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Identify critical factors driving seedling establishment is essential for saltmarsh restoration.
Recent studies highlight drainage can facilitate seedling establishment for different
saltmarsh species, yet the underling mechanism remains largely unknown. By a
manipulative mesocosm experiment with contrasting sediment drainage treatments, we
investigated the impacts of drainage on Spartina anglica seedlings survival, growth and
stability. Surprisingly, neither S. anglica seedling survival nor seedling growth were
observed to be directly promoted by well drained treatment. However, the critical
erosion depth (maximum erosion tolerance) of S. anglica seedlings was found to
positively correlate with seedling root length. Measurements on the sediment properties
revealed that drainage increased the critical shear strength of sediments with lower water
content and higher dry bulk density. These findings indicate that, by dewatering, drainage
aids to sediment consolidation and critical shear strength, and thereby facilitate seedling
establishment in tempering sediment dynamics. The latter is supported by a field study, in
which we found that the magnitude of the sediment dynamics on two tidal flats were
positively related to water content of sediment. Overall, present study suggests that
drainage could be a key factor that determines seedling stability during the critical
windows of opportunity for seedling establishment, and that it could be integrated into
future designs for saltmarsh restoration to enhance establishment success.

Keywords: saltmarsh, restoration, seedling, establishment, stability, drainage, windows of opportunity
INTRODUCTION

Saltmarshes are world-widely valued for their ecological services in blue carbon sequestration
(Kirwan and Mudd, 2012) and coastal defence (Möller et al., 2014; Zhu et al., 2020a). Yet,
saltmarshes are declining globally (Gedan et al., 2009; Silliman et al., 2009; Shepard et al., 2011)
under pressures from sea level rise and human impacts (Craft et al., 2008; Lin et al., 2012; Kirwan
in.org June 2022 | Volume 9 | Article 8746801

https://www.frontiersin.org/articles/10.3389/fmars.2022.874680/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.874680/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.874680/full
https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
http://creativecommons.org/licenses/by/4.0/
mailto:zhenchang.zhu@gdut.edu.cn
https://doi.org/10.3389/fmars.2022.874680
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.874680
https://www.frontiersin.org/journals/marine-science
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.874680&domain=pdf&date_stamp=2022-06-02


Cao et al. Drainage Enhances Saltmarsh Seedling Establishment
and Megonigal, 2013). In reversing this, sufficient knowledge on
saltmarsh plant establishment is required to provide science-
based strategies to (re)create new marshes (Temmerman et al.,
2013; Bouma et al., 2014; Hu et al., 2021).

Whereas it is widely recognized that saltmarsh plants can
colonize bare intertidal mudflats both vegetatively via clonal
growth and generatively by seedlings (Angelini and Silliman,
2012; Friess et al., 2012), seedling establishment is the crucial
mechanism for marsh expansion in many coastal regions, such as
Western Europe and Eastern Asia (Zhu et al., 2020b; Zhao et al.,
2021). By driving rapid recruitment over extensive area, seedling
establishment can be particularly important for many restoration
desired sites, where tidal flats lack source vegetation or often are
disconnected from existing vegetation by retreating marsh cliffs
(Bouma et al., 2016; Zhu et al., 2020b). This render saltmarsh
seedling establishment a key process determining restoration
potentials (Hu et al., 2021).

Occurring in the dynamic intertidal environments, saltmarsh
seedling establishment is a consequence of interactions between
ecological, physical, and biogeochemical processes (Friess et al.,
2012; Balke et al., 2014; Hu et al., 2015b). Based on experiments and
modelling, studies on saltmarsh establishment strongly suggest that
successful seedling establishment requires for a sequence of low-
disturbance periods (referred to as windows of opportunity, WoO)
following seedling dispersal (Balke et al., 2014; Hu et al., 2015b; Hu
et al., 2021). During these critical periods, seedlings are expectants in
gaining stability by rooting growth to resist subsequent erosion.
However, energetic intertidal condition can impose multiple
pressures on initial seedling establishment (Friess et al., 2012), the
stochastic availability of WoO for a seedling may depend on the
minimum duration of a WoO. That is, the shorter the required
disturbance-free period, the more WoO will be available in time
(Balke et al., 2014). As a consequence, saltmarsh seedling
establishment is driven by a balance between seedling growth in
rooting and sediment dynamics (Hu et al., 2021). Hence, knowledge
of the critical factor and its control on seedling growth and
stability is an important step determining the success of
saltmarsh restoration.

Recent studies highlight that enhanced drainage condition can
facilitate seedling establishment for different saltmarsh species
(Fivash et al., 2020; Cao et al., 2021). Drainage is common
features in saltmarsh, which can be generally caused by surface
sheet flow towards channels during ebbing when the tidal area
become exposed (Fagherazzi et al., 2004; Perillo et al., 2009). This
tidally sheet flow will led to markedly difference in surface and
subsurface hydrological characteristics, whichmay further develop
a pressure head in sediment to induce interstitial porewater to
drain vertically from the sediment (Fagherazzi et al., 2004;
Winterwerp and Van Kesteren, 2004). That is, drainage of
saltmarshes, that three-dimensionally linked to topography
heterogeneity (e.g. channel networks, hollow-flat hummock
micro-topography, Schwarz et al., 2014; Xie et al., 2018; Fivash
et al., 2020) and soil type (e.g. sediment with different hydraulic
resistance and capillary forces, Crooks and Pye, 2000; Winterwerp
and Van Kesteren, 2004), constitute basic pathways for water
recirculation in marshes sediments (Xin et al., 2022). By water
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recirculation, drainage is able to inject oxygen-rich water into
anoxic sediments via porewater flow in them by a pressure head
developing at low tide (Jansen et al., 2009), and thereby alleviate
anoxic saline conditions (Rabouille et al., 2003; Lamers et al., 2013)
that are toxic to salt marsh root layers (Redelstein et al., 2018).
This process is suggested to be vital for the establishment of early-
stage saltmarsh seedlings (Fivash et al., 2020; Cao et al., 2021),
whose aerenchyma is underdeveloped (Burdick andMendelssohn,
1987; Jung et al., 2008). Nevertheless, it is largely unknown to what
extent drainage may affect saltmarsh seedling growth and stability,
and whether these effects would dictate the availability ofWoOs in
determining the ultimate seedling establishment.

In this study, we hypothesize that drainage would facilitate
saltmarsh seedling establishment 1) directly by promoting
seedling survival and stabilizing root growth, and 2) indirectly
by enhancing the sediment stability thereby reducing the chance
of seedling loss due to sediment dynamics. To verify hypothesis
1, we tested the effects of drainage on seedling survival and
growth in a manipulative mesocosm experiment. To verify
hypothesis 2, we measured in the manipulative mesocosm
experiment the critical erosion depth of seedlings (maximum
erosion a seedling can tolerance) and critical shear strength
(sediment strength in resist to erosion) of the sediment under
different drainage treatments. This was followed by a field study,
in which we related sediment dynamics to sediment water
content on two tidal flats. By using a globally distributed
foundation marsh species Spartina anglica (Strong and Ayres,
2013; Cao et al., 2018) and sediments from different tidal flats, we
aim to extent current fundamental understanding on seedling
establishment in the context of saltmarsh restoration.
MATERIALS AND METHODS

Mesocosm Experiment
Study Sites and Sediment Collection
Sediment samples used in the mesocosm experiment were
collected from two locations in the Scheldt estuary in the SW
Netherlands (Figure 1). The estuary was semi-diurnal
dominated, with tidal ranges from 380 cm near the mouth to
550 cm upstream (Baeyens et al., 1998). The pioneer vegetation
of the estuary is mainly Spartina anglica, which was introduced
to the area since 1920s and has formed monoculture marshes in
the seaward part with elevation ranges from 60 to 200 cm NAP
(Normal Amsterdam Peil, which is Dutch Ordance Level that
approximately equal to mean high water level in the Scheldet
estuary) (Groenendijk, 1986; van der Wal et al., 2008). The
Scheldt estuary was composed of two main water bodies called
Western Scheldt estuary and Eastern Scheldt estuary, wherein
two large areas were realigned to recreate valuable
saltmarshes recently:

(i) Rammegors

Rammegors (midpoint: 51°36’31”N, 4° 10’56”E) used to be an
embanked polder in the Eastern Scheldt estuary. Due to the
June 2022 | Volume 9 | Article 874680
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embankment, Rammegors has been refreshed by the
rainwater for many years. Since 2016, regular tide has been
introduced to Rammegors by a tide inlet. The average low and
high tide in the Rammegors were 33 cm NAP and 136 cm
NAP. After the opening of the inlet, fresh water species
(dominated by Phragmites australis) has been largely
degraded but still remained. Historically, Rammegors has
been used as silt depot for construction reasons, and
therefore no patterns of drainage gullies or creeks could be
found for most pasts of the area. Field monitoring between
2015 and 2018 implied that elevation did not change in most
parts of Rammegors, and soil in Rammegors is sandy and less
clayey (Rijkswaterstaat, 2015).

(ii) Perkpolder

Perkpolder (midpoint: 51°23’27”N, 4° 1’25”E) used to be an
agricultural land in the Weastern Scheldt estuary. In 2015, the
dike preventing water from entering Perkpolder was
breached, and sea water from Western Scheldt estuary was
introduced to the area (Rijkswaterstaat, 2015). After the
breach, a soft mud layer has quickly evolved to equilibrium
on top of the former agriculture land (Bruneta et al., 2019).
Measurements from 2016 to 2018 indicated that the bed-level
elevation of tidal flat in Perkpolder had slightly increased to
almost nothing. The tidal flat elevation in Perkpolder ranged
between - 80 cm to +110 cm NAP (van de Lageweg et al.,
2019). There was no natural vegetation establishment on the
tidal flats, and the deposited sediment still consisted of soft,
water saturated muddy sediment.
Frontiers in Marine Science | www.frontiersin.org 3
Both Rammegors and Perkpolder could be covered by water
and dried every semi-diurnal tide cycle, and the wave actions in
both sites were negligible because they were almost completely
surrounded by sea-walls. Given that these two areas were lack for
efficient drainage system but diffident in sediment texture,
Rammegors and Perkpolder were ideal sites for sediment
collection to study the effects of drainage on saltmarsh seedling
establishment and to test the potential influence of different
sediment types.

In Rammegors, due to the higher heterogeneity of vegetation
canopy, two kinds of sediment was sampled, i.e. sediment from
reed (Phragmites australis) covered marsh, and sediment from
grass (Limonium sinense) covered marsh. In Perkpolder, where
remains unvegetated, we collected the third kind of sediment.
This resulted in three different kinds of sediments to be used in
our mesocosm experiment: Rammegors grass (Ram. grass),
Rammegors reed (Ram. reed), and Perkpolder (Perkpolder)
with different sediment properties (Table 1). For each kind of
sediment, we collected 8 replicate samples.

During sediment collection, experimental pots that consist of
PVC pipes (with a dimension of 12 cm in width and 12.5 cm in
height each) were used. These pots were individually hammered
into the ground, after which the pots were carefully dug out again
with sediment. To prevent sediment layers from mixing, both
ends of the sediment pots were closed with a cap when transport
to the institute. All sediment samples were then defaunated in
one big tank under airtight and water (Eastern Scheldt sea water
with an average salinity of 28ppt) sealed condition for two weeks.
After defaunation, each sediment core was gently taken out of the
FIGURE 1 | (A) Location of the Scheldt Estuary, and (B) Location of Rammegors (Eastern Schelde Estuary) and Perkpolder (Western scheldt) for sediment
collection in the mesocosm experiment, and field study site of and Baarland and Zuidgors (both in the Western Scheldt estuary) for measuring sediment dynamics.
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pot, lined by a plastic bag, and put back to the same pot again.
The plastic bag in each pot was used to prevent sediment being
washed away, and to create different drainage treatments.

Seedling Growth Condition and
Mesocosm Treatments
Seedlings of Spartina anglica were geminated from cool-stored
seeds (at 4°C) that were collected from the Eastern Scheldt
estuary, the Netherlands. The germination were performed in a
container under an alternating temperature condition (30°C
during the day and 25°C during night respectively). Seeds that
visibly with a germ were selected as seedlings to be transplanted.
To obtain similar seedling size, the germination were
accomplished one week before above sediments were prepared.

Seedlings of S. anglica were transplanted at a depth of 1 cm
below the sediment surface, with three seedlings each sediment pot.
All sediment pots with seedlings were cultivated in a mesocosms in
a climate room of a research institute (NIOZ, Yerseke, the
Netherlands), where the temperature was set alternatively (same
as seedling germination, see above) and the light was illuminated 12
h d−1 (550 mmol m−2 s−1 PAR) during the whole experiment time.

In order to investigate the effects of drainage on seedling
establishment in different sediment types, we manipulated a
mesocosm experiment with six paralleled treatments (2
drainage conditions × 3 sediments). For each treatment, four
sediment pots (with 3 seedlings each, see above) were replicated,
resulting in a total of 12 seedling per treatment (Table 2).

The two drainage condition were created by either making 10
small holes (with 1 cm diameter each) for dewatering at the
bottom of the plastic bag that lined in the sediment pot (well
drained treatment), or by making no holes at all (poorly drained
treatment). To simulate a regular semi-diurnal tidal inundation
of the pioneer tidal flat in the Scheldt Estuary, all sediment pots
with seedlings were placed in a tidal mesocosm with a 3hrs/12hrs
inundation (i.e., 3hrs flooding followed by 9hrs ebb every 12hrs).
The tidal mesocosm was set up using a double tank design (for
protocol details see Cao et al., 2018; van de Vijsel et al., 2020) that
was able to provide seedlings with controllable tidal inundation
regime. The water supplied to the tidal mesocosm was filtered
Eastern Scheldt water (with an average salinity of 28ppt). In the
mesocosm, replicate sediment pots with seedlings that under the
same treatment were randomly distributed.

Measurements on Seedling Growth and Stability
After 20 days cultivating in the mesocosm, all seedlings were
surveyed for their status of survived, toppled or dead. Survived
seedlings were recorded when seedling visibly healthy with at
least a vertical live shoot. Subsequently, the Critical Erosion
Depth (CED) that a seedling could tolerate was tested for each
Frontiers in Marine Science | www.frontiersin.org 4
survived seedling under all treatments. CED is defined as the
minimum depth of sediment that needs to be removed before
seedling toppling or dislodgment occurs. The CED test was
quantified by applying step-wisely erosion from the sediment
top, until seedling toppled or dislodged. This was carried out by
the following procedure: first insert a disc with thickness of 1.5
mm underneath sediment pot and gently remove the pushed-up
top sediment using a water spray, then individual sediment pot
was exposed to a constant 30 cm/s current for 2 minutes in a
flume. This disc adding and current flushing procedure was
repeatedly applied until seedling toppled or dislodged (Cao et al.,
2018). Thereafter, each survived seedling was measured for shoot
and root length. When multiple shoots or roots were presented,
the longest shoot or root was recorded.

Measurements on Sediment Properties
In examining the effects of drainage on sediment erodibility in
the mesocosm experiment, we measured critical shear strength of
sediments under different drainage treatments. Critical Shear
Strength (CSS) was measured for all the three sediment types
under both well drained and poor drained treatments. The CSS is
a geotechnical characteristic that defines the erodibility of a
sediment, and is widely used for many studies in
demonstrating sedimentary mechanisms in the intertidal
environments (Hu et al., 2015a). Generally, the lower the CSS
is, the higher the erodibility of the sediment would perform. We
measured the CSS with a shear vane device (Eijkelkamp
Agrisearch Equipment, 2012). When using the device, we
pressed the vane onto the sediment top and turning it to the
right until the sediment starts moving. A value was read from the
device for each test, which then been used to calculate the CSS at
a resolution of 0.2186 kg/cm2.

At the end of mesocosm experiment, sediment redox potential
was measured during ebbing by a banded ORP electrode that
inserted at 1 cm depth of the sediment for each pot to compare
the oxidizing capacity under different treatments. A sediment core
was taken per replicate pot (for all three kind of sediment under
both well drained and poorly drained treatments). Each sediment
core was taken by a stander sized syringe (inner diameter = 2.8 cm,
depth= 3 cm), then stored in a container and weighed for wet
weight. All sediment samples were freeze dried for 72 hours and
weighed again to calculate water content and dry bulk density:

Water content = (wet sample weight 

−  dry sample weight)=wet sample weight

Dry Bulk density

= dry weight of sediment sample =volume of the sediment sample
TABLE 1 | Properties of sediment collected from different area.

Sediment SD50 grain size (mm) Silt content T63 Organic C content (%)

Ram. grass 101.06 ± 5.02 33.47 ± 1.99 10.18 ± 0.85
Ram. reed 118.22 ± 1.77 20.32 ± 1.10 10.48 ± 1.72
Perkpolder 40.34 ± 1.40 61.39 ± 0.99 2.61 ± 0.33
June 2022 | V
Data is present in mean ± SE.
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Field Survey
To further determine the effect of drainage on sediment
dynamics, we tested the relationship between sediment surface
elevation change and sediment water content in the field. In the
northern bank of Western Scheldt estuary, the Netherlands, we
monitored sediment surface elevation change on two tidal flats in
Baarland and Zuidgors (Figure 1). These two tidal flats were
close in distance with similar elevation (0.30 NAP in Baarland,
0.45m NAP in Zuidgors, NAP is Normal Amsterdam Peil, which
is Dutch Ordance Level that approximately equal to mean high
water level in the Scheldet estuary), but contrast in wind
exposure: Zuidgors was exposed to prevailing southwesterly
wind, Baarland was sheltered by a seaward shoal (Callaghan
et al., 2010).

At both sites, we monitored the surface elevation change for a
month in Nov. 2014. For monitoring, Surface-Elevation-
Dynamic (SED) sensors were used. The SED sensor is a stand-
alone device that can continuously monitor surface elevation
dynamics of intertidal flat with a high vertical resolution of 2 mm
(for details in using the SED sensor, see Hu et al., 2015a). Due to
the different cross-shore distance of the tidal flat between the two
field sites, we inserted three and eight SED sensors along the
elevation gradient in Baarland and Zuidgors, respectively. Close
to each SED sensor, a pressure sensor (Ocean Sensor System.
INC.) was deployed to measure wave condition. The presser
sensor was placed 5 cm on top of the tidal flat and set at a
measuring interval of 15 min with a frequency of 5 Hz. The
significant wave height (Hs) data was derived from the presser
sensors for analysis (Hu et al., 2015a). At each data point, we
collected a sediment core close to each SED sensor. Afterwards,
each sediment core was measured for sediment grain size (using
Malvern P2000 machine) and water content (protocol same as in
the mesocosm experiment, see above).

Statistics
Due to the binominal distribution of the seedling survival data, a
generalized linear model (GLM) using the family “binominal”
was performed to test the effect of drainage and sediment on
seedling survival. Two-way ANOVAs was performed to examine
effects of drainage and sediment on seedling shoot length, root
length and CED. During this course, only those survived
seedlings (visibly healthy with at least a vertical live shoot)
were account for at the time of harvest. ANCOVA was used to
test for correlations between the shoot length, root length and the
CED within all treatments.

The critical shear strength and sediment properties was also
analyzed with two-way ANOVAs to include the effects of
Frontiers in Marine Science | www.frontiersin.org 5
drainage and sediment types. Student’s t-tests were applied to
all seedling growth traits and sediment properties to compare the
effect of drainage in individual treatment. In the field study, the
obtained surface elevation dynamics at two contrasting sites were
interpreted in relation to sediment water content and significant
wave height. All the analyses were done in R (https://www.r-
project.org) applying a significance level of 5%.
RESULTS

Mesocosm Experiment
Effects of Drainage on Seedling Establishment
In the mesocosm experiment, the GLM analysis indicated
that seedling survival was not affected by drainage
(Figure 2A, p=0.295, Table 3), sediment (Figure 2A,
p=0.745, Table 3) and their interactions (Figure 2A,
p=0.202, Table 3). Similarly, effects of drainage, sediment
and their interaction were not observed for either seedling
shoot length or root length (Figure 2B, p>0.05, Table 4).
Seedling length (for both shoot and root) in each sediment
did not differed between well drained treatment and poorly
drained treatment either.

The maximum erosion depth that S. anglica seedlings can
withstand before dislodgment (Critical erosion depth, CED) was
significantly affected by drainage and its interaction with
sediment (Figure 3A, p<0.05, Table 4). For individual
sediment, significant higher CED were observed in Ram.
reed sediment (Figure 3A, p<0.05, student’s t test) and
Perkpolder sediment (Figure 3A, p<0.05, student’s t test). A
close to, but not significant effect of sediment on CED was
observed (p=0.069, Table 4).

Interestingly, we found that CED was linearly correlated with
root length for all three kinds of sediments in our experiment,
regardless the sediment was drained or not (Figure 3B; p<0.05).
That is, in all sediment types, under both well drained and poorly
drained sediment, the longer the roots of seedlings grown, the
higher CED the seedlings could with stand when exposed to
erosion disturbances.

Effects of Drainage on Sediment Characteristics
In our mesocosm experiment, both water content and bulk
density were significantly affected by drainage and sediment
(Figures 4A, B, p<0.01, Table 5). As expected, for all sediment
types, water content was significantly lower in well drained
treatment than in poorly drained treatment (Figure 4A, p=
0.014 for Ram. grass sediment, p=0.001 for Ram. reed
TABLE 2 | Treatment details in the mesocosm experiment.

Treatment Sediment Drainage Replicate sediment pots Seedlings per pot Total seedlings

1 Ram. grass Well drained 4 3 12
2 Ram. grass Poor drained 4 3 12
3 Ram. reed Well drained 4 3 12
4 Ram. reed Poor drained 4 3 12
5 Perkpolder Well drained 4 3 12
6 Perkpolder Poor drained 4 3 12
June 2022 | Volume 9
 | Article 874680
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sediment, p=0.043 for Perkpolder sediment, student’s t tests).
The bulk density of Perkpolder sediment was significantly higher
in compared to Ram. grass and Ram. reed (Figure 4B, p<0.001,
Post-Hoc test) presumably because both of the later sediments
were collected in vegetated areas in Rammegors with a significant
higher organic content (Table 1).
Frontiers in Marine Science | www.frontiersin.org 6
Critical shear strength (CSS) was also detected to have been
influenced by drainage and sediment (Figure 4C, p<0.001,
Table 5). That is, the overall CSS was significantly lower in
well drained sediments in compare to poorly drained sediments.
For different sediment types, CSS of Perkpolder sediment was
observed to be lower in compare to the other two sediment
(Figure 4B, p<0.001, Post-Hoc test). Specially, in Ram. reed
sediment, CSS was significantly higher in well drained
treatments than in poorly drained treatments (Figure 4C,
p<0.01, Student’s t test).

Drainage did not influence the redox potential (Figure 4D,
p=0.505, Table 5), as only significant sediment effects was found
(Figure 4D, p<0.5, Table 5). However, redox potential was
significantly higher in Perkpolder sediment than in Ram. grass
and Ram. reed (Figure 4D, p<0.05, Post-Hoc test). For
A

B

FIGURE 2 | (A) Percentage of survived (dark green), toppled (dark yellow), and dead seedlings (dark red) at harvest in the mesocosm experiment, well drained and
poor drained treatments are indicated at the bottom of the panel; (B) seedling length under 6 treatments after 20 days cultivating in the mesocosms. In (B), the well-
drained and poor drained treatments were presented in orange and blue respectively. The three kinds of sediments (Ram.grass, Ram.reed, and Perkpolder) were
shown for each column. (Data is presented as mean + se.).
TABLE 3 | Confidents of the generalized linear model (GLM) for examining the
effects of drainage and sediment on seedling survival in the mesocosm
experiment.

Deviance Source Estimate Std. t value p-value

Drainage -0.560 0.535 -1.048 0.295
Sediment 0.106 0.325 0.325 0.745
Drainage: sediment -0.207 0.158 -1.275 0.202
TABLE 4 | Two-way ANOVAs table show effects of drainage, sediment, and their interactions on S. anglica seedling growth traits in the mesocosm experiment.

Response Variable Deviance Source d. f. Mean Sq F p-value

Shoot length Drainage 1 357.704 0.845 0.362
Sediment 2 78.919 0.186 0.830
Drainage: sediment 2 448.558 1.059 0.353

Root length Drainage 1 309.846 1.363 0.248
Sediment 2 136.462 0.601 0.552
Drainage: sediment 2 304.998 1.342 0.270

Critical erosion depth Drainage 1 30.821 5.174 0.027*
(CED) Sediment 2 16.669 2.798 0.069

Drainage: sediment 2 26.595 4.464 0.016*
June
 2022 | Volume 9 | Article
Note that only survived seedlings at harvest were measured for shoot length, root length, and critical erosion depth. Significance level: *0.05.
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Perkpolder sediment alone, redox potential was significantly
increased under well drained sediment in compare to under
poorly drained sediment (Figure 4D, p<0.05, Student’s t test).

Field Survey
Our field measurements showed that, sediment water content in
Baarland and Zuidgors was positively correlated to sediment
grain size (Figure 5A; R2 = 0.40, p<0.01). Sediment dynamics
measured by SED sensors was positively correlated with the
water content of the sediment across tidal flats (Figure 5B; R2 =
0.47, p<0.05). This means that, in the field, sediment drainage
was strongly depend on sediment nature, and the higher water
the sediment contains, the more dynamics it would exposed to
under wave conditions, thereby reducing the likelihood of
seedling establishment.
DISCUSSION

Seedling establishment is a crucial phase that determining the
success of saltmarsh restoration attempts (Friess et al., 2012;
Balke et al., 2014; Hu et al., 2021). Whereas recent studies
highlight drainage is a critical factor in facilitating saltmarsh
seedling establishment (Fivash et al., 2020; Cao et al., 2021),
much less is known on the underlining mechanisms for the
effects of drainage. Using Spartina anglica as an example, present
Frontiers in Marine Science | www.frontiersin.org 7
study demonstrates that drainage could enhance saltmarsh
seedling stability indirectly by improving sediment strength
during the windows of opportunity for seedling establishment.

Drainage Effects on Seedling Survival
and Growth
In our mesocosm experiment, neither drainage nor sediment
were observed to affect seedling growth and survival. This is
surprising, because drainage in earlier studies was found to
facilitate saltmarsh seedling survival and growth by relieving
anoxic toxicity to root layers (Redelstein et al., 2018; Fivash et al.,
2020; Cao et al., 2021). Although there were certain differences in
soil water content showing that our drainage treatments were
effective in dewatering all sediments, we note that drainage had
no overall effects on redox potential of sediments. This
discrepancy could possibly attribute to the fact that fast surface
dynamics of pore water chemistry in intertidal flats during
inundation (Jansen et al., 2009), and our measurements for
redox potential during ebbing may not have captured the
extreme event. Moreover, it is noteworthy that the dewatering
of sediment in our experiment was via holes from the sediment
bottom (internal drainage through the sediment), which is in
stark contrast to the surface heterogeneity related drainage (e.g.
channel networks, hollow-flat-hummock topography induced
surface sheet flow on sediment top) that previous studies
worked on (Fivash et al., 2020; Cao et al., 2021). While the
A

B

FIGURE 3 | (A) Critical erosion depth (CED) of survived seedling in the mesocosm experiment (data is presented as mean + se. Significance level: *0.05, **0.01).
(B) The relationship between CED and seedling root length, R2 and p values are presented at the bottom of each column. Note that data points are not equally
plot due to different seedling survival. Colors indicate the same as Figure 2B.
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dewatering of superficial sediment accompanied by evaporation
could have significant influence on the exchange of metabolically
gases, internal drainage, which depends on sediment nature, is
more reliable for the resupply of sulfate and the removal of
soluble end products of sulfate reduction (Bradley and Morris,
1990). The complexity in our redox potential measurement
indicates that there could be other mechanisms associated with
drainage in affecting saltmarsh seedling survival and growth.

We acknowledge that present study manipulated only two
drainage treatments, under one pioneer tidal inundation regime,
and thus represents a limitation. In natural saltmarshes, drainage
often exhibit strong heterogeneity and inter-correlated with
other environmental factors (for a review see Xin et al., 2022).
Frontiers in Marine Science | www.frontiersin.org 8
Generally, a hydraulic driven drainage gradient is readily present
to impact saltmarsh colonization along elevation (Chapman,
1960; Davy et al., 2011), with increasing distances to creeks
(Sanderson et al., 2000; Hughes et al., 2012), or raising and
lowering of topography (Ward et al., 2016; Xie et al., 2018;
Mossman et al., 2019). Superimposed on this, is drainage
condition has substantial influences on other environmental
stressors such as salinity, which can induce ion toxicity and
inhibit saltmarsh seedling emergence if tolerance threshold been
surpassed (Munns and Tester, 2008; Nichols et al., 2009). For
example, hypersalinity has been reported to hamper seedling
establishment in the supratidal uplands as a consequence of
severe droughts (He et al., 2017; Xie et al., 2019). However, such
A B

FIGURE 5 | Field measurements in Baarland and Zuidgors showing (A) sediment water content was positively correlated to sediment grain size (R2 = 0.40, p<0.01),
and (B) sediment dynamics depends on a combination of sediment water content and wave height (R2 = 0.47, p<0.05).
A B

DC

FIGURE 4 | Sediment properties and critical shear stress measured in the mesocosm experiment: (A) water content, (B) bulk density, (C) critical shear stress,
(D) redox potential. Colors indicate the same as Figure 2B. (Data is presented as mean + se. Significance level: *0.05, **0.01).
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hampering effects may not be a problem at lower elevations,
where higher moisture content and more stable salinity level can
be expected under frequent tidal inundation (van Katwijk and
Wijgergangs, 2004). Therefore, our results that no difference in S.
anglica seedlings survival and growth could consequent from
that soil water content and salinity in our mesocosm experiment
fit within the tolerance threshold of S. anglica (Suding and
Hobbs, 2009; Xie et al., 2019). The genus of the latter, Spartina
spp., is known as a primary colonizer that has high tolerance for
salinity (Xie et al., 2019) and poorly drained, waterlogged
sediments in low tidal frame (Sullivan et al., 2018). Further
exploration to disentangle independent effect of drainage and
salinity on saltmarsh seedling establishment along a gradient
would be valuable.

Drainage Effects on Seedling Stability
The critical erosion depth (CED) of seedlings in our experiment
was shown to be positively correlated to seedling root length.
Given that seedling establishment requires short-term bed
erosion to be always lower than the CED (Hu et al., 2021), the
antagonistic relationship indicates that, for a given seedling root
length, CED could be more easily exceeded in sediment with a
lower critical erosion threshold. The likelihood to exceed CED
can be easier in sediment that lack drainage, because drainage is a
determinant of sediment water content, which may affect
consolidation and the resistance of sediment to erosion
(Crooks et al., 2002). In our case, there were demonstrable
effects of drainage on sediment water content, bulk density,
and consequently on the critical shear strength. Hence, present
results suggest that drainage could be a general determinant
factor that seedling stability depend up on.

The effects of drainage in determining seedling stability can
further be supported by our field data, in which we found that
short-term sediment erosion increased with water content on
two tidal flats with different wave exposure. Although there
might be nonlinear relationship between drainage and
sediment water content in the field, the effects of drainage are
manifested primary as changes in the water content of sediments,
and consequently on the interactions between particles and
surrounding porewater (Crooks et al., 2002). Previous works
have shown that the erosion of sediment occurs when repulsive
forces between sediment particles exceed the attractive forces,
Frontiers in Marine Science | www.frontiersin.org 9
and is thus strongly dependent on the capillary forces in
porewater and the cohesion behaviour of the sediment (Crooks
and Pye, 2000). That is, the increasing trend of sediment erosion
with water content in our field survey could be related, at least in
part, to local drainage condition.

In macro intertidal systems, even though wave forcing appears
to drive landscape erosion (Pye, 2000; Callaghan et al., 2010;
Leonardi et al., 2016), the erodibility of the sediment itself could
determine the erosion rate at the local scale (Feagin et al., 2009; Lo
et al., 2017; Wang et al., 2017). The spatially and temporally
varying bed shear stress of tidal flats could also affect the short-
term sediment dynamic patterns that may dictate fronting
saltmarsh colonization (Hu et al., 2015b; Hu et al., 2015c). Such
short-term sediment dynamics can be especially important in early
seedling establishment (Bouma et al., 2016), since experiments
have shown that CED is influenced by the cumulative sediment
dynamic regime a seedling experienced (Cao et al., 2018). This
means that drainage can also externally contribute to seedling
tolerance to sediment erosion in the long-term on an intertidal flat
that is often reworked by hydrodynamics.

Implications for WoO in Seedling
Establishment and Saltmarsh Restoration
To be able to successfully establish, saltmarsh seedling needs to
develop sufficient root anchoring during disturbance-free period
(referred to as windows of opportunity, WoO) to improve
resistance to withstand subsequent disturbances (Friess et al.,
2012; Balke et al., 2014). This makes the minimum required
WoO length for a seedling to successfully establishment variable
depending on seedling root growth rate and local sediment
erosion (Hu et al., 2015b; Hu et al., 2021). However, although
several saltmarsh pioneer species (e.g., Salicornia spp., Spartina
spp., Elytrigia spp.) were shown to exhibit rapid root emergence
and development (Pestrong, 1969; Friess et al., 2012; Redelstein
et al., 2018), marsh seedling size is generally small in the first
several weeks after germination (within tens of mms in our case)
in compare to other wetland species, such as mangroves (Balke
et al., 2011; Friess et al., 2012). Sediment erosion is therefore
expected to be the main mechanism causing initial saltmarsh
seedling establishment failure (Hu et al., 2015b; Cao et al., 2018).
In this regard, well drained sediments that with higher critical
shear strength could be essential for enhancing initial marsh
TABLE 5 | Two-way ANOVAs table show effects of drainage, sediment, and their interactions on sediment properties in the mesocosm experiment.

Response Variable Deviance Source d. f. Mean Sq F p-value

Water content Drainage 1 0.038 41.414 <0.001***
Sediment 2 0.057 62.515 <0.001***
Drainage: sediment 2 0.002 2.642 0.099

Bulk density Drainage 1 0.267 15.631 <0.01**
Sediment 2 0.829 48.477 <0.001***
Drainage: sediment 2 0.011 0.652 0.523

Critical shear strength Drainage 1 74.936 18.323 <0.001***
(CSS) Sediment 2 78.371 19.163 <0.001***

Drainage: sediment 2 24.098 5.892 0.011*
Redox potential Drainage 1 1775.040 0.463 0.505

Sediment 2 16139.150 4.214 0.032*
Drainage: sediment 2 3125.411 0.816 0.458
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seedling establishment chances. Hence, present study suggests
that drainage could play a key indirect role in seedling
establishment when WoO opens for initial seedling
establishment. That is, by dewatering, drainage aids to
sediment consolidation and strength, and thus facilitates
seedling establishment by reducing sediment dynamics.

In the last decades, saltmarsh restoration has been
increasingly appreciated to compensate for the loss of valuable
coastal habitats. However, restored saltmarshes often failed to be
equivalent to natural marshes because of frequently waterlogged
conditions under poor drainage (Masselink et al., 2017; Sullivan
et al., 2018). For instance, a comparison between nineteen
restored sites and natural marshes of the UK showed that
restored saltmarshes are commonly lack for topographic
heterogeneity and with greater potential for water
accumulation (Lawrence et al., 2018). As a consequence, the
top sediment layer for saltmarsh seedlings to anchor is generally
low in shear strength and susceptible to erosion (Crooks and Pye,
2000). The latter case could especially true in many relatively
young realigned marsh landscapes, where high rates of
sedimentation frequently occurred with a smoothing
topography (Garbutt et al., 2006; Mazik et al., 2010).
Therefore, present results have important implication for
saltmarsh restoration in that, by management measures to
well-conceive local drainage conditions, sediment strength
associated seedling stability could be enhanced. Restoration
projects may be able to improve drainage with limited extra
cost. For example, by taking advantage of local channel networks
or existing agriculture farm ditches (Gerdan et al., 2009), or by
manipulating of a hummock micro-topography (Xie et al., 2018;
Mossman et al., 2019; Fivash et al., 2020), one could ameliorate
drainage cost-effectively.
CONCLUSION

Understanding saltmarsh seedling establishment has attracted a
major of interests in marine science from the standpoint of
coastal restoration. Present study highlights that drainage-
improved sediment strength could enhances saltmarsh seedling
stability in balancing sediment dynamics. This adds to previous
works on windows of opportunity (WoO) for seedling
establishment in that, common physical factor on the tidal flat,
Frontiers in Marine Science | www.frontiersin.org 10
such as drainage, may dictate the route of seedling establishment
whenWoO opens. Future restoration are suggested to ameliorate
drainage in a cost-effective way to improve the primary
establishment of saltmarshes.
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