a sink for parasites, but if it is a competent host this amplifies the potential for spillback (Poulin et al., 2011).

The previous examples have focused on invasive species as hosts, however, it is important to note that invasive species can also act as bivalve parasites themselves rather than hosts. For example, invasive shell-boring polychaete worms are parasitic to commercial molluscs and impact host condition by damaging the protective shell and thus reducing the commercial viability (David et al., 2016). The spionid polychaete Polydora hoplura is one such species, an invasive pest that burrows into the shells of commercial bivalves and univalves including Cape rock oysters Striostrea margaritacea and South African abalone Haliotis midae, creating tubes and mud blisters, and reducing the growth rate of the mollusc (Coen and Bishop, 2015).

There is also the potential for parasites to be introduced to an area without a host (e.g., in free-living life stages) and these novel parasites could severely impact native hosts with whom they have no evolutionary history who therefore lack immune defenses (Poulin, 2017). Ostreid herpesvirus OsHV-1 (Evans et al., 2014) and the protistan B. ostreae (Arzul et al., 2009) are known to persist in the water column and, in the case of B. ostreae, within larvae brooded in the adult pallial cavity even though parents were negative for infection (Flannery et al., 2016). The fact that free living life stages of bacteria, viruses and protistans are potentially present in coastal waters highlights the intrinsic link between disease and filter-feeding bivalves, as consumption is a major pathway for parasite transmission in the bivalve hosts (Ben-Horin et al., 2015).

Introductions of free-living life-stages of parasites without an obvious associated host may give rise to cryptogenic invasions, meaning the origin and biogeographic status of the invasive species is unknown. For example, the cryptogenic protistan parasite Haplosporidium pinnae is the causative agent of mass-mortality events of the protected fan mussel Pinna nobilis in the western Mediterranean (Katsanevakis et al., 2019). These mortality events first occurred in 2016 and are continuing to spread, and the study noted that it is probable that this parasite is alien to the Mediterranean Sea. The fan mussel is Critically Endangered (IUCN Red List) due to historical exploitation and ongoing poaching, and the parasite poses a further threat to the conservation of the species (Katsanevakis et al., 2019). Of additional concern is the fact that H. pinnae is not the only parasite present in fan mussels undergoing mortality events. A gram-positive bacteria belonging to the genus Mycobacterium (considered invasive within the study) has also been detected, resulting in co-infections within fan mussels in Greek waters and causing high mortalities (Lattos et al., 2020).

Parasite–host interactions can be increasingly complex. For example, the digenean trematode Parvatrema duboisi uses the Manila clam R. philippinarum as an intermediate host (Yanagida et al., 2009). However, the trematode is in turn hyperparasitised by a protistan Urosporidium sp. and the Urosporidium burden on its trematode host causes mortality, thus decreasing the trematode load on the clam host (Le et al., 2015). While hyperparasitism in this instance is not causing deleterious effects to the clam itself, it can be the case that hyperparasitism can lead to decreased market value of commercial species (Le et al., 2015) and as such parasitological studies may be enhanced by elucidating all forms of parasitism within a host.

Disentangling host–parasite relationships may also lead to novel forms of monitoring and control, particularly when the functional role of bivalves as filter-feeders is taken into consideration. Ford et al. (2009) postulated that as bivalves are filter-feeders, both hosts and non-hosts take in parasites from the water column, but while susceptible hosts then become infectious, non-susceptible hosts discard the parasites in faeces. This principle was applied to investigate the environmental distribution of the protistan Haplosporidium nelsoni using faecal samples from both a non-host bivalve, the ribbed mussel Geukensia demissa, and a host with developed resistance, the Eastern oyster C. virginica. Data from faecal samples was then used in conjunction with tissue samples to describe pathogen distribution and temporal patterns that were not evident using traditional histology. Bivalves have also been posited as having the ability to remove or reduce pathogen concentrations. However, while filtration can remove pathogens from the water column thereby reducing transmission it can also have the converse effect of increasing disease risk if the filter-feeder acts as a reservoir. The outcome is contingent on factors such as the selectivity of the filter-feeder, mechanisms of pathogen transmission, susceptibility of that pathogen to degradation and the degree of infectivity (Burge et al., 2016a).

The control of parasitic diseases can benefit from knowledge of the entire lifecycle of the focal parasite. Blasco-Costa and Poulin (2017) used helminths as a model group to demonstrate that many species are known only from their adult stage and neither juvenile stages or intermediate hosts are confirmed, and that this issue may be applied more broadly to other taxa. This is important for integrated ecology, as predicting and mitigating against invasive introductions and their effects on parasites requires knowledge of potential hosts, not only to confirm potential reservoirs but to know what life history stage to target if attempting eradication. Ultimately, understanding the mechanisms by which invasives transmit parasites and extending studies to different phyla, particularly those with links to aquaculture, may inform management strategies and minimise the risk of disease cycling.



CLIMATE CHANGE AND BIVALVE DISEASES: POTENTIAL OUTCOMES FOR PARASITE TRANSMISSION

The occurrence of disease requires synergy between three factors; the host, the pathogen and the environment. The interaction between these three factors is termed the epidemiological triangle (Zannella et al., 2017), and the impacts of climate change have the potential to radically change the characteristics of this triangle, particularly the environment (Figure 2). Environmental change increases physiological stress in bivalves in a number of ways, leaving them susceptible to pathogens. Warming water can enhance microbial growth, thereby increasing the content of organic matter in the water, with the subsequent microbial decomposition reducing dissolved oxygen levels (Soon and Zheng, 2019). Hypoxic conditions can impact bivalve immune systems and interact with diseases, for example rendering bivalve hosts less efficient at eliminating bacterial cells (Macey et al., 2008). Higher water temperatures have also led to concerns about the spread of harmful algal blooms (HABs), for example the dinoflagellate Prorocentrum minimum has been implicated in mass mortalities of oysters, scallops and hard clams in North America. For oysters in particular, blooms of this dinoflagellate were found to alter immune system competence in juveniles, thereby comprising their disease resistance. In addition to low dissolved oxygen levels and HABs, toxins and pollutants have been shown to promote infection by the bacterium Vibrio splendidus, the pathogen responsible for juvenile summer mortality in C. gigas spat, also known as bacillary necrosis disease (Soon and Zheng, 2019).
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FIGURE 2. Potential outcomes of climate change and associated management strategies.


The ecological traits that facilitate the movement of invasive species, for example plastic life-histories coupled with the tendency to occupy generalist and opportunistic niches, are disproportionately favoured under climate change (Mellin et al., 2016). As a result, non-native organisms in the aquatic environment may often be more resilient than native organisms when faced with environmental change, and appear to be at a performance advantage relative to co-occurring native species when subjected to warming or acidification (Sorte et al., 2013). Increased temperatures can cause persistent stress and mortality of native species, thus facilitating the establishment and spread of invasive species that are more tolerant to the higher temperatures or can occupy environmental niches previously held by native species (Diez et al., 2012). Furthermore, although reduction in body size has been suggested as a response to warming in aquatic systems, the inverse effect has been observed in bivalves introduced to the Mediterranean Sea, leading to their competitive dominance over native species. Not only are the introduced bivalves larger than cohabiting native species, there is evidence to suggest that some invasives, for example the mussel Brachidontes pharaonis, are larger in their invaded range than their native range (Nawrot et al., 2017).

Climatic vectors have implications for the movement of invasive species, with hurricanes and storm surges enhancing the dispersal of invasive propagules in the water column (Hellmann et al., 2008). An association between marine disease outbreaks and storm activity is also recognised (Burge et al., 2014). Climate change has increased extreme sea level events such as flooding and heat waves, and is predicted to increase the magnitude of storm surges in coastal areas (IPCC, 2019), where aquaculture occurs. Coastal marine environments are therefore extremely vulnerable to change (Holt et al., 2010) and an altered marine environment can in turn impact the distribution, life-history and physiological status of pathogens, hosts and vectors (Gallana et al., 2013). Furthermore, poleward advances of subtropical species into Europe, referred to as ‘African Creep’ are occurring in the eastern Atlantic (Canning-Clode and Carlton, 2017) and this phenomenon is mirrored by ‘Caribbean Creep’ in the western Atlantic, including the extension of species such as the invasive Asian green mussel Perna viridis (Canning-Clode et al., 2011).

The impacts of climate change on parasite transmission in the marine environment is in the early stages of our understanding (Burge et al., 2014). However, marine invertebrates demonstrate strong links between disease and climate (Marcogliese, 2008) and there is increasing evidence that climate change will affect the ecology of infectious diseases and the physiology of bivalve species and their resistance to infection (Soon and Zheng, 2019). Climate change could affect parasites by influencing the distribution and life-history of hosts (Callaway et al., 2012) and potentially increase host susceptibility to infection due to thermal stress (Harvell et al., 2002). Alterations in water temperature may also lead to osmotic stress, again rendering hosts more susceptible to disease (Burge et al., 2016a).

Warmer temperatures may allow disease-causing organisms to complete their lifecycle more rapidly, thus attaining higher population densities (Marcogliese, 2001; Lõhmus and Björklund, 2015; Schade et al., 2016). Furthermore, climate change may increase the virulence of pathogens, for example Vibrio spp. may demonstrate increased growth and an upregulation of virulence genes, or cause epizootic outbreaks in areas that were previously free from pathogens if disease-carrying organisms from warmer climates colonise waters at colder latitudes (Conn, 2014; Rowley et al., 2014). Historically pathogens have been known to maintain their pathogenicity when expanding. For example, the protistan oyster pathogen Perkinsus marinus first expanded northwards in the United States in the early 1990s and was well established in the new range by 1996–97, suggesting that range expansion had not limited its prevalence, infection capacity or proliferation (Ford and Smolowitz, 2001). Although rising temperatures are posited to be favourable to parasites, it is important to note that parasites with complex life-cycles may be adversely affected, as if secondary or definitive hosts breach their environmental thresholds for survival and undergo mortality events this will in turn negatively affect parasite abundance (Byers, 2020).

In the marine environment, the synergistic effects of global warming and ocean acidification are forecast as two of the primary threats to bivalve health (Soon and Zheng, 2019). Mackenzie et al. (2014) investigated the effects of these coinciding stressors, acidification and warming, on the blue mussel M. edulis in a laboratory setting and confirmed that exposure to these conditions led to altered host pathological conditions, in addition to changes in parasite diversity and prevalence. Species-specific environmental pH tolerances may alter previously stable parasite–host relationships, as either host or parasite may prove more susceptible to the stressors associated with acidification. For example, trematode cercarial longevity and metacercarial survival may be reduced in acidified water (MacLeod and Poulin, 2015). It is therefore important for future studies to measure the response of both host and parasite to acidification, particularly if the host is molluscan, as that acidification affects the ability of molluscs to lay down calcium carbonate, potentially imposing a further stress on the host (MacLeod and Poulin, 2015).

From an aquaculture perspective, warming temperatures may facilitate the spread of bacterial and viral diseases associated with bivalve mortality events. Vibrio species are ubiquitous in the aquatic environment and may become more prevalent in the context of a warming climate, as higher temperature enhances Vibrio growth. This may impact bivalve culture, as species including V. aestuarianus and V. splendidus are linked to mortalities of C. gigas in western Europe (Vezzulli et al., 2013). Mortality events have also been linked to outbreaks of ostreid herpesvirus OsHV-1, variants of which have spread through Australia, New Zealand and Asia, in addition to Europe (Pernet et al., 2016). Mortensen et al. (2016) recorded high and sudden mortalities of C. gigas associated with OsHV-1 μVar in both a hatchery in Sweden and wild populations in its expanded Scandinavian range. This study represented the first time this variant was detected in Scandinavia and demonstrates how range extension of bivalve species, whether deliberately for aquaculture purposes or via the establishment of wild populations, can facilitate the spread of disease. The ostreid herpesvirus OsHV-1 is lacking in host-specificity, meaning that it can also be found in scallops and clams including the invasive R. philippinarum (Ben-Horin et al., 2015), as is the microvariant which can be found in Mytilus spp. (O’Reilly et al., 2018) and C. maenas (Bookelaar et al., 2018), and this could further extend dispersal capability.

Temperature-based surveillance models have been used to model disease outbreaks and, given the sensitivity of many parasite–host systems to temperature change, may be useful for predicting the spread of bivalve diseases. Maynard et al. (2016) tested temperature modelling as a disease surveillance technique by modelling the maximum monthly mean ocean floor temperature (using 12°C as the threshold under which outbreaks are minimised) and using it to predict epizootic shell disease (ESD) in American lobster Homarus americanus in southern New England. The results suggested outbreaks may continue for years especially in sheltered warm water bays. They also postulated that the model may be suitable to predict the spread of bivalves and pathogens, including the spread of C. gigas/V. splendidus in western Europe. Monitoring of bivalve aquaculture farms may also present an opportunity to create a network to map disease outbreaks, similar in function to the NOAA Mussel Watch Program, an ecosystem-based approach to monitoring that measures the concentration of chemical contaminants in sediment and bivalve tissues (NOAA, 2017).



DISCUSSION AND CONCLUDING REMARKS

In the context of a changing environment, the impacts of invasive species and diseases may pose greater risks to bivalve aquaculture in the future. When diagnosing marine disease outbreaks, it is important to combine classic techniques such as histopathology with more modern techniques such as metagenomics (Burge et al., 2016b). However, it is equally important to trace the source and pathways of the diseases, thus creating a comprehensive understanding of parasite–host dynamics, particularly when facilitated by invasive species.

Population genetic analyses may be useful to elucidate the source and pathways of invasive parasites. For example, a recent study combined genetic sequencing of the two parasitic copepods, Mytilicola intestinalis and Mytilicola orientalis, with an in-depth literature review to identify native and invaded ranges. In the case of M. orientalis there was strong overall population differentiation between the native Japanese range and the invaded North American and European ranges, with the invasion history of this copepod species reflecting the movement of its principle host, C. gigas (Feis et al., 2019). However, although population sequencing proved effective for M. orientalis, the native range of M. intestinalis remained unclear due to a lack of population genetic structure, suggesting that for some species extrapolation of the invasion history using genetic analyses is not feasible.

Combining the fields of invasion ecology and parasitology will provide clarity on their impacts in the context of climate change. Rowley et al. (2014) noted that even with comprehensive models relating to climate change in marine systems, a lack of understanding as to how invertebrates transfer infectious diseases, for example uncertainties about the host range of pathogens (Carnegie et al., 2016), creates difficulties in understanding disease dynamics. These difficulties are exacerbated by the fact that parasite–host interactions are fluid, with a number of accepted hypotheses as to whether invasive hosts travel with parasites to a new range or whether the host escapes its native parasites. Pernet et al. (2016) highlighted the need for an integrated approach using ostreid herpesvirus OsHV-1 as a case study, and noted that a primary knowledge gap is the lack of information as to how other animals are involved in the transfer, as often host and parasite are considered in a vacuum but there is a need to consider both sources of dilution and reservoirs when developing management strategies. The need for monitoring of both farmed and wild hosts has also been highlighted, in an effort to quantify the exchange between cultured stocks and the surrounding wildlife, as this may provide valuable information on the extent of disease transmission (Bouwmeester et al., 2020).

When coupled with the environmental stressors of warming and acidification, the impacts of invasive species and parasites may make bivalve species more susceptible to infection and disease. This has implications for the aquaculture sector and as such merits further discussion, particularly if commercial bivalves are purposely moved to new locations thus creating a vector for cohabiting invasive species to also move (McKindsey et al., 2007). Ensuring that relevant legislation is accessible and consistent is a vital management aspect when considering the impacts of invasive species (Shannon et al., 2020). Furthermore, if bivalve movements are increased to meet growing consumer demand, this necessitates augmented monitoring by management bodies to enhance biosecurity measures to ensure only the commercial target species is shipped and prevent the movement of associated invasive species. Strict implementation of the ICES Code of Practice on the Introduction and Transfers of Marine Organisms will minimise transfer of invasive species (Figure 2). This protocol requires that before an introduction occurs the species undergo quarantine in the recipient region, and organisms that are to be released require documented examinations, including microscopic inspection, to confirm that there are no associated invasives (ICES, 2005). Additionally, David and Loveday (2018) highlighted global trade routes and the continuous movement of species as a factor in cryptic species dispersal and suggested that tracking the movement of shellfish consignments and investigating their associated cohabiting species is a feasible mechanism to monitor the movement of potentially invasive species.

One issue relating to invasive species and parasites in the marine environment is that their presence often goes undetected for long periods of time, and as such it is difficult to determine the mode and timing of arrival. This can in turn lead to uncertainty as to whether disease outbreaks arise from new introductions or just changes in the environmental conditions (Pagenkopp Lohan et al., 2020). Epizootics of previously undocumented parasites should not instantly be considered exotic parasites, because it is possible they were present at a low prevalence but may be able to infect established invasive hosts and reach the required prevalence to be pathogenic (Torchin et al., 2002).

A useful mechanism to determine the current health status of populations is the collection of baseline data in potentially sensitive regions, for example potential aquaculture sites or coastal areas vulnerable to climate change. This will ensure managers and policy-makers fully understand the current breadth of host and parasite species and alleviate any future uncertainty about the timing of emerging diseases. One such baseline study, conducted in Patagonia, sampled both wild and cultured populations of the edible mussels Mytilus platensis and Mytilus chilensis. The study detected a number of parasites including prokaryote inclusions, protozoa and metazoa but concluded that none currently pose a problem to the industry. However, the benefits of conducting such a survey were also evident as there was a low incidence of the cancerous disease disseminated neoplasia present, and the authors stressed this required further monitoring (Vázquez et al., 2020).

Horizon scanning of future potential invasive species and pathogens, along with identification of new methods of detection, management and control acts as an early warning system, which can inform management strategies to prevent or mitigate future introductions (Dunn and Hatcher, 2015; Lucy et al., 2020). In the context of bivalve aquaculture, regional management could entail maintaining watch lists of species with known deleterious impacts, monitoring potential pathways of introduction and networks of connectivity, eliminating vectors of introduction for hitchhiking species, for example biological packaging material (Haska et al., 2012), and engaging in citizen science to augment observer numbers as early intervention is key to preventing species establishments. Documenting the environmental tolerance range of invasive species and their parasites may also provide clarity on which environments outside their native range are most at risk, i.e., are most suitable, with both abiotic and biotic drivers present to facilitate successful establishment. Furthermore, an increased effort and focus on the screening of invasive species, both in their native and invaded range, will also provide clarity on co-invasions of hosts and their parasites. This may then be extended to investigate transmission between invasive and native hosts, and further describe aspects of disease-cycling in the marine environment.
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Oysters

Crassostrea Bonamia sp. Protistan The introduction of Asian C. ariakensis to mid-Atlantic United States was considered for aquaculture, but detection of Bonamia sp. in C. ariakensis

ariakensis (Suminoe (cultured in a hatchery and deployed in North Carolina) cast doubt on the feasibility of culturing it in the United States (Carnegie et al., 2008).

oyster) Previous study suggested the Bonamia sp. had not originated from the hatchery but rather from the deployment site and, as native C. virginica were
not infected, the movement of the introduced oysters revealed the previously unknown local parasite (Burreson et al., 2004). Molecular work
suggested the Bonamia sp. was genetically similar to Australasian species and had been introduced locally via ballast water (Bishop et al., 2006).

Crassostrea Perkinsus Protistan C. virginica is native to the United States but the origin of P marinus is unknown. The parasite was initially detected in the Gulf of Mexico in the

virginica (Eastern marinus 1950s before spreading up the east coast United States. R marinus is the causative agent of ‘Dermo’ disease in C. virginica (Smolowitz, 2013).

oyster)

Crassostrea gigas Haplosporidium Protistan The origins of H. nelsoni in United States are not conclusive, but it was likely introduced from Asia with introduced consignments of infected

(Pacific cupped nelsoni C. gigas spat. The parasite is the causative agent of MSX disease and mortality in native C. virginica (Burreson and Stokes, 2000).

oyster)

Crassostrea gigas OsHV-1 pVars Virus C. gigas was deliberately introduced to Europe in the 1960/70s and is now heavily cultured, but can also display invasive tendencies. Since 2008
massive mortalities originating in France have spread through Europe and are attributed to OsHv-1 pVar. Closely related microvariants have also
been detected in C. gigas mortality events in Australia, New Zealand, and Asia (Pernet et al., 2016).

Crassostrea gigas Ostracoblabe Fungus The shell structure of C. gigas introduced to the Wadden Sea in Europe is negatively affected by the widely distributed fungus (Thieltges et al.,

implexa 2013). Oyster translocation spreads the fungus increasing the risk of C. gigas shell-disease (Blakeslee et al., 2013).
Crassostrea gigas Mytilicola Parasitic Spillover of the introduced M. orientalis (Red worm, native to Japan) from introduced C. gigas to native Mytilus edulis, Cerastoderma edule, and
orientalis Copepod Macoma balthica (Goedknegt et al., 2017).

Clams

Ensis directus Renicola Trematode E. directus (native to the North American Atlantic coast) acquired infection with native trematodes when accidentally introduced to the Wadden Sea,

(American razor roscovita and dominated by R. roscovita but also included Himasthla elongata, H. continua and H. interrupta (Krakau et al., 2006).

clam) Himasthla spp.

Ruditapes Vibrio sp. Bacterium R. philippinarum is endemic to the western Pacific and was accidentally introduced to North America in 1936, and intentionally introduced to

philippinarum Europe in the 1970s (Cordero et al., 2017). The clam is heavily cultured but can also display invasive tendencies. Brown ring disease (BRD), caused

(Manila clam) by Vibrio tapetis or V. tapetis-like strains, was first detected in 1987 in French clam beds before spreading along the European Atlantic coast and
also appearing in South Korea. The disease is also known to occur in native R. decussatus (Paillard, 2004; Park et al., 2006).

Mussels

Mytilus Mytilicola Copepod M. galloprovincialis is native to southern Europe, and spreading northwards. However, it is also listed on the ‘World’s Worst 100 Invasive Species’

galloprovincialis intestinalis (Lynch et al., 2020). M. intestinalis (mussel red worm) was first described in M. galloprovincialis in the Adriatic Sea (Elsner et al., 2011). The parasite
was then detected in M. edulis in the North Sea in the 1930s. It has been suggested that the parasite spread with hull-fouling mussels from the
Mediterranean, but ultimately the north-westwards spread is not fully understood (CABI, 2020a datasheet 73758).

Mytilus Marteilia spp. Protistan M. refringens causes marteiliosis in oysters, mussels and other bivalve species, and is responsible for mass mortalities of O. edulis in Europe. The

galloprovincialis full taxonomy and lifecycle has not been clearly evaluated to date, however, it is included here as an important pathogen of commercial species. The

(Mediterranean parasite was originally considered two species, M. refringens and M. maurini, but synonymised in 2007 and written as M. refringens O-type and

mussel) M-Type. However, recent work has proposed that there are in fact two distinct species, termed M. refringens (formerly O-type and

M. pararefringens (formerly M-type) (Carrasco et al., 2015; Kerr et al., 2018).
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