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Coastal wetlands are among the most productive ecosystems in the world. They

generate critical services for humans including shoreline protection, carbon storage,

pollution mitigation, and fisheries production. Restoration of coastal wetlands has

historically been viewed as a secondary conservation strategy, but recently—given

the continued loss of wetlands worldwide—many non-governmental and governmental

organizations have elevated habitat restoration to be a primary method for wetland

conservation. The long-held paradigm in coastal wetland restoration has been to

restore target habitats by reducing physical stressors and avoiding competition among

outplants, such as mangrove saplings or Spartina plugs. Recent ecological research,

however, reveals that positive species interactions, such as facilitation, are critical to

wetland recovery after disturbance. Here, we review the scientific evidence for the

importance of positive species interactions in the recovery of salt-marsh and mangrove

ecosystems and assess the extent to which they have been integrated into restoration

studies. We found that only a small proportion of studies of marsh and mangrove

restoration examined the effects of positive species interactions, despite the important

role they play in the regrowth of coastal wetlands. We outline how positive species

interactions can be systematically incorporated into future restoration work and discuss

how this incorporation can help the reestablishment of coastal wetland biota through: (1)

trophic facilitation, (2) stress reduction, and (3) associational defenses. The absence of

positive interactions in restoration designs may partially explain the significant disparities

between the functioning of natural and restored coastal plant ecosystems.
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THE IMPORTANCE OF COASTAL WETLANDS AND THE THREATS
THEY FACE

Coastal wetlands are among the most productive ecosystems on Earth and generate vital services
that benefit human societies around the world. Sediment-stabilization by wetlands such as salt
marshes and mangroves serves to protect coastal communities from storm-waves, flooding, and
land erosion (Gedan et al., 2011). Coastal wetlands also reduce pollution from humanwaste (Kadlec
and Wallace, 2008; Yang et al., 2008), remove excess nutrients from the water column (Ouyang
and Guo, 2016), trap pollutants (Gambrell, 1994), and sequester carbon (Mcleod et al., 2011).
Further, near-shore wetlands act as both essential nursery habitats and feeding grounds for game
fish, supporting a diverse group of economically important species (Lipcius et al., 2005; Mumby,
2006; Aburto-Oropeza et al., 2008; Nagelkerken et al., 2008).
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Despite their immense ecological and economic importance,
coastal wetland ecosystems are in decline. In this review, we focus
on salt marshes and mangroves, which, like many other coastal
wetlands, are facing serious threats from coastal development,
a rapidly changing climate, pollution, invasive species, and
overfishing. North American salt marshes, for instance, have
decreased by 30–90% (Gedan and Silliman, 2009a). Similarly,
in 2001 scientists estimated that over 35% of mangroves had
been lost worldwide, which surpasses habitat losses in other
ecosystems such as rainforests (Valiela et al., 2001). Furthermore,
mangrove deforestation is not halting; the Food and Agriculture
Organization of the United Nations estimates that 1–3% of the
remaining area of mangroves is lost each year (FAO, 2007).

Increased physical stress resulting from coastal development,
climate change, and pollution is one of the key mechanisms
underlying coastal wetland degradation and loss. Dredging, for
example, can alter marsh hydrologic regimes that are vital for
determining marsh function (Crain et al., 2009) and economic
development can lead to the degradation of coastal ecosystems
(He et al., 2014). Climate change and pollution also cause wetland
loss by increasing drought, toxicity, and nutrient stress (Bertness
et al., 2002; Gedan et al., 2009). Human-induced sea level rise
poses a drowning threat to coastal wetlands (Ellison and Stoddart,
1991; Nicholls et al., 1999; Craft et al., 2009), particularly
where shoreline development impedes plant migration to higher
ground (Schuerch et al., 2018). Similarly, subsidence as a result of
sediment starvation is a serious threat to salt marshes around the
world (Gedan et al., 2009). On a regional and local level, oil spills
frequently harm marsh-associated animals (Zengel et al., 2016);
can kill salt-marsh plants, which causes erosion and further
ecosystem loss (Silliman et al., 2016); and are responsible for the
loss of∼120,000 ha of mangrove forests (Duke, 2016).

In most coastal wetlands, these physical forces do not act
alone; biotic forces also contribute to coastal wetland loss
and degradation. An increasingly recognized biotic mechanism
of coastal wetland degradation is trophic downgrading (i.e.,
loss of high trophic-level consumers) as well as its associated
interactions with climate stress. Overfishing of consumers, for
example, can damage coastal wetlands by releasing grazers from
top-down control. Particularly in salt marshes, overfishing of
predators has been shown to drive coastal wetland loss by
increasing grazing on salt-marsh plants which leads to the
development of expansive salt and mudflats (Silliman and
Bertness, 2002; Altieri et al., 2012; Silliman et al., 2013; He
et al., 2017). In China, Argentina, Canada, and the southern U.S.,
drought stress has been shown to interact with top-down effects,
which can lead to wetland loss (Silliman et al., 2005; Costa et al.,
2009; Henry and Jefferies, 2009; He et al., 2017). During droughts,
salts build up in the soils and make plants more susceptible to
grazing. Once plants die-off and mud flats are formed, elevated
salt concentrations in soils and intensified grazing pressure can
prevent marsh recovery, resulting in the emergence of a stable
alternate mud flat state (Henry and Jefferies, 2009; He et al.,
2017). Similarly, reduced habitat complexity, which can be a
feature of restored marshes (Lawrence et al., 2018), can affect
biological interactions that hasten marsh decline. Finke and
Denno (2006) found that marsh habitat complexity increases the

beneficial impacts of predatory arthropods that control Spartina
consumers, while in simplified habitats the beneficial effects of
these predators are weakened. In these two cases, both biotic (i.e.,
grazing, predation) and abiotic (i.e., drought, complexity) factors
interact to drive ecosystem change.

Invasive species have also altered the structure and
functioning of coastal wetlands. A meta-analysis of aquatic
biotic invasions revealed that invasive species decrease native
species abundances as well as alter nutrient cycling across
diverse ecosystems, including coastal wetlands (Gallardo et al.,
2016). In eastern U.S. salt marshes, for instance, invasive
species such as Phragmites australis can alter trophic structure
(Gratton and Denno, 2005, 2006) and outcompete native species,
reducing ecosystem diversity (Silliman and Bertness, 2004;
Minchinton et al., 2006). In Chinese, western U.S., Australian,
and Mediterranean salt marshes, Spartina species and their
hybrids are outcompeting native species and taking over
mudflats (Nieva et al., 2005; An et al., 2007; Strong and Ayres,
2009). Although less studied, mangroves are also affected by
species invasions (Biswas et al., 2007), which likely influences
community functioning. In many cases, these invasions can be
exacerbated by human-induced changes, such as eutrophication,
which have the potential to facilitate the spread of non-native
species (e.g., Tyler et al., 2007). Additionally, younger ecosystems
may be more susceptible to species invasions (e.g., native
invasion in Veeneklaas et al., 2013) and estuarian wetlands
are particularly susceptible to invasions (Byers, 2009), making
a thorough understanding of species interactions particularly
relevant to coastal wetland restoration projects.

THE ROLE OF RESTORATION IN THE
FUTURE OF COASTAL WETLANDS

Given the current state of coastal wetlands, immediate action is
needed to slow the loss of these systems and bolster the services
they provide. Although preservation is typically seen as the best
way to conserve ecosystems, in some cases restoration may be
a better or key supplemental option (Possingham et al., 2015)
and vital to the future of natural habitats (Dobson et al., 1997).
Particularly if sea level rises faster than shoreline wetlands can
migrate, if migration is impeded by coastal development, or if
environmental disturbances increase, restoration that facilitates
wetland migration and/or re-colonization after die off may
be essential to ensure wetland functional longevity. Indeed,
major non-governmental and governmental organizations are
beginning to discuss whether restoration at large scales (10–
1,000 s km2) can be an effective way to not only halt decline, but
actually increase total wetland coverage, and the United Nations
declared the upcoming 10 years the decade of restoration.

Many restored ecosystems, however, fail to completely
achieve the structure and functioning of natural communities.
Recovering wetland diversity through restoration can take
decades (Borja et al., 2010) and many projects never achieve
the desired state, which can limit the ecosystem services they
provide. A global meta-analysis across a variety of ecosystems
revealed that restored sites consistently have lower biodiversity
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than natural sites (Rey Benayas et al., 2009). A study in western
India found that restored mangroves contributed only 22% of
what natural forests contribute to associated fisheries (Das, 2017)
and a study in southeast England found that even after 100
years most restored salt marshes failed to replicate natural species
richness (Garbutt andWolters, 2008). In addition to having lower
supporting and regulating services (Meli et al., 2014), restored
ecosystems may have altered levels of biogeochemical function.
Even decades after restoration is initiated, important nutrients
like carbon and nitrogen may be dramatically lower. A 2012
meta-analysis of coastal and inland wetlands by Moreno-Mateos
et al. (2012) found that restored sites had 26% lower functioning
in terms of structural services and 23% lower functioning in
terms of biogeochemical services.

In addition to ecological challenges, restoration can be costly
and impractical at large scales, particularly if restored areas are
slow to become self-sustaining. In 2010 the median reported
restoration cost was $8,961 for one hectare of mangrove and
$67,128 for one hectare of salt marsh (Bayraktarov et al.,
2016). If restoration is going to be a primary mechanism for
wetland recovery, as conservation organizations have proposed,
we need to improve restoration efficiency (e.g., the cost to
amount of restored habitat ratio) and implement restoration
designs that support the rapid creation of natural, high-
functioning wetlands. Although restoration ecology often draws
from ecological theory and understanding (Palmer et al., 1997;
Young et al., 2005), marine managers often do not integrate
important ecological concepts (e.g., positive species interactions)
into restoration projects, which may mean coastal wetland
restoration is underperforming (e.g., Shaver and Silliman, 2017;
Zhang et al., 2018).

IMPORTANCE OF POSITIVE
INTERACTIONS IN COASTAL WETLANDS

Positive interactions are interactions between organisms where
at least one partner benefits and no partners are adversely
impacted (e.g., mutualism, commensalism, facilitation). Over
the past few decades, ecological experiments have shown that
positive interactions are critical to the success and recovery of
ecosystems (Stachowicz, 2001; Bruno et al., 2003; Hay et al.,
2004). For example, oysters recruit to other oyster shells, which
offer predator protection (O’Beirn et al., 2000); seagrass can
reduce desiccation stress for other seagrasses (Tsai et al., 2010);
and adult sea urchins protect urchin larvae (Quinn et al., 1993).

Recolonization and succession processes, which are integral to
restoration, are influenced by positive interactions. In the case of
seagrass, facultative rhyizophytic algae can help plants overcome
nutrient limitations, which facilitates the recolonization of
nutrient-limited seagrasses (Williams, 1990). In the rocky
intertidal zone, coralline algae and understory species can
facilitate kelp recruitment and canopy cover (Barner et al., 2016).
Similarly, in mangroves and salt marshes, neighboring plants can
reduce both soil salt and low oxygen stress, while aboveground
plant structure can create habitat that facilitates biodiversity by
lowering predation and insolation stress for associated species

(Figures 1, 2). These interactions often create positive feedback
loops, where the establishment of new species is aided by the
addition of another species—a process that can and should
be harnessed in restoration and recolonization. When these
interactions are missing, communities may struggle to recover
and the development of biodiversity and ecosystem functioning
may be hindered.

A recent multi-ecosystem meta-analysis (He et al., 2013)
revealed that positive interactions are particularly important
in stressful environments (i.e., the Stress Gradient Hypothesis)
such as tidal flats, which experience extreme salinity and tidal
fluctuations. These results also revealed that positive interactions
are critical for plant community diversity and function during
ecosystem recovery from disturbance (e.g., large scale plant
mortality due to drought). To elucidate the potential importance
of positive species interactions to coastal wetland restoration
efforts, we first examine how positive interactions are crucial
to salt marsh and mangrove recovery from disturbance via (1)
stress amelioration, (2) associational defenses, and (3) trophic
facilitation (Figures 1, 2) and then outline how these positive
interactions can be systematically incorporated into coastal
wetland restoration plans.

Stress Amelioration
Natural clumping of foundation species such as oysters, mussels,
or mangroves is common in stressful environments where
survivorship of individuals is higher in groups than when
found alone. Clumped organisms can reduce both physical
(e.g., low oxygen) and biological (e.g., predation) stress, which
facilitates conspecifics as well as other associated species, allowing
for community development. For instance, oxygen stress in
mudflats is often alleviated through positive interactions among
clumpedmarsh plants andmangrove saplings. Salt-marsh grasses
and mangroves planted closely together benefit from oxygen
leaking out of the roots of nearby plants (Howes et al., 1986;
Gedan and Silliman, 2009b) and plants in clumps can grow
2–3x faster (Silliman et al., 2015). Similarly, mangroves can
lessen sedimentation and salinity stress for other mangroves or
other foundation species such as oysters (Aquino-Thomas and
Proffitt, 2014). Species that benefit from the establishment of
these foundation species can generate further positive feedbacks
through reciprocal facilitation. For instance, fiddler crabs benefit
from the conditions provided by foundation species and in turn
increase oxygen availability for marsh plants through burrowing
(Bertness, 1985); detritivores recycle nutrients in mangrove
ecosystems (Nagelkerken et al., 2008); and mangrove crabs
reduce anoxic conditions in sediments (Stieglitz et al., 2000),
improving conditions for associated species.

Positive interactions can also ameliorate nutrient stress in
coastal wetlands. For example, sponges on mangrove roots
provide nitrogen to and receive carbon from mangroves, which
promotes the growth of both species (Ellison et al., 1996).
Similarly, mutualistic mussels can augment Spartina success and
resilience after disturbance by reducing sulfide and nutrient
stress (Derksen-Hooijberg et al., 2018) and marsh crabs can
slow soil nitrogen depletion, promoting the growth of marsh
plants (Zhang et al., 2013). Although less visually apparent,
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FIGURE 1 | Examples of positive interactions in salt-marsh ecosystems. (1) Mussels provide nutrients to marsh grasses, reduce sulfide stress (Derksen-Hooijberg

et al., 2018), enhance biodiversity (Angelini et al., 2015), and increase marsh resistance to drought (Angelini et al., 2016). Cordgrass facilitates mussel establishment

(Bertness and Grosholz, 1985) and reduces heat stress (Angelini et al., 2015). (2) Predators such as blue and green crabs act as important top-down controls on

herbivores and help prevent run-away grazing on marsh grasses (Silliman and Bertness, 2002; Bertness and Coverdale, 2013). (3) High densities of salt-marsh plants

increase wave attenuation, promote sedimentation, and thus increase sediment accumulation (Borsje et al., 2011). (4) Fiddler crabs can mitigate stress caused by

snail grazing (Gittman and Keller, 2013) and the facultative effect of mussels and fiddler crabs can be increased when present together (Hughes et al., 2014). (5)

Fiddler crab burrowing can increase oxygen in marsh sediments (Bertness, 1985). Further, crab burrowing can faciliate mycorrhizal fungi, which can account for

∼35% of plant growth (Daleo et al., 2007). (6) Biodiverse assemblages increase biomass and nitrogen accumulation (Callaway et al., 2003). (7) Marsh grasses mixed

with other plants can provide a refuge for snails from predators and indirectly protect grasses from grazing (Hughes, 2012). (8) Close by marsh grasses can help

reduce communal stress as they provide shade (Whitcraft and Levin, 2007) and oxygen to sediments (Howes et al., 1986). (9) Spartina alterniflora can act as a nurse

plant for other species (Egerova et al., 2003). (10) Salt marshes provide nutrients to neighboring ecosystems (van de Koppel et al., 2015) and long-distance facilitation

from nearby systems such as oyster reefs can reduce wave stress (Meyer et al., 1997). See acknowledgments for vector credits.

microorganisms living symbiotically with marsh plants or
mangroves in natural communities can also promote plant
growth and aid in restoration yields (Bashan and Holguin, 2002;
Daleo et al., 2007; Bledsoe and Boopathy, 2016). In these cases,
proximity to other macro- or micro- organisms helps ameliorate
the stress of living in a highly dynamic environment. Given that
we are discovering an increasing number of positive interactions
among organisms that may be pivotal to long-term ecosystem
functioning, these examples of stress-reducing, positive species
interactions are likely only the beginning of our understanding
of facilitation in coastal wetlands.

Associational Defenses
Wetland species can benefit from the associational defenses of
co-occurring organisms. For example, sponges and ascidians on
mangrove roots protect mangroves from isopods that impede
root growth (Ellison and Farnsworth, 1990). Between plants,
mixed stands of mangroves defend trees from crab herbivory
(Erickson et al., 2012) and co-occurring marsh plants can
reduce snail herbivory on Spartina (Hughes, 2012). Although
largely unexplored, there may also be facilitation among different
genotypes of coastal wetland plant species. For example, different
Spartina genotypes have different morphologies [e.g., heights

and stem lengths: (Proffitt et al., 2003)] as well as different
interactions with herbivores (Zerebecki et al., 2017). In other
plants, genotype has been shown to affect plant interactions
with associated species (e.g., ants and aphids on milkweed:
Mooney and Agrawal, 2008), which—if present in wetlands—
may provide associational defenses to clumps of foundation
species. Associated species can also facilitate non-foundation
species, leading to greater ecosystem diversity. For instance,
mangrove sponges can encourage growth of other sponge species
in return for protection from predators (Engel and Pawlik, 2005).

Trophic Facilitation
Historically, coastal wetland research focused on how “bottom-
up” factors, such as nutrient and hydrologic regimes, controlled
communities. However, research over the past 15 years has
shown that consumer or “top-down” controls on plants are
also important (He and Silliman, 2016). Indeed, grazer control
of salt-marsh and mangrove plants has been found on every
continent where coastal wetlands occur (He and Silliman,
2016). Top-down control in food webs can lead to trophic
cascades, which indirectly affect plant success. In these cascades
predators control grazers, which facilitates plant growth and
has positive impacts on coastal wetland structure and function.
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FIGURE 2 | Examples of positive interactions in mangrove ecosystems. (1) Multi-species plantations can sequester more carbon in sediments (Chen et al., 2012) and

can increase root yields (Lang’at et al., 2013). (2) Microbial communities receive food from mangrove root exudates and can help recycle nutrients (Bashan and

Holguin, 2002). (3) Mixed stands of mangroves can provide association defense against herbivory (Erickson et al., 2012). (4) Mangrove roots allow for oyster

recruitment and reduce sedimentation stress, and the presence of oysters in turn supports other species (Aquino-Thomas and Proffitt, 2014). (5) Mangroves provide

carbon to sponges and sponges provide nitrogen to mangroves (Ellison et al., 1996). (6) Mangrove roots provide habitat for sponges and tunicates, which protect

mangrove roots from harmful isopods (Ellison and Farnsworth, 1990). (7) In a facilitation cascade, mangrove pneumatophores trap algae and oysters, which act as

secondary foundation species and support diverse mollusk communities (Bishop et al., 2012). (8) Mangrove plantations sequester carbon in sediments (Mcleod et al.,

2011), which is affected by planting density and may be facilitated by top predators (Atwood et al., 2015). (9) Other plant species can increase recruitment of

mangroves by trapping seeds and ameliorating abiotic stress (McKee et al., 2007). (10) Higher densities of mangroves can increase seedling success and sediment

accumulation, which may allow for more resilience to sea level rise (Huxham et al., 2010). (11) Nearby coral reefs protect mangroves from wave action, while

mangroves reduce sedimentation stress and increase reef fish biomass on reefs (van de Koppel et al., 2015). See acknowledgments for vector credits.

The exact species operating in these trophic cascades vary
geographically, but generally consist of a top predator that
controls an intermediate species, which in turn influences a
foundation species (Figure 3). Because foundation species are
critical to ecosystem functioning, decreases in top predators—
which lead to increases in intermediate species and decreases in
foundation species—can have ricocheting effects on the entire
ecosystem (Figure 3).

In U.S. salt marshes, consumers such as predatory crabs and
fish regulate grazers that can decimate cordgrass populations.
Overfishing of blue crabs and fish has been linked to marsh
vegetation loss through reduced consumer pressure on grazing
snails and crabs (Silliman and Bertness, 2002). Trophic cascades
are less well-documented in mangrove systems, but are likely
important (He and Silliman, 2016). Traditional competition
alone does not explain large scale patterns of phytophagous
insects and the incorporation of facilitation may improve our
understanding of the insects that exert top-down control on
plant communities (Kaplan and Denno, 2007), such as those
in mangroves.

Ants have been shown to indirectly facilitate mangroves by
removing insect herbivores, which in turn makes tree leaves

less susceptible to crab herbivory (Offenberg et al., 2006) and
predator presence may facilitate carbon sequestration (Atwood
et al., 2015). Beyond trophic facilitation via direct consumption,
predators can facilitate communities through fear, which can
alter herbivore behavior and helpmaintain important foundation
species (Kimbro, 2012).

In addition to protecting coastal wetlands from overgrazing,
recent research has shown predators may also facilitate wetland
recovery. In New England, for instance, invasive green crabs were
found to compensate for native predator declines and facilitate
marsh vegetation recovery on Cape Cod by reducing herbivory
(Bertness and Coverdale, 2013). Similarly, in seagrass ecosystems
Hughes and co-authors found that sea otters could help seagrass
resilience by promoting epigrazers (Hughes et al., 2016) and sea
otter presence could reduce the impacts of eutrophication on
seagrass populations (Hughes et al., 2013). Species that consume
fruits may also play an under-appreciated role in ecosystem
functions such as seed dispersal. Mangrove-associated birds
are important seed dispersers and may facilitate invertebrate
dispersal through wading (Buelow and Sheaves, 2015). Similarly,
other grazing vertebrates can facilitate marsh seed dispersal by
moving uneaten seeds (Shanholtzer, 2012).
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FIGURE 3 | Demonstrated trophic cascades in United States salt marshes. (A) In the western U.S. sea otters control herbivorous crabs, which can cause erosion and

loss of salt marshes (Hughes et al., in personal communication). (B) In New England Blue crabs control herbivorous crabs, which can cause runaway grazing on

cordgrasses (Altieri et al., 2012). (C) In the Southeast U.S. blue crabs and terrapins control periwinkle snails, which graze on marsh grasses (Silliman and Bertness,

2002). See acknowledgments for vector credits.

The importance of predators in facilitating plants is likely
to become more extreme as abiotic stressors increase in coastal
wetlands worldwide. For instance in a Chinese salt marsh, He
et al. (2017) showed that drought conditions led to complete
ecosystem loss in the presence of herbivorous crabs, whereas
marsh plants survived drought in areas protected from crabs.
Similarly Silliman et al. (2013) found that grazers had a
disproportionately large negative impact on marsh cover in
declining marshes because grazers flocked to remaining marsh
grasses, increasing the relative top-down pressure on surviving
grasses. Related research found that wolf spiders can be effective
in controlling important Spartina consumers (Prokelisia dolus
and Prokelisia marginata), but that the strength of this top-
down control was mediated by nutrients and vegetation structure
(Denno et al., 2002). Restoration groups that do not address
the top-down pressures, as well as bottom-up pressures, on re-
vegetated marshes can suffer significant losses and be forced to
continually replant (e.g., He et al., 2017). Robust intact predator
assemblages are vital to coastal wetlands as they mediate the
effect of primary consumers on foundation species. Through the
introduction of predator species, trophic cascades can likely be
leveraged to promote restoration.

POSITIVE INTERACTIONS ARE
UNDERREPRESENTED IN CURRENT
COASTAL WETLAND RESTORATION

The coastal wetland restoration paradigm is in part borrowed
from plantation methodology and forest restoration, which

center on the idea that plant populations are limited by physical
stress and negative species interactions, such as competition.
Accordingly, managers generally disperse outplants and focus
on ameliorating abiotic stresses, such as unnatural hydrologic
regimes (Silliman et al., 2015). To examine whether the scientific
research in coastal wetland restoration reflects these paradigms,
we conducted a literature review of relevant articles since
1980. We searched Web of Science for English articles using
the search terms: “TS=(restoration) AND TS=(salt marsh OR
mangrove)” from 1980 to 2017, which yielded 1,415 results.
We reviewed abstracts and only included studies about coastal
salt marshes and mangroves that were about restoration or
conducted in a restored area, which reduced the number of
studies to 605. Of those, only 22 examined positive interactions.
The vast majority of studies did not examine biotic interactions,
instead focusing on other topics (e.g., physical factors such as
hydrologic regimes, policy/management structures) (Figure 4),
which may help explain the lag in incorporating facilitation into
restoration projects.

There were fewer studies conducted in mangrove than
in salt-marsh ecosystems. Of the 605 relevant studies, 395
were about salt marshes, 177 were about mangroves, and 33
looked at both systems. The disproportionately low number
of mangrove studies (less than half the number of salt-marsh
studies) could partially explain why there are fewer documented
trophic cascades and positive interactions in the current body
of mangrove research. However, over the past few decades
the proportion of mangrove relative to salt-marsh research
has increased (Figure 5). The number of new relevant studies
was relatively consistent from 1984 to 1995, with only a few
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FIGURE 4 | Results from a Web of Science literature review for articles about salt-marsh and mangrove restoration from 1980 to 2017. See acknowledgments for

vector credits.

FIGURE 5 | The number of studies from 1980 to 2017 that examined

salt-marsh or mangrove restoration. Studies that examined both mangroves

and salt marshes were included in both groups.

studies coming out each year. Beginning around 1995, however,
the annual number of new studies began increasing, with
over 60 mangrove and salt-marsh restoration studies published
in 2017 (Figure 5).

Over the past decade, in response to primary research
showing the importance of positive species interactions in aquatic
communities, there have been multiple calls to expand the
traditional, abiotic- and competition-centric view of coastal
wetland restoration in order to take advantage of positive
interactions (Halpern et al., 2007; Silliman et al., 2015; Shaver
and Silliman, 2017). Our review, however, suggests that positive
interaction research and implementation is lacking in coastal
wetland restoration science. Below we outline potential methods
for harnessing positive interactions to increase coastal wetland
efficiency and success.

Context-Dependent Clumping Design:
Moving Away From a Past Paradigm to
Reduce Physical Stress
According to the stress-gradient hypothesis (Bertness and
Callaway, 1994), positive interactions are more prevalent, and
more important, in stressful environments. In the case of
high physical stress, positive interactions help lessen abiotic
factors by making the local habitat more suitable. In the
case of high consumer pressure, positive interactions become
important in the form of associational defenses. At medium
levels of stress, competitive interactions tend to dominate. This
ecological theory can be translated into restoration practice
by implementing a planting design that changes relative to
abiotic stresses.

Some of the most prominent stressors in coastal wetlands
come from tidal fluctuations. Organisms that live in the
intertidal zone must be adapted to deal with an extreme
range of temperature, moisture, oxygen, and salinity. For the
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FIGURE 6 | Visual depiction of clumped vs. dispersed restoration designs in a

salt marsh with increasing physical stress along an elevation gradient. Red

boxes indicate the more efficient method of planting. Created by

Amanda Sonti.

purposes of restoration, stress can be approximated by tidal
changes, with outplants planted more closely together where the
environment is most stressful and outplants planted farther apart
where competitive interactions are more likely to be important
(Figure 6).

In the intertidal zone, a dense restoration design fosters
positive interactions between neighboring conspecifics. For
example, clumped planting designs in salt marshes at small
scales (1 m2) nearly doubled restoration success (Silliman et al.,
2015), and mangrove restoration with a clumped design can
result in significantly lower mortality when compared with a
uniform design (Sofawi et al., 2017). Clumps of foundation
species, such as cordgrass and mangroves, trap sediment, share
oxygen, and reduce evaporation through shading. Bare ground
can hamper restoration by lowering the redox potential of
marsh soils (Mossman et al., 2012), which can be alleviated by
denser clumping patters that promote sedimentation and allow
colonization by other species (Castellanos et al., 1994). Dispersed
designs, which have been prevalent in restoration, lose these
benefits because these interactions act on such a local scale (e.g.,
oxygen leaking from the roots of one plant is only available
to a close neighbor). Although less-studied, clumped designs
may also allow outplants to reap the benefits of neighbors with
different genotypes and promote resilience in periods of stress
[e.g., in seagrasses: (Hughes and Stachowicz, 2009)]. However,
where competitive interactions dominate, such as in the high
intertidal zone where salt and oxygen stress tend to be lower,
these interactions become more competitive. Competition for
resources then outweighs the benefits provided by conspecifics

and a clumped design could result in higher outplant mortality
due to limited resources (Silliman et al., 2015). In this case,
outplants should be planted in the traditional dispersed design.
Therefore, a context-dependent clumping plan that changes
dispersal distance with physical and consumer stress (Figure 6)
has the potential to increase restoration yields as well as reduce
restoration costs.

Holistic, Community-Level Restoration
Design: Co-introducing Predators and
Biodiverse Assemblages
In addition to restoring the physical and hydrologic regimes
needed to sustain coastal wetlands, managers should restore
biotic regimes that support critical foundation species in
salt marshes and mangroves. Top predators often have
disproportionate impacts on ecosystems (Duffy, 2003) and
mediate many of the aforementioned trophic cascades. Although
restoration managers have traditionally focused on bottom up
controls on restoration (e.g., hydrologic regime, nutrient loading,
etc.), top-down controls are vital to coastal wetland ecosystems
(He and Silliman, 2016). Loss of predators from coastal wetlands
may be one reason for the initial degradation, such as in salt
marshes, where overfishing of predatory fish and crabs can lead to
marsh die-off through a trophic cascade that facilitates runaway
grazing on cordgrass. In these cases, restored coastal wetlands are
unlikely to be able to fully recover without predator restoration
or restoring wetlands in areas where predators are protected.

In other marine ecosystems, species richness has been
shown to improve restoration outcomes (Williams et al., 2017),
highlighting the importance of biodiverse assemblages in
restoration. Passive restoration designs that rely on dispersal
from nearby wetlands can limit restoration projects (e.g., river
floodplain: (Bischoff, 2002); freshwater marsh: Neff and Baldwin,
2005) because of the relatively short dispersal distance of species,
unless there is a close, well-developed wetland. By introducing
a multifarious community of plants and animals along with the
focal foundation species, managers introduce diverse services
to the ecosystem, which support community development. This
introduction leverages documented associational defenses in
salt marshes and mangroves, while potentially also leveraging
undocumented interactions. Given that positive interactions
such as associational defenses are under-studied, introducing
an array of organisms similar to the natural community
allows for undescribed positive interactions to support
wetland functioning. Further, dispersal from these species
could potentially “spill-over” into neighboring communities
and support populations outside of the restoration area—a
phenomenon noted in marine reserves (Halpern and Warner,
2003).

Positive interactions among a suite of community members
are likely important to wetland establishment and restoration
success. Large-scale meta-analyses suggest that, even in highly
diverse marine environments, there is little redundancy
(Micheli and Halpern, 2005; Worm et al., 2006), and most
organisms provide unique services in an ecosystem. For example,
herbaceous plant species can facilitate mangrove restoration
after a disturbance, with different species performing different
functions, such as trapping propagules, providing abiotic stress
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FIGURE 7 | Theoretical diagram describing a potential workflow for systematically incorporating positive species interactions into restoration design.

ameliorations, and creating structural support (McKee et al.,
2007). Along the same train of thought, positive interactions
are not necessarily linear and some associated species may
increase facilitation by other species. For example, the interactive
effect of ribbed mussels and fiddler crabs on Spartina is greater
when the two species are together than either alone (Hughes
et al., 2014). Similarly, organisms associated with foundation
species may only have observable positive effects when present
together (e.g., Stachowicz and Whitlatch, 2005) and protective
animals may be most effective in the presence of other co-
defenders (e.g., McKeon et al., 2012). If biodiverse assemblages
of associated species are co-introduced with focal foundation
species, these positive interaction networks can be used to restore
damaged ecosystems.

Systematic Incorporation of Positive
Species Interactions Into Coastal Wetland
Restoration
Positive interactions can be coupled with traditional restoration
strategies to create a more efficient strategy for restoring coastal
wetlands (Figure 7). When selecting a site, land managers
should continue to consider abiotic factors, such as hydrologic
and nutrient regimes, but also consider the proximity of a
site to other wetlands that can help a developing community

through dispersal and long-distance facilitation. Restoration
groups can implement a context-dependent clumping design,
where clumped designs are used in the most stressful parts
of the site and dispersed designs are used in less stressful
areas. Introducing both genetically diverse outplants and
diverse species assemblages as part of the restoration plan
should allow for a suite of positive interactions among
wetland organisms and help facilitate the development of a
natural community (see Table 1 for examples). Similarly, co-
introducing predators, or choosing a site with healthy predator
populations, may help increase the resilience of the ecosystem.
Although co-introduction of all species would be ideal from
an ecological perspective, it is financially prohibitive in many
cases. Restoration managers will ultimately need to choose
which species to introduce and there will need to be additional
research on what introduction combinations are most effective
for restoration goals. Beyond initial introductions, consistent
monitoring and evaluation of restoration progress (biodiversity,
ecosystem function, etc.) is vital to effective restoration. Results
from monitoring should be leveraged to adapt restoration
strategies as needed, can be used to develop accurate cost-benefit
analyses for species co-introductions, and will further inform
our understanding of how positive interactions influence coastal
wetland restoration.
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TABLE 1 | Examples of positive species interactions in salt marshes and mangroves that may be useful for restoration managers.

Interaction Species involved Associated research

Reduced oxidative stress for conspecifics Marsh grass: Marsh grass, Mangrove: Mangrove Howes et al., 1986; Gedan and Silliman, 2009b

Reduced oxidative stress for associated species Fiddler crab: Marsh grass Bertness, 1985

Reduced sedimentation and salinity stress for other

foundation species

Mangrove: Oyster Aquino-Thomas and Proffitt, 2014

Reduced carbon and nitrogen stress Mangrove: Sponge Ellison et al., 1996

Reduced sulfide and nutrient stress Marsh grass: Mussels Derksen-Hooijberg et al., 2018

Promote biodiversity Marsh grass: Mussels Angelini et al., 2015

Reduced wave stress, increased sedimentation Marsh grass: Marsh grass
Borsje et al., 2011

Reduced long-distance wave stress Salt marsh: Oyster reef, Mangrove: Coral reef Meyer et al., 1997; van de Koppel et al., 2015

Promote plant growth Mangrove: Bacteria, Marsh grass: Bacteria Bashan and Holguin, 2002; Bledsoe and Boopathy,

2016

Promote growth of associated species by acting as a

nurse plant

Marsh grass: Associated marsh plants Egerova et al., 2003

Defense from harmful isopods Mangrove: Sponges and ascidians Ellison and Farnsworth, 1990

Defense from herbivory Mangrove: Mangrove, Marsh grass: Associated

marsh plant, Ants: Mangrove

Offenberg et al., 2006; Erickson et al., 2012; Hughes,

2012

Reduced grazer pressure via top down control Predatory crabs: Marsh grass Silliman and Bertness, 2002; Bertness and Coverdale,

2013

Aid in re-establishment Mangrove: Associated mangrove plants McKee et al., 2007

Increase drought resistance Marsh grass: Mussels Angelini et al., 2016

Promote biodiversity Mangrove: Oysters and algae Bishop et al., 2012

Facilitate recruitment Associated plant species: Mangrove McKee et al., 2007

AVENUES FOR FURTHER INVESTIGATION

Despite mounting evidence of the importance of positive
interactions in coastal wetlands, surveys show that the negative
interactions model is still an entrenched view in restoration
organizations (Silliman et al., 2015). One potential reason for
this lag is scale. Although studies on small scales have shown the
potential benefit of positive interactions to restoration, there is
no guarantee that these results will scale up to whole-wetland-
sized projects. More experiments are needed at scales that
are relevant to real-world restoration projects, both to better
inform managers and to see whether new, unpredicted patterns
emerge at larger experimental areas. For example, althoughmany
benefits of a clumped planting design are noticeable at small
scales (e.g., oxygen benefits), others (e.g., wave attenuation)
may be more evident with large experimental units. Large-
scale experiments would also allow for a cost-benefit analysis
that quantifies money saved—or lost—by incorporating positive
interactions into restoration. These cost benefits could come
in the form of labor reductions or resource reductions (e.g.,
fewer plants planted). Concrete numbers on potential economic
savings could prove persuasive for restoration organizations
considering incorporating facilitation into foundation species
restoration projects.

Coastal wetlands are valued for their ability to sequester
carbon, which is largely unparalleled in other ecosystems.
Although carbon sequestration by wetlands is studied around
the world, we have not quantified how positive interactions
may change the ability of coastal wetlands to sequester carbon.

This quantification could act as an economic mechanism for
restoration, particularly when carbon incentives are in place.
Given that positive interactions can alter plant productivity,
plants may sequester more carbon through growth and given the
heightened sediment-trapping abilities of closely planted species,
higher planting densities can be related to higher sediment
organic carbon levels (e.g., Chen et al., 2017). Facilitation in the
form of predator reintroduction could also positively benefit blue
carbon stocks (Atwood et al., 2015), which further emphasizes
the importance of holistic, community-scale restoration designs
for both ecosystem services (e.g., carbon sequestration) and
community development.

Despite these gaps, there is a large body of evidence that
supports the importance of positive interactions in coastal
wetland functioning. While we focus on three categories of
positive interactions, there are many instances of positive
interactions present in wetlands (e.g., Figures 1, 2) and likely still
more to be discovered, such as hitherto undescribed instances of
long-distance facilitation and undescribed facilitation cascades.
Harnessing the current research on positive interactions, along
with insights from future research, to improve restoration is
an untapped opportunity that could dramatically improve the
outlook of wetland restoration—and the future of the vital
ecosystem services they provide.
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