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Globally, oyster reef restoration is on the rise. In many instances, restoration is

occurring alongside established oyster aquaculture industries that grew to

prominence following oyster reef demise. This paper examines the potential

positive and negative interactions between the two industries and identifies key

factors that may promote positive interactions. Interactions between the two

industries result from shared resource requirements (e.g., space, clean water,

brood-stock, breeding programs), shared knowledge requirements (e.g. around

threats and their mitigation, factors optimizing growth/survival) and biological

interactions (e.g. over-catch, disease spill-over, competition for resources).

Many of these interactions are reciprocated, and can shift from positive to

negative depending on environmental, biological and socio-economic

conditions. From our examination, three key factors emerge as shaping the

strength and direction (positive or negative) of interactions: (1) whether the focal

species is common or different between the two industries; (2) the

physicochemical and socio-economic environment in which the two

industries are occurring; and (3) whether there is open dialogue and

consultation between the two industries and relevant stakeholders. Positive

interactions can be maximized where the two industries are able to co-invest

in and share infrastructure (e.g. hatcheries, breeding programs), resources (e.g.

spat, broodstock, shell) and knowledge (e.g. optimal conditions of growth) – an

easier task where the target oyster species is in common. Positive interactions

may also be maximized by utilizing marine spatial planning tools, such as

suitability modelling, to inform optimal siting of the two industries. As the two

industries continue to grow, open and inclusive dialogue between these and key

stakeholders wil l be essential for mitigating risk and maximising

positive synergies.

KEYWORDS
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Introduction

Oyster reefs are important estuarine habitats that support

abundant and diverse communities of invertebrates and fish

(Peterson et al., 2003; Grabowski et al., 2005; McLeod et al., 2020;

Cole et al., 2022). Historic overharvest using destructive fishing

practices has, in combination with more recent declines in water

quality and disease, resulted in the loss of 85% of the world’s oyster

reefs (Beck et al., 2011; Gillies et al., 2020). In many jurisdictions,

the decline in wild oyster reefs, and the fisheries they once

sustained, was accompanied by the rise of shellfish aquaculture

(Nell, 2001; Ruesink et al., 2005; Pouvreau et al., 2023). Today,

molluscs are the second largest category of farmed seafood, in

quantity and value, with oysters the leading molluscan species

cultivated (Botta et al., 2020). Besides food and pearl production,

oyster aquaculture industries can support a range of ecosystem

services, including habitat provision, water filtration and shoreline

protection (Alleway et al., 2019). Consequently, oyster aquaculture

is often considered among the most sustainable forms of

aquaculture (Williamson et al., 2015).

For over a century lost oyster reefs were a forgotten ecosystem

across much of the globe (e.g. Alleway and Connell, 2015).

However, over recent decades analyses of historical records have

reilluminated the important role oyster reefs once played (e.g Beck

et al., 2011; Zu Ermgassen et al., 2012; Alleway and Connell, 2015)

and reinvigorated efforts to restore oyster reefs (Blomberg et al.,

2018; Pogoda et al., 2019; McAfee et al., 2020). Due to shared

environmental and resource requirements for farming and

restoring oysters (Nell, 2001; Botta et al., 2020), many attempts to

restore oysters have occurred proximally to oyster aquaculture

industries. Oyster reef restoration may be aimed at enhancing

molluscan and associated fin fisheries production (Peterson et al.,

2003), stabilizing and protecting shorelines, and improving water
Frontiers in Marine Science 02
quality (Nelson et al., 2004; McClenachan et al., 2020; Morris et al.,

2021). Both the process of oyster restoration, and the growth of

associated industries (e.g. tourism, fishing), can stimulate jobs and

the economy (Kroeger, 2012; Grabowski et al., 2012; McAfee et al.,

2022). However, poorly planned projects that are progressed

without adequate stakeholder consultation can also cause

significant economic, environmental, and/or social losses,

particularly where conducted using non-native species (Paolisso

et al., 2006) or in areas that did not historically support oyster reef

(Polk and Eulie, 2018).

Oyster reef restoration typically involves the provision of a hard

substrate (e.g. clean recycled shell base, quarried rock, pre-fabricated

concrete units) and/or live oysters (introduced as juveniles on shell or

adults) at environmentally suitable sites for oyster growth and survival

(Fitzsimons et al., 2020; Howie and Bishop, 2021). The resources and

knowledge required for successful oyster reef restoration are similar as

for oyster aquaculture, such that the two industries can benefit from co-

location (Ben-Horin et al., 2018; Wasson et al., 2020; Figure 1).

However, co-location of the industries can also lead to negative

(often reciprocated) interactions from competition for food and

space and exchange of disease, parasites and pests (Forrest et al.,

2009). Additionally, restored oyster reefs may increase unwanted

recruitment on farmed oysters (O'Connor and Dove, 2009). The

strength of these positive and negative interactions may depend on

whether the two industries focus on the same or different oyster species,

the environmental and social contexts in which the industries are

operating, and the extent of consultation and dialogue between the two.

Negative interactions will, presumably, be greatest in instances where

they are not properly considered in the early planning stage of a

restoration project and, hence, appropriately controlled.

This paper examines positive and negative interactions between

restoration and oyster aquaculture industries and identifies factors

that promote positive interactions. Based on this examination we
FIGURE 1

Co-location of oyster aquaculture and wild oyster reefs at Daley’s Point, New South Wales, Australia.
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provide recommendations for maximising positive interactions

between oyster aquaculture and restoration.
Potential benefits of oyster
aquaculture for oyster reef restoration

The growing fields of conservation aquaculture (Froehlich et al.,

2017; Wasson et al., 2020; Ridlon et al., 2021) and restorative

aquaculture (Theuerkauf et al., 2019b; Carranza and Zu

Ermgassen, 2020; Overton et al., 2023) recognise the important

role aquaculture can play in supporting conservation efforts. Oyster

aquaculture can benefit oyster reef restoration by: (1) providing

contemporary knowledge and historical context of those conditions

and sites that maximise oyster recruitment, growth and survival; (2)

providing resources, such as water quality and environmental data,

stock and genetic resources for projects that require seeding, and

shell substrate; and (3) providing environmental and biological

conditions, and stewardship, that support healthy reefs (Ridlon

et al., 2021; Ridlon et al., 2023). Additionally, in jurisdictions where

the harvest of wild shellfish is permitted, aquaculture may take

harvest pressure off wild reefs (Anderson, 1985).

Especially where the species of oyster to be restored is common

to the aquaculture industry, oyster farmers can be important

sources of knowledge on conditions and practices that maximise

oyster recruitment, growth and survival. Both oyster aquaculture

and oyster reef restoration must overcome similar stressors, to

maximise oyster growth and survival. These include environmental

stressors such as sedimentation, heat stress and poor water quality,

as well as biotic stressors, such as predation, disease and parasitism

(Wasson, 2010; Coen and Bishop, 2015; Scanes et al., 2020;

Esquivel-Muelbert et al., 2022). The successful operation of an

oyster aquaculture industry in an estuary can therefore be a key

indicator of the suitability of environmental conditions for

establishment of oyster reefs alongside. Additionally, in some

instances, the management actions used by the aquaculture

industry to mitigate these stressors may also be applied to

restored oyster reefs (Thomson, 1954; Buestel et al., 2009). For

example, this may include working alongside land managers to

manage sediment and nutrient inputs from sources such as

unsealed roads and unfenced livestock.

Traditionally, the livelihood of oyster farmers depended on the

collection of wild spat (juvenile oysters), and subsequently

maximising their growth and survival. Many oyster farmers

consequently have developed a strong knowledge base of the

locations and conditions under which there is high larval supply

(the ‘catching areas’), there is reliable growth (‘grow-out leases’),

and where oyster meat yield is maximal (the ‘paddock’ or ‘fattening

grounds’), as well as the timing of recruitment events. Additionally,

with many oyster farms held within families across generations, the

aquaculture industry can be an important source of knowledge of

changes in conditions through time, including past and present

distributions of oyster reefs. A recent survey of oyster farmers in

New South Wales, Australia, revealed that 91% had knowledge of

extant and 23% knowledge of extinct oyster reef locations (New

South Wales Department of Primary Industries, 2019). Particularly
Frontiers in Marine Science 03
where historical records of past oyster reef distributions are not

available, this knowledge can be invaluable in planning oyster reef

restoration projects.

In some instances, this local-knowledge, held within

generations of farming communities, has been accompanied by

industry-focused research programs, that quantify how key

parameters such as growth, reproduction and survival respond to

environmental factors (e.g. Nell and Holliday, 1988; Dove and

O'Connor, 2007). Knowledge of the ecological ‘niche ’

(environmental tolerances) of oyster species has formed the basis

of GIS-based Habitat Suitability Models, which match

environmental data to niche data to predict the suitability of

locations for future oyster reefs (e.g. Cake, 1983; Barnes et al.,

2007; Soniat et al., 2013). Such Habitat Suitability Models,

augmented with additional factors including the potential for

social interactions, built marine infrastructure, land use zoning,

and logistical and legislative considerations, form a Restoration

Suitability Model (RSM; Howie and Bishop, 2021). RSMs are often

an important first step in shortlisting sites that might be suitable for

oyster reef restoration, particularly in areas where historic

distributions are unknown or in which physico-chemical

conditions have changed through time (Fitzsimons et al., 2020;

Howie and Bishop, 2021). More recently they have been adapted to

also integrate ecosystem service considerations, such as the

optimisation of water quality enhancement by oyster filtration

(Thauerkauf et al., 2019a) or nature-based shoreline protection

(La Peyre et al., 2015).

Shellfish aquaculture industries are also often supported by

spatially and temporally replicated water quality monitoring

programs, which can serve as important data inputs to

Restoration Suitability Models. Oysters readily acquire

contaminants and pathogens from the water through their filter

feeding (Portnoy et al., 1975; Silva et al., 2001), and hence the

industry is highly regulated for sanitation (de Souza et al., 2018).

Whereas in some jurisdictions, regulation is based around sampling

of shellfish flesh (European Union; de Souza et al., 2018), in others,

water quality is monitored to classify production areas in relation to

standards (e.g. The National Shellfish Sanitation Program, USA; de

Souza et al., 2018). Alongside indicators of public health risk such as

biotoxins and faecal coliforms, these programs may include

collection of environmental data such as temperature and salinity

(e.g. NSW Food Authority – NSW Shellfish Program). These

environmental data, as well as data collected by local, state and

national government agencies, research projects, and other

industries, can be fed into Restoration Suitability Models.

Besides knowledge of environmental conditions, the oyster

aquaculture industry is an important direct and indirect source of

material resources for restoration, which may include equipment,

oyster shell substrate, larvae, spat or mature transplants for seeding,

and/or genetic resources (Wasson et al., 2020). Oysters typically

require multiple years of growth in order to reach a size suitable for

commercial harvest (Bosch et al., 2010; Palmer et al., 2020).

Consequently, broadcast spawning genera of oysters, which can

be reproductively capable from their first year (e.g. Saccostrea

glomerata, Dinamani, 1974), may spawn one or more times on

oyster farms, if cultivated as reproductively capable diploids. In
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New Zealand, spill-over of mussel larvae from aquaculture

industries at some locations is subsidising restoration efforts

(Norrie et al., 2020). Oyster aquaculture likely plays a similar role

in supplying larvae in areas where oyster reefs have been depleted.

Oyster aquaculture industries can supply the seed for

restoration projects at localities where oysters have been

extirpated, or where the effective breeding population is small,

maladapted or genetically impoverished. This seed may be

donated by oyster farmers from their collections of wild-caught

spat (Pouvreau et al., 2023), or produced in hatcheries (Froehlich

et al., 2017; Wasson et al., 2020). In Quiberon Bay France, since

2015 oyster farmers have provided 1% of their annual collected spat

for seeding a former oyster bed in the bay (Pouvreau et al., 2023). In

other parts of the world, such as eastern Australia and the USA,

hatcheries and their selective breeding programs are being

harnessed to supply seed for restoration (termed, “conservation

aquaculture”, Froehlich et al., 2017; Wasson et al., 2020). These

hatchery-produced spat are often selectively bred for desirable traits

such as rapid growth and disease resistance and in some instances

also resilience to warming waters (Naciri-Graven et al., 1998;

O'Connor and Dove, 2009; Tan et al., 2020; Nascimento-Schulze

et al., 2021; Overton et al., 2023). Larvae may be settled onto

sanitised shell (cultch) in the hatchery or pediveliger larvae can be

transported to the reef restoration location and settled onto cultch

using remote settlement techniques (Fitzsimons et al., 2020).

Alternatively, cultchless spat or adults may be introduced directly

to restoration sites (Fitzsimons et al., 2020). The latter may be

‘gardened’, whereby oysters are reared non-commercially by

community members in baskets under jetties or docks, before

being introduced to restoration sites at a size that is more robust

to predators and stressors (Brumbaugh et al., 2002; Anderson et al.,

2019). Where disease has led to genetic bottlenecks in wild

populations (Thompson et al., 2017), appropriately designed

selective breeding programs may be a way of reintroducing

genetic diversity to wild populations (Ridlon et al., 2021).

Increased genetic diversity will also enhance the capacity of reef

building oysters to adapt to changing conditions (Ridlon

et al., 2023).

Shell waste produced by routine oyster aquaculture operations

can provide a source of substrate on which reefs can grow and

accrete (Morris et al., 2019). These activities include culling of over-

catch, removal of dead oysters, and shucking oysters for half-shell

and canning industries (Morris et al., 2019; New South Wales

Department of Primary Industries, 2019). As the natural substrate

on which oyster reefs grow, shell is often favoured over artificial

materials and rock as the substrate for oyster reef establishment

(Goelz et al., 2020). Oysters display greater recruitment to oyster

shell than other commonly used substrates, including concrete,

limestone, granite and other types of shell (e.g. surf clams, scallops;

Hemraj et al., 2022). Oyster shell can be deployed loose, in

biodegradable mesh bags or gabion baskets, or embedded in

substrate (e.g. Ysebaert et al., 2019; Uddin et al., 2021; Comba

et al., 2022). Furthermore, living oyster clumps removed from

oyster farm infrastructure during routine farming operations may

provide an alternative combined supply of oyster stock and

substrate for restoration projects within the estuary from which
Frontiers in Marine Science 04
the clumps were sourced. The use of this more developed and

seasoned oyster stock may potentially accelerate oyster reef

development, though this is yet to be trialled. However, before

being transported to be deployed at distant restoration sites, shell

should be treated (typically by heating, drying, acid or bleaching) to

remove any pathogens or hitchhikers that may pose a biosecurity

risk (Diggles, 2021).

Finally, oyster farms may enhance the probability of

establishing healthy reef ecosystems by providing a source of fish

and invertebrate colonists, by improving environmental conditions,

and by lowering parasite loads. Oyster farms often support many of

the same species of fish and macro-invertebrates as oyster reefs, as a

result of their habitat structure, and filter-feeding activities

(Dumbauld et al. , 2009; Martı ́nez-Baena et al. , 2022).

Consequently, in locations where remnant oyster reefs are scarce

or lacking, oyster farms can play an important role in supplying

those populations of fish and macro-invertebrates that characterise

reef ecosystems (Martıńez-Baena et al., 2022). Additionally, filter

feeding by cultivated oysters improves water quality (Dumbauld

et al., 2009; Humphries et al., 2016) which might facilitate the

recruitment of wild oysters. The water-based infrastructure

required for oyster farming may ameliorate environmental

stressors like wave and wind energy that may otherwise be

inhibitory of the establishment of oyster reefs (Dumbauld et al.,

2009). Moreover, despite the misconception that aquaculture will

necessarily lead to increased disease incidence among sympatric

wild populations, in some instances aquaculture may dilute the

effects of disease agents by serving as hosts that can be harvested

before disease peaks (Ben-Horin et al., 2018).
Potential benefits of oyster reef
restoration for oyster aquaculture

Oyster reef restoration projects in estuaries with oyster farms

are also likely to have positive, reciprocal, feedbacks for

oyster aquaculture.

First, restoring oyster reefs may in and of itself be beneficial to

oyster aquaculture. In some instances, the greater total biomass of

oysters and filter feeding service resulting from oyster reef

restoration may benefit oyster cultivation by improving water

quality (Humphries et al., 2016). This may be particularly

beneficial in estuaries with large agricultural or urbanised

catchments. Generations of additional larvae produced by

restored oyster reefs could also benefit spat collecting activities of

farmers (Breitburg et al., 2000), though at grow-out sites over-catch

(fouling) by the additional larval supply may be problematic (see

negative interactions below). Complimentary coastal and

catchment management activities put in place to assist oyster reef

restoration (for example strategies that effectively reduce suspended

sediment, nutrient and/or contaminant loads) may benefit oyster

farms through the improvement of water quality.

Second, just as oyster reef restoration may benefit from the

knowledge base generated by oyster farming the reverse may also

apply. For example, habitat suitability models used to inform the

selection of oyster reef restoration sites may also be applied to select
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new sites for oyster farms and/or spat collection (Brown and Hartwick,

1988; Cho et al., 2012). Additionally, research and development

around oyster reef restoration may lead to more efficient and/or

effective aquaculture practices. For example, pilot studies for

restoration projects addressing growth and survival of oysters across

environmental gradients (e.g. McAfee and Connell, 2020; Esquivel-

Muelbert et al., 2022)may lead to new knowledge that can be harnessed

by aquaculture on optimal conditions for grow-out, and studies of wild

oysters may lead to better understanding of patterns of disease

incidence along environmental gradients (Bushek et al., 2012).

Third, oyster reef restoration may provide opportunities for

oyster farmers to diversify their income, through the provision of

animals and/or shell substrate, specialist equipment, and

experienced labour for restoration projects (Ridlon et al., 2021).

Where the species targeted by restoration is distinct from that

cultivated for consumption, this can build resilience in the industry

as many of the oyster diseases that can cause catastrophic loss are

specific to certain genera. Provision by the aquaculture industry of

substrate for reef growth can also decrease costs associated with

waste disposal (McAfee and Connell, 2020), though as oyster-reef

restoration projects are often one-off events, the longevity of this

financial benefit may be limited.

Fourth, the restoration of rare or depleted oyster species may

increase the availability of seed and broodstock for aquaculture. For

example, in Europe, demand for O. edulis seed for restoration is

leading to investment in hatcheries and may drive re-establishment

of breed polls (shallow-water oyster lagoons) and ponds, that also

enhance seed supply for aquaculture (Colsoul et al., 2021). In

southern Australia, the fledgling O. angasi aquaculture industry

requires the collection of wild, sexually mature adults for spawning

(Crawford, 2016). Oyster reef restoration projects targeting this

presently rare species may increase the number of viable adults in

the wild, reducing the time spent by farmers searching for viable

adults as well as potentially increasing the likelihood of collecting

high-quality genetically diverse broodstock.

Finally, oyster reef restoration, particularly where community

led or accompanied by citizen scientist monitoring programs, is

likely to improve public awareness of the important ecosystem

services that oysters provide (Toomey et al., 2020). This may help

increase the environmental (‘green’) image of the oyster aquaculture

industry, fuelling support for growth and expansion of the industry.
Potential negative effects of oyster
aquaculture on oyster reef restoration

Despite the many benefits oyster aquaculture may confer to

oyster reef restoration, negative impacts of oyster aquaculture may

also arise where it creates genetic pollution, facilitates proliferation

of non-native species, serves as a source of disease, creates estuarine

use conflict and/or leads to environmental degradation.

Because oyster aquaculture industries are increasingly

dependent on selectively bred stock, the potential for genetic

pollution exists (Šegvić-Bubić et al., 2020). Genetic pollution

occurs when genotypes that are otherwise rare or absent in the
Frontiers in Marine Science
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wild are enhanced through interbreeding with aquaculture stocks.

Studies to date have, however, found little evidence for genetic

introgression of aquaculture lines into wild oyster populations

(Hare et al., 2006; Carlsson et al., 2008; Thompson et al., 2017).

This may be because aquaculture lines, which are typically bred for

fast growth but not necessarily resilience to environmental stressors,

are maladapted to survival in the wild. Alternatively this lack of

genetic introgression could be because in many estuaries the

biomass of cultivated oysters is small relative to that of remnant

wild oysters. As an example, in New South Wales, Australia, the

three estuaries, Port Stephens, Botany Bay and Wagonga, in which

significant oyster reef restoration projects have been conducted or

planned, cultivated oysters account for 2, 0, and 27% of total oysters

respectively (NSW DPI, unpublished data).

In estuaries where non-native species are utilised in aquaculture

(e.g. Crassostrea/Magallana gigas outside of Japan), there is the

potential for these to proliferate in the wild, competing with native

oyster species (Ruesink et al., 2005). Globally, there are over 182

records of 18 oyster species being moved to 73 countries, largely for

aquaculture purposes (Ruesink et al., 2005). The Pacific oyster, the

most translocated oyster, is now considered naturalised in at least

17 countries, significantly altering diversity, community structure

and ecosystem processes (Herbert et al., 2016). Though in some

jurisdictions (e.g. the Netherlands), naturalised populations of

oysters are being harnessed in nature based solutions (Ysebaert

et al., 2019), the proliferation of non-native oysters in the wild is

generally seen at odds with efforts to restore native oysters (e.g.

Ostrea edulis; Zu Ermgassen et al., 2020). The risk of non-native

species proliferation in the wild may be reduced through the

cultivation of sterile triploids (Piferrer et al., 2009).

Oyster farms, and oyster translocations, can also be the source of

disease-causing parasites, predators and competitors that may spill over

to negatively affect shellfish reefs (Forrest et al., 2009; Coen and Bishop,

2015; Goedknegt et al., 2017). For example, large-scale movements of

oysters for aquaculture have contributed to the introduction and spread

of pathogens including Marteilia refringens, Bonamia ostreae and B.

exitiosa in European waters (Culloty and Mulcahy, 2007; Wolff and

Reise, 2002). These pathogens represent a significant threat to the

remaining wildO. edulis populations, and are a key hurdle to overcome

in re-establishing functional reefs (Zu Ermgassen et al., 2020). Many of

these pathogens are notifiable to the World Organization for Animal

Health and regulations are in place to prevent movement of oysters

from infected to non-infected waters. The widespread occurrence of

Bonamia spp. among O. edulis, however, places considerable

constraints on restoration, in some instances necessitating that it is

conducted in disease affected waters (Sas et al., 2020; Zu Ermgassen

et al., 2020). Emerging diseases, often first identified from aquaculture,

represent an ongoing threat to both aquaculture and restoration

industries alike (Bishop et al., 2006). The high densities of oysters on

farms, and the movement of stock as well as aquaculture infrastructure

(e.g., barges, boats, equipment, personnel) facilitate the rapid spread of

parasites and pathogens (Bishop et al., 2006; Ogburn et al., 2007;

Forrest et al., 2009). Biosecurity measures such as quarantining and

disease screening translocated oysters prior to introduction to new

location can assist in reducing risk (Sas et al., 2020).
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Estuary use conflicts with aquaculture can also be an

impediment to restoration in some parts of the world. For

example, in New South Wales, Australia many areas suitable for

oyster reef restoration are zoned for oyster aquaculture – Priority

Oyster Aquaculture Areas (POAA)– and consequently cannot be

used as restoration sites unless an application is made to the

relevant State Government Authority to extinguish the POAA for

the purposes of restoration. Even where zoning allows for co-

location of restoration and farming activities, the areas most

suitable for oyster reef restoration may already be occupied by

oyster farms, leading to the selection of sub-optimal sites for

restoration. Additionally, the scope for restoration may also be

limited in estuaries with a significant oyster aquaculture industry

(Smaal and Van Duren, 2019) because cultivated oysters and

biofouling communities on farming infrastructure reduce the

availability of food for other filter-feeders through top-down

control (Souchu et al., 2001; Huang et al., 2008).

Aquaculture operations that replace or damage other biogenic

habitats may disrupt seascape connectivity of developing oyster

reefs. Oyster farms are often situated in shallow and sheltered

waters, where seagrass meadows naturally occur. Mobile species,

such as fish, may move between oyster reefs and other coastal

habitats at time scales of tides to years, to shelter and feed

(Martıńez-Baena et al., 2022). When poorly managed, oyster

farms can have negative impacts on seagrass beds below or

adjacent to structures (Everett et al., 1995; Forrest et al., 2009).

Such impacts may compromise the biodiversity of oyster reefs.
Potential negative effects of oyster
reef restoration on oyster aquaculture

Increasing the number of oysters within an estuary through

restoration activities may present biological and social challenges to

aquaculture. These potential challenges are recognized by

aquaculture industries with 30% of respondents to a 2019 survey

of New South Wales, Australia, oyster farmers expressing concerns

about possible risks to oyster aquaculture from oyster reef

restoration (New South Wales Department of Primary Industries,

2019). Restored oyster reefs could act as a reservoir for diseases or

pests or introduce new ones, compete with aquaculture stocks for

food, create problems of over-catch for farms and lead to estuarine

use conflict. Nevertheless, in the many parts of the world where

oyster reef restoration is a new endeavour, the spatial footprint of

restoration sites is small compared to that of oyster aquaculture.

There is growing evidence that oysters on farms are more

susceptible to diseases than their wild counterparts (Wilkie et al.,

2013). This may be a consequence of their higher stocking density,

greater genetic homogeneity and/or greater physiological stress.

Consequently, parasites that may exist in small sub-lethal reservoirs

in oyster reefs may produce severe disease impacts on oyster farms

(Bishop et al., 2006). Increasing the abundance of oyster reefs will

increase this reservoir potential. Additionally, oyster reefs may

promote the population growth of oyster predators such as

flatworms, drills and fishes (Grabowski and Peterson, 2007) that

“spill over” and may reduce yields from aquaculture. Predation is
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one of the major hurdles to the successful field aquaculture of

oysters in many parts of the world (Jory et al., 1984). Though

cultivation in bags and baskets off-bottom, manual removal of

predators, regularly cleaning, controlled air exposure and

chemical treatment can reduce predation (Jory et al., 1984; Pit

and Southgate, 2003), none are entirely effective (Jory et al., 1984).

Furthermore, the use of cultch in restoration projects especially

shell collected from unknown sources such as via restaurant shell

recycling schemes, comes with inherent risk attached in terms of

biosecurity. Dead shell can be infected or contaminated with

disease, even when it has been out of the water for significant

periods of time (Diggles, 2021). The movement of people,

equipment, shell and oysters between estuaries as part of a

restoration project also brings the risk of diseases and pests being

translocated (Zu Ermgassen et al., 2020). Though emerging oyster

restoration networks (e.g. Native Oyster Restoration Alliance) have

recognised this risk and are attempting to control it (Pogoda et al.,

2019), there are countless examples where recreational boating and

aquaculture translocations have facilitated spread of emerging

diseases and pests despite protective measures being in place. A

recent example is the spread of Ostereid herpesvirus-1 µVar in

Europe and New Zealand as a consequence of oyster translocations

(Pernet et al., 2016).

Increasing oyster biomass through restoration may in small, low

productivity and/or heavily cultivated estuaries result in the

carrying capacity of the environment for oysters being

approached or even exceeded (Smaal and Van Duren, 2019).

Where competition for food resources results, reductions in

growth rates of farmed oyster populations will be seen. The

potentially significant added oyster biomass from restoration may

also lead to enhanced larval supply and unwanted over-catch of

oyster recruits biofouling cultivated oysters and oyster farming

infrastructure. Over-catch control is one of the most significant

costs in oyster farming (Cox et al., 2012) as it reduces growth rates

of oysters, and can make them less aesthetically appealing for sale

on the half shell, or even unmarketable. Heavy encrustations can

cause the collapse of infrastructure. Consequently, oyster farmers

invest considerable time, and hence money, in removing over-catch.

Coastal restoration projects that proceed without adequate

stakeholder consultation may lead to estuarine use conflict and

social impacts that undermine the success of the restoration project

(La Peyre et al., 2012). Oyster reefs may serve as navigational

hazards to oyster farmers, impose future space limitations on the

growth of oyster aquaculture, and where the oyster reef restoration

leads to development of a wild capture shellfishery, introduce

market competition with aquaculture (New South Wales

Department of Primary Industries, 2019). Further, where oyster

reef restoration produces heightened awareness of the demise of

oyster reefs, legislation may be introduced at national, state or local

level to aid in their protection and restoration. This may have

negative consequences for the industry if this restricts the sites and/

or activities that are permitted in support of farming. It is important

that in shortlisting sites for oyster reef restoration, not only

environmental suitability and logistics, but also social conflict are

considered (Puckett et al., 2018). Early engagement of stakeholders

in the decision making and planning process may not only assist in
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avoiding conflict, but also improve environmental outcomes by

identifying key indicators of suitability that may otherwise be

missed (Puckett et al., 2018).
The way forward: maximising positive
and minimising negative interactions

This paper has identified both positive and negative interactions

that may occur between oyster aquaculture and oyster reef restoration

(Table 1). These interactions result from shared resource (e.g. space,

animals, breeding programs) and environmental (e.g. physico-
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chemical) requirements, as well as biological interactions (e.g.

competition, disease, predation, facilitation) between the two. Many

of these interactions are reciprocated, and can shift from positive to

negative depending on environmental, biological and socio-economic

conditions. From our examination, key factors that emerge that drive

the nature of interactions are: (1) whether the focal species is common

or different between the two industries; (2) the physico-chemical and

socio-economic environment in which the two industries are

occurring, and (3) whether there is open dialogue and consultation

between the two industries and relevant stakeholders. In order to grow

prosperous oyster aquaculture industries and functional oyster reefs,

there is need to recognise these drivers of interactions and adopt
TABLE 1 Summary of the positive and negative interactions between oyster aquaculture and restoration.

Aquaculture to restoration Restoration to aquaculture

Positive interactions

Knowledge

Optimal conditions/ sites for oyster growth/ survival New research on factors influencing growth/ survival

Key stressors, and methods of stressor mitigation New research on stressor mitigation

Resources

Larvae/seed/broodstock supply Larvae/seed/broodstock supply

Selective breeding programs Habitat suitability models

Shell substrate Increased wild stock for use in breeding programs

Environmental data (e.g. from water quality monitoring programs)

Biological

Habitat provision

Environmental

Improvement of water quality Improvement of water quality

Wave dissipation Wave dissipation

Recycling of the shell waste

Other

Improved public image of industry

Income diversification

Negative interactions

Biological

Transfer of pathogens and parasites Transfer of pathogens and parasites

Facilitation of predators Facilitation of predators

Exceedance of carrying capacity Exceedance of carrying capacity

Genetic pollution Increases in over-catch

Habitat damage

Spatial

Estuarine use conflict Estuarine use conflict

Navigation hazard

Other

Economic competition with wild fishery
Italics denote positive or negative interactions that are reciprocated.
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management strategies and consultation practices that favour

positive interactions.

With many aquaculture industries continuing to focus on non-

native species, but most restoration targeting native species, the

commonality (or not) of species between the industries can be a key

determinant of interactions. Where the oyster species is common,

there is greater potential for knowledge exchange and sharing of

genetic resources, brood stock and spat between the two. However,

the risk of disease transfer can be greater. Where the target species

differs, there is in some instances greater potential for unwanted

over-catch and competitive interactions. However, as many oyster

diseases are species- or genus-specific, the risk of disease transfer is

reduced. Restoration of native oyster reefs may help to facilitate a

shift from non-native to native species cultivation in areas where it

has not previously been feasible, strengthening opportunities for

knowledge sharing and sharing of genetic and brood-

stock resources.

Focusing the two industries on common species will provide

greater opportunity for co-design and co-investment in

infrastructure and research and development programs that

benefit both industries. For example, breeding programs are in

place throughout the world, to produce fast growing and disease

resilient oysters for aquaculture. These breeding programs may be

adapted to produce oysters with enhanced resilience to growing

environmental threats, such as heat waves, acidification and/or low

or variable food supply (Dove and O'Connor, 2009; Nascimento-

Schulze et al., 2021). Additionally, these breeding programs may be

harnessed to enhance genetic diversity of wild oyster populations

(Thompson et al., 2017). Maintenance, and even enhancement, of

genetic diversity and the identification of locally adapted

populations will benefit both the aquaculture and oyster reef

restoration industries (Hughes et al., 2017; Li et al., 2018),

particularly given rapidly changing environmental conditions due

to increasing coastal development and climate change.
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Furthermore, whilst not acting as a substitute for oyster reef

restoration, investment in commercial native oyster aquaculture

industries may aid ecosystem recovery in instances where public

funds to support coastal restoration efforts are limited or

unavailable (Theueurkauf et al., 2019). Both sustainable

aquaculture and oyster reef restoration can provide food and

habitat to invertebrates and fish, provide filtration services and

add oyster spawning stock biomass to coastal ecosystems.

The physico-chemical and socio-economic environment in

which aquaculture and restoration activities occurs also appeared

to be a key determinant of interactions between the two. Over-

catch, competition for food and space, and disease exchange can all

be problematic in small semi-enclosed embayments where water

retention is high and exchange (and hence carrying capacity) is low

(Smaal and Van Duren, 2019). Zoning arrangements, designed to

regulate aquaculture, could in these instances also inhibit

restoration activities. Modelling the carrying capacity of estuaries,

though challenging (Filgueira et al., 2014), could provide

mutual benefits to aquaculture and restoration industries by

avoiding over populating estuaries whilst maximising the benefits

associated with healthy oyster populations, such as improved water

quality (Figure 2).

In areas where there is already a significant aquaculture

industry, habitat and restoration suitability modelling can be used

to shortlist sites that are environmentally suitable for oyster reef

restoration but minimize potential negative interactions (e.g. over-

catch, introduction of navigation hazards) and maximise positive

interactions (e.g. habitat provision for desired biodiversity;

Figure 2). Similar models may also, potentially, be applied to the

siting of new aquaculture leases, to optimise oyster production and

minimise negative environmental interactions. For example, the

assessment criteria outlined in the NSW Oyster Industry

Sustainable Aquaculture Strategy (New South Wales Department

of Primary Industries, 2021) for new POAA in NSW estuaries
FIGURE 2

Venn diagram highlighting when negative feedbacks can be mitigated by informed habitat suitability modelling, or well-constructed stakeholder consultation.
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assesses proximity to navigation hazards, conservation areas

(including estuarine habitats), and Aboriginal and non-

Indigenous heritage items, amongst other variables.

Marine spatial planning, that is responsive to the needs of both

industries, and considers the carrying capacity of the environment,

will be critical in enabling the industries to coexist. Swam et al.

(2022) provide an example of how spatial planning can support

management of oyster metapopulations, while identifying zones

supportive of off-bottom aquaculture. Using GIS mapping, they

classified coastal Louisana into zones supportive of (1) broodstock

sanctuary reefs (i.e., reproductive populations), (2) productive reefs

during dry (salty) years, (3) productive reefs during wet (fresh)

years, and (4) off-bottom aquaculture development. Whereas the

Broodstock Sanctuary Zone was defined around environmental

parameters that optimize reef sustainability and fecundity across

years, the Aquaculture Zone was defined by conditions that

maximise oyster growth and survival, but not reproduction and

excluded the influence of predation (as oysters are grown in

predator-excluding baskets from hatchery provided seed). The

Dry and Wet year zones supported reproduction in some but not

all years, enabling the persistence of reefs in areas that may not be

suitable for aquaculture.

Consultation between the two industries is also key to

minimising negative interactions. For example, given the deep-

rooted knowledge oyster farmers have of oysters and estuarine

ecosystems they should be key stakeholders that inform the

location, design and implementation of oyster reef restoration

projects. Early engagement is critical to avoiding habitat use

conflicts and potential zoning issues (Figure 2). In some

instances, positive interactions between aquaculture and

restoration industries may be enhanced through the creation of

multiple use zones where aquaculture and restoration can occur

alongside one another. This may facilitate shared surveillance/

monitoring programs for diseases and pests and water quality

issues that affect both aquaculture and reef restoration.

Overall, this paper highlights the considerable synergies between

oyster aquaculture and restoration industries, and the potential for

the two to work together for the mutual benefit of both. In order to
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ensure that opportunities for co-benefits are maximised, and mal-

adaptive outcomes are avoided it is essential that an open dialogue is

established between aquaculture and restoration early in the

expansion of one or other industry, and that this and consultation

with other relevant stakeholders is maintained.
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