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Abstract
Coastal wetlands such as saltmarshes are valued as prominent buffering ecosystems to global climate change and

sea level rise (SLR), yet their long-term persistence may also be threatened by these global change stressors. While
saltmarshes are increasingly thought to be resilient to SLR owing to high vertical marsh adaptability, their long-term
stability remains uncertain due to our poor understanding ofmarsh resilience at themarsh-tidal flat interface, where
wave disturbance can progressively shift vegetated marsh toward a bare tidal flat state. Here, we explore how SLR
affects vegetation recoverability on tidal flats using cordgrass, a globally common saltmarsh foundation species, as a
model plant. Combined field and model results demonstrate that small increases in wave forcing due to raised water
depth over tidal flats can dramatically weaken or even block vegetation recovery from eroding marsh edges, through
hampering seed persistence. Vegetation recovery on tidal flats next to the marsh edge thus represents an
unrecognized Achilles’ heel of marsh resilience to SLR, which if ignoredmay cause underestimation ofmarsh vulner-
ability. These findings are highly relevant for amore comprehensive assessment ofmarsh susceptibility to SLR in sys-
tems where seeds play an essential role in revegetation of tidal flats, and highlight the importance of maintaining
either a wave-protected or well-elevated tidal flat near the marsh edge that allows for quick vegetation recovery for
supporting resilientmarshes.

Coastal wetlands such as saltmarshes are among the most
valuable ecosystems on the globe (Costanza et al. 1997), provid-
ing many key ecosystem functions such as carbon sequestration
and flood protection (Barbier et al. 2011). These features render
them prominent ecosystems that naturally buffer the impacts of
global climate change as well as sea level rise (SLR) (Duarte et al.
2013; Temmerman et al. 2013). However, SLR also threatens the
long-termpersistence of coastal wetlands (Kirwan andMegonigal
2013;Wang et al. 2017) and inmany cases, its impacts are ampli-
fied by local land subsidence caused mainly by human activities
(Syvitski et al. 2009). For over 30 yr, there have been widespread
concerns about marsh drowning in response to SLR, as this can
shift extensive marsh area from the vegetated state to the bare
tidal flat state (Kirwan and Megonigal 2013; Kirwan et al. 2016).
A recent meta-analysis, however, concludes that—given suffi-
cient sediment—the positive feedback between plant growth and
enhanced sedimentation allowsmostmarshes to compensate for
SLR (Kirwan et al. 2016). This premise, however, ignores that

many marshes face extensive erosion at the marsh edge (van de
Koppel et al. 2005; Hughes et al. 2009; Deegan et al. 2012;
Silliman et al. 2012; Leonardi et al. 2016), where plant-sediment
feedbacks are rendered ineffective. Currently, the knowledge def-
icit onmarsh adaptability in the lateral dimension severely limits
our understanding ofmarsh resilience to SLR.

Lateral marsh losses occur when wave disturbance progres-
sively shifts vegetated marsh toward a bare tidal flat state, often
bymeans of cliff erosion (Allen 2000; van derWal and Pye 2004;
Marani et al. 2011; Leonardi and Fagherazzi 2014). Cliff erosion
rate increases linearlywith risingwavepower and even very small
waves may cause erosion of large saltmarsh blocks (Leonardi and
Fagherazzi 2014; Leonardi et al. 2016). A resilient marsh will dis-
play vegetation recovery and expansion on the tidal flats in front
of the retreated marsh (van de Koppel et al. 2005; Bouma et al.
2016). Many meso- and macrotidal marshes have shown cyclic
alternations between a marsh retreating phase and a vegetation
recovery/expansion phase at the marsh-tidal flat interface on
decadal or larger time scales (Allen 2000; van der Wal et al. 2008;
Chauhan 2009). Both phases are influenced by wave-induced,
erosive dynamics on the tidal flat next to themarsh edge (Bouma
et al. 2016;Wang et al. 2017).
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Unlike the highly adaptablemarsh platformwhere plants trap
sediment and reduce erosion (Kirwan and Megonigal 2013;
Kirwan et al. 2016), the adjacent tidal flats are at high risk of
becoming increasingly deep due to the rising sea level (Mariotti
and Fagherazzi 2010), given the absence of positive plant-
sedimentation feedback, the strong sediment competition
between the marsh and adjacent tidal flats (Mariotti and
Fagherazzi 2010), andworldwide declines of sediment delivery to
coasts (Walling and Fang 2003; Syvitski et al. 2009). A numeric
marsh-tidal flat coevolution model predicts that, with low sedi-
ment availability, a small rate (2 mm yr−1) of SLR may result in
up to approximately 30 cm deeper tidal flats after 50 yr, yet with-
out causing significant drowning of adjacent vegetated marsh
(Mariotti and Fagherazzi 2010). SLR-increased water depth on
adjacent tidal flats allows stronger waves to reach themarsh edge
(Mariotti and Fagherazzi 2010; Arns et al. 2017), as a result of
reduced bottom friction and relaxed depth limitation. This can
increase lateral erosion rates (Mariotti and Fagherazzi 2010;

Leonardi et al. 2016; Wang et al. 2017), especially when biotic
stressors, e.g., crab burrowing and herbivory, and so on
(Holdredge et al. 2009; Hughes et al. 2009) and human activities,
e.g., eutrophication and oil spilling, and so on (Deegan et al.
2012; Silliman et al. 2012)weaken erosion resistance at themarsh
edge. In this context, whether the marsh can persist in the long
run and maintain adequate size for provisioning of key ecosys-
tem services depends critically on a resilient marsh edge that is
able to recover fromphases of increased edge erosion. Yet, little is
known about the consequence of SLR formarsh re-establishment
on neighboring tidal flats following lateral retreat of the marsh
edge. This knowledge gap significantly impedes comprehensive
assessments of marsh susceptibility and accurate predictions of
marsh fate under SLR.

Here, we bridge this knowledge gap by examining how SLR-
intensified wave forcing shapes seed-based vegetation recovery
on adjacent tidal flats (Fig. 1). Seedling establishment is a crucial
process of vegetation recovery seen in many meso- and

Fig. 1. (a) Established knowledge and current knowledge gaps on marsh resilience to SLR and increased wave action. Especially knowledge on the
marsh recovery on bare tidal flats is essential for enhancing current understanding of long-term marsh resilience to SLR and associated increase in wave
forcing. (b) Vegetation development in tidal flats by seedling establishment in Hooge platen, The Netherlands; (c) seedling establishment in front of a cliff
at a marsh edge in the Yangtze estuary, China; (d–f) extensive seedling establishment of smooth cordgrass (Spartina alterniflora) lead to rapid vegetation
expansion in a marsh in the Yangtze estuary, China.
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macrotidal marsh ecosystems around the world (Gray et al. 1991;
Temmerman et al. 2007; Strong and Ayres 2013; Liu et al. 2017).
Although marsh expansion is in some areas predominantly the
result of clonal extension from the existing vegetation
(e.g., Allison 1995; Angelini and Silliman 2012), seedling recruit-
ment (Fig. 1b–f) often yields rapid vegetation establishment on
tidal flats over extensive areas (Gray et al. 1991; Zhu et al. 2012;
Strong and Ayres 2013). Seed-based establishment appears to be
especially important in meso- and macrotidal systems where
clonal expansion can be halted by the formation of a high cliff at
the marsh edge (Fig. 1c), which completely disconnects the tidal
flats from the existing vegetation. However, seedling establish-
ment is often constrained by wave disturbance and associated
sediment erosion that imposes difficulties for seed persistence
(Groenendijk 1986; Marion and Orth 2012; Zhu et al. 2014) and
seedling survival (Bouma et al. 2009, 2016; Friess et al. 2012;
Balke et al. 2013). Therefore, we hypothesize that SLR-increased
wave forcing may undermine marsh resilience at the seaward
edge of the marsh where seed colonization is a critical pathway
for vegetation recovery.

To test our hypothesis, we combined field measurements and
model simulations to quantify the impacts of shifting wave forc-
ing on the ability of the marsh to recover by seed establishment
when it has shifted to an unvegetated tidal flat state, using cord-
grass (Spartina spp.) as a model. Cordgrass globally defines and
stabilizes shorelines, laying the foundation for saltmarshes to
develop (Strong and Ayres 2013), and seeds often play a critical
role in its establishment and range expansion in many parts of
the world (Gray et al. 1991; Ayres et al. 2008; Xiao et al. 2009).
Seed availability is the prerequisite for seedling establishment on
tidal flats and hydrodynamic-induced seed removal from the
tidal flat surface is a major source of seed loss (Groenendijk 1986;
Marion and Orth 2012; Zhu et al. 2014). Hence, we first deter-
mined the response of surface seed retention to increasing wave
actions by conducting large-scale experiments in field locations
with varying wave forcing in a NW Delta, the Scheldt estuary
(Fig. 2a). Based on this relationship, we next develop a spatial
model to assess the consequences of SLR-intensifiedwave forcing
for seed-based vegetation recoverability.

Materials and methods
Quantifying the response of seed retention to varying wave
forcing on tidal flats
Study sites and species

The Scheldt estuary is amacrotidal estuary situated near the bor-
der between the Netherlands and Belgium. The mean tidal range
increases from 3.8 m near the mouth of the estuary to > 5.0 m
upstream of the border (Baeyens et al. 1998). It was originally com-
posed of two aligned and interconnected waterbodies called
Westerschelde and Oosterschelde. Due to land reclamation in
1860s, the Oosterschelde was progressively separated from the
Westerschelde. The pioneer saltmarsh vegetation in the meso- and
polyhaline (> 5 ppt) part of the estuary consists mainly of the

perennial common cordgrass (Spartina anglica), which was intro-
duced to the Scheldt estuary in the 1920s (Groenendijk 1986; van
derWal et al. 2008).

Cordgrass can produce a large amount of seeds, although there
is high variability between years and locations (Gray et al. 1991;
Xiao et al. 2009; Strong and Ayres 2013). Because of the short
(< 1 yr) seed longevity (Wolters and Bakker 2002; Xiao et al.
2009), seedling establishment of cordgrass on tidal flats requires
annually built seed banks as a result of seed delivery from the
marsh by the tide (Huiskes et al. 1995; Zhu et al. 2014). Although
the minimal period that such transient seed banks need to persist
is short, i.e., the period between when seeds become available
(autumn) and seedlings start to emerge (spring), the persistence
during this short period is vital for the occurrence of seedling
recruitment (Groenendijk 1986; Zhu et al. 2014). Seed dislodge-
ment by waves and associated sediment erosion is a major source
of seed loss from the tidal flat; seeds are especially vulnerable
when they are on the surface (Groenendijk 1986; Zhu et al. 2014).

Quantifying seed retention under varying wave conditions
To quantify the relationship between surface seed retention

andwave forcing, we selected eight field locations (tidal flats near
a marsh) in the Scheldt estuary with varying water depth (Fig. 2a;
Table 1), including both relatively wind sheltered and exposed
sites (Callaghan et al. 2010; Suykerbuyk et al. 2016). The study
locations include seven mudflats near the marsh in the Scheldt
estuary (Fig. 2a) with different wind exposure (Callaghan et al.
2010; Suykerbuyk et al. 2016); The elevation of the experimental
area was about 90 cm above NAP (i.e., Dutch ordinance level,
close to mean sea level) for most field sites, while a higher eleva-
tion (175 cm NAP) was chosen for two Westerschelde sites: ZG
and BA where saltmarshes are less deep. At ZG, we included an
additional locationwith a lower elevation (ca. 90 cmNAP).

Our experiments and measurements were implemented dur-
ing the relatively storm-free period, April–July (T0–T4, Supporting
Information Table S1) to obtain a range of wave conditions
including both small and large waves. At each location, we quan-
tified the retention of surface seeds by seed sowing and recovery
experiments. We conducted three trials at each site with a dura-
tion of 4 weeks (trial 1: T0–T1; trial2: T1–T2) and 2 weeks (trial 3:
T3–T4). In each trial, five 20 × 20 cm quadrats were laid in a row
at 1 m intervals. Within each quadrat, 50 cordgrass seeds were
randomly sowed on the sediment surface. These quadrats were
positioned along a 6 m-long string (marked every 1 m) with each
end fixed at a PVC tube. The sowed seeds were first sterilized by
freezing them in a −20�C freezer for 2 weeks to prevent seed loss
due to germination (Zhu et al. 2016). These seeds were then dyed
with Rose Bengal to be distinguished from the ambient seeds and
were waterlogged to mimic the naturally settled cordgrass seeds
(Zhu et al. 2014).

Upon recovery, sediment bulks (each 40 × 40 × 5 cm,
length × width × depth) were excavated after relocation of
the quadrates using the same string. There was no seed visible on
the surface when recovered. We sampled the top 5 cm to recover
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the seeds thatmay have been buried. The recovered areawas cho-
sen to be twice as big as the seed-deployment area, to account for
the seeds that might have merely moved to the close vicinity.
Seeds not recovered within this area were regarded as “lost.” The
retrieved sediment was transported back to the lab and sieved
through a 0.1 cm sieve, to quantify the remaining seeds. Seed
retention (%) during each trial period was calculated as rec-
overed/deployed and averaged among the five replicates at each
location.

Quantifying wave forcing in relation to seed retention
Thewave forcing and tidal level of each locationwasmeasured

in 2013 during T0–T4 (Supporting Information Table S1), using
pressure sensors (OSSI-010-003C; Ocean Sensor Systems) deplo-
yed in the experiment zone. Every wave gauge was mounted on a
pole inserted into the soil about 1 m deep. Each sensor was
approximately 5 cm above the tidal flat surface. The measuring
interval and period were 15 min and 7 min, respectively. The
wave analysis was based on pressure fluctuations, measured with

(a) (b)

(c) (d)

Fig. 2. (a) Geographic locations of the selected field sites; sites marked in red are relatively wave-exposed and those in blue are relatively sheltered. Site
ZG includes two locations of different intertidal elevations: ZGHIGH and ZGLOW. Detailed site characteristics are shown in Supporting Information Table 1.
(b) Surface seeds retention declined exponentially with time-averaged wave-induced bed shear stress (τwave_avg). This relation was significant (Pearson’s
correlation, p < 0.01) when excluding the only outlier observed at ZGLOW. (c) Observed relationship between maximum significant wave height (Hs_max)
and maximum water depth (h_max). (d) Time-averaged wave-induced bed shear stress (τwave_avg) correlates positively with maximum significant wave
height and inundation period (linear model, p < 0.001).
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a frequency of 5 Hz. The recorded pressure readings were
converted to water level fluctuations, which were then corrected
by removing erroneous spikes, shifts, corrupted bursts, and
low frequency tidal components (Callaghan et al. 2010;
Christianen et al. 2013). From the detrended data, wave parame-
ters, including significant wave height (Hs) and peak wave period
(Tp), were calculated based on the linear wave theory (Tucker and
Pitt 2001).

Wave-induced shear stress (τwave, Pa) on the sediment sur-
face is a relevant measure for the hydrodynamic energy in
relation with sediment motion (Callaghan et al. 2010), mak-
ing it a good proxy for the wave forcing that dislodge seeds on
the surface. τwave is calculated as follows (van Rijn 1993):

τwave =
1
4
ρwf wÛ

2
δ

where ρw is the seawater density (kg m−3); Ûδ is near-bed
orbital velocity, calculated as:

Ûδ =
πH

T sinh khð Þ

in which H is wave height (m), T is wave period (s), k is wave
number (m−1), calculated by solving (2π/T)2 = gktanh(kh)
(Swart 1977), and h is water depth (m). In practice, significant
wave height Hs and peak wave period Tp are used as H and
T in the formulae.

The wave friction coefficient fw is determined by the fol-
lowing equation (Swart 1977):
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where the peak orbital excursion Âδ is expressed as Âδ = H
2sinh khð Þ,

d50 is median grain size of the bed sediment (m).
A breaking-wave check was carried out before the τwave cal-

culation, as the theory mentioned above is applied to non-
breaking waves. In our cases, wave heights over water depths

(Hs/h) were all < 0.78, indicating local nonbreaking condition
(Kaminsky and Kraus 1993).

For each location, we determined the time-averaged wave-
imposed shear stress (τwave_avg) on the tidal flat surface to mea-
sure the overall wave disturbance to the surface seeds. τwave_avg

was determined for four monitoring period T0–T1, T1–T2,
T2–T3, and T3–T4, respectively (Supporting Information
Table S1). For each period, we also determined maximum sig-
nificant wave height (Hs_max), water depth (h_max), and inun-
dation frequency.

Measurement of bed level change
Additionally, the elevation in the experimental zone of each

location wasmonitoredmonthly using a 3D Laser scanner (RIEGL
VZ-400) to detect the patterns of bed level change of each location.
All the scans were georeferenced with the Riscan program that
came with the scanner. The scans were clipped to the experiment
zone. The resulting points were exported to an LAS-file that was
later imported to ArcGis10. For each 5 × 5 cm, the maximum
value is used to produce a raster. To partly fill the holes in the ras-
ter, the maximum value for each 20 × 20 cm was also adopted.
The two rasters were mosaicked, 5 cm on top. For each location,
20 random points from an undisturbed area (ca. 75 × 75 cm) in
each plot and the undisturbed area in between plots were selected,
respectively, to calculate the mean elevation at each time point.
The scanning was conducted at T0, T1, T2, and T5 (Supporting
Information Table S1). Due to the instrument failure, elevation
valueswere not available at T2 forDO, RA, and ZA.

Statistics
Data fromall field locationswere pooled together for statistics.

We used Pearson’s correlation to analyze the relationship
between seed retention and τwave_avg. Prior to the analysis, data
normality was checked through Shapiro–Wilk tests. The seed
retention was square root-transformed to satisfy the requirement
of data normality. After a significant correlation between seed
retention and τwave_avg was found, we applied different types of
curve fits (including both linear and nonlinear) to find a regres-
sion equation that can best explain the relationship between
these two variables. All the statistical analyses were done in

Table 1. Characteristics of field locations.

Field locations Wind exposure Elevation (cm NAP) Maximum water depth (m) Medium grain size (μm)

Oosterschelde DO Exposed 90 1.3 159.8

RA Sheltered 92 1.4 98.1

ZA Sheltered 85 1.1 96.3

Westerschelde ZGLOW Exposed 89 1.8 72.0

ZGHIGH Exposed 175 1.0 50.2

BA Sheltered 175 0.9 23.6

HE Sheltered 102 1.8 109.6

PA Sheltered 82 1.9 76.0
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R (http://www.R-project.org), applying a significance level
of α = 0.05.

Modeling the impacts of intensified wave forcing on
revegetation of tidal flats

Wedeveloped a cellular automation-basedmodel to assess the
consequences of SLR-intensified wave forcing for seed-based
marsh recoverability on neighboring tidal flats. The model
domain consists of a matrix of 1000 × 1000 cells, which repre-
sent a landscape of 100 × 100 m with each cell 0.1 × 0.1 m. In
this model, revegetation of tidal flats starts with seedling recruit-
ment, which serves as nuclei for subsequent vegetative growth
(Fig. 1d–f). For each cell, there are three possible states: bare state,
seedling state, or vegetated state. The model starts with a land-
scape consisted of bare cells. A bare cell first shifts to a seedling
cell when seedling recruitment occurs, and later becomes a vege-
tated cell at the end of each year (time step). A bare cell can also
directly change into a vegetated cell by vegetative growth when
there are vegetated cells in the neighborhood.

The number of cells that transfer from the “bare” state to
“seedling” state increases with seedling density (number per m2).
Seedling density is set to decrease with increasing distance to the
marsh edgewith its peak occurring near themarsh edge, comply-
ing with observed patterns in the field (Xiao et al. 2010; Zhu et al.
2012). Peak seedling density (Dpeak) is determined by two param-
eters: (1) the wave-imposed shear stress on the tidal flat surface
(τwave_avg, Pa), the primary factor limiting seedling density by
minimizing seed retention on tidal flats; and (2) a seedling abun-
dance coefficient (Sc), reflecting the lumped effects of all factors
other than waves on seedling recruitment, such as seed availabil-
ity, seed germination, and seedling-mortality caused by various
factors, e.g., sediment erosion (Bouma et al. 2016; Cao et al.
2018), bioturbation (van Wesenbeeck et al. 2007), herbivory
(Paramor and Hughes 2004; Zhu et al. 2016), and so on. A lower
value of Sc means stronger inhibition on seedling recruitment
from these factors and vice versa.

Dpeak is calculated by the following equation:

Dpeak = Sc*e−102:6*τwave_avg

Seedling density at a given distance is calculated as:

Ds =Dpeak*Ks= Ks +dsð Þ

where ds (an integer between 1 and 1000) is the distance to the
marsh edge and Ks is the half saturation constant for ds. Since the
decay rate of seed delivery and seedling survival with increasing
distance to the marsh edge can be highly site-specific, we made
Ks a random integer between 10 (1 m) and 250 (25 m). We
applied this maximum value based on the field data from a Chi-
nese marsh with the ever-reported fastest cordgrass expansion by
seedling recruitment (Xiao et al. 2010; Zhu et al. 2012).

The number of seedling cells at a given distance is deter-
mined as:

ns = min Ds*n*A,nð Þ

where n is the number of cells at that distance and A is the
area of each cell (i.e., 0.01 m2). The positions of the seedling
cells at a given distance were randomly determined.

To account for stochastic disasters such as severe storms
that may wipe out all the seeds or established seedlings, the
model randomly decides whether a given year is a bad year.
When it is a “bad year,” seedling cells turn back to bare cells
at the end of the year, whereas seedling cells become vege-
tated cells at the end of each good year.

The transition probability from a bare cell to a vegetated
cell by clonal growth is determined by the number of neigh-
boring vegetated cells. The neighborhood size is determined
by clonal growth rate. Since clonal growth rate of cordgrass
was found to be highly variable and usually < 2 m (i.e., 20
cells) per year (Gray et al. 1991; Xiao et al. 2010; Zhu et al.
2012), we adopted a random integer between 1 and 20 for
clonal growth rate (cells yr−1) for each time step.

We conducted numeric experiments by varying both the
values of wave-imposed shear stress on the tidal flat surface
τwave_avg and the seedling abundance coefficient Sc. For
τwave_avg, we applied a wide range of values from 0.01 to
0.08 Pa (based on field observation, Fig. 2d) with an interval
of 0.0025 Pa, and we adopted three distinct values (0.01, 0.1,
and 1) for Sc to reproduce seedling densities that cover the
natural range for cordgrass seedlings observed in the field
(Gray et al. 1991; Xiao et al. 2010; Zhu et al. 2012; Liu et al.
2017). For each combination of τwave_avg and Sc, we first sort
out the scenarios when seed colonization is completely dis-
abled. Where seedling establishment is possible, we run the
model 100 times, and for each run, we determined the recov-
ery time, i.e., the number of years it takes to recover the given
100 × 100 m landscape. The landscape is considered as “recov-
ered” when 90% of the cells become vegetated. After these ini-
tial runs, we added three sets of scenarios to detect the
sensitivity of recovery time to small increments of wave
heights. For each set of scenario, we raised τwave_avg by
0.001 Pa, 0.002 Pa, and 0.003 Pa, respectively, which corre-
sponds to approximately 1 m, 2 m, and 3 cm rise of maximum
significant wave height, respectively, according to the empiri-
cal relationship derived from our field measurements (Fig. 2d).
We ran each scenario 100 times and determined the recovery
time, which was then averaged and compared to the initial
recovery time to detect how raised wave heights cause changes
in marsh vegetation recoverability on tidal flats.

Results
Effects of increasing wave disturbance on seed retention
on tidal flats

The field results showed that the persistence of the seeds
on the tidal flat surface decayed exponentially with increasing
wave disturbance (Fig. 2b), measured as the time-averaged
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shear stress that the waves imposed on the tidal flat surface
(τwave_avg). This relation is significant (Pearson’s correlation,
p < 0.01) when excluding the only outlier (i.e., the extremely
high value) observed at ZGLOW (Fig. 2b). ZGLOW is the sole
location characterized by continuously fast sediment accretion
(ca. 1.2 mm d−1, Supporting Information Fig. S1), which most
likely result from the dumping of dredged sediment near this
location (Sistermans and Nieuwenhuis 2019). This may
explain the outlier, as fast sediment accretion might occasion-
ally offer the seeds a window of opportunity to get sufficiently
buried to escape subsequent wave disturbance on surface seed.
Such burial-scenario is, however, expected to be rare, given
the rarity of fast accretion in autumn, winter, and early spring
(Andersen et al. 2006; Yang et al. 2008; Zhu et al. 2012; Hu
et al. 2017), during which cordgrass seeds are dispersed
(Huiskes et al. 1995; Xiao et al. 2009). When excluding all the
data points (n = 3 for ZGLOW and n = 1 for BA) associated with
fast sediment accretion (> 1 mm d−1, Supporting Information
Fig. S1), the relationship between seed retention and τwave_avg

remains significant (Pearson’s correlation, p < 0.01, Supporting
Information Fig. S2) with a comparable declining trend as
shown in Fig. 2b.

Field measurements reveal a clear positive effect of water
depth on wave strength, supporting the assumption that SLR-
increased water depth on tidal flats intensifies wave forcing.
Increased water depth allows higher maximum significant
wave heights (Fig. 2c), which is proportional to mean signifi-
cant wave heights (Supporting Information Fig. S3). Increased
maximum significant wave heights, plus a longer inundation
period due to raised water depths, results in stronger shear
stress wave imposed on the tidal flat surface (Fig. 2d). For a
given water depth, the relatively wave exposed sites have
higher wave heights than the relatively wave sheltered sites
(Fig. 2c), indicating that SLR impacts on wave forcing may be
amplified if climate change leads to stronger or more frequent
winds toward the coasts.

Modeling the impacts of intensified wave forcing on
marsh revegetation

The model reveals the same vegetation expansion dynamics
as observed in the field: seedling establishment yields satellite
clumps, which then extend laterally and eventually merge into
continuous meadows through clonal growth (Fig. 3). The num-
ber of established seedlings thus strongly controls the speed of
vegetation expansion on the tidal flats (Fig. 3). Hence, mean
revegetation rate increases nonlinearlywith increasing peak seed-
ling density, but it becomes more or less constant once the peak
seedling density (number per m2) becomes higher than
10 (Fig. 4a). Peak seedling density declines nonlinearlywith time-
averaged wave-induced bed shear stress (τwave_avg), with its mag-
nitude regulated by the seedling abundance coefficient (Fig. 4b).

Generally, under nominal conditions, our model produced
comparable revegetation rates as observed in the field. For exam-
ple, a 100 m long (cross-shore) tidal flat was predicted to be

vegetated with an average expansion rate of 28 m yr−1 for a peak
seedling density of about 6 no. m−2 (Fig. 4a), which parallels the
observed rapid cordgrass expansion in a Chinese marsh with
comparable seedling densities: 25 m in 2009 (Xiao et al. 2010)
and 39 m in 2010 (Zhu et al. 2012). Moreover, field observations
in saltmarshes in East Asia (Xiao et al. 2010; Zhu et al. 2012; Liu
et al. 2017; Cao et al. 2018), NW Europe (Gray et al. 1991;
Nehring andHesse 2008; Bouma et al. 2016), and the Pacific coast
of U.S. (Ayres et al. 2004; Strong and Ayres 2013) confirm our
model predictions that seedling recruitment allows for much
faster vegetation establishment than what would be observed
when clonal growth from the existing marsh edge is the only
driving process (Fig. 4a).

The model results (Fig. 5a) clearly show that vegetation recov-
ery time grows nonlinearly with increasing wave-imposed shear
stress on the tidal flat surface (τwave_avg) until seed colonization is
completely disabled. The sensitivity of the recovery rate to rising
τwave_avg decreases with increased value of seedling abundance
coefficient (i.e., reduced negative effects from other stressors),
while it increases with declined seedling density. For instance,
increased τwave_avg does not affect recovery rate much when peak

Fig. 3. Temporal dynamics of vegetation expansion/recovery on tidal flats
under three different scenarios of peak seedling density. For each scenario,
one typical example of vegetation expansion process within 5 yr was shown.
The vegetationwasmarked in greenwith the baremudflat shown in brown.
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seedling density is higher than 0.4 no. m−2, whereas it greatly
slows down and eventually disables seed-based revegetation
when peak seedling density is between 0 and 0.4 no. m−2

(Fig. 5a).

Further analyses reveal that a small increase of wave height
on tidal flats due to SLR-increased water depth can consider-
ably lengthen marsh recovery time, especially when the initial
recovery is already slow (Fig. 5b). For instance, with a low

(a) (b)

(n
o.

 m
−

2 )
Fig. 4. (a) In the model, mean revegetation rate (m yr−1) increases nonlinearly with peak seedling density. Revegetation is generally much faster when
seed colonization is enabled than when revegetation is achieved by only clonal growth from the existing marsh edge. Time-averaged wave-induced bed
shear stress (τwave_avg) affects the revegetation rate by modifying peak seedling density. (b) Peak seedling density declined nonlinearly with τwave_avg, with
its magnitude regulated by seedling abundance coefficient, a parameter that reflects the lumped effects of all factors other than waves on seedling
recruitment.

(a) (b)

Fig. 5. (a) Modeled marsh recovery time (mean � SD, n = 100) grows rapidly with increasing wave-imposed shear stress on the tidal flat near the marsh edge
(τwave_avg, Pa) when the peak seedling density (number per m2) is low (0–0.4), whereas the recovery time did not changemuchwith a high (> 0.4) peak seeding
density. The sensitivity of recovery time to τwave_avg increases with decreased value of seedling abundance coefficient, i.e., stronger negative effects from other
stressors. (b) The response of recovery time lengthening to small increases (1, 2, and 3 cm) ofmaximum significant wave height (Hs_max) due to the deeperwater
conditions on the tidal flat as result of SLR, in relation to the initial recovery time. The data points include both scenarios of peak seedling density (number per
m2), i.e., “0–0.4” and “> 0.4.” Each curve fit was done with a quadratic function y = a*x2, which explained best the observed increasing trend. The three dashed
reference lines represent the conditionswhen the increment of recovery time is 25%, 50%, and 100%of the initial recovery time, respectively.
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initial recoverability (recovery time = 47 yr), a 3 cm rise of
maximum significant wave height (Hs_max) nearly doubles the
recovery time and even only a 1 cm increase of Hs_max

lengthens the recovery time by approximately 25% (Fig. 5b).
In the field locations used in this study, 1 cm rise of maximum
significant wave height can be achieved by an increase of
maximum water depth between 2.5 and 8.3 cm, depending
on wave exposure (Fig. 2c).

Discussion
The current study highlights that saltmarshes are more vul-

nerable to SLR than previously considered. Our results reveal
high sensitivity of seed-based revegetation of bare tidal flats to
intensified wave forcing that nonlinearly lengthens the vegeta-
tion recovery time. A small increase of water depth on the tidal
flat resulting from SLR is able to cause a major decline in lateral
marsh recoverability (i.e., marsh resilience to lateral erosion) by
lowering seed persistence. Hence, revegetation of tidal flats next
to the marsh edge forms an Achilles’ heel of saltmarsh resilience
to SLR in systems where vegetation recovery typically starts from
seeds, as seen in many meso- and macrotidal systems (Gray et al.
1991; Temmerman et al. 2007; Strong and Ayres 2013; Liu et al.
2017). While recent literature highlights that the risk of
saltmarsh drowning in response to SLR has been overstated as
marshes are able to adapt when sediment availability is sufficient
(Kirwan et al. 2016), the current study demonstrates that SLR can
significantly weaken marsh resilience at the seaward boundary
byhampering vegetation recovery from seeds at the seaward edge
of an erodingmarsh.

In addition to the primary findings, the results also suggest
that SLR impacts on seed-based marsh recovery may be magni-
fied by other stressors such as bioturbation (van Wesenbeeck
et al. 2007) and herbivory (Paramor and Hughes 2004; Zhu et al.
2016) that can inhibit seedling recruitment. Enhanced negative
effects (i.e., lower seedling abundance coefficient) from such
stressors increase the sensitivity of the marsh recovery process to
changing wave forcing (Fig. 5a). In addition, despite the revealed
strong impacts of waves on seed-based revegetation, the present
assessment is likely to be underestimated, as we only looked at
seed removal and did not consider the negative effects of wave
disturbance on seedling survival (Bouma et al. 2016). In reality,
seed-based vegetation recovery of cordgrass on neighboring tidal
flats may bemore susceptible to SLR increased wave forcing than
whatwe showed in themodel.

Given raised lateral marsh erosion risks under SLR as shown in
earlier studies (Mariotti and Fagherazzi 2010; Leonardi et al.
2016; Wang et al. 2017), declined vegetation recoverability on
adjacent tidal flats may over time result in a near-irreversible lat-
eral marsh collapse, due to increased wave exposure resulting
from raised water depths (Mariotti and Fagherazzi 2010; Arns
et al. 2017, this study). Although verticalmarsh adaptability eases
the risk of coastal squeeze (Pontee 2013), i.e., reduced marsh
width due to SLR-induced drowning along with prevented

landward migration by seawalls (or otherwise called dikes, levees
etc.), our study highlights that marshes in front of seawalls still
can suffer significant habitat loss due to declined lateral marsh
recoverability to lateral erosion. This can impair the value of key
ecosystem services of saltmarshes such as flood protection which
depends critically on ecosystem size (Bouma et al. 2014), espe-
cially for marshes that have already declined in area due to land
reclamation (Kirwan andMegonigal 2013).

This article underscores the importance of maintaining a
cascade protection of ecosystems for supporting resilient
coasts. Habitats at lower tidal elevations (i.e., the bare tidal
flat) that do not make a direct contribution for flood defense
can influence the resilience and long-term persistence of eco-
systems at higher tidal elevations (e.g., saltmarshes) that
directly protect the coast against flooding (Mariotti and Fag-
herazzi 2013; Bouma et al. 2014). Maintaining sustainable
nature-based coastal defenses by saltmarshes in the face of SLR
thus entails not only an adaptable marsh platform, but also
ensuring protection of the neighboring tidal flats that allows
for resilient marshes. Hence, management policies should
enforce a cascade of protection: maintain well-elevated or
wave-protecting tidal flats to sustain resilient marshes and
thus safer coasts. This may be achieved by supply of dredging
materials (Mendelssohn and Kuhn 2003; Temmerman et al.
2013) to reach a sufficiently high accretion rate that allows
the tidal flat to adapt to SLR or by restoring shellfish reef eco-
systems that limit wave formation on the tidal flat (Scyphers
et al. 2011; Temmerman et al. 2013).

The present research underpins recent suggestions to man-
age ecosystem connectivity in order to preserve coastal ecosys-
tems (Gillis et al. 2014, 2017). Moreover, we demonstrate how
such an approach becomes increasingly important in the face
of global change. Beyond saltmarshes and adjacent tidal flats,
other connected ecosystems may also display a cascade of vul-
nerability to environmental changes. For instance, in tropical
coastal ecosystems, habitat losses of wave-damping coral reefs
or seagrass beds due to climate change or human disturbances
risk weakened stability of the neighboring mangrove forests
(Gillis et al. 2014, 2017). Similarly, the resilience of upland
Amazon forests is likely to be impaired by the adjacent flood-
plains, which are more prone to the shift into a fire-
dominated savanna state when the Amazon region becomes
drier under climate change (Flores et al. 2017). Hence, we
argue that the cascading protection strategy may be com-
monly needed to enhance the overall resilience of important
landscapes or seascapes, constituted by spatially and function-
ally connected ecosystems, to the changing environment.

To conclude, we reveal saltmarsh recovery on the neighbor-
ing tidal flat habitats as an unrecognized Achilles’ heel of
saltmarsh resilience to SLR. The present findings are highly
relevant for a more comprehensive assessment of marsh sus-
ceptibility to SLR and more accurate predictions of long-term
dynamics of marshes where seeds play a critical role in vegeta-
tion recruitment. While coastal wetlands, such as saltmarshes,
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are increasingly proposed to act as climate-change buffers to
enhance the resilience of coastal communities (Duarte et al.
2013; Temmerman et al. 2013; Bouma et al. 2014), our study
suggests that human intervention would be duly needed to
improve the resilience of these buffering ecosystems as well as
their protecting neighbors to warrant a sustainable, nature-
based, coastal adaptation to global climate change.

Data availability statement
The code of the model and the field data of waves and seed

retention that support the findings of this study are available
in 4TU.ResearchData: https://doi.org/10.4121/uuid:c160edca-
6234-439b-8600-5c6f7d81b46e.
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