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Globally, there is growing interest in restoring previously widespread oyster reefs to reinstate key ecosystem services such as shoreline protection, fisheries productivity and water filtration. Yet, since peak expiration of oysters in the 1800s, significant and ongoing environmental change has occurred. Estuaries and coasts are undergoing some of the highest rates of urbanization, warming and ocean acidification on the planet, necessitating novel approaches to restoration. Here, we review key design considerations for oyster reef restoration projects that maximize the probability that they will meet biological and socio-economic goals not only under present-day conditions, but into the future. This includes selection of sites, and where required, substrates and oyster species and genotypes for seeding, not only on the basis of their present and future suitability in supporting oyster survival, growth and reproduction, but also based on their match to specific goals of ecosystem service delivery. Based on this review, we provide a road map of design considerations to maximize the success of future restoration projects.
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INTRODUCTION

Growing recognition of the extent to which marine habitats have been degraded and the resulting socio-economic loss has led to heightened efforts to restore these habitats, and the important ecosystems services they once sustained (Duarte et al., 2020). Marine ecosystems underpin important ecosystem services including coastal protection, carbon sequestration, wastewater filtration and fisheries production (Barbier et al., 2011). Hence, their conservation and restoration can assist in adapting to and mitigating climate change impacts, as well as improving human health and well-being (Kabisch et al., 2016; Raymond et al., 2017). This has been recognized by the United Nations in their declaration of 2021–2030 as the decade of restoration, and inclusion of the restoration of marine and coastal habitats as a target in their Sustainability Goals. In contrast to restoration of land-based habitats, marine habitat restoration is, however, in its infancy with the scale of projects often small and the long-term success poor (Bayraktarov et al., 2016; Stewart-Sinclair et al., 2020).

Successful restoration relies not only upon understanding and overcoming factors presently limiting natural recovery, but also in building ecosystems that will persist and provide desired ecosystem services into the future. Historically, the success of ecological restoration was judged according to the extent to which an ecosystem that had been damaged, degraded or destroyed, was returned to a previous ecosystem state (McDonald et al., 2016). However, given the pace of global change, site-bound goals of return to a prior ecosystem state are frequently costly, infeasible and even maladaptive (Harris et al., 2006). Instead, more appropriate goals for ecological restoration may be the attainment of the compositional, structural and/or functional attributes of remnant ecosystems or of modeled reference states (McDonald et al., 2016). Furthermore, alongside restoration—the attainment of a previous or reference state—is the increasing use of ecosystem engineers and habitat-forming species as nature-based solutions for mitigating the effects of ongoing climate change and coastal development (Hughes et al., 2005; Byers et al., 2006; Airoldi et al., 2021).

Ecosystems inhabiting coastal and estuarine waters are particularly susceptible to the effects of coastal development and climate change. Over 40% of the world’s human population is concentrated in 4% of land area within 100 km from the coast (Burke et al., 2001), and in many parts of the world this coastal population growth is at or above twice national rates (McGranahan et al., 2007). Additionally, many of the world’s coasts and oceans are hotspots for climate change. For example, estuaries along the east coast of Australia are warming at rates of almost 4-times that of the global temperature average (Scanes et al., 2020). Consequently, among the environmental changes to which coastal and estuarine ecosystems are increasingly exposed are extreme heat events, acidification, sea–level rise, habitat destruction, invasive species, disease and pollution (Ruesink et al., 2005; Harley et al., 2006; Lotze et al., 2006; Diggles, 2013). Marine restoration and rehabilitation projects are increasing being used to mitigate the effects of such change, providing nature-based filtration, cooling and coastal defense (Hughes et al., 2005; Airoldi et al., 2021). However, the success of such projects depends on the ability of foundational species to tolerate and persist through ongoing environmental change.

Oyster reefs—complex three-dimensional structures created from aggregations of oysters—are among the coastal habitats that are increasingly the focus of restoration efforts (Figure 1). Oyster reefs support diverse and abundant ecological communities, and underpin highly valued ecosystem services such as coastal protection, water filtration, fisheries productivity and carbon sequestration (Grabowski and Peterson, 2007; Alleway et al., 2015). Though once broadly distributed globally across temperate and tropical coastlines, oyster reefs experienced an 85% decline during the 1700s to early 1900s largely due to overharvest using destructive fishing practices (Beck et al., 2011; Zu Ermgassen et al., 2012; Gillies et al., 2018). Despite subsequent reductions in fishing pressure, oyster reefs did not recover, perhaps because dredge harvest removed not only live oysters but also the dead shell base on which oyster reefs accrete, or perhaps due to the emergence of new threats such as disease, declining water quality, warming temperatures and ocean acidification (Beck et al., 2011).
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FIGURE 1. Remnant intertidal Saccostrea glomerata oyster reefs, New South Wales, Australia. Oyster reefs were once distributed globally along temperate and tropical coastlines, but since the 1700s 85% have been extirpated, including in Australia. Photo credit: Francisco Martinez-Baena (A,B,D) and Juan Muelbert (C).


Until recently oyster reef restoration projects were largely confined to the United States, and focused on the eastern oyster Crassostera virginica (Luckenbach et al., 1999) or the Olympia oyster, Ostrea lurida (Brumbaugh and Coen, 2009; White et al., 2009). However, recently efforts have expanded to additional species including Saccostrea glomerata, Ostrea edulis, Ostrea angasi, Magallana (Crassostrea) sikamea, Magallana (Crassostrea) hongkongensis, and new geographic regions including Australia, New Zealand, Europe, and Asia (Fitzsimons et al., 2019, 2020). Key goals of these oyster reef restoration projects may include biodiversity enhancement, nature-based coastal defense, fisheries productivity as well as improvement of coastal water quality (Figure 2; Coen et al., 2007; Gilby et al., 2018; Morris et al., 2019). Additionally, because intertidal oysters can, through the effects of moisture retention and shading, mitigate heat stress to associated organisms, oyster reef restoration may contribute to management strategies aimed at climate change adaptation of biodiversity (McAfee et al., 2017, 2018b).
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FIGURE 2. Contemporary roadmap of design considerations for oyster reef restoration projects.


To maximize the chances of ecological restoration succeeding, projects should have clear and measurable goals at the time of conception, and be responsive to the present and predicted future environmental and social contexts (Figure 2; McDonald et al., 2016). Projects conducted at more degraded sites, or sites that are projected to undergo significant environmental change may require greater restoration inputs than those conducted at less degraded sites (McDonald et al., 2016). At the site-scale, three key environmental requirements must be met in order for reef establishment to occur: (1) site conditions must be suitable for oyster survival, growth and reproduction; (2) there must be hard substrate on which reefs can accrete; and (3) there must be adequate larval supply to support reef growth.

Here we overview key considerations for designing contemporary oyster reef restoration projects that are resilient and resistant to ongoing environmental change. Specifically, we discuss how project goals and present and projected future environmental conditions might influence site selection, and substrate and seed (transplant) selection (where required; Figure 2).



SITE SELECTION

Historically, the selection of sites for oyster reef restoration was based largely on historical distributions of oysters and on feasibility given regulating frameworks and logistics (Pogoda et al., 2020). However, given the extent and pace of environmental change from historical baselines, whether environmental conditions are suitable for oyster reefs presently, and into the future, is now also a key consideration (Pogoda et al., 2020). In order for oyster reef restoration to be feasible and represent a long-term return on investment, the physico-chemical conditions at a site must match the environmental envelope across which gametes, larvae, and adults can survive, and growth and reproduction can occur (Wasson, 2010), under present-day as well as future conditions. Additionally, to maximize the likelihood that the goals of restoration are met, site conditions should facilitate the provision of desired ecosystem services. For example, if the goal of restoration is to increase the productivity of fin-fisheries, connectivity of the oyster reef with other essential fish habitats is required. Consequently, site selection requires knowledge of the environmental tolerances of the oyster species to be restored and the range of conditions across which its reefs provide desired ecosystem services (Figure 2).

Environmental conditions are generally considered the first filter for determining which species can persist at a site, with ecological interactions serving as secondary filters (Kraft et al., 2015). Key environmental considerations when assessing site suitability for oyster reef restoration may include the availability of hard substrate for settlement, as well as water quality parameters (such as temperature, salinity, turbidity, dissolved oxygen, pH, aragonite saturation), geomorphological factors (such as fetch, depth, shoreline slope, and erosion), tidal elevation (depth), food availability, as well as pollution (Soniat and Brody, 1988; Soniat et al., 2013; Theuerkauf and Lipcius, 2016; Chowdhury et al., 2019b; Keller et al., 2019). The optimal conditions for oyster survival and growth, and the thresholds beyond which mortality occurs vary among species. Biological factors that influence post-settlement survival include disease, predation and competition (Powell et al., 1992; Fodrie et al., 2014). At many sites, these conditions are being modified by ongoing climate change and/or coastal development. Consequently, some sites that once supported productive oyster reefs may no longer be suitable, and other sites that were once unsuitable may now or in the future support reef growth (Temmerman et al., 2013). Spatial modeling approaches, that consider environmental, logistic and socio-economic suitability, may assist in site selection.


Shifting Environmental Conditions

Anthropogenic climate change and coastal development are directly and indirectly modifying many of the key environmental factors that shape the distribution of oysters. Global ocean temperatures have increased by 0.11°C (± 0.02 SD) on average, in each decade since 1971 (Pachauri et al., 2014), and are predicted to increase between 0.1 and 0.4°C per decade for the remainder of the twenty-first century (Stocker et al., 2013; Millington et al., 2019). This warming has already facilitated range expansions of non-native Pacific oysters at several high-latitude locations, such as the Wadden Sea and the Northwest European Shelf (Diederich et al., 2005; King et al., 2021), and enhanced mortality rates of this and other native species at lower latitude locations (Malham et al., 2009; Rybovich et al., 2016). Effects of temperature stress on oysters may be particularly great where they are simultaneously exposed to additional stressors, such as heavy-metal contaminants or sub-optimal salinities (Lannig et al., 2006; Rybovich et al., 2016).

Alongside this warming, global climate change is producing a plethora of other environmental changes that are altering site suitability for oyster reefs. For example, increased precipitation in some estuaries such as those of the Northeastern United States is lowering salinity below thresholds required for oyster survivorship (Levinton et al., 2011). Changes in precipitation may also indirectly influence oyster survival, by influencing the prevalence of parasites, many of which have distributions tightly linked to salinity (Powell et al., 1992; Butt et al., 2006; Butt and Raftos, 2008). Additionally, as calcifying organisms, oysters are particularly susceptible to the effects of ocean acidification, with recent research indicating that acidification can lead to alterations of sex determinations and sex ratios, whilst also reducing upper thermal and lower salinity tolerances (Parker et al., 2017, 2018). The rate and extent to which estuaries will be affected by ocean acidification is still somewhat contested (Duarte et al., 2013) and may vary spatially within these (Waldbusser et al., 2011). Sea-level rise and changing wave climates and directions may influence reef growth, though it appears that in at least some instances oyster reef accretion may be able to out-pace sea-level rise (Rodriguez et al., 2014).

Coastal development is also modifying estuarine and coastal conditions. Amongst the changes that are occurring, a plethora of pollutants are being introduced into estuaries and coasts, from industry, agriculture and urbanization. Some pollutants, such as acid sulfate leachate and hydrocarbons, can have large direct negative effects on oysters (Mahoney and Noyes, 1982; Dove and Sammut, 2007). Others have indirect effects. For example, pollutants such as some insecticides (Ewere et al., 2020) and heavy metals (Gagnaire et al., 2004), can exacerbate effects of disease by weakening an oyster’s immune system (Raftos et al., 2014). Where nutrient pollution leads to eutrophication, hypoxic or anoxic conditions can be induced that negatively affect subtidal oyster reef survival and growth (Lenihan and Peterson, 1998; Jeppesen et al., 2018).

Simultaneously, human modifications of flow, for flood mitigation, water security, or through the sprawl of urban structures into the sea can modify factors such as salinity, bottom-water oxygenation and food and larval supply, thereby impacting site-suitability for oyster reefs. For example, where coastal lagoon entrances have been permanently trained open for flood mitigation or navigation, waterways that historically had insufficient water flux to support oyster filter-feeding may now be suitable locations for oyster growth (Garside et al., 2014). In some instances, structures such as breakwaters, culverts and barrages may act as barriers to movement of oyster larvae or dependent taxa (Bishop et al., 2017). In other instances, hard structures may enhance larval supply by acting as an artificial habitat for oysters and other hard-substrate dependent species (Bishop et al., 2017).

Growing human populations in the coastal zone also introduce a range of activities to estuaries that oyster reef restoration may positively or negatively affect. These activities can be commercial (e.g., fishing, aquaculture, shipping), recreational (e.g., swimming, boating, fishing) and/or cultural (e.g., indigenous heritage sites) (e.g., Banks et al., 2016). Consideration of potential sources of conflict and how these may be managed and overcome is critical to development of successful management strategies (Pearson et al., 2016).

Consequently, not only present-day but also projected future environmental conditions and human uses of estuaries should be considered in site selection, to maximize environmental suitability and stakeholder support, and minimize estuarine use conflict.



Restoration Suitability Modeling

Restoration suitability modeling is increasingly used to assess site suitability for restoration projects (Figure 2). This modeling process utilizes species-habitat relations and geospatial environmental data to create a composite habitat suitability index, with values ranging from unsuitable to highly suitable. Once environmentally suitable sites have been identified, these can then be weighted according to the feasibility of restoration to a give a restoration suitability index. Factors considered when assessing feasibility of restoration might include: estuarine use conflict; distributions of other habitats; regulatory frameworks; and logistics. To identify sites that will support oyster reefs into the future, models should be run for present and predicted future environmental conditions.

Restoration suitability models can be adapted to assess site suitability for key ecosystem services. For example, where the goal of restoration is nature-based coastal defense, data on fetch, wind speed and direction can be overlayed with other biophysical variables to assess the sites where the greatest shoreline stabilization benefits will be obtained (La Peyre et al., 2015). On the other hand, as fish move among habitats of the estuarine seascape to feed, shelter and reproduce (Sheaves, 2009), fisheries benefits may be maximized where the oyster reef is proximate to and connected with other important fish habitats such as seagrass, saltmarsh and/or mangroves (Gilby et al., 2019). A subset of suitable sites identified to be environmentally suitable for restoration, may then be ranked according to stakeholder preferences obtained from participatory mapping exercises, small-scale field trials or more in depth, field-based investigations. Selection of sites that are both environmentally suitable for restoration under present and project future conditions, and are socially accepted will maximize the likelihood of successful restoration.



SUBSTRATE

Historic dredge harvest of oysters, and subsequent estuarine habitat modification have at many sites removed or buried the shell base required for oyster settlement and reef accretion. At these sites, substrate addition is required for oyster reef restoration. Restoration projects have historically used recycled, fossilized, or dredged native oyster shell as substrate, because it is the natural material on which oyster reefs accrete (Mann and Powell, 2007; Schulte et al., 2009). The increased demand for oyster shells in many systems and the decreasing overall amount of shell have, however, limited the availability and affordability of natural oyster shells for restoration projects (La Peyre et al., 2014; Bersoza Hernández et al., 2018). Additionally in some instances, shell may be infeasible or undesirable to use due to biosecurity regulations (Bushek et al., 2015), increased rates of dissolution of calcium carbonate shell bases in acidifying oceans (Waldbusser et al., 2011), or introduction of microplastics to the environment if shell is deployed in plastic mesh bags (Hunsucker et al., 2021).

Given limitations surrounding use of shell substrate, a diversity of natural and artificial substrates are now being applied to oyster reef restoration (Goelz et al., 2020). These include, but are not limited to: other bivalve shells (e.g., scallop shells, surf clams), crushed limestone or rock, standard concrete (e.g., oyster castles), concrete with various additives often aimed at lowering pH or resource consumption during manufacture (e.g., Econcrete, Sella et al., 2018; Reefcrete; Dennis et al., 2018) and biodegradable products such as BESE-elements, a zig-zag mesh constructed of a potato waste polymer that can be layered to produce a high surface-area structure with protective microhabitat (Herbert et al., 2018; Temmink et al., 2020). These substrates vary in material type and structural attributes, which interact with environmental factors to determine oyster reef development, growth and ecosystem service provision. Additionally these substrates also vary in monetary and environmental cost. Consequently the net benefit they provide in supporting oyster reef establishment and ecosystem service provision under present and future environmental conditions may vary markedly.


Structural Attributes

Complexity, configuration and vertical relief are among the structural attributes of oyster reefs that influence oyster reef development, resilience to environmental stressors and ecosystem service provision (Figure 2 and Table 1). The relative importance of these attributes in building resilient oyster reef restoration projects will depend on project goals as well as on site conditions.


TABLE 1. Key structural attributes of substrates that should be considered in oyster reef restoration, and their influences on ecosystem services.

[image: Table 1]Habitat complexity can provide protective microhabitats to species from stressors and is generally positively associated with biodiversity (Huston, 1979; Coen et al., 2007). Substrates that are either complex by nature (e.g., oyster shell, limestone rock) or are fabricated to incorporate complexity (e.g., concrete blocks with cracks, surface texture, pools and holes; BESE units) can protect oyster recruits from predators as well as environmental stressors such as high temperatures that are being exacerbated by climate change (McAfee et al., 2018a; Strain et al., 2018). Successful oyster recruitment, in turn, leads to complex biogenic habitat, that supports associated invertebrates and juvenile fish (Strain et al., 2020), and can serve as a prey resource for fish and mobile crustaceans (Grabowski and Peterson, 2007; Grabowski et al., 2012). Additionally, complex substrates can facilitate biodiversity while oyster reefs are developing, and still acquiring their own biogenic complexity (Chapman and Blockley, 2009; Ido and Shimrit, 2015; Paalvast, 2015; Strain et al., 2020). Consequently, utilization of complex substrates will be particularly important in environments where high post-settlement mortality limits oyster reef establishment, or where enhancement of native biodiversity is a key ecosystem service goal (Table 1).

Reef size, shape and fragmentation (i.e., whether oyster reefs are continuous or patchy) influence biological processes such as predation, colonization and filtration (Harwell et al., 2011; Hanke et al., 2017) and physical processes such as wave attenuation (Table 2; Allen and Webb, 2011). Reef designs with a large perimeter (e.g., linear reefs or those with rugose edges) benefit species such as fishes and crabs that forage and seek refuge at habitat edges (Griffitt et al., 1999; Hanke et al., 2017). The high habitat provision of rugose perimeters is complemented by their ability to provide thermal refuge for these larger inhabitants (Abele et al., 1986; Sutton et al., 2007). By contrast, designs that maximize interior to edge ratios will benefit invertebrates that reside within reefs, and suffer high predation at their edges (Harwell et al., 2011). Across all habitats, species richness is generally considered to increase with area (Williamson, 1988). Larger reefs may also support higher levels of water quality and filtration services, as these are proportional to the total oyster biomass (Nelson et al., 2004; Grizzle et al., 2006) and greater wave attenuation, which increases with reef width (Allen and Webb, 2011). As thermal amelioration and wave attenuation may positively feedback to enhanced oyster survival, large reefs with rugose edges may confer enhanced resilience of reefs and their inhabitants to warming and increased wave energy.


TABLE 2. Performance of substrates against key criteria for oyster reef restoration.

[image: Table 2]Vertical relief is particularly important for subtidal reefs in areas of low bottom flow and oxygen, or for intertidal reefs, established in silty areas (Table 1). In the subtidal, a raised substrate can lift oysters out of low-oxygen bottom waters, into faster flowing waters with greater feeding opportunities (Lenihan and Peterson, 1998). This may be considered in urbanized estuaries particularly prone to eutrophication events and seasonal hypoxia of bottom waters. In both intertidal and subtidal settings, vertical relief can also elevate oysters above silty bottoms that may clog gills and impair feeding.

The vertical relief of oyster reefs may also influence the extent to which oyster reefs can function as living, natural breakwaters (Table 1; Grabowski and Peterson, 2007; Grabowski et al., 2012). Like low-crested breakwaters, oyster reefs produce greatest wave attenuation when the crest of the structure is at or above the still water level (Allen and Webb, 2011; Webb and Allen, 2017; Spiering et al., 2018; Wiberg et al., 2019). However, reef crests that spend a greater proportion of their time exposed, while maximizing wave attenuation are not suitable habitat for oysters. Oyster reefs have the benefit over artificial structures in that they can vertically accrete, such that whereas revetments may be over-topped under scenarios of sea-level rise, oyster reefs can potentially keep pace (Grabowski et al., 2012; Rodriguez et al., 2014), serving as natural protection against intertidal habitat loss, shoreline erosion, and property damage (Syvitski et al., 2009; Lin et al., 2012; Temmerman et al., 2013).



Material Type

Substrates utilized for oyster reef restoration vary in chemistry, color, surface roughness, porosity, density and longevity. These factors interact with environmental conditions to determine oyster settlement and post-settlement survival—key factors underpinning oyster reef development (Table 2).

Substrate chemistry, brightness and micro-texture are key determinants of invertebrate settlement (Crisp, 1976; Pawlik, 1992; Anderson, 1996; Coombes et al., 2015; Ells et al., 2016). Oysters are gregarious settlers, responding positively to the chemical cues of conspecifics (Bonar et al., 1990; Zimme-Faust and Tamburri, 1994). This behavior appears to be driven by peptides (Zimme-Faust and Tamburri, 1994), that may also be associated with biofilms growing on the alkaline surface of some other bivalve shells (e.g., surf clams, scallops) and concrete (Anderson, 1996). Many marine invertebrates including some oysters (Shaw et al., 1970) are negatively phototactic (Crisp, 1976) and settle in higher numbers on to darker than brighter substrates (Ells et al., 2016). The brightness of a substrate may also determine the extent to which it absorbs and re-radiates solar heat (McAfee et al., 2017), potentially making some darker surfaces unsuitable substrates for reef establishment, especially under scenarios of climate warming (McAfee et al., 2017).

The higher alkalinity of concrete (pH of 12–13) than oyster shell (pH 9) may assist in safeguarding marine organisms from increasing ocean acidification, especially during the vulnerable juvenile stages (Mos et al., 2019). However, concerns have been raised over negative impacts of a high alkalinity on the development of other oyster reef-associated organisms (Guilbeau et al., 2003; Müllauer et al., 2015; Dennis et al., 2018). The high alkalinity of concrete may also interfere with the natural process of species adapting to lower pH over time (Amaral et al., 2012; Cole et al., 2016; Gray et al., 2019). Nevertheless, concrete surface texture rather than chemistry appears to be a more important determinant of oyster settlement (Potet et al., 2021).

The density and longevity of materials can also be a key determinant of their suitability for restoration, especially in dynamic environments. Without stabilization, relatively low-density shell materials placed in wave-swept environments are rapidly dispersed, compromising their suitability as a substrate for oyster settlement, and their utility for nature-based coastal defense. Higher-density concrete substrates, by contrast, are stable, but where these hard engineering structures attenuate waves and stabilize shorelines, they may make oyster reef restoration for shoreline stabilization purposes redundant (Morris et al., 2019). Rapidly biodegrading substrates may be desirable in environments with high spatfall and rapid reef growth. In other environments where reef development is slower, or the frequency and intensity of storms is great, substrates with longer longevity may be needed. Increasing frequency and intensity of storm events, under future climate change scenarios, may necessitate use of substrates of higher durability (Firth et al., 2013; Stocker et al., 2013).



Return on Investment

Not only do substrates vary markedly in their efficacy in promoting oyster reef growth, but they also vary in their monetary and environmental cost (Table 2). The ratio of benefits to costs will determine return on investment, an increasingly important factor driving reef design (Bersoza Hernández et al., 2018).

Natural materials typically used in the construction of low-lying reefs (i.e., oyster shells, crushed rock, limestone and clam shells) are generally cheap, as they do not require manufacturing, with their cost instead limited to transportation and deployment, and in some instances also extraction, sterilization (e.g., boiling or UV treatment of shell to remove parasites) and packaging (Goelz et al., 2020). Concrete and associated products such as Reefcrete and Econcrete are typically more expensive due to the manufacturing processes (Flower and Sanjayan, 2007; Marinković et al., 2010; Dennis et al., 2018), as are bespoke products such as BESE-elements that are manufactured at smaller economies of scale.

The environmental footprint associated with substrates also varies, and is generally less for naturally occurring materials (Table 2). Shell generally has a low environmental footprint, particularly where it is sourced from restaurants through shell recycling programs (Branigan et al., 2020) and has been appropriately treated through UV exposure (i.e., curing) or boiling, to kill any hitchhiking species or parasites (Jeffs et al., 2019; Branigan et al., 2020). Transportation of shell across large distances, extraction by dredge and/or inadequate biosecurity control may, however, inflate this. Crushed rock and limestone has a low footprint where it is sourced as a waste product from other activities, but this is increased where mining is required (Graham et al., 2017; Goelz et al., 2020). The fabrication of concrete, by contrast, releases large amounts of CO2 into the atmosphere (Achternbosch et al., 2011), uses large quantities of water (Flower and Sanjayan, 2007; Marinković et al., 2010). Reefcrete created from recycled ground granulated blast-furnace slag and Portland cement, supplemented with either hemp fibers or recycled shell material (Dennis et al., 2018) has a reduced carbon footprint, compared to standard concrete.

Consequently, in instances where natural products such as shell and rock are appropriately placed, they generally offer greater return on investment than manufactured products (Bersoza Hernández et al., 2018). However, the utilization of natural products can be limited by availability and in the case of shell, stability and longevity. Poorly stabilized shell in high wave-energy environments will not provide a suitable substrate for oyster settlement, and any benefit of a cheap and environmentally friendly substrate will be offset by poor ecological return. Hence both cost and environmental context are key considerations in substrate selection.



OYSTER SEEDING

Historical overharvest of oyster reefs using destructive fishing methods, and more recent oyster mortality from disease and declining water quality, has reduced oyster spawning stock biomass (Beck et al., 2011; Baggett, 2014; Fitzsimons et al., 2019). Oyster seeding is required at sites where larval supply from remnant wild populations or aquaculture farms is inadequate to facilitate reef growth (Brumbaugh and Coen, 2009; Geraldi et al., 2013). Oysters may be introduced as spat (juvenile oysters) settled onto shell in hatcheries, mature (i.e., reproductively capable) adult oysters sourced from aquaculture or the wild, and/or larvae (Brumbaugh and Coen, 2009). In order for oyster reefs to persist through time, oysters must display resilience to present and projected future environmental stressors. Hence, key considerations for seeding oysters are the selection of species, populations and genotypes that are best suited to present-day and projected future environmental conditions (Figure 2).


Species Selection

There are a number of genera and species of oyster that are capable of forming reefs (Gillies et al., 2018). These differ in distribution, and hence environmental tolerances, though at many locations, multiple reef-forming species overlap in space (Gillies et al., 2018). Hence, a key consideration of restoration projects can be what species of oyster to seed reefs with. This may be a simple decision if the goal of restoration is to recover populations of a particular oyster species, or if only a single species has a distribution that overlaps with the proposed restoration site. However, where goals of oyster reef restoration are functional (i.e., shoreline stabilization, or enhancement of associated fin-fish productivity) and multiple oyster species have distributions that overlap with the proposed restoration site, the match of the species to the environment and project goals should be considered. Key considerations might include: (1) the habitat suitability of the site for oyster species under present and projected future environmental conditions; (2) the susceptibility of oyster species to disease-causing parasites and predators either presently affecting the site or predicted to into the future; (3) the capacity of the different species to deliver desired ecosystem functions now and into the future; and (4) the availability of oysters of the various species for seeding, either through established aquaculture industries, or remnant wild populations that can be harvested (Figure 2).

Reef-forming species of oyster span tropical and temperate, and marine and brackish water, varying in their environmental tolerances and sensitivity to ongoing climatic changes (Gillies et al., 2018). Hence, as the environment changes, conditions will become more suitable for some species, and less suitable for others. Species distribution modeling (SDM) can be useful in predicting how individual species might respond to this environmental change (Wiens et al., 2009), and hence, whether a given location is likely to support a particular species into the future. Nevertheless, in utilizing SDM it should be noted that SDM assumes that distributions reflect environmental niches. This may not be the case if biological factors such as disease or predation appreciably reduce, or facilitation appreciatively expands distributions over those predicted based on environmental niche (Guisan and Thuiller, 2005).

Disease and predation are also broadly regarded as key determinants of oyster distribution (Coen and Bishop, 2015; Strain et al., 2018), and due to their variable effects among oyster species, should be factored into species selection. For example, effects of Bonamia parasites appear limited to oysters of the family Ostreidae, and within this are primarily confined to Ostrea spp. (Engelsma et al., 2014). Fast-growing species of oyster can be more susceptible to predators than slow-growing species where the penalty for fast growth is a thinner shell (Bishop and Peterson, 2006). Effects of disease are expected to intensify as coastal development increasingly degrades coastal water quality, and climate change introduces the frequency of extreme events (e.g., heavy rainfall and associated fresh-water pulses, and heat waves) that stress oysters and compromise their immune system (Burge et al., 2014). By contrast, effects of predators on oysters may be diminished where coastal development negatively impacts meso-predator populations through harvest, habitat destruction and declines in water quality, or enhanced where ocean acidification results in smaller or thinner-shelled oysters (Sanford et al., 2014).

Where possible, native species should be selected over non-native species. However, in rare instances, non-native species that are already naturalized at a location may be considered for reinstatement of lost ecosystem services. In many instances, native and non-native species of oyster display a high degree of functional redundancy in the biological communities they support and the ecosystem services they provide (e.g., Wilkie et al., 2012; Zwerschke et al., 2016, 2020). Non-native species should only be considered if: (1) environmental conditions are no longer suitable for establishment of native oysters, and/or if the non-native species displays greater capacity than native oysters to tolerate projected future environmental change; (2) the non-native species can be considered a functional analog of the native species; (3) the non-native species is already naturalized in the targeted environment; and (4) the benefits of the non-native species outweigh negative ecological or socioeconomic impacts (Ramus et al., 2017; Sotka and Byers, 2019). Such decisions should be made on a case-by-case basis with careful consideration, experimentation and analysis before they are endorsed (Sotka and Byers, 2019). Individuals for transplant should be locally sourced from naturalized populations, in order to prevent introduction of hitchhiking species, and genetic variants that may not already be present in the introduced range. In the Netherlands, where native flat oysters (Ostrea edulis) are now functionally extinct (Beck et al., 2011) and native mussel beds (Mytilus edulis) have become largely overgrown by non-native Pacific oysters, Magallana (Crassostrea) gigas (Markert et al., 2010), the non-native oyster is being utilized for shoreline stabilization. This is because it is more suited to the present environment and is, to a large degree, functionally equivalent to the native species (de Vriend et al., 2014).

Established aquaculture industries can be a valuable source of seed, negating the need for harvest and transplant of individuals from remnant populations (Figure 2). In instances where aquaculture industries do not presently support production of a required species, and sizeable remnant populations for transplant do not exist, new industries may be established that are focused on seed supply for restoration industries. These may take some time to establish, and genetic considerations, discussed in the following section, should also be kept in mind.



Source Populations and Genetic Considerations

In addition to the species to be utilized in restoration, the source population (and its genetic diversity) should also be considered. The historical paradigm of restoration ecology has been that transplant of locally sourced individuals into restoration sites maximizes survival, as these are adapted to the local environment (Camara and Vadopalas, 2009). Use of locally sourced transplants has also been viewed as desirable as it preserves the local gene pool (Camara and Vadopalas, 2009). Indeed, for oyster reef restoration there has been a focus on using local populations that are adapted to local diseases (Carnegie and Burreson, 2011). However, particularly for populations with limited dispersal and gene flow, or that have had their effective population size reduced or genetic composition severely modified by stressors such as harvest, exclusive use of local material may constrain rapid evolution to emerging anthropogenic and/or climatic stressors (Camara and Vadopalas, 2009). In such instances, enhancement of genetic diversity and/or genetic improvement may be achieved through supplementation of transplants with aquaculture stock, or stock acquired from other sites (Gaffney, 2006). In the restoration of terrestrial ecosystems, predictive provenancing, whereby stock is acquired from sites matching projected future conditions, or admixture provenancing, where seed is mixed from many populations throughout the distribution of the species, are approaches increasingly being applied to maximize gene flow and genetic variation (Breed et al., 2013). The benefits and risks of applying such approaches to oyster reef restoration are poorly understood, and are an area of research need. Studies of quantitative genetic variation of remnant oyster populations at a location can assist in identifying the most suitable genetic approach (Camara and Vadopalas, 2009).

Where seed is sourced from aquaculture industries, restoration projects potentially have access to selective breeding programs. Oysters are well suited to selective breeding programs due to their high fecundity and genetic variability (Gosling, 2003; Dégremont et al., 2015). Industry-based selective breeding programs have historically revolved around selection for fast growth—a trait favored by food production industries- and disease resistance, which is generally regarded as one of the largest threats to the industry (Dégremont et al., 2015). However, there is increasing interest in also breeding for resilience to heat stress and ocean acidification (Tan et al., 2020). The resulting breeding lines have, in many instances, been demonstrated to confer survival and growth benefits to cultivated oysters, when exposed to these stressors (Tan et al., 2020).

As cultivated and wild oysters are subject to many of the same stressors, it may be hypothesized that selective breeding lines developed for aquaculture may also be advantageous for oyster reef restoration. Indeed, assisted evolution—the acceleration of natural evolutionary processes, through selective breeding, epigenetic programming and manipulation of microbial communities for certain traits—is increasingly being applied to restoration of corals (Van Oppen et al., 2015). Nevertheless, a growing number of studies have demonstrated that selectively bred genotypes can be suboptimal in the wild, and consequently, do not persist or introgress into wild populations (Hare et al., 2006; Carlsson et al., 2008; Thompson et al., 2017). For example, McAfee et al. (2017) found that the trade-off for fast growth and disease resistance was resilience to warming. Hence, in order to maximize resilience to a range of stressors, a better strategy might be to maximize genetic diversity rather than select for certain genotypes.

Given the uncertainty of the performance of populations and breeding lines under future environmental conditions, it is important that oyster reef restoration programs are accompanied by appropriate programs monitoring the growth, survival and reproduction of seeded populations.



RECOMMENDATIONS FOR BUILDING RESILIENT OYSTER REEFS

This synthesis has highlighted the diversity of methods that can be applied to oyster reef restoration projects, and their applicability to varying environmental, and socio-ecological contexts. In order to maximize benefits of oyster reef restoration into the future, bespoke approaches are needed that are responsive to stakeholder goals, site conditions and present and predicted future key threatening processes. Projects that blindly apply methodologies without considering their match to present and future conditions or goals risk a higher probability of failure.

Our synthesis has highlighted that the starting point for planning any restoration project should be identifying the goals of the project (Figure 2). This is because the sites and methods that are most suitable for oyster reef restoration will vary according to the specific goals. For example, whereas projects aimed at shoreline protection might target eroding shorelines and oyster reefs of high vertical relief, those aimed at fisheries productivity might target complex low-lying forms, situated proximate to other important fish habitats such as mangroves, saltmarsh, and seagrass.

Once goals have been identified, the next step is to identify the desired life-span of the project. Where the goal is multi-decadal provision of ecosystem services, restoration suitability modeling using the best available data for present-day and projected future environmental change, should be used to identify sites that meet the physico-chemical requirements of oysters and are most likely to deliver desired ecosystem services (Figure 2). The most suitable sites may vary among oyster species and in regions that support multiple reef-building oysters, species selection can be a key criterion. Site selection should not only consider climate change but also ongoing coastal urbanization which may modify physico-chemical conditions and also introduce sources of estuarine-use conflict.

The next step, following site selection, is site visits and pilot studies to assess whether substrate and/or seeding is required for reef establishment. Where substrate is required, key considerations for its selection include availability, the economic and environmental cost, and the growth forms of reefs the substrate facilitates (Figure 2). Consideration of growth form is important because it influences ecosystem service delivery. Oyster species and genotypes for projects requiring seeding should be selected on the basis of their environmental suitability, resilience to environmental change, and the size and shape of reefs they form—the latter again being critical to ecosystem service delivery. Availability of stock from aquaculture or remnant wild populations can also be a key consideration.

Finally, once a site and methodology has been decided on, monitoring and evaluation of the efficacy of the project in attaining goals is critical not only for adaptive management of the project in question, but also in building a broader knowledge that will maximize the successful planning of future restoration projects.

Globally, oyster reef restoration is in its infancy. There is great potential for oyster reef restoration to restore lost biodiversity and ecosystem services, and to build resilience in coastal ecosystems to the effects of ongoing climate change and coastal development. The success of projects is, however, contingent on careful planning and on adaptive management that is responsive to the learnings of monitoring and evaluation programs. To design restoration projects that are resilient to and mitigate the ecological impacts of ongoing environmental change we must understand the nature of the environmental, ecological and socio-economic change that is occurring.
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Materials Appropriate chemical Biosecurity risk Readily available Durability Biodegradable Environmental Cost References
cues footprint
Shell Generally yes, though High; though this can Variable; can be Low-medium; needs to  Yes; though where Small; particularly when — Low O’Beirn et al., 2000;
oyster settlement onto be reduced to low with  sourced from be stabilized and in stabilized in plastic sourced from local shell Nestlerode et al., 2007;
mussel shell can be low  appropriate sterilization  aquaculture and wave-swept mesh bags this may be  recycling programs Zacherl et al., 2015;
of translocated shell shell-recycling environments softer negated Graham et al., 2017;
programs shells may degrade Bersoza Hernandez
etal., 2018
Crushed rock/ Variable; yes for None if terrestrially Generally yes; though Medium-high; No Variable; where mined Low Soniat and Burton,
stone limestone and rock with  sourced limestone may be more  dependent on rock can be large, but lower 2005; George et al.,
calcium carbonate, no challenging to source type and stabilization where sourced from 2015; Graham et al.,
for some others waste 2017
Concrete Yes None Yes High No Large; water and Average Flower and Sanjayan,
energy consumed in 2007; Mos et al., 2019
manufacturing,
environmental costs
also associated with
transportation
Modified concrete Yes Variable; inclusion of Generally yes, though High No Medium-high; where Average Perkol-Finkel and Sella,
(e.g., Reefcrete or shell fragments in blend  depends on blend recycled materials are 2014; Bersoza
Econcrete) may introduce included smaller than Hernandez et al., 2018;
biosecurity risks. for standard concrete Dennis et al., 2018;
Sella et al., 2018
Biodegradable Yes None Limited; presently only Low-medium; designed  Yes Medium; fabricated High Gilby et al., 2018;
elements for produced in to degrade over from potato waste; Herbert et al., 2018;
starting Netherlands 5-10 years, dependent dependent on BESE-elements, 2019;
ecosystems on wave energy, transportation Temmink et al., 2020

(BESE-elements)

material is brittle
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Structural characteristics

Surface complexity

Reef patch size

Reef fragmentation

Vertical relief

Processes affected

Enhances surface area
available for recruitment;
ameliorates abiotic (e.g., heat
stress) and biotic (e.g.,
predation) stressors.
Determines: habitat area for
colonization; oyster biomass,
and hence filtration; reef width
and wave attenuation

Edge to interior ratio influences
recruitment and predation

Elevates oysters above silty and
hypoxic bottom waters, to
high-flow nutrient and
oxygen-rich waters; influences
wave attenuation

Ecosystem services affected

Habitat provision

Habitat provision; wave
attenuation; maintenance of
clean water

Habitat provision

Shoreline stabilization and wave
attenuation

Effect on reef resilience

Provides protection from
environmental stressors (i.e.,
thermal refuge)

Removal of nutrients and
microalgae from waterways can
decrease likelihood of
eutrophication events and
associated mass fish kills

Higher availability of edge
complexity provides refuge for
larger species (e.g., fishes and
crabs)

Vertical reef accretion can
outpace sea level rise. Can
facilitate landward expansion of
biogenic habitats (e.g.,
saltmarsh)
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