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Abstract

1. Context. Shellfish reefs, comprising oysters, mussels, clams, and mixed bivalves, act as
ecosystem engineers and nature-based solutions (NbS), providing supporting, regulating,
provisioning, and cultural ecosystem services (ES). Yet, despite rapid growth in restoration
practice, the translation of ES evidence into policy and management remains uneven across

regions and taxa.

2. Objectives. We systematically synthesized global evidence to (i) classify ES delivered by
shellfish, (i1) link restoration approaches and techniques to reported ES, (iii) quantify policy
mentions and governance frameworks, and (iv) identify regional and taxonomic gaps

constraining applied uptake.

3. Methods. We quantitatively assessed how research on shellfish ES and restoration has
evolved over the past two decades, identifying biases and missing linkages between
ecological evidence, ecosystem service assessment, and policy uptake. This approach
enables a systematic evaluation of progress toward integrating restoration outcomes into

governance frameworks.

4. Results. Evidence is dominated by regulating and supporting services, particularly water
filtration, nutrient removal, habitat provision, and coastal protection, while provisioning
and cultural services remain limited. About 75% of studies address restoration, mainly
active or hybrid approaches (substrate addition, seeding, engineering, community
engagement), with monitoring reported in only one-sixth. Roughly three-quarters cite a
policy framework, dominated by regulatory and governmental instruments, with market-

based tools emerging. Stakeholder engagement appears in about one fifth of studies, often
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tied to cultural services. Research and policy linkages remain weak for mussel and clam

systems and across the Global South.

5. Synthesis and applications. To enhance the policy relevance of shellfish-based NbS,
restoration should integrate socio-ecological goals through hybrid approaches, standardized
monitoring, and participatory design. Linking restoration outcomes with market-based and
regulatory instruments, such as nutrient credits and green-infrastructure standards, can
strengthen implementation. Expanding research and investment in under-represented
regions of the Global South would enable shellfish reefs to deliver equitable, multi-benefit

outcomes for biodiversity, coastal protection, and human well-being.

Keywords: oyster reef, mussel bed; bivalve restoration; nature-based solutions; coastal

policy; marine restoration.

Introduction

Coastal ecosystems support human well-being by buffering storms, improving water
quality, supporting fisheries, and sustaining cultural identities (Barbier et al., 2011; Cooley
et al., 2022). Yet, they are among the most degraded ecosystems globally, with over 85% of
historical oyster and mussel reefs lost through overharvesting, pollution, eutrophication,

and coastal development (Beck et al., 2011; Zu Ermgassen et al., 2012). This degradation
has diminished the ecosystem functions and services that once regulated nutrient cycling,
stabilized shorelines, and maintained biodiversity (Coen et al., 2007; Fodrie et al., 2017;
Piehler & Smyth, 2011). Rebuilding these functions has become a central challenge for
both biodiversity conservation and climate adaptation agendas (Spalding et al., 2014;

Morris et al., 2018).
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Among coastal restoration options, shellfish reefs, formed by oysters, mussels, clams,
cockles, and mixed bivalve assemblages, are increasingly recognized as Nature-based
Solutions (NbS) that integrate ecological recovery with societal benefits through ecosystem
services (Baggett et al., 2015; Gentry et al., 2019). Throughout this paper, we use the term
“shellfish reefs” to refer broadly to biogenic habitats formed by bivalves, encompassing
what different regions describe as beds, banks, or reefs. We adopt this terminology due to
its widespread use in restoration literature. As ecosystem engineers, shellfish filter and
retain nutrients (Piehler & Smyth, 2011), trap sediments (Scyphers et al., 2011), provide
habitat for other organisms (Coen et al., 2007; Smith et al., 2023; Benjamin et al., 2022),
and protect coasts from erosion (Scyphers et al., 2011; Spalding et al., 2014).
Consequently, they contribute to supporting and regulating services (e.g. habitat provision,
water filtration, coastal protection) and, when locally valued or co-managed, to
provisioning and cultural services (e.g. food, heritage, identity) (Brumbaugh & Coen, 2009;
Coen et al., 2007). Restoring mussel reefs not only rebuilds habitat structure and function
but also may reactivate carbonate buffering and dissolution processes, enhancing local
chemical resilience and long-term ecosystem stability (Powell & Klinck, 2007). Through
shell dissolution, COs?>" ions are released, increasing alkalinity and mitigating acidification
in coastal waters (Waldbusser et al., 2013). This process underlies the taphonomic feedback
hypothesis, whereby shell accumulation promotes further calcifier settlement and carbonate

cycling, sustaining shellfish reefs over time (Kidwell & Jablonski, 1983).

Despite the well-recognized ecosystem functions of shellfish reefs, the integration of
ecosystem-service evidence into restoration planning and policy remains limited (Coen &

Luckenbach, 2000; Mach et al., 2015). While numerous projects demonstrate ecological
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success, few explicitly evaluate social outcomes or translate findings into operational policy
instruments such as nutrient credits, living-shoreline standards, or green-infrastructure
incentives (Baggett et al., 2015; Barrett et al., 2022). Monitoring and evaluation are rarely
reported, and most studies lack comparable outcome measures, limiting the ability of
agencies to justify investments or track progress toward global biodiversity targets (Coen et

al., 2007; Luckenbach et al., 2005).

Although there is growing global interest in shellfish restoration, the distribution of
research effort and implementation remains globally uneven (Fitzsimons et al., 2020;
Gillies et al., 2020; Toone et al., 2021). Most initiatives have emerged in temperate regions
with established restoration programs and stronger institutional capacity (Beck et al., 2011;
Morris et al., 2018), while many biodiversity-rich coastlines in developing regions remain
poorly represented in the scientific and policy record (La Peyre et al., 2015; Spalding et al.,
2014). This imbalance raises concerns about the scalability of ecosystem-service
knowledge and limits the integration of shellfish-based NbS into diverse socio-ecological

contexts (Gentry et al., 2019; Fitzsimons et al., 2020).

Recent international frameworks, such as the Convention on Biological Diversity’s
Kunming-Montreal Global Biodiversity Framework (Convention on Biological Diversity,
2022a), the EU Marine Strategy Framework Directive (European Parliament & Council of
the European Union, 2008), and the UN Decade on Ecosystem Restoration (United
Nations, 2019), reinforce the urgency of restoring degraded coastal ecosystems and
aligning restoration with ecosystem-service delivery (Convention on Biological Diversity,
2022b; European Commission, 2025; Waltham et al., 2020). However, a comprehensive

synthesis explicitly linking restoration approaches, ecosystem-service outcomes, and policy
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dimensions for shellfish systems is still lacking. Addressing this gap will help identify and
promote processes that better integrate ecological and governance dimensions of

restoration.

Here, we conduct a systematic evidence synthesis to evaluate how shellfish restoration
contributes to ecosystem-service delivery and how it intersects with policy and governance
worldwide. By synthesizing ecological, policy, and governance dimensions—and
incorporating social information where reported—this study provides a global overview of
how restoration practices translate into decision-relevant outcomes. Specifically, we
address the following research questions: (RQ1) Which ecosystem services are most
consistently evidenced across shellfish ecosystem types? (RQ2) Which restoration
approaches and techniques co-occur with particular ES outcomes? (RQ3) How and where
are policy frameworks, instruments, and stakeholder groups mentioned in relation to
shellfish restoration?, and (RQ4) Which geographic and taxonomic gaps persist in the
evidence base, and what do they imply for scaling shellfish-based NbS across wider

geographies and diverse socio-ecological contexts?

We expected that active and hybrid restoration approaches—such as substrate addition,
seeding, and habitat engineering—especially when combined with community engagement,
would yield more diversified portfolios of ecosystem services and stronger policy visibility.
In contrast, we anticipated that passive approaches and regions in the Global South would
exhibit limited monitoring, weaker governance linkages, and lower integration of
ecosystem-service metrics into policy frameworks. By addressing these questions, our
study provides, to our knowledge, the first global synthesis linking restoration techniques,

ecosystem-service outcomes, and policy instruments for shellfish ecosystems, offering a
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practical foundation for scaling nature-based solutions that integrate ecological restoration

with more inclusive and effective governance.

Methods

This systematic review aimed to synthesize global empirical evidence on the ecosystem
services provided by natural and restored shellfish ecosystems, the restoration practices
supporting them, and the extent to which these services are integrated into policy and
governance frameworks. We conducted a systematic evidence synthesis following the
ROSES (Reporting Standards for Systematic Evidence Syntheses) guidelines (Haddaway et
al., 2018). The search was carried out in the Web of Science Core Collection, covering all

years indexed up to December 2024. We used the Boolean query:

("ecosystem service*" OR "ecological function*") AND

("mollusk bank*" OR "shellfish reef*" OR "bivalve bed*" OR "shellfish*")

This search returned 352 records. Records were screened in two stages: (i) title and
abstract, and (i1) full text. We applied predefined inclusion and exclusion criteria (Table
S1), ensuring studies (i) explicitly evaluated ecosystem services (ES) from natural or
restored shellfish reefs/banks, (ii) employed recognized ES classification frameworks
(MEA, 2005; TEEB, 2010) or reported ES metrics, (ii1) provided empirical evidence
(quantitative or qualitative), and (iv) discusses implications for, or mentions policy, or
restoration. We excluded papers focused exclusively on aquaculture, non-bivalve
ecosystems (e.g., coral reefs, mangroves, seagrasses), or non-empirical contributions such

as opinion pieces and conceptual essays. Screening and data extraction were independently



154  verified by two reviewers to ensure consistency. A random 10% of records were double-
155  checked for coding accuracy, and any discrepancies were resolved through discussion.
156  After screening, 151 studies were retained for analysis (Fig. S1; see Table S2 for a

157  summary of ROSES reporting items).

158  From each included study, we extracted four sets of descriptors:

159 1. Study context: year of publication, country, spatial scale (Table S3), and ecosystem
160 type (oyster reefs, mussel beds, clam beds, scallop habitats, cockle beds, mixed
161 bivalve reefs or shellfish general; Table S4).

162

163 2. Ecosystem services: coded according to MEA (2005) and TEEB (2010) into

164 supporting, regulating, provisioning, and cultural categories, with sub-keywords
165 such as water filtration, nutrient removal, habitat provision, food production, and
166 education. Both quantitative (e.g., nitrogen removal rates, species richness) and
167 qualitative evidence (e.g., community well-being, heritage values) were recorded
168 (Table S5).

169

170 3. Restoration practices: approach (passive, active, hybrid), techniques (e.g.,

171 substrate addition, reef seeding, habitat engineering, community engagement,

172 stressor removal, habitat protection), restoration objectives (habitat restoration,

173 biodiversity enhancement, ecosystem function recovery, coastal protection). We
174 also noted monitoring and evaluation approaches, understood here as the long-term
175 and systematic observation of restoration outcomes rather than short-term

176 measurements of ecological variables commonly reported in experimental studies,
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including citizen science participation and adaptive management (Table S6). Where
applicable, we also coded nature-based solution attributes for building resilience
(climate mitigation, coastal protection, water quality, and removing nutrients; Table

37).

4. Policy variables: binary coding for policy mention (yes/no); name and type of
instrument (regulatory, market-based, certification, program/initiative, framework
policy, or management approach such as ecosystem-based management); scale
(local, regional, international); policy thematic area (fisheries and aquaculture,
habitat and biodiversity, environmental quality, management and governance);
policy function (conservation, restoration, regulation, incentives, planning,
participation); stakeholder involvement (public sector, private sector, indigenous
peoples); and engagement methods (public consultation, participatory interaction,

co-management) (Table S8).

All extracted information was compiled in a standardized spreadsheet with controlled
vocabularies for ES categories, restoration attributes, and policy variables to ensure
traceability and reproducibility. Metadata and coding definitions are provided in Tables S3—

S8.

We used descriptive and comparative analyses to identify temporal, geographical, and
thematic patterns across the evidence base. Temporal trends were summarized by year of
publication. Geographic distribution was mapped as country-level counts of included
studies, displayed as choropleth maps generated in R (v 4.5.1; R Core Team, 2023) using

the ggplot2 package. Frequency distributions summarized ecosystem-type representation
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and restoration approaches. Co-occurrence patterns between restoration techniques and ES
categories were explored through cross-tabulations and visualized as stacked barplots and
heatmaps. Cascading linkages among restoration approaches, ecosystem services, and
policy scales were illustrated using Sankey diagrams implemented with the networkD3

package.

Policy integration was evaluated as the proportion of studies referencing policy
instruments, separated by region, restoration technique, and policy type. We further
assessed monitoring and evaluation practices as the share of studies reporting explicit
indicators, grouped into performance metrics (e.g. oyster density, biodiversity indices,

shoreline retreat), citizen-science contributions, and adaptive-management schemes.

A complete checklist of ROSES reporting items is provided in Table S2 (Supplementary
Materials). This review complies with the ROSES 2022 checklist for systematic reviews

(Haddaway et al., 2018), summarized in Table S2.

Results

Evidence base & publication trends

Our systematic search yielded 151 empirical studies published between 2000 and 2024 that
explicitly evaluated ecosystem services associated with shellfish reefs, distributed across
distinct regions worldwide (Fig. 1A). The production of evidence has increased markedly
since 2010, coinciding with the global expansion of NbS frameworks and the
implementation of coastal-management policies such as the EU Marine Strategy

Framework Directive (MSFD) and the New Zealand Coastal Policy Statement (Fig. 1B).
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The annual number of publications reveals a clear upward trend in both scientific attention
and policy integration. Early studies (2000-2010) focused mainly on ecological processes
and habitat restoration, with few explicit policy links (Fig. 1B). However, after 2015 the
proportion of papers referencing policy or governance instruments grew steadily and
represents nearly 20-30% of the literature after 2020. This shift indicates an increasing
recognition of shellfish bed restoration as a decision-relevant NbS that contributes to water-

quality improvement, biodiversity enhancement, and coastal protection.

Geographically, the evidence base for ES in shellfish restoration is highly uneven across
regions (Fig. 1A). Research is dominated by North America—particularly the United
States—followed by Oceania (mainly Australia and New Zealand) and parts of Western
Europe. In contrast, Africa and Latin America contribute very few studies, revealing a
pronounced geographic and socio-economic bias in the global distribution of empirical
knowledge. This imbalance constrains the development of standardized indicators and
limits the policy uptake of restoration practices in the Global South, where ecological and
socio-economic opportunities for NbS implementation are substantial (Jordan & Frohle,

2022).

While all identified studies address ES, 75% explicitly mention restoration or policy,
demonstrating their centrality in the field (Fig. 1C). In contrast, monitoring (16%),
stakeholder engagement (19%), and nature-based solutions (8%) remain peripheral themes,
despite their critical importance for scaling and sustaining restoration outcomes. These gaps
highlight a persistent disconnect between ecological research, governance frameworks, and

social participation in shellfish restoration initiatives.
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245  distribution of empirical studies evaluating ecosystem services (ES) provided by shellfish
246  (n=127, 27 global studies are excluded). (B) Temporal trends in the number of published
247  studies between 2000 and 2024, distinguishing those that explicitly reference policy or
248  governance instruments (n=151). (C) Thematic coverage of reviewed studies showing the

249  proportion mentioning key topics (n=151).

250  Among the 151 empirical studies analyzed, oyster reefs have dominated the global
251  evidence base for more than 20 years, accounting for nearly 50% of all publications (Fig.
252 2A). These studies primarily focus on Crassostrea virginica, Magallana gigas, and Ostrea

253  species, reflecting the prevalence of oyster-based restoration programs in temperate regions
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such as North America, Europe, and Oceania. Roughly one-fifth of the studies refer to
“shellfish reefs” in general terms, without specifying taxa, while mussel (14%) and clam
(8%) beds remain comparatively under-represented. Only a handful of studies address
cockle or mixed bivalve systems, and virtually none target tropical or subtropical

assemblages (Fig. 2B).

This imbalance underscores a strong taxonomic bias that mirrors global restoration funding
and monitoring capacities, potentially constraining the understanding of underlying
ecosystem functions and how different bivalve taxa contribute to ecosystem services such
as nutrient cycling, sediment stabilization, or habitat provision. Expanding research beyond
oyster-dominated systems would improve the representativeness of evidence and strengthen

the design of shellfish nature-based solutions across diverse socio-ecological contexts.
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Figure 2. Temporal variations and taxonomic composition of the global evidence base on
ecosystem services from shellfish (n= 151). (A) Annual number of studies by ecosystem

type between 2000 and 2024. (B) Overall proportion of studies per ecosystem type.
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Categories of ecosystem services addressed in each ecosystem type.

This taxonomic bias extends across the policy and restoration dimensions (Fig. 3). Oysters
dominate the links to policy functions and focus (Fig. 3A-B), as well as the main
restoration objectives, such as ecosystem function recovery, mainly linked to regulatory
ecosystem services (Fig. 2C, Fig. 3D). Furthermore, the most common techniques —reef
seeding and substrate addition— are overwhelmingly applied to oyster reefs, while other
specific methods like pollution control, community engagement, and habitat protection are

also addressed almost exclusively in oyster-dominated studies (Fig. 3C).
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Figure 3. Distribution of restoration and policy dimensions across shellfish ecosystem

types. (A) Policy functions, (B) Policy focus areas, (C) Restoration techniques, and (D)
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Restoration objectives are reported in the reviewed literature. Panels A and B are based on
the 113 studies addressing policy (75%), and panels C and D are based on the 114 studies

addressing restoration (76%).

Ecosystem services

The number of studies addressing the ecosystem services of shellfish has grown sharply
since 2010. Regulating and supporting services dominate throughout the record, while
cultural and provisioning services appear more sporadically, showing modest increases
only after 2018 (Fig. 4A, 4B). Most studies assess a single ES category, but multi-service

approaches have become more common in recent years (Fig. 4C).

A (B)

Regulating ES

Provisioning ES

Cultural ES -10.4%

40

(©)

Number of Studies

0
ES Categories
Four £ 13.9%
g e © - Cultural
P - Provisioning

m

iE_ § s o o
&l 8 S - Supperting
Two %E_ E e

Three

MNumber of ES categories evaluated

Number of Studies

Publication Year

Figure 4. (A) Annual number of studies reporting each category of ecosystem services per
year between 2000 and 2024 for coastal shellfish. (B) Overall proportion of studies per

ecosystem service category. Percentages denote the relative contribution of each category
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to the total evidence base. (C) Number and proportion of studies evaluating different
combinations of Ecosystem Service (ES) categories. Percentages show the relative
frequency for one to four categories, with letters indicating the specific ES categories

present.

Regulating services—particularly water-quality improvement and coastal protection—were
the most frequently addressed, reflecting the ecological importance and policy visibility of
shellfish reefs as nature-based solutions for coastal resilience (Fig. 5). Supporting services
such as habitat provision, biodiversity maintenance, and nutrient cycling were also widely
addressed, often in combination with regulating services, emphasizing the dual role of

shellfish habitats as ecosystem engineers and biodiversity enhancers (Fig. 4C, Fig. 5).

Provisioning services were less frequent and primarily associated with food provision
derived from aquaculture and small-scale harvesting. Notably, aquaculture contexts
accounted for 52 of the 151 studies analyzed (=35%), exposing the dominance of
production-oriented perspectives within the provisioning ES studies. Cultural services
appeared only marginally and almost exclusively in studies involving community
engagement or local-knowledge components, highlighting the dependence of cultural ES
assessment on participatory and co-design approaches. This pattern shows that the social
and relational values of shellfish ecosystems remain underexplored compared with their

biophysical and economic dimensions.

The diversity of ES addressed also varied among all 151 studies. Most papers (36%)
evaluated a single ES category, while a quarter (26%) considered three categories

simultaneously, typically supporting, regulating, and provisioning. A smaller subset (14%)
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examined all four ES categories together, reflecting integrative frameworks that link

ecological functions with societal benefits (Fig. 4C). Over time, the inclusion of cultural

and provisioning dimensions increased modestly, suggesting a gradual shift toward more

holistic understandings of the multifunctionality of ecosystem services (Fig. 4A).

At the ecosystem level, oyster reefs dominate the ES literature, showing a clear prevalence

of regulating services, a trend also mirrored in studies of mussel and clam beds. Other

shellfish systems display a more balanced distribution over the ES categories. Notably,

scallop and clam habitats lack cultural-service assessments, and scallop beds also lack

regulating-service studies, revealing taxonomic and functional biases that limit cross-

ecosystem comparability (Fig. 2C).
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Figure 5. Frequency of ecosystem service categories and subcategories reported over the
151 studies included in the review. Bars show the total number of times each ecosystem

service was mentioned. Subcategories are ordered by frequency within each category.

Restoration approaches and ecosystem service linkages

Of the 151 reviewed studies, 114 (76%) explicitly addressed restoration (Fig. 1C). Of these,
active restoration was the dominant approach (64 studies), followed by hybrid approaches
combining active and passive methods (17) and passive restoration (2). An additional 31
studies referred to restoration without specifying the method used (Fig. 6). The dominant
methods were substrate addition, reef seeding, and habitat engineering, which together
account for most interventions. These techniques are primarily aimed at restoring
ecosystem functions, followed by habitat recovery, biodiversity enhancement, and coastal
protection (Fig. S2). Passive approaches—such as stressor removal and habitat protection—
were less frequent and typically focused on maintaining existing ecological integrity rather

than initiating new processes.
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343  Figure 6. Heatmap showing the co-occurrence between specific (A) restoration techniques,
344  and (B) Policy types (y-axis) with ecosystem service (ES) subcategories (x-axis). The
345  columns are grouped into the four major ES categories—Cultural, Provisioning,

346  Regulating, and Supporting—and the rows are grouped by restoration approach—Active,
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Passive, Hybrid, or Unclear. Panel A is based on the 114 studies addressing restoration

(76%), while Panel B is based on the 113 studies addressing policy (75%).

Across all restoration techniques, both regulating and supporting services—notably water-
quality improvement, nutrient removal, habitat provision, and biodiversity maintenance—
emerged as the most frequently quantified outcomes. Hybrid methods that combine
ecological engineering and community engagement showed the strongest co-occurrence of
ecological and social benefits, bridging restoration outcomes with policy visibility and

societal participation (Fig. 7).
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Figure 7. Heatmap showing the co-occurrence between stakeholder participation per
ecosystem services (A), restoration (B) and policy (C) categories. Panels A and C are based
on the 28 studies addressing stakeholder involvement (19%), while Panel B is based on the

21 studies addressing both stakeholders and restoration (14%).
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Despite the overall expansion of reporting on restoration initiatives, monitoring of these
initiatives remains weakly integrated: only 24 of the 114 restoration-focused studies (21%)
reported explicit monitoring activities. Among these, the majority involved performance
metrics (14 mentions), followed by citizen science initiatives (9) and adaptive management
approaches (4). It is important to note that monitoring was recorded here as long-term
observation of restoration outcomes rather than short-term measurements typically reported
in active restoration studies. This limited emphasis on systematic evaluation underscores a
major implementation gap between restoration practice and evidence-based assessment,

which, when addressed, leads to improved practice.

Of the 151 studies, 114 addressed restoration (75.5%), 113 addressed policy (74.8%), and
76 studies (50%) addressed both simultaneously (Fig. 1C). These 76 studies form the triple-
intersection subset used to map the linkages among restoration approaches, ecosystem-
service (ES) categories, and policy focus areas. The Sankey diagram (Fig. 8) visualizes this
subset, revealing 34 unique Restoration—Service—Policy combinations, each represented by

a flow whose width is proportional to the number of studies supporting that linkage.

Within this subset, active restoration dominates (38 studies), followed by hybrid
approaches (15) and passive restoration (2), while 21 studies mention restoration without
specifying the method used. Across all restoration types, regulating services were most
frequently assessed, followed by supporting and provisioning services, whereas cultural

services were less represented.

These ES categories map onto four major policy domains: Fisheries and Aquaculture,

Habitat and Biodiversity, Environmental Quality, and Management and Governance.
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Among these, Fisheries and Aquaculture and Habitat and Biodiversity appear most
frequently, while Environmental Quality and Management and Governance are less
represented, providing a balanced view of how restoration outcomes intersect with policy

priorities.

Dominant flows reveal strong associations between active and hybrid restoration and
regulating and provisioning services, particularly under Fisheries and Aquaculture and
Habitat and Biodiversity policies (Fig. 8). Supporting services connect mainly to
biodiversity-focused objectives, while cultural services—although limited—span multiple
policy areas, highlighting emerging socio-ecological and relational dimensions of shellfish

NbS.

Collectively, this subset of 76 studies linking restoration, ecosystem services, and policy
maintains the pattern observed in the full review remains of 151 studies, demonstrating that
research primarily focuses on biophysical and production-oriented outcomes, while social
and cultural contributions remain under-represented. This gap signals key opportunities for

advancing more holistic, people- and nature-centered restoration strategies.
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400  Figure 8. Sankey diagram showing the relationships among restoration approaches,

401  ecosystem-service (ES) categories, and policy focus areas in shellfish nature-based

402  solutions (NbS). The diagram summarizes evidence from 76 studies—the subset of the 151
403 reviewed studies that simultaneously address restoration, ES, and policy. These studies

404  yield 34 unique Restoration—Service—Policy combinations, with flow widths proportional to

405  the number of studies supporting each linkage.

406  Policy integration and governance patterns

407  The dominant policy type involves regulatory measures, followed by governmental
408  programs, framework policies, and management approaches (Fig. 9A). Framework policies

409 first appeared in 2011—Tlinked to the Aichi Biodiversity Targets under the Convention on
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Biological Diversity (CBD) and the UN Decade on Biodiversity —while market-based
instruments gain prominence after 2020, reflecting an increasing use of economic

mechanisms to operationalize ecosystem services in policy.

Market-based instruments are predominantly associated with regulating services —a focus
also central to most restoration initiatives— (Fig. 9A-D), especially those related to nutrient
reduction strategies and payments for ecosystem services (PES), which translate the

nitrogen and phosphorus removal capacity of shellfish into tradable ecosystem benefits.

At the policy-function level, regulation remains the primary objective, followed by
planning and incentives (Fig. 9C). Participation is comparatively under-represented, but has
increased since 2020, particularly in Management and Governance, as have incentives in
Environmental Quality. These patterns suggest a transition from normative, resource-
control models toward adaptive, integrated governance emphasizing planning, incentive-

based tools, and multi-stakeholder engagement.
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Figure 9. Four-panel stacked-bar figure showing Policy Type (A), Stakeholders (B), Policy
Function (C), and Restoration Technique(D) by Ecosystem services category. Panels A and
C are based on the 113 studies addressing policy (75%); panel B is based on the 28 studies
addressing stakeholder involvement (19%); and panel D is based on the 114 studies

addressing restoration (76%).

In terms of governance scales, local policies dominate, while regional frameworks—mainly
from the EU—represent a smaller subset. International agreements appear after 2011,
consistent with the expansion of global restoration and NbS initiatives. Thematically, the
most frequent policy foci are Fisheries and Aquaculture, Habitat and Biodiversity, and
Environmental Quality. Fisheries and aquaculture policies remain largely regulatory,

reflecting a more traditional production-oriented perspective, whereas biodiversity and
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habitat policies exhibit greater diversity in instruments, combining regulation, planning,

and incentives (Fig. S2).

Only 28 of 113 policy-related studies (26.5%) mention stakeholder participation, although
nearly all emphasize its necessity for legitimacy and effectiveness. Engagement most often
involves communities, governmental agencies, and the private sector, with Indigenous
participation reported in fewer cases but consistently associated with co-management

frameworks and recognition of traditional knowledge (Fig. 7, Fig. 9B).

NbS are mentioned in 12 studies (8%) (Fig. 1C), first appearing explicitly after 2018.
Shellfish reefs are framed as NbS mainly for coastal protection, water-quality enhancement,
and climate regulation, confirming their growing relevance within climate and

sustainability agendas.

The temporal convergence of restoration, policy, and NbS mentions after 2018 indicates a
conceptual and operational integration of these fields. The rise of incentive-based
mechanisms and participatory governance frameworks after 2020 further points to a shift
toward more socio-ecologically focused restoration models. Yet, persistent deficiencies in
monitoring, participation, and incentive implementation suggest that institutional

integration remains incomplete.

Discussion

In this section, we interpret our findings in relation to the four research questions. We
discuss patterns of ecosystem-service delivery (RQ1) and their association with restoration

approaches (RQ?2), then identify major taxonomic, geographic, social, and institutional gaps
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(RQ4), and finally examine policy instruments and governance mechanisms shaping the

implementation of shellfish-based NbS (RQ3).

What we know: ecosystem-service delivery and restoration performance

This global synthesis confirms that shellfish consistently provide management-relevant
ecosystem services—including water filtration, nutrient removal, habitat provision, and
coastal protection—reinforcing findings from previous meta-analyses on the role of
bivalves as biogenic ecosystem engineers (Van der Schatte Olivier et al., 2020). The
evidence base is dominated by regulating and supporting services, indicating that
restoration science continues to prioritize biophysical functions over provisioning and
cultural dimensions, despite extensive literature showing the multiple ecological and social
benefits of shellfish ecosystems (Coen et al., 2007; Needles et al., 2015). Cultural services
appear mainly in studies with participatory or co-management approaches, highlighting the
importance of integrating social and relational values into restoration assessments (Murray,

2016; Howie et al., 2024).

Active and hybrid restoration approaches dominate, mirroring global trends that emphasize
engineered interventions and multi-technique designs. Their strong co-occurrence with
policy visibility suggests that technical innovation gains traction only when interventions
are institutionally grounded and socially supported (Murray et al., 2016; Stewart-Sinclair et
al., 2020). Evidence from broader nature-based solutions research similarly shows that
projects co-designed with communities deliver both ecological and governance benefits

(Cubillo et al., 2023; Jordan & Fohle, 2022). Yet, only 21% of studies reported monitoring,
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and very few assessed policy outcomes, underscoring a persistent disconnect between

ecological practice and decision-making needs.

A notable trend since 2020 is the emergence of market-based instruments—including
nutrient-credit trading and payment for ecosystem services—that translate the regulating
functions of shellfish into tradable units (Barrett et al., 2022; Fitzsimons et al., 2020;
Petrolia et al., 2022; Rose et al., 2021). This reflects a broader shift toward more socio-
ecologically oriented restoration models. However, persistent deficiencies in monitoring,
stakeholder participation, and incentive implementation indicate that institutional
integration remains incomplete. The effectiveness of these market mechanisms depends on
credible ecosystem-service metrics and transparent accounting systems, which remain
limited (Theuerkauf et al., 2022; Beck et al., 2011; NRC, 2010). Emerging certification
schemes and living shoreline standards—design guidelines that define ecological,
engineering, and performance criteria for nature-based coastal protection—represent early
steps toward formalizing shellfish restoration within regulatory frameworks, but their
coverage remains geographically and taxonomically narrow. Strong certification systems
will be essential to attract private-sector engagement, paralleling the evolution of carbon

and biodiversity credit markets (Farahmand et al., 2025).

Critical gaps: taxonomic, geographic, social, and institutional blind spots

Taxonomic and geographic biases are pronounced. The ecosystem-service evidence base is
overwhelmingly concentrated in oyster-dominated systems from North America, Europe,
and Oceania (zu Ermgassen et al., 2020; Beck et al., 2011). Mussel, clam, cockle, scallop,

and mixed-bivalve habitats remain comparatively under-represented, with scallop and clam
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beds lacking cultural-service assessments entirely and scallop systems showing no
regulating-service evaluations (Fig. 2C). These gaps create functional blind spots, limiting
cross-ecosystem comparability and inflating the apparent dominance of oysters simply
because they are the most studied, not necessarily because they deliver the broadest

ecosystem service portfolios.

Tropical and subtropical regions remain largely unexamined, restricting our ability to test
whether ecosystem-service outcomes documented in temperate environments generalize

across different ecological, socio-cultural, and governance contexts.

Social and institutional gaps are equally significant. Monitoring is reported in only 21% of
restoration studies, and stakeholder participation appears in just 27%—typically involving
local communities, government agencies, or the private sector. Indigenous participation is
even rarer, though consistently associated with co-management arrangements and the
recognition of traditional knowledge. These omissions weaken our ability to understand
when and why restoration gains institutional traction, how benefits are distributed, and how
interventions interact with local knowledge systems and rights—factors that are critical for
legitimacy, stewardship, and long-term project durability (Brown & Gabrys 2025).
Although recent years show an emerging convergence between restoration, ES, and policy
narratives, this integration remains largely conceptual rather than operational. Likewise,
explicit NbS framing is still very limited (8%), constraining the alignment of shellfish

restoration with broader climate, biodiversity, and sustainability agendas.

What to do differently: a global research agenda

Our synthesis identifies four research priorities to advance shellfish-based NbS:
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e Integrate ecological engineering with community participation. Hybrid designs that
couple substrate addition, reef seeding, or habitat engineering with community
engagement yield the most diverse ecosystem-service portfolios and strongest
policy resonance.

e Link ecological metrics to policy instruments. Translating ES—nutrient removal,
shoreline protection, biodiversity enhancement—into indicators usable in
environmental permitting, nutrient-credit markets, living-shoreline standards, or
green-procurement schemes would improve policy uptake and comparability.

e Strengthen participatory and long-term monitoring. Monitoring frameworks
including community-based and Indigenous-led protocols can bridge science,
policy, and local stewardship and better capture relational outcomes.

e Develop credible, standardized ES metrics. Robust metrics underpin certification
schemes capable of mobilizing business-sector investment and expanding

restoration beyond existing hotspots.

Limitations and future directions

Our review draws on English-language, peer-reviewed literature and likely under-
represents local knowledge, grey literature, and non-English sources. Heterogeneous
reporting prevented quantitative effect-size comparisons across services. Future work
should develop standardized monitoring templates, evaluate socio-ecological outcomes
longitudinally, and examine how policy instruments shape restoration performance and

equity.

Implications for practice and policy: an applied roadmap



543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

Shellfish-based NbS can simultaneously advance biodiversity recovery, fisheries
management, and water-quality regulation, but restoration remains uneven across taxa,
regions, and policy designs. Building on our findings, we outline four priority actions to
align restoration practice with national biodiversity and climate targets: (1) Establish
outcome-based monitoring frameworks for ecological, social, and cultural indicators. (2)
Embed ES evidence into policy instruments such as permitting, environmental standards,
marine spatial planning, and PES/blue-carbon programs. (3) Expand restoration to under-
represented taxa and regions, particularly in the Global South. (4) Strengthen governance
and co-production, ensuring Indigenous participation, community rights, and durable
stewardship pathways. Implementing these actions will enable governments, practitioners,
and stakeholders to scale shellfish restoration as credible, equitable, and effective nature-

based solutions that deliver durable benefits for people and ecosystems.

Conclusions

Shellfish reefs function as natural coastal infrastructure capable of delivering multiple,
high-value ecosystem services while supporting biodiversity recovery. Our synthesis shows
strong evidence for regulating and supporting services, and growing linkages between
restoration actions, community participation, and policy uptake. Yet, persistent taxonomic,
geographic, social, and institutional gaps—together with limited monitoring and sparse
engagement of Indigenous and local knowledge systems—constrain the global scalability

of shellfish-based Nature-based Solutions.

Addressing these gaps requires diversifying restoration across taxa and regions,

strengthening participatory and long-term monitoring, and developing credible,
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standardized metrics that allow ecosystem-service outcomes to be embedded in policy and
incentive mechanisms. Emerging tools such as nutrient-credit markets, certification
schemes, and living-shoreline standards offer promising pathways but remain unevenly

implemented.

Taken together, our results position shellfish restoration as a high-potential, but under-
realized, socio-ecological opportunity. Advancing its contribution to coastal resilience and
biodiversity goals will depend on integrating ecological evidence with governance

innovation, equitable participation, and investment-ready performance metrics.

Author Contributions

Maria José Martinez-Harms conceived the idea, designed the study, conducted the initial
title/abstract screening and applied inclusion/exclusion criteria, and led the writing of the
manuscript; Urania Lavin carried out the detailed full-text review, data extraction, and
database curation; All authors verified coding consistency, resolved discrepancies

collaboratively, contributed critically to manuscript drafts, and approved the final version.

Acknowledgements

M.J.M-H, U.L, N.A.L, B.P. and D.S-G acknowledge ANID Anillos ACT24004 and Fondef
ID24i10031. M.J.M.-H., N.A.L and B.P are supported by ANID through the Millennium
Science Initiative Program grant N.ICN2019 015. M.J.M.-H. and U.L. are supported by
ANID through the Institute of Ecology and Biodiversity ANID BASAL FB210006. EB and
Al acknowledge funding provided by the New Zealand Ministry of Business, Innovation

and Employment and administered by the Royal Society Te Aparangi (CSG-UOA2405),



586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

and the OECD's Co-operative Research Programme: Sustainable Agricultural and Food

Systems.

Conflict of Interest

The authors declare no conflict of interest.

References

Baggett, L. P., Powers, S. P., Brumbaugh, R. D., Coen, L. D., DeAngelis, B. M., Greene, J.
K., ... Ermgassen, P. S. E. Z. (2015). Guidelines for evaluating performance of oyster

habitat restoration. Restoration Ecology, 23(6), 737—745. https://doi.org/10.1111/rec.12262

Barrett, L. T., Theuerkauf, S. J., Rose, J. M., Alleway, H. K., Bricker, S. B., Parker, M.,
Petrolia, D. R., & Jones, R. C. (2022). Sustainable growth of non-fed aquaculture can
generate valuable ecosystem benefits. Ecosystem Services, 55, 101432.

https://doi.org/10.1016/j.ecoser.2021.101396

Barbier, E. B., Hacker, S. D., Kennedy, C., Koch, E. W., Stier, A. C., & Silliman, B. R.
(2011). The value of estuarine and coastal ecosystem services. Ecological monographs,

81(2), 169-193. https://doi.org/10.1890/10-1510.1

Benjamin, E. D., Handley, S. J., Hale, R., Toone, T. A., Jeffs, A., Hillman, J. R., 2022.
Biodiversity associated with restored small-scale mussel habitats has restoration decision

implications. Biodivers Conserv 31, 2833-2855. https://doi.org/10.1007/s10531-022-

02462-1


https://doi.org/10.1111/rec.12262
https://doi.org/10.1016/j.ecoser.2021.101396
https://doi.org/10.1890/10-1510.1
https://doi.org/10.1007/s10531-022-02462-1
https://doi.org/10.1007/s10531-022-02462-1

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

Beck, M. W., Brumbaugh, R. D., Airoldi, L., Carranza, A., Coen, L. D., Crawford, C., ... &
Guo, X. (2011). Oyster reefs at risk and recommendations for conservation, restoration, and

management. Bioscience, 61(2), 107-116.https://doi.org/10.1525/bi10.2011.61.2.5

Brown, D., Gabrys, J. (2025). Community-led landscape regeneration: A review of and
framework for engagement in restoration initiatives. Ambio.

https://doi.org/10.1007/s13280-025-02236-3

Brumbaugh, R. D., & Coen, L. D. (2009). Contemporary approaches for small-scale oyster
reef restoration to address substrate versus recruitment limitation: A review and comments
relevant for the Olympia oyster, Ostrea lurida Carpenter 1864. Journal of Shellfish

Research, 28(1), 147-161. https://doi.org/10.2983/035.028.0105

Bueno-Pardo, J., Ruiz-Frau, A., Garcia, C., & Ojea, E. (2024). Assessing the effectiveness
of marine nature-based solutions with climate risk assessments. Global Change Biology,

30(5), e17296. https://doi.org/10.1111/gcb.17296

Convention on Biological Diversity (CBD). (2022, December 19). Decision 15/4.:
Kunming—Montreal Global Biodiversity Framework. Secretariat of the Convention on

Biological Diversity. https://www.cbd.int/doc/decisions/cop-15/cop-15-dec-04-en.pdf

Convention on Biological Diversity (CBD). (2022, December 22). COP 15 adopts the
Kunming—Montreal Global Biodiversity Framework [Press release]. Secretariat of the
Convention on Biological Diversity.
https://prod.drupal.www.infra.cbd.int/sites/default/files/2022-12/221222-CBD-

PressRelease-COP15-Final.pdf


https://doi.org/10.1525/bio.2011.61.2.5
https://doi.org/10.1007/s13280-025-02236-3
https://doi.org/10.2983/035.028.0105
https://doi.org/10.1111/gcb.17296
https://www.cbd.int/doc/decisions/cop-15/cop-15-dec-04-en.pdf
https://prod.drupal.www.infra.cbd.int/sites/default/files/2022-12/221222-CBD-PressRelease-COP15-Final.pdf
https://prod.drupal.www.infra.cbd.int/sites/default/files/2022-12/221222-CBD-PressRelease-COP15-Final.pdf

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

Coen, L. D., & Luckenbach, M. W. (2000). Developing success criteria and goals for
evaluating oyster reef restoration: Ecological function or resource exploitation? Ecological

Engineering, 15, 323-343. https://doi.org/10.1016/S0925-8574(00)00084-7

Coen, L. D., Brumbaugh, R. D., Bushek, D., Grizzle, R., Luckenbach, M. W., Posey, M.
H., Powers, S. P., & Tolley, S. G. (2007). Ecosystem services related to oyster restoration.

Marine Ecology Progress Series, 341, 303-307.

Cooley, S., D. Schoeman, L. Bopp, P. Boyd, S. Donner, D.Y. Ghebrehiwet, S.-1. Ito, W.
Kiessling, P. Martinetto, E. Ojea, M.-F. Racault, B. Rost, and M. Skern-Mauritzen, 2022:
Oceans and Coastal Ecosystems and Their Services. In: Climate Change 2022: Impacts,
Adaptation and Vulnerability. Contribution of Working Group II to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change [H.-O. Portner, D.C. Roberts, M.
Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegria, M. Craig, S. Langsdorf, S. Loschke,
V. Moller, A. Okem, B. Rama (eds.)]. Cambridge University Press, Cambridge, UK and

New York, NY, USA, pp. 379-550. https://doi.org/10.1017/9781009325844.005

Cubillo, A. M., Lopes, A. S., Ferreira, J. G., Moore, H., Service, M., & Bricker, S. B.
(2023). Quantification and valuation of the potential of shellfish ecosystem services in
mitigating coastal eutrophication. Estuarine, Coastal and Shelf Science, 293, 108469.

https://doi.org/10.1016/j.ecss.2023.108469

European Commission. (2025). Commission Communication: Review of Directive

2008/56/EC (Marine Strategy Framework Directive). https://eur-lex.europa.eu/legal-

content/EN/TXT/PDF/?uri=CELEX%3A52025DC0003



https://doi.org/10.1016/S0925-8574(00)00084-7
https://doi.org/10.1017/9781009325844.005
https://doi.org/10.1016/j.ecss.2023.108469
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52025DC0003&utm_source=chatgpt.com
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52025DC0003&utm_source=chatgpt.com
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52025DC0003&utm_source=chatgpt.com

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

European Parliament & Council of the European Union. (2008, June 17). Directive
2008/56/EC of the European Parliament and of the Council establishing a framework for
community action in the field of marine environmental policy (Marine Strategy Framework
Directive). Official Journal of the European Union, L 164, 19—40. https://eur-

lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008L0056

Farahmand, S., Hilmi, N. & Duarte, C.M. The rise and flows of blue carbon credits advance
global climate and biodiversity goals. npj Ocean Sustain 4, 39 (2025).

https://doi.org/10.1038/s44183-025-00141-6

Fitzsimons, J. A., Branigan, S., Gillies, C. L., Brumbaugh, R. D., Cheng, J., DeAngelis, B.
M., ... Ermgassen, P. S. E. Z. (2020). Restoring shellfish reefs: Global guidelines for
practitioners and scientists. Conservation Science and Practice, 2(8), €235.

https://doi.org/10.1111/csp2.198

Fodrie, F. J., Rodriguez, A. B., Gittman, R. K., Grabowski, J. H., Lindquist, N. L.,
Peterson, C. H., Piehler, M. F., & Ridge, J. T. (2017). Oyster reefs as carbon sources and
sinks. Proceedings of the Royal Society B: Biological Sciences, 284(1859), 20170891.

https://doi.org/10.1098/rspb.2017.0891

Gentry, R. R., Alleway, H. K., Bishop, M. J., Gillies, C. L., Waters, T., & Jones, R. (2019).
Exploring the potential for marine aquaculture to contribute to ecosystem services. Reviews

in Aquaculture, 12(2), 499-512. https://doi.org/10.1111/raq.12328

Gillies, C. L., McLeod, I. M., Alleway, H. K., Cook, P., Crawford, C., Creighton, C., ...

Warnock, B. (2020). Australian shellfish ecosystems: Past distribution, current status and


https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008L0056
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008L0056
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32008L0056
https://doi.org/10.1038/s44183-025-00141-6
https://doi.org/10.1111/csp2.198
https://doi.org/10.1098/rspb.2017.0891
https://doi.org/10.1111/raq.12328

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

future direction. PLOS ONE, 15(2),

€0228184.https://doi.org/10.1371/journal.pone.0190914

Haddaway, N.R., Macura, B., Whaley, P. et al. ROSES RepOrting standards for Systematic
Evidence Syntheses: pro forma, flow-diagram and descriptive summary of the plan and
conduct of environmental systematic reviews and systematic maps. Environ Evid 7, 7

(2018). https://doi.org/10.1186/s13750-018-0121-7

Howie, A. H., Reeves, S. E., Gillies, C. L., & Bishop, M. J. (2024). Integration of social
data into restoration suitability modelling for oyster reefs. Ecological Indicators, 158,

111531. https://doi.org/10.1016/j.ecolind.2023.111531

Jordan, P., & Frohle, P. (2022). Bridging the gap between coastal engineering and nature
conservation?: A review of coastal ecosystems as nature-based solutions for coastal
protection. Journal of Coastal Conservation, 26(2), 4. https://doi.org/10.1007/s11852-021-

00848-x

Kidwell S. M. and D. Jablonski. (1983). Taphonomic feedback: Ecological consequences of
shell accumulation. In M. J. S. Tevesz and P. L. McCall, eds.: Biotic Interactions in Recent
and Fossil Benthic Communities. New York, Plenum Press, 195-248.

https://doi.org/10.1007/978-1-4757-0740-3 5

La Peyre, M. K., Serra, K., Joyner, T. A., & Humphries, A. (2015). Assessing shoreline
exposure and oyster habitat suitability maximizes potential success for sustainable

shoreline protection using restored oyster reefs. Peer], 3, e1317.

https://doi.org/10.7717/peerj.1317



https://doi.org/10.1371/journal.pone.0190914
https://doi.org/10.1186/s13750-018-0121-7
https://doi.org/10.1016/j.ecolind.2023.111531
https://doi.org/10.7717/peerj.1317

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

Luckenbach, M. W., Coen, L. D., Ross, P. G., & Stephen, J. A. (2005). Oyster reef habitat
restoration: Relationships between oyster abundance and community development based
on two studies in Virginia and South Carolina. Journal of Coastal Research, 21(3), 713—

731. http://www.jstor.org/stable/25736616

Mach, M. E., Martone, R. G., & Chan, K. M. A. (2015). Human impacts and ecosystem
services: Insufficient research for trade-off evaluation. Ecosystem Services, 16, 112—-120.

https://doi.org/10.1016/j.ecoser.2015.10.018

Millennium Ecosystem Assessment (MEA). (2005). Ecosystems and human well-

being: Current state and trends (Vols. 1-5). Island Press.

Morris, R. L., Konlechner, T. M., Ghisalberti, M., & Swearer, S. E. (2018). From
grey to green: Efficacy of eco-engineering solutions for nature-based coastal defence.

Global Change Biology, 24(5), 1827-1842. https://doi.org/10.1111/gcb.14063

Murray, G., D’Anna, L., & MacDonald, P. (2016). Measuring what we value: The
utility of mixed methods approaches for incorporating values into marine social-
ecological system management. Marine Policy, 73, 61-68.

https://doi.org/10.1016/j.marpol.2016.07.008

Needles, L. A., Lester, S. E., Ambrose, R., Andren, A., Beyeler, M., Connor, M. S.,
Eckman, J. E., Costa-Pierce, B. A., Gaines, S. D., Lafferty, K. D., Lenihan, H. S.,
Parrish, J., Peterson, M. S., Scaroni, A. E., Weis, J. S., & Wendt, D. E. (2015).
Managing Bay and Estuarine Ecosystems for Multiple Services. Estuaries and

Coasts, 38(S1), 35-48. https://doi.org/10.1007/s12237-013-9602-7



https://doi.org/10.1016/j.ecoser.2015.10.018
https://doi.org/10.1111/gcb.14063
https://doi.org/10.1007/s12237-013-9602-7

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

National Research Council (NRC). (2010). Ecosystem Concepts for Sustainable

Bivalve Mariculture. National Academy Press

Petrolia, D. R., Walton, W. C., & Cebrian, J. (2022). Oyster Economics: Simulated
Costs, Market Returns, and Nonmarket Ecosystem Benefits of Harvested and
Nonharvested Reefs, Off-Bottom Aquaculture, and Living Shorelines. Marine

Resource Economics, 37(3), 325-347. https://doi.org/10.1086/719969

Piehler, M. F., & Smyth, A. R. (2011). Habitat-specific distinctions in estuarine
denitrification affect both ecosystem function and services. Ecosphere, 2(1), 1-16.

https://doi.org/10.1890/ES10-00082.1

Powell, E.N., Klinck, J.M. 2007. Is oyster shell a sustainable estuarine resource? J.

Shellfish Res. 26:181-19. https://doi.org/10.2983/0730-

8000(2007)26[181:10SASE]2.0.CO:2

R Core Team. (2023). R: A language and environment for statistical computing
(Version 4.5.1) [Computer software]. R Foundation for Statistical Computing.

https://www.R-project.org/

Rose, J. M., Gosnell, J. S., Bricker, S., Brush, M. J., Colden, A., Harris, L., Karplus,
E., Laferriere, A., Merrill, N. H., Murphy, T. B., Reitsma, J., Shockley, J.,
Stephenson, K., Theuerkauf, S., Ward, D., & Fulweiler, R. W. (2021). Opportunities
and Challenges for Including Oyster-Mediated Denitrification in Nitrogen
Management Plans. Estuaries and Coasts, 44(8), 2041-2055.

https://doi.org/10.1007/s12237-021-00936-z


https://doi.org/10.1890/ES10-00082.1
https://doi.org/10.2983/0730-8000(2007)26%5B181:IOSASE%5D2.0.CO;2
https://doi.org/10.2983/0730-8000(2007)26%5B181:IOSASE%5D2.0.CO;2
https://www.r-project.org/

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

Scyphers, S. B., Powers, S. P., Heck, K. L. Jr., & Byron, D. (2011). Oyster reefs as
natural breakwaters mitigate shoreline loss and facilitate fisheries. PLOS ONE, 6(8),
€22396. https://doi.org/10.1371/journal.pone.0022396Spalding, M. D., Ruffo, S.,
Lacambra, C., Meliane, 1., Hale, L. Z., Shepard, C. C., & Beck, M. W. (2014). The
role of ecosystems in coastal protection: Adapting to climate change and coastal
hazards. Ocean & Coastal Management, 90, 50-

57 .http://dx.doi.org/10.1016/j.ocecoaman.2013.09.007

Stewart-Sinclair, P. J., Purandare, J., Bayraktarov, E., Waltham, N., Reeves, S.,
Statton, J., Sinclair, E. A., Brown, B. M., Shribman, Z. 1., & Lovelock, C. E. (2020).
Blue Restoration — Building Confidence and Overcoming Barriers. Frontiers in

Marine Science, 7, 541700. https://doi.org/10.3389/fmars.2020.541700

Van der Schatte Olivier, A., Jones, L., Vay, LL, Christie, M., Wilson, J. y Malham,
SK. (2020). A global review of the ecosystem services provided by bivalve

aquaculture. Rev Aquacult, 12: 3-25. https://doi.org/10.1111/raq.12301

Smith, R. S., Cheng, S. L., & N. Castorani, M. C. (2023). Meta-analysis of ecosystem
services associated with oyster restoration. Conservation Biology, 37(1), €13966.

https://doi.org/10.1111/cobi.13966

The Economics of Ecosystems and Biodiversity (TEEB). (2010). Mainstreaming the
economics of nature: A synthesis of the approach, conclusions and recommendations

of TEEB. Earthscan.


https://doi.org/10.1371/journal.pone.0022396
http://dx.doi.org/10.1016/j.ocecoaman.2013.09.007
https://doi.org/10.1111/raq.12301
https://doi.org/10.1111/cobi.13966

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

Theuerkauf, S. J., Barrett, L. T., Alleway, H. K., Costa-Pierce, B. A., St. Gelais, A.,
& Jones, R. C. (2022). Habitat value of bivalve shellfish and seaweed aquaculture for
fish and invertebrates: Pathways, synthesis and next steps. Reviews in Aquaculture,

14(1), 54-72. https://doi.org/10.1111/raq.12584

Toone, T.A., Hunter, R., Benjamin, E.D., Handley, S., Jeffs, A., Hillman, J.R., 2021.
Conserving shellfish reefs—a systematic review reveals the need to broaden research

efforts. Restor Ecol. https://doi.org/10.1111/rec.13375

United Nations. (2019, March 1). Resolution A/RES/73/284 — United Nations
Decade on Ecosystem Restoration 2021-2030 [Resolution]. United Nations.

https://docs.un.org/en/A/RES/73/284

Waldbusser G. G., E. N. Powell and R. Mann. (2013). Ecosystem effects of shell
aggregations and cycling in coastal waters: an example of Chesapeake Bay oyster

reefs. Ecology, 94: 895-903.

Waltham, N. J., Elliott, M., Lee, S. Y., Lovelock, C., Duarte, C. M., Buelow, C.,
Simenstad, C., Nagelkerken, I., Claassens, L., Wen, C. K-C., Barletta, M., Connolly,
R. M., Gillies, C., Mitsch, W. J., Ogburn, M. B., Purandare, J., Possingham, H., &
Sheaves, M. (2020). UN Decade on Ecosystem Restoration 2021-2030 — What
Chance for Success in Restoring Coastal Ecosystems? Frontiers in Marine Science,

7, 71. https://doi.org/10.3389/fmars.2020.00071

Zu Ermgassen, P. S., Spalding, M. D., Blake, B., Coen, L. D., Dumbauld, B., Geiger,

S., ... & Brumbaugh, R. (2012). Historical ecology with real numbers: past and


https://doi.org/10.1111/raq.12584
https://doi.org/10.1111/rec.13375
https://docs.un.org/en/A/RES/73/284?utm_source=chatgpt.com
https://docs.un.org/en/A/RES/73/284?utm_source=chatgpt.com
https://docs.un.org/en/A/RES/73/284?utm_source=chatgpt.com
https://doi.org/10.3389/fmars.2020.00071
https://doi.org/10.3389/fmars.2020.00071

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

present extent and biomass of an imperilled estuarine habitat. Proceedings of the
Royal Society B: Biological Sciences, 279(1742), 3393-3400.

https://doi.org/10.1098/rspb.2012.0313

Zu Ermgassen, P. S., Thurstan, R. H., Corrales, J., Alleway, H., Carranza, A.,
Dankers, N., DeAngelis, B., Hancock, B., Kent, F., McLeod, 1., Pogoda, B., Liu, Q.,
& Sanderson, W. G. (2020). The benefits of bivalve reef restoration: A global
synthesis of underrepresented species. Aquatic Conservation: Marine and Freshwater

Ecosystems, 30(11), 2050-2065. https://doi.org/10.1002/aqc.3410



https://doi.org/10.1098/rspb.2012.0313
https://doi.org/10.1002/aqc.3410

789



Supplementary Material
METHODS
Inclusion/Exclusion Criteria

Table S1. Inclusion and exclusion criteria for the systematic review of ecosystem
services (ES) provided by shellfish banks. The table outlines the specific criteria used to
evaluate studies based on relevance, methodology, scope, and policy significance, ensuring
the inclusion of studies that focus on the socio-ecological and economic significance of
shellfish ecosystems while excluding those that do not meet the set objectives.

Criterion Inclusion Exclusion

Topic Relevance Studies evaluating specific | Studies focusing on general
ecosystem services (ES) of [ marine ecosystems  without
shellfish  banks/reefs (e.g., | specific reference to shellfish
oysters, mussels, clams). banks/reefs.

Research addressing the socio- | Studies on aquaculture or
ecological, economic, or | fisheries with no Ilink to
environmental significance of | ecosystem services of
shellfish reefs. natural/restored shellfish banks.

Studies identifying shellfish | Papers unrelated to ecosystem

reefs as nature-based | services, restoration, or
solutions (NBS) or | conservation of shellfish banks.
contributors to  ecosystem
resilience.
Frameworks and | Uses established ES | Papers without use of recognized
Methodologies classification frameworks ( | frameworks for ES classification.

MEA 2005, TEEB 2010).

Provides quantitative or | Lacks empirical evidence or
qualitative evidence of ES [ data-driven conclusions (e.g.,
(e.g., economic valuation, | opinion  pieces,  speculative
biodiversity, water quality). papers).

Geographical Scope | Studies from any region with | None (unless region is irrelevant
relevant socio-ecological or | to shellfish ecosystem services).
economic context.

Study Type Peer-reviewed articles, | Opinion  pieces,  editorials
systematic reviews, or reports | without specific data or analysis.
providing empirical data.




Studies explicitly evaluating | Studies with a generalized focus,
specific ES (e.g, nutrient|lacking detailed or specific
cycling, habitat provision, food | analysis of ES for shellfish
provision). banks.

Irrelevant Topics

Relevant to natural or restored | Research focusing solely on non-
shellfish banks/reefs and their | bivalve ecosystems (e.g., coral
ecosystem services. reefs, seagrasses, mangroves).

Policy/Restoration
Relevance

Discusses policy implications, [ No ~ mention  of  policy
restoration, or conservation | recommendations, restoration, or
measures for shellfish | conservation approaches.
ecosystems.

*With the inclusion and exclusion analysis, they were reduced to 151 records.

Table S2. ROSES summary table for the systematic evidence synthesis of ecosystem
services provided by shellfish ecosystems

ROSES Element

Description (this review)

Title

Ecosystem services and policy linkages in natural and restored
shellfish ecosystems: a global systematic evidence synthesis

Type of review

Systematic evidence synthesis (quantitative + qualitative)

Primary What types of ecosystem services are provided by natural and

question restored shellfish ecosystems, what restoration practices and policy
instruments support them, and how are these patterns distributed
globally?

Rationale To synthesize empirical evidence on ecosystem services (ES)
associated with shellfish reefs/banks and to examine how restoration
practices and policy frameworks contribute to their delivery and
recognition.

Frameworks Millennium Ecosystem Assessment (MEA 2005); TEEB 2010;

used IPBES 2018.

Search strategy

Web of Science Core Collection (all years < Dec
2024). Search string: (“ecosystem service*” OR
“ecological function*”) AND (“mollusk bank*" OR




“shellfish reef*” OR “bivalve bed*” OR
“shellfish*”).

Date of search January 2025

Total records 352

retrieved

Databases Web of Science Core Collection (SCIE, SSCI, AHCI, ESCI)
searched

Screening stages

(1) Title and abstract screening; (2) Full-text screening.

Screening tools

Manual screening in EndNote and Excel templates following ROSES
workflow.

Inclusion Studies explicitly evaluating ES in natural/restored shellfish

criteria reefs/banks; use of recognized ES frameworks (MEA, TEEB, IPBES)
or metrics; empirical evidence (quantitative or qualitative).

Exclusion Aquaculture-only focus; non-bivalve ecosystems (e.g., coral reefs,

criteria mangroves, seagrasses); non-empirical papers (e.g., opinions,

conceptual essays). (Full details in Table S1).

Final sample
size

151 studies retained after screening.

Data extraction
fields

(1) Study context (year, country, scale, ecosystem type); (2)
Ecosystem services (category, sub-services, metrics); (3) Restoration
practices (approach, techniques, objectives, monitoring); (4) Policy
variables (instrument type, scale, function, stakeholders).

Data synthesis
methods

Descriptive and comparative analyses of temporal, geographic, and
thematic patterns; visualizations via barplots, heatmaps, and Sankey
diagrams (linking restoration—ES—policy).

Software used

R v 4.5.1 (R Core Team, 2023); packages tidyverse, ggplot2,
networkD3.




Bias assessment

Transparent screening by two reviewers; standardized coding
scheme.

Geographic Global — studies spanning > 90 countries across all continents (Fig.

coverage 2).

Outputs Figures 1-9 (temporal trends, geographic distribution, ES

produced frequencies, restoration approaches, policy integration); Tables S1—
S5 (detailed metadata).

Limitations Restriction to Web of Science may exclude grey literature; language

bias possible (English-only search).

Data and code

All extracted datasets, metadata, and R scripts available at [repository

availability DOI placeholder].

Al usage No Al tools used for data extraction or analysis; Al assisted only in
statement language editing per journal guidelines.

Reporting Complies with ROSES 2022 checklist for systematic reviews
standard (Haddaway et al., 2018).

compliance

Figure S1. ROSES flow diagram




)

Identification

Screening

[ Included ][

Spatial Scale

Table S3. Classification of spatial scales in the reviewed articles. The table presents the
classification of spatial scales applied in the reviewed studies, based on the geographical

Identification of studies via databases and registers

Records identified from:
Databases (n = 1)
Registers (n = 352)

Records removed before
screening:
Duplicate records
removed
(n=0)
Records marked as
ineligible by automation

h

Records screened
(n=352)

Records excluded
(n=170)

h

Reports sought for retrieval
(n=182)

r

Reports not retrieved
(0 =28)

Reports assessed for
eligibility
(n=174)

Reports excluded: 23
Not on shellfish reef ES
(n=19)
Not on policy or
restoration
(n=4)

Studies included in review
(n=151)

extent considered in each analysis.

Spatial Scale

Definition

Local scale

Studies focused on site-specific or small-area assessments, typically
limited to a single reef, bay, or community-level setting

Regional scale

Studies encompassing multiple sites or broader geographical units such
as estuaries, coastal regions, or administrative areas




Global scale

Studies or reviews addressing international contexts, cross-regional
comparisons, or global initiatives related to shellfish reef restoration
(e.g., the Native Oyster Restoration Alliance, NORA)

Ecosystem Type

Table S4. Classification of Shellfish-Specific Ecosystems. This table categorizes shellfish-
specific ecosystems based on dominant species and habitat type, including oyster reefs,
mussel beds, clam beds, scallop habitats, cockle beds and mixed bivalve reefs. When no
ecosystem type was specified, it was recorded as “shellfish general”. It provides a framework
to systematically evaluate ecosystem services, restoration practices, and policy relevance for

each ecosystem type.

Ecosystem Type | Subcategory Description

Oyster Reefs Crassostrea (Eastern Reefs formed by Crassostrea species, €.g.,
oyster reefs) Crassostrea virginica (Eastern oyster).
Ostrea (Native Reefs formed by Ostrea species, e.g., Ostrea
European oysters) edulis (European flat oyster).

Mussel Beds Mytilus (Blue mussel | Beds dominated by Mytilus species, e.g., Mytilus
beds) edulis (blue mussel).
Perna (Green-lipped Beds dominated by Perna canaliculus (green-
mussel beds) lipped mussels).

Clam Beds Hard clam beds Habitats with dense populations of hard clams,
e.g., Mercenaria mercenaria.

Geoduck clam habitats | Habitats dominated by geoduck clams, e.g.,
Panopea generosa.

Scallop Habitats Habitats where scallops, e.g., Pecten maximus,
form dense aggregations.

Cockle Beds Habitats dominated by dense populations of
cockles (family Cardiidae), e.g., Cerastoderma
edule (common cockle).

Mixed Bivalve Shellfish habitats featuring multiple bivalve

Reefs species coexisting.

Ecosystem Services




Table SS. Overview of the ecosystem services classification and grouping applied in
the systematic review.The table presents the classification of ecosystem services following
the Millennium Ecosystem Assessment (MEA, 2005) framework and the grouping of each
service recorded across the 151 reviewed studies.



ES Category | ES grouped | Specific ES mentioned
Supporting | Biodiversity | biodiversity, biodiversity support, ecological carrying
capacity, energy transfer between trophic levels, food web
support, food web structure, maintaining nursery
populations, nursery, provisioning nutritionally valuable
prey.
Habitat bioengineering, ecosystem engineering, foraging habitat,
provision habitat complexity, habitat creation, habitat enhancement,
habitat formation, habitat provision, habitat provisioning,
habitat heterogeneity, landscape and habitat diversity.
Nutrient benthic—pelagic  coupling, biogeochemical cycling,
cycling enhancement of productivity, nitrogen
regeneration/excretion,  nutrient  cycling,  nutrient
regeneration, perturbation and alteration of sediment
properties, primary production, sediment biogeochemistry
alterations.
Regulating | Water heavy metal absorption, pollutant removal, removal of
quality contaminants, sediment stabilization, toxin removal,
turbidity reduction, water clarification, water clarity, water
filtration, water purification, water quality
Nutrient biodeposition, burial of biologically important element,
removal denitrification, eutrophication control, eutrophication
mitigation, nitrogen cycling, nitrogen removal, nutrient
removal, nutrient uptake, phosphorus removal, reduced risk
of eutrophication, sequestration of nitrogen, seston
depletion.
Coastal coastal protection, coastal resilience, erosion control,
protection erosion protection, flood protection, mitigation debris
movement, mitigation of storm surge, reduced erosion,
shoreline erosion prevention, shoreline erosion reductions,
shoreline protection, shoreline stabilization, stabilize
foreshores, stabilizing shorelines, storm surge protection,
vertical accretion, wave energy dissipation
Climate carbon removal, carbon sequestration, climate change
regulation mitigation, climate regulation, sequestration of carbon
Biological biological control prevention, disease regulation, pathogen
regulation removal, removal pathogens
Provisioning | Food food provision, food production, provision of food, food
provision provide, food sources, fisheries, seafood, seafood supply,

seafood production, production of harvested species,
aquaculture, wild animals for nutrition, bivalve harvest,
bivalve fisheries, shellfish for food, shellfish meat, fishery




output, clam production, fish production, fish productivity,
shell fishing, oyster harvest, seafood industries,
commercial fishery, shellfish harvests, food security,
mariculture, meat

Seed  and | brood stock oyster population enhancement, shellfish

larvae seeds, shellfish larvae, spat, shellfish spat

supply

Raw provision of material, shell, shell extraction, shell

materials production, ornamental materials, ornaments, shell by-
products, poultry grit, construction material, mineral
resource, shell substrate, building materials, jewelry, shell
aggregate

Genetic genetic resources

resources

Cultural Recreation | adventure, challenge, ecotourism, food tourism, leisure,

recreational fishing, recreational harvesting, recreation,
tourism

Aesthetics aesthetic appeal, aesthetic appreciation, biodiversity

and appreciation, freedom, inspiration, ornamental use

inspiration

Heritage and | bequest value, contribution to community, culture, cultural

Identity activities, cultural continuity of traditional food gathering,
cultural heritage, cultural practices, cultural services,
cultural shellfish gathering, cultural symbology, cultural
value, cultural value of biodiversity, existence value,
family heritage, harvesting culturally valued food species,
harvesting traditions, heritage, historical harvest, identity,
indigenous and colonial use, local history, non-commercial
family harvesting, past experiences, responsibility of care —
environment, responsibility of care — husbandry,
responsibility of care/bequest, sense of attachment to
nature, sense of place, spiritual and religious, spiritual and
symbolic, spiritual experience heritage, spiritualism,
symbolic meaning, symbolic values

Education art, educational use, intellectual valor, knowledge, public
awareness, research, science, scientific research, skills

Well-being | well-being, community engagement, independence, job

satisfaction, lifestyle, mental health, physical health, pride,
relationship with nature, safety, security, security and
reliability, sense of belonging, sense of pride, sense of
purpose, shared experiences, social bonds, social capital,
therapy, transformation, livelihoods




Country Country Country Country
Angola Estonia Laos Russia
Antarctica Ethiopia Latvia Rwanda
Argentina Fiji Lithuania Scotland
Australia Finland Madagascar Senegal
Austria France Malawi Seychelles
Bangladesh Gaza Strip Malaysia Singapore
Barbados Germany Mali Slovakia
Belarus Ghana Malta Slovenia
Belgium Global Mexico Solomon Islands
Belize Greece Mongolia South Africa
Benin Guatemala Morocco South Korea
Bolivia Hungary Mozambique Spain
Botswana Iceland Namibia Sri Lanka
Brazil India Nepal Sudan
Brunei Indonesia Netherlands Sweden




Bulgaria Iran New Zealand Switzerland
Burkina Faso Ireland Nicaragua Taiwan
Burundi Israel Nigeria Tanzania
Cambodia Italy Norway Thailand
Cameroon Jamaica Oman Tunisia
Canada Japan Pakistan Turkey
Chile Jordan Panama Uganda
China Kazakhstan | Papua New Guinea Ukraine
Colombia Kenya Paraguay United Kingdom
Costa Rica Laos Peru United States
Croatia Latvia Philippines Uruguay
Czech Republic Lithuania Poland Uzbekistan
Democratic Republic of Congo | Madagascar Portugal Vietnam
Denmark Malawi Puerto Rico Wales
Ecuador Malaysia Russia Zambia
Egypt Mali Rwanda




Restoration

Table S6. Overview of the restoration classification scheme applied in the systematic
review. The table presents the categories and operational definitions used to classify
restoration-related aspects, including restoration objectives, approaches, specific restoration
categories, and monitoring practices reported in the reviewed literature.

Characteristics of | Category Definition
the Restoration
Restoration Habitat Restoration Restoration focused on recreating or
Objectives enhancing natural shellfish habitats (e.g.,
oyster reefs, mussel beds).
Biodiversity Efforts aimed at improving species
Enhancement richness and abundance in restored
habitats.
Ecosystem Function | Targeting restoration of key ecosystem
Recovery services (e.g., water filtration, nutrient
cycling).
Coastal Protection Projects designed to use shellfish banks as

natural breakwaters to reduce coastal
erosion and storm impacts.

Restoration Passive Natural recovery processes occur without
Approach direct human intervention, relying on the
removal of stressors or protection
measures.

Active Direct human actions are implemented to
accelerate or enhance ecosystem recovery
(e.g., substrate  addition,  species
reintroduction, or habitat engineering).
Hybrid Combination of passive and active
strategies, where initial interventions
support or complement natural recovery

processes.
Specific Substrate addition Deploying hard and heterogeneous
Restoration substrates (e.g., cultch, shells, rocks,
Category artificial reefs) to promote shellfish

settlement and growth.

Reef seeding Introducing juvenile shellfish or larvae to
establish or enhance populations. (e.g.,
adding spat or larvae)




Habitat engineering Modifying physical or hydrological
conditions (e.g., altering flow, sediment, or
shoreline structures) to create suitable
conditions for restoration.

Community Active participation of local communities
engagement in the design, monitoring, and
implementation of restoration (e.g.,
participatory restoration programs)

Hybrid Methods Combining natural and engineered
approaches (e.g., co-deployment of
seagrass and oyster reefs for mutual

benefits).

Stressor removal Reduction or elimination of pressures
limiting natural recovery (e.g., fishing
restrictions)

Habitat protection Safeguarding existing habitats to enable
natural regeneration (e.g., MPAs)

Pollution control Reducing nutrient or contaminant inputs to

improve environmental conditions. (e.g.,
reducing nutrient runoff)
Biodeposition-Based | Using shellfish biodeposits to enhance
Approaches sediment organic content and promote
habitat growth. Biodeposition approaches
primarily rely on natural processes (e.g.,
the natural filtration and deposition of
organic material by shellfish) to enhance
sediment organic content and promote
habitat growth.

Monitoring Performance Metrics | Defining and measuring success through
biological (e.g., shellfish density),
ecological (e.g., biodiversity), and socio-
economic indicators.

Adaptive Implementing flexible strategies informed

Management by ongoing monitoring results.

Citizen Science Engagement of local communities and
volunteers in monitoring and restoration
activities.

Nature-Based Solutions

Table S7. Classification of Nature-Based Solutions (NbS) types applied to shellfish beds.
The table presents the classification of NbS types in which shellfish beds were discussed as
nature-based solutions for climate mitigation or resilience building.



Natura-Based Solutions

Definition

Climate Mitigation

Using shellfish reefs to sequester carbon and mitigate ocean
acidification through biogenic calcification and habitat
enhancement

Coastal Protection

Increasing coastal resilience to environmental changes,
including sea-level rise, erosion, and storm impacts, through
the physical structure and wave attenuation capacity of reefs.

Water Quality

Improvement of water conditions through the filtration
capacity of shellfish and associated biogeochemical
processes.

Remove Nutrients

Reduction of nutrient loads (e.g., nitrogen, phosphorus) from
the water column via biofiltration and biodeposition processes

Policy

Table S8. Overview of the policy classification scheme applied in the systematic review.
The table presents the categories and operational definitions used to categorize policies
according to their thematic focus (policy area), primary function or objective, and type of
policy instrument mentioned in the reviewed literature.

the Policy

Characteristics of | Category Definition

Type of Policy | Regulatory Measures | Laws and regulations protecting shellfish

Instrument habitats (e.g., marine protected areas,
harvesting restrictions).
Market-Based Incentives like tax breaks or subsidies for
Instruments restoration and conservation projects.
Certification Ecosystem service certification or eco-
Programs labels (e.g., for sustainable fisheries or
aquaculture practices).
Governmental Strategic initiatives and plans for the
Program/Initiative management and/or  restoration  of

ecosystems, resources, or productive
sectors promoted by local governments.
(e.g., species management  plans,
restoration plans, National Shellfish
Initiative (EE.UU.))




Framework Policy

Policy that defines broad principles, goals,
and guidelines to guide and coordinate the
actions of governments, institutions, and
actors. (e.g., United Nations Decade on
Ecosystem Restoration, EU Biodiversity
Strategy for 2030, Kunming—Montréal
Global Biodiversity Framework)

Management
approaches or
frameworks

Integrated approaches and tools guiding
the sustainable use and governance of
marine and coastal resources (e.g., Marine
spatial planning (MSP), ecosystem-based
management (EBM))

Policy Frameworks

International
Agreements

Global agreements like the Convention on
Biological Diversity (CBD) or IPBES
(Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem
Services).

Regional Policies

Policies specific to regions, such as EU
Marine Strategy Framework Directive or
U.S. Clean Water Act.

Local Legislation

Community-driven policy initiatives or

Thematic Area

(Policy Focus)

state-level regulations targeting
restoration.

Fisheries and | Policies on resource use and sustainability,

Aquaculture including aquaculture leases, fishing
quotas, and food safety regulations.

Habitat and | Instruments for habitat and species

Biodiversity conservation, such as MPAs, restoration
programs, and biodiversity protection
frameworks.

Environmental Policies ensuring ecosystem integrity

Quality through water quality standards, nutrient
control, and pollution or emission
regulations.

Management and | Integrated approaches for marine and

Governance coastal management, including Marine

Spatial ~ Planning (MSP), Integrated
Coastal Zone Management (ICZM),
Ecosystem-Based Management (EBM),
and community or indigenous governance.




Policy Function
(Objective/Purpose)

Conservation

Policies aimed at maintaining or protecting
ecosystems, species, or ecological
functions from degradation or loss.

Restoration

Policies designed to recover or enhance
degraded habitats and ecosystem services
through active or passive measures.

Regulation

Legal or administrative mechanisms
establishing rules, standards, or restrictions
to control human activities and resource
use.

Incentives

Economic or social instruments (e.g.,
subsidies, compensation schemes, market
mechanisms) that promote sustainable
practices or conservation actions.

Planning

Strategic and spatial frameworks guiding
the allocation, management, and use of
coastal and marine resources (e.g., MSP,
ICZM).

Participation

Mechanisms that involve stakeholders and
communities in decision-making,
governance, and implementation
processes.

Stakeholder
Involvement

Public Engagement

Mechanisms for including citizens, NGOs,
and communities in policy formulation.

Private Sector

Engagement

Encouraging industries (e.g., fisheries,
tourism) to invest in restoration and
sustainable practices

Indigenous
Participation

Recognizing and incorporating Indigenous
knowledge and rights in conservation
efforts

Engagement
Methods

Public Consultation

Mechanisms to collect opinions and
feedback from stakeholders or the public.
Engagement is mainly consultative, and
input informs but does not determine
decisions. (e.g., public consultation
processes, oral  hearings, appeals
processes, expert panels, interviews)

Participatory
Interaction

Two-way processes that foster dialogue,

learning, and collaboration = among
stakeholders, helping refine policies and
integrate  diverse = knowledge. (e.g.,

workshops, stakeholder committees, early




engagement,
building)

community relationship-

Co-management

Collaborative and power-sharing
arrangements where stakeholders jointly

design, 1implement, and/or manage
initiatives. (e.g., co-development of
management  goals and  schemes,

partnerships, citizen science programs,
cooperative fishery management)

RESULTS

Figure S2. Summary of the relationships among policy aspects, restoration
approaches, and participation methods in the reviewed articles: (A) Policy functions by
policy focus, (B) Restoration techniques by restoration objectives, (C) Policy focus by
policy frameworks, and (D) Engagement methods by stakeholder involvement.
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