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Abstract

Seedling establishment is an important process relevant for the restoration of salt marsh within the frame-

work of sustainable coastal defense schemes. Recent studies have increasingly highlighted how the short-term

(i.e., the day-to-day) sediment dynamics can form major bottlenecks for seedling establishment. Until recently,

studies on quantifying the threshold values of such short-term sediment dynamics for marsh seedlings remain

rare. As accretion/erosion trends and dynamics may differ greatly under global change, we study the effects of

short-term sediment disturbance-regimes on seedling establishment of two globally distributed foundation spe-

cies: Spartina alterniflora and Spartina anglica. Seedlings with different disturbance-free periods were exposed to a

set of different accretion/erosion-regimes in the laboratory. Seedling survival appeared to be much more sensi-

tive to erosion than accretion, seedlings with short disturbance-free periods were more sensitive than seedlings

with longer ones, and S. alterniflora was more sensitive than S. anglica. Seedlings were less sensitive to gradual

changes in sediment height (accretion/erosion) than to abrupt changes where time for morphological adjust-

ment is lacking. Critical erosion depth (the maximum erosion that seedlings are able to withstand) was shown

to mainly depend on sedimentation history. Our results confirm that the establishment of Spartina seedlings

requires a flooding disturbance-free “window of opportunity” and that sediment disturbances affect their sur-

vival both directly and via morphological adjustment. These results provide fundamental insights into seedling

establishment that can be used for designing engineering measures to create suitable conditions and enable

marsh creation/restoration for nature goals or as part of coastal defense schemes under global change.

Accelerated sea level rise and the rising frequency and

power of storms are expected to increase risk of coastal

flooding in a warming climate (Donat et al. 2011; Lin et al.

2012; Cui et al. 2015). Coastal ecosystems such as intertidal

salt marshes provide many valuable ecosystem services, such

as enhancing biodiversity (Gedan et al. 2009), high primary

productivity (Mitsch and Gosselink 2000) and contributing

to coastal protection by dissipating waves and stabilizing

shorelines (D’Alpaos 2011; M€oller et al. 2014). Salt marshes

are increasingly valued for their function of coastal protec-

tion, given the increasing flood risk and the growing coastal

population (Nicholls et al. 2007). Unfortunately, salt marsh

ecosystems have declined globally because of numerous pres-

sures (e.g., land reclamation, coastal squeeze due to naviga-

tion, alterations in wetland drainage and sediment inputs,

extreme events, etc.), and over 50% of salt marshes in the

world have been lost in the last century (Silliman et al.

2009; Moreno-Mateos et al. 2012).

In recognition of habitat loss and the desire to utilize salt

marshes for coastal protection (e.g., see Shepard et al. 2011,

Bouma et al. 2014), there is a growing interest in conserving

and re-creating salt marshes (Adam 2002; Mossman et al.

2012). Attempts to use marshes as a more sustainable way of

protecting coastlines are being incorporated into large-scale

practices in the U.S.A. and northern Europe (Mossman et al.

2012; Temmerman et al. 2013). However, salt marsh estab-

lishment at the desired locations may be difficult to achieve

(Bouma et al. 2014), and active planting does not necessarily
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lead to successful establishment of marshes (Moreno-Mateos

et al. 2012; Mariotti and Fagherazzi 2013). As seedling estab-

lishment is one of the important processes relevant for initi-

ating development of new salt marsh, especially at locations

where the tidal flats are separated from existing marshes

(which pre-empts colonization by clonal expansion), an in-

depth understanding of the mechanisms of the establish-

ment processes is necessary for salt marsh restoration

(Bouma et al. 2009a, 2014, 2016; Friess et al. 2012).

Seedling establishment may be particularly important for the

colonization of large bare tidal flats disconnected from existing

vegetation, which may occur due to (1) the inherently cyclic

nature of marsh dynamics, (2) rapid expansion of tidal flats, or

(3) large-scale restoration (Broome et al. 1974; Laegdsgaard

2006; Bouma et al. 2016). In most cases, seedling establishment

will be followed by lateral clonal growth and sward coalescence

(van der Wal et al. 2008; Vandenbruwaene et al. 2011). Coloni-

zation of tidal flats by salt marsh seedlings is the result of bio-

physical interactions (Bouma et al. 2009b, 2016; Friess et al.

2012). Hydrodynamic forces and associated sediment dynamics

often inhibit new seedling establishment (Callaghan et al. 2010;

Hu et al. 2015a; Bouma et al. 2016), while the stochastic

absence of physical disturbance, e.g., tidal current, wind waves

and sediment dynamics, can facilitate recruitment events (Balke

et al. 2014; Hu et al. 2015b). This has been highlighted by recent

studies on “windows of opportunity (WO),” where a critical

time interval without disturbance allows for seedlings to estab-

lish and gain enough strength to resist subsequent disturbances

(Balke et al. 2014; Hu et al. 2015b). In this study, we focus on

physical disturbance resulting from sediment dynamics and

aim to quantify the effects of different sediment accretion/ero-

sion regimes on seedling establishment (without considering

marsh establishment via spreading of rhizomes and fragmenta-

tion), as this has been increasingly highlighted as key to the

long-term persistence of salt marshes particularly in meso and

macrotidal coastlines (see Bouma et al. 2009, 2016; Kirwan and

Megonigal 2013). We study the response of two globally distrib-

uted foundation species in marshes: Spartina alterniflora and

Fig. 1. (a) Distribution of S. alterniflora and S. anglica along the world coasts, which may not show the complete distribution. Photographs of (b) S.

anglica seedlings established near the Oesterdam in the Oosterschelde; (c) S. anglica seedlings near tussocks in Hooge Platen, the Netherlands, and
(d, e) expansion of S. alterniflora onto the mud flats that was initiated with seedling establishment in the Yangtze estuary, China.
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Spartina anglica (Fig. 1; Chapman 1960; Essenlink et al. 2000;

Kriwoken and Hedge 2000; Adam 2002; Isacch et al. 2006; An

et al. 2007; Gedan et al. 2009; Angelini et al. 2011; and referen-

ces therein).

Globally, accretion/erosion rates vary greatly among tidal

flats, ranging from less than one to several tens of mm per

year (Temmerman et al. 2012). Although part of this range

may be related to the use of different measuring techniques

and integration intervals (Nolte et al. 2013; Hu et al. 2015a),

it is evident that regions differ in long-term accretion/ero-

sion patterns, which may affect the lateral spread or retreat

of marsh vegetation or “lateral vegetation dynamics” (Friess

et al. 2012; Balke et al. 2013 for mangroves; Bouma et al.

2014, 2016). On top of the differences in long-term trends,

the temporal variability in wave forcing may drive short-

term erosion events (Hu et al. 2015a). Such short-term sedi-

ment dynamics may be especially influential during storms,

with values of over 10 cm per event (cf. Hu et al. 2015a),

with the exact amplitude most likely to be specific for both

site and event. Given the combination of ongoing sea level

rise (Kirwan and Temmerman 2009; Mariotti et al. 2010;

Kirwan and Megonigal 2013) and increasing storminess

(Donat et al. 2011), wave driven short-term sediment

dynamics may be expected to increase in both magnitude

and frequency (Hu et al. 2015a,b). It is currently unknown

how increasingly energetic shorelines in a warming climate

will affect lateral salt marsh dynamics (Mariotti and Fagher-

azzi 2010; Fagherazzi et al. 2012; Bouma et al. 2016).

The present experimental study aims to gain quantitative

insight into how seedling survival is affected by short-term

sediment dynamics, and to what extent this may be mitigated

by morphological adjustments by the plant. In our mesocosm

experiments, seedlings were exposed to a set of accretion/

erosion regimes. To quantify the importance of having a

disturbance-free period preceding accretion/erosion events,

we applied two levels of initially disturbance-free periods: 2

and 9 d. Due to the potentially high dynamics of sediment

during storm events (e.g., see Hu et al. 2015a), we used a large

range of accretion/erosion rates to represent potential short-

term sediment dynamics. To examine the maximum erosion

the seedlings were able to withstand, we also determined the

critical erosion depth (CED) in a flume. By using seedlings of

the two most globally distributed pioneer marsh species (i.e.,

Spartina alterniflora and S. anglica; Fig. 1), we aim to contribute

to a global perspective on salt marsh establishment under

global climate change and to provide a basic data set for

understanding and modeling the consequences of physical

disturbance on tidal flats. Finally, we discuss our results in the

context of marsh creation and restoration.

Material and methods

Seed germination and seedling growth conditions

S. alterniflora seeds were collected from salt marshes on

Chongming Island (Yangtze estuary, China) in November

2013, and S. anglica seeds were collected from the Ooster-

schelde estuary (the Netherlands) in the same month. The

collected seeds were air-dried and subsequently stored over

winter in a 48C refrigerator, while soaking in containers with

sea water from Oosterschelde estuary until germination in

April. April is the period when Spartina spp. seeds typically

become active in the northern hemisphere (Schwarz et al.

2011, and personal field observations). Seeds were germi-

nated in a climate chamber, which was kept at 258C with

12 h d21 light (550 lmol m22 s21 Photosynthetic Active

Radiation; PAR). All seeds with a visible germ were identified

as seedlings.

Seedlings were planted with an intact seed coat (to avoid

damage when transplanting) into salt marsh sediment at

1 cm depth below the surface in individual PVC pots (practi-

cal choice, cf. Broome et al. 1974; Schwarz et al. 2015;

Bouma et al. 2016). The pots (160 mm height and 110 mm

inner diameter) were made from PVC pipes, with open bot-

toms that allowed for accretion/erosion treatments (see Han

et al. 2012 for seagrasses, Balke et al. 2013 for mangroves).

Within the pots, punctured polyethylene bags were used to

line the bottom, allowing for drainage without losing the

sediment. The sediment used in the pots (with a D50 of

31.58 lm) was collected from the top 20 cm of a salt marsh

pioneer mudflat near Rilland-Bath, Oosterschelde estuary,

the Netherlands. To prevent possible seedling loss due to

grazing by benthic macro-invertebrates (Emmerson 2000), all

collected sediment was put under airtight and waterlogged

conditions for 2 weeks to kill the macrobenthos. Ten ran-

domly chosen pots were sieved to ensure that this treatment

was long enough to indeed kill all worms. The pots with sed-

iment were watered with a mix of freshwater and water from

the Oosterschelde that had a salinity of 15.83 ppt. All the

pots were then left for a week to settle the sediment before

adding the seedlings. The unoccupied volume on the top of

the pots due to compaction was then replenished with some

sediment before the seedlings were planted. The pots with

buried seedlings were then transferred to the mesocosms

described below.

Mesocosm experiments—technical aspects

We used 10 mesocosms, each consisting of 2 big tanks

(with inner dimensions 110 3 95 3 60 cm) on top of each

other (Fig. 2b): a top tank that contained plants and was

used for tidal inundation, and a bottom tank that served as a

water reservoir during low tide. The lower tanks were filled

with the mixed brackish water as mentioned above. The

pumps in the lower tanks were operated by a timer to flood

the upper “experimental” tanks. An overflow return pipe was

used to control inundation height, by providing return-flow

of excess water to the lower tank. When the pump was

switched off, the upper tank drained via the pump, causing

a low tide in the upper “experimental” tanks. The tidal

regime was set by the timer for a semi-diurnal 1.5 h flooding

Cao et al. Sediment dynamics affect seedling establishment
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of 50 cm in height in the upper tanks (3 h per day in total),

thereby simulating the regular tidal regime of the pioneer

zone in salt marshes (Schwarz et al. 2015).

Light to the mesocosms was provided by suspended fluo-

rescent tubes arranged in parallel over the tanks (Fig. 2b)

with 12 h d21 (550 lmol m22 s21 PAR), and the temperature

was thermostatically controlled in the climate room and

maintained at 258C during the day time and 188C during

night, which is approximately equivalent to the tempera-

tures during seedling establishment in April and May at the

field sites (Schwarz et al. 2011).

The pots containing seedlings of the two Spartina species

(Fig. 2c) and the various accretion/erosion treatments were

randomly assigned to the 10 upper mesocosm tanks. To

compare the response of seedlings in the two different

disturbance-free period groups, the two groups of seedlings

were given a respite from regular artificial flooding in the

mesocosms for 2 d and 9 d, respectively, representing the 2

d and 9 d disturbance-free periods after germination. These

two initial disturbance-free periods were chosen from among

the durations of rest periods in a neap-spring tidal cycle,

which have been considered to potentially provide WO for

pioneer seedling settlement (Boorman 1999; Friess et al.

2012; Balke et al. 2014; Bouma et al. 2014).

Mesocosm experiments—accretion/erosion treatments

Three groups of sedimentation treatments were imposed

weekly on seedlings and run for 6 weeks (Table 1): (1)

“Constant Rate (CR)” consisting of constant net accretion/

erosion rates; (2) “Intermittent Supply (IS)” consisting of var-

iable timing and amplitude of accretion/erosion events, in

such a manner that the net cumulative changes were identi-

cal for all treatments; and (3) “Fluctuant Levels (FL)” consist-

ing of regular fluctuations in accretion or erosion but with

Fig. 2. Schematic diagrams and photographs showing the experiment setups. (a) The four steps in our experiment; (b) photographs of the meso-

cosm setup and (c) seedlings in the upper experimental tanks during low tide; (d) erosion and accretion treatments; and (e) the test section of the
flume, with a double bottom so that the upper edges of the pots could be kept level with the fume bed. The flume water depth was 30 cm with a

constant current of 0.25 m s21. Note that the erosion depth equals the cumulative thickness of the discs inserted when applying the CED test.

Cao et al. Sediment dynamics affect seedling establishment
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the sediment level returned to its previous state every week;

that is, the FL treatments compared different amplitudes of

disturbance without causing any net cumulative accretion/

erosion. In total, we applied 1 control, 8 CR treatments, 6 IS

treatments (with 2 overlaps with CR treatments), and 4 FL

treatments (Table 1). Sediment erosion and accretion events

were mimicked by adding or removing sediment from the

top of the pots on a weekly basis (Fig. 2d; see Han et al. 2012

for seagrasses; Balke et al. 2013 for mangroves). Erosion was

simulated by adding 3-mm-thick discs (1–6 discs according

to the treatments, i.e., 3 to 18 mm erosion, see Table 1)

underneath the pots and gently removing the pushed-up

sediment by using a water spray (Fig. 2d). Accretion was sim-

ulated by removing discs that had been previously placed at

the bottom of the pots and adding sediment on top around

the plants (Fig. 2d). The previously placed polyethylene bags

in the pots enabled us to smoothly lift the sediment cores

up and down in the pots without affecting the roots.

Each sediment treatment was applied to 12 replicated

seedlings per disturbance-free period group (in terms of

flooding, 2 vs. 9 d). Hence, a total of 408 seedlings per Spar-

tina species was used in our experiment (i.e., 12 replicates 3

2 disturbance-free periods 3 17 sediment treatments). All

treatments and replicates were randomly assigned to the 10

mesocosms. Survival of the seedlings was surveyed weekly

and recorded as surviving, toppled (seedlings that had top-

pled over but still had visible live shoots or leaves) or dead.

Immediately after the weekly monitoring had been com-

pleted, the next treatment was applied according to the

schedule (Table 1).

Flume experiment—quantifying the critical erosion depth

At the end of 6 weeks, all seedlings that had survived the

mesocosm treatments were put into a flume setup (Fig. 2e)

in order to determine the CED for each seedling (see Balke

et al. 2011, 2013 for mangroves; Bouma et al. 2016; Infantes

et al. 2011 for seagrasses). The CED (in mm) was defined as

the amount of sediment that needs to be eroded around the

plants before toppling occurs. The CED, thus, is a quantita-

tive measure for the resistance to future sediment disturban-

ces. It was quantified by imposing step-wise incremental

erosion, using the same method as used in the mesocosm

experiment, but now with 1.5 mm discs to obtain higher res-

olution; the CED was thus calculated as the cumulative

thickness of all discs added to the bottom of pots (Fig. 2e).

Disc additions were continued until the seedlings toppled

when exposed to the same current stress in a flume. We used

a double bottom system into which we inserted the pots so

that the upper edges of the pots were level with the bottom

of the upper flume tank (Fig. 2e). The current velocity was

Table 1. Sedimentation treatments every week during the 6-week course of the mesocosm experiments.

Treatment type

Treatments in 6 weeks (mm)

Total (mm)Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

Control CK 0 0 0 0 0 0 0

Constant Rates treatments

(CR)

CR–18 218 218 218 218 218 218 2108

CR–12 212 212 212 212 212 212 272

CR–6* 26 26 26 26 26 26 236

CR–3 23 23 23 23 23 23 218

CR13 3 3 3 3 3 3 18

CR16** 6 6 6 6 6 6 36

CR112 12 12 12 12 12 12 72

CR118 18 18 18 18 18 18 108

Intermittent Supply treatments

(IS)

IS–18 218 0 0 218 0 0 236

IS–12 212 0 212 0 212 0 236

IS–6* 26 26 26 26 26 26 236

IS16** 16 16 16 16 16 16 136

IS112 112 0 112 0 112 0 136

IS118 118 0 0 118 0 0 136

Fluctuant Level treatments

(FL)

FL–118 218 118 218 118 218 118 0

FL–16 26 16 26 16 26 16 0

FL1–6 16 26 16 26 16 26 0

FL1–18 118 218 118 218 118 218 0

“–” and “1” represent erosion and accretion, respectively; “*” and “**” identify the same group of seedlings that were used in our experiments
because of the overlapping design.
CS consisted of constant net accretion/erosion rates and different magnitudes of cumulative totals; IS consisted of same total erosion/accretion magni-

tudes but different rates and timing; FL had 0 total net erosion/accretion, but consisted of regular contrasting fluctuations in sediment level.
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Fig. 3. Percentage of surviving, toppled and dead seedlings during the mesocosm experiments. (a) CR treatment groups, (b) IS treatment groups,

and (c) FL treatment groups.
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chosen to mimic peak velocities typical for a Spartina pioneer

zone (i.e., 0.25 m s21 at a water level of 0.30 m, Bouma et al.

2005). Note that the constant flow rate used in our flume

represents a simplified approach, which does not take into

account the hydrodynamic force needed to impose erosion

of the sediment used (Schwarz, et al. 2015; Mariotti et al.

2015). This allowed us to have well-defined erosion steps by

imposing the erosion manually. The toppled seedlings were

carefully cleaned, and the maximum root length and shoot

height were measured to calculate the root-length/shoot-

height ratio (referred to as the root-shoot ratio in the follow-

ing sections).

Statistical analysis

Cox regression analysis was used to compare the differ-

ences in seedling survival according to sediment treatment,

species and disturbance-free period in the mesocosm experi-

ment. Both toppling and death of the seedlings were set as

equal hazard events during this analysis. Species identity as

well as the disturbance-free period before the treatments

were set separately as fixed factors during analysis.

Three-way ANOVAs were performed for analyzing CED

and root-shoot ratio with respect to the main effects of sedi-

ment treatment, species and disturbance-free period. The sig-

nificance level of 5% was used in all analyses. All of the

analyses were conducted with SPSS 18.0 software (SPSS, Chi-

cago, IL, U.S.A.).

Results

Effects of accretion/erosion-regimes on the survival of

seedlings

Among all the treatments, the control (i.e., without any

accretion/erosion treatments) resulted in the highest survival

rates (100%) throughout the mesocosm experiment (Fig. 3).

For all the treatments, Cox regression analysis showed that

the accretion/erosion-treatments significantly affected the

survival of seedlings (p<0.01, Table 2). The erosion treat-

ments resulted in higher chances of toppling and mortality,

on average, than the accretion treatments (Fig. 3).

When focusing on the effects of specific accretion/erosion

treatments, it is clear that in the CR (Fig. 3a) and IS treat-

ment groups (Fig. 3b), the hazards for both types of Spartina

Table 2. Survival analysis of seedlings in the mesocosm experiment using the Cox regression analysis method. For each group of
treatments, species, and disturbance-free period were set separately as fixed factors.

Treatments Fixed factors Variables

Cox regression

of Survival

d.f. Sig.

Constant treatments Species S. alterniflora Disturbance-free period 1 .000

Treatments 8 .000

S. anglica Disturbance-free period 1 .000

Treatments 8 .000

Disturbance-free period 2 d Species 1 .022

Treatments 8 .000

9 d Species 1 .166

Treatments 8 .000

Intermittent treatments Species S. alterniflora Disturbance-free period 1 .000

Treatments 6 .000

S. anglica Disturbance-free period 1 .004

Treatments 6 .000

Disturbance-free period 2 d Species 1 .008

Treatments 6 .000

9 d Species 1 .477

Treatments 6 .000

Fluctuated treatments Species S. alterniflora Disturbance-free period 1 .930

Treatments 4 .000

S. anglica Disturbance-free period 1 .134

Treatments 4 .000

Disturbance-free period 2 d Species 1 .819

Treatments 4 .000

9 d Species 1 .235

Treatments 4 .000
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seedlings became larger with increasing amplitude of the

(erosion or accretion) application. Thus, a smaller amplitude

in the accretion/erosion treatments resulted in higher sur-

vival (e.g., see Fig. 3b for erosion or accretion with 6 mm/

week). This is consistent with the observation that in the FL

treatment groups, we observed almost 100% mortality for

the seedlings that were exposed to the extremely high ero-

sion event (i.e. large amplitude) during the first week of mes-

ocosm establishment. For example, a sudden erosion of

218 mm and maintenance of this erosion level for 1 week

(IS and FL 218) killed the seedlings as subsequent accretion

was not able to rescue the seedlings (FL –118) (Fig. 3b,c).

The importance of having a disturbance-free period was

studied by comparing seedlings that had reached different

disturbance-free times before the first accretion/erosion

event was applied. As expected, the survival of seedlings

with a 9 d disturbance-free period was found to be signifi-

cantly higher than that of seedlings with a 2 d disturbance-

free period in both CR and IS treatment groups (Fig. 3a,b)

(p<0.01, Table 2). No significant effect of the disturbance-

free period was observed in the FL treatment groups

(Fig. 3c).

When comparing Spartina species, the survival of S.

anglica seedlings was higher than that of S. alterniflora seed-

lings after receiving the same cumulative accretion/erosion

CR and IS treatments (Fig. 3a,b), with significant differences

found for the 2 d disturbance-free seedlings (p<0.05, Table

2) but not for the 9 d disturbance-free seedlings (p>0.05,

Table 2). No obvious trend across species was observed in

the FL treatments (Fig. 3c).

Effect of accretion/erosion regimes on CED and seedling

morphology

Three-way ANOVA analysis for the effects of (1) the sedi-

ment treatment, (2) species, and (3) disturbance-free period

identified previous accretion/erosion treatments in the meso-

cosm experiment as the main factor significantly affecting

the CED (the maximum erosion depth that seedlings can

withstand without toppling) (p<0.05). In contrast, no signif-

icant main effects were observed for either species or

disturbance-free period (p>0.05). We observed in CR and IS

treatments that CED increased following previous accretion

treatments (Fig. 4a,b), and the increase in CED was higher

for CR than for IS treatments (Fig. 4a, b). However, no trends

could be observed for any of the FL treatments (Fig. 4c). The

effect of harsh erosion treatments on CED could not be

quantified statistically due to high mortality (Fig. 4a–c).

The root-shoot ratio was significantly influenced by the

constant sedimentation treatments (p<0.05), with the root-

shoot ratio being increased by non-lethal CR erosion and

decreased by nonlethal CR accretion compared with the con-

trol groups (Fig. 5a), which indicates that plants reduced

investment in roots when being stabilized by accretion.

These responses explain why the absolute CED for erosive

Fig. 4. The CED of surviving seedlings at harvest. (a) CR treatment

groups, (b) IS treatment groups, and (c) FL treatment groups. The red
dashes (short red horizontal lines) indicate the values where CED was

equal to seedling burial depth based on accretion and erosion treat-
ments alone. Note that the plus sign indicates groups with less than
three surviving seedlings, and the error bars are not shown because they

are smaller than the symbols used in the figure.
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treatments was higher than the expected CED value (i.e.,

seed burial depth based on cumulative changes after treat-

ments) after non-lethal erosion treatments (e.g., CR-3, Fig.

4a) and lower than the expected CED value after nonlethal

accretion treatments (e.g., CR 1 3, Fig. 4a). The root-shoot

ratio was not significantly affected by the IS and FL treat-

ments (p>0.05) (Fig. 5b,c).

Discussion

Successful restoration of salt marshes for coastal defense

requires in-depth knowledge of the processes controlling

seedling establishment on bare tidal flats. The present study

is the first to quantify the effects of different accretion/ero-

sion regimes on the establishment of two globally distrib-

uted foundation species of salt marshes: S. anglica and S.

alterniflora. Our results indicate the following: (1) erosion

strongly hampers seedling establishment, whereas accretion

seems favorable in enhancing resistance to erosion (i.e.,

higher CED) and may only become adverse in extreme cases;

(2) sedimentation regimes with similar net effects but with

different temporal distributions may have different effects,

with survival being higher when exposed to gradual changes

than when exposed to abrupt ones; (3) a longer disturbance-

free period is necessary for successful seedling establishment

for both Spartina species; and (4) S. anglica was less sensitive

to erosion/accretion dynamics than S. alterniflora in our

experiments.

Importance of WO, short-term sediment dynamics and

species

We observed that a longer disturbance-free period in

terms of flooding (i.e., 9 d compared to 2 d) strongly

enhanced seedlings survival, and the CED for seedlings that

had already survived mesocosm treatments was significantly

dependent on sediment disturbance history; the higher the

sediment-accretion rate during mesocosm recruitment, the

higher the critical erosion threshold that seedlings could

resist later on, and vice versa. Such responses were slightly

affected by the morphological adjustment of the root-shoot

ratio (see Balke et al. 2013 for mangroves; Bouma et al.

2016). The fact that a 1 week difference in disturbance-free

period in our experiment (i.e., 9 d compared to 2 d before

starting sediment treatments) has significant impact on the

survival of the seedlings quantitatively confirms the

“window of opportunity (WO)” theory, which highlights the

importance of having a disturbance-free hydroperiod for suc-

cessful ecosystem establishment (Balke et al. 2014; Hu et al.

2015b). Moreover, because of the critical importance of seed-

ling establishment in initiating a transition in state from

bare mudflat to vegetation, our results support the finding

that short-term sediment dynamics on the tidal flat deter-

mine long-term cyclic marsh dynamics (Bouma et al. 2016).

Therefore, our results indicate that rapid germination and

root growth during benign conditions are essential for

Fig. 5. The root/shoot ratio of the surviving seedlings. (a) CR treatment
groups, (b) IS treatment groups, and (c) FL treatment groups. Note that
the plus sign indicates treatment groups with less than three surviving

seedlings.
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successful establishment of salt marsh ecosystems. Interest-

ingly, the significant effect of species identity on seedling

demographics with a 2 d disturbance-free period in our CS

and IS treatment groups shows that S. anglica requires

shorter WO than S. alterniflora. This may explain the highly

successful global invasion of S. anglica (Watson 2008).

Obtaining such quantitative insights is important, as

global-change processes may be expected to profoundly

influence the presence of disturbance free periods and to

impose more extreme disturbance events on tidal flats in the

near future (Mariotti and Fagherazzi 2010, 2013). Even lon-

ger disturbance-free periods might be needed for seedling

establishment, as the increasing frequency and intensity of

both short-term perturbations (e.g., flood peaks) and long-

term events (e.g., El Ni~no-Southern Oscillation) related to

global change (Adam 2002; Brooks and Spencer 2010; Balke

et al. 2014) are likely to lead to profound deviations in both

disturbance-free periods and sediment stability (Brooks and

Spencer 2010; Mariotti and Fagherazzi 2010, 2013; Balke

et al. 2014). This may be particularly true for pioneer species,

which are among the first plants that will have to cope with

rising sea levels (Andersen et al. 2011). At the tidal flat scale,

calm conditions may be present if the tidal mudflat has a

suitable morphology and shape that can contribute to flood-

ing attenuation over the tidal flat (Hu et al. 2015b). How-

ever, when facing high rates of changes in the seascape, time

may be limited for geomorphological adjustment of tidal

flats (Mariotti and Fagherazzi 2010; Fagherazzi, et al. 2012;

Suykerbuyk et al. 2016). Thus, in order to (re)create salt

marshes for long-term sustainable coastal protection under

global change (Temmerman et al. 2013; Bouma et al. 2014),

it is key to consider both present and estimated future sedi-

mentation regimes before considering restoration projects,

and where necessary, to engineer the site conditions to cre-

ate—at least temporarily—disturbance-free periods that

enable the primary establishment of pioneer species (Adam

2002; Watson 2008; Bouma et al. 2014, 2016). For example,

engineering measures that can either temporarily reduce dis-

turbances (e.g., reduce hydrodynamic forces, sediment

dynamics or negative biotic interactions) or stabilize sub-

strate for settlement, might offer useful ways to provide WO

for marsh seedling establishment (Bouma et al. 2014).

Implications for salt marsh restoration in the face of

global change

Our results highlight the significant impact that sediment

disturbance plays on salt marsh seedling establishment. This

suggests that selecting (or creating) field sites with benign

sedimentary conditions is required for promoting salt marsh

seedling establishment. However, the locations where wet-

land restoration is needed, especially in cases of desired

coastal defense, are often wave-exposed areas with eroding

tidal flats (Watson 2008; Kirwan and Megonigal 2013;

Bouma et al. 2014; and references therein). Instead of trying

to directly restore marshes at convenient (accreting) loca-

tions, future restoration projects should aim at restoring a

suitable sedimentary environment that enables seedlings to

establish (Balke et al. 2013 for mangroves; Bouma et al.

2016) at those locations where the tidal flats are discon-

nected from existing vegetation and human planting of

marsh seedlings is needed.

Until recently, most of the research on sedimentary pro-

cesses in salt marshes have been mainly related to the ques-

tion of whether salt marsh accretion can outpace relative sea

level rise (RSLR; Andersen et al. 2011; Suchrow et al. 2012,

Temmerman et al. 2013; Cui et al. 2015). From a recent

meta-analysis, it was concluded that salt marshes can keep

up with RSLR if the effects of sediment availability balance

those of SLR (Kirwan et al. 2016). Hence, our research focus

needs to shift from drowning by RSLR to lateral marsh

dynamics (Fagherazzi et al. 2012, 2013; Bouma et al. 2014)

and how this is affected by sediment dynamics (Bouma et al.

2016). Creating favorable sedimentary conditions for seed-

ling establishment at a tidal flat may be achieved by a range

of engineering solutions. For instance, sedimentation fields

have been constructed in the Wadden Sea coast for centu-

ries, offshore barriers have been used in South-East England

(Adam 2002; and references therein), and dredging-derived

sediment slurry addition has been implemented in Louisiana

(Mendelssohn and Kuhn 2003). Our detailed insights into

the effects of sediment dynamics on seedling establishment

provide arguments for carefully designing engineering mea-

sures that will create (at least temporarily) benign conditions

with location-specific designs. This will enable us to improve

salt marsh restorations under global climate change, at loca-

tions where we can most benefit from them with respect to

coastal defense.

Conclusions

In order to successfully restore valuable salt marshes

under global climate change, detailed mechanistic insight

into seedling establishment is needed, especially at those

locations where the tidal flats are disconnected from exist-

ing vegetation and human planting of Spartina tussocks is

not desirable from a management perspective. This study

highlights the critical importance of sediment dynamics for

salt marsh vegetation establishment. S. alterniflora and

S. anglica seedlings were shown to require a disturbance-

free WO in terms of flooding to establish, while the history

of the sediment disturbances also affected their survival

both directly and indirectly via morphological adjustments

by the seedlings. Our results provide fundamental insights

that can be used for designing engineering measures to

create suitable conditions, and to enable marsh creation/

restoration for both nature conservation and coastal

defense goals.
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