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Coastal marine ecosystems provide critical goods and services to humanity but many
are experiencing rapid degradation. The need for effective restoration tools capable of
promoting large-scale recovery of coastal ecosystems in the face of intensifying climatic
stress has never been greater. We identify four major challenges for more effective
implementation of coastal marine ecosystem restoration (MER): (1) development of
effective, scalable restoration methods, (2) incorporation of innovative tools that promote
climate adaptation, (3) integration of social and ecological restoration priorities, and
(4) promotion of the perception and use of coastal MER as a scientifically credible
management approach. Tackling these challenges should improve restoration success
rates, heighten their recognition, and accelerate investment in and promotion of
coastal MER. To reverse the accelerating decline of marine ecosystems, we discuss
potential directions for meeting these challenges by applying coastal MER tools that are
science-based and actionable. For coastal restoration to have a global impact, it must
incorporate social science, technological and conceptual advances, and plan for future
climate scenarios.

Keywords: coastal marine ecosystems, social-ecological restoration, coral reefs, seagrass, mangrove, oyster
reefs, kelp, saltmarshes

BACKGROUND

Humanity is facing serious environmental challenges at the onset of the Anthropocene (Crutzen,
2002; Kareiva et al., 2011; He and Silliman, 2019). The swift decay of natural ecosystems, their
biodiversity, and services to humans presents a global challenge (Dobson et al., 2006; Dirzo
et al., 2014; Hautier et al., 2015). Coastal marine ecosystems are immensely important for human
well-being (Barbier, 2012; Duarte et al., 2013), and they are among those facing the most rapid
ecological degradation (Lotze et al., 2006; Duke et al., 2007; Waycott et al., 2009; Beck et al.,
2011; Burke etal., 2011; Bugnot et al., 2020), resulting in declines in the goods and services
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that they provide to society (Cesar, 2000; Barbier, 2012;
Costanza et al., 2014).

The decline of many coastal ecosystems and current lack of
effective solutions for reversing this trend have triggered growing
interest in developing tools for the restoration of degraded
marine environments (Edwards, 1999; Elliott et al., 2007; Borja,
2014; Possingham et al., 2015; Kienker et al., 2018; Airoldi et al,,
2020). For example, recovering ecosystem structure and function
through restoration has recently been identified as one of eight
“grand challenges” in marine ecosystems ecology (Borja, 2014).
Although significant progress has been made in some coastal
systems, notably mangroves, kelp forests, wetlands, seagrass
meadows, oyster reefs, and to some extent, coral reefs (Hashim
etal.,, 2010; Beck et al., 2011; Roman and Burdick, 2012; Campbell
et al., 2014; van Katwijk et al., 2016; Bostrom-Einarsson et al.,
2020; Eger et al., 2020), restoration science of coastal marine
ecosystems lags behind terrestrial and freshwater counterparts
(Craig, 2002; Suding, 2011).

Restoration has been defined in multiple ways (Elliott et al.,
2007). Here, we use the common definition, “the process of
assisting the recovery of damaged, degraded, or destroyed
ecosystems” (Hobbs et al, 2004; SER, 2004), which views
restoration as a broad term that spans from preventative
management aimed at stress relief to full habitat reconstruction.
We consider restoration to be an integral part of conservation
management (Abelson et al, 2015; Possingham et al., 2015),
but the full recognition of ecological restoration as an essential
element of coastal marine management (Murcia et al., 2014)
will require well-defined and achievable objectives, and reliable
cost-effective restoration tools (Bayraktarov et al., 2016). While
we acknowledge that progress has been made in developing
novel tools for marine ecosystem restoration (MER; e.g., eco-
engineering or nature-based solutions; Morris et al., 2019),
the increasing rate of degradation of coastal environments
emphasizes the need for rapid development of integrative
approaches to science-based restoration of marine ecosystems
(e.g., Elliott et al., 2007; Abelson et al., 2015; Possingham et al.,
2015; Airoldi et al., 2020). An important first step in this process
is to identify major scientific, societal and operational gaps in
coastal MER, which should help to accelerate the development of
more effective, scalable tools and practical approaches for coastal
MER. Overall, our goal is to build an effective framework for
enhancing the multidisciplinary science of coastal MER via the
following objectives: (1) development of cost-effective, scalable
restoration tools, (2) use of these tools to promote adaptation
of coastal marine ecosystems to cope with climate change
and global stressors, (3) integration of social and ecological
restoration priorities, and (4) fostering the acceptance and
routine consideration of coastal MER as a scientifically credible
management tool (Figure 1).

DEVELOPMENT OF EFFECTIVE,
SCALABLE RESTORATION TOOLS

Many current coastal MER tools (techniques and methodologies)
have been criticized for high costs that exceed perceived benefits,

often with superficial treatment of symptoms rather than the
causes of degradation (Elliott et al., 2007; Mumby and Steneck,
2008; van Katwijk et al., 2016; but see Lefcheck et al., 2018;
Reguero et al, 2018). Four common and potentially inter-
related methodological problems that can result in coastal
MER failure are: (1) lack of clear criteria for success, (2)
challenging site selection, (3) inadequate or inappropriate
tool selection/availability including scalability commensurate
with the scale of degraded habitats, and (4) poorly designed
assessment protocols (Suding, 2011; Abelson et al., 2015;
Bayraktarov et al., 2016).

Lack of Clear Criteria for Success

The implementation of clear, measurable restoration goals
requires quantifiable benchmarks for determining whether or
not the stated restoration goals are achieved (SER, 2004; Suding,
2011). Specific criteria used to measure success (such as resilience
indicators; Maynard et al., 2015) will by necessity vary depending
on project goals and stakeholder interests, and should be
specified at the outset. The inclusion of key stakeholders and the
institutions they represent is crucial in the framing of restoration
strategies and related expectations of the outcomes of the MER
effort. Projects are likely to gain wider acceptance if their goals
are broadened to include ecosystem services such as coastal
protection and job creation (Temmerman et al., 2013; Kittinger
etal., 2016; World Bank, 2016) that benefit a variety of aware and
connected stakeholders (Coen and Luckenbach, 2000; Abelson
et al., 2015; Strain et al., 2019).

Site Selection Issues

Appropriate site selection, especially complicated in increasingly
urbanized and fragmented systems, is a major determinant of
restoration success (Suding, 2011; Bayraktarov et al., 2016).
The selection of sites to be restored should be done carefully
with consideration of both ecological (e.g., connectivity among
populations) and social (e.g., business plan for long-term
stewardship) objectives that can reduce the risk of restoration
failures (Abelson et al,, 2015; Bayraktarov et al., 2016). Also,
restoration should be prioritized in areas where the local stressors
responsible for the initial degradation of the site are known
and can be reduced to levels compatible with the long-term
sustainability of the intervention. In cases of non-manageable
stressors, e.g., climate-change effects or heavy boat traffic, a
different restoration approach should be applied, which promotes
adaptation to cope with climate-change conditions (see section
“Promoted adaptation”), or eco-engineering techniques, such
as living breakwaters, to insulate against stressors (see New
tools, approaches, and conceptual framework, below). If multiple
candidate sites are available, then these should be compared
by relating past, present and predicted future community
states using information on environmental conditions, ambient
stressors, risks, biodiversity values, and ecosystem services (e.g.,
Game et al., 2008; Abelson et al., 2015, 2016a).

Assessment of Achievements
Inadequate funding for well-designed monitoring aimed at
evaluating the success of a project in meeting its objectives is
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FIGURE 1 | Conceptual framework of the four major coastal Marine Ecosystem Restoration (MER) challenges (i.e., development of tools, adaptation to global
stressors, social-ecological integration, and promotion of MER perception; blue circles), and their governing and interacting factors (red rectangles), all of which
influence the state of coastal MER (i.e., the success and progress of MER projects; hexagon). Solid arrows indicate flow of knowledge, labor and other monetary
values. Broken arrows indicate interactions among the coastal MER positive-feedback loop (“stagnation loop”).

Applied MER
Research

another major drawback of restoration efforts in general (Palmer
and Filoso, 2009; Suding, 2011), and in coastal marine ecosystems
in particular (Bayraktarov et al., 2016). Even in cases where
monitoring and evaluation is planned, it is often funded for a
short period of time, not allowing for proper assessment of the
outcome of the project over time (Statton et al., 2012, 2018).
In other cases, monitoring is overlooked and considered to be
an unnecessary additional cost of restoration (Bayraktarov et al.,
2016). However, information gained from monitoring (ecological
and social parameters) is not only necessary for determining
whether the restoration goals are being met, but is essential
in determining the reasons for failures, which are critically
important for informing future restoration and conservation
efforts. Such information is also essential for evaluating the long-
term resilience of MER interventions in the face of changing
climatic and societal pressures such as land use that results in
continued degradation of water quality and habitat destruction
(Bouma et al., 2014). The length of monitoring will depend
on the stated restoration goals and performance criteria, and
on the ecology of the system being restored, which influences
rates of recovery. Additionally, the timescales of recovery periods
may be related to the life-history characteristics of the key
species targeted for restoration (e.g., ecosystem engineer species,
Montero-Serra et al., 2018). Therefore, the design of monitoring
programs should include relevant ecological (e.g., demographic
knowledge) and social performance metrics and governance
indicators (e.g., fish functional diversity, fish catch yields, coastal
erosion rates, level of conflict among stakeholders), with the cost

of developing and implementing a monitoring plan included as a
prerequisite for all restoration projects.

New Tools, Approaches, and Conceptual
Frameworks
Advancements in restoration tools and approaches that optimize
success and cost-effectiveness of coastal MER may take several
directions. First, indirect restoration tools can revitalize damaged
ecosystems by alleviating physical stressors or improving local
conditions (also termed passive restoration; Perrow and Davy,
2002). For example, improving the quality of coastal waters by
restoring terrestrial ecosystems within the relevant watershed
area (e.g., by re-forestation, retention ponds and constructed
wetlands; Bartley et al., 2014; Abelson et al., 2016a; Roque et al.,
2016; Lefcheck et al., 2018). The restoration of the hydrological
conditions in mangrove rehabilitation areas provides another
example, including dismantling weirs and removing dikes and
dams to reduce the duration of inundation with polluted
water. This in turn may enhance the dispersal and successful
colonization of propagules, and promote the chances of natural
regeneration (Van Loon et al., 2016). The implementation of
indirect tools that have the potential to accelerate recovery and
enhance resilience of restored systems should be considered in
combination with direct approaches (e.g., planting and seeding)
to achieve restoration goals (e.g., Lefcheck et al., 2018).

Second, technological advances can lead to efficiencies of scale
and drastic reductions in cost. For instance, restoring corals
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through large-scale capture and release of coral larvae on decayed
reefs is predicted to be much cheaper than restoring the same
amount of area with garden-grown adult corals (Doropoulos
et al., 2019). Likewise, restoring marsh grasses and seagrasses
is sometimes more successful when they are outplanted with
biodegradable structures that protect them from wave action
and sediment erosion (Temmink et al, 2020, but see Orth
et al., 1999; Statton et al., 2018). Another potential direction for
optimizing restoration success is the development of relatively
low-cost restoration tools that can be effectively scaled to different
sized projects (Spurgeon, 1999; Spurgeon and Lindahl, 2000;
Bayraktarov et al., 2016). An example of one such restoration
approach involves restocking of key consumers (also termed
“biomanipulation;” Lindegren et al., 2010). For instance, depleted
herbivorous fish populations on degraded coral reefs can lead
to undesirable algal-dominated phase shifts following natural
disturbance events (e.g., Bellwood et al, 2006). However, in
many cases the recovery of fish populations under strict fishery
management and fishing bans may take many years (up to
several decades; e.g., MacNeil et al., 2015). Therefore, restocking
of herbivorous fish populations (accepting the prerequisite of
protection in the restored site) may prevent the excessive
proliferation of macroalgae, or accelerate their eradication and
aid in the recovery of degraded reefs that have undergone
a phase shift to an undesirable macroalgal-dominated state
(Abelson et al., 2016b; Obolski et al., 2016). Under certain
circumstances, eradication or culling of, for example, herbivores
may be included in the restoration, mainly in temperate
ecosystems (Piazzi and Ceccherelli, 2019; Guarnieri et al., 20205
Medrano et al., 2020).

Third, to improve outplanting vyields, the paradigm in
restoration ecology can be expanded from one frameworks that
systematically identifies and reduces physical stressors, to one
that also systematically harnesses positive species interactions
at all levels of biological organization. This paradigm change
was first proposed by Halpern et al. (2007) and Gedan and
Silliman (2009) and received the first experimental support by
Silliman et al. (2015), who found that planting marsh plants in
clumps rather than in dispersed patterns as the paradigm called
for resulted in a 100-200% increase in plant yields at no extra
cost. Importantly, this study did not add extra resources to the
restoration project; instead a simple design change in planting
arrangement allowed for naturally occurring positive interactions
to occur, as plants in clumps interacted to resist erosion and
oxygen stress in the soil (Silliman et al., 2015).

Recent conceptual papers highlight that inserting positive
species interactions into restoration of corals, seagrasses and
mangroves, as well as into eco-engineered structures, can have
beneficial outcomes and need not be limited to just intraspecific
facilitation (Shaver and Silliman, 2017; Bulleri et al., 2018; Renzi
et al., 2019; Smith et al., 2020; Valdez et al., 2020). Interspecific
facilitation and mutualism could be equally or more important.
For example, manipulation of the bacterial community is likely
to enhance settlement and establishment of foundation species
(e.g., corals, seaweeds and mangroves; Holguin et al., 2001; Kelly
et al., 2014; Qiu et al., 2019); waterborne chemicals from various
species could be mimicked at scale to induce coral settlement
and fish grazing behavior (Dixson and Hay, 2012; Dixson et al,,

2014); key autogenic ecosystem engineer species can enhance
stress tolerance for associated organisms (i.e., “human-assisted
evolution;” sensu Palumbi et al., 2014; van Oppen et al., 2015;
see: section “Promoted adaptation”); predators can facilitate
regrowth of seagrass systems and increase their tolerance to
nutrient stress by promoting populations of algal grazing sea
slugs (Hughes, 2014); and positive landscape-scale interactions
involving fluxes of energy, materials and organisms among
ecosystems can facilitate the establishment and persistence of
foundation species (Gillis et al., 2014; van de Koppel et al., 2015).
While incorporating positive species interactions into restoration
designs holds great promise, a recent review unfortunately found
that only 3% of over 600 studies investigating coastal restoration
actually tested for the effects of inserting facilitation by design
(Zhang et al., 2018).

Finally, management concepts should be implemented
that combine restoration efforts with protection. Currently,
protection and restoration are rarely integrated into management
programs. Protection from anthropogenic stressors is generally
not a prerequisite for MER projects, and restoration is
often disregarded as a tool in MPA (marine protected area)
management plans (Abelson et al., 2016a). We believe that
including protection (MPAs) and stress relief in restoration
projects as part of ecosystem-based management may be highly
effective in conservation and the recovery of coastal marine
ecosystems, and therefore, should be a normative baseline.

PROMOTED ADAPTATION

At present, coastal MER tools rarely enhance ecosystem
resistance to climate-change related stressors such as ocean
warming, sea-level rise and acidification (but see Shaver
et al., 2018; He and Silliman, 2019). However, restoration
of coastal vegetation-based ecosystems, which are major
carbon sinks (i.e., saltmarshes, mangrove forests and seagrass
meadows) can help mitigate climate change over large scales
(Gattuso et al., 2018). When combined with other local-
management actions, they can also help buffer global climatic
impacts and compensate for critical ecosystem services that
are impaired (Duarte et al., 2013; Possingham et al, 2015;
Abelson et al, 2016a; Anthony et al, 2017; Darling and
Coté, 2018; He and Silliman, 2019). Nevertheless, as climate-
change mitigation (reduction of greenhouse gases emission) can
take at least decades to affect the Earth’s climate (Solomon
et al, 2009), there is a growing recognition of the need
to identify practical tools to promote adaptation to climate
change, so that coastal marine ecosystems can continue to
function and provide ecosystem services under a range of
future environmental conditions (Webster et al., 2017; Darling
and Coté, 2018; Abelson, 2020). We suggest that beyond
fostering the services and ecosystem health of degraded coastal
marine ecosystems, restoration tools be used to promote
adaptation management to cope with future climate-change
conditions. We further argue that under the reality of climate-
change conditions, practices that promote adaptation should
be included in coastal MER projects to improve their long-
term success.
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Promoted adaptation can be implemented via two potential
directions: “Predict-and-Prescribe” approaches (e.g., “assisted
evolution” and “designer reefs;” Mascarelli, 2014; Webster et al.,
2017; Darling and Coté, 2018), which attempt to foresee future
conditions; and the “Portfolio” approach, which considers the
range of uncertainty of future conditions (Schindler et al., 2015;
Webster et al,, 2017; Figure 2). Although the two strategies
are distinct, they may serve as complementary tools. That is,
even though their applications depend on specific circumstances,
both strategies can be simultaneously applied to increase the
likelihood of recovery as well as helping to cope with future
unpredictable conditions.

Predict-and-Prescribe
Predict and prescribe approaches are based on the notion that
future environmental conditions can be predicted to some extent.
Promoting adaptation of coastal marine ecosystems to predicted
plausible climate change scenarios can be achieved by increasing
either the intrinsic or extrinsic resistance of a system (Darling and
Coté, 2018). Adaptation, in the context of “intrinsic resistance,”
often involves manipulating species or genotypes of ecosystem
engineers (e.g., coral, mangrove, and seagrass species) to make
the system better equipped to contend with changing conditions
(e.g., elevated temperature and acidification), and to better
resist climate change and other global stressors. Restoration
employing “intrinsic resistance” approaches involves identifying
or developing resistant genotypes or species, stockpiling them
in sufficient quantity (e.g., via culture), and transplanting, re-
introducing, or restocking them in areas most influenced by
changing conditions - a process termed “assisted colonization”
or “assisted migration” (Hoegh-Guldberg et al., 2008; Palumbi
et al., 2014; van Oppen et al., 2015; Darling and Coté, 2018;
Coleman and Goold, 2019).

Restoration employing “extrinsic resistance” approaches
involves identifying and ensuring spatial refuge sites (ie.,

“Resistance and Refuge;” Darling and Coté, 2018). Existing “no-
take” MPAs tend to support high fish biomass, but typically
provide little resistance to large-scale disturbances (Bates et al.,
2019; but see Bates et al., 2014), which suggests a need for
management to identify and protect regional refugia (Graham
et al., 2008). Suitable refugia may include locations that are less
vulnerable to climate disturbances (e.g., cool currents and deeper
sites; Darling and Coté, 2018), or stressful or frequently disturbed
habitats (e.g., high sedimentation, elevated temperature, acidified
waters) whose constituent species are locally adapted to tolerate
exposure to chronic stressors (Fabricius, 2005; Palumbi et al.,
2014; Shamberger et al., 2014; Webster et al, 2017). Such
habitats could serve as potential refugia due to their future
resistance potential (e.g., Palumbi et al,, 2014). Local refugia
have the potential to drive cascading processes of large-scale
recovery (“robust source sites;” Hock et al., 2017) by possessing
high connectivity with the wider ecosystem network, and a
low risk of exposure or sensitivity to disturbances. They serve
as a source of replenishment when other sites are depleted,
and promote the recovery of desirable species (Hock et al.,
2017). Sites identified as potential local refugia need to be
protected and the recovery of degraded sites of potentially high
extrinsic resistance (“potential refugia”) should be promoted
by relevant restoration interventions. That is, sites can play
a role as potential refugia thanks to favorable environmental
conditions dictated by their location. However, if these sites are in
a degraded state due to local anthropogenic stressors, they cannot
serve as effective refugia, unless those local stressors have been
eliminated or reduced and these systems have recovered. Also,
for effective restoration and the selection of potential refugia,
empirical genetic information is required to assess diversity and
the potential adaptive capacity to cope with future conditions
(Coleman et al., 2020). This is particularly pertinent for species
that exhibit limited dispersal and are therefore susceptible to
reduced gene flow (e.g., Buonomo et al., 2017).
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The “Portfolio Management” Approach

The “Portfolio” approach is a risk management tool adopted
from financial portfolio theory, which exploits information about
spatial covariances in future ecological conditions and applies
that tool to spatial targeting of conservation and restoration
investments (Schindler et al., 2015; Webster et al., 2017). Recent
research in fisheries and terrestrial ecosystems suggests that
the portfolio theory can be applied as a potential approach to
promote adaptation, while taking into account our inability to
fully understand or predict the impacts of large-scale stressors
(Crowe and Parker, 2008; Ando and Mallory, 2012; Schindler
et al, 2015; Webster et al., 2017). The portfolio approach
can be applied in coastal marine ecosystem management
via two operational routes: portfolio of sites (adaptation
networks of management units; Webster et al, 2017), and
portfolio of genotypes and species (optimal sets of propagules;
Crowe and Parker, 2008).

Portfolio of Sites

This approach is applied via adaptation networks, which are
regional systems of managed areas (i.e., “management units”)
with attributes that promote adaptation (i.e., managed areas of
high diversity, connectivity, and spatial risk mitigation; Webster
et al., 2017). The management units should comprise sites
of different states, depths and locations, and under diverse
environmental conditions, but which are connected physically
(horizontally and/or vertically) or demographically (via passive
dispersal or active movement) to form networks. To maximize
the ecological outcomes of each “management unit,” adequate
investment in protection features (planning and maintenance),
notably staff capacity, fishery governance, effective enforcement,
and MPA area size, has to be ensured (Edgar et al., 2014; Cinner
et al., 2016; Gill et al., 2017). However, as most coastal marine
ecosystems experience some extent of degradation, protection
alone is insufficient and should therefore be integrated with
restoration (Possingham et al,, 2015; Abelson et al., 2016a).
This requires investment in the exploration, examination, and
development of restoration tools (e.g., Rogers et al., 2015; Abelson
etal., 2016a; Anthony et al., 2017), the aim of which is to improve
the recovery of each management unit.

Even if a minimum viable fraction of a given ecosystem can
be protected, isolated sites may substantially weaken connectivity
among the management units within the potential adaptation
network (Green et al., 2015), which may in turn compromise
ecosystem functioning and neutralize the effectiveness of the
network (Gaines et al., 2010; Berglund et al., 2012; Green
et al.,, 2015). Thus, the restoration of degraded coastal marine
ecosystems can promote the recovery of otherwise low-quality
management units and subsequently improve the connectivity
(e.g., Abelson et al., 2016a; Bayraktarov et al., 2016) and the
effectiveness of the “adaptation networks.”

Portfolio of Genotypes and Species

Another application of portfolio theory is to select an optimal
set of propagule sources (“propagule portfolio;” i.e., larvae,
seeds, seedlings, and fragments) to be used to restore sites in

environments of multiple plausible future climates, based on the
results of a climate change impact model (e.g., Crowe and Parker,
2008). This approach combines the “intrinsic resistance” and the
portfolio approaches, by applying the restoration tools required
for the former with the concept of the portfolio of genotypes and
species, which expands the set of propagules by a wide range of
source sites under diverse environmental conditions.

To apply the “propagule portfolio,” consideration should
be given to selecting and culturing propagules comprising an
optimal set of genotypes (i.e., a set that minimizes risk of
maladaptation across a variety of future plausible climates, while
meeting targets on mean adaptive suitability; Crowe and Parker,
2008), collected from populations that experience different
environmental conditions, to use in the restoration of a target
site via transplantation or restocking. This approach requires two
data sources: (1) provenance trial data derived from multiple
common culture trials of multiple propagule sources collected
from populations located at various environmental conditions
(“geographic points”) within a region (e.g., genotypes adapted to
pollution; Whitehead et al., 2017); and (2) environmental data for
those geographic points (Crowe and Parker, 2008).

The portfolio approach is still largely theoretical with regard
to the marine realm (but see Beyer et al., 2018). However, there
is a growing array of models and proposed implementation
methods that support its high potential as a management
approach to cope with climate change and other unpredictable
effects (e.g., Aplet and McKinley, 2017; Holsman et al., 2019;
Walsworth et al., 2019). Moreover, some studies, from terrestrial
and aquatic ecosystems, provide encouraging support for its
applicability (e.g., Crowe and Parker, 2008; Penaluna et al., 2018;
Eaton et al., 2019).

INTEGRATED SOCIAL-ECOLOGICAL
RESTORATION

A major question related to ecosystem restoration in the
Anthropocene is whether we can devise and implement
restoration practices that service both the needs of society
and promote sustained ecological functions and values (i.e.,
social-ecological restoration). The concept of “social-ecological
restoration” extends beyond the usual scientific scope of
“ecological restoration,” to include reciprocal relationships
between ecosystems and humans (Geist and Galatowitsch, 1999).
We give this concept particular attention as restoration is a
fundamentally human endeavor and social processes have been
historically understudied (Wortley et al., 2013), despite the fact
that they can be integral to project success (Bernhardt et al., 2007;
Druschke and Hychka, 2015). Social-ecological restoration is not
meant to replace ecological restoration and the consideration of
natural heritage or biodiversity values, but rather to complement,
as they are both nested subsets within the overall definition of
restoration. Here, we highlight a few key ways that MER may
benefit from the inclusion of social priorities as restoration goals
and via the broadened participation of society.

The adoption of a social-ecological approach to restoration
can help delineate clearer goals and aid in evaluating project
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achievements through performance criteria that go beyond just
habitat creation (e.g., Palmer and Filoso, 2009) and contribute to
the “blue economy” (World Bank United Nations Department
of Economic and Social Affairs, 2017). Practically, this can
be implemented by prioritizing targeted ecological and social
restoration goals (e.g., conservation value, job creation, flood
risk reduction; Abelson et al, 2015) that are valued by
relevant stakeholders. For example, Stone et al. (2008) found
that different resource user-groups were willing to contribute
time and money to mangrove restoration in India, but the
motivations and level of support were not consistent across
groups and related to different perceived ecosystem services
(i.e,, fisherman supported restoration because they believed
mangroves were good fish nurseries whereas rice farmers believed
mangroves would control erosion). Accordingly, understanding
local motivations for restoration and using that information to
set and communicate clear and relevant restoration goals may
enhance community buy-in and ongoing support for restoration
initiatives. Furthermore, increasing societal understanding of and
connection to restoration projects may facilitate more widespread
support of ecological restoration as an effective management tool
(Challenge 3; e.g., Edwards et al., 2013; NOAA SAB, 2014; World
Bank, 2016; Strain et al., 2019).

With emerging threats from climate change and coastal
urbanization, we can expect heightened conflict between MER,
the propagation of new development and infrastructure, and
shifting ecosystems that may impede MER efforts (e.g., mussel
restocking in the wake of ocean acidification). Rising to this
challenge, the field of eco-engineering has emerged with the
goal of restoring ecosystems in a way that maximizes services
that are desired by humans (e.g., coastal protection, waste-
water treatment), rather than restoring to a previous state. These
“designer ecosystems” are unlikely to deliver on all restoration
goals (e.g., maximizing the restoration of biodiversity), but
they are nevertheless likely to become a vital component of
future coastal conservation plans for several reasons (Airoldi
et al., 2020). First, eco-engineering projects that combine habitat
restoration with infrastructure may be applicable in highly
urbanized marine environments where large-scale restoration
projects are infeasible or undesirable (Sutton-Grier et al., 2015;
Morris et al., 2019). Recent research suggests that perceptions
about what is desirable and acceptable in the marine environment
seem to be normalizing toward degraded and artificial states
(Strain et al., 2019); in these cases, eco-engineering projects can
act as demonstration sites exhibiting some of the benefits of
restoration within communities that are otherwise disconnected
from nature. Second, eco-engineering projects may be able to
provide a direct substitute for gray infrastructure that individuals
and municipalities are already accustomed to paying for, and
thus we may be able to redirect funding that has typically
been spent to build and repair expensive gray infrastructure
toward restoration (McCreless and Beck, 2016; Sutton-Grier
et al,, 2018; Airoldi et al,, 2020). Finally, by diversifying the
goals and motivations behind coastal MER projects, away from
purely ecological priorities, it is likely that a larger sector of
society will be engaged, restoration will be possible in a greater
variety of environments, and highly urbanized areas will be

able to contribute toward global restoration goals (e.g., The
Bonn Challenge).

Societal involvement in the planning, implementation, and
monitoring of restoration projects can play an important role
in restoration success. Past experience suggests that integrated
coastal MER projects that include consensus among different
stakeholder groups are likely to be the most successful and cost-
effective, especially in developing countries (Bayraktarov et al.,
2016). Moreover, awareness of and connectedness to the marine
environment can strongly predict social support for projects
aimed at coastal rehabilitation (Strain et al., 2019). Therefore,
the early and continuous engagement of key stakeholders (on
multiple levels) should be integrated into restoration plans
(Figure 1; Abelson et al, 2015; Zhang et al., 2018; Gann
et al., 2019). Potential applications for such integration include
“Marine Spatial Planning” (MSP; Tallis et al, 2012), marine
protected area planning (Giakoumi et al, 2018) and other
quantitative frameworks (Samhouri et al., 2012; Tallis et al., 2012).
Furthermore, it has become increasingly popular to involve
volunteers and citizen scientists in restoration practice and
monitoring (Huddart et al., 2016), which can lower project costs
(Bayraktarov et al., 2016), confer benefits to the participants
including greater life satisfaction (Miles et al., 1998), and foster
a stronger environmental ethos (Leigh, 2005). This in turn
could help to raise support for other restoration initiatives
that volunteers are not directly involved with, and potentially
increase the social acceptability of projects. This mirrors the
common notion that local communities are responsible for
granting (or withholding) social license for a restoration effort,
as these will be felt locally. Yet in practice, the dynamics of
social acceptance frequently extend beyond local regions and
can include stakeholders that are based far from the site in
question. As Moffat et al. (2016) argue, restricting social license
to local communities “neglects the organizational reality in a
modern globalized world”; social license cannot therefore be
restricted to “the exclusive domain of fence-line community
members and operational managers.” Nevertheless, volunteer
efforts may not be feasible or cost-effective in certain contexts or
at large scales, in which case it may be more efficient to employ
local professionals.

Currently, in many conservation and restoration projects,
high paying jobs and management positions go to outside
professional experts and significant benefits do not reach
local communities (e.g., Blue economy; World Bank United
Nations Department of Economic and Social Affairs, 2017).
Training and incorporating community-based professionals
(e.g., Australias Vocational Education Training programs
in “Natural Area Restoration” and “Marine Habitats
Conservation and Restoration”) as active participants in all
project stages will increase societal benefits as well as reduce
potential tensions.

The value of implementing a social-ecological restoration
approach in management frameworks is gaining traction. This
is partly due to the ongoing degradation of coastal marine
ecosystem services and the failure of traditional management
practices to halt this decline (Possingham et al., 2015; Golden
et al, 2016). Incorporating a social-ecological restoration
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component that focuses on ecosystem service outcomes,
rather than exclusively relying on outcomes like biodiversity,
may help compensate for decreasing ecosystem services,
which now lie well below historical levels in many regions
due to misuse, over-exploitation and the emerging threats
of climate change (e.g., Golden et al, 2016 and citations
therein). Expanding coastal MER to an integrated social-
ecological system will increase the scope and complexity of
restoration science and governance, and therefore demands
expanded investments in development, implementation
and maintenance.

PROMOTING THE PERCEPTION OF MER
AS A SCIENTIFICALLY CREDIBLE
MANAGEMENT APPROACH

The end of the 20th and early years of the 21st century yielded
several key studies that raised the scientific background and
awareness of ecological restoration, including coastal MER (e.g.,
Dobson et al., 1997; Edwards, 1999; Jaap, 2000; Young, 2000;
Palmer et al., 2004).

In a literature search (Google Scholar) of the terms (restor™
or rehabilitat™) and (marine ecosystem®, coral, mangrove, oyster,
saltmarsh, kelp, or seagrass) in the title, we found relatively
few restoration papers published prior to 2000 (Figure 3).
The trend changed significantly circa 2000 with an order of
magnitude increase in the number of restoration studies in
six major coastal ecosystems (Figure 3). However, the total
number of coastal MER studies remains negligible relative to
restoration studies in terrestrial (e.g., forests) and freshwater
(e.g., rivers and lakes) ecosystems. We recognize that our figures
may be underestimates of the actual numbers of restoration
studies. However, figures obtained by our search should provide a

reasonable indication of the general trend of restoration ecology
as a field of science, and the relative fraction of each sub-field for
different ecosystems.

If the number of peer-reviewed publications serves as a
proxy of investment in science (Ebadi and Schiffauerova, 2016),
then it can be argued that, despite the growing research in
coastal MER, investment is still relatively low, lagging behind
restoration research of non-marine environments. A possible
reason for this lagging behind of restoration of marine ecosystems
is that their restoration projects are still undervalued (Gordon
et al., 2020), mainly due to criticism about their limited spatial
scale and high costs, which are too expensive to combat the
extent of anthropogenic threats driving habitat loss (Gordon
et al., 2020). The consequence is that major gaps remain in
the applicability (e.g., cost-effectiveness) and relevance (i.e.,
goals detached from the definition of ecological restoration)
of many coastal MER projects and practices, which may
explain the current poor perception of coastal MER among
many marine scientists (e.g., Adger et al., 2005, Mumby and
Steneck, 2008: Bayraktarov et al., 2020). Although large-scale
successful and relatively low-cost projects exist (notably large-
scale mangrove forest, oyster reef and salt-marsh restoration
projects; e.g., Beck et al., 2011; Bayraktarov et al., 2016; Friess
et al,, 2016; Duarte et al., 2020) many restoration projects are
costly, conducted at small scales, and with narrow goals that do
not benefit a diverse stakeholder group (including the majority
of coral reef restoration projects; Bayraktarov et al., 2016).
At present, a widespread goal of coastal MER projects is to
achieve “item-based success” (i.e., survival of planted transplants,
seedlings, or spat; semsu Bayraktarov et al., 2016), which in
part reflects a common expectation for quick, measurable
results, and a general assumption that associated ecosystem
services will follow. The consequence is that basic science
and “non-simplistic” applied research projects are missing,

350

300

250

200

150

100

Number of Papers

50
0_-|.|-I-I m .

Until  Since Until  Since | Until  Since | Until  Since | Until  Since | Until  Since
1999 2000 | 1999 2000 | 1999 2000 | 1999 2000 | 1999 2000 | 1999 2000
Coral Mangrove Oyster Salt marsh Kelp Seagrass
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but are needed to promote tools, practices and scaling up
of coastal MER (Bayraktarov et al., 2020). Moreover, MER is
seen as a “risky choice” for resource managers and science
policy-makers. Basic science is an important source of new
ideas that figure prominently into developing solutions for
many of society’s needs (Remedios, 2000). Therefore, support
for basic long-term research is crucial for the development
and implementation of coastal MER. However, at present the
development and implementation of most coastal MER sectors
suffer from the effects of a “performance-perception-funding”
cycle (“stagnation loop;” Figure 1), in which poorly performing
restoration projects lead to poor images of coastal MER,
and therefore hinder adequate investment in development of
coastal MER science and practice despite general recognition
of ecosystem decline. Breaking out of this “stagnation loop”
requires major achievements by restoration projects in the
relevant ecosystems.

Potential advantages of coastal MER compared with
conservation-based management approaches reliant on area
protection are best highlighted by successful restoration projects
involving mangrove, oyster reefs (Beck et al., 2011; Bayraktarov
etal., 2016; Friess et al., 2016) and seagrass meadows (Orth et al.,
2012). However, although the list of successful large-scale MER
projects continues to increase over time, modeling studies that
compare the expected ecological and socio-economic benefits
of different management approaches through time should be
encouraged to demonstrate the economic benefits of restoration.
Results from such studies done to date suggest that restoration-
based conservation programs in coral reefs and large-scale efforts
in seagrass-based restoration, despite the costly investment, may
prove to be worthwhile due to the faster recovery and enhanced
ecosystem services (Obolski et al., 2016; van Katwijk et al., 2016).

Targeted restoration projects with realistic ecological and
socio-economic goals should help identify important knowledge
gaps in coastal MER (i.e., SER, 2004 definition). Such
goals include ecosystem-level parameters (e.g., fish species
diversity and biomass) and upgraded ecosystem services, rather
than “item-based success” indicators (e.g., survival of planted
ecosystem engineer species). Likewise, coastal MER projects
should be scaled up, beyond the usual but limited experimental
scales, provided that the stressors that led to the degradation
have been eliminated or minimized, or new tools, which
help overcome the still existing stressors, are applied. The
current proliferation of small-scale, item-based, trial projects,
with no stakeholder involvement (Bayraktarov et al, 2016),
is unlikely to fill the gaps and needs of realistic coastal
MER. Hence, a shift toward realistic coastal MER interventions
(i.e., feasible interventions of ecological and socio-economic
benefits) is critically needed for coastal MER to gain wider
acceptance. We believe that combining coastal MER and
coastal ecosystem conservation into a single social-ecological
framework (Possingham et al, 2015) has great potential to
provide significant socially relevant gains in conserving and
restoring highly valued coastal ecosystems. Such integration
may further help to increase the traction of coastal MER
and improve its perception and acceptance as an effective
management strategy.

RECOMMENDATIONS

In view of the ongoing degradation of coastal marine ecosystems,
restoration is an inevitable component of conservation
management. Successful coastal MER offers great promise
for accelerating the recovery of collapsed populations (including
globally threatened species), destroyed habitats, and impaired
ecosystem services, which may otherwise take much longer
to recover (years to decades), if at all. To this end, effective
implementation of coastal MER will benefit from incorporation
of socio-economic elements, a wider portfolio of methodological
tools, more focused post-restoration assessment, climate-
change considerations, and wider stakeholder acceptance and
engagement. We note that policy and legislation to enable
this approach is critical, and notable efforts are being made,
including, for example, the United Nations Decade of Ocean
Science for Sustainable Development (2021-2030), the United
Nations Decade of Ecosystem Restoration (2021-2030), and
the European Green Deal, which makes restoration one of
the key objectives. We encourage the development of specific
recommendations in this field to further support restoration as a
fundamental strategy in the race to reverse the decline of coastal
marine ecosystems.

We Conclude

- Indirect tools that remove or modulate stressors, accelerate
recovery and enhance the resilience of restored systems
should be used in combination with direct approaches
(e.g., planting and seeding) to achieve restoration goals.
Basic scientific research will contribute to identification of
such indirect tools.

- The growing need for large-scale restoration interventions,
notably projects that combine remediation of degraded
ecosystems due to past impacts and adaptation to
cope with future threats, requires refinement of existing
methods scaled to address the extent of degraded
habitat, and support for multidisciplinary research that
explores and identifies new tools and approaches. Such
research requires adequate funding and a substantial
breadth of skills; however, inadequacies in both have
hampered the advancement of coastal MER. Therefore,
concept promotion and education by ecological restoration
proponents is essential for fundamental breakthroughs and
coastal MER progress.

- Improved identification and understanding of social
processes, drivers and priorities is needed to ensure broad
public support and the long-term success of restoration
efforts. Ideally, restoration and conservation approaches
should be integrated with marine and coastal management.
Under this umbrella, engaging local communities in the
planning and monitoring of MER projects and designing
projects with them to deliver specific socio-economic
benefits will greatly enhance the long-term success of both
conservation and restoration activities.

- Beyond fostering the ecosystem health and services of
degraded coastal marine ecosystems, restoration tools can
be used to promote adaptation to cope with
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climate-change. Promoted adaptation can be implemented
via two potential directions: the “Predict-and-Prescribe”
approaches (e.g., “assisted evolution” and “designer reefs”),
which attempt to foresee future conditions; and the
“Portfolio” approach, which considers the range in
uncertainty of future conditions. We argue that MER-based
practices that can promote adaptation should be included
in coastal zone management plans to improve their long-
term success.
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