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Restoration has been elevated as an important strategy to reverse
the decline of coastal wetlands worldwide. Current practice in restoration science emphasizes minimizing competition between outplanted propagules to maximize planting success. This paradigm
persists despite the fact that foundational theory in ecology demonstrates that positive species interactions are key to organism success
under high physical stress, such as recolonization of bare substrate. As
evidence of how entrenched this restoration paradigm is, our survey
of 25 restoration organizations in 14 states in the United States revealed
that >95% of these agencies assume minimizing negative interactions (i.e., competition) between outplants will maximize propagule
growth. Restoration experiments in both Western and Eastern Atlantic salt marshes demonstrate, however, that a simple change in planting configuration (placing propagules next to, rather than at a
distance from, each other) results in harnessing facilitation and increased yields by 107% on average. Thus, small adjustments in restoration design may catalyze untapped positive species interactions,
resulting in significantly higher restoration success with no added
cost. As positive interactions between organisms commonly occur in
coastal ecosystems (especially in more physically stressful areas like
uncolonized substrate) and conservation resources are limited, transformation of the coastal restoration paradigm to incorporate facilitation theory may enhance conservation efforts, shoreline defense, and
provisioning of ecosystem services such as fisheries production.
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large corporations aiming, for example, to: (i) fix past landscape
engineering efforts that had unintended consequences (e.g., water
diversions in the Everglades and Mississippi Delta; refs. 24 and 25),
(ii) provide jobs for those unemployed during economic downturns
(coral and oyster reef restoration; ref. 23), (iii) restore ecosystems
destroyed by natural disasters and stressors (e.g., mangroves after
the Indian Ocean Tsunami, coral reefs following warming events;
refs. 25 and 26), (iv) increase coastal defense in response to increased frequency of intense storms (e.g., after Hurricane Katrina
and Sandy; ref. 14), and/or (v) compensate for pollution-driven
habitat degradation (e.g., salt marshes and BP-Deepwater Horizon
Oil Spill). One widely adopted technique in coastal restoration is
planting habitat-forming species, especially in areas where natural
recolonization is a rare event or limited by poor dispersal (27).
Planting designs for restoration of coastal wetlands are influenced by forestry science, which emphasizes designs that minimize competition between out-planted propagules by planting
them at a constant and dispersed distance from each other (e.g.,
plantation-style designs) (28, 29). As such, restoration configuration plans for seagrasses, mangroves, corals and salt marshes (Fig.
1) have focused on maintaining empty space between out-planted
propagules to ostensibly reduce negative effects they could have
on one another (29). We surveyed 25 restoration organizations
(Table S1) across 14 states located on both coasts of the United
States and found a high degree of entrenchment of this paradigm
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egradation of coastal ecosystems is occurring worldwide (1).
Human-generated threats such as overharvesting, eutrophication, climate change, habitat destruction, and pollution have
threatened these valuable ecosystems at local, regional and global
scales (2–6). As these threats have intensified and combined,
substantial declines in overall habitat coverage have occurred in
almost all major coastal ecosystems, including those generated by
key habitat-forming foundation species. For example, oyster
reefs have declined by at least ∼85% (7), coral reefs by ∼19% (8),
seagrasses by ∼29% (9), North American salt marshes by ∼42%
(10), and mangroves by ∼35% (1). Because these ecosystems generate some of the richest biodiversity hotspots on Earth (11, 12),
and provide critical services for human populations, including storm
protection (13), fisheries production (2, 14, 15), and carbon storage
(16, 17), conservation resources totaling over 1 billion US dollars
have been spent globally in an attempt to halt and reverse the decline of foundation species in the coastal realm (18, 19).
A number of strategies have been used to conserve coastal ecosystems, including threat reduction, marine protected areas, buffer
establishment, and international treaties. Habitat restoration,
although in existence for many decades, has only recently been elevated as a global strategy for stemming coastal habitat loss (20, 21).
The call for increasing investment in restoration efforts has emerged
with significant advances in propagule rearing of habitat-forming
organisms (e.g., oysters and corals; refs. 22 and 23) and with
increased restoration resources allocated by governments and/or
www.pnas.org/cgi/doi/10.1073/pnas.1515297112

Restoration is rapidly becoming a key conservation tool to counteract coastal degradation and enhance biodiversity and the
provisioning of ecosystem services. This paper shows that the
success of wetland restorations can be significantly enhanced
through simple, no-cost design changes that harness positive
species interactions. Although 96% of restoration organizations
we surveyed plant propagules in dispersed arrangements that
seek to reduce competition, our cross-continent study using
clumped arrangements to harness facilitation challenges this
conventional theory. Harnessing previously untapped, but naturally occurring, facilitation through small adjustments in design
resulted in significantly higher yields and survivorship with no
additional cost. These results highlight the value for the use of
facilitation theory in restoration designs and call for integration
of this theory into practice.
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Fig. 1. Dispersed configurations are widely used in wetland restorations
globally (A–F) and in the United States (G). (A) Marsh restoration in Jamaica
Bay, NY. Reprinted with permission from Don Riepe/American Littoral Society. (B) Tidal wetland restoration in Maryland. Reprinted with permission
from Griff Evans/Ecological Restoration and Management, Inc. (C) Salt marsh
restoration in Beaufort, NC. Reprinted with permission from Tess Malijenovsky. (D) Wetland restoration on a site previously used for agriculture in
Australia (Creative Commons license 3.0 noncommercial attribution; photography by Nick Carson). (E) Mangrove restoration project in Puerto Rico.
Reprinted with permission from Kyle Wicomb. (F) Seagrass planting in Little
Narragansett Bay, CT. Reprinted with permission from Cornell Corporative
Extension of Suffolk County’s Eelgrass Restoration Program. (G) Survey of
planting designs of US salt marsh restoration organizations. Twenty-five
organizations from 14 states were asked to provide estimates of the
minimum and maximum spacing of salt marsh grass plugs in restoration
projects, and to classify their planting project designs as either clumped
(spacing < 6 in) or dispersed. A list of the surveyed organizations is provided in Table S1.

(χ2 test, χ2 = 20.17, P < 0.0001; Fig. 1G). All but one of the organizations surveyed plant propagules at restoration sites with, rather
than without, spacing. This focus on planting designs that minimize
the potential for negative interactions among outplants has persisted despite over two decades of ecological research showing
positive interactions (e.g., mutualisms, facilitations) play a critical
role in controlling the structure and function of ecological communities, especially under conditions of elevated physical stress (30–
32) where neighboring plants can ameliorate physical stress for each
other, including anoxic stress and wave-induced erosion stress in
seagrasses, marshes, and mangroves (33–35). Indeed, a global
metaanalysis of over 700 studies revealed that positive species interactions are most important for organism success and community
persistence and recovery as physical stress increases (32), a scenario that mirrors intense abiotic stress conditions that are found
on bare substrate after a coastal ecosystem has been degraded,
which then is often targeted for restoration efforts (29, 31).
In this study, we experimentally test whether a restoration design
that is focused on maximizing positive interactions among outplanted propagules instead of the current paradigm of minimizing
potential competitive interactions can increase a project’s yield
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with no added cost or resource input. We tested our idea on
mudflats on the coasts of both Florida and The Netherlands
and did so for the following reasons. First, in both locations, salt
marshes once dominated protected shorelines but have recently
experienced intense die-off due to human-induced stressors (36,
37). Second, salt marsh restoration is a primary focus of nongovernmental and governmental organizations in both locations,
so experiments can inform local efforts for coastal conservation.
Finally, we wanted to examine if results are general across two
systems that contrast in abiotic and biotic variables, including
temperature, flooding, and dominant marsh grass species. At both
sites, we tested whether salt marsh propagules planted in clumped
vs. dispersed configurations experienced higher growth and expansion rates and how those responses varied across marsh elevations. Although theoretical papers have called for the inclusion
of positive interactions into restoration designs (27–29) and many
studies have shown that increased propagule size or density can
increase recovery and/or restoration success (38, 39), few restoration projects or studies to date have tested impacts of designs
that harness positive interactions on restoration success while
holding the overall number of propagules constant [i.e., conservation resources are constant; but see O’Brien and Zedler (40) for
a study that assessed impacts of propagule spacing, with closest
spacing being 10 cm]. We accomplished this by arranging the same
number (i.e., 9) of out-planted propagules in either a dispersed or
clumped (i.e., no space between outplants) configuration in the
same plot area (1.5 × 1.5 m; Fig. 2) and comparing plot-level plant
performance between these two different configurations.
Our idea that restoration propagules planted in clumps will
mutually benefit each other is based on the fact that positive interactions in marsh plants can occur due to alleviation of physical
stress by immediately neighboring plants, such as anoxia and
erosion. Firstly, plants in coastal wetlands shunt oxygen to their
roots to reduce anoxia stress in sediments caused by waterlogging
(33–35). When plants are in close proximity to one another, there
is a shared group benefit as oxygen “leaks” from shallow roots into
sediments that then becomes available to neighboring plants (41,
42). Secondly, grasses planted closely together can mitigate erosion stress generated by waves or high currents (43, 44). This facilitative interaction occurs because belowground plant material
on the edge of marsh culms or established marshes absorbs most
of the wave and/or current stress and thus reduces erosion around
more interior marsh plants (43, 44).
Results
We found that clumped configuration positively affected both
survival and growth parameters of out-planted marsh propagules (i.e., biomass, stem density, and expansion), particularly
at low elevations where physical stress was higher. In Florida,
survivorship of transplanted plugs was significantly affected by
configuration (z = −6.76, P < 0.0001) and its interaction with
elevation (z = −3.78, P = 0.0002), but not by elevation alone
(z = 0.00, P = 1.00) (Fig. 2E). At low elevations, average survivorship in dispersed treatments was 58%, and increased to 100%
in clumped treatments, whereas at high elevations average survivorship in dispersed treatments was 84%, and increased to 100%
in clumped treatments. In The Netherlands, survivorship of transplanted plugs was significantly affected by elevation (z = 6.65,
P < 0.0001) and its interaction with configuration (z = −4.54, P <
0.0001), but not by configuration alone (z = −3.78, P = 0.72)
(Fig. 2G). At low elevations, average survivorship in dispersed
treatments was 56%, and increased to 100% in clumped treatments,
whereas at high elevations clumping had little effect.
In Florida, plot-averaged aboveground biomass (Fig. 2F) and
stem density (including all stems in original plantings and emergent runners and thus a measurement of clump expansion in the
2 × 2 m plot; Fig. 3A), and maximal runner length (reflecting dispersal potential; Fig. 3B) were all lower at low vs. high elevations,
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and were enhanced in the clumped compared with the dispersed
configuration, although no significant interactions between the two
factors were detected (P > 0.19 in all cases). Stem density was 109%
higher (F1,16 = 91.1, P < 0.0001), biomass 196% higher (F1,16 =
18.6, P = 0.0005), and maximal runner length 43% higher (F1,16 =
26.2, P = 0.0001) at high relative to low elevations. Clumping increased stem density by 80% (F1,16 = 69.1, P < 0.0001), aboveground biomass by nearly 200% (F1,16 = 40.1, P < 0.0001) and
maximal runner length by 143% (F1,16 = 61.4, P < 0.0001). In The
Netherlands (Figs. 2G and 3 C and D), however, we found a significant interaction between elevation and configuration for all
three variables (F1,28 = 6.0, P = 0.021 for biomass; F1,28 = 5.7, P =
0.024 for stem density; and F1,28 = 14.8, P = 0.0006 for maximal
runner length). At low elevations, clumping increased biomass by
94%, stem density by 83%, and maximal runner length by 102%;
but, at high elevations, clumping decreased biomass by 52%, stem
density by 45%, and expansion by 32%.
Measurements of physical stresses helped explain the possible
mechanisms underlying the impacts of clumped vs. dispersed
configurations on plant performance. In Florida, soil redox was
significantly affected by elevation (F1,16 = 14.2, P = 0.0017) and
configuration (F1,16 = 32.8, P < 0.0001), but not by their interaction (F1,16 = 0.74, P = 0.40) (Fig. S1). Soil redox potential
was 81% higher at high than at low elevations, and clumping
increased soil redox potential by >150%. In The Netherlands,
soil redox potential was affected only by elevation (F1,28 = 5.0,
P = 0.033), and it was higher at low compared with high elevations (Fig. S1). Edge erosion stress was significantly affected by
configuration (F1,28 = 4.38, P = 0.046), but not by elevation
(F1,28 = 1.76, P = 0.20) or the interaction between elevation and
configuration (F1,28 = 1.47, P = 0.24). On average across both
elevations in The Netherlands, clumping reduced erosion on the
edge of individual outplants by ∼53% (Fig. S2). Although there
was not a significant interaction between elevation and configuration, there was a nonsignificant trend of increased benefits of
clumping at low elevations, where clumping reduced erosion on
the edge of individual outplants by ∼70%, whereas at high elevations it reduced edge erosion by ∼25%.
Silliman et al.

Discussion
Results from our cross-continent, comparative experiment reveal
significant increases in restoration yields (density and aboveground biomass) with simple design changes that harness previously untapped positive interactions. This effect of positive
interactions on restoration success was evident for multiple measures of the performance of transplanted grasses, from survival, to
plot-averaged density and biomass, to maximal runner length, and
was observed in both Florida and The Netherlands. Combined
with our survey results (Fig. 1) showing the current paradigm in
coastal wetland restoration emphasizes minimizing competition
between out-planted propagules, the findings of this paper question the widespread use of this dogma and call for incorporation of
facilitation into both coastal restoration theory and design.
That clumped configuration increases success of transplanted
grasses in our Florida site is likely due in part due to alleviation
of anoxia stress by closely planted propagules. In low-elevation
areas, anoxia stress was reduced significantly in clumped treatments, ostensibly because closely planted Spartina plugs shared
oxygen shunted and leaked through roots. The idea that closely
placed outplants, by sharing oxygen in the root layer, facilitate
rather than suppress each other agrees with the general theory
and empirical data that illustrate that plant survival and growth
in low marsh zones are often limited by anoxia stress, and when
in close proximity marsh plants can decrease anoxia stress by
passively diffusing oxygen into the substrate that can be used by
neighbors (41, 45). We also observed evidence for this mechanism in the high elevation areas of our Florida site. Although
anoxia stress at higher elevations is generally thought to play a
lesser role in limiting plant performance (46), our high-elevation
site in Florida was located just above the high marsh–low marsh
border, flooded frequently, and had significant anoxia stress
compared with the low marsh (Fig. S1) and thus positive interactions that ameliorate anoxia stress were likely to emerge at this
elevation as well.
In The Netherlands study site, reduced edge erosion stress was
likely a more important mechanism underlying the emergence of
PNAS Early Edition | 3 of 6
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Fig. 2. Impacts of elevation and configuration on marsh-plant plug survival and biomass in Florida and The Netherlands. (A–D) Representative photos of
dispersed and clumped Spartina plantings in low elevation plots. The pictures were taken about one growing season after initial planting. (E–H) Marsh-plant
plug survival and biomass in each treatment. Error bars represent SE (Florida n = 5, The Netherlands n = 8). Test results for main (E, elevation; C, configuration)
and interactive (ExC) effects are shown with P values.

Fig. 3. Impacts of elevation and configuration on marsh-plant plug mean
total plot density (A and B) and maximum expansion (C and D) in Florida and
The Netherlands. Error bars represent SE (Florida n = 5, The Netherlands
n = 8). Test results for main (E, elevation; C, configuration) and interactive
(ExC) effects are shown with P values.

facilitation in clumped configurations. Geomorphologic studies in
this area (44, 47, 48) have shown that small outplants like we used
here can die from erosion stress induced by high flow environments typical of these heavily channelized estuaries (47, 48).
These studies also revealed that larger-sized clumps experienced
greater growth and survival, ostensibly because of reduced erosion
stress relative to overall patch size (47, 48). We saw a similar
pattern in our restoration study where individual transplants in
clumped treatments experienced less edge erosion stress and had
increased survivorship and growth. This similarity in pattern and
process suggests that a primary mechanism of intraspecific facilitation in The Netherlands in clumped treatments was mitigation
of edge erosion stress for individual outplants by adjacent neighbors (i.e., each outplant in clumped treatments had two or more of
its edges protected by another outplant).
Although our measurements of physical stress suggest that
clumping lowered anoxia stress in Florida and decreased edge
erosion stress in The Netherlands, use of this configuration design
at this and other restoration sites may also provide additional
benefits. Clumping may reduce porewater salinity at other sites, as
shading provided by neighbors can reduce evaporation and salt
accumulation in the soil (30, 49), and/or increase survival in areas
characterized by intense herbivory due to associational defenses
(50). Hence, the mechanism underlying the positive effects of
clumping during restoration are likely to be multifaceted and vary
from site to site. Indeed, in The Netherlands, interactions shifted
from facilitative to competitive with decreasing stress from low to
high elevation. This agrees with the stress-gradient hypothesis that
the importance of positive species interactions increases with increasing physical stress (30, 32). The applied implications for these
findings are that clumping designs are likely to enhance restoration designs in high stress areas, such as the low intertidal for
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marshes, but could be counterproductive in more benign habitats,
such as in the high intertidal. Therefore, it is important to take into
account potential within- and across-site variations in the strength of
facilitation when incorporating positive interactions into current
coastal restoration designs.
The differences in the effects of clumping and the mechanisms
of facilitation between Florida and The Netherlands also suggest
that the extent to which clumping may enhance marsh restoration
success varies across regions. In natural communities, positive
interactions have been shown to be more prevalent in arid and
tropical regions where drought and heat stresses are often high
(32). Moreover, natural, self-organized patchiness is most prevalent in ecosystems in dry (51, 52), cold (52), or intertidal regions
(52, 53), where there are significant environmental constraints on
organism growth and establishment (54). We therefore suggest
that restoration experiments from a broader range of ecosystems
are required to further determine the regions where the effects of
clumped configuration are likely to be beneficial to restoration
practices (e.g., in salt marshes in arid environments, such as
southern California, alleviation of salt stress may emerge as the
primary mechanism underlying the positive effects of clumping).
Our experiments provide a proof of concept for using facilitation in restoration designs. As with many experimental tests of
ecological theory and/or dogma, the experiments were, however,
limited in size and time. Thus, although our study reveals
clumping of outplants can increase restoration yields at the plot
scale (2 × 2 m), it does not provide an exact practical design for
larger scale applications (i.e., the site scale). Experiments further
investigating the quantitative effects of clumping on restoration
efforts on a larger, whole-site scale (i.e., dispersed vs. clumped
treatments should be allocated to separate sites and sites then
replicated) are still required to optimize practical applications.
However, given that clumping, on average, doubled growth and
yields in our experiments and in low elevations in Florida
marshes increased it by ∼3×, we expect that a well tuned design
can significantly reduce the number of outplants needed per
site to still achieve whole marsh restoration over the same time
period. Moreover, aggregated designs may more closely follow
the observed, natural patchiness that is apparent in many
emerging estuarine ecosystems, which in turn improves ecosystem resilience (55).
Although to our knowledge few previous studies have examined how positive interactions can be harnessed by configuration
(and not density) in restoration efforts [but see O’Brien and
Zedler (40), who tested for the effects of closely spaced, but not
touching, outplants], the importance of facilitation in restoration
has been increasingly recognized (28, 29, 56), in broad agreement with our study. For example, restoration of seagrass populations often relies on seagrass transplantation, and it has been
found that survival of seagrasses is higher when propagules are
planted in higher densities, especially where hydrodynamic stress
is high (39). Restoration of oyster populations has been found to
be more successful with construction of reefs with higher oyster
density (57). Likewise, densely planted mangroves can achieve
higher survival rates in comparison with those loosely planted,
especially at sites susceptible to sea-level rise (28, 58). Although
future experiments are required to test how facilitation in a
clumped configuration can enhance the success of restoration of
these coastal habitats, those past works together with ours
suggest that harnessing positive interactions may significantly
enhance those restoration efforts.
Our experimental study has important implications for coastal
restoration, and calls for integration of facilitation theory (facilitation, its underlying mechanisms and factors driving its variation) into restoration practice. Current coastal restoration programs
in the United States for the large part focus on reducing threats or
negative species interactions, rather than enhancing positive ones
(29) (Fig. 1). Our findings suggest that intentional harnessing of
Silliman et al.

Methods
Fieldwork was conducted in the Gulf of Mexico at Fort DeSoto, Tampa,
Florida (N 27°36′56″, W 82°44′09″) from February to October 2009, and in
Baarland, The Netherlands (N 51°24′30″, E 3°53′6″) from April to September
2011. Marshes at both sites were characterized by visibly sandy soils (i.e.,
more sandy than is typical for a fully mature salt marsh that has high concentrations of organic matter). Salinities in surrounding waters averaged
∼24–28 ppt. In Florida, the tidal range was ∼1.20 m, whereas in The Netherlands
the range was much larger at ∼2 m.
At each site, we manipulated the configuration of marsh grass transplants
(clumped vs. dispersed) in two marsh elevations (low vs. high) using a 2 × 2
factorial design. This design generated four treatment combinations: low
dispersed, low clumped, high dispersed, and high clumped. Low and high
elevations at both sites were determined by comparison with high and low
marsh environments in nearby marshes as identified by plant species. Plots
were established at elevations that were midway in the elevation range of
the nearby low marsh (low elevation plots) and just above the border between the high and low marsh areas (high elevations). In Florida, the difference in elevation between elevations was ∼40 cm; in The Netherlands,
the difference in elevation between elevations was ∼70 cm. Both elevations
at both sites were flooded daily by the tides. Clumped treatments allowed
propagules to be in contact with each other and thus interact, whereas
dispersed designs represented the current restoration paradigm and did not
allow interaction among transplants. Replicate 2 × 2 m plots of unvegetated
mudflats were located and marked in both the high and low elevations
(n = 5 per treatment in Florida; n = 8 per treatment in Baarland). Transplant plugs were 10 × 10 × 10 cm and consisted of the dominant marsh
grass Spartina alterniflora in Florida, obtained from Tampa Bay Watch, and
Spartina anglica in Baarland, obtained on-site. Plots in each elevation were
randomly assigned as either clumped or dispersed. In clumped treatments,
nine transplant plugs were planted in the middle of each plot so that all
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plugs were touching. In dispersed treatments, nine plugs were planted at
equal distances from each other (50 cm in all directions).
Survival of each marsh transplant plug and stem density in each plot were
quantified at the end of the experiment. Survivorship of plugs was assessed
by noting presence or absence of each live plug. As a first measure of plotlevel yield and colonization success, plot-averaged density was assessed by
counting all stems present in each 2 × 2 m plot. We estimated aboveground
plant biomass in each plot using stem height to stem biomass regressions
combined with stem density measurements and stem height frequency distributions (61). To assess treatment impacts on expansion rates, we measured maximum lateral extension of runners from all plugs in each plot. To
do so, we measured the maximum distance that any surviving transplant in a
plot (either dispersed or clumped) grew clonally and recorded it as a single
datum point for that plot. We also measured sediment redox potential, a
proxy for soil oxygen levels (42, 62), with a soil redox probe (Orion Redox/
ORP Electrode) in August following the methods of Silliman and Zieman (63).
We measured redox potential at 10-cm depth in the middle of the root zone.
We also measured the edge erosion stress experienced by the marsh transplants in The Netherlands, where edge erosion stress was quickly apparent in
all replicates and is typically experienced by colonizing Spartina clumps in this
area due to its relatively higher currents (44). This heightened erosion around
the edges of establishing Spartina causes stress and, at times, death to the
plants (44). To assess total area of erosive edge on the side of each transplanted plug and how that varies with our treatments, we measured the
height of all escarped edges of each transplant in each plot at the beginning
and end of the experiment. The difference between these measurements was
the depth of the erosive edge. If an edge was erosive, we also measured the
total length of the erosive edge. We then computed the total area of erosive
edge for each transplant by multiplying the average depth of the edge for
that plot by the total length of erosive edges. Edge erosion stress was not
measured in the Florida study site, where erosive edges never formed.
The effects of configuration and elevation on each response variable were
analyzed using two-way Analysis of Variance (ANOVA) in R version 3.0.2 (64).
Density, biomass, and edge erosion stress measurements from The Netherlands
were square root, third root, and log transformed, respectively, to satisfy the
assumption of normality for ANOVAs. Beta regression analysis was applied
to survivorship data in both sites, where ANOVA assumptions of normality
could not be met (65).
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