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Abstract

The survival of salt marshes, especially facing future sea-level rise, requires the supply of sediment. Sediment can be supplied

to salt marshes via two routes: through marsh creeks and over marsh edges. However, the conditions of tides and waves that

facilitate sediment import through these two routes remain unclear. To better understand when and how sediment import

towards salt marshes occurs, measurements spanning two months were conducted in Paulina Saltmarsh. The results show that

the marsh creek and the marsh edge do not import sediment simultaneously. The marsh creek tends to import sediment during

neap tides with waves. A small tidal range results in weaker flow during ebb tides, reducing the export of sediment. Strong

waves, particularly during this period, enhance the sediment supply from mudflats to the marsh creek. Additionally, waves can

directly affect sediment re-suspension in the marsh creek during spring tides when the water level is above the marsh canopy.

The marsh edge benefits from contrasting tidal and wave conditions, with sediment imported during spring tides with weak

waves. Waves during spring tides re-suspend sediment, impeding the sediment deposition, and thus leading to sediment export

over the marsh edge. These results highlight the potential sediment transport routes to marshes under varying conditions,

shedding light on their implications for the long-term survival of salt marshes.
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Key points: 10 

 When and how sediment is transported to and from salt marshes was investigated. 11 

 Sediment import through marsh creeks and over marsh edges requires opposite tidal 12 
and wave conditions. 13 

 Waves have two different impacts on sediment transport in marsh creeks depending 14 
on tidal ranges. 15 

Abstract 16 

The survival of salt marshes, especially facing future sea-level rise, requires the supply of 17 
sediment. Sediment can be supplied to salt marshes via two routes: through marsh creeks 18 
and over marsh edges. However, the conditions of tides and waves that facilitate sediment 19 
import through these two routes remain unclear. To better understand when and how 20 
sediment import towards salt marshes occurs,  measurements spanning two months were 21 
conducted in Paulina Saltmarsh. The results show that the marsh creek and the marsh edge 22 
do not import sediment simultaneously. The marsh creek tends to import sediment during 23 
neap tides with waves. A small tidal range results in weaker flow during ebb tides, reducing 24 
the export of sediment. Strong waves, particularly during this period, enhance the sediment 25 
supply from mudflats to the marsh creek. Additionally, waves can directly affect sediment re-26 
suspension in the marsh creek during spring tides when the water level is above the marsh 27 
canopy. The marsh edge benefits from contrasting tidal and wave conditions, with sediment 28 
imported during spring tides with weak waves. Waves during spring tides re-suspend 29 
sediment, impeding the sediment deposition, and thus leading to sediment export over the 30 
marsh edge. These results highlight the potential sediment transport routes to marshes 31 
under varying conditions, shedding light on their implications for the long-term survival of 32 
salt marshes. 33 

Key words: marsh creek; marsh edge; sediment transport; tidal and wave impacts; salt 34 
marsh 35 

Plain Language Summary 36 

The future of salt marshes greatly depends on receiving enough sediment, especially in the 37 
face of rising sea-level. This sediment can reach salt marshes via two routes: through marsh 38 
channels or over the seaside boundary of the marsh. It is not fully understood under what 39 
tidal and wave conditions sediment can be supplied to salt marshes, either along marsh 40 
channels or over the marsh boundary. Therefore, two-month data sets on hydrodynamics 41 
and sediment dynamics were collected in Paulina Saltmarsh, to investigate the optimal 42 



conditions of tides and waves for importing sediment into salt marshes. We found that 43 
sediment supply along marsh channels and over the marsh boundary requires contrasting  44 
tidal and wave conditions. Strong waves with small tidal ranges are favorable for marsh 45 
channels to bring sediment into salt marshes. Conversely, weak waves with large tidal ranges 46 
work better for marsh edges. This work highlights when and how sediment can be 47 
transported into the marsh, contributing to better salt marsh management. 48 

Introduction 49 

Salt marshes are coastal wetlands located in the intertidal areas which are flooded and 50 
drained by the tides. They are well-recognized for providing an array of crucial and valuable 51 
ecosystem services (Rountree & Able, 2007; Anjum et al., 2016; Kelleway et al., 2017). In the 52 
face of accelerating sea-level rise, salt marshes are confronted with a significant survival 53 
challenge (Kirwan et al., 2010). This challenge underscores the essential role of sufficient 54 
sediment supply in the vertical accretion and lateral expansion of salt marshes (Ladd et al., 55 
2019; Fagherazzi et al., 2020). 56 

The development of salt marshes depends on a range of complex processes (French, 2006; 57 
Cahoon et al., 2021). One of the processes involves sediment import and export between 58 
marshes and the adjacent mud flats together with channels. Waves play a crucial role in this 59 
transport and thus are one of the dynamic forces shaping salt marshes. Studies have 60 
suggested that waves can lead to scouring and damage to the marsh surface and edges 61 
(Fagherazzi et al., 2006; Feagin et al., 2009; Marani et al., 2011). However, recent 62 
observations indicate that during storms, considerable sediment can be deposited on the 63 
marsh platform (Willemsen et al., 2022; Pannozzo et al., 2023). Considering that mudflats 64 
would generally be eroded during such events (Fan et al., 2006; Xie et al., 2017), there is 65 
evidence to suggest a potential increase in sediment supply from mudflats to marshes 66 
(Schuerch et al., 2014;  Rosencranz et al., 2016). These observations are credible, they 67 
present contradictory conclusions regarding the complex effects of waves on the 68 
development of salt marshes. However, how sediment is transported into or out of the 69 
marsh systems remains an enigma. 70 

The complexity for the sediment transport to salt marshes during wave events arises from 71 
the interplay on multiple scales. Temporally, the interplay between tides and waves gives 72 
rise to intricate sediment transport. Waves occurring during spring tides and neap tides have 73 
different effects on suspended sediment concentration (French, 2006; Li et al., 2019). The 74 
complexity is further increased by variations in the intensity and frequencies of wave events 75 
(Schuerch et al., 2013). Spatially, the sediment routes to salt marshes, i.e., via the marsh 76 
edge and via the marsh creek, result in more complicated sediment transport regimes 77 
(Temmerman et al., 2005a). These complexities result from the spatial heterogeneity of 78 
sediment transport processes. Yet, the contribution of marsh creeks and marsh edges to 79 
sediment delivery under varying tide and wave conditions remains not well-understood.  80 

To address how tides and waves conditionally affect sediment transport to salt marshes, we 81 
analyzed residual sediment fluxes in the marsh creek and over the marsh edge, based on the 82 
two-month field observations in Paulina Saltmarsh. We aim to investigate (i) whether the 83 
marsh creek facilitates or impedes the sedimentation process within salt marshes during 84 
wave events, (ii) how different conditions of tides and wave may influence the sediment 85 
transport via the marsh creek and marsh edge, and (iii) what the optimal conditions are for 86 
sediment import into salt marshes. This research is crucial for better understanding the 87 



potential sediment transport routes to marshes under varying conditions, emphasizing their 88 
contribution to managing and shaping the future salt marshes. 89 

Materials and Methods 90 

Study site 91 

Paulina Saltmarsh is located in the Westerschelde Estuary in the Netherlands (Figures 1a and 92 
1b). It is perceived as a low-turbidity environment (Temmerman et al., 2003). The suspended 93 
sediment concentration (SSC) in the marsh creek remains relatively low during calm weather 94 
(less than 0.1 g/L). Storm seasons in Paulina occur during the winter. To capture storms or 95 
large wave events, measurements were conducted for two months, from January 26th to 96 
March 29th, 2023. To investigate the sediment transport to salt marshes during wave events, 97 
dynamics were measured on the mudflat (Figure 1c), in the marsh creek (Figure 1d), and 98 
also at the marsh edge (Figure 1e) simultaneously. 99 

 100 

Figure 1. (a) The Westerschelde estuary in the Netherlands. (b) Measuring sites in Paulina 101 
Saltmarsh (Red triangles indicate measuring locations). Source aerial imagery: Google Earth. 102 

Photos of instruments and frames on the mudflat (c), in the marsh creek (d), and at the 103 
marsh edge (e). 104 

 105 



Data Processing 106 

We collected data of water depth, velocity, and bed level change at the measuring point 107 
using an ADV (Acoustic Doppler Velocimeter). To remove the invalid data from ADV, specific 108 
criteria of amplitude data (less than 100) and correlation data (less than 70) were applied 109 
(Xie et al., 2018). Amplitude data and correlation data of ADV represent signal strengths and 110 
data accuracy, respectively. Based on the methods of Goring and Nikora, (2002), a few spikes 111 
were removed. Velocities in this work were only considered the along-creek direction for the 112 
ADV located in the marsh creek and the cross-shore direction for the ADVs located on the 113 
mudflat and at the marsh edge. This allows us to investigate the exchange of water and 114 
sediment between mudflats and salt marshes. 115 

Turbidity signals were collected with STMs (Seapoint Turbidity Meter) which were synced 116 
with ADVs. Sediment concentration data were then derived from the turbidity signals by 117 
sediment calibration experiments. The calibration curves are shown in the Appendix. 118 

One pressure sensor OSSI (The Ocean Sensor Systems Wave Gauge Blue, Wave Sensor 119 
Company, USA) for wave measurements were deployed on the mudflat. In this work, wave 120 
shear stress measured on the mudflat serves as an indicator for assessing the intensity of 121 
wave events. Wave shear stress (𝜏𝑤 [Pa]) was calculated using the same method as Zhu et al. 122 
(2016). Significant wave heights (𝐻𝑠 [m]), at three locations were obtained from the ADV 123 
pressure data. 124 

The residual sediment flux per unit width, Δ𝐹 [kg/m], is obtained using the instantaneous 125 
data of velocity (𝑣 [m/s]), water depth (ℎ [m]), and SSC (𝑐 [g/L]) , see van Weerdenburg et al. 126 
(2021). This residual sediment flux is only considered as the sediment exchange towards or 127 
away from the marsh system.  Positive values of Δ𝐹 indicate sediment import into the 128 
marsh, and vice versa, negative values represent sediment export out of the marsh. 129 

 
∆𝐹 = ∑(𝑣𝑖 ℎ𝑖 𝑐𝑖) 𝛥𝑡

𝑛

𝑖=1

 
（1） 

where ∆𝑡 = 300 [s], which is the measuring interval of ADVs and STMs in this work. n is the 130 
number of the valid data we measured for each tidal cycle. 131 

Similar to the residual sediment flux, we also focus on the residual discharge per unit width 132 
(Δ𝑄 [m3/m]) towards or away from the marsh system. 133 

 
∆𝑄 = ∑(𝑣𝑖 ℎ𝑖) 𝛥𝑡

𝑛

𝑖=1

 
（2） 

The SSC differential between flood and ebb tides (Δ𝐶 [g/L]) is calculated by subtracting the 134 
average SSC during the ebb tide from the average SSC during the flood tide (Nowacki and 135 
Ganju, 2019). 136 

 

∆𝐶 =
1

𝑛𝑓𝑙𝑜𝑜𝑑
∑ 𝑐𝑖

𝑛𝑓𝑙𝑜𝑜𝑑

𝑖=1

−
1

𝑛𝑒𝑏𝑏
∑ 𝑐𝑖

𝑛𝑒𝑏𝑏

𝑖=1

 

(3) 



Where 𝑛𝑓𝑙𝑜𝑜𝑑 and 𝑛𝑒𝑏𝑏 are the number of SSC data for the flood tide and the ebb tide, 137 

respectively.   138 

Results 139 

Effects of tides and waves on sediment transport in marsh creeks and over marsh edge 140 

To explore the conditional effects of tides and waves on the role of creeks and marsh edges 141 
in sediment transport, the relationships among the shear stress induced by waves, 142 
maximum tidal elevation per tide, and residual sediment flux have been explored (Figures 2b 143 
and 2f). The averaged wave-induced shear stress indicates wave intensity during each tidal 144 
cycle. Additionally, the maximum tidal elevation indicates the tidal range for each tidal cycle. 145 
Time-series data sets measured in the marsh creek and at the marsh edge are included in 146 
the appendix A1 and A2, respectively. 147 

In the marsh creek, the direction of residual sediment fluxes is determined by tidal ranges, 148 
while the magnitude of sediment fluxes is influenced by wave intensities. When the 149 
maximum tidal elevation exceeds 2.74 m, the residual sediment flux is generally negative,  150 
indicating a sediment export. Conversely, when the maximum tidal elevation is less than 151 
2.74 m, the residual sediment flux is generally positive (Figures 2a and 2b). The increase in 152 
wave shear stress (𝜏𝑤 > 0.06 𝑃𝑎) leads to an increase in SSC  (Figure 2c). The SSC in the 153 
creek during strong wave events (𝜏𝑤 > 0.06 𝑃𝑎)  is, on average, 4 times larger than during 154 
weak wave periods (𝜏𝑤 < 0.06 𝑃𝑎).  155 

To have deeper insights into how effects of tides and waves influence residual sediment 156 
fluxes, we introduce the relative importance of asymmetries in flow (∆𝑄) and in sediment 157 
concentration (∆𝐶), which determine the direction and magnitude of residual sediment 158 
fluxes. The SSC differential between flood and ebb tides (∆𝐶), which indicates the difference 159 
in suspended sediment amounts between these tidal phases, shows a good correlation with 160 
the average wave shear stress (Figure 2d). When waves are more intense, a greater 161 
difference in suspended sediment amounts between flood and ebb tides is generally 162 
observed, indicating that waves provide more sediment from mudflats to marsh creeks 163 
during flood tides. On the other hand, large tidal range causes a large negative net discharge 164 
(∆𝑄) (Figure 2e), as more water from the marsh converges into the creek during ebb tides. 165 
This ebb dominant tidal current results in a higher tendency to export sediment. It is 166 
noteworthy that an evident sediment export occurs when waves intrigue substantial ebb SSC 167 
(the dark blue dot in Figure 2d). In such cases, waves may alter their function in sediment 168 
transport regimes, acting differently than merely supplying sediment to the creek.  169 

On contrary, over the marsh edge, waves determine the direction of residual sediment 170 
fluxes, whereas tides influence the magnitude of sediment import. When the wave shear 171 
stress becomes relatively strong (𝜏𝑤 > 0.06 𝑃𝑎), sediment export occurs, regardless of the 172 
magnitude of tidal range (Figure 2g). However, relatively large amounts of sediment import 173 
are observed under the condition of a large tidal range and weak waves. Sediment exchange 174 
at the marsh edge was negligible when the tidal range and wave intensities are both low 175 
(Figure 2f).  176 

We further investigate why strong waves consistently lead to sediment export over the 177 
marsh edge. As shown in Figure 2h, an increase in wave intensity is associated with a larger 178 
negative ∆𝐶, indicating that waves cause a larger ebb SSC. This large ebb SSC results in the 179 
export of sediment over the marsh edge. Waves lead to the erosion of marsh edge, causing 180 



the sediment resuspension and thereby an increase in SSC. The reason behind the 181 
occurrence of the larger ebb SSC induced by waves will be discussed in the following section. 182 
Furthermore, there is no linear relationship between tidal ranges and the net discharge (∆𝑄) 183 
over the marsh edge (Figure 2i). However, the positive ∆𝑄 generally appears with weak 184 
waves, whereas negative ∆𝑄 occurs with strong waves. It is crucial to point out that the net 185 
discharge over the marsh edge is relatively small comparing with that in the marsh creek. 186 
Consequently, the impacts of ∆𝑄 on residual sediment fluxes are less significant than the 187 
impacts of ∆𝐶 over the marsh edge.  188 



 189 



Figure 2. Residual sediment fluxes under varying tidal and wave conditions in the marsh 190 
creek (a-e) and over the marsh edge (f-i). Effects of tides and waves on residual sediment 191 
fluxes in the marsh creek and over the marsh edge, respectively (b and f). The size of the 192 

circle shows the tidally-averaged SSC. The color of the circle represents the residual 193 
sediment flux, where the warm color indicates sediment import and the cold color indicates 194 

sediment export. The relationship between the maximum tidal elevation and residual 195 
sediment flux in the marsh creek (a), between tidally-averaged wave shear stress and 196 

residual sediment flux over the marsh edge (g), and between tidally-averaged SSC and wave 197 
shear stress in the marsh creek (c). The size of each circle represents the magnitude of the 198 

residual sediment flux in subfigures (a) and (g) and the magnitude of tidally-averaged SSC in 199 
subfigure (c), respectively. The relationship among the average wave shear stress, the SSC 200 

differential between flood and ebb tides (ΔC) and residual sediment flux in the marsh creek 201 
and over the marsh edge, respectively (d and h). The relationship among the maximum tidal 202 
elevation, net discharge (ΔQ), and residual sediment flux in the marsh creek (e) and over the 203 
marsh edge with introducing the wave impacts (i). The size and color for circles in subfigures 204 

(d), (e) and (h) indicate the magnitude and the direction of residual sediment flux, 205 
respectively. The size and color for circles in the subfigure (i) indicate the magnitude of 206 

sediment fluxes and average wave shear stress, respectively. 207 

Discussions 208 

Different wave impacts on sediment transport regimes 209 

The impacts of waves on the marsh edge and the marsh creek can be evident. Firstly, we 210 
found that significant wave heights at the marsh edge exhibited comparable magnitudes and 211 
patterns as those at mudflats (Figures 3b and 3d). This observation aligns well with the 212 
findings that waves can cause the re-suspension of sediment and the erosion of the marsh 213 
edge, occasionally contributing to the collapse of the marsh edge and lateral erosion 214 
(Callaghan et al., 2010; Finotello et al., 2020; Choi et al., 2021).  215 

In addition, waves can indirectly increase the SSC in marsh creeks by eroding mudflats and 216 
directly erode marsh creeks during high tidal range tidal cycles. The indirect effects of waves, 217 
observed in Figure 3b, led to an increased sediment import of 105 kg/m during small 218 
inundation tidal cycles (compared to the sediment import of 36 kg/m in Figure 3a), as waves 219 
have the potential to erode mudflats (Schuerch et al., 2019), consequently enhancing 220 
sediment supply to marsh creeks. On the other hand, direct wave effects on the marsh creek 221 
became evident when the water level exceeds the marsh canopy (Figure 3d). Large 222 
significant wave heights were observed in the marsh creek. This indicates that waves can 223 
directly contribute to the erosion of the marsh creek bed. Although the erosion of mudflat 224 
caused by waves supplied a large amount of sediment to the creek during flood tides, the 225 
dual impacts of tides and waves resulted in sediment suspension, impeding the sediment 226 
deposition and ultimately leading to sediment export. Therefore, the substantial sediment 227 
export of approximately 900 kg/m in the marsh creek, represented by the dark blue dot in 228 
Figure 2d, was contributed by both tides and waves in such case. Conversely, when the 229 
water level was below the marsh canopy, the creek was minimally affected by waves (Figure 230 
3b), potentially due to the sheltering effects of elevated marshes.  231 

To further explore the mechanisms behind sediment export over the marsh edge during 232 
wave events, several tidal cycles shown in Figure 4 were selected. The impacts of waves on 233 
the export of sediment over the marsh edge can be delineated into two aspects: (i) The 234 



presence of waves leads to a significant increase in SSC especially during ebb tide, which is 235 
caused by the fact that the occurrence of strong waves was primarily during the late flood 236 
tide and the ebb tide (Figures 4a and 4c), consequently, the average SSC during ebb tides 237 
was considerably higher than that during flood tides over the marsh edge; (ii) due to the 238 
energy-dissipating effect of vegetation (Leonardi et al., 2018), flow velocities over the marsh 239 
edge remained generally low, even during high tide, typically below 0.1 m/s. Therefore, the 240 
velocities exhibited fluctuations due to the wave generated flow (Figures 4a and 4c). This 241 
also resulted in relatively minor negative net discharge. Consequently, the combination of 242 
the higher ebb SSC and slight outflow contributed to the export of sediment over the marsh 243 
edge.  244 

Without the impacts of strong waves, relatively higher velocities and SSC peaks were 245 
observed during flood tides (Figures 4b and 4d), leading to the import of sediment over the 246 
marsh edge. 247 

 248 

Figure 3. Time series of different significant wave heights during small inundation tidal cycles 249 
(a and b) and during large inundation tidal cycles (c and d). 𝛥𝐹𝑀𝐶  is the residual sediment 250 

flux in the marsh creek, and  𝛥𝐹𝑀𝐸 is the residual sediment flux at the marsh edge. Positive 251 
values indicate sediment import and negative values indicate sediment export. 252 



 253 

Figure 4. Wave impacts on velocities and SSC during large inundation tidal cycles at the 254 
marsh edge: (a) and (c) capture the effects of relatively strong waves, while (b) and (d) show 255 
the conditions during relatively weak wave events. ΔQ and ΔF indicate the net discharge and 256 

residual sediment flux, respectively. 257 

effects of tides and waves on sediment transport in Chongming saltmarsh creeks 258 

To investigate whether the effects of tides and waves on sediment transport in Paulina 259 
Saltmarsh remain consistent in other systems, we take Chongming Saltmarsh as an example. 260 
Chongming Saltmarsh, which is located in the Yangtze Estuary, is perceived as a turbid 261 
system (Shi et al., 2014).  We compared the data between during calm weather and during 262 
two successive storm events in the main creek in Chongming. These data sets are obtained 263 
from Fan et al, (2019). 264 

Even in the turbid system, the conditional effects of tides and waves still play an important 265 
role in the function of marsh creeks in transporting sediment. During calm weather, creeks 266 
tend to slightly import sediment during neap tides (maximum water depth less than 2 m) 267 
but export sediment during spring tides (water depth larger than 2 m) (Figure 5). During 268 
storm events, waves enhance both processes of sediment import and export. Specifically, 269 
waves increase the resilience against the export of water during tides with large tidal ranges 270 
(larger than 2 m), by supplying additional sediment from mudflats to  marsh creeks during 271 
flood tides. Yet, in the scenarios with larger tidal ranges and strong waves, creeks tend to 272 
export sediment, potentially due to the combined effects of large tidal ranges and strong 273 
waves on marsh creeks erosion. This is consistent with our findings in Paulina Saltmarsh. 274 

Apparently, with this additional data measured in the Yangtze Estuary, our analysis does not 275 
cover all possible scenarios. However, the underlying patterns observed, such as the 276 
interaction between tidal ranges, waves, and sediment dynamics, appear to be broadly 277 
applicable.  This is because the consistent patterns of sediment transport under varying tidal 278 
and wave conditions can actually be explained by the relative importance of the 279 
asymmetries in flow and in sediment concentration between flood and ebb tides (Sun et al., 280 
2024).  The Asymmetry in flow is determined by tidal ranges. A large tidal range leads to a 281 
net water export in the marsh creeks, as water from the marsh can be concentrated into 282 
marsh creeks during ebb tides. On the other hand, waves trigger mudflat erosion, thereby 283 
supplying more sediment to marsh creeks during flood. The net import or export of 284 



sediment under varying tidal and wave conditions depends on the extent to which sediment 285 
brought in during flood tides due to waves can counteract the tendency of water export due 286 
to large tidal ranges.  However, local variations, such as local morphology, vegetation 287 
impacts, and reginal climate conditions, might influence sediment transport regimes (Poirier 288 
et al., 2017; Ortals et al., 2021; Zhu and Wiberg, 2022). Future research is essential for 289 
further verifying these findings to enrich our knowledge of these complex ecosystems. 290 

 291 

Figure 5. Residual sediment fluxes per unit width under various tidal conditions during calm 292 
weather (blue circles) and during storm events (orange circles) in Chongming (Data adapted 293 

from the tables and figures of Fan et al. (2019)). 294 

Potential sediment transport regimes in salt marshes 295 

Marsh creeks are recognized as highly dynamic channels that convey water and sediment to 296 
the marsh systems (Ortals et al., 2021), especially during small inundation tidal cycles when 297 
more water being supplied through the marsh creek than the marsh edge (Temmerman et 298 
al., 2005b). However, due to the low tidal elevation, limited sediment is exchanged between 299 
creeks and marshes. Consequently, sediment primarily accumulates in marsh creeks (Figure 300 
6a). Waves enhance this sediment accumulation in the marsh creek but erode the marsh 301 
edge(Figure 6c).  302 

During large inundation tidal cycles, a substantial amount of water and sediment can be 303 
delivered directly through the marsh edge as well (Temmerman et al., 2005b). This allows 304 
marsh edges to receive an increased supply of water and sediment through the marsh edge 305 
under weak wave conditions, but to experience erosion and export more sediment under 306 
strong wave conditions (Figures 6b and 6d). For the marsh creek, due to overbank flow, 307 



sediment that has deposited in the creek during the previous small inundation tidal cycles 308 
has the potential to be transported to the marsh. However, an ebb-dominant current 309 
appears because water from the marsh would be concentrated into the creek during ebb 310 
tides, resulting in net sediment export in the creek (Figure 6b). Strong waves intensify the 311 
erosion of marsh creek beds (Howes et al., 2010; Mariotti and Fagherazzi, 2013; Ma et al., 312 
2018), and potentially cause erosion of the marsh creek bank, which may enhance the 313 
sediment exchange between creek and marsh platform (Figure 6d).  314 

Considering the wider expanse of marsh edges, the amount of sediment transported via the 315 
marsh edge could exceed that which was transported through the marsh creek. This 316 
suggests that the role of marsh creeks in exchanging sediment might be overestimated 317 
during large inundation tidal cycles. Nevertheless, due to the impact of plants hindering 318 
energy flow, sediment tends to be deposited near the marsh edge (Temmerman et al., 319 
2003), and cannot reach the inner marsh easily through the marsh edge. As a result, the 320 
contribution of marsh creeks to vertical accretion, especially for the inner marsh, is 321 
important. 322 

During large inundation tidal cycles with strong waves, both marsh creeks and marsh edges 323 
transport more sediment out of the marsh system, which reduces the resistance of salt 324 
marshes to accelerated SLR. Sea-level rise prolongs inundation periods and promotes ebb 325 
dominance, and thus more scenarios of Figure 6b can occur, leading to fewer occurrence of 326 
small inundation tidal cycles (scenarios of Figures 6a and 6c) and more erosion in creeks. 327 
Consequently, sediment that should have been accumulated in the marsh creek during the 328 
small inundation tidal cycles cannot be replenished in time. Therefore, limited sediment can 329 
be supplied to the marsh from creeks. When sea-level rise combined with strong wave 330 
events (the scenario of Figure 6d), the risk of the substantial sediment export increases, 331 
making salt marshes even more vulnerable. 332 



 333 

Figure 6. Conceptualized schemes for the potential sediment transport regimes in salt 334 
marshes under different conditions of tides and waves: (a) a scenario of small inundation 335 
tidal cycles with weak waves; (b) a scenario of large inundation tidal cycles with weak waves; 336 
(c) a scenario of small inundation tidal cycles with strong waves; and (d) a scenario of large 337 
inundation tidal cycles with strong waves. 338 

Conclusions 339 

Sediment fluxes in the marsh creek and over the marsh edge vary depending on different 340 
tidal and wave conditions. In the creek, the direction of sediment flux is determined by the 341 
tidal range, and magnitude is influenced by wave action. Marsh creeks tend to export 342 
sediment during tidal cycles with high tidal ranges and import sediment during tidal cycles 343 



with small tidal ranges. Larger tidal ranges facilitate a more ebb-dominant asymmetry in flow 344 
within the marsh creek, where more water from the marsh can be concentrated and larger 345 
ebb velocities occur during ebb tides. This likely results in the erosion of marsh creeks during 346 
ebb tides, causing the export of sediment.  During tidal cycles with small tidal ranges, when 347 
tides are less ebb-dominant, marsh creeks function as conduits for importing sediment. The 348 
occurrence of waves enhances both sediment import and export processes. Waves 349 
contribute to sediment supply to the marsh creek by transporting sediment from mudflats, 350 
leading to an increase in SSC in the marsh creek. However, strong waves, coupled with high 351 
tidal ranges, can also intensify the erosion of marsh creek beds, resulting in sediment export. 352 

Sediment flux on marsh edges is determined by contrasting conditions, where sediment flux 353 
direction is governed by wave action, while magnitude is influenced by the tidal range. 354 
Sediment import over the marsh edge exclusively occurs under the conditions of high tidal 355 
ranges and weak waves. Waves govern the export of sediment over the marsh edge, by 356 
causing sediment re-suspension especially during ebb tides. Therefore, sediment import 357 
over the marsh edge only occurs during relatively calm conditions. During the small tidal 358 
inundation tidal cycles, weak hydrodynamics limit sediment transport over marsh edges, 359 
while high tidal ranges allow the marsh edge to receive greater amounts of sediment.   360 

These findings offer deeper insights into the sediment routes through marsh creeks and 361 
marsh edges under varying tidal and wave conditions. This is crucial for effectively managing 362 
salt marshes, enabling better-informed decisions related to sediment nourishment and 363 
conservation strategies in the face of sea-level rise, limited sediment supply, and storm 364 
events. 365 

Acknowledgements 366 

This study is conducted in the framework of the project "Coping with deltas in transition" 367 
within the Programme of Strategic Scientific Alliances between China and the Netherlands 368 
(PSA), financed by the Chinese Ministry of Science and Technology (MOST) and the Royal 369 
Netherlands Academy of Arts and Sciences (KNAW) (No. 2016YFE0133700). The support 370 
from Projects of Natural Science Foundation of China (NSFC) (U2040216, 42276217, 371 
U2243207), Shanghai Science and Technology Committee (Nos. 20DZ1204700, 372 
21230750600, 22dz1202700), Shandong Dongying City Cooperation Project (SXHZ-2022-02-373 
10), and China Scholarship Council (CSC) are also acknowledged.  374 

This article has been partially grammar checked by ChatGPT, an OpenAI language model 375 
based in San Francisco, CA, USA. 376 

Open Research 377 

Field data collected in Paulina Saltmarsh on the mudflat, in the marsh creek, and at the 378 
marsh edge between 26 January and 29 March 2023 were used in this manuscript. These 379 
velocities, pressure, bed level change at measuring points, suspended sediment 380 
concentration data sets are available at https://doi.org/10.4121/f369d289-c89f-4750-9ce0-381 
5dc35b68ac07. Field data processing and visualization were performed using MATLAB 382 
R2023a. 383 

Reference 384 

Anjum, N. A., Duarte, B., Caçador, I., Sleimi, N., Duarte, A. C., & Pereira, E. (2016). 385 

https://doi.org/10.4121/f369d289-c89f-4750-9ce0-5dc35b68ac07
https://doi.org/10.4121/f369d289-c89f-4750-9ce0-5dc35b68ac07


Biophysical and Biochemical Markers of Metal/Metalloid-Impacts in Salt Marsh 386 

Halophytes and Their Implications. Frontiers in Environmental Science, 4. 387 

https://www.frontiersin.org/articles/10.3389/fenvs.2016.00024 388 

Cahoon, D. R., McKee, K. L., & Morris, J. T. (2021). How Plants Influence Resilience of 389 

Salt Marsh and Mangrove Wetlands to Sea-Level Rise. Estuaries and Coasts, 44(4), 390 

883–898. https://doi.org/10.1007/s12237-020-00834-w 391 

Callaghan, D. P., Bouma, T. J., Klaassen, P., van der Wal, D., Stive, M. J. F., & Herman, P. 392 

M. J. (2010). Hydrodynamic forcing on salt-marsh development: Distinguishing the 393 

relative importance of waves and tidal flows. Estuarine, Coastal and Shelf Science, 394 

89(1), 73–88. https://doi.org/10.1016/j.ecss.2010.05.013 395 

Choi, S. M., Seo, J. Y., Jeong, S. W., Lee, M. J., & Ha, H. K. (2021). Disturbance of 396 

sedimentary processes in tidal salt marshes invaded by exotic vegetation. Science of 397 

The Total Environment, 799, 149303. https://doi.org/10.1016/j.scitotenv.2021.149303 398 

Fagherazzi, S., Carniello, L., D’Alpaos, L., & Defina, A. (2006). Critical bifurcation of 399 

shallow microtidal landforms in tidal flats and salt marshes. Proceedings of the 400 

National Academy of Sciences, 103(22), 8337–8341. 401 

https://doi.org/10.1073/pnas.0508379103 402 

Fagherazzi, S., Mariotti, G., Leonardi, N., Canestrelli, A., Nardin, W., & Kearney, W. S. 403 

(2020). Salt Marsh Dynamics in a Period of Accelerated Sea Level Rise. Journal of 404 

Geophysical Research: Earth Surface, 125(8), e2019JF005200. 405 

https://doi.org/10.1029/2019JF005200 406 

Fan, D., Guo, Y., Wang, P., & Shi, J. Z. (2006). Cross-shore variations in morphodynamic 407 

processes of an open-coast mudflat in the Changjiang Delta, China: With an emphasis 408 

on storm impacts. Continental Shelf Research, 26(4), 517–538. 409 



https://doi.org/10.1016/j.csr.2005.12.011 410 

Fan, J., Yang, S., Shi, B., Yang, H., Zhang, S., & Wu, Q. (2019). Impacts of storm on water 411 

and sediment transportation through tidal creeks of coastal wetlands: A case from 412 

Eastern Chongming tidal flat, Yangtze Estuary (in Chinese). Marine Geology 413 

Frontiers, 35(10), 11–22. https://doi.org/10.16028/j.1009-2722.2019.10002 414 

Feagin, R. A., Lozada-Bernard, S. M., Ravens, T. M., Möller, I., Yeager, K. M., & Baird, A. 415 

H. (2009). Does vegetation prevent wave erosion of salt marsh edges? Proceedings of 416 

the National Academy of Sciences, 106(25), 10109–10113. 417 

https://doi.org/10.1073/pnas.0901297106 418 

Finotello, A., Marani, M., Carniello, L., Pivato, M., Roner, M., Tommasini, L., & D’alpaos, 419 

A. (2020). Control of wind-wave power on morphological shape of salt marsh 420 

margins. Water Science and Engineering, 13(1), 45–56. 421 

https://doi.org/10.1016/j.wse.2020.03.006 422 

French, J. (2006). Tidal marsh sedimentation and resilience to environmental change: 423 

Exploratory modelling of tidal, sea-level and sediment supply forcing in 424 

predominantly allochthonous systems. Marine Geology, 235(1), 119–136. 425 

https://doi.org/10.1016/j.margeo.2006.10.009 426 

Goring, D. G., & Nikora, V. I. (2002). Despiking Acoustic Doppler Velocimeter Data. 427 

Journal of Hydraulic Engineering, 128(1), 117–126. 428 

https://doi.org/10.1061/(ASCE)0733-9429(2002)128:1(117) 429 

Howes, N. C., FitzGerald, D. M., Hughes, Z. J., Georgiou, I. Y., Kulp, M. A., Miner, M. D., 430 

Smith, J. M., & Barras, J. A. (2010). Hurricane-induced failure of low salinity 431 

wetlands. Proceedings of the National Academy of Sciences, 107(32), 14014–14019. 432 

https://doi.org/10.1073/pnas.0914582107 433 



Kelleway, J. J., Saintilan, N., Macreadie, P. I., Baldock, J. A., Heijnis, H., Zawadzki, A., 434 

Gadd, P., Jacobsen, G., & Ralph, P. J. (2017). Geochemical analyses reveal the 435 

importance of environmental history for blue carbon sequestration. Journal of 436 

Geophysical Research: Biogeosciences, 122(7), 1789–1805. 437 

https://doi.org/10.1002/2017JG003775 438 

Kirwan, M. L., Guntenspergen, G. R., D’Alpaos, A., Morris, J. T., Mudd, S. M., & 439 

Temmerman, S. (2010). Limits on the adaptability of coastal marshes to rising sea 440 

level. Geophysical Research Letters, 37(23). https://doi.org/10.1029/2010GL045489 441 

Ladd, C. J. T., Duggan-Edwards, M. F., Bouma, T. J., Pagès, J. F., & Skov, M. W. (2019). 442 

Sediment Supply Explains Long-Term and Large-Scale Patterns in Salt Marsh Lateral 443 

Expansion and Erosion. Geophysical Research Letters, 46(20), 11178–11187. 444 

https://doi.org/10.1029/2019GL083315 445 

Leonardi, N., Carnacina, I., Donatelli, C., Ganju, N. K., Plater, A. J., Schuerch, M., & 446 

Temmerman, S. (2018). Dynamic interactions between coastal storms and salt 447 

marshes: A review. Geomorphology, 301, 92–107. 448 

https://doi.org/10.1016/j.geomorph.2017.11.001 449 

Li, X., Leonardi, N., & Plater, A. J. (2019). Wave-driven sediment resuspension and salt 450 

marsh frontal erosion alter the export of sediments from macro-tidal estuaries. 451 

Geomorphology, 325, 17–28. https://doi.org/10.1016/j.geomorph.2018.10.004 452 

Ma, Z., Ysebaert, T., van der Wal, D., & Herman, P. M. J. (2018). Conditional effects of tides 453 

and waves on short-term marsh sedimentation dynamics. Earth Surface Processes and 454 

Landforms, 43(10), 2243–2255. https://doi.org/10.1002/esp.4357 455 

Marani, M., D’Alpaos, A., Lanzoni, S., & Santalucia, M. (2011). Understanding and 456 

predicting wave erosion of marsh edges. Geophysical Research Letters, 38(21). 457 



https://doi.org/10.1029/2011GL048995 458 

Mariotti, G., & Fagherazzi, S. (2013). Wind waves on a mudflat: The influence of fetch and 459 

depth on bed shear stresses. Continental Shelf Research, 60, S99–S110. 460 

https://doi.org/10.1016/j.csr.2012.03.001 461 

Nowacki, D. J., & Ganju, N. K. (2019). Simple Metrics Predict Salt-Marsh Sediment Fluxes. 462 

Geophysical Research Letters, 46(21), 12250–12257. 463 

https://doi.org/10.1029/2019GL083819 464 

Ortals, C., Cordero, O., Valle-Levinson, A., & Angelini, C. (2021). Flows, Transport, and 465 

Effective Drag in Intertidal Salt Marsh Creeks. Journal of Geophysical Research: 466 

Oceans, 126(11), e2021JC017357. https://doi.org/10.1029/2021JC017357 467 

Pannozzo, N., Leonardi, N., Carnacina, I., & Smedley, R. K. (2023). Storm sediment 468 

contribution to salt marsh accretion and expansion. Geomorphology, 430, 108670. 469 

https://doi.org/10.1016/j.geomorph.2023.108670 470 

Poirier, E., van Proosdij, D., & Milligan, T. G. (2017). The effect of source suspended 471 

sediment concentration on the sediment dynamics of a macrotidal creek and salt 472 

marsh. Continental Shelf Research, 148, 130–138. 473 

https://doi.org/10.1016/j.csr.2017.08.017 474 

Rosencranz, J. A., Ganju, N. K., Ambrose, R. F., Brosnahan, S. M., Dickhudt, P. J., 475 

Guntenspergen, G. R., MacDonald, G. M., Takekawa, J. Y., & Thorne, K. M. (2016). 476 

Balanced Sediment Fluxes in Southern California’s Mediterranean-Climate Zone Salt 477 

Marshes. Estuaries and Coasts, 39(4), 1035–1049. https://doi.org/10.1007/s12237-478 

015-0056-y 479 

Rountree, R. A., & Able, K. W. (2007). Spatial and temporal habitat use patterns for salt 480 

marsh nekton: Implications for ecological functions. Aquatic Ecology, 41(1), 25–45. 481 



https://doi.org/10.1007/s10452-006-9052-4 482 

Schuerch, M., Dolch, T., Reise, K., & Vafeidis, A. T. (2014). Unravelling interactions 483 

between salt marsh evolution and sedimentary processes in the Wadden Sea 484 

(southeastern North Sea). Progress in Physical Geography: Earth and Environment, 485 

38(6), 691–715. https://doi.org/10.1177/0309133314548746 486 

Schuerch, M., Spencer, T., & Evans, B. (2019). Coupling between tidal mudflats and salt 487 

marshes affects marsh morphology. Marine Geology, 412, 95–106. 488 

https://doi.org/10.1016/j.margeo.2019.03.008 489 

Schuerch, M., Vafeidis, A., Slawig, T., & Temmerman, S. (2013). Modeling the influence of 490 

changing storm patterns on the ability of a salt marsh to keep pace with sea level rise. 491 

Journal of Geophysical Research: Earth Surface, 118(1), 84–96. 492 

https://doi.org/10.1029/2012JF002471 493 

Shi, B. W., Yang, S. L., Wang, Y. P., Yu, Q., & Li, M. L. (2014). Intratidal erosion and 494 

deposition rates inferred from field observations of hydrodynamic and sedimentary 495 

processes: A case study of a mudflat–saltmarsh transition at the Yangtze delta front. 496 

Continental Shelf Research, 90, 109–116. https://doi.org/10.1016/j.csr.2014.01.019 497 

Sun, J., van Prooijen, B., Wang, X., Zhao, Z., He, Q., & Wang, Z. (2024). Sediment fluxes 498 

within salt marsh tidal creek systems in the Yangtze Estuary. Geomorphology, 449, 499 

109031. https://doi.org/10.1016/j.geomorph.2023.109031 500 

Temmerman, S., Bouma, T. J., Govers, G., & Lauwaet, D. (2005b). Flow paths of water and 501 

sediment in a tidal marsh: Relations with marsh developmental stage and tidal 502 

inundation height. Estuaries, 28(3), 338–352. https://doi.org/10.1007/BF02693917 503 

Temmerman, S., Bouma, T. J., Govers, G., Wang, Z. B., De Vries, M. B., & Herman, P. M. J. 504 

(2005a). Impact of vegetation on flow routing and sedimentation patterns: Three-505 



dimensional modeling for a tidal marsh. Journal of Geophysical Research: Earth 506 

Surface, 110(F4). https://doi.org/10.1029/2005JF000301 507 

Temmerman, S., Govers, G., Wartel, S., & Meire, P. (2003). Spatial and temporal factors 508 

controlling short-term sedimentation in a salt and freshwater tidal marsh, Scheldt 509 

estuary, Belgium, SW Netherlands. Earth Surface Processes and Landforms, 28(7), 510 

739–755. https://doi.org/10.1002/esp.495 511 

van Weerdenburg, R., Pearson, S., van Prooijen, B., Laan, S., Elias, E., Tonnon, P. K., & 512 

Wang, Z. B. (2021). Field measurements and numerical modelling of wind-driven 513 

exchange flows in a tidal inlet system in the Dutch Wadden Sea. Ocean & Coastal 514 

Management, 215, 105941. https://doi.org/10.1016/j.ocecoaman.2021.105941 515 

Willemsen, P. W. J. M., Smits, B. P., Borsje, B. W., Herman, P. M. J., Dijkstra, J. T., Bouma, 516 

T. J., & Hulscher, S. J. M. H. (2022). Modeling Decadal Salt Marsh Development: 517 

Variability of the Salt Marsh Edge Under Influence of Waves and Sediment 518 

Availability. Water Resources Research, 58(1), e2020WR028962. 519 

https://doi.org/10.1029/2020WR028962 520 

Xie, W., He, Q., Wang, X., Guo, L., & Zhang, K. (2018). Role of mudflat-creek sediment 521 

exchanges in intertidal sedimentary processes. Journal of Hydrology, 567, 351–360. 522 

https://doi.org/10.1016/j.jhydrol.2018.10.027 523 

Xie, W., He, Q., Zhang, K., Guo, L., Wang, X., Shen, J., & Cui, Z. (2017). Application of 524 

terrestrial laser scanner on tidal flat morphology at a typhoon event timescale. 525 

Geomorphology, 292, 47–58. https://doi.org/10.1016/j.geomorph.2017.04.034 526 

Zhu, Q., van Prooijen, B. C., Wang, Z. B., Ma, Y. X., & Yang, S. L. (2016). Bed shear stress 527 

estimation on an open intertidal flat using in situ measurements. Estuarine, Coastal 528 

and Shelf Science, 182, 190–201. https://doi.org/10.1016/j.ecss.2016.08.028 529 



Zhu, Q., & Wiberg, P. L. (2022). The Importance of Storm Surge for Sediment Delivery to 530 

Microtidal Marshes. Journal of Geophysical Research: Earth Surface, 127(9), 531 

e2022JF006612. https://doi.org/10.1029/2022JF006612 532 


