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Over 85% of the world's oyster reefs have been lost in the past two centuries, triggering a global effort to restore shellfish reef ecosystems and the ecosystem services they provide. While there has been considerable success in re-establishing oyster reefs, many challenges remain. These include: high incidence of failed restoration, high cost of restoration per unit area, and increasing stress from climate change. In order to leverage our past successes and progress the field, we must increase restoration efficiencies that not only reduce cost per unit area, but also increase the resilience of restored ecosystems. To help address this need, we qualitatively review the literature associated with the structure and function of oyster reef ecosystems to identify key positive species interactions (i.e., those species interactions where at least one partner benefits and no partners are harmed). We classified positive inter- and intraspecific interactions between oysters and organisms associated with oyster ecosystems into the following seven functional categories: (1) physical reef creation, (2) positive density dependence, (3) refugia from physical stress, (4) refugia from biological stress, (5) biodiversity enhancement, (6) settlement improvement, and (7) long-distance facilitation. We discuss each category of positive interaction and how restoration practitioners can use knowledge of such processes to enhance restoration success. We propose that systematic incorporation of positive species interactions into restoration practice will both enhance ecological services provided by restored reefs and increase restoration success.
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INTRODUCTION

Ecologists have long emphasized the importance of negative interactions (i.e., competition, predation, parasitism), physical disturbances, and physiological stress in driving species diversity and shaping ecological communities (Darwin, 1859; Connell, 1956; Paine, 1965). However, over the past three decades, research has shown that positive interactions (i.e., those where neither species is harmed and at least one species benefits) are equally important in shaping population and community-level structure (Bertness and Leonard, 1997; Stachowicz, 2001; Bruno et al., 2003; Silliman et al., 2011). Positive interactions occur when one organism makes the local environment more favorable for another organism. This can happen directly, such as when canopy-forming macroalgae shade the intertidal zone and reduce desiccation stress for other organisms (Thomsen et al., 2018). Alternatively it can happen indirectly, such as when predators consume grazers, indirectly facilitating plants by reducing stress from herbivory (Stachowicz, 2001; Bruno et al., 2003).

Research on positive interactions has established a theoretical framework that predicts the relative importance of positive interactions in space and time (Bertness and Callaway, 1994). The Stress Gradient Hypothesis (SGH) predicts that facilitation among neighboring individuals is more likely under high physical or biological stress. Contrastingly, according to the SGH, negative interactions such as competition or predation prevail under low stress conditions (Bertness and Callaway, 1994; Bertness and Leonard, 1997; Bruno et al., 2003; He et al., 2013). This idea has been tested over 1,000 times across marine, terrestrial and aquatic systems both qualitatively and quantitatively (He et al., 2013). The SGH is now considered a foundational theory in ecology that generally predicts when and where positive species interactions will drive species diversity patterns and ranges (Stachowicz, 2001; Silliman et al., 2013; Silliman and He, 2018). In addition to its contribution to ecological theory, the SGH offers an important theoretical framework when considering how to restore species or ecosystems and their functions (Halpern et al., 2007).

In the field of ecological restoration, practitioners aim to reassemble a species, population, community, or ecosystem and to re-establish the ecological interactions that occurred preceding degradation (Jordan et al., 1987). Since degraded systems in need of repair are often under high stress, the SGH suggests positive species interactions should be important in helping them recover, and thus harnessing these interactions could improve restoration outcomes. However, the foundational paradigm in coastal and marine restoration has been that competition limits an organism's regrowth. Accordingly, restoration projects have focused on minimizing negative interactions, while largely ignoring potential positive ones (Silliman et al., 2015; Renzi et al., 2019; Valdez et al., 2020). However, this “foundational” principle stating that negative interactions are paramount in restoration came directly from forestry science without first testing it in marine systems (Halpern et al., 2007). In contrast to forest restoration, recent work in salt marshes testing this paradigm in a restoration context found that the lack of positive species interactions incorporated into planting designs dramatically limited restoration success. Researchers found that outplants positioned next to, rather than further apart from other outplants—as called for by the current paradigm—increased restoration success by >100% with no extra cost (Silliman et al., 2015). Planting marsh grasses close to each other encouraged intraspecific facilitation whereby grass clumps were better able to resist wave erosion and low oxygen stress than individual outplants. Restoring other naturally occurring positive interactions may bring restored ecosystem functional processes closer to those of the target ecosystem, but for many coastal systems this has yet to be tested.

Several recent reviews have stressed the importance of incorporating positive species interactions into restoration because of their potential to increase project success. These reviews cover aquatic systems in general (Halpern et al., 2007) as well as mangrove (Gedan and Silliman, 2009; Renzi et al., 2019), coral (Shaver and Silliman, 2017), tidal marsh (Derksen-Hooijberg et al., 2018; Renzi et al., 2019), seagrass (Valdez et al., 2020), and terrestrial (Gómez-Aparicio et al., 2004; Gómez-Aparicio, 2009) systems. However, similar syntheses for oyster reef ecosystems are lacking.

Oyster reefs were once ubiquitous in many shallow water marine environments, replacing corals as the dominant reef forming ecosystem in higher latitude environments. However, over the past two centuries, more than 85% of oyster reefs around the world have been lost (Beck et al., 2011). In response, there has been a worldwide effort to restore shellfish reef ecosystems and the ecosystem services they provide, including water filtration, nutrient cycling, fish production, and shoreline protection (Fitzsimons et al., 2019; McLeod et al., 2019; Pogoda et al., 2019). Historically, restoration has focused on oyster population enhancement as a means to restore oyster reefs (Brumbaugh and Coen, 2009; Schulte et al., 2009), likely because oyster reefs were traditionally managed as a fishery rather than as an ecosystem (Coen and Luckenbach, 2000; Luckenbach et al., 2005). The field of oyster restoration primarily developed in the United States over the past 20 years (Luckenbach et al., 1999; Schrack et al., 2012) but has recently grown to encompass non-North American oyster species [e.g., Saccostrea glomerata, Ostrea edulis, Ostrea angasi, Magallana (Crassostrea) sikamea, Magallana (Crassostrea) hongkongensis], mussel species (e.g., Mytilus galloprovincialis and Perna canaliculus), and new geographic regions such as Australia, New Zealand, Europe, and Asia (Fitzsimons et al., 2019, 2020).

In this study, we systematically reviewed the scientific literature associated with the structure and function of oyster reef ecosystems to define and identify studies on positive species interactions that support key ecological processes. To do this, we took a whole system approach and examined both the benefits provided by other species to oysters and the benefits provided by oysters to other species, given that oyster reef restoration is not only undertaken to rejuvenate oyster populations themselves, but also for associated species that depend on oyster reefs. The ability of oysters to support other organisms is increasingly a primary reason why oyster reefs are restored, as oyster and associated species support ecosystem functions such as water filtration, fish production, and hard reef structure (Coen et al., 2007; Grabowski and Peterson, 2007; Grabowski et al., 2012; Kellogg et al., 2014; Zu Ermgassen et al., 2016). We define oyster ecosystems to include both structural forms of the ecosystem (i.e., largely two-dimensional oyster beds and higher profile reefs) and include all ecosystem-forming species described in the literature. The aim of this study was to synthesize any positive species interactions that have previously been identified in the oyster restoration literature to provide an overview of relevant positive interactions that could be useful to restoration practitioners. However, we do not rank the importance of these interactions, as each restoration project will have situational drivers that could result in different positive interactions being more or less important. We hope this systematic review will advance understanding of positive interactions and serve as a tool to improve ecosystem function outcomes of restoration projects and the management of wild oyster ecosystems.



METHODS

We reviewed the scientific literature, following guidelines for preferred reporting items for systematic reviews and meta-analyses (PRISMA; Figure 1), by searching Web of Science and SCOPUS using the search string: TOPIC = [(oyster* OR “oyster reef*” “OR” “oyster bed*”) AND (restor* OR creat* OR rehabilit* OR reconstruct* OR recover* OR benefit* OR construct* OR “ecosystem service*” “OR” “ecosystem function*” OR facilitat*)]. Timespan: All Years (1945–2019); Indexes: SCI-EXPANDED, SSCI, A&HCI, ESCI, which returned 3,385 unique articles. We reviewed these articles at the title-, keyword-, and abstract-level to determine whether the article might involve a species interaction involving oysters. We only included studies that were field-, lab-, or modeling-based; reviews and meta-analyses were excluded (Figure 1—PRISMA flow diagram).


[image: Figure 1]
FIGURE 1. Systematic review flow diagram. The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram for the systematic review detailing the database searches, the number of abstracts screened, and the full texts retrieved.


Following the initial review, 583 articles remained, and these articles were screened at the full-text level (Figure 1—PRISMA flow diagram). Articles were included in the final database if: they examined a positive species interaction where oysters were involved directly or indirectly [e.g., oysters acting as refugia for other species (direct)/fish facilitate oysters by consuming shell crushing crabs (indirect)]. From each of those articles, we extracted: (1) the species of oyster involved; (2) where the study was conducted; (3) whether the research was a lab, field, or modeling study; (4) whether the study was intertidal or subtidal; (5) the life stages of the species involved; (6) whether the species involved were native or non-native; (7) what metric was used to assess species' benefit; (8) whether the interaction was mutually beneficial; (9) whether the authors found the relationship to be context-dependent (i.e., a positive relationship in some contexts and not in others); and (10) a short description of the interaction. An article could have multiple observations of positive interactions, if for example a positive interaction was studied in multiple experimental systems (i.e., a laboratory and field study) or if there were multiple positive interactions within a study. Each article was screened by at least two different authors for consistency.

After creating the database, we qualitatively screened the observations into seven categories of positive interactions (Figure 2, Table 1: Interaction category): (1) physical reef creation, (2) positive density dependence, (3) refugia from physical stress, (4) refugia from biological stress, (5) biodiversity enhancement, (6) settlement improvement, and (7) long-distance facilitation. For three of the categories (settlement improvement, refugia from physical stress, and refugia from biological stress), we also sub-categorized the positive interaction mechanism to capture additional information (Table 1: Interaction sub-category). “Settlement improvement” was broken down into two further sub-categories: substrate type and settlement cues. “Refugia from physical stress” was sub-categorized into five specific types of physical stress: thermal, flow, sediment, water chemistry, and water stress; and “refugia from biological stress” was broken down to trophic, competition, disease and nutrient stress. We also identified ten benefit outcomes from the partnerships (Table 1): (i) enhanced survival, (ii) enhanced growth, (iii) enhanced abundance of a single species or of many species (i.e., biodiversity), (iv) increased settlement, (v) improved filtration, (vi) reduced stress response, (vii) enhanced reproduction, (viii) reduced disease prevalence, (ix) improved reef structural integrity and (x) enhanced foraging. For a small number of studies, it was difficult to define a single positive interaction mechanism. For example, Aquino-Thomas and Proffitt (2014) found that red mangrove prop roots provided a good settlement surface for oysters, as prop roots provided a refuge from sedimentation and wave exposure during storms, improving survival of oysters. From this study three mechanisms were identified underlying two positive interactions: (1) “settlement improvement” by mangrove prop roots resulting in enhanced settlement; and (2) “refugia from physical stress” due to (a) refugia from sedimentation and (b) refugia from water flow both resulting in enhanced survival. As a result, the number of observations of positive interactions and mechanisms underlying these positive interactions may be greater than the total number of studies included in our review.
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FIGURE 2. Schematic depiction of the seven categories of positive interactions on oyster reefs: (A) physical reef creation, (B) positive density dependence, (C) refugia from abiotic stress, (D) refugia from biotic stress, (E) biodiversity enhancement, (F) settlement improvement, and (G) long-distance facilitation.



Table 1. Descriptions of positive interaction mechanisms with outcomes and examples.
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RESULTS AND DISCUSSION

Out of the 3,391 studies initially identified, we found 96 studies that reported positive interactions associated with oyster reef ecosystems, a result that is consistent with many similar syntheses on positive interactions from marsh, mangrove, kelp, and coral reef systems showing that positive interactions are relatively understudied (Halpern et al., 2007; Gedan and Silliman, 2009; Shaver and Silliman, 2017; Renzi et al., 2019; Valdez et al., 2020). Through these studies, we identified 199 observations of positive intra- and interspecific interactions between pairs of organisms. The effects of these positive species interactions included: enhanced survival and growth of species, increased abundance of species, promotion of settlement, improved water filtration, reduced stress to organisms, enhanced reproduction, reduced disease prevalence, improved reef structural integrity, and enhanced foraging.

Positive interactions were reported for oyster ecosystems in most geographic regions, with the notable exception of Africa, which had no relevant studies (Figure 3). There was a geographic concentration in the dataset, with the largest number of observations from North America (72%) and the fewest from South America (1%), excluding Africa (0%). Even when split into sub-regions (North Atlantic, Atlantic Bight, Chesapeake, Gulf of Mexico and West Coast), four of the five North American sub-regions still had more observations than any other continent. The Atlantic Bight region of the east coast of North America had the most observations (44 obs. from North Carolina, South Carolina, Georgia and Atlantic coast of Florida) followed by the Chesapeake Bay (32 obs. from Virginia and Maryland). This geographic bias may be in part because much of the research comes from “developed economies” with greater amounts of government funding available for conservation/restoration research and practice, in comparison to low/lower-middle income economies with fewer resources (James, 1999; Waldron et al., 2013). The geographic distribution of our results may also be skewed because we only used English language articles, which may underrepresent studies from non-English speaking regions that are published in native languages. Given the predominance of non-English languages in the regions outside of North America and Australia (i.e., South America, Europe, Asia, and Africa), and the bias of online databases to English language articles (Gates, 2002), the potential likelihood of missing articles is high. Encompassing non-English language studies, consulting with experts from all regions and including information on oyster restoration from the gray literature (e.g., monitoring and technical reports) would likely further improve our understanding of species interactions globally.


[image: Figure 3]
FIGURE 3. Positive interactions for shellfish restoration summarized for 10 ecosystem-forming oyster species. Continents are color coded by the number of positive species interactions synthesized from the review (e.g., black = 86–150 observations; and white = zero observations). Lower case letters indicate oyster species. Pie charts and letters in red (a, c, e, f, g) show non-native oyster taxa for that region. West coast of North America: (a) Crassostrea (Magallana) gigas, Pacific oyster–non-native (13 obs.); (b) O. lurida, Olympia oyster—native (10 obs.). East coast of North America: (c) Crassostrea (Magallana) ariakensis, Suminoe oyster–non-native (5 obs.); (d) Crassostrea virginica, Eastern oyster–native (118 obs.); (e) C. gigas, Pacific oyster–non-native (4 obs.). South America: (f) C. gigas, Pacific oyster–non-native (3 obs.). Europe: (g) C. gigas, Pacific oyster–non-native (19 obs.); (h) Ostrea edulis, European flat oyster (5 obs.). Asia: (i) Saccostrea culccullata, Natal oyster–native (6 obs.), (j) Crassostrea (Magallana) angulata, Portugeuse oyster–native (2 obs.); (k) C. gigas, Pacific oyster–native (2 obs.). Australasia and Oceania: (l) O. angasi, Australian flat oyster–native (1 obs.); (m) Saccostrea glomerata, Sydney rock oyster–native (11 obs.).



Broad Patterns in Positive Interactions for Oyster Reef Restoration

The oyster species with the greatest number of positive interactions reported was Crassostrea virginica (Figure 3d), which is likely due to the proportionally greater research effort for this species (56% of studies in the review). Comparatively, the species with the next greatest diversity of positive interactions and research effort was Magallena (Crossostrea) gigas–the Pacific oyster, which accounted for 25% of studies (Figures 3a,e–g). Most positive interactions observed for M. gigas were outside of its native range (e.g., North America and Europe). Our review shows that M. gigas, like other invasive foundation species (Ramus et al., 2017), can generate positive interactions outside of its native range, such as providing native bivalves in Europe (e.g., O. edulis and Mytilus edulis) with settlement substrate (Christianen et al., 2018) and refuge from predation (Markert et al., 2009). Positive interactions occur in oyster ecosystems globally and are evident for many reef-building oyster species, irrespective of whether the oyster is native or introduced (Figure 3).

Seventy-two percent (69 studies) of studies were undertaken directly in the field, as opposed to in the laboratory or modeled (Figure 4A). Out of the studies where tidal zonation was defined, 70% of observations were from intertidal studies (Figure 4B). This could support the ecological theory that positive interactions should be more prevalent under stressful physical conditions, such as in the intertidal where there are extreme daily temperature, light, and water level fluctuations (i.e., the stress gradient hypothesis SGH) (Bertness and Callaway, 1994; Stachowicz, 2001). Alternatively, it may simply be that intertidal shellfish systems are more accessible and more easily manipulated than subtidal systems, resulting in a greater number of intertidal studies. However, if positive interactions are indeed more important in the intertidal, which is supported by theory, incorporating positive interactions in the intertidal may be more important when restoring intertidal shellfish reefs than in the subtidal.


[image: Figure 4]
FIGURE 4. Summary of key parameters for positive interactions from oyster beds and reefs. (A) Studies that identified positive interactions summarized by study type, (B) the tidal zone where the positive species interaction occurred, (C) the life-stage of the facilitated partner, and (D) the type of partnership for each species interaction.


While many of the studies did not define the life-stage of the organism being facilitated, a large proportion of the observations that did identify the life-stage were sub-adults (i.e., larvae or recruits; Figure 4C). This could reflect a study bias toward early life stages, however it may also be that species early in their ontogeny will benefit more from positive interactions, as the benefits to early life stages are thought to diminish as juveniles become more hardy and resistant to physical stress, competition, or predation (Callaway and Walker, 1997; Stachowicz, 2001). Given that restoration projects try to promote target species settlement, an improved understanding of how positive species interactions affect early ontogenetic stages to promote the settlement of both the primary ecosystem engineers (i.e., oysters), and associated species will likely enhance the overall success of reef development.

Our review only found 35 studies that identified mutualistic relationships in oyster reef ecosystems (+,+; Figure 4D), which is likely because the majority of the studies reviewed only defined the effect of an interaction on one species. However, our review demonstrates that oysters facilitate many taxonomic groups, and in return are also facilitated by these groups (Figure 5). This under-identification of mutualisms could result from studies often focusing on understanding a single target species as opposed to understanding a two-way interaction between species. Alternatively, this finding could result from varied interaction outcomes at different life-stages, which can be difficult to observe in a single study. Further, if facilitations occur over spatial or temporal scales outside the range of an individual study, these mutualistic relationships could be missed and may only become apparent through synthesizing findings across multiple studies, as done here. Our results suggest that mutualistic relationships may be more prevalent in oyster ecosystems than previously accounted for and future research may uncover a greater diversity of mechanisms underpinning these mutualisms. Below we discuss in detail the importance of positive species interactions in oyster reef restoration using the seven categories defined in our study.


[image: Figure 5]
FIGURE 5. Positive species interactions on oyster reef ecosystems. Taxa on the x-axis facilitate and enhance other taxa identified by the colored fill of the stacked bars (Enhanced taxa), with the number of observations for each facilitator-enhanced taxa pairing (species interaction) on the y-axis. For example, the Mollusc-whelk and Mollusc-Oyster pairing (far right bar) shows one observation where this interaction was reported.




Intraspecific Facilitation: Oysters Helping Oysters

Our review found strong evidence that oysters facilitate the presence of other oysters (Figure 5), primarily through providing settlement cues (Tamburri et al., 2007, 2008), providing settlement substrate (Tamburri et al., 2008; Whitman and Reidenbach, 2012), and other positive density-dependent effects (Guy et al., 2019). Oysters, like other marine benthic invertebrates, are gregarious settlers. By preferentially settling onto aggregations of adult conspecifics, individuals increase their likelihood of successful fertilization and increase the likelihood that they settle in an area with favorable environmental conditions. Dense aggregations of oysters also perform better: they experience reduced predation pressure and exhibit higher filter-feeding efficiency. These fitness benefits of gregarious living can outweigh the negative effects of competition for limited resources (i.e., light, food, or space). Below we identify examples where positive intraspecific interactions led to improved fecundity and amelioration of external stressors, resulting in enhanced reproductive output, recruitment and survival of oysters (Figure 6).


[image: Figure 6]
FIGURE 6. Outcomes of positive species interactions summarized by interaction mechanisms: (A) overview of positive interaction mechanisms by category, (B–D) display sub-categories for (B) refugia from physical stress; (C) refugia from biological stress; and (D) settlement categories individually summarized for sub-categories of positive species interactions. Note y-axis scales differ between plots.



Settlement Substrate

Restoration of degraded oyster reef habitat generally begins with the addition of substrate that serves as a reef base and site for oyster spat attachment. Years of oyster restoration practice has shown that selecting the right substrate is important for oyster recruitment and retention. Practitioners often use conspecific oyster or other bivalve shells as settlement substrate, as they emit chemical cues to attract and induce settlement of oysters and provide high surface complexity that is critical for survival of oyster larvae (Tamburri et al., 2008; Barnes et al., 2010; George et al., 2015). Our review identified 19 studies with 33 observations of positive interactions relating to substrate choice. In the majority of cases, the use of oyster shell material as a restoration substrate resulted in greater oyster settlement (Tamburri et al., 2008; White et al., 2009; Whitman and Reidenbach, 2012), and in fewer cases, enhanced survival of spat (Ruesink, 2007; Barnes et al., 2010) (Figure 6D).



Settlement Cues

Gregarious settlement in oysters is induced by settlement cues that enable pelagic larvae to recognize reef habitat and conspecifics, by sight, sound, or smell. Our review identified six studies with 11 observations of positive outcomes from provision of settlement cues (Figure 6D). Five of these studies identified positive interactions from conspecific olfactory cues, which enhanced settlement of oyster larvae. For example, Tamburri et al. (2007) showed that oyster larvae were attracted to the scent of conspecific adults. In still-water trials, larvae moved downward and settled after contacting a waterborne, adult chemical cue. For benthic filter feeders, this may seem to be a perilous choice given the potential risk of being cannibalized by adult conspecifics. However, for Pacific oysters, ciliary feeding currents were too weak to entrain conspecific larvae and larvae were only ingested when they landed directly on the gape region of a feeding oyster. This gape area only represents a small proportion of the total surface area of a reef, and thus the end result was that larvae responding to adult chemical cues were more likely to settle within hospitable habitat on the reef then be at risk of conspecific predation (Tamburri et al., 2007).

Our review also identified one study that examined the importance of auditory cues, (i.e., oyster reef soundscapes) for oyster settlement (Lillis et al., 2015). Many marine vertebrates (Simpson et al., 2005; Montgomery et al., 2006; Huijbers et al., 2012; Parmentier et al., 2015) and invertebrates (Vermeij et al., 2010; Lillis et al., 2015; Stanley et al., 2015) use sound as a directional cue to navigate toward settlement habitats or away from undesired habitats. Because of this reliance on auditory cues by many marine organisms, degraded soundscapes could hamper the recovery of ecosystems by directly attracting a lower number of propagules from critical foundation species (Rossi et al., 2017), such as coral and oyster larvae (Vermeij et al., 2010; Lillis et al., 2015). However, soundscapes can also play a role in restoring ecosystem function and recovering degraded systems. Lillis et al. (2015) demonstrated the utility of using recordings of oyster reef soundscapes (intermixed conspecific and heterospecific sounds) to attract larvae, induce settlement, and enhance recruitment of C. virginica.

Both olfactory and auditory cues from conspecifics are likely important for orientation and habitat selection by oyster larvae at different temporal and spatial scales. For this reason, restoration projects may benefit from manipulating both types of cues at restoration sites. For example, playback of healthy oyster soundscapes at restoration sites may enhance natural settlement of oysters and other reef organisms and facilitate recovery. Additionally, using oyster shell as substrate and seeding the target reef with a small number of adult oysters prior to spatfall, may ensure the presence of chemical conspecific cues important for attracting oyster larvae. Identifying the relative importance of substrate complexity, olfactory cues, and auditory cues for promoting settlement may further optimize restoration success, but more research is needed to determine the relative importance of these factors, as they may not generalize across oyster species.



Positive Density-Dependence

Seeding restoration sites with sufficient densities of adult oysters could improve restoration success in more ways than one. In many of the studies reviewed, we found the presence of adult oysters and the density of conspecifics facilitated oyster production, recruitment, and survival (Figure 6). Our review identified six examples of these positive density-dependent effects for oysters, where a positive relationship existed between the density of oysters on an established reef and the outcome measured (Figure 6). For example, for Ostrea edulis, Guy et al. (2019) identified a maximum distance to nearest conspecific neighbors of <1.5 m that resulted in greater production of brooded larvae compared to nearest neighbors >1.5 m. Considering the benefit of increased production on oyster restoration outcomes, this suggests a minimum stocking density should be applied for restoration of O. edulis, which may also be applicable for other brooding oyster species (e.g., O. angasi and O. chilensis). Given the importance of positive density dependence, where available, oyster restoration efforts should look to mix live oysters with dead shell instead of using dead shell alone.




Oysters Facilitate Biodiversity and Reef Communities Through Reef Creation

Positive interactions have the potential to cascade throughout the community, changing the presence and abundance of important species (e.g., increases in important fish species or decreases in oyster predators) (Stachowicz, 2001). Our study found that oysters are important for facilitating ecological assemblages through several processes defined below. While it is clear oysters increase diversity, it is less clear whether this diversity feeds back to facilitate oysters.


Creating Structure

Our review identified 21 studies with 37 observations (Figure 6) of positive interactions associated with the creation of reef structure. Two out of the 21 studies showed the importance of an inorganic-organic adhesive produced by live oysters that binds oyster shells to substrate, which is fundamental for creating a resilient and persistent reef structure (Burkett et al., 2010; Alberts et al., 2015). The remaining 19 studies demonstrated that using oyster shells as substrate enhanced resident invertebrates and fishes in reference to mudflats, tidal marshes, and seagrasses (Grabowski et al., 2005). For example, Lejart and Hily (2011) found that shell reefs added 3.97 and 3.87 m2 of additional surface area for rock and mudflats respectively, increasing habitat area for colonization by epifauna as compared to habitats without shell reefs.



Refuge From Physical Stress

The physical structure created by the oyster shell/live oyster matrix influences local environmental conditions, facilitating a suite of species by providing refugia from abiotic (i.e., thermal, flow, sediments, and water chemistry; Figure 6B) and biotic (i.e., competition, predation, and disease; Figure 6C) stressors. Our review identified 16 studies encompassing 57 interactions demonstrating facilitation of oysters and other taxa by the provision of refugia from abiotic stressors, including hydrodynamic, heat, sediment, salinity, oxygen, pH, light, and water stress (Figure 6D). The majority of these studies considered how altering the physical structure (orientation to flow, height, rugosity, and shape) of oyster shell reefs influenced these stressors and altered outcomes such as spat settlement density, oyster growth, and survival, as well as physiological stress and survival of associated invertebrates.

For instance, Lenihan (1999) examined how the height of shell reefs influenced water movement around reefs and oyster performance. This study found that flow speed increased, and sedimentation decreased, with elevation on a reef. Oyster recruitment was greatest at the front of reefs where flow was lowest, whilst growth, condition and survival of oysters increased with flow and elevation on a reef. Similarly, Colden et al. (2016) manipulated the orientation of oyster shell reefs to flow and found that reefs perpendicular to current flow produced conditions that were more favorable for reef persistence. Both Lenihan (1999) and Colden et al. (2016) stressed the importance of crests and vertical relief on reefs, suggesting that heterogeneous reefs will create favorable hydrodynamic conditions. They note that structure is critical for increasing flow, resuspending sediments, contributing to reef growth and ultimately determines whether reefs persist or degrade (Lenihan and Peterson, 1998; Lipcius et al., 2015; Colden et al., 2017). These studies show that intraspecific interactions between oysters (i.e., oyster density/height, reef shape) are important for oyster growth and should be considered in restoration designs.

Substrate orientation at the scale of individuals is also important for providing physical refugia. A number of studies identified the importance of shading by oysters, which influences the thermal conditions experienced by oysters and associated invertebrates (Padilla, 2010; McAfee et al., 2016, 2017, 2018; McAfee and Bishop, 2019). For instance, vertically oriented oysters provide greater shading than horizontally oriented oysters, which reduces heat and desiccation stress for other organisms (McAfee et al., 2018; McAfee and Bishop, 2019). These small-scale substrate orientation factors may be increasingly important in intertidal restoration settings where heat and desiccation stress will be highest.

Knowledge of how these positive interactions vary along an environmental gradient can help inform restoration practice. For example, across a 900 km latitudinal gradient, McAfee and Bishop (2019) identified that in warmer estuaries, shading by intertidal oysters had a larger effect on biodiversity, whereas in cooler estuaries, the provision of a predation refuge by oysters played a more important role. This demonstrates that context plays an important role in restoration planning and a project may benefit more or less from consideration of positive interactions depending on the type and amount of stress encountered in a system (e.g., an intertidal oyster restoration project in a hot arid climate vs. one in a cool temperate climate).




Interspecific Facilitation
 
Settlement

We found evidence that several species facilitate the presence of oysters and that the sequence of species colonization on reefs affects reef communities. For instance, Shelamoff et al. (2019) demonstrated that kelps can control turfing algae by abrading algae and reducing light levels, freeing space on the substrate and enhancing settlement density of Ostrea angasi. A number of other studies also reported that barnacles (Barnes et al., 2010), mangrove prop roots (Aquino-Thomas and Proffitt, 2014), kelps (Shelamoff et al., 2019), biofilms (Campbell et al., 2011), mobile invertebrates (Kimbro et al., 2014) and fishes can facilitate other species by enhancing surfaces for larval settlement (Table 1).



Refuge From Biological Stress

The stress gradient hypothesis predicts that refugia from biological stress—such as competition, predation, and disease—may be more important in more physically benign systems such as sub-tidal oyster reefs. Our review identified 29 studies encompassing 52 observations of organisms providing other organisms with refugia from biological stress (Figure 6). Of these observations 73% (38 obs.) involved trophic facilitations, 17% (10 obs.) involved refugia from competition, 3% (2 obs.) involved disease reduction, and 3% (2 obs.) involved the bio-availability of nutrients [i.e., oysters enriching nutrients in benthic sediments; Booth and Heck (2009)]. These positive interactions resulted in a diverse array of outcomes. Enhanced survival was most common 61% (28 obs.), followed by enhanced abundance/biodiversity 13% (6 obs.), enhanced growth (11%; 5 obs.), enhanced water quality 7% (3 obs.), enhanced settlement 4% (2 obs.), and reduced disease prevalence 4% (2 obs.) (Figure 6D).

Trophic facilitation is a form of indirect positive interaction, where one species is positively impacted through the feeding activities of another species. Many of the examples in our review were examples of trophic cascades where predators suppressed densities of primary consumers, resulting in increased densities of basal prey species. For example, oyster toadfish (Opsanus tau) enhance juvenile oyster survival by reducing mud crab (Panopeus herbstii) predation via non-consumptive (i.e., predation threat) and consumptive (i.e., predation) pathways. In this example the oyster toadfish indirectly increased oyster survivorship through reducing the number of oysters consumed by mud crabs (Grabowski, 2004; Grabowski et al., 2008; Kimbro et al., 2014, 2017). Similarly, native rock crabs control oyster drill populations, limiting oyster drill predation on Ostrea lurida and resulting in enhanced survival of O. lurida (Cheng and Grosholz, 2016). In addition to fishes and crabs, nudibranchs and sea urchins that eat boring sponges [e.g., the lemon drop nudibranch (Doriopsilla pharpa), and sea urchins (Arbucia punctulata and Lytechinus variegatus) (Lamarck), sea urchin Lytechinus variegatus (Lamarck)] can indirectly facilitate oysters by reducing boring sponge pressure on reefs (Guida, 1976).



Long-Distance Facilitation

Positive interactions can also occur at much larger spatial scales and involve species that are not in direct contact with oyster reefs. These long-distance positive interactions are often generated by the amelioration of physical and/or biological stress across landscapes (Van De Koppel et al., 2015). At the reef scale, oysters can have a significant impact on water quality by filter feeding, which in turn enriches surrounding benthic habitats with the deposition of organic rich bio-deposits such as feces and pseudofeces. For this reason, the potential of oyster reefs to enhance water quality has been the subject of extensive research and a motivating force for large-scale oyster restorations (Grizzle et al., 2008; Zu Ermgassen et al., 2013). Two studies in our review identified the capacity of oysters to filter pathogens out of the water column, reducing the impact of disease on oysters (Ben-Horin et al., 2018) and seagrasses (Groner et al., 2018). Benthic-pelagic coupling by oysters also enables the removal of nutrients from the water column and subsequent enrichment of sediments, which increases seagrass growth (Booth and Heck, 2009). Furthermore, our review also found examples of long distance interspecific facilitation enhancing the abundance of fish and invertebrate fauna on shellfish reefs when constructed in close proximity to seagrass, tidal marsh, and mudflat systems (Grabowski et al., 2005; Gilby et al., 2019), suggesting that a seascape view of habitat restoration could be beneficial for maximizing restoration success and outcomes for any particular ecosystem.

Modeling and field studies have demonstrated that oysters reduce suspended sediment concentrations dramatically, increasing water clarity and enhancing seagrass growth (Newell and Koch, 2004; Sharma et al., 2016). However, most restoration permitting frameworks have yet to recognize this potential interaction and restrict shellfish restoration in areas with seagrass. For example, development approval for shellfish restoration in many Australian states requires deployment of reef base to avoid areas of seagrass (i.e., >40% cover of Posidonia spp.) to limit potentially negative impacts to these vulnerable ecosystems. However, this results in restoration sites being sited in areas away from existing structured habitat (e.g., seagrass beds, rocky reefs), reducing the likelihood of long distance facilitation (e.g., water filtration and wave attenuation). Future research should focus on determining the value of co-restoring neighboring structured habitats and quantifying the value of long-distance facilitation between habitats. This research will build a knowledge base that can support restoration permitting frameworks to allow co-locating habitats and promote a seascape view of habitat restoration (i.e., restoration of multiple types of habitat patches across a seascape).




Biodiversity and Enhanced Ecosystem Function

Biodiversity encompasses the species, genetic, functional, and ecological diversity of living things (Shaver and Silliman, 2017). Recent evidence suggests that biodiversity often enhances ecosystem function, ecosystem service provisioning and ecosystem resilience (Van Wesenbeeck et al., 2013; Angelini et al., 2015). Ecologists refer to this as the portfolio effect, analogous to the portfolio concept in finance. In finance, the portfolio effect notes that diversified financial investment portfolios tend to produce more stable returns than simple portfolios. Similarly, in ecology the portfolio effect states that diversified ecosystems tend to produce higher functioning, more resilient ecosystems (Tilman et al., 1998; Schindler et al., 2015). This is partially because as diversity increases in an ecosystem, the functional redundancy (i.e., multiple species performing the same ecological function) often increases as well, which can lead to higher ecosystem resilience if one or a few species are lost (the insurance hypothesis: Yachi and Loreau, 1999).

While a number of key studies have documented both the loss of oyster reefs (Beck et al., 2011) and their value in terms of ecosystem services (Coen et al., 2007; Grabowski and Peterson, 2007; Grabowski et al., 2012; Zu Ermgassen et al., 2013, 2016), few have considered the role of multiple foundation species in supporting those ecosystem services. If multiple foundation species increase ecosystem services and/or biodiversity, accounting for their effects could alter the projected approach and benefits of restoration (Gedan et al., 2014). Several studies have shown positive relationships between hooked mussels (Ischadium recurvum) and eastern oysters (C. virginica) (Gedan et al., 2014; Lipcius and Burke, 2018). In terms of filtration, the hooked mussel shows some niche overlap with oysters, particularly for larger size classes of phytoplankton, but the hooked mussel can filter picoplankton more efficiently than the eastern oyster (Fulford et al., 2007; Gedan et al., 2014). Thus, while they may compete at times or in places where phytoplankton resources are limiting, both species can contribute significantly to the improvement of water quality by oyster reef restoration (Gedan et al., 2014). Multiple foundation species also produce habitat on oyster reefs, as associated sessile marine taxa (i.e., sponges, barnacles and algae) aid in binding the reef together and in supplementing the reef matrix, facilitating oyster settlement and enhancing the diversity of reef associated species (Manley et al., 2010).

Ecological restoration often focuses on a single ecosystem engineering species, with many restoration projects using a single species to form an entire ecological community. Oyster restoration traditionally focuses on the restoration of a single species of oyster to create an entire reef and deliver a suite of ecosystem services. However, our review suggests that considering multiple native foundation species will help support a self-sustaining oyster population, control oyster competitors, and boost filtration. The resulting increases in diversity should also support resilient ecosystem functioning and enhance the delivery of ecosystem services.

Future research should examine the role of multiple foundation species in accelerating the rate or trajectory of restoration projects [i.e., Williams et al. (2017) for tropical seagrass] and the importance of multiple taxa in delivering ecosystem services. However, care has to be taken in the selection of the multiple foundations species, as the aim is not to create a novel ecosystem by creating communities of foundation species that do not naturally co-exist, but to restore an ecosystem that occurred in the past. Achieving this outcome is aided by the use of a model system for the local native ecosystem being restored (McDonald et al., 2016; Gillies et al., 2017).




CONCLUSION

Our review intentionally focused on positive interactions and therefore did not report neutral or negative interactions. We acknowledge that in order to understand functioning of ecosystems both positive and negative interactions should be considered collectively. Yet in order to do so, further research on positive interactions is needed to provide a more complete picture of species interactions and complement existing research on negative interactions. While we make several recommendations for improving restoration practice in this review, we acknowledge further research may be needed to justify their wide-spread use (Table 1; e.g., playback of healthy oyster soundscapes at restoration sites to enhance natural settlement of oysters). In all instances, relevance to the particular restoration context should be considered and tested by appropriate experimental designs (i.e., Before After Control Impact—BACI) before scaling such novel enhancement methods. Further, future work might benefit from understanding the magnitude and effect size of positive interactions as this may aid outcomes of restoration projects by enabling prioritization of practical interventions that apply positive interactions.

Reef building oysters are autogenic ecosystem engineers that create their own habitat. Reef-building oysters make the environment less stressful for themselves, but also for many other species, creating a diverse ecological community that collectively produces important ecosystem services like coastal protection, water filtration, and fish production. To keep oyster predators, competitors and abiotic stressors low, in turn, the oysters depend on the reef inhabitants that they shelter. This review emphasizes the importance of positive interactions for not only oyster populations, but also for the biodiversity and resultant ecosystem functions and services that oysters engineer. By exploring nearly 200 examples of positive species interactions from 96 scientific studies, our review and database (available at the Knowledge Network for Biocomplexity. doi: 10.5063/F1125R1W) provides a tool for oyster reef restoration practitioners and scientists to explore the importance of positive interactions for creating and maintaining oyster ecosystems. These results can be used to improve our understanding of how these interactions can be applied to enhance outcomes of restoration projects and the management of wild oyster ecosystems.
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