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Abstract: Saltmarsh and mangrove are common coastal wetland types and 

their ability to enhance deposition has been investigated extensively, 

but rarely compared directly. This study carried out in situ observations 

to compare the sediment transport processes between a bare mudflat, a 

mangrove stand and a saltmarsh stand within a subtropical estuary. 

Turbidity variations over the latter portion of a spring tide were 

recorded, alongside measurements of flow data, to estimate sediment 

trapping by hydraulic forces under similar hydroperiods. In addition, 

vegetation was transplanted to compare the direct sediment trapping by 

high- and short-standing seedlings. The suspended sediment concentration 

(SSC) time series showed an overall reduction between the bare mudflat 

and the vegetated flats. Suspended sediment flux estimates revealed that 

a considerable amount of sediment was trapped by the saltmarsh and the 

mangrove edges. The flux estimates find that the saltmarsh edge is more 

efficient than the mangrove edge in trapping sediments transported normal 

to the edge. The sediment trapping mechanisms were considered based on 

two approaches: the hydrodynamic related sediment settling and direct 

trapping by vegetation. The calculation of deposition tendency showed 

that the presence of vegetation altered the flow direction and the tidal 

asymmetry of the deposition process, resulting in a higher deposition 

tendency during the flood phase to enhance sediment settling. In addition 

to sediment settling, vegetation surfaces were found to trap sediments 

directly. In combination with rinsing by precipitation, these trapped 

sediments accumulated on the bed and contributed to the deposition. 

Against the background of similar inundation periods, the saltmarsh grass 

showed a greater sediment trapping ability than the mangrove trees, in 

terms of both the hydraulic sediment trapping and the direct trapping by 

vegetation surface. 
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Saltmarsh and mangrove are common coastal wetland types and their ability to 

enhance deposition has been investigated extensively, but rarely compared directly. 

This study carried out in situ observations to compare the sediment transport processes 

between a bare mudflat, a mangrove stand and a saltmarsh stand within a subtropical 

estuary. Turbidity variations over the latter portion of a spring tide were recorded, 

alongside measurements of flow data, to estimate sediment trapping by hydraulic 

forces under similar hydroperiods. In addition, vegetation was transplanted to compare 

the direct sediment trapping by high- and short-standing seedlings. The suspended 

sediment concentration (SSC) time series showed an overall reduction between the 

bare mudflat and the vegetated flats. Suspended sediment flux estimates revealed that a 

considerable amount of sediment was trapped by the saltmarsh and the mangrove 

edges. The flux estimates find that the saltmarsh edge is more efficient than the 

mangrove edge in trapping sediments transported normal to the edge. The sediment 

trapping mechanisms were considered based on two approaches: the hydrodynamic 

related sediment settling and direct trapping by vegetation. The calculation of 

deposition tendency showed that the presence of vegetation altered the flow direction 

and the tidal asymmetry of the deposition process, resulting in a higher deposition 

tendency during the flood phase to enhance sediment settling. In addition to sediment 

settling, vegetation surfaces were found to trap sediments directly. In combination with 

rinsing by precipitation, these trapped sediments accumulated on the bed and 

contributed to the deposition. Against the background of similar inundation periods, the 

saltmarsh grass showed a greater sediment trapping ability than the mangrove trees, in 
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Abstract 17 

Saltmarsh and mangrove are common coastal wetland types and their ability to enhance 18 

deposition has been investigated extensively, but rarely compared directly. This study carried out 19 

in situ observations to compare the sediment transport processes between a bare mudflat, a 20 

mangrove stand and a saltmarsh stand within a subtropical estuary. Turbidity variations over the 21 

latter portion of a spring tide were recorded, alongside measurements of flow data, to estimate 22 

sediment trapping by hydraulic forces under similar hydroperiods. In addition, vegetation was 23 

transplanted to compare the direct sediment trapping by high- and short-standing seedlings. The 24 

suspended sediment concentration (SSC) time series showed an overall reduction between the 25 

bare mudflat and the vegetated flats. Suspended sediment flux estimates revealed that a 26 

considerable amount of sediment was trapped by the saltmarsh and the mangrove edges. The flux 27 

estimates find that the saltmarsh edge is more efficient than the mangrove edge in trapping 28 

sediments transported normal to the edge. The sediment trapping mechanisms were considered 29 

based on two approaches: the hydrodynamic related sediment settling and direct trapping by 30 

vegetation. The calculation of deposition tendency showed that the presence of vegetation altered 31 

the flow direction and the tidal asymmetry of the deposition process, resulting in a higher 32 

deposition tendency during the flood phase to enhance sediment settling. In addition to sediment 33 

settling, vegetation surfaces were found to trap sediments directly. In combination with rinsing 34 

by precipitation, these trapped sediments accumulated on the bed and contributed to the 35 

deposition. Against the background of similar inundation periods, the saltmarsh grass showed a 36 

greater sediment trapping ability than the mangrove trees, in terms of both the hydraulic 37 

sediment trapping and the direct trapping by vegetation surface. 38 

Keywords: Sediment trapping; Mangrove; Saltmarsh; Mudflat 39 
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1 Introduction 40 

Natural coastal wetlands are widely recognized for their ability to trap sediments (Perillo 41 

et al., 2009; Barbier et al., 2011; Moller et al., 2014), as well as for their defense potential against 42 

the action of waves and tidal flows (Temmerman et al., 2013; Horstman et al., 2015; Carus et al., 43 

2016). Saltmarshes and mangroves are globally common coastal wetland types, although the 44 

latter are mainly restricted to tropical and subtropical regions. In general, mangroves are 45 

dominated by halophytic trees and shrubs, whilst saltmarshes are characterized by herbaceous 46 

vegetation (Mitsch and Gosselink, 2007). Because of their ability to stabilize the coast by 47 

dissipating waves and current energy and enhancing deposition, these two types of habitats can 48 

be useful tools for coastal engineers in protecting the coastline (Redfield, 1972; Gedan et al., 49 

2010). 50 

Vegetation occurring along intertidal flats has been recognized as having the ability to 51 

stabilize, trap and bind sediments. In general, plants have been observed to directly increase the 52 

erosion threshold of bed sediments (Chen et al., 2012), and indirectly trap sediments by 53 

providing additional drag force (Leonard and Luther, 1995; Temmerman et al., 2005a; Chen et 54 

al., 2016) which mediate flow patterns, and consequently enhance local sediment deposition 55 

(Neumeier and Amos, 2006; Horstman et al., 2015). The enhancement of sediment deposition by 56 

coastal wetland vegetation has received more extensive attention in recent decades, in part due to  57 

the predicted impacts of accelerated sea-level rise due to global warming (van der Wal and Pye, 58 

2004; Cahoon et al., 2006, Arkema et al., 2013; Woodroffe et al., 2016; Kelleyway  et al., 2017). 59 

For practical purposes, the understanding of the mechanisms of sediment trapping by vegetation 60 

is key to the engineering work of coastal stabilization and protection, but the efficiency varies 61 

amongst vegetation species (Kathiresan, 2003; Friess et al., 2012; Ortiz et al., 2013).  62 
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Previous studies have revealed that heavily vegetated mangrove systems normally trap 63 

sediments during the flood tide, and that there is generally no significant export of sediments 64 

during the ebb due to the deceleration of the tidal currents by vegetation-induced friction 65 

(Wolanski et al., 1990; 2001; Furukawa et al., 1997; Kitheka et al, 2003). At a tidal-scale, field 66 

observations also show that mangrove trees are able to create a favorable environment as a 67 

sediment sink by modifying flow routing (Horstman et al., 2015). Factors such as vegetation 68 

density and biomass, as well as the intertidal position determining submergence/emergence 69 

status, and geomorphological settings (e.g., platforms or creeks), all affect the trapping capacity 70 

of mangrove trees (Friess et al., 2012). 71 

Saltmarshes and their interaction with sediment dynamics have also been extensively 72 

studied (e.g., Leonard and Luther, 1995; Temmerman et al., 2005a; Neumeier and Amos, 2006; 73 

Bouma et al., 2007). Previous studies reveal the dampening effects of saltmarsh vegetation on 74 

mean flow and turbulent diffusion, resulting in a more favorable environment for deposition 75 

(Christiansen et al. 2000; Neumeier and Amos, 2006; Zong and Nepf, 2010; Nepf, 2012). Factors 76 

controlling the trapping capacity of saltmarsh grass include density, biomass, the 77 

emergence/submergence status and geomorphological setting (Temmerman et al., 2005a, b; 78 

Bouma et al., 2007; Nepf, 2012). The differences between the effects of mangroves and 79 

saltmarshes are related to the physical structure of the vegetation. The stiff canopy of saltmarshes 80 

normally shows a decrease in biomass with height (Neumeier, 2005). The presence of the trunks 81 

and aerial roots of mangrove show considerable effects on flow and deposition mediation (e.g. 82 

Madza et al., 1995) while the canopy is made up of rigid stems on the bottom and a stiff leaf 83 

layer at the top, resulting in an increase in biomass on the top. Therefore, theoretically, the 84 

saltmarsh grass shows a more pronounced influence on the bottom of the water column rather 85 
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than the top, whilst the mangrove, depending on species, affects the bottom and sometimes the 86 

top of the water column, although the regions of the water column affected by vegetation will 87 

depend on the relative local tidal levels to the height of trees. 88 

This body of previous work has endeavored to further our understanding of the 89 

mechanisms controlling the bio-physical interactions within fluvial systems and coastal 90 

wetlands, together with the feedback between vegetation and sediment dynamics. The use of 91 

flumes and model vegetation has played an important role in raising our understanding of these 92 

detailed mechanisms (Shi et al., 1995; Nepf, 2012; Oritz et al., 2013). However, field 93 

observations focused on natural systems and processes are required to further develop these 94 

fundamental findings, particularly in regions where different ecosystems overlap. As pointed out 95 

by a number of scientists, complex factors such as precipitation, intermittent discharge, bi-96 

directional flows and the consolidation of sediments must also be taken into account during the 97 

study of sediment transport on tide-dominated environments (Fagherazzi et al., 2004; Greene and 98 

Hairsine, 2004; Chen et al., 2012). These processes drive the evolution of coastal systems over 99 

the long term, but cannot be entirely captured by flume observations. Comparisons of the results 100 

from field and flume observations (Bouma et al., 2007) found that flume studies are unable to 101 

capture all necessary spatial scales, and will always result in some flow artefacts, including lower 102 

turbulence intensities than in the field.  Vargas-Luna et al. (2015) reviewed a number of physical 103 

models in terms of the effects of vegetation on flows and sediment transport and they concluded 104 

that ‘field measurements are not available, thus, intensive field campaigns including different 105 

climatic conditions, vegetation species…are also recommended.’ Thus, the aim of this study was 106 

to carry out in situ observations to compare the sediment transport at the boundaries of a 107 

mangrove swamp and an adjacent saltmarsh. The competition between saltmarshes and 108 
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mangrove species has been well documented to be associated with the critical bed elevation and 109 

the subsequent inundation period (Saintilan et al., 2014). In this study, we focus on a direct 110 

comparison between the sediment trapping abilities of the two types of vegetated boundaries 111 

with similar inundation periods (i.e. similar bed elevations). A comparison of differences in flow 112 

reduction and energy dissipation by saltmarsh and mangrove plants has already been assessed 113 

and is presented in a separate paper (Chen et al., 2016).  114 

2 Methods 115 

2.1 Study Site 116 

Yunxiao Mangrove National Natural Reserve, located at the Zhangjiang Estuary in the 117 

southeast China coast, was selected as the site to conduct the field measurements (Fig. 1). The 118 

tidal flat developing within this reserve is approximately 600 m in width. The upper part of the 119 

tidal flat (100-200 m in width) is covered both by mangroves and saltmarshes; the adjacent 120 

species make this location an ideal study area for comparative field observations.  121 

The runoff of the Zhangjiang River carries a large amount of fresh water and sediments, 122 

with a mean annual water discharge of 9.6x10
8
 m

3
 and suspended sediment discharge of 3.6x10

8
 123 

kg (MICZTWR Office, 1990). The suspended sediment concentration decreases to ~40mg L
-1 

124 

within the estuary and further to ~ 30 mg L
-1

in Dongshan Bay (MICZTWR Office, 1990; Liu, 125 

1991). The annual precipitation within the estuary region is 700 mm and 80% of it takes place in 126 

the wet season (April to September). The study site is home to a tidally-dominated mangrove 127 

forest with a fronting saltmarsh; the tidal flat is exposed to irregular semi-diurnal tides with a 128 

mean tidal range of 2.3 m. Wave exposure is very limited due to the sheltering effects of 129 

Dongshan Bay outside the estuary, except during typhoon seasons which normally occur in 130 
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summer. The resulting physical conditions of the estuary therefore favor the deposition of fine-131 

grained sediments, which form a wide range of tidal flats along the main channel (Liu, 1991). 132 

The site under investigation is located on a relatively wide tidal flat with a slope of 2-3‰. The 133 

bed of this tidal flat consists of fine-grained sediment, mainly clays and silts. 134 

It has been reported that on the southeast coast of China, the rapid spread of the invasive 135 

saltmarsh grass Spartina alterniflora threatens the local mangroves (Lin, 2001; Zhang et al., 136 

2012). However, the study site is located on a tidal flat that exhibits co-existence of local 137 

mangroves and Spartina alterniflora saltmarsh. The upper part of the flat is covered by native 138 

mangrove species (Kandelia obovata, Aegiceras corniculatum, and Avicennia marina), while the 139 

exotic Spartina alterniflora occupies part of the mudflat fronting the mangrove forest (Zhang et 140 

al., 2012). The saltmarsh grass only covers a small area of the tidal flat during spring and 141 

summer, due to human removal as part of managed efforts to maintain a bare mudflat in the 142 

lower part of the tidal flat (Zhang et al., 2006). 143 

 144 

Fig. 1. Location of study area and field deployment: a) study area: Yunxiao National Mangrove 145 

Reserve; b) location of deployments: Site A (bare mudflat), Site B (mangrove boundary) and Site 146 

C (saltmarsh boundary)，together with the definition of flow components: U and V are the 147 

geographical northing and easting components, V1 and U1 are the components normal and 148 

parallel to the mangrove edge, respectively, and V2 and U2 are the components normal and 149 

parallel to the saltmarsh edge, respectively; the flood directions of three sites are also marked by 150 

arrows: black for mudflat, red for saltmarsh and blue for mangrove; and c) the positions of 151 

instruments deployed and the location of seedling transplantation, sites B and C have the same 152 

bed elevation, 5 cm above the bed of Site A (the reference for water level measurements) 153 
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 154 

The leading edge of the mangrove forest is made up of a mixture of Kandelia obovata 155 

and Aegiceras corniculatum, with a mostly closed canopy (80-90% closed). The mean distance 156 

from the bottom of the tree canopy to the bed was 0.4 m. In spring, the trees had a mean height 157 

of 1.6 m and a mean canopy width of 1.2 m. Combination of canopy closure percentage and the 158 

canopy width gives a density of 0.8 shoots/m
2
. The aerial root system is not well developed in 159 

the front, due to the presence of young mangrove trees. In addition, aboveground aerial roots of 160 

K. obovata are generally rare on the mudflats of Southeast China. Seedlings can be observed 161 

sparsely within the mangrove forest, with density of 20-30 shoots/m
2
. 162 

The saltmarsh of S. alterniflora, 1.0 m in height, occurs at the seaward front of the 163 

mangrove forest, with a high stem density of 580 m
-2

 and a high aboveground biomass (dry) of 164 

2.50 kg m
-2

 (Chen et al., 2016). A topographic map of the region indicates a small elevation 165 

change (< 0.27%) in the northwest-southeast (NW-SE) direction.  When the tidal flat is 166 

submerged (2-3 hours every tidal cycle during the observation period, Table 1), the mean water 167 

level was 0.43 m above the tidal flat bed, with the maximum water levels reaching 0.76 m (Chen 168 

et al., 2016). It should be noted that due to the elevation of the vegetated mudflat, only higher or  169 

spring tides are able to reach this part of tidal flat (Fig. 1c). 170 

2.2 Location and Time 171 

Because spring is the crucial time for the seedlings of mangrove and saltmarsh vegetation 172 

to establish, the field observations were carried out during 30
th

 April to 5
th

 May 2014 throughout 173 

the latter portion of a spring tide, covering 11 tidal cycles. The weather was cloudy but dry for 174 

most of the time, except the second day, during which a moderately heavy rain event (25 mm 175 
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over 24 hours) took place, and the last day, during which a short shower took place just before 176 

the vegetation samples were collected (after tidal cycle No. 11). 177 

Three locations (Fig. 1) were selected for comparative synchronous measurements, 178 

located on the bare mudflat (Site A), within the mangrove edge (Site B) and within the saltmarsh 179 

edge (Site C). The distance between the bare mudflat site and the two vegetated flat sites was 180 

approximately 35 m. The sites within the mangrove and saltmarsh boundaries are at a distance of 181 

10 m from the vegetation edge, as defined by the start of the closed canopy. The remaining 182 

regions between Sites A and B, and Site C are covered by sparse mangrove trees and Spartina 183 

grass.  The fringes of vegetation described in this contribution include both the dense vegetation 184 

with closed canopies, as shown in Fig. 1, together with the sparsely vegetated fronting flat. The 185 

space between the vegetated sites (B and C) and the bare mudflat location (Site A) confines the 186 

vegetation fringes. Site A is 0.05 cm lower in elevation than the other two sites. Site B and Site C 187 

have the same elevations as determined by RTK-GPS. 188 

2.3 Sediment Dynamic Observations 189 

The backscatter intensity data of three Acoustic Doppler Velocimeters (ADV) were used 190 

to obtain flow data over 9 tidal cycles. The locations were carefully selected to avoid mangrove 191 

trees, and the vegetation around the sensors was removed (Chen et al., 2016). These were fixed 192 

to stainless steel frames for field deployment. The ADVs (Nortek Vector models, 6MHz) were 193 

all positioned 20 cm above the bed to collect data continuously at a frequency of 16Hz. It should 194 

be noted that the ADV sensor measures the water volume at a height of 8 cm above the bed (12 195 

cm below the sensor head positioned 20 cm above the bed, Fig. 1c). ADV backscatter intensity 196 

data were also used to estimate the suspended sediment concentration (SSC) based on a 197 

logarithmic relationship calibrated within the laboratory (Sontek, 1997; Ha and Maa, 2010). The 198 
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longest possible data records were extracted and separated into 5-minute intervals to obtain mean 199 

values.  200 

The output of the ADV provides three components of current velocity, U, V and W 201 

which represent easting, northing and upward components of the flow. A three-dimensional 202 

hydrodynamic and sediment transport model has revealed that as long as the water level is below 203 

the canopy top, the vegetated areas flood from the unvegetated areas, with flow directions more 204 

or less perpendicular to the vegetation edge (Temmerman et al., 2005a). Thus, the flow 205 

components are rotated according to the orientation of the vegetation edges for further analyses. 206 

The mangrove edge has an orientation of 160°, and the flow components were rotated to 207 

generate components parallel (U1)and normal (V1) to this direction. The same procedure was 208 

applied to the saltmarsh edge, which has an orientation of 50°(U2 and V2). For simplicity, the 209 

three velocity components (u, v and w) of the tidal currents were used in formula as generalized 210 

symbols of the velocity components. When the data correlation values exceeded 0.7, the phase-211 

space thresholding method developed by Goring and Nikora (2002) was adopted for despiking 212 

noise before the calculation of mean velocities, turbulent velocities and turbidities.  213 

The suspended sediment flux can be expressed as follows (Wang et al., 2014): 214 

  
T L H

dzdxdtCVF 0

         (1)
 

215 

Where F is the flux through a cross section with water depth H  ( dz ) and unit width L  ( dx ) 216 

over a timescale T  ( dt ) of a flood or ebb flow, C is the SSC converted from ADV backscatter 217 

intensity and 0V  is the speed of flow component normal to the vegetation edges. Due to the 218 

position of the sensors, the flux only covers the submerged period of a tidal cycle. However, the 219 
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data used for the flux calculation were from simultaneous periods, so this will not affect the 220 

comparison amongst the three sites. 221 

The TKE (Turbulent Kinetic Energy) density can be estimated as: 222 

)'''(5.0 222 wvuTKEdensity           (2) 223 

Equation 2 is applied for each 5-minute data section. Here,   is the fluid density; 'u , 'v  and 'w  224 

are the turbulent fluctuations deviating from 5-minute average values of the eastward, northward 225 

and upward flow components, respectively (Thompson et al., 2004). 226 

The bed shear stress b is estimated using Equation (3), where 19.01 C as suggested by 227 

Soulsby (1997), and suited to vegetated beds (Thompson et al., 2004): 228 

densityb TKEC1       (3) 229 

The shear velocity *u  can be estimated from the bed shear stress and the fluid density 
f  230 

(Equation 4): 231 

f

bu



*                (4) 232 

Fugate and Friedrichs (2002) provided an algebraic equation for estimating tidally-233 

averaged settling velocity sw  using an ADV. Voulgaris and Meyers (2004) further expand this 234 

method to resolve the tidal variability of the settling velocity (Equation 5), which was adopted in 235 

our study: 236 

''CwCws              (5) 237 

where C  is the 5-minute averaged SSC, 'w  is the vertical fluid velocity fluctuation, 'C  is 238 

the SSC fluctuation estimated from the ADV backscatter strength, and  is the symbol 239 

indicating time averaging. The settling velocity estimate (Equation 5) can be applied when the 240 
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advection transport is minimal compared with the vertical velocity terms (Fugate and Friedrichs, 241 

2002). Using ADV data from pairs of stations, a consistency check was undertaken to evaluate 242 

the ratio of the advection term relative to the settling term, as suggested by Fugate and Friedrichs 243 

(2002), before the settling velocity was calculated. The flow data and the SSC data obtained by 244 

ADV, as well as the distance between the paired stations and the elevations of sensors, were used 245 

for this valuation which gives the average ratio of 0.06 ± 0.04 and 0.009 ± 0.006 for the flat-246 

mangrove and flat-saltmarsh sites, respectively. Thus, the advection term is two orders of 247 

magnitude smaller than the settling term and it is reasonable to estimate settling velocity using 248 

the method of Voulgaris and Meyers (2004).  249 

Bed samples from each site and local water samples were collected to produce a turbidity 250 

gradient in the laboratory, for individual calibration of ADV backscatter sensors. SSC was 251 

measured by passing a known sample volume through a pre-weighed 0.45 μm poresize glass 252 

fiber filter, followed by drying and weighing. Linear relationships were therefore established 253 

between the backscatter intensity and the logarithm of SSC for each sensor, as suggested by 254 

previous studies (Ha and Maa, 2010, Fig. 2). 255 

 256 

Fig. 2. Calibration between backscatter intensity and suspended sediment concentration for (a) 257 

bare mudflat; (b) saltmarsh; and (c) mangrove. Note the x in the equations refers to         , 258 

and SSC is in the unit of mg L
-1

. 259 

 260 

2.4 Vegetation Trapping Experiments 261 

More than 50 saltmarsh grass standings and small branches of mangrove trees were 262 

randomly marked and cleaned for field observation. Any sediments attached to these vegetation 263 
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samples were washed off using clean water in the field before the experiment started. 264 

Subsequently, the aboveground parts of 6 vegetation samples (3 mangrove samples and 3 grass 265 

samples) were then collected daily using tough scissors after the initial deployment of the 266 

instruments. The sediments on the vegetation surface were washed off and collected into 267 

cylinders for subsequent filtering and drying to obtain the dry weight of the sediment deposits on 268 

the vegetation. The vegetation samples, including leaves and stems, were subsequently dried and 269 

weighed to obtain biomass. Note that for conservation purposes, only small branches of the 270 

mangrove trees were collected and thus measured weight is mainly from leaves. 271 

The seedlings of mangrove and saltmarsh grass start to grow during this season (Spring). 272 

They are much shorter than the natural standings but vital to the development of the ecosystem. 273 

In light of the fact that seedlings appear within the near bed whilst the natural standings penetrate 274 

the whole water column during the investigation period, it is important to examine the difference 275 

between their abilities of trapping sediment using their leaves and stems. K. obovate and S. 276 

alterniflora seedlings were transplanted adjacent to the observation sites and arranged at a 277 

density close to the natural status, and used to represent the sediment trapping ability of 278 

vegetation at an early stage of life. Seedlings of K. obovata and S. alterniflora were transplanted 279 

into Site B and Site C, respectively. For each site, fifty 20 cm- high seedlings of mangroves or 280 

saltmarsh grass, which had been rinsed clean with water, were separately arranged into two 281 

quadrates of 200 cm×100 cm, with an individual spacing of 20 cm. Three Samples of each type 282 

of seedlings were collected in triplicate every day along the edge of the plots, together with the 283 

natural standings of vegetation to measure the sediment trapped by vegetation using the same 284 

method as mentioned before. The mangrove seedlings were in a similar density as their natural 285 
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status, but that of the Spartina seedlings was decreased to allow a comparison between two 286 

species. 287 

The instruments recorded from midnight of 29
th

/30
th

 April until after the first tidal cycle 288 

of 4
th

 May (Table 1), the last point at which water levels were sufficiently high to submerge 289 

them.  290 

The sediment mass trapped by the vegetation was measured in this study through the 291 

period of the 2
nd

 tidal cycle (occurring in the afternoon of 30 April) to the 11
th

 tidal cycle. The 292 

samples were collected every day at noon (Table 1). 293 

 294 

Table 1. Description of the field observation deployment  295 

Tidal cycle 

Number 

1 2 3 4 5 6 7 8 9 10 11 

Time 01:00

- 

03:20 

13:00

-

15:00 

01:50

- 

04:00 

13:40

-

15:35 

02:30

- 

04:40 

14:20

-

16:00 

03:20

- 

05:20 

14:40

- 

16:40 

03:40

- 

05:50 

N/A N/A 

Date 30/4 

AM 

30/4 

PM 

1/5 

AM 

1/5 

PM 

2/5 

AM 

2/5 

PM 

3/5 

AM 

3/5 

PM 

4/5 

AM 

4/5 

PM 

5/5 

AM 

Trapping 

Experiment 

 Day 1 Day 2 Day 3 Day 4 Day 5 

Instruments Recording Off 

Weather Cloudy but 

dry 

Rain Cloudy but dry Rain 

 296 

2.5 Supporting Measurements 297 

A RTK-GPS (Trimble-SPS881) survey was undertaken to record the relative elevations 298 

of the three sites for water level analysis. Plastic accretion stakes (1.5 cm in diameter, 50 cm long, 299 

10 cm exposed, Fig. 1b) were inserted into the bed to monitor deposition rates by measuring the 300 

exposed length from May 2012 to May 2014. It is noted that the Spartina grass was removed in 301 

August 2012 by the local management office and it had recovered by the spring of 2013; as such, 302 
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the deposition rates of the saltmarsh represent under-estimated values. Surface sediments were 303 

collected during instrument deployment for laboratory grain size analysis using a laser grain size 304 

analyzer (Helos, manufactured by Sympatec). Biological properties of the vegetation, such as 305 

mangrove geometrics (height and diameter of canopy, diameter of trunk), and density and 306 

diameter of grass were measured in situ using a tape measure. Aboveground biomass of 307 

vegetation was measured by harvesting, drying and weighing plant samples.  308 

3 Results 309 

3.1 Tidal-cycle Scale Suspended Sediment Concentration 310 

The variation of suspended sediment concentration (SSC) over 9 tidal cycles is displayed 311 

in Fig. 3. The SSC data exhibit a strong tidal asymmetry, with one exception of the second tidal 312 

cycle on the bare mudflat. The overall SSC is higher during the flood phase than the ebb phase 313 

for all three sites, which implies a favorable environment for a net sediment input. On average, 314 

there is a considerable reduction in SSC between the bare mudflat and the vegetated sites (Table 315 

2). The average SSC reduced nearly 10% from the bare mudflat to the saltmarsh boundary, 316 

whilst nearly 20% from the bare mudflat to the mangrove boundary. This pattern implies 317 

sediment trapping within the vegetation boundaries at a tidal scale.  318 

Deposition rates over a two-year period were recorded by accretion stakes. The readings 319 

of 5 or 6 stakes of each site (see Fig. 1 for more details) are averaged and displayed in Table 2. 320 

The short-term pattern of SSC variation is generally consistent with long-term deposition rates 321 

recorded by stakes on the vegetated area and the mudflat, which shows higher rates at vegetation 322 

edges than on the mudflat (Table 2), although the deposition rates may be under-estimated as 323 

compaction is not considered.  324 
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 325 

Fig. 3. The SSC data series over 9 tidal cycles: (a) SSC time series based on acoustic backscatter 326 

(ADV); and (b) water level variation. The detailed time is listed in Table 1. 327 

 328 

 329 

 330 

Table 2. Synthesis of the mean parameters associated with suspended sediment transport of the 331 

three sites. 332 

Parameter Flat Saltmarsh Mangrove 

Grain size (μm) 6.20±0.76 5.79±0.43 6.34±0.90 

Deposition rate (cm a
-1

)  1.14±1.20 2.60±0.97* 2.10±0.87 

Settling Velocity (mm s
-1

) 1.90 0.87 0.85 

SSC (mg L
-1

)          68.8 62.9 56.2 

Net SSC flux 

per tidal cycle 

(kg/m) 

 

Normal to 

saltmarsh 

edge 

8.1 3.0 -- 

Normal to 

mangrove 

edge 

4.4 -- 3.2 

Sediment trapped per tidal 

cycle (kg/m) 
-- 5.1 1.2 

Deposition 

tendency 

Flood 0. 17 0.21 0.26 

Ebb 0. 23 0.21 0.25 

Cumulative 

S:B ratio  

Natural 

standings 
-- 0.017 0.016 

Seedlings -- 0.11 0.13 

*Note: the deposition rate is under-estimated due to the clearing of grass in August 2012. The 333 

stake number is 6 in the saltmarsh site, whilst 5 for the other sites. 334 

 335 
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3.2 Tidal-cycle Scale Sediment Transport: A Comparison 336 

Detailed flow information has been published in a separate paper (Chen et al., 2016). 337 

Here, we provide a brief summary of the horizontal flow conditions. The horizontal flow speeds 338 

of the three sites are shown in Fig. 4. A considerable reduction in flow speed caused by 339 

vegetation is readily identified and a rotation of flow direction by vegetation has been related to 340 

eddy viscosity and drag forces (Chen et al., 2016).  341 

 342 

Fig. 4. The variations of horizontal flow speed and direction throughout 9 tidal cycles (source: 343 

Chen et al., 2016): (a) flow speed data; and (b) flow direction data. Note the geographical flow 344 

direction uses the north as zero degrees. 345 

 346 

Neumeier and Ciavola (2004) noted a relatively uniform vertical velocity profile within 347 

saltmarsh grass canopies. Due to the shallow water layer, the SSC is normally regarded as a 348 

constant through the vertical profile in modeling or field observations on tidal flats (e.g., 349 

Temmerman et al., 2003; Wang et al., 2012). In addition, based on the consideration of small 350 

flow speed magnitude and the relatively low turbidity, a uniform profile assumption is used in 351 

this study for SSC flux estimate, based on a combination of flow and SSC data using Equation 1. 352 

The SSC flux data for each flood and ebb period is displayed in Fig. 5. Due to the flow rotation, 353 

the SSC transport normal to the vegetation is mainly presented, but the sediment transport along 354 

the vegetation edges is also considered (Fig. 1b). The SSC fluxes of the bare mudflat site are 355 

decomposed according to saltmarsh edge and mangrove edge orientations separately (Fig. 5). 356 

Diurnal inequality results in higher sediment fluxes during the relatively high tides (odd 357 

numbers) than the relatively low tides (even numbers). The sediment fluxes are determined by 358 
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both SSC and flow velocity. Although the SSC values of the bare mudflat are not always higher 359 

than the vegetated sites, as indicated by Fig. 3 for all tidal cycles, the net sediment trapping of 360 

the vegetation edges is likely to be the result of  flow reduction by the vegetation. 361 

Overall, the study area is dominated by a net input of sediments. The highest fluxes occur 362 

on the bare mudflat site; this is because when the suspended sediments are transported into the 363 

vegetation edges, a large amount of sediment is trapped by the vegetation and only part of the 364 

sediment flux is able to pass through the vegetation to reach the upper tidal flat. The bare mudflat 365 

site shows different SSC fluxes when considering the main transport directions (Fig. 5). This site 366 

shows a lower net sediment transport towards the mangrove, because the presence of the 367 

mangrove edge deviates the flow (257º in flood) away from the main flow direction of 305º in 368 

flood on the tidal flat (Fig. 4b, Chen et al., 2016). 369 

The long-term deposition rates (Table 2) are consistent with the pattern of the flux 370 

estimates at tidal cycle scales: relatively low deposition rates are observed on the bare mudflat 371 

(1.4 cm a
-1

) whilst high deposition rates occur at the vegetation edges (> 2 cm a
-1

); the deposition 372 

rate at the saltmarsh edge is higher than that at the mangrove edge, in response to a greater 373 

difference in sediment input between the vegetated sites and the bare mudflat site. 374 

 375 

Fig. 5. Suspended sediment fluxes per unit width estimated at a tidal cycle scale: (a) sediment 376 

flux at the bare mudflat site in the direction normal to saltmarsh edge; (b) sediment flux at the 377 

saltmarsh site in the direction normal to saltmarsh edge; (c) sediment flux at the bare mudflat site 378 

in the direction normal to mangrove edge; and d) SSC flux at the mangrove site in the direction 379 

normal to mangrove edge. The flux was estimated to represent the total mass passing a unit 380 

width of bed over a time span of either the ebb or flood flow. North represented by zero degrees. 381 
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 382 

The amount of sediment trapped between the vegetated sites and the bare mudflat sites is 383 

estimated using the SSC flux data using Equation 1.  The sediment trapped at the vegetation 384 

boundaries can be estimated by comparing the difference between the fluxes of the mudflat site 385 

(with subscript of ‘mud’) and the vegetated sites (with subscript of ‘veg’), as described by 386 

following (Equation 6): 387 

)()( ,,,, vegebbvegfloodmudebbmudflood FluxFluxFluxFluxtrap 

     

(6) 388 

The values of sediment trapping are given in Table 2. This clearly indicates that the 389 

presence of vegetation can increase SSC trapping at their front edges.  Further, by comparing the 390 

SSC fluxes (Table 2), it can be inferred that considerable amount of the sediments transported 391 

from the lower part of the tidal flat towards the upper tidal flat are trapped within the front edges 392 

of the vegetation, an area of 35 m wide which includes a combination of  mudflat and sparse 393 

vegetation. Finally, the saltmarsh front edge, showing a greater trapping ability, is found to be 394 

more efficient than the mangrove front edge in trapping sediments. Due to the total amount of 395 

sediment flux from the bare mudflat is same for two vegetated sites, coupled with the fact that 396 

the mangrove trees trap less sediments normal to their front, more sediments can be transported 397 

parallel to the mangrove edge than the saltmarsh edge. The transport in this direction can 398 

increase the elevation of the whole system and benefiting the neighboring plants. Remote sensing 399 

image analysis (Li et al., 2017) shows the mangrove in this area expands in a direction parallel to 400 

its front, whilst the saltmarsh advances in a direction normal to its present front. The sediment 401 

transport and trapping pattern might explain the different directions of vegetation expansion. 402 
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3.3 Enhanced deposition by vegetation as indicated by deposition tendency 403 

In order to quantitatively evaluate the tendency for particles to deposit or resuspend, the 404 

ratio of particle settling velocity to the shear velocity u

ws

 has been proposed by Ortiz et al. 405 

(2013) for saltmarsh environments. The estimates of settling velocity and shear velocity for this 406 

study were calculated using Equations 2-5 as described in the Methods section. In general, when 407 

u

ws

is above 0.1, the environment is considered to be deposition-dominant (Zong and Nepf, 408 

2010) 409 

Mean 
u

ws  ratios calculated for each flood and ebb tide are displayed in Fig. 6. The 
u

ws  410 

ratio of the flood and ebb vary within a range of 0.14 and 0.31 for all sites, implying favorable 411 

conditions for deposition. The tidal cycle-averaged values (including flood and ebb phases) of 412 

vegetation sites are 0.25±0.03 and 0.21±0.04 for the mangrove site and the saltmarsh site, 413 

respectively, whilst this value is 0.20±0.03 for the bare mudflat site.  414 

 415 

Fig. 6. Deposition tendency of three sites as indicated by u

ws

 ratio: (a) mudflat; (b) saltmarsh; 416 

and (c) mangrove; the dashed line of 0.1 marks the lower limit for ‘deposition favorable’ 417 

conditions, as suggested by Zong and Nepf (2010). 418 

3.4 Sediment Trapping by Vegetation, and Precipitation Effects 419 

A ratio of sediment mass (S) to biomass (B), S/B, is proposed in this study to allow 420 

estimates of the ability of vegetation to trap sediments. The S/B ratio is defined as the value of 421 
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the dry sediment mass washed from the vegetation divided by the dry biomass of the vegetation 422 

itself. We choose this ratio because dry sediment mass and dry biomass can be easily measured 423 

in laboratory with high accuracy. Further, the data on dry sediment mass and dry biomass have 424 

been used in a large number of studies and this allows us to discuss our results using other data 425 

sources. The properties of the two vegetation species are listed in Table 3. 426 

 427 

Table 3. The biological properties of the investigated mangrove trees and saltmarsh grass 428 

Spartina Height (m) Stem density (m
-2

) Biomass (dry, kg m
-2

) Coverage (%) Stem diameter (m) 

1.0 580 2.5 90% 0.008 

Mangrove Height (m) Stand Density (m
-2

) Canopy biomass (dry, kg m
-2

) Canopy closure (%) Trunk diameter (m) 

1.6 0.8 0.22 80-90% 0.1 

 429 

 430 

Because the samples were collected successively, the S/B ratio data are cumulative, 431 

indicating the continuous sediment trapping by vegetation over tidal cycles. The cumulative S/B 432 

ratio of the natural standings and the transplanted seedlings of mangrove trees and saltmarsh 433 

grass for the observation period are illustrated in Fig. 7. 434 

 435 

Fig. 7. The cumulative sediments trapped by vegetation surfaces, as indicated by the S/B ratio 436 

over 10 tidal cycles: (a) seedlings and (b) mature standings. The seedling samples were planted 437 

in a matrix of 10 x 5 stands within an rectangular area of 100 cm x 200 cm. Three samples of 438 

each vegetation type were collected every day to give the average and standard deviation values 439 

in this figure. 440 

 441 
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Overall, the S/B ratio of natural, high standings is significantly less than that of the 442 

seedlings for both types of vegetation (Fig. 7). This is because the top canopy of the high 443 

standings experiences much less submergence than the lower part, and this decreases their 444 

efficiency as a sediment trap by unit mass. However, in the light of the large amount of biomass 445 

(e.g. aboveground biomass of Spartina alterniflora reaches 2.5 kg m
-2

 in this area) of the high 446 

standings and the length of time they are present (from Spring to Autumn) compared to the 447 

seedlings (only part of the seedlings are able to survive until Autumn), they perform a more 448 

important role overall in trapping sediments on the tidal flat. 449 

The S/B ratio of mangrove and saltmarsh seedlings both vary considerably over the 10 450 

tidal cycles while maintaining similar patterns (Fig. 7a). The S/B ratios of the mangrove 451 

seedlings are similar to those of the Spartina seedlings if the shoot densities are same. The S/B 452 

ratio drops to a minimum during tidal cycles 4 and 5, then they increase on the following two 453 

days, and decrease slightly again on the last day. This pattern is different from the expected 454 

continuous increase and it is highly likely to be associated with precipitation, which took place 455 

during tidal cycles 3 and 4, and before tidal cycle 11. The authors observed in the field that the 456 

rain drops washed off fine particles attached to the leaves during the low water period. It appears 457 

that the sediments become trapped by vegetation during high water levels, and the rain during the 458 

emergence hours creates a mechanism to transport sediment downward onto the bed. Without 459 

precipitation, the sediments will be accumulated until an upper limit is reached. The presence of 460 

precipitation is able to accelerate this downward transport of sediment. This mechanism may be 461 

not only important for the sedimentary process on the tidal flat, but also for the growth of 462 

seedlings. High standings show a similar pattern as the seedlings (Fig. 7b), except during tidal 463 

cycle no. 4-5. In general, the high standings show less diurnal variation, as well as lower 464 
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standard deviations amongst samples. The high standings of saltmarsh grass and mangroves 465 

show a decreasing trend in S/B ratio, with a low value occurring on the day after the moderately 466 

heavy rain (tidal cycles 4 and 5), together with a general increase after that day. Similarly, the 467 

short shower also shows its effect at the end of the observation, slightly decreasing the S/B ratio 468 

on the last day. The frequency of sampling is not sufficiently high in this study to confirm it, but 469 

the lag between surface sediment decreases in successive days (Fig. 7) might imply a lag in 470 

response to precipitation.  471 

4 Discussion 472 

A complete understanding of the mechanisms mediating sediment accumulation by tidal 473 

flat vegetation, particularly the possible impact of vegetation upon suspended particles, is still 474 

illusive (Graham and Manning, 2007). Trapping of suspended particles can be caused by both 475 

changes to hydraulic forces and by the direct presence of vegetation leaves and stems. In the 476 

following sections, the sediment settling caused by hydraulic forces and by the direct trapping by 477 

leaves or stems will be discussed separately, together with limitations of this study. 478 

4.1 Hydraulic Sediment Settling Processes within the Saltmarsh and the Mangrove Fronts 479 

Various devices (e.g., floc cameras) have been used to show that suspended particles 480 

settle in a flocculated form within saltmarshes and mangrove swamps (French and Spencer, 481 

1993; Wolanski, 1995; Graham and Manning, 2007). Wolanski (1995) suggested that the settling 482 

velocity of suspended particles in mangrove swamps is 1 mm s
-1

 for clay and 5 mm s
-1

 for silt. 483 

Voulgaris and Mayers (2004) observed an invariant, tidally-averaged settling velocity of 0.24 484 

mm s
-1

 for flocs on a saltmarsh surface. A more accurate observation of floc settling velocity 485 

within a saltmarsh vegetation canopy under turbulent flow conditions was conducted in an 486 
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annular flume using a flocs camera (Graham and Manning, 2007), which provides a range of 487 

0.004 ~ 3.36 mm s
-1

, with a mean value of 0.55 mm s
-1

. Settling velocities estimated based on 488 

ADV observations by this study (Table 2) are within the range of previous observations. 489 

However, a decrease in the settling velocity of suspended particles from the bare mudflat to the 490 

vegetated sites occurs and further explanation is needed for the settling processes. 491 

The settling of suspended sediments within the vegetation canopy is related to the 492 

generation of turbulence and the wake-sheltering effects in the lee of downstream stems (Shi et 493 

al., 1995; Nepf, 1999). In general, the deposition tendency ratio, also known as the inverse 494 

movability number forming part of the Rouse parameter (Amos et al., 2010), has a range of 495 

0.002 to 0.3 in aquatic environments and a typical value of 0.02 has been used in flume 496 

experiments (Ortiz et al., 2013). Relatively high values of the ratio imply a trend for deposition 497 

whilst low values suggest a tendency for resuspension. Deposition has been clearly observed in 498 

flumes when the deposition tendency ratio is above 0.1 (Zong and Nepf, 2010).  499 

The vegetation below the sensors was cleared in this study and, thus, this observation 500 

looked into the sediment settling directly driven by hydrodynamics, but not the direct trapping by 501 

the vegetation surface. Meanwhile, more than 80% of the turbulent kinetic energy is dissipated 502 

by the vegetation in comparison with the mudflat (Chen et al, 2016). Therefore, it is important to 503 

use the 
u

ws  ratio to determine the likelihood of deposition.  504 

The most notable pattern revealed by Fig. 6 is the change of tidal asymmetry in the 
u

ws  505 

ratio by vegetation. On the bare mudflat, the 
u

ws  ratio shows a strong ebb-dominant 506 

characteristic throughout the tidal cycles, consistent with the asymmetry in suspended sediment 507 



Confidential manuscript submitted to Geomorphology 

25 

 

flux (Fig. 5). Paired-sample T tests (by SPSS package) are used to exam three sites in terms of 508 

the flood-ebb asymmetry. The results show a significant difference between the bare mudflat and 509 

the vegetated sites (P<0.01, Table 4).  510 

 511 

 512 

 513 

Table 4. Paired samples tests for tidal asymmetry of deposition tendency 514 

 Std. deviation Std. error mean t df Sig. (P-value) 

flat vs saltmarsh 0.043 0.014 -3.616 8 0.007 

flat vs mangrove 0.023 0.075 -8.284 8 <0.001 

 515 

Thus, a considerable amount of suspended particles, mostly clay and fine silts (Table 2), 516 

are transported into the bare mudflat during the flood stage. These particles tend to settle, as 517 

indicated by the
u

ws  ratio (> 0.1 over 9 tidal cycles) during this stage. During the ebb stage 518 

however, the 
u

ws  ratio increases considerably, and consequently the majority of deposition 519 

occurs during this stage, resulting in a deposition lag. 520 

Tidal asymmetry, as defined by comparing flood and ebb phases through various 521 

parameters in relation to hydrodynamic processes, has been widely recognized for its importance 522 

in resulting sedimentation processes (Dronkers, 1986; Scully and Friedrichs, 2007; Brown and 523 

Davies, 2010), but hardly considered in flume experiments (Zong and Nepf, 2010; Ortiz et al., 524 

2013). The tidal asymmetry in the deposition tendency can be altered by vegetation. Throughout 525 

9 tidal cycles in our study, the deposition tendency data shows considerable ebb-dominance 526 
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within the bare mudflat site (Fig. 6a) whilst the vegetated sites shows either nearly symmetrical 527 

or flood-dominant deposition tendencies (Fig. 6b, c). Differently from the bare mudflat, most of 528 

the suspended particles within the vegetated sites therefore deposit during the flood stage when 529 

the SSC is high, rather than the ebb stage with low SSC, improving the deposition efficiency. 530 

This is likely to be an important mechanism throughout which vegetation enhances deposition by 531 

regulating hydrodynamics and the consequent 
u

ws  ratio, but has not been reported by previous 532 

studies. The presence of vegetation decreases both the settling velocity (Table 2) and the shear 533 

velocity (Chen et al., 2016). The improved deposition efficiency implies that shear velocity 534 

reduction is greater than the decrease of settling velocity, as a function of the vegetation. 535 

4.2 The Potential Contribution of Direct Trapping to Deposition 536 

The suspended sediment settling and trapping driven by hydraulics have been extensively 537 

studied. However, the sediment directly trapped by vegetation is rarely taken into account. 538 

Vegetation occurring on tidal flats has been widely recognized for its ability to increase 539 

deposition to adapt to relative sea-level rise. Accelerated deposition rates have been observed in 540 

a number of saltmarshes and mangrove swamps, in comparison with unvegetated tidal flats (e.g., 541 

Childers and Day, 1990; Furukawa and Wolanski, 1996; Christansen et al., 2000; Alongi et al., 542 

2005; Lovelock et al., 2015). The suspended particles can form larger flocs and settle more 543 

rapidly to the seabed as the vegetation creates a more favorable environment for sediment 544 

settling (Neumeier and Ciavola, 2004; Graham and Manning, 2007; Nepf, 2012; Ortiz et al., 545 

2013). More recently, leaf transport as a source of particulate organic matter (POM) in 546 

ecosystems was observed in flume experiments which compared mimic mangrove forests and 547 

seagrass beds, indicating the mangrove roots were more efficient at trapping POM than the 548 
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seagrass beds (Gillis et al., 2013). Associated with leaf transport, it can be readily observed in the 549 

field that a thick layer of mud can accumulate on the leaf surface. This is another pathway for 550 

suspended particles to be trapped by the vegetation system, but is rarely recognized in the 551 

literature. 552 

A quantitative measurement of suspended sediment trapped by vegetation stems and 553 

leaves in the field has been conducted in this study, and is represented by the S/B ratio (Fig. 7). 554 

Moreover, the amount of sediment trapping over a unit area (1 m × 1 m) is estimated based on 555 

S/B ratio and the biomass data. On average, the difference in S/B ratio of saltmarsh grass 556 

between two successive days reaches a value of 0.003 (based on data reported in Fig. 7), even 557 

when considering the rinsing by rainfall. The maximum accumulated S/B ratio over two 558 

successive days reaches 0.014. Considering the dry biomass values of 2.5 kg m
-2

 and based on 559 

our observations the aboveground biomass, including stems and leaves, has the potential to trap a 560 

maximum of 35 g dry sediments per square meter per day (S/B ratio =0.014). The dry density of 561 

clay and silt sediments is approximately 1.28 g cm
-3

 and thus the estimated amount of sediments 562 

attached to the vegetation surface have the potential to add up to 0.5 cm to the annual deposition 563 

rate during its growing season (6 months). This estimate assumes complete deposition from the 564 

leaves to the bed, but could be revised if additional factors (e.g., the water content and bulk 565 

density) were considered, and may be overestimated.  566 

Spartina alterniflora has been artificially introduced into Chinese tidal flats since 1980s 567 

for the purpose of stimulating tidal flat accretion (Chung, 2006). It has been reported that the 568 

presence of Spartina alterniflora has increased the sedimentation rates of the tidal flats from 569 

~1.5 cm a
-1

 to ~ 3 cm a
-1

 (Wang et al., 2005; Gao et al., 2014). The direct trapping amount of 570 

sediments by vegetation, however, remains unknown. Most of the Spartina alterniflora 571 
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saltmarshes appear on the silty or clay mudflats along the east China coast, including Jiangsu 572 

Province, Shanghai, Zhejiang Province and Fujian Province (Gao et al., 2014). The total area of 573 

this type of saltmarshes sums up to 3.2×10
8
 m

2
 (Zuo et al., 2012). The aboveground biomass 574 

(dry mass) varies within the range of 2000 ~ 2500 g m
-2 

over these regions (Li et al., 2005; Liao 575 

et al., 2008; Gao et al., 2016). If the same estimate is undertaken using the S/B ratio of this study 576 

(0.014), the Spartina alterniflora saltmarshes are expected to result in a maximal direct trapping 577 

of 1.9×10
6
 tons of sediments over their growing season every year (dry biomass = 2250 g m

-2
). 578 

This value means that the direct trapping of sediments contributes 0.45 cm a
-1

 to the deposition 579 

rate; nearly 1/3 of the increased deposition rates reported (Wang et al., 2005; Gao et al., 2014). 580 

The sediment trapped by mangrove trees can also be estimated similarly. The mean 581 

density of the mangrove trees is 0.8 trees m
-2

. The total dry biomass of the canopy is 582 

approximately 176 g m
-2

. If half of the canopy is assumed to be submerged (a factor of 0.5 583 

applied to the biomass), together with the maximum increase of S/B ratio of 0.028 between two 584 

succeeding days (based on Fig. 7), the potential amount of sediment available from the leaves of 585 

mangrove trees is 2.5 g m
-2

 per day at a maximum, which may contribute a maximum of 0.07 cm 586 

(in dry mass) annually to deposition rate over an annual period. This is negligible when 587 

compared to the saltmarsh grass. Therefore, the standings of saltmarsh grass contribute 588 

substantially to sediment deposition processes, by trapping the sediments via the leaves and 589 

stems and then transported to the bed by rainfall rinsing. In contrast, the mangrove trees are less 590 

effective in direct trapping sediments via the canopy. It should be noted that most mature 591 

mangrove forests worldwide will only rarely be inundated up to the canopy, with most 592 

sedimentation occurring due to the slowing down of hydrodynamics between the aerial 593 

roots. Our study only attempts to capture the mechanisms for the expanding pioneer zone of 594 
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mangrove forests which is occupied by short, young mangrove trees. With the future 595 

development of aerial roots, the sediments trapped by mangrove trees may increase substantially. 596 

Meanwhile, the net deposition rate increased by the mangrove trees also proves less effective 597 

than the saltmarsh grass, although they have more significant influences on the hydrodynamics 598 

(Chen et al., 2016). The deposition tendency data in Fig. 6 reveals that mangrove trees are more 599 

effective than the saltmarsh grass in enhancing sedimentation by hydraulic alteration, but this 600 

part is unable to compensate the difference caused by direct trapping. More importantly, the flow 601 

rotation by the mangrove trees remarkably reduces the sediment transport flux into the 602 

vegetation edge (Fig. 5b) and leads to a reduced efficiency in trapping sediments in a normal 603 

direction.  604 

A similar estimate was also used for the amount of sediment trapped by seedlings. The 605 

maximum amount of sediment trapped by mangrove seedlings within a day was 4.78 g m
-2

; 606 

higher than the 3.7g m
-2

 value found for grass seedlings of same stem density. The important 607 

implication from the seedling observations is that the mangrove seedlings are more efficient in 608 

directly trapping sediments, when compared to the more mature trees. The amount of sediment 609 

trapped by mangrove seedlings per unit area is almost twice that of the canopy (2.5 g m
-2

 per 610 

day). It can therefore be inferred that the both seedlings and aerial roots of some mangrove 611 

species, which show similar characteristics to the seedlings, will have a fundamental effect on 612 

sedimentation processes.  613 

Although an aerial root system was not observed at the mangrove boundary under this 614 

investigation due to the young age of the forest, the biomass distribution of the typical mangrove 615 

species in southeast China has been reported by other studies (Lin et al., 1985; 1990; 1992; 1998, 616 

Table 5). For three species in this table, the trunk represents the largest percentage of the total 617 
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aboveground biomass. The canopies, mainly consisting of branches and leaves, contain the next 618 

largest percentage in the total biomass. The contribution of aboveground roots (or seedlings) 619 

varies among species. For these species, the contribution of aboveground roots (or seedlings) is 620 

much less than the canopies. If the water level is sufficiently high to reach mangrove canopies, 621 

the direct sediment trapping by canopies is more considerable than the aboveground roots (or 622 

seedlings). In other words, the relative height of water level to the mangrove trees determines the 623 

direct trapping efficiency for these species in Table 5. In contrast, the aboveground roots of 624 

Rhizophora stylosa show the highest percentage in total aboveground biomass. Therefore, the 625 

aboveground root system of Rhizophora stylosa is fundamentally important in direct sediment 626 

trapping, regardless of water level changes.  627 

 628 

Table 5. The typical mangrove species in Southeast China and their biomass constitutes as 629 

indicated by the percentage of total aboveground biomass (data source from Lin et al., 1985; 630 

1990; 1992; 1998). Note the seedling of Kandelia obovate was reported instead of aboveground 631 

roots because Kandelia obovate trees rarely develop aboveground roots. 632 

Location Species Trunk 

(%) 

Branch 

(%) 

Leaf 

(%) 

Aboveground root 

(%) 

Guangdong Aegiceras corniculatum 74.20  13.68  7.29  4.84  

Fujian Kandelia obovata 77.78  15.56  6.52  0.19 (seedling) 

Hainan Bruguiera sexangula 69.61  22.95  4.39  3.05  

Guangxi Rhizophora stylosa 35.41  23.05  3.49  38.04  

 633 

In terms of the transport of directly trapped sediments, precipitation may play an important 634 

role in this process within vegetated tidal flats. On land, raindrops falling on the sediment surface 635 



Confidential manuscript submitted to Geomorphology 

31 

 

can cause suspension, saltation and bedload movement, particularly in low slope areas, but the 636 

maximum raindrop impacts occur for water depths of less than one raindrop diameter (Moss et 637 

al., 1979; Proffitt et al., 1991; Beuselinck et al., 2002). Contrary to the terrestrial environment, 638 

on vegetated tidal flats the raindrops have limited impact on sediment resuspension because of 639 

the deep water layers during high water periods; and at low tide, the dense vegetation forms a 640 

mat to dissipate the kinetic energy of raindrops. Visual observation of the vegetated sites did not 641 

indicate the formation of fast overland flow, which is generally the main factor causing sediment 642 

movement on land surfaces. However, the raindrops can still work directly on the bare mudflat 643 

surface and influence recently deposited, unconsolidated sediments as pointed out by Voulgaris 644 

and Meyers (2004).  645 

When the vegetated flat was exposed, the rinsing of the vegetation surface by raindrops 646 

results in a direct transport of sediments to the bed. Our experiments show the direct trapping of 647 

sediments by the vegetation surface. Precipitation creates a pathway for those particles to be 648 

moved onto the bed. Furthermore, the thick sediment layer on the vegetation leaf surfaces might 649 

cause a problem for seedling growth by different means, such as reducing photosynthesis or 650 

increasing the bending of stems. It has been observed by ecologists that the seedlings of 651 

saltmarsh grass and mangrove trees can be smothered due to the thick layer of mud on leaf 652 

surfaces (Yihui Zhang, personal communication). Therefore, rainfall events, especially moderate 653 

ones, can be of fundamental importance to the coastal wetland system and further studies on their 654 

frequency and seasonality coupled with tidal characteristics should be considered in the future in 655 

order to understand the mechanisms driving the change of coastal ecosystems.  656 
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4.3 The Limitations of Field Observations 657 

Instrument availability and the restrictions of in situ deployment during this study lead to 658 

two primary limitations which should be discussed. Firstly, the number of ADVs available 659 

restricted the number of observations possible. Three locations were carefully chosen to form a 660 

nearly isoceles triangle, so that the mangrove and the saltmarsh were located on the same contour 661 

line (Chen et al., 2016), sharing a mutual control site on the bare mudflat. The elevation 662 

difference between the two vegetated flats and the bare mudflat bed is only 0.05 m (Chen et al., 663 

2016). This small elevation difference has minimal influence on the flow direction and the 664 

subsequent suspended sediment transport, which can be confirmed through application of   665 

Soulsby’s drag coefficient calculations, as derived for bedforms (Soulsby, 1997): 666 
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 670 

where △H and λ are the height (0.05 m) and width (35 m), respectively, of the bed form, Z0b is 671 

the bed roughness due to bedform, h is the mean water depth and CDb is the drag coefficient 672 

attributed to the bedform. The CDb is estimated to be 0.0026 for the 0.05 m elevation difference, 673 

which is over an order of magnitude smaller than the drag coefficients (0.04-0.36) associated 674 

with the three sites (Chen et al., 2016), indicating that the elevation change has very limited 675 

contribution to any frictional term and is unlikely to affect flows. The principle reason for the 676 

http://www.baidu.com/link?url=Qb0933uI56eKLUqHhrrD4h7_9PR4jei3bacTVu8iU4uBA0oKMxOF0yEKDPvrvN_5HmC3afJPXND0jVWaZo-1nbGXLJ1geXYTb439GOqqFDRucuJmgN0OaU57nnvA8hMW
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alteration of flows and suspended sediment transport is therefore attributed to the presence of 677 

vegetation.  678 

Secondly, some assumptions have been made regarding likely sediment transport 679 

pathways within the tidal flat. Although we acknowledge that the sediment could be transported 680 

into and out of the tidal flat via different routes, this question was addressed using previous 681 

observations and modeling results. The tidal flat under investigation features a gently seaward 682 

sloping topography, and lacks a well-developed tidal creek system (Chen et al., 2016). Under 683 

these circumstances, modeling (Temmerman et al., 2005b) suggests that flow directions during a 684 

tidal cycle are usually perpendicular to the marsh edge with the sedimentation processes 685 

controlled by elevation differences and distance from the marsh edge. Thus, our study assumes 686 

that suspended sediments are transported into and out of the vegetation via the same route. This 687 

assumption might cause some uncertainty of the suspended sediment flux estimates and further 688 

work investigating the sediment transport pathway is needed in the future, particularly within 689 

coastal wetlands. 690 

 691 

5 Conclusions 692 

Field observations were made to compare the sediment transport processes occurring 693 

between a bare mudflat, a saltmarsh and a mangrove edge, considering both hydrodynamically 694 

induced sediment settling and the direct trapping effects of the vegetation surface. The 695 

interpretation of the SSC data, together with high-frequency flow measurements, reveals that the 696 

saltmarsh grass are more efficient than the mangrove trees at inducing sediment trapping over a 697 

tidal-cycle scale. The main findings of this study are summarized in Fig. 8 and outlined below: 698 

1) The SSC data exhibit a strong tidal asymmetry. The SSC is higher during the flood phase 699 
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than the ebb phase for all three sites, implying a favorable environment for a net sediment 700 

input. The mean SSC level is generally high on the mudflat and decreases within the 701 

vegetated area, which is generally consistent with the deposition rates of the three sites. 702 

2) Tidal cycle-scale sediment flux estimates show a depositional environment on the studied 703 

tidal flat. The presence of vegetation alters the flow direction and the subsequent 704 

suspended sediment transported into the system. Sediment transport fluxes indicate that 705 

the saltmarsh edge is more efficient than the mangrove edge at trapping sediment. This 706 

pattern is further supported by calculations of sediment fluxes at a tidal scale and 707 

deposition rates at a longer timescale. Although the SSC reduction is more pronounced at 708 

the mangrove site, the flow rotation caused by the mangrove trees reduces the sediment 709 

flux into the mangrove edge itself. Instead, a large portion of suspended sediment is 710 

transported along the mangrove edge, which is significantly different from the sediment 711 

transport pattern of the saltmarsh edge. 712 

3) The mechanism for acceleration of deposition by tidal flat vegetation can be identified by 713 

using two approaches: sediment settling driven by local changes in the hydrodynamics 714 

and the direct sediment trapping by vegetation surfaces. Particle settling over a tidal scale 715 

was evaluated from deposition tendency. Deposition tendency on the bare mudflat is 716 

generally higher during ebb tides than flood tides, indicating a tidal asymmetry and a 717 

deposition lag during the ebb phase. Tidal flat vegetation is able to mediate the tidal 718 

asymmetry of this deposition tendency. Vegetation radically increases this parameter 719 

during floods when the SSC is high, and this creates a more favorable environment for 720 

deposition. Eventhough it is more efficient in trapping sediment, the saltmarsh grass is 721 

found to be less efficient than the mangrove trees at altering the deposition tendency of 722 
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that sediment (Table 2). 723 

4) The sediments trapped on vegetation leaves and stems are also quantified using samples 724 

of natural standings and seedlings. Saltmarsh grass has a higher direct sediment trapping 725 

ability than mangrove trees. The amount of sediment trapped by the saltmarsh grass 726 

surface can contribute a considerable amount to deposition, in particular when associated 727 

with rainfall events, whilst the sediment directly trapped by mangrove trees is negligible 728 

compared to the observed total annual deposition rate in this particular site where only 729 

young mangrove trees occupy the front and very limited biomass is found close to the 730 

bed. A new mechanism of direct sediment trapping by the vegetation surface, in 731 

combination with precipitation, is proposed by this study, as a supplement to the 732 

mechanisms associated with hydrodynamic mediation by vegetation. 733 

 734 

Fig. 8. A summary of the main findings of this study: 1) the suspended sediments are transported 735 

from the bare mudflat to the vegetated edges with similar inundation periods, the fluxes can be 736 

decomposed into normal and parallel components; 2) a considerable amount of sediment was 737 

trapped at the front of the saltmarsh and the mangrove; 3)  the saltmarsh front is more efficient 738 

than the mangrove front due to the flow rotation caused by the mangrove; and 4) the sediment 739 

trapping is associated with two mechanisms: hydrodynamically induced sediment settling and 740 

direct trapping by the vegetation surfaces. The size of the arrow and the circle provides the 741 

information on relative magnitudes of these mechanisms. 742 

 743 
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Abstract 17 

Saltmarsh and mangrove are common coastal wetland types and their ability to enhance 18 

deposition has been investigated extensively investigated, but rarely compared directly. This 19 

study carried out in situ observations to compare the sediment transport processes between a bare 20 

mudflat, a mangrove stands and a saltmarsh stands, within a subtropical estuary. Turbidity 21 

variations over a spring to middle the latter portion of a spring tidetidal cycle were recorded, 22 

alongside measurements of flow data, to estimate sediment trapping by hydraulic forces under 23 

similar hydroperiods. In addition, vegetation was transplanted to compare the direct sediment 24 

trapping by high- standings and short-standing seedlings. The suspended sediment concentration 25 

(SSC) time series showed an overall reduction between the bare mudflat and the vegetated flats. 26 

Suspended sediment flux estimates revealed that a considerable amount of sediment wasere 27 

trapped by the saltmarsh and the mangrove edges. The flux estimates find that the saltmarsh edge 28 

is more efficient than the mangrove edge in trapping sediments transported normal to theits edge. 29 

The sediment trapping mechanisms were considered based on two approaches: the 30 

hydrodynamic related sediment settling and direct trapping by vegetation. The calculation of 31 

deposition tendency showed that the presence of vegetation altered the flow direction and the 32 

tidal asymmetry of the deposition process, resulting in a higher deposition tendency during the 33 

flood phase to enhance sediment settling. In addition toBesides sediment settling, vegetation 34 

surfaces were found to trap sediments directly. In combination with rinsing by precipitation, 35 

theose trapped sediments accumulated on the bed and contributed to the deposition. Against the 36 

background of similar inundation periods, the saltmarsh grass showed a greater sediment 37 

trapping ability than the mangrove trees, in terms of both the hydraulic sediment settling trapping 38 

and the direct trapping by vegetation surface. 39 
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1 Introduction 41 

Natural coastal wetlands are widely recognized for their ability to trap sediments (Perillo 42 

et al., 2009; Barbier et al., 2011; Moller et al., 2014), as well as for their defense potential against 43 

the action of waves and tidal flows (Temmerman et al., 2013; Horstman et al., 2015; Carus et al., 44 

2016). Saltmarshes and mangroves are globally common coastal wetland types, although the 45 

latter are mainly restricted to tropical and subtropical regions. In general, mangroves areis 46 

dominated by halophytic trees and shrubs, whilst saltmarshes are characterized by herbaceous 47 

vegetation (Mitsch and Gosselink, 2007). Because of their ability to stabilize the coast by 48 

attenuating dissipating waves and current energys and enhancing deposition, these two types of 49 

habitats can be useful tools for coastal engineers in protecting the coastline (Redfield, 1972; 50 

Gedan et al., 2010). 51 

Vegetation occurring along intertidal flats has been recognized as having the ability to 52 

stabilize, trap and bind sediments. In general, plants have been observed to directly increase the 53 

erosion threshold of bed sediments (Chen et al., 2012), and indirectly trap sediments by 54 

providing additional drag force (Leonard and Luther, 1995; Temmerman et al., 2005a; Chen et 55 

al., 2016) which mediate flow patterns, and consequently enhance local sediment deposition 56 

(Neumeier and Amos, 2006; Horstman et al., 2015). The enhancement of sediment deposition by 57 

coastal wetland vegetation has received more extensive attention in recent decades, against the 58 

background in part due to  the predicted impacts of accelerated sea-level rise due to global 59 

warming (van der Wal and Pye, 2004; Cahoon et al., 2006, Arkema et al., 2013; Woodroffe et al., 60 

2016; Kelleyway  et al., 2017). For practical purposes, the understanding of the mechanisms of 61 

sediment trapping by vegetation is key to the engineering work of coastal stabilization and 62 
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protection, but the efficiency varies amongst vegetation species (Kathiresan, 2003; Friess et al., 63 

2012; Ortiz et al., 2013).  64 

Previous studies have revealed that heavily vegetated mangrove systems normally trap 65 

sediments during the flood tide, and that there is generally no significant export of sediments 66 

during the ebb, due to the deceleration of the tidal currents by vegetation-induced friction 67 

(Wolanski et al., 1990; 2001; Furukawa et al., 1997; Wolanski et al., 2001; Kitheka et al, 2003). 68 

At a tidal-scale, field observations also shows that mangrove trees are able to create a favorable 69 

environment as a sediment sink by modifying flow routing (Horstman et al., 2015). Factors such 70 

as vegetation density, root system characteristics, and biomass, as well as the intertidal position 71 

of the mangrove forest, which determines thedetermining submergence/emergence status, and 72 

geomorphological settings such as the presence of (e.g., platforms or creeks), all affect the 73 

trapping capacity of mangrove trees (Friess et al., 2012). 74 

Saltmarshes and their interaction with sediment dynamics have also been extensively 75 

studied (e.g., Leonard and Luther, 1995; Temmerman et al., 2005a; Neumeier and Amos, 2006; 76 

Bouma et al., 2007). Previous studies reveal the dampening effects of saltmarsh vegetation on 77 

mean flow and turbulent diffusion, resulting in a more favorable environment for deposition 78 

(Christiansen et al. 2000; Neumeier and Amos, 2006; Zong and Nepf, 2010; Nepf, 2012). Factors 79 

controlling the trapping capacity of saltmarsh grass include density, biomass, the 80 

emergence/submergence status and the geomorphological settings (Temmerman et al., 2005a, b; 81 

Bouma et al., 2007; Nepf, 2012). The differences between the effects of mangroves and 82 

saltmarshes are related to the physical structure of the vegetation. The stiff canopy of saltmarshes 83 

normally shows a decrease in biomass with height (Neumeier, 2005). The presence of the trunks 84 

and aerial roots of mangrove show considerable effects on flow and deposition mediation (e.g. 85 
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Madza et al., 1995) while the canopy is made up of rigid stems on the bottom and a stiff leaf 86 

layer at the top, resulting in an increase in biomass on the top. Therefore, theoretically, the 87 

saltmarsh grass shows a more pronounced influence on the bottom of the water column rather 88 

than the top, whilst the mangrove, depending on species, affects the bottom and sometimes the 89 

top of the water column, although the regions of the water column affected by vegetation will 90 

depend on the relative local tidal levels to the height of trees. 91 

This body of previous work has endeavored to further our understanding of the 92 

mechanisms controlling the bio-physical interactions within fluvial systems and coastal wetlands, 93 

together with the feedback between vegetation and sediment dynamics. The use of flumes and 94 

model vegetation has played an important role in raising our understanding of these detailed 95 

mechanisms (Shi et al., 1995; Nepf, 2012; Oritz et al., 2013). However, field observations 96 

focused on natural systems and processes are required to further develop these fundamental 97 

findings, particularly in regions where different ecosystems overlap. As pointed out by a number 98 

of scientists, complex factors such as precipitation, intermittent discharge, bi-directional flows 99 

and the consolidation of sediments must also be taken into account during the study of sediment 100 

transport on tide-al dominated environments (Fagherazzi et al., 2004; Greene and Hairsine, 2004; 101 

Chen et al., 2012). These processes drive the evolution of coastal systems over the long term, but 102 

cannot be entirely captured by flume observations. , Comparisons of the results from field and 103 

flume observations (Bouma et al., 2007) found that flume studies are unable to capture all 104 

necessary spatial scales, and will always result in some flow artefacts, including lower 105 

turbulence intensities than in the field.  Vargas-Luna et al. (2015) reviewed a number of physical 106 

models in terms of the effects of vegetation on flows and sediment transport and they concluded 107 

that ‘field measurements are not available, thus, intensive field campaigns including different 108 
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climatic conditions, vegetation species……are also recommended.’ Thus, the aim of this study 109 

was to carry out in situ observations to compare the sediment transport at the boundaries of a 110 

mangrove swamp and an adjacent saltmarsh. The competition between saltmarshes and 111 

mangrove species hasve been well documented to be associated with the critical bed elevation 112 

and the subsequent inundation period (Saintilan et al., 2014). In this study, we focus on a direct 113 

comparison between the sediment trapping abilities of the two types of vegetated boundaries 114 

with similar inundation periods (i.e. similar bed elevations). A comparison of differences in flow 115 

reduction and energy dissipation by saltmarsh and mangrove plants has already been assessed 116 

and is presented in a separate paper (Chen et al., 2016).  117 

2 Methods 118 

2.1 Study Site 119 

Yunxiao Mangrove National Natural Reserve, located at the Zhangjiang Estuary in the 120 

southeast China coast, was selected as the site for us to conduct the field measurements (Fig.ure 121 

1). The tidal flat developing within this reserve is approximately 600 m in width. The upper part 122 

of the tidal flat (100-200 m in width) is covered both by mangroves and saltmarshes; the adjacent 123 

species make this location an ideal study area for comparative field observations.  124 

The runoff of the Zhangjiang River carries a large amount of fresh water and sediments, 125 

with a mean annual water discharge of 9.6x108 m3 and suspended sediment discharge of 3.6x108 126 

kg (MICZTWR Office, 1990). The suspended sediment concentration decreases to ~40mg L-1 127 

within the estuary and further to ~ 30 mg L-1in Dongshan Bay (MICZTWR Office, 1990; Liu, 128 

1991). The annual precipitation within the estuary region is 700 mm and 80% of it takes place in 129 

the wet season (April to September). The study site is home to a tidally-dominated mangrove 130 
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forest with a fronting saltmarsh; the tidal flat is exposed to irregular semi-diurnal tides with a 131 

mean tidal range of 2.3 m. Wave exposure is very limited due to the sheltering effects of 132 

Dongshan Bay outside the estuary, except during typhoon seasons which normally occur in 133 

summer. The resulting physical conditions of the estuary therefore favor the deposition of fine-134 

grained sediments, which form a wide range of tidal flats along the main channel (Liu, 1991). 135 

The site under investigation is located on a relatively wide tidal flat with a slope of 2-3‰. The 136 

bed of this tidal flat consists of fine-grained sediment, mainly clays and silts. 137 

It has been reported that on the southeast coast of China, the rapid spread of the invasive 138 

saltmarsh grass Spartina alterniflora threatens the local mangroves (Lin, 2001; Zhang et al., 139 

2012). However, the study site is located on a tidal flat that exhibits co-existence of local 140 

mangroves and Spartina alterniflora saltmarsh. The upper part of the flat is covered by native 141 

mangrove species (Kandelia obovata, Aegiceras corniculatum, and Avicennia marina), while the 142 

exotic Spartina alterniflora occupies part of the mudflat fronting the mangrove forest (Zhang et 143 

al., 2012). The saltmarsh grass only covers a small area of the tidal flat during spring and 144 

summer, due to human removal as part of managed efforts to maintain a bare mudflat in the 145 

lower part of the tidal flat (Zhang et al., 2006). 146 
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 147 

FigureFig.  1.. Location of study area and field deployment: a) study area: Yunxiao National 148 

Mangrove Reserve; b) location of deployments: Site A (bare mudflat), Site B (mangrove 149 

boundary) and Site C (saltmarsh boundary)，together with the definition of flow components: U 150 

and V are the geographical northing and easting components, V1 and U1 are the components 151 

normal and parallel to the mangrove edge, respectively, and V2 and U2 are the components 152 

normal and parallel to the saltmarsh edge, respectively; the flood directions of three sites are also 153 

marked by arrows: black for mudflat, red for saltmarsh and blue for mangrove; and c) the 154 

positions of instruments deployed and the location of seedling transplantation, sites B and C have 155 

the same bed elevation, 5 cm above the bed of Site A (the reference for water level 156 

measurements) 157 

 158 
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 159 

The leading edge of the mangrove forest is made up of a mixture of Kandelia obovata 160 

and Aegiceras corniculatum, with a mostly closed canopy (80-90% closed). The mean distance 161 

from the bottom of the tree canopy to the bed was 0.4 m. In spring, the trees had a mean height 162 

of 1.6 m and a mean canopy width of 1.2 m. Combination of canopy closure percentage and the 163 

canopy width gives a density of 0.8 shoots/ m-2. The aerial root system is not well developed in 164 

the front, due to the presence of young mangrove trees in the front. In addition,  aboveground 165 

aerial roots of K. obovata are generally rare on the mudflats of Southeast China. Sseedlings can 166 

be observed sparsely within the mangrove forest, with density of 20-30 shoots/ m-2. 167 

The saltmarsh of S. alterniflora, 1.0 m in height, occurred occurs at the seaward front of 168 

the mangrove forest, with a high stem density of 580 m-2 and a high aboveground biomass (dry) 169 

of 2.50 kg m-2 (Chen et al., 2016). A topographic map of the region (Chen et al., 2016) indicates 170 

a small elevation change (< 0.27%) in the northwest-southeast (NW-SE) direction.  When the 171 

tidal flat is submerged (2-3 hours every tidal cycle during the observation period, Table 1), the 172 

mean water level was 0.43 m above the tidal flat bed, with the maximum water levels reaching 173 

0.76 m (Chen et al., 2016). It should be noted that due to the elevation of the vegetated mudflat, 174 

only higher or middle to spring tides are able to reach this part of tidal flat (Fig.ure 1c). 175 

2.2 Location and Time 176 

Because spring is the crucial time for the seedlings of mangrove and saltmarsh 177 

vegetations to establish, the field observations were carried out during 30th April to 5th May 2014 178 

throughout a period of spring to middle tides the latter portion of a spring tide, covering 11 tidal 179 

cycles. The weather was cloudy but dry for most of the time, except the second day, during 180 

which a moderately heavy rain event (25 mm over 24 hours) took place, and the last day, during 181 
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which a short shower took place just before the vegetation samples were collected (after tidal 182 

cycle No. 11). 183 

Three locations (FigurFig. 1) were selected for comparative synchronous measurements, 184 

located on the bare mudflat (Site A), within the mangrove edge (Site B) and within the saltmarsh 185 

edge (Site C). The distance between the bare mudflat site and the two vegetated flat sites was 186 

approximately 35 m. The sites within the mangrove and saltmarsh boundaries are at a distance of 187 

10 m from the vegetation edge, as defined by the start of the closed canopy. The remaining 188 

regions between Sites A and B, and Site C are covered by sparse mangrove trees and Spartina 189 

grass.  The fringes of vegetation described in this contribution include both the dense vegetation 190 

with closed canopies, as shown in FigureFig. 1, together with the sparsely vegetated fronting flat. 191 

The space between the vegetated sites (B and C) and the bare mudflat location (Site A) confines 192 

the vegetation fringes. Site A is 0.05 cm lower in elevation than the other two sites. Site B and 193 

Site C have the same elevations as determined by RTK-GPS. 194 

2.3 Sediment Dynamic Observations 195 

The backscatter intensity data of three Acoustic Doppler Velocimeters (ADV) were used 196 

to obtain flow data over 9 tidal cycles. The locations were carefully selected to avoid mangrove 197 

trees, and the vegetation around the sensors was removed (Chen et al., 2016). These were fixed 198 

to stainless steel frames for field deployment. The ADVs (Nortek Vector models, 6MHz) were 199 

all positioned 20 cm above the bed, to collect data continuously at a frequency of 16Hz. It should 200 

be noted that the ADV sensor measures the water volume  at a height of 8 cm above the bed (12 201 

cm below the sensor head positioned 20 cm above the bed, FigureFig.  1c). ADV backscatter 202 

intensity data were also used to estimate the suspended sediment concentration (SSC) based on a 203 

logarithmic relationship calibrated within the laboratory (Sontek, 1997; Ha and Maa, 2010). The 204 
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longest possible data records were extracted and separated into 5-minute intervals to obtain mean 205 

values.  206 

The output of the ADV provides three components of current velocity, U, V and W 207 

which represent easting, northing and upward components of the flow. A three-dimensional 208 

hydrodynamic and sediment transport model has revealed that as long as the water level is below 209 

the canopy top, the vegetated areas flood from the unvegetated areas, with flow directions more 210 

or less perpendicular to the vegetation edge (Temmerman et al., 2005a). Thus, the flow 211 

components are rotated according to the orientation of the vegetation edges for further analyses. 212 

The mangrove edge has an orientation of 160°, and the flow components were rotated to 213 

generate components parallel (U1)normal (V1) and normal (V1)parallel (U1) to this direction. 214 

The same procedure was applied to the saltmarsh edge, which has an orientation of 50°(V2 U2 215 

and U2V2). For simplicity, the three velocity components (u, v and w) of the tidal currents were 216 

used in formula as generalized symbols of the velocity components. When the data correlation 217 

values exceeded 0.7, the phase-space thresholding method developed by Goring and Nikora 218 

(2002) was adopted for despiking noise before the calculation of mean velocities, turbulent 219 

velocities and turbidities.  220 

The suspended sediment flux can be expressed as follows (Wang et al., 2014): 221 

  
T L H

dzdxdtCVF 0

         (1)
 

222 

Where F is the flux through a cross section with water depth H  ( dz ) and unit width L  ( dx ) 223 

over a time scale T  ( dt ) of a flood or ebb flow, C is the SSC converted from ADV backscatter 224 

intensity and 0V  is the speed of flow component normal to the vegetation edges. Due to the 225 

position of the sensors, the flux only covers the submerged period of a tidal cycle. However, the 226 
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data used for the flux calculation were from simultaneous periods, so this will not affect the 227 

comparison amongst the three sites. 228 

The TKE (Turbulent Kinetic Energy) density can be estimated as: 229 

)'''(5.0 222 wvuTKEdensity           (2) 230 

Equation 2 is applied for each 5-minute data section. Here,   is the fluid density; 'u , 'v  and 'w  231 

are the turbulent fluctuations deviating from 5-minute average values of the eastward, northward 232 

and upward flow components, respectively (Thompson et al., 2004). 233 

The bed shear stress b is estimated using Equation (3), where 19.01 C as suggested by 234 

Soulsby (1997), and suited to vegetated beds (Thompson et al., 2004):. 235 

densityb TKEC1       (3) 236 

The shear velocity *u  can be estimated from the bed shear stress and the fluid density 
f  237 

(Equation 4):. 238 

f

bu



*                (4) 239 

Fugate and Friedrichs (2002) provided an algebraic equation for estimating tidally-240 

averaged settling velocity sw  using an ADV. Voulgaris and Meyers (2004) further expand this 241 

method to resolve the tidal variability of the settling velocity (Equation 5), which was adopted in 242 

our study:. 243 

''CwCws              (5) 244 

wWhere C  is the 5-minute averaged SSC, 'w  is the vertical fluid velocity fluctuation, 245 

'C  is the SSC fluctuation estimated from the ADV backscatter strength, and  is the symbol 246 

indicating time averaging. The settling velocity estimate (Equation 5) can be applied when the 247 
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advection transport is minimal compared with the vertical velocity terms (Fugate and Friedrichs, 248 

2002). Using ADV data from pairs of stations, a consistency check was undertaken to evaluate 249 

the ratio of the advection term relative to the settling term, as suggested by Fugate and Friedrichs 250 

(2002), before the settling velocity was calculated. The flow data and the SSC data obtained by 251 

ADV, as well as the distance between the paired stations and the elevations of sensors, were used 252 

for this valuation which gives the average ratio of 0.06 ± 0.04 and 0.009 ± 0.006 for the flat-253 

mangrove sites and flat-saltmarsh sites, respectively. Thus, the advection term is two orders of 254 

magnitude smaller than the settling term and it is reasonable to estimate settling velocity using 255 

the method of Voulgaris and Meyers ((2004)).  256 

Bed samples from each site and local water samples were collected to produce a turbidity 257 

gradient in the laboratory, for individual calibration of ADV backscatter sensors. SSC was 258 

measured by passing a known sample volume through a pre-weighed 0.45 μm poresize glass 259 

fiber filter, followed by drying and weighing. Linear relationships were therefore established 260 

between the backscatter intensity and the logarithm of SSC for each sensor, as suggested by 261 

previous studies (Ha and Maa, 2010, FigureFig.  2). 262 
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 263 

FigureFig.  2.. Calibration between backscatter intensity and suspended sediment concentration 264 

for (a) bare mudflat; (b) saltmarsh; and (c) mangrove. Note the x in the equations refers to 265 

𝐿𝑜𝑔10𝑆𝑆𝐶, and SSC is in the unit of mg L-1. 266 

 267 
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2.4 Vegetation Trapping Experiments 268 

More than 50 saltmarsh grass standings and small branches of mangrove trees were 269 

randomly marked and cleaned for field observation. Any sediments attached to these vegetation 270 

samples were washed off using clean water in the field before the experiment started. 271 

Subsequently, the aboveground parts of 6 vegetation samples (3 mangrove samples and 3 grass 272 

samples) were then collected daily using tough scissors after the initial deployment of the 273 

instruments. The sediments on the vegetation surface were washed off and collected into 274 

cylinders for subsequent filtering and drying to obtain the dry weight of the sediment deposits on 275 

the vegetation. The vegetation samples, including leaves and stems, were subsequently dried and 276 

weighed to obtain biomass. Note that for conservation purposes, only small branches of the 277 

mangrove trees were collected and thus measured weight is mainly from leaves. 278 

The seedlings of mangrove and saltmarsh grass start to grow during this season (Spring). 279 

They are much shorter than the natural standings but vital to the development of the ecosystem. 280 

In light of the fact that seedlings appear within the near bed whilst the natural standings penetrate 281 

the whole water column during the investigation period, it is important to examine the difference 282 

between their abilities of trapping sediment using their leaves and stems. K. obovate and S. 283 

alterniflora seedlings were transplanted adjacent to the observation sites and arranged at a 284 

density close to the natural status, and used to represent the sediment trapping ability of 285 

vegetation at an early stage of life.  Some 20 cm- high Sseedlings of K. obovata and S. 286 

alterniflora were transplanted into Site B and Site C, respectively. For each site, 50 fifty 20 cm- 287 

high seedlings of mangroves or saltmarsh grass, which had been rinsed clean with water, were 288 

separately arranged into two quadrates of 200 cm×100 cm, with an individual spacing of 20 cm. 289 

Three3 samples Samples of each type of seedlings were collected in triplicate every day along 290 
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the edge of the plots, together with the natural standings of vegetation to measure the sediment 291 

trapped by vegetation using the same method as mentioned before. The mangrove seedlings 292 

weare in a similar density as their natural status, but that of the Spartina seedlings wasis 293 

decreased to allow a comparison between two species. 294 

The instruments recorded from the midnight of 29th/30th April until after the first tidal 295 

cycle of 4th May (Table 1), the last point at which water levels were sufficiently high to 296 

submerge them.  297 

The sediment mass trapped by the vegetation was measured in this study through the 298 

period of the 2nd tidal cycle (occurring in the afternoon of 30 April) to the 11th tidal cycle. The 299 

samples were collected every day at noon (Table 1). 300 

 301 

Table 1. Description of the field observation deployment  302 

Tidal cycle 

Number 

1 2 3 4 5 6 7 8 9 10 11 

Time 01:00

- 

03:20 

13:00

-

15:00 

01:50

- 

04:00 

13:40

-

15:35 

02:30

- 

04:40 

14:20

-

16:00 

03:20

- 

05:20 

14:40

- 

16:40 

03:40

- 

05:50 

N/A N/A 

Date 30/4 

AM 

30/4 

PM 

1/5 

AM 

1/5 

PM 

2/5 

AM 

2/5 

PM 

3/5 

AM 

3/5 

PM 

4/5 

AM 

4/5 

PM 

5/5 

AM 

Trapping 

Experiment 

 Day 1 Day 2 Day 3 Day 4 Day 5 

Instruments Recording Off 

Weather Cloudy but 

dry 

Rain Cloudy but dry Rain 

 303 

2.5 Supplementary Supporting Measurements 304 

A RTK-GPS (Trimble-SPS881) survey was undertaken to record the relative elevations 305 

of the three sites for water level analysis. Plastic accretion stakes (1.5 cm in diameter, 50 cm long, 306 

10 cm exposed, FigureFig.  1b) were inserted into the bed to monitor deposition rates by 307 
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measuring the exposed length from May 2012 to May 2014. It is noted that the Spartina grass 308 

was removed in August 2012 by the local management office and it had recovered by the spring 309 

of 2013; as such, the deposition rates of the saltmarsh represent under-estimated values. Surface 310 

sediments were collected during instrument deployment for laboratory grain size analysis using a 311 

laser grain size analyzer (Helos, manufactured by Sympatec). Biological properties of the 312 

vegetation, such as mangrove geometrics (height and diameter of canopy, diameter of trunk), and 313 

density and diameter of grass, were measured in situ using a tape measure. Aboveground 314 

biomass of vegetation was measured by harvesting, drying and weighing plant samples.  315 

3 Results 316 

3.1 Tidal-cycle Scale Suspended Sediment Concentration 317 

The variation of suspended sediment concentration (SSC) over 9 tidal cycles is displayed 318 

in FigureFig.  3. The SSC data exhibit a strong tidal asymmetry, with one exception of the 319 

second tidal cycle on the bare mudflat. The overall SSC is higher during the flood phase than the 320 

ebb phase for all three sites, which implies a favorable environment for a net sediment input. On 321 

average, there is a considerable reduction in SSC between the bare mudflat and the vegetated 322 

sites (Table 2). The average SSC reduced nearly 10% from the bare mudflat to the saltmarsh 323 

boundary, whilst nearly 20% from the bare mudflat to the mangrove boundary. This pattern 324 

implies sediment trapping within the vegetation boundaries at a tidal scale.  325 

Deposition rates over a two-year period were recorded by accretion stakes. The readings 326 

of 5 or 6 stakes of each site (see FigureFig. 1 for more details) are averaged and displayed in 327 

Table 2. The short-term pattern of SSC variation is generally consistent with long- term 328 

deposition rates recorded by stakes on the vegetated area and the mudflat, which shows higher 329 
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rates at vegetation edges than on the mudflat (Table 2), although the deposition rates may be 330 

under-estimated as compaction is not considered.  331 

 332 

FigureFig. 3. The SSC data series over 9 tidal cycles: (a) SSC time series based on acoustic 333 

backscatter (ADV); and (b) water level variation. The detailed time is listed in Table 1. 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 
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 346 

 347 

Table 2. Synthesis of the mean parameters associated with suspended sediment transport of the 348 

three sites. 349 

Parameter Flat Saltmarsh Mangrove 

Grain size (μm) 6.20±0.76 5.79±0.43 6.34±0.90 

Deposition rate (cm a-1)  1.14±1.20 2.60±0.97* 2.10±0.87 

Settling Velocity (mm s-1) 1.90 0.87 0.85 

SSC (mg L-1)          68.8 62.9 56.2 

Net SSC flux 

per tidal cycle 

(kg/m) 

 

Normal to 

saltmarsh 

edge 

8.1 3.0 -- 

Normal to 

mangrove 

edge 

4.4 -- 3.2 

Sediment trapped per tidal 

cycle (kg/m) 
-- 5.1 1.2 

Deposition 

tendency 

Flood 0. 17 0.21 0.26 

Ebb 0. 23 0.21 0.25 

Cumulative 

S:B ratio  

Natural 

standings 
-- 0.017 0.016 

Seedlings -- 0.11 0.13 

*Note: the deposition rate is under-estimated due to the clearing of grass in August 2012. The 350 

stake number is 6 in the saltmarsh site, whilst 5 for the other sites. 351 

 352 

3.2 Tidal-cycle Scale Sediment Transport: A Comparison 353 

Detailed flow information has been published in a separate paper (Chen et al., 2016). 354 

Here, we provide a brief summary of the horizontal flow conditions. The horizontal flow speeds 355 

of the three sites are shown in FigureFig. 4. A considerable reduction in flow speed caused by 356 
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vegetation is readily identified and a rotation of flow direction by vegetation has been related to 357 

eddy viscosity and drag forces (Chen et al., 2016).  358 

 359 

FigureFig. 4. The variations of horizontal flow speed and direction throughout 9 tidal cycles 360 

(source: Chen et al., 2016): (a) flow speed data; and (b) flow direction data. Note the 361 

geographical flow direction uses the north as zero degrees. 362 

 363 

Neumeier and Ciavola (2004) noted a relatively uniform vertical velocity profile within 364 

saltmarsh grass canopies. Due to the shallow water layer, the SSC is normally regarded as a 365 

constant through the vertical profile in modeling or field observations on tidal flats (e.g., 366 
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Temmerman et al., 2003; Wang et al., 2012). In addition, based on the consideration of small 367 

flow speed magnitude and the relatively low turbidity, a uniform profile assumption is used in 368 

this study for SSC flux estimate, based on a combination of flow and SSC data using Equation 1. 369 

The SSC flux data for each flood and ebb period is displayed in FigureFig. 5. Due to the flow 370 

rotation, the SSC transport normal to the vegetation is mainly presented, but the sediment 371 

transport along the vegetation edges is also considered (FigureFig. 1b). The SSC fluxes of the 372 

bare mudflat site are decomposed according to saltmarsh edge and mangrove edge orientations 373 

separately ( FigureFig. 5). Diurnal inequality results in higher sediment fluxes during the 374 

relatively high tides (odd numbers) than the relatively low tides (even numbers). The sediment 375 

fluxes are determined by both SSC and flow velocity. Although the SSC values of the bare 376 

mudflat are not always higher than the vegetated sites, as indicated by FigureFig. 3 for all tidal 377 

cycles, the net sediment trapping of the vegetation edges is likely to be the result of the flow 378 

reduction by the vegetation is mainly accounted for by the net sediment trapping of the 379 

vegetation edges. 380 

Overall, the study area is dominated by a net input of sediments. The highest fluxes occur 381 

on the bare mudflat site; this is because when the suspended sediments are transported into the 382 

vegetation edges, a large amount of sediments isare trapped by the vegetation and only part of 383 

them sediment flux is able to pass through the vegetation to reach the upper tidal flat. The bare 384 

mudflat site shows different SSC fluxes when considering the main transport directions 385 

(FigureFig. 5). This site shows a lower net sediment transport towards the mangrove, because the 386 

presence of the mangrove edge deviates the flow (257º in flood) away from the main flow 387 

direction of 305º in flood on the tidal flat (FigureFig. 4b, Chen et al., 2016). 388 
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The long-term deposition rates (Table 2) are consistent with the pattern of the flux 389 

estimates at tidal cycle scales: relatively low deposition rates are observed on the bare mudflat 390 

(1.4 cm a-1) whilst high deposition rates occur at the vegetation edges (> 2 cm a-1); the deposition 391 

rate at the saltmarsh edge is higher than that at the mangrove edge, in response to a greater 392 

difference in sediment input between the vegetated sites and the bare mudflat site. 393 

 394 

FigureFig. 5. Suspended sediment fluxes per unit width estimated at a tidal cycle scale: (a) 395 

sediment flux at the bare mudflat site in the direction normal to saltmarsh edge; (b) sediment flux 396 

at the saltmarsh site in the direction normal to saltmarsh edge; (c) sediment flux at the bare 397 

mudflat site in the direction normal to mangrove edge; and d) SSC flux at the mangrove site in 398 

the direction normal to mangrove edge. The flux was estimated to represent the total mass 399 

passing a unit width of bed over a time span of either the ebb or flood flow. North represented by 400 

zero degrees. 401 

 402 

The amount of sediment trapped between the vegetated sites and the bare mudflat sites is 403 

estimated using the SSC flux data using Equation 1.  The sediment trapped at the vegetation 404 

boundaries can be estimated by comparing the difference between the fluxes of the mudflat site 405 
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(with subscript of ‘mud’) and the vegetated sites (with subscript of ‘veg’), as described by 406 

following (Equation 6): 407 

)()( ,,,, vegebbvegfloodmudebbmudflood FluxFluxFluxFluxtrap 

     

(6) 408 

The values of sediment trapping  are given in Table 2. This clearly indicates that the 409 

presence of vegetation can increase SSC trapping at their front edges.  Further, it can be inferred 410 

by comparing the SSC fluxes (Table 2), it can be inferred that considerable amount of the 411 

sediments transported from the lower part of the tidal flat towards the upper tidal flat are trapped 412 

within the front edges of the vegetation, an combination area of 35 meters wide which 413 

includinges a combination of  the mudflat with and sparse vegetation. The presence of vegetation 414 

traps the suspended sediment, resulting in a high deposition at the front and less deposition in the 415 

interior of the saltmarsh and the mangrove. This spatial allocation of sediments might benefit the 416 

spread of the vegetation. Finally, the saltmarsh front edge, showing a greater trapping ability, is 417 

found to be more efficient than the mangrove front edge in trapping sediments. Due to the total 418 

amount of sediment flux from the bare mudflat is same for two vegetated sites, coupled with the 419 

fact thatalthough the mangrove trees trap less sediments normal to their front, more sediments 420 

can be transported parallel to the mangrove edge than the saltmarsh edge . The transport inof this 421 

direction can increase the elevation of the whole system and benefiting the neighboring plants. 422 

Remote sensing image analysis (Li et al., 2017) shows the mangrove in this area expands inat a 423 

direction parallel to its front, whilst the saltmarsh advances in a direction normal to its 424 

presentcurrent front. The sediment transport and trapping pattern might explain the different 425 

directions of vegetation expansion. 426 
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3.3 EThe enhanced deposition by vegetation as indicated by deposition tendency 427 

In order to quantitatively evaluate the tendency for particles to deposit or resuspend, the 428 

ratio of particle settling velocity to the shear velocity u

ws

 has been proposed by Ortiz et al. (2013) 429 

for saltmarsh environments. The estimates of settling velocity and shear velocity for this study 430 

were calculated using Equations 2-5 as described in the Methods sSection. In general, when u

ws

431 

is above 0.1, the environment is considered to be deposition-dominant (Zong and Nepf, 2010) 432 

Mean 
u

ws  ratios calculated for each flood and ebb tide are displayed in FigureFig. 6. The 433 

u

ws  ratio of the flood and ebb vary within a range of 0.14 and 0.31 for all sites, implying 434 

favorable conditions for deposition. The tidal cycle- averaged values (including flood and ebb 435 

phases) of vegetation sites, are 0.25±0.03 and 0.21±0.04 for the mangrove site and the 436 

saltmarsh site, respectively, whilst this value is 0.20±0.03 for the bare mudflat site.  437 
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 438 

FigureFig. 6. Deposition tendency of three sites as indicated by u

ws

 ratio: (a) mudflat; (b) 439 

saltmarsh; and (c) mangrove; the dashed line of 0.1 marks the lower limit for ‘deposition 440 

favorable’ conditions, as suggested by Zong and Nepf (2010). 441 

3.4 Sediment Trapping by Vegetation, and Precipitation Effects 442 

A ratio of sediment mass (S) to biomass (B),: S/B, is proposed in this study, to allow 443 

estimates of the ability of vegetation to trap sediments. The S/B ratio is defined as the value of 444 
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the dry sediment mass washed from the vegetation divided by the dry biomass of the vegetation 445 

itself. We choose this ratio because dry sediment mass and dry biomass can be easily measured 446 

in laboratory with high accuracy. Further, the data on dry sediment mass and dry biomass have 447 

been used in a large number of studies and this allows us to discuss our results using other data 448 

sources. The properties of the two vegetation species are listed in Table 3. 449 

 450 

Table 3. The biological properties of the investigated mangrove trees and saltmarsh grass 451 

Spartina Height (m) Stem density (m-2) Biomass (dry, kg m-2) Coverage (%) Stem diameter (m) 

1.0 580 2.5 90% 0.008 

Mangrove Height (m) Stand Density (m-2) Canopy biomass (dry, kg m-2) Canopy closure (%) Trunk diameter (m) 

1.6 0.8 0.22 80-90% 0.1 

 452 

 453 

Because the samples were collected successively, the S/B ratio data are cumulative, to 454 

indicatinge the continuous sediment trapping by vegetation over tidal cycles. The cumulative S/B 455 

ratio of the natural standings and the transplanted seedlings of mangrove trees and saltmarsh 456 

grass are illustrated in Figure 7 for the observation period are illustrated in FigureFig. 7. 457 
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 458 

FigureFig. 7: . The cumulative sediments trapped by vegetation surfaces, as indicated by the S/B 459 

ratio over 10 tidal cycles: (a) seedlings; and (b) mature standings. The seedling samples were 460 

planted into a matrix of 10 x *5 stands within an rectangular area of 100 cm x *200 cm. Three3 461 

samples of each vegetation type were collected every day to give the average and standard 462 

deviation values in this figure.. 463 

 464 

Overall, the S/B ratio of natural, high standings is significantly less than that of the 465 

seedlings for both types of vegetation (FigureFig. 7). This is because the top canopy of the high 466 

standings experiences much less submergence than the lower part, and this decreases their 467 

efficiency as a sediment trap by unit mass. However, in the light of the large amount of biomass 468 

(e.g. aboveground biomass of Spartina alterniflora reaches 2.5 kg m-2 in this area) of the high 469 
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standings and the length of time they are present (from Spring to Autumn) compared to the 470 

seedlings (only part of the seedlings are able to survive untiltill Autumn), they perform a more 471 

important role overall in trapping sediments on the tidal flat. 472 

The S/B ratio of mangrove and saltmarsh seedlings both vary considerably over the 10 473 

tidal cycles while maintaining similar patterns (FigureFig. 7a). The S/B ratios of the mangrove 474 

seedlings are similar to those of the Spartina seedlings if the shoot densities are same. The S/B 475 

ratio drops to a minimum during tidal cycles 4 and 5, then they increase on the following two 476 

days, and decrease slightly again on the last day. This pattern is different from the expected 477 

continuous increase and it is highly likely to be associated with precipitation, which took place 478 

during tidal cycles 3 and 4, and before tidal cycle 11. The authors observed in the field that the 479 

rain drops washed off fine particles attached to the leaves during the low water period. It appears 480 

that the sediments become trapped by vegetation during high water levels, and the rain during the 481 

emergence hours creates a mechanismway to transport sediment downward ontotowards the bed. 482 

Without precipitation, the sediments will be accumulated until an upper limit is reached. The 483 

presence of precipitation is able to accelerate this downward transport of sediment. This 484 

mechanism may be not only important for the sedimentary process on the tidal flat, but also for 485 

the growth of seedlings. High standings show a similar pattern as the seedlings (FigureFig. 7b), 486 

except during tidal cycle nNo. 4-5. In general, the high standings show less diurnal variation, as 487 

well as lower standard deviations amongst samples. The high standings of saltmarsh grass and 488 

mangroves show a decreasing trend in S/B ratio, with a low value occurring on the day after the 489 

moderately heavy rain (tidal cycles 4 and 5), together with a general increase after that day. 490 

Similarly, the short shower also shows its effect at the end of the observation, slightly decreasing 491 

the S/B ratio on the last day. The frequency of measurement sampling is not sufficiently high in 492 
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this study to confirm it, but this patternthe lag between surface sediment decreases in successive 493 

days (Fig. 7) might imply a lag of surface sediment decrease in response to precipitation.  494 

4 Discussion 495 

A complete understanding of the mechanisms mediating sediment accumulation by tidal 496 

flat vegetation, particularly the possible impact of vegetation upon suspended particles, is still 497 

iallusive (Graham and Manning, 2007). Trapping of suspended particles can be caused by both 498 

changes to hydraulic forces and by the direct presence of vegetation leaves and stems. In the 499 

following sections, the sediment settling caused by hydraulic forces and by the direct trapping by 500 

leaves or stems will be discussed separately, together with limitations of this study. 501 

4.1 Hydraulic Sediment Settling Processes within the Saltmarsh and the Mangrove Fronts 502 

Various devices (e.g., floc cameras) have been used to show that suspended particles 503 

settle in a flocculated form within saltmarshes and mangrove swamps (French and Spencer, 1993; 504 

Wolanski, 1995; Graham and Manning, 2007). Wolanski (1995) suggested that the settling 505 

velocity of suspended particles in mangrove swamps is 1 mm s-1 for clay and 5 mm s-1 for silt. 506 

Voulgaris and Mayers (2004) observed an invariant, tidally- averaged settling velocity of 0.24 507 

mm s-1 for flocs on a saltmarsh surface. A more accurate observation of floc settling velocity 508 

within a saltmarsh vegetation canopy under turbulent flow conditions was conducted in an 509 

annular flume using a flocs camera (Graham and Manning, 2007), which provides a range of 510 

0.004 ~ 3.36 mm s-1, with a mean value of 0.55 mm s-1. Settling velocities estimated based on 511 

ADV observations by this study (Table 2) are within the range of previous observations. 512 

However, a decrease in the settling velocity of suspended particles from the bare mudflat to the 513 

vegetated sites occurs and further explanation is needed for the settling processes. 514 
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The settling of suspended sediments within the vegetation canopy is related to the 515 

generation of turbulence and the wake-sheltering effects in the lee of downstream stems (Shi et 516 

al., 1995; Nepf, 1999). In general, the deposition tendency ratio, also known as the inverse 517 

movability number forming part of the Rouse parameter (Amos et al., 2010), has a range of 518 

0.002 to 0.3 in aquatic environments and a typical value of 0.02 has been used in flume 519 

experiments (Ortiz et al., 2013). Relatively high values of the ratio imply a trend for deposition 520 

whilst low values suggest a tendency for resuspension. Deposition has been clearly observed in 521 

flumes when this the deposition tendency ratio is above 0.1 (Zong and Nepf, 2010).  522 

The vegetation below the sensors was cleared in this study and, thus, this observation 523 

looked into the sediment settling directly driven by hydrodynamics, but not the direct trapping by 524 

the vegetation surface. Meanwhile, more than 80% of the turbulent kinetic energy is dissipated 525 

by the vegetation in comparison with the mudflat (Chen et al, 2016). Therefore, it is important to 526 

use the 
u

ws  ratio to determine the likelihood of deposition.  527 

The most notable pattern revealed by FigureFig. 6 is the change of tidal asymmetry in the 528 

u

ws  ratio by vegetation. On the bare mudflat, the 
u

ws  ratio shows a strong ebb-dominant 529 

characteristic throughout the tidal cycles, consistent with the asymmetry in suspended sediment 530 

flux (FigureFig. 5). Paired-sample T tests (by SPSS package) are used to exam three sites in 531 

terms of the flood-ebb asymmetry. The results shows a significant difference between the bare 532 

mudflat and the vegetated sites (P<0.01, Table 4).  533 

 534 

 535 

 536 
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Table 4. Paired samples tests for tidal asymmetry of deposition tendency 537 

 Std. deviation Std. error mean t df Sig. (P-value) 

Pair 1: 

flat vs saltmarsh 

0.043 0.014 -3.616 8 0.007 

Pair 2: 

flat vs mangrove 

0.023 0.075 -8.284 8 <0.001 

 538 

Thus, a considerable amount of suspended particles, mostly clay and fine silts (Table 2), 539 

are transported into the bare mudflat during the flood stage. These particles tend to settle, as 540 

indicated by the
u

ws  ratio (> 0.1 over 9 tidal cycles) during this stage. During the ebb stage 541 

however, the 
u

ws  ratio increases considerably, and consequently the majority of deposition 542 

occurs during this stage, resulting in a deposition lag. 543 

Tidal asymmetry, as defined by comparing flood and ebb phases through various 544 

parameters of in relation to hydrodynamic processes, has been widely recognized for its 545 

importance in resulting sedimentation processes (Dronkers, 1986; Scully and Friedrichs, 2007; 546 

Brown and Davies, 2010), but hardly considered in flume experiments (Zong and Nepf, 2010; 547 

Ortiz et al., 2013). The tidal asymmetry in the deposition tendency can be altered by vegetation. 548 

Throughout 9 tidal cycles in our study, the deposition tendency data shows considerable ebb-549 

dominance within the bare mudflat site (FigureFig. 6a) whilst the vegetated sites shows the 550 

feature either nearly equal symmetrical or flood-dominant deposition tendencies (FigureFig.s 6b, 551 

c and c). Differently from the bare mudflat, most of the suspended particles within the vegetated 552 

sites therefore deposit during the flood stage when the SSC is high, rather than the ebb stage with 553 
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low SSC, improving the deposition efficiency. This is likely to be an important mechanism 554 

throughout which vegetation enhances deposition by regulating hydrodynamics and the 555 

consequent 
u

ws  ratio, but has not been reported by previous studies. The presence of vegetation 556 

decreases both the settling velocity (Table 2) and the shear velocity (Chen et al., 2016). The 557 

improved deposition efficiency implies that shear velocity reduction is greater than the decrease 558 

of settling velocity, as a function of the vegetation. 559 

4.2 The Potential Contribution of Direct Trapping to Deposition 560 

The suspended sediment settling and trapping driven by hydraulics have been extensively 561 

studied. However, the sediment directly trapped by vegetation is rarely taken into account. 562 

Vegetation occurring on tidal flats has been widely recognized for its ability to increase 563 

deposition to adapt to relative sea- level rise. Accelerated deposition rates have been observed in 564 

a number of saltmarshes and mangrove swamps, in comparison with unvegetated tidal flats (e.g., 565 

Childers and Day, 1990; Furukawa and Wolanski, 1996; Christansen et al., 2000; Alongi et al., 566 

2005; Lovelock et al., 2015). The suspended particles can form larger flocs and settle more 567 

rapidly to the seabed as the vegetation creates a more favorable environment for sediment 568 

settling (Neumeier and Ciavola, 2004; Graham and Manning, 2007; Nepf, 2012; Ortiz et al., 569 

2013). More recently, leaf transport as a source of particulate organic matter (POM) in 570 

ecosystems was observed in flume experiments which comparinged mimic mangrove forests and 571 

seagrass beds, indicating the mangrove roots werea more efficient at trapping mechanism POM 572 

by mangrove roots than theby seagrass beds (Gillis et al., 2013). Along Associated with leaf 573 

transport, it can also be readily observed in the field that a thick layer of mud can accumulate on 574 
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the leaf surface. This is another pathway for suspended particles to be trapped by the vegetation 575 

system, but is rarely recorded recognized in the literature. 576 

A quantitative measurement of suspended sediment trapped by vegetation stems and 577 

leaves in the field has been conducted in this study, and is represented by the S/B ratio 578 

(FigureFig. 7). Moreover, the amount of sediment trapping over a unit area (1 m × 1 m) is 579 

estimated based on S/B ratio and the biomass data. On average, the difference in S/B ratio of 580 

saltmarsh grass between two successive days reaches a value of 0.003 (based on data reported in 581 

FigureFig. 7), even when considering the rinsing by rainfall. The maximum accumulated S/B 582 

ratio over two successive days reaches 0.014. Considering the dry biomass values of 2.5 kg m-2 583 

and based on our observations, the aboveground biomass, including stems and leaves, has the 584 

potential to trap a maximum of 35 g dry sediments per square meter per day (S/B ratio =0.014), 585 

based on our observations. The dry density of clay and silt sediments is approximately 1.28 g cm-586 

3 and thus the estimated the amount of sediments attached to the vegetation surface have the 587 

potential to add up to 0.5 cm to the annual deposition rate during its growing season (6 588 

months), ). This estimate assuminges complete deposition from the leaves to the bed, although 589 

this valuebut could be revised if additional factors (e.g., the water content and bulk density) were 590 

considered, and may be lower than predictedoverestimated.  591 

Spartina alterniflora has been artificially introduced into Chinese tidal flats since 1980s 592 

for the purpose of stimulating tidal flat accretion (Chung, 2006). It has been reported that the 593 

presence of Spartina alterniflora has increased the sedimentation rates of the tidal flats from 594 

~1.5 cm a-1 to ~ 3 cm a-1 (Wang et al., 2005; Gao et al., 2014). The direct trapping amount of 595 

sediments by vegetation, however, remains unknown. Most of the Spartina alterniflora 596 

saltmarshes appear on the silty or clay mudflats along the east China coast, including Jiangsu 597 
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Province, Shanghai, Zhejiang Province and Fujian Province (Gao et al., 2014). The total area of 598 

this type of saltmarshes sums up to 3.2×108 m2 (Zuo et al., 2012). The aboveground biomass 599 

(dry mass) varies within the range of 2000 ~ 2500 g m2-2 over these regions (Li et al., 2005; Liao 600 

et al., 2008; Gao et al., 2016). If the same estimate is undertaken using the S/B ratio of this study 601 

(0.014), the Spartina alterniflora saltmarshes are expected to result in a maximal direct trapping 602 

of 1.9×106 tons of sediments over their growing season every year (dry biomass = 2250 g m2-2). 603 

This value means that the direct trapping of sediments contributes 0.45 cm a-1 to the deposition 604 

rate;, nearly 1/3 of the increased deposition rates reported (Wang et al., 2005; Gao et al., 2014). 605 

The sediment trapped by mangrove trees can also be estimated similarly. The mean 606 

density of the mangrove trees is 0.8 trees m-2. The total dry biomass of the canopy is 607 

approximately 176 g m-2. If half of the canopy is assumed to be submerged (a factor of 0.5 608 

applied to the biomass), together with the maximum increase of S/B ratio of 0.028 between two 609 

succeeding days (based on FigureFig. 7), the potential amount of sediment available from the 610 

leaves of mangrove trees is 2.5 g m-2 per day at a maximum, which may contribute a maximum 611 

of 0.07 cm (in dry mass) annually to deposition rate over an annual period., This is negligible 612 

when compared to the saltmarsh grass. Therefore, the standings of saltmarsh grass contribute 613 

substantially to sediment deposition processes, by trapping the sediments via the leaves and 614 

stems and then transported to the bed by rainfall rinsing. In contrast, the mangrove trees are less 615 

effective in direct trapping sediments via the canopy. It should be noted that most mature 616 

mangrove forests worldwide will only rarely be inundated up to the canopy, with most 617 

sedimentation occurring due to the slowing down of hydrodynamics between the aerial 618 

roots. Our study only attempts to capture the mechanisms for the expanding pioneer zone of 619 

mangrove forests which is occupied by short, young mangrove trees. With the future 620 
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development of aerial roots, the sediments trapped by mangrove trees may increase substantially. 621 

Meanwhile, the net deposition rate increased by the mangrove trees also provesshows less 622 

effective than the saltmarsh grass, although they have more significant influences on the 623 

hydrodynamics (Chen et al., 2016). The deposition tendency data in FigureFig. 6 reveals that 624 

mangrove trees are more effective than the saltmarsh grass in enhancing sedimentation by 625 

hydraulic alteration, but this part is unable to compensate the difference caused by direct 626 

trapping. More importantly, the flow rotation by the mangrove trees remarkably reduces the 627 

sediment transport flux into the vegetation edge (FigureFig. 5b) and leads to a reducedless 628 

efficiency in trapping sediments in a normal direction.  629 

A similar estimate was also used for the amount of sediment trapped by seedlings. The 630 

maximum amount of sediment trapped by mangrove seedlings within a day was 4.78 g m-2;, 631 

higher than the 3.7g m-2 value found for grass seedlings of same stem density. The important 632 

implication from the seedling observations is that the mangrove seedlings are more efficient in 633 

directly trapping sediments, when compared to the more mature trees. The amount of sediment 634 

trapped by mangrove seedlings per unit area is almost twice that of the canopy (2.5 g m-2 per 635 

day). It can therefore be inferred that the both seedlings and aerial roots of some mangrove 636 

species, which show similar characteristics to the seedlings, will have a fundamental effect on 637 

sedimentation processes.  638 

Although an aerial root system was not observed at the mangrove boundary under this 639 

investigation due to the young age of the forest, the biomass distribution of the typical mangrove 640 

species in southeast China has been reported by other studies (Lin et al., 1985; 1990; 1992; 1998 641 

Lin et al., 1990; Lin et al., 1992; and Lin et al., 1998, Table 45). For three species in this table, 642 

the trunk representstakes the largest percentage of the total aboveground biomass. Secondly, 643 
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tThe canopies, mainly consisting of branches and leaves, contain the next largest are in 644 

secondary place of percentage in the total biomass. The contribution of aboveground roots (or 645 

seedlings) varies among species. For these species, the contribution of aboveground roots (or 646 

seedlings) is much less than the canopies. If the water level is sufficiently high to reach 647 

mangrove canopies, the direct sediment trapping by canopies is more considerable than the 648 

aboveground roots (or seedlings). In other words, the relative height of water level to the 649 

mangrove trees determines the direct trapping efficiency for these species in Table 45. In 650 

contrast, the aboveground roots of Rhizophora stylosa show the highest percentage in total 651 

aboveground biomass. Therefore, the aboveground root system of Rhizophora stylosa is 652 

fundamentally important in direct sediment trapping, regardless of water level changes.  653 

 654 

Table 45. The typical mangrove species in Southeast China and their biomass constitutes as 655 

indicated by the percentage of total aboveground biomass (data source from Lin et al., 1985; 656 

1990; 1992; 1998, Lin et al., 1990, Lin et al., 1992 and Lin et al., 1998). Note the seedling of 657 

Kandelia obovate was reported instead of aboveground roots because Kandelia obovate trees 658 

rarely develop aboveground roots. 659 

Location Species Trunk 

(%) 

Branch 

(%) 

Leaf 

(%) 

Aboveground root 

(%) 

Guangdong Aegiceras corniculatum 74.20  13.68  7.29  4.84  

Fujian Kandelia obovata 77.78  15.56  6.52  0.19 (seedling) 

Hainan Bruguiera sexangula 69.61  22.95  4.39  3.05  

Guangxi Rhizophora stylosa 35.41  23.05  3.49  38.04  

 660 
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In terms of the transport of directly trapped sediments, precipitation may play an important 661 

role in this process within vegetated tidal flats. On land, raindrops falling on the sediment surface 662 

can cause suspension, saltation and bedload movement, particularly in low slope areas, but the 663 

maximum raindrop impacts occur for water depths of less than one raindrop diameter (Moss et 664 

al., 1979; Proffitt et al., 1991; Beuselinck et al., 2002). Contrary to the terrestrial environment, 665 

on vegetated tidal flats the raindrops have limited impact on sediment resuspension because of 666 

the deep water layers during high water periods;, and at low tide, the dense vegetation forms a 667 

mat to dissipate the kinetic energy of raindrops. Visual observation of the vegetated sites did not 668 

indicate the formation of fast overland flow, which is generally the main factor causing sediment 669 

movement on land surfaces. However, the raindrops can still work directly on the bare mudflat 670 

surface and influence recently deposited, non-unconsolidated sediments as pointed out by 671 

Voulgaris and Meyers (2004).  672 

When the vegetated flat was exposedemerged, the rinsing of the vegetation surface by 673 

raindrops results in a direct transport of sediments to the bed. Our experiments show the direct 674 

trapping of sediments by the vegetation surface. Precipitation creates a pathway for those 675 

particles to be moved onto the bed. Furthermore, the thick sediment layer on the vegetation leaf 676 

surfaces might cause a problem for seedling growth by different means, such as reducing 677 

photosynthesis or increasing the bending of stems. It has been observed by ecologists that the 678 

seedlings of saltmarsh grass and mangrove trees can be smothered due to the thick layer of mud 679 

on leaf surfaces (Yihui Zhang, personal communication). Therefore, rainfall events, especially 680 

moderate ones, can be of fundamental importance to the coastal wetland system and further 681 

studies on their frequency and seasonality coupled with tidal characteristics should be considered 682 

in the future in order to understand the mechanisms driving the change of coastal ecosystems.  683 
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4.3 The Limitations of Field Observations 684 

Instrument availability and the restrictions of in situ deployment during this study lead to 685 

two primary limitations which should be discussed. Firstly, the number of ADVs available 686 

restricted the number of observations possible. Three locations were carefully chosen to form a 687 

nearly isoceles triangle, so that the mangrove and the saltmarsh were located on the same contour 688 

line (Chen et al., 2016), sharing a mutual control site on the bare mudflat. The elevation 689 

difference between the two vegetated flats and the bare mudflat bed is only 0.05 m (Chen et al., 690 

2016). This small elevation difference has minimal influence on the flow direction and the 691 

subsequent suspended sediment transport, which can be confirmed through application of   692 

Soulsby’s drag coefficient calculations, as derived for bedforms (Soulsby, 1997): 693 
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where △H and λ are the height (0.05 m) and width (35 m), respectively, of the bed form, Z0b is 698 

the bed roughness due to bedform, h is the mean water depth and CDb is the drag coefficient 699 

attributed to the bedform. The CDb is estimated to be 0.0026 for the 0.05 m elevation difference, 700 

which is over an order of magnitude smaller than the drag coefficients (0.04-0.36) associated 701 

with the three sites (Chen et al., 2016), indicating that the elevation change has very limited 702 

contribution to any frictional term and is unlikely to affect flows. The principle reason for the 703 

alteration of flows and suspended sediment transports is therefore attributed to the presence of 704 
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vegetation. and the sharing of a single control point on the bare mudflat is considered reasonable 705 

with minimal effects on the sediment transport flux estimates.  706 

Secondly, some assumptions have been made regarding likely sediment transport 707 

pathways within the tidal flat. Although we acknowledge that the sediment could be transported 708 

into and out of the tidal flat via different routes, this question was addressed using previous 709 

observations and modeling results. The tidal flat under investigation features a gently seaward 710 

sloping topography, and lacks a well- developed tidal creek system (Chen et al., 2016). Under 711 

these circumstances, modeling (Temmerman et al., 2005b) suggests that flow directions during a 712 

tidal cycle are usually perpendicular to the marsh edge with the sedimentation processes 713 

controlled by elevation differences and distance from the marsh edge. Thus, our study assumes 714 

that suspended sediments are transported into and out of the vegetation via the same route. This 715 

assumption might cause some uncertainty of the suspended sediment flux estimates and further 716 

work investigating the sediment transport pathway is needed in the future, particularly within 717 

coastal wetlands. 718 

 719 

5 Conclusions 720 

Field observations were made to compare the sediment transport processes occurring 721 

between a bare mudflat, a saltmarsh and a mangrove edge, considering both hydrodynamically 722 

induced sediment settling and the direct trapping effects of the vegetation surface. Previous work 723 

in the same study area has revealed that the mangrove trees are better at retarding flows and 724 

dissipating energy than the saltmarsh grasses (Chen et al., 2016). However, tThe interpretation of 725 

the SSC data, together with high-frequency flow informationmeasurements (Chen et al., 2016), 726 

reveals that the saltmarsh grass are more efficient than the mangrove trees at inducing sediment 727 
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trapping over a tidal-cycle scale. The main findings of this study are summarized in FigureFig. 8 728 

and outlined below: 729 

1) The SSC data exhibit a strong tidal asymmetry. The SSC is higher during the flood phase 730 

than the ebb phase for all three sites, implying a favorable environment for a net sediment 731 

input. The mean SSC level is generally high on the mudflat and decreases within the 732 

vegetated area, which is generally consistent with the deposition rates of the three sites. 733 

2) Tidal -cycle- scale sediment flux estimates show a depositional environment on the 734 

studied tidal flat. The presence of vegetation alters the flow direction and the subsequent 735 

suspended sediment transported into the system. Sediment transport fluxes indicate that 736 

the saltmarsh edge is more efficient than the mangrove edge at trapping sediment. This 737 

pattern is further supported by calculations of sediment fluxes at a tidal scale and 738 

deposition rates at a longer timescale. Although the SSC reduction is more pronounced at 739 

the mangrove site, the flow rotation caused by the mangrove trees reduces the sediment 740 

flux into the mangrove edge itself. Instead, a large portion of suspended sediments is 741 

transported along the mangrove edge, which is significantly different from the sediment 742 

transport pattern of the saltmarsh edge. 743 

3) The mechanism for acceleration of deposition by tidal flat vegetation can be identified by 744 

using two approaches: sediment settling driven by local changes in the hydrodynamics 745 

and the direct sediment trapping by vegetation surfaces. Particle settling over a tidal scale 746 

was evaluated from deposition tendency. Deposition tendency on the bare mudflat is 747 

generally higher during ebb tides than flood tides, indicating a tidal asymmetry and a 748 

deposition lag during the ebb phase. Tidal flat vegetation is able to mediate the tidal 749 

asymmetry of this deposition tendency. Vegetation radically increases this parameter 750 
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during floods, when the SSC is high, and this creates a more favorable environment for 751 

deposition. Eventhough it is more efficient in trapping sediment, the Ssaltmarsh grass is 752 

found to be less efficient than the mangrove trees in at altering the deposition tendency of 753 

that sediment (Table 2). 754 

4) The sediments trapped on vegetation leaves and stems are also quantified using samples 755 

of natural standings and seedlings. Saltmarsh grass hasillustrates a higher direct sediment 756 

trapping ability than mangrove trees. The amount of sediment trapped by the saltmarsh 757 

grass surface can contribute a considerable amount to deposition, in particular when 758 

associated with rainfall events, whilst the sediment directly trapped by mangrove trees is 759 

negligible compared to the observed total annual deposition rate in this particular site 760 

where only young mangrove trees occupy the front and very limited biomass is found 761 

close to the bed. A new mechanism of direct sediment trapping by the vegetation surface, 762 

in combination with precipitation, is proposed by this study, as a supplement to the 763 

mechanisms associated with hydrodynamic mediation by vegetation. 764 
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 766 

FigureFig. 8. A summary of the main findings of this study: 1) the suspended sediments are 767 

transported from the bare mudflat to the vegetated edges with similar inundation periods, the 768 

fluxes can be decomposed into normal and parallel components; 2) a considerable amount of 769 

sediments wasere trapped at the front of the saltmarsh and the mangrove; 3)  the saltmarsh front 770 

is more efficient than the mangrove front due to the flow rotation caused by the mangrove; and 4) 771 

the sediment trapping is associated with two mechanisms: hydrodynamically induced sediment 772 

settling and direct trapping by the vegetation surfaces. The size of the arrow and the circle 773 

provides the information on relative magnitudes of these mechanisms. 774 
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Abstract 17 

Saltmarsh and mangrove are common coastal wetland types and their ability to enhance 18 

deposition has been investigated extensively, but rarely compared directly. This study carried out 19 

in situ observations to compare the sediment transport processes between a bare mudflat, a 20 

mangrove stand and a saltmarsh stand within a subtropical estuary. Turbidity variations over the 21 

latter portion of a spring tide were recorded, alongside measurements of flow data, to estimate 22 

sediment trapping by hydraulic forces under similar hydroperiods. In addition, vegetation was 23 

transplanted to compare the direct sediment trapping by high- and short-standing seedlings. The 24 

suspended sediment concentration (SSC) time series showed an overall reduction between the 25 

bare mudflat and the vegetated flats. Suspended sediment flux estimates revealed that a 26 

considerable amount of sediment was trapped by the saltmarsh and the mangrove edges. The flux 27 

estimates find that the saltmarsh edge is more efficient than the mangrove edge in trapping 28 

sediments transported normal to the edge. The sediment trapping mechanisms were considered 29 

based on two approaches: the hydrodynamic related sediment settling and direct trapping by 30 

vegetation. The calculation of deposition tendency showed that the presence of vegetation altered 31 

the flow direction and the tidal asymmetry of the deposition process, resulting in a higher 32 

deposition tendency during the flood phase to enhance sediment settling. In addition to sediment 33 

settling, vegetation surfaces were found to trap sediments directly. In combination with rinsing 34 

by precipitation, these trapped sediments accumulated on the bed and contributed to the 35 

deposition. Against the background of similar inundation periods, the saltmarsh grass showed a 36 

greater sediment trapping ability than the mangrove trees, in terms of both the hydraulic 37 

sediment trapping and the direct trapping by vegetation surface. 38 

Keywords: Sediment trapping; Mangrove; Saltmarsh; Mudflat 39 
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1 Introduction 40 

Natural coastal wetlands are widely recognized for their ability to trap sediments (Perillo 41 

et al., 2009; Barbier et al., 2011; Moller et al., 2014), as well as for their defense potential against 42 

the action of waves and tidal flows (Temmerman et al., 2013; Horstman et al., 2015; Carus et al., 43 

2016). Saltmarshes and mangroves are globally common coastal wetland types, although the 44 

latter are mainly restricted to tropical and subtropical regions. In general, mangroves are 45 

dominated by halophytic trees and shrubs, whilst saltmarshes are characterized by herbaceous 46 

vegetation (Mitsch and Gosselink, 2007). Because of their ability to stabilize the coast by 47 

dissipating waves and current energy and enhancing deposition, these two types of habitats can 48 

be useful tools for coastal engineers in protecting the coastline (Redfield, 1972; Gedan et al., 49 

2010). 50 

Vegetation occurring along intertidal flats has been recognized as having the ability to 51 

stabilize, trap and bind sediments. In general, plants have been observed to directly increase the 52 

erosion threshold of bed sediments (Chen et al., 2012), and indirectly trap sediments by 53 

providing additional drag force (Leonard and Luther, 1995; Temmerman et al., 2005a; Chen et 54 

al., 2016) which mediate flow patterns, and consequently enhance local sediment deposition 55 

(Neumeier and Amos, 2006; Horstman et al., 2015). The enhancement of sediment deposition by 56 

coastal wetland vegetation has received more extensive attention in recent decades, in part due to  57 

the predicted impacts of accelerated sea-level rise due to global warming (van der Wal and Pye, 58 

2004; Cahoon et al., 2006, Arkema et al., 2013; Woodroffe et al., 2016; Kelleyway  et al., 2017). 59 

For practical purposes, the understanding of the mechanisms of sediment trapping by vegetation 60 

is key to the engineering work of coastal stabilization and protection, but the efficiency varies 61 

amongst vegetation species (Kathiresan, 2003; Friess et al., 2012; Ortiz et al., 2013).  62 
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Previous studies have revealed that heavily vegetated mangrove systems normally trap 63 

sediments during the flood tide, and that there is generally no significant export of sediments 64 

during the ebb due to the deceleration of the tidal currents by vegetation-induced friction 65 

(Wolanski et al., 1990; 2001; Furukawa et al., 1997; Kitheka et al, 2003). At a tidal-scale, field 66 

observations also show that mangrove trees are able to create a favorable environment as a 67 

sediment sink by modifying flow routing (Horstman et al., 2015). Factors such as vegetation 68 

density and biomass, as well as the intertidal position determining submergence/emergence 69 

status, and geomorphological setting (e.g., platforms or creeks), all affect the trapping capacity of 70 

mangrove trees (Friess et al., 2012). 71 

Saltmarshes and their interaction with sediment dynamics have also been extensively 72 

studied (e.g., Leonard and Luther, 1995; Temmerman et al., 2005a; Neumeier and Amos, 2006; 73 

Bouma et al., 2007). Previous studies reveal the dampening effects of saltmarsh vegetation on 74 

mean flow and turbulent diffusion, resulting in a more favorable environment for deposition 75 

(Christiansen et al. 2000; Neumeier and Amos, 2006; Zong and Nepf, 2010; Nepf, 2012). Factors 76 

controlling the trapping capacity of saltmarsh grass include density, biomass, the 77 

emergence/submergence status and geomorphological setting (Temmerman et al., 2005a, b; 78 

Bouma et al., 2007; Nepf, 2012). The differences between the effects of mangroves and 79 

saltmarshes are related to the physical structure of the vegetation. The stiff canopy of saltmarshes 80 

normally shows a decrease in biomass with height (Neumeier, 2005). The presence of the trunks 81 

and aerial roots of mangrove show considerable effects on flow and deposition mediation (e.g. 82 

Madza et al., 1995) while the canopy is made up of rigid stems on the bottom and a stiff leaf 83 

layer at the top, resulting in an increase in biomass on the top. Therefore, theoretically, the 84 

saltmarsh grass shows a more pronounced influence on the bottom of the water column rather 85 
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than the top, whilst the mangrove, depending on species, affects the bottom and sometimes the 86 

top of the water column, although the regions of the water column affected by vegetation will 87 

depend on the relative local tidal levels to the height of trees. 88 

This body of previous work has endeavored to further our understanding of the 89 

mechanisms controlling the bio-physical interactions within fluvial systems and coastal 90 

wetlands, together with the feedback between vegetation and sediment dynamics. The use of 91 

flumes and model vegetation has played an important role in raising our understanding of these 92 

detailed mechanisms (Shi et al., 1995; Nepf, 2012; Oritz et al., 2013). However, field 93 

observations focused on natural systems and processes are required to further develop these 94 

fundamental findings, particularly in regions where different ecosystems overlap. As pointed out 95 

by a number of scientists, complex factors such as precipitation, intermittent discharge, bi-96 

directional flows and the consolidation of sediments must also be taken into account during the 97 

study of sediment transport on tide-dominated environments (Fagherazzi et al., 2004; Greene and 98 

Hairsine, 2004; Chen et al., 2012). These processes drive the evolution of coastal systems over 99 

the long term, but cannot be entirely captured by flume observations. Comparisons of the results 100 

from field and flume observations (Bouma et al., 2007) found that flume studies are unable to 101 

capture all necessary spatial scales, and will always result in some flow artefacts, including lower 102 

turbulence intensities than in the field.  Vargas-Luna et al. (2015) reviewed a number of physical 103 

models in terms of the effects of vegetation on flows and sediment transport and they concluded 104 

that ‘field measurements are not available, thus, intensive field campaigns including different 105 

climatic conditions, vegetation species…are also recommended.’ Thus, the aim of this study was 106 

to carry out in situ observations to compare the sediment transport at the boundaries of a 107 

mangrove swamp and an adjacent saltmarsh. The competition between saltmarshes and 108 



Confidential manuscript submitted to Geomorphology 

6 

 

mangrove species has been well documented to be associated with the critical bed elevation and 109 

the subsequent inundation period (Saintilan et al., 2014). In this study, we focus on a direct 110 

comparison between the sediment trapping abilities of the two types of vegetated boundaries 111 

with similar inundation periods (i.e. similar bed elevations). A comparison of differences in flow 112 

reduction and energy dissipation by saltmarsh and mangrove plants has already been assessed 113 

and is presented in a separate paper (Chen et al., 2016).  114 

2 Methods 115 

2.1 Study Site 116 

Yunxiao Mangrove National Natural Reserve, located at the Zhangjiang Estuary in the 117 

southeast China coast, was selected as the site to conduct the field measurements (Fig. 1). The 118 

tidal flat developing within this reserve is approximately 600 m in width. The upper part of the 119 

tidal flat (100-200 m in width) is covered both by mangroves and saltmarshes; the adjacent 120 

species make this location an ideal study area for comparative field observations.  121 

The runoff of the Zhangjiang River carries a large amount of fresh water and sediments, 122 

with a mean annual water discharge of 9.6x10
8
 m

3
 and suspended sediment discharge of 3.6x10

8
 123 

kg (MICZTWR Office, 1990). The suspended sediment concentration decreases to ~40mg L
-1 

124 

within the estuary and further to ~ 30 mg L
-1

in Dongshan Bay (MICZTWR Office, 1990; Liu, 125 

1991). The annual precipitation within the estuary region is 700 mm and 80% of it takes place in 126 

the wet season (April to September). The study site is home to a tidally-dominated mangrove 127 

forest with a fronting saltmarsh; the tidal flat is exposed to irregular semi-diurnal tides with a 128 

mean tidal range of 2.3 m. Wave exposure is very limited due to the sheltering effects of 129 

Dongshan Bay outside the estuary, except during typhoon seasons which normally occur in 130 
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summer. The resulting physical conditions of the estuary therefore favor the deposition of fine-131 

grained sediments, which form a wide range of tidal flats along the main channel (Liu, 1991). 132 

The site under investigation is located on a relatively wide tidal flat with a slope of 2-3‰. The 133 

bed of this tidal flat consists of fine-grained sediment, mainly clays and silts. 134 

It has been reported that on the southeast coast of China, the rapid spread of the invasive 135 

saltmarsh grass Spartina alterniflora threatens the local mangroves (Lin, 2001; Zhang et al., 136 

2012). However, the study site is located on a tidal flat that exhibits co-existence of local 137 

mangroves and Spartina alterniflora saltmarsh. The upper part of the flat is covered by native 138 

mangrove species (Kandelia obovata, Aegiceras corniculatum, and Avicennia marina), while the 139 

exotic Spartina alterniflora occupies part of the mudflat fronting the mangrove forest (Zhang et 140 

al., 2012). The saltmarsh grass only covers a small area of the tidal flat during spring and 141 

summer, due to human removal as part of managed efforts to maintain a bare mudflat in the 142 

lower part of the tidal flat (Zhang et al., 2006). 143 

 144 

Fig. 1. Location of study area and field deployment: a) study area: Yunxiao National Mangrove 145 

Reserve; b) location of deployments: Site A (bare mudflat), Site B (mangrove boundary) and Site 146 

C (saltmarsh boundary)，together with the definition of flow components: U and V are the 147 

geographical northing and easting components, V1 and U1 are the components normal and 148 

parallel to the mangrove edge, respectively, and V2 and U2 are the components normal and 149 

parallel to the saltmarsh edge, respectively; the flood directions of three sites are also marked by 150 

arrows: black for mudflat, red for saltmarsh and blue for mangrove; and c) the positions of 151 

instruments deployed and the location of seedling transplantation, sites B and C have the same 152 

bed elevation, 5 cm above the bed of Site A (the reference for water level measurements) 153 
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 154 

The leading edge of the mangrove forest is made up of a mixture of Kandelia obovata 155 

and Aegiceras corniculatum, with a mostly closed canopy (80-90% closed). The mean distance 156 

from the bottom of the tree canopy to the bed was 0.4 m. In spring, the trees had a mean height 157 

of 1.6 m and a mean canopy width of 1.2 m. Combination of canopy closure percentage and the 158 

canopy width gives a density of 0.8 shoots/m
2
. The aerial root system is not well developed in 159 

the front, due to the presence of young mangrove trees. In addition, aboveground aerial roots of 160 

K. obovata are generally rare on the mudflats of Southeast China. Seedlings can be observed 161 

sparsely within the mangrove forest, with density of 20-30 shoots/m
2
. 162 

The saltmarsh of S. alterniflora, 1.0 m in height, occurs at the seaward front of the 163 

mangrove forest, with a high stem density of 580 m
-2

 and a high aboveground biomass (dry) of 164 

2.50 kg m
-2

 (Chen et al., 2016). A topographic map of the region indicates a small elevation 165 

change (< 0.27%) in the northwest-southeast (NW-SE) direction.  When the tidal flat is 166 

submerged (2-3 hours every tidal cycle during the observation period, Table 1), the mean water 167 

level was 0.43 m above the tidal flat bed, with the maximum water levels reaching 0.76 m (Chen 168 

et al., 2016). It should be noted that due to the elevation of the vegetated mudflat, only higher or  169 

spring tides are able to reach this part of tidal flat (Fig. 1c). 170 

2.2 Location and Time 171 

Because spring is the crucial time for the seedlings of mangrove and saltmarsh vegetation 172 

to establish, the field observations were carried out during 30
th

 April to 5
th

 May 2014 throughout 173 

the latter portion of a spring tide, covering 11 tidal cycles. The weather was cloudy but dry for 174 

most of the time, except the second day, during which a moderately heavy rain event (25 mm 175 
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over 24 hours) took place, and the last day, during which a short shower took place just before 176 

the vegetation samples were collected (after tidal cycle No. 11). 177 

Three locations (Fig. 1) were selected for comparative synchronous measurements, 178 

located on the bare mudflat (Site A), within the mangrove edge (Site B) and within the saltmarsh 179 

edge (Site C). The distance between the bare mudflat site and the two vegetated flat sites was 180 

approximately 35 m. The sites within the mangrove and saltmarsh boundaries are at a distance of 181 

10 m from the vegetation edge, as defined by the start of the closed canopy. The remaining 182 

regions between Sites A and B, and Site C are covered by sparse mangrove trees and Spartina 183 

grass.  The fringes of vegetation described in this contribution include both the dense vegetation 184 

with closed canopies, as shown in Fig. 1, together with the sparsely vegetated fronting flat. The 185 

space between the vegetated sites (B and C) and the bare mudflat location (Site A) confines the 186 

vegetation fringes. Site A is 0.05 cm lower in elevation than the other two sites. Site B and Site C 187 

have the same elevations as determined by RTK-GPS. 188 

2.3 Sediment Dynamic Observations 189 

The backscatter intensity data of three Acoustic Doppler Velocimeters (ADV) were used 190 

to obtain flow data over 9 tidal cycles. The locations were carefully selected to avoid mangrove 191 

trees, and the vegetation around the sensors was removed (Chen et al., 2016). These were fixed 192 

to stainless steel frames for field deployment. The ADVs (Nortek Vector models, 6MHz) were 193 

all positioned 20 cm above the bed to collect data continuously at a frequency of 16Hz. It should 194 

be noted that the ADV sensor measures the water volume at a height of 8 cm above the bed (12 195 

cm below the sensor head positioned 20 cm above the bed, Fig. 1c). ADV backscatter intensity 196 

data were also used to estimate the suspended sediment concentration (SSC) based on a 197 

logarithmic relationship calibrated within the laboratory (Sontek, 1997; Ha and Maa, 2010). The 198 
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longest possible data records were extracted and separated into 5-minute intervals to obtain mean 199 

values.  200 

The output of the ADV provides three components of current velocity, U, V and W 201 

which represent easting, northing and upward components of the flow. A three-dimensional 202 

hydrodynamic and sediment transport model has revealed that as long as the water level is below 203 

the canopy top, the vegetated areas flood from the unvegetated areas, with flow directions more 204 

or less perpendicular to the vegetation edge (Temmerman et al., 2005a). Thus, the flow 205 

components are rotated according to the orientation of the vegetation edges for further analyses. 206 

The mangrove edge has an orientation of 160°, and the flow components were rotated to 207 

generate components parallel (U1) and normal (V1) to this direction. The same procedure was 208 

applied to the saltmarsh edge, which has an orientation of 50°(U2 and V2). For simplicity, the 209 

three velocity components (u, v and w) of the tidal currents were used in formula as generalized 210 

symbols of the velocity components. When the data correlation values exceeded 0.7, the phase-211 

space thresholding method developed by Goring and Nikora (2002) was adopted for despiking 212 

noise before the calculation of mean velocities, turbulent velocities and turbidities.  213 

The suspended sediment flux can be expressed as follows (Wang et al., 2014): 214 

  
T L H

dzdxdtCVF 0

         (1)
 

215 

Where F is the flux through a cross section with water depth H  ( dz ) and unit width L  ( dx ) 216 

over a timescale T  ( dt ) of a flood or ebb flow, C is the SSC converted from ADV backscatter 217 

intensity and 0V  is the speed of flow component normal to the vegetation edges. Due to the 218 

position of the sensors, the flux only covers the submerged period of a tidal cycle. However, the 219 



Confidential manuscript submitted to Geomorphology 

11 

 

data used for the flux calculation were from simultaneous periods, so this will not affect the 220 

comparison amongst the three sites. 221 

The TKE (Turbulent Kinetic Energy) density can be estimated as: 222 

)'''(5.0 222 wvuTKEdensity           (2) 223 

Equation 2 is applied for each 5-minute data section. Here,   is the fluid density; 'u , 'v  and 'w  224 

are the turbulent fluctuations deviating from 5-minute average values of the eastward, northward 225 

and upward flow components, respectively (Thompson et al., 2004). 226 

The bed shear stress b is estimated using Equation (3), where 19.01 C as suggested by 227 

Soulsby (1997), and suited to vegetated beds (Thompson et al., 2004): 228 

densityb TKEC1       (3) 229 

The shear velocity *u  can be estimated from the bed shear stress and the fluid density 
f  230 

(Equation 4): 231 

f

bu



*                (4) 232 

Fugate and Friedrichs (2002) provided an algebraic equation for estimating tidally-233 

averaged settling velocity sw  using an ADV. Voulgaris and Meyers (2004) further expand this 234 

method to resolve the tidal variability of the settling velocity (Equation 5), which was adopted in 235 

our study: 236 

''CwCws              (5) 237 

where C  is the 5-minute averaged SSC, 'w  is the vertical fluid velocity fluctuation, 'C  is 238 

the SSC fluctuation estimated from the ADV backscatter strength, and  is the symbol 239 

indicating time averaging. The settling velocity estimate (Equation 5) can be applied when the 240 
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advection transport is minimal compared with the vertical velocity terms (Fugate and Friedrichs, 241 

2002). Using ADV data from pairs of stations, a consistency check was undertaken to evaluate 242 

the ratio of the advection term relative to the settling term, as suggested by Fugate and Friedrichs 243 

(2002), before the settling velocity was calculated. The flow data and the SSC data obtained by 244 

ADV, as well as the distance between the paired stations and the elevations of sensors, were used 245 

for this valuation which gives the average ratio of 0.06 ± 0.04 and 0.009 ± 0.006 for the flat-246 

mangrove and flat-saltmarsh sites, respectively. Thus, the advection term is two orders of 247 

magnitude smaller than the settling term and it is reasonable to estimate settling velocity using 248 

the method of Voulgaris and Meyers (2004).  249 

Bed samples from each site and local water samples were collected to produce a turbidity 250 

gradient in the laboratory, for individual calibration of ADV backscatter sensors. SSC was 251 

measured by passing a known sample volume through a pre-weighed 0.45 μm poresize glass 252 

fiber filter, followed by drying and weighing. Linear relationships were therefore established 253 

between the backscatter intensity and the logarithm of SSC for each sensor, as suggested by 254 

previous studies (Ha and Maa, 2010, Fig. 2). 255 

 256 

Fig. 2. Calibration between backscatter intensity and suspended sediment concentration for (a) 257 

bare mudflat; (b) saltmarsh; and (c) mangrove. Note the x in the equations refers to         , 258 

and SSC is in the unit of mg L
-1

. 259 

 260 

2.4 Vegetation Trapping Experiments 261 

More than 50 saltmarsh grass standings and small branches of mangrove trees were 262 

randomly marked and cleaned for field observation. Any sediments attached to these vegetation 263 
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samples were washed off using clean water in the field before the experiment started. 264 

Subsequently, the aboveground parts of 6 vegetation samples (3 mangrove samples and 3 grass 265 

samples) were then collected daily using tough scissors after the initial deployment of the 266 

instruments. The sediments on the vegetation surface were washed off and collected into 267 

cylinders for subsequent filtering and drying to obtain the dry weight of the sediment deposits on 268 

the vegetation. The vegetation samples, including leaves and stems, were subsequently dried and 269 

weighed to obtain biomass. Note that for conservation purposes, only small branches of the 270 

mangrove trees were collected and thus measured weight is mainly from leaves. 271 

The seedlings of mangrove and saltmarsh grass start to grow during this season (Spring). 272 

They are much shorter than the natural standings but vital to the development of the ecosystem. 273 

In light of the fact that seedlings appear within the near bed whilst the natural standings penetrate 274 

the whole water column during the investigation period, it is important to examine the difference 275 

between their abilities of trapping sediment using their leaves and stems. K. obovate and S. 276 

alterniflora seedlings were transplanted adjacent to the observation sites and arranged at a 277 

density close to the natural status, and used to represent the sediment trapping ability of 278 

vegetation at an early stage of life. Seedlings of K. obovata and S. alterniflora were transplanted 279 

into Site B and Site C, respectively. For each site, fifty 20 cm- high seedlings of mangroves or 280 

saltmarsh grass, which had been rinsed clean with water, were separately arranged into two 281 

quadrates of 200 cm×100 cm, with an individual spacing of 20 cm. Three Samples of each type 282 

of seedlings were collected in triplicate every day along the edge of the plots, together with the 283 

natural standings of vegetation to measure the sediment trapped by vegetation using the same 284 

method as mentioned before. The mangrove seedlings were in a similar density as their natural 285 
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status, but that of the Spartina seedlings was decreased to allow a comparison between two 286 

species. 287 

The instruments recorded from midnight of 29
th

/30
th

 April until after the first tidal cycle 288 

of 4
th

 May (Table 1), the last point at which water levels were sufficiently high to submerge 289 

them.  290 

The sediment mass trapped by the vegetation was measured in this study through the 291 

period of the 2
nd

 tidal cycle (occurring in the afternoon of 30 April) to the 11
th

 tidal cycle. The 292 

samples were collected every day at noon (Table 1). 293 

 294 

Table 1. Description of the field observation deployment  295 

Tidal cycle 

Number 

1 2 3 4 5 6 7 8 9 10 11 

Time 01:00

- 

03:20 

13:00

-

15:00 

01:50

- 

04:00 

13:40

-

15:35 

02:30

- 

04:40 

14:20

-

16:00 

03:20

- 

05:20 

14:40

- 

16:40 

03:40

- 

05:50 

N/A N/A 

Date 30/4 

AM 

30/4 

PM 

1/5 

AM 

1/5 

PM 

2/5 

AM 

2/5 

PM 

3/5 

AM 

3/5 

PM 

4/5 

AM 

4/5 

PM 

5/5 

AM 

Trapping 

Experiment 

 Day 1 Day 2 Day 3 Day 4 Day 5 

Instruments Recording Off 

Weather Cloudy but 

dry 

Rain Cloudy but dry Rain 

 296 

2.5 Supporting Measurements 297 

A RTK-GPS (Trimble-SPS881) survey was undertaken to record the relative elevations 298 

of the three sites for water level analysis. Plastic accretion stakes (1.5 cm in diameter, 50 cm long, 299 

10 cm exposed, Fig. 1b) were inserted into the bed to monitor deposition rates by measuring the 300 

exposed length from May 2012 to May 2014. It is noted that the Spartina grass was removed in 301 

August 2012 by the local management office and it had recovered by the spring of 2013; as such, 302 
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the deposition rates of the saltmarsh represent under-estimated values. Surface sediments were 303 

collected during instrument deployment for laboratory grain size analysis using a laser grain size 304 

analyzer (Helos, manufactured by Sympatec). Biological properties of the vegetation, such as 305 

mangrove geometrics (height and diameter of canopy, diameter of trunk), and density and 306 

diameter of grass were measured in situ using a tape measure. Aboveground biomass of 307 

vegetation was measured by harvesting, drying and weighing plant samples.  308 

3 Results 309 

3.1 Tidal-cycle Scale Suspended Sediment Concentration 310 

The variation of suspended sediment concentration (SSC) over 9 tidal cycles is displayed 311 

in Fig. 3. The SSC data exhibit a strong tidal asymmetry, with one exception of the second tidal 312 

cycle on the bare mudflat. The overall SSC is higher during the flood phase than the ebb phase 313 

for all three sites, which implies a favorable environment for a net sediment input. On average, 314 

there is a considerable reduction in SSC between the bare mudflat and the vegetated sites (Table 315 

2). The average SSC reduced nearly 10% from the bare mudflat to the saltmarsh boundary, 316 

whilst nearly 20% from the bare mudflat to the mangrove boundary. This pattern implies 317 

sediment trapping within the vegetation boundaries at a tidal scale.  318 

Deposition rates over a two-year period were recorded by accretion stakes. The readings 319 

of 5 or 6 stakes of each site (see Fig. 1 for more details) are averaged and displayed in Table 2. 320 

The short-term pattern of SSC variation is generally consistent with long-term deposition rates 321 

recorded by stakes on the vegetated area and the mudflat, which shows higher rates at vegetation 322 

edges than on the mudflat (Table 2), although the deposition rates may be under-estimated as 323 

compaction is not considered.  324 
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 325 

Fig. 3. The SSC data series over 9 tidal cycles: (a) SSC time series based on acoustic backscatter 326 

(ADV); and (b) water level variation. The detailed time is listed in Table 1. 327 

 328 

 329 

 330 

Table 2. Synthesis of the mean parameters associated with suspended sediment transport of the 331 

three sites. 332 

Parameter Flat Saltmarsh Mangrove 

Grain size (μm) 6.20±0.76 5.79±0.43 6.34±0.90 

Deposition rate (cm a
-1

)  1.14±1.20 2.60±0.97* 2.10±0.87 

Settling Velocity (mm s
-1

) 1.90 0.87 0.85 

SSC (mg L
-1

)          68.8 62.9 56.2 

Net SSC flux 

per tidal cycle 

(kg/m) 

 

Normal to 

saltmarsh 

edge 

8.1 3.0 -- 

Normal to 

mangrove 

edge 

4.4 -- 3.2 

Sediment trapped per tidal 

cycle (kg/m) 
-- 5.1 1.2 

Deposition 

tendency 

Flood 0. 17 0.21 0.26 

Ebb 0. 23 0.21 0.25 

Cumulative 

S:B ratio  

Natural 

standings 
-- 0.017 0.016 

Seedlings -- 0.11 0.13 

*Note: the deposition rate is under-estimated due to the clearing of grass in August 2012. The 333 

stake number is 6 in the saltmarsh site, whilst 5 for the other sites. 334 

 335 
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3.2 Tidal-cycle Scale Sediment Transport: A Comparison 336 

Detailed flow information has been published in a separate paper (Chen et al., 2016). 337 

Here, we provide a brief summary of the horizontal flow conditions. The horizontal flow speeds 338 

of the three sites are shown in Fig. 4. A considerable reduction in flow speed caused by 339 

vegetation is readily identified and a rotation of flow direction by vegetation has been related to 340 

eddy viscosity and drag forces (Chen et al., 2016).  341 

 342 

Fig. 4. The variations of horizontal flow speed and direction throughout 9 tidal cycles (source: 343 

Chen et al., 2016): (a) flow speed data; and (b) flow direction data. Note the geographical flow 344 

direction uses the north as zero degrees. 345 

 346 

Neumeier and Ciavola (2004) noted a relatively uniform vertical velocity profile within 347 

saltmarsh grass canopies. Due to the shallow water layer, the SSC is normally regarded as a 348 

constant through the vertical profile in modeling or field observations on tidal flats (e.g., 349 

Temmerman et al., 2003; Wang et al., 2012). In addition, based on the consideration of small 350 

flow speed magnitude and the relatively low turbidity, a uniform profile assumption is used in 351 

this study for SSC flux estimate, based on a combination of flow and SSC data using Equation 1. 352 

The SSC flux data for each flood and ebb period is displayed in Fig. 5. Due to the flow rotation, 353 

the SSC transport normal to the vegetation is mainly presented, but the sediment transport along 354 

the vegetation edges is also considered (Fig. 1b). The SSC fluxes of the bare mudflat site are 355 

decomposed according to saltmarsh edge and mangrove edge orientations separately (Fig. 5). 356 

Diurnal inequality results in higher sediment fluxes during the relatively high tides (odd 357 

numbers) than the relatively low tides (even numbers). The sediment fluxes are determined by 358 
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both SSC and flow velocity. Although the SSC values of the bare mudflat are not always higher 359 

than the vegetated sites, as indicated by Fig. 3 for all tidal cycles, the net sediment trapping by 360 

the vegetation edges is likely to be the result of flow reduction by the vegetation. 361 

Overall, the study area is dominated by a net input of sediments. The highest fluxes occur 362 

on the bare mudflat site; this is because when the suspended sediments are transported into the 363 

vegetation edges, a large amount of sediment is trapped by the vegetation and only part of the 364 

sediment flux is able to pass through the vegetation to reach the upper tidal flat. The bare mudflat 365 

site shows different SSC fluxes when considering the main transport directions (Fig. 5). This site 366 

shows a lower net sediment transport towards the mangrove, because the presence of the 367 

mangrove edge deviates the flow (257º in flood) away from the main flow direction of 305º in 368 

flood on the tidal flat (Fig. 4b, Chen et al., 2016). 369 

The long-term deposition rates (Table 2) are consistent with the pattern of the flux 370 

estimates at tidal cycle scales: relatively low deposition rates are observed on the bare mudflat 371 

(1.4 cm a
-1

) whilst high deposition rates occur at the vegetation edges (> 2 cm a
-1

); the deposition 372 

rate at the saltmarsh edge is higher than that at the mangrove edge, in response to a greater 373 

difference in sediment input between the vegetated sites and the bare mudflat site. 374 

 375 

Fig. 5. Suspended sediment fluxes per unit width estimated at a tidal cycle scale: (a) sediment 376 

flux at the bare mudflat site in the direction normal to saltmarsh edge; (b) sediment flux at the 377 

saltmarsh site in the direction normal to saltmarsh edge; (c) sediment flux at the bare mudflat site 378 

in the direction normal to mangrove edge; and d) SSC flux at the mangrove site in the direction 379 

normal to mangrove edge. The flux was estimated to represent the total mass passing a unit 380 

width of bed over a time span of either the ebb or flood flow. North represented by zero degrees. 381 
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 382 

The amount of sediment trapped between the vegetated sites and the bare mudflat sites is 383 

estimated using the SSC flux data using Equation 1.  The sediment trapped at the vegetation 384 

boundaries can be estimated by comparing the difference between the fluxes of the mudflat site 385 

(with subscript of ‘mud’) and the vegetated sites (with subscript of ‘veg’), as described by 386 

following (Equation 6): 387 

)()( ,,,, vegebbvegfloodmudebbmudflood FluxFluxFluxFluxtrap 

     

(6) 388 

The values of sediment trapping are given in Table 2. This clearly indicates that the 389 

presence of vegetation can increase SSC trapping at their front edges.  Further, by comparing the 390 

SSC fluxes (Table 2), it can be inferred that a considerable amount of the sediments transported 391 

from the lower part of the tidal flat towards the upper tidal flat are trapped within the front edges 392 

of the vegetation, an area of 35 m width which includes a combination of  mudflat and sparse 393 

vegetation. Finally, the saltmarsh front edge, showing a greater trapping ability, is found to be 394 

more efficient than the mangrove front edge in trapping sediments. Due to the total amount of 395 

sediment flux from the bare mudflat is same for two vegetated sites, coupled with the fact that 396 

the mangrove trees trap less sediments normal to their front, more sediments can be transported 397 

parallel to the mangrove edge than the saltmarsh edge. The transport in this direction can 398 

increase the elevation of the whole system and benefiting the neighboring plants. Remote sensing 399 

image analysis (Li et al., 2017) shows the mangrove in this area expands in a direction parallel to 400 

its front, whilst the saltmarsh advances in a direction normal to its present front. The sediment 401 

transport and trapping pattern might explain the different directions of vegetation expansion. 402 
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3.3 Enhanced deposition by vegetation as indicated by deposition tendency 403 

In order to quantitatively evaluate the tendency for particles to deposit or resuspend, the 404 

ratio of particle settling velocity to the shear velocity u

ws

 has been proposed by Ortiz et al. 405 

(2013) for saltmarsh environments. The estimates of settling velocity and shear velocity for this 406 

study were calculated using Equations 2-5 as described in the Methods section. In general, when 407 

u

ws

is above 0.1, the environment is considered to be deposition-dominant (Zong and Nepf, 408 

2010) 409 

Mean 
u

ws  ratios calculated for each flood and ebb tide are displayed in Fig. 6. The 
u

ws  410 

ratio of the flood and ebb vary within a range of 0.14 and 0.31 for all sites, implying favorable 411 

conditions for deposition. The tidal cycle-averaged values (including flood and ebb phases) of 412 

vegetation sites are 0.25±0.03 and 0.21±0.04 for the mangrove site and the saltmarsh site, 413 

respectively, whilst this value is 0.20±0.03 for the bare mudflat site.  414 

 415 

Fig. 6. Deposition tendency of three sites as indicated by u

ws

 ratio: (a) mudflat; (b) saltmarsh; 416 

and (c) mangrove; the dashed line of 0.1 marks the lower limit for ‘deposition favorable’ 417 

conditions, as suggested by Zong and Nepf (2010). 418 

3.4 Sediment Trapping by Vegetation, and Precipitation Effects 419 

A ratio of sediment mass (S) to biomass (B), S/B, is proposed in this study to allow 420 

estimates of the ability of vegetation to trap sediments. The S/B ratio is defined as the value of 421 
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the dry sediment mass washed from the vegetation divided by the dry biomass of the vegetation 422 

itself. We choose this ratio because dry sediment mass and dry biomass can be easily measured 423 

in laboratory with high accuracy. Further, the data on dry sediment mass and dry biomass have 424 

been used in a large number of studies and this allows us to discuss our results using other data 425 

sources. The properties of the two vegetation species are listed in Table 3. 426 

 427 

Table 3. The biological properties of the investigated mangrove trees and saltmarsh grass 428 

Spartina Height (m) Stem density (m
-2

) Biomass (dry, kg m
-2

) Coverage (%) Stem diameter (m) 

1.0 580 2.5 90% 0.008 

Mangrove Height (m) Stand Density (m
-2

) Canopy biomass (dry, kg m
-2

) Canopy closure (%) Trunk diameter (m) 

1.6 0.8 0.22 80-90% 0.1 

 429 

 430 

Because the samples were collected successively, the S/B ratio data are cumulative, 431 

indicating the continuous sediment trapping by vegetation over tidal cycles. The cumulative S/B 432 

ratio of the natural standings and the transplanted seedlings of mangrove trees and saltmarsh 433 

grass for the observation period are illustrated in Fig. 7. 434 

 435 

Fig. 7. The cumulative sediments trapped by vegetation surfaces, as indicated by the S/B ratio 436 

over 10 tidal cycles: (a) seedlings and (b) mature standings. The seedling samples were planted 437 

in a matrix of 10 x 5 stands within an rectangular area of 100 cm x 200 cm. Three samples of 438 

each vegetation type were collected every day to give the average and standard deviation values 439 

in this figure. 440 

 441 
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Overall, the S/B ratio of natural, high standings is significantly less than that of the 442 

seedlings for both types of vegetation (Fig. 7). This is because the top canopy of the high 443 

standings experiences much less submergence than the lower part, and this decreases their 444 

efficiency as a sediment trap by unit mass. However, in the light of the large amount of biomass 445 

(e.g. aboveground biomass of Spartina alterniflora reaches 2.5 kg m
-2

 in this area) of the high 446 

standings and the length of time they are present (from Spring to Autumn) compared to the 447 

seedlings (only part of the seedlings are able to survive until Autumn), they perform a more 448 

important role overall in trapping sediments on the tidal flat. 449 

The S/B ratio of mangrove and saltmarsh seedlings both vary considerably over the 10 450 

tidal cycles while maintaining similar patterns (Fig. 7a). The S/B ratios of the mangrove 451 

seedlings are similar to those of the Spartina seedlings if the shoot densities are same. The S/B 452 

ratio drops to a minimum during tidal cycles 4 and 5, then they increase on the following two 453 

days, and decrease slightly again on the last day. This pattern is different from the expected 454 

continuous increase and it is highly likely to be associated with precipitation, which took place 455 

during tidal cycles 3 and 4, and before tidal cycle 11. The authors observed in the field that the 456 

rain drops washed off fine particles attached to the leaves during the low water period. It appears 457 

that the sediments become trapped by vegetation during high water levels, and the rain during the 458 

emergence hours creates a mechanism to transport sediment downward onto the bed. Without 459 

precipitation, the sediments will be accumulated until an upper limit is reached. The presence of 460 

precipitation is able to accelerate this downward transport of sediment. This mechanism may be 461 

not only important for the sedimentary process on the tidal flat, but also for the growth of 462 

seedlings. High standings show a similar pattern as the seedlings (Fig. 7b), except during tidal 463 

cycle no. 4-5. In general, the high standings show less diurnal variation, as well as lower 464 
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standard deviations amongst samples. The high standings of saltmarsh grass and mangroves 465 

show a decreasing trend in S/B ratio, with a low value occurring on the day after the moderately 466 

heavy rain (tidal cycles 4 and 5), together with a general increase after that day. Similarly, the 467 

short shower also shows its effect at the end of the observation, slightly decreasing the S/B ratio 468 

on the last day. The frequency of sampling is not sufficiently high in this study to confirm it, but 469 

the lag between surface sediment decreases in successive days (Fig. 7) might imply a lag in 470 

response to precipitation.  471 

4 Discussion 472 

A complete understanding of the mechanisms mediating sediment accumulation by tidal 473 

flat vegetation, particularly the possible impact of vegetation upon suspended particles, is still 474 

illusive (Graham and Manning, 2007). Trapping of suspended particles can be caused by both 475 

changes to hydraulic forces and by the direct presence of vegetation leaves and stems. In the 476 

following sections, the sediment settling caused by hydraulic forces and by the direct trapping by 477 

leaves or stems will be discussed separately, together with limitations of this study. 478 

4.1 Hydraulic Sediment Settling Processes within the Saltmarsh and the Mangrove Fronts 479 

Various devices (e.g., floc cameras) have been used to show that suspended particles 480 

settle in a flocculated form within saltmarshes and mangrove swamps (French and Spencer, 481 

1993; Wolanski, 1995; Graham and Manning, 2007). Wolanski (1995) suggested that the settling 482 

velocity of suspended particles in mangrove swamps is 1 mm s
-1

 for clay and 5 mm s
-1

 for silt. 483 

Voulgaris and Mayers (2004) observed an invariant, tidally-averaged settling velocity of 0.24 484 

mm s
-1

 for flocs on a saltmarsh surface. A more accurate observation of floc settling velocity 485 

within a saltmarsh vegetation canopy under turbulent flow conditions was conducted in an 486 
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annular flume using a flocs camera (Graham and Manning, 2007), which provides a range of 487 

0.004 ~ 3.36 mm s
-1

, with a mean value of 0.55 mm s
-1

. Settling velocities estimated based on 488 

ADV observations by this study (Table 2) are within the range of previous observations. 489 

However, a decrease in the settling velocity of suspended particles from the bare mudflat to the 490 

vegetated sites occurs and further explanation is needed for the settling processes. 491 

The settling of suspended sediments within the vegetation canopy is related to the 492 

generation of turbulence and the wake-sheltering effects in the lee of downstream stems (Shi et 493 

al., 1995; Nepf, 1999). In general, the deposition tendency ratio, also known as the inverse 494 

movability number forming part of the Rouse parameter (Amos et al., 2010), has a range of 495 

0.002 to 0.3 in aquatic environments and a typical value of 0.02 has been used in flume 496 

experiments (Ortiz et al., 2013). Relatively high values of the ratio imply a trend for deposition 497 

whilst low values suggest a tendency for resuspension. Deposition has been clearly observed in 498 

flumes when the deposition tendency ratio is above 0.1 (Zong and Nepf, 2010).  499 

The vegetation below the sensors was cleared in this study and, thus, this observation 500 

looked into the sediment settling directly driven by hydrodynamics, but not the direct trapping by 501 

the vegetation surface. Meanwhile, more than 80% of the turbulent kinetic energy is dissipated 502 

by the vegetation in comparison with the mudflat (Chen et al, 2016). Therefore, it is important to 503 

use the 
u

ws  ratio to determine the likelihood of deposition.  504 

The most notable pattern revealed by Fig. 6 is the change of tidal asymmetry in the 
u

ws  505 

ratio by vegetation. On the bare mudflat, the 
u

ws  ratio shows a strong ebb-dominant 506 

characteristic throughout the tidal cycles, consistent with the asymmetry in suspended sediment 507 
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flux (Fig. 5). Paired-sample T tests (by SPSS package) are used to exam three sites in terms of 508 

the flood-ebb asymmetry. The results show a significant difference between the bare mudflat and 509 

the vegetated sites (P<0.01, Table 4).  510 

 511 

 512 

 513 

Table 4. Paired samples tests for tidal asymmetry of deposition tendency 514 

 Std. deviation Std. error mean t df Sig. (P-value) 

flat vs saltmarsh 0.043 0.014 -3.616 8 0.007 

flat vs mangrove 0.023 0.075 -8.284 8 <0.001 

 515 

Thus, a considerable amount of suspended particles, mostly clay and fine silts (Table 2), 516 

are transported into the bare mudflat during the flood stage. These particles tend to settle, as 517 

indicated by the
u

ws  ratio (> 0.1 over 9 tidal cycles) during this stage. During the ebb stage 518 

however, the 
u

ws  ratio increases considerably, and consequently the majority of deposition 519 

occurs during this stage, resulting in a deposition lag. 520 

Tidal asymmetry, as defined by comparing flood and ebb phases through various 521 

parameters in relation to hydrodynamic processes, has been widely recognized for its importance 522 

in resulting sedimentation processes (Dronkers, 1986; Scully and Friedrichs, 2007; Brown and 523 

Davies, 2010), but hardly considered in flume experiments (Zong and Nepf, 2010; Ortiz et al., 524 

2013). The tidal asymmetry in the deposition tendency can be altered by vegetation. Throughout 525 

9 tidal cycles in our study, the deposition tendency data shows considerable ebb-dominance 526 
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within the bare mudflat site (Fig. 6a) whilst the vegetated sites shows either nearly symmetrical 527 

or flood-dominant deposition tendencies (Fig. 6b, c). Differently from the bare mudflat, most of 528 

the suspended particles within the vegetated sites therefore deposit during the flood stage when 529 

the SSC is high, rather than the ebb stage with low SSC, improving the deposition efficiency. 530 

This is likely to be an important mechanism throughout which vegetation enhances deposition by 531 

regulating hydrodynamics and the consequent 
u

ws  ratio, but has not been reported by previous 532 

studies. The presence of vegetation decreases both the settling velocity (Table 2) and the shear 533 

velocity (Chen et al., 2016). The improved deposition efficiency implies that shear velocity 534 

reduction is greater than the decrease of settling velocity, as a function of the vegetation. 535 

4.2 The Potential Contribution of Direct Trapping to Deposition 536 

The suspended sediment settling and trapping driven by hydraulics have been extensively 537 

studied. However, the sediment directly trapped by vegetation is rarely taken into account. 538 

Vegetation occurring on tidal flats has been widely recognized for its ability to increase 539 

deposition to adapt to relative sea-level rise. Accelerated deposition rates have been observed in 540 

a number of saltmarshes and mangrove swamps, in comparison with unvegetated tidal flats (e.g., 541 

Childers and Day, 1990; Furukawa and Wolanski, 1996; Christansen et al., 2000; Alongi et al., 542 

2005; Lovelock et al., 2015). The suspended particles can form larger flocs and settle more 543 

rapidly to the seabed as the vegetation creates a more favorable environment for sediment 544 

settling (Neumeier and Ciavola, 2004; Graham and Manning, 2007; Nepf, 2012; Ortiz et al., 545 

2013). More recently, leaf transport as a source of particulate organic matter (POM) in 546 

ecosystems was observed in flume experiments which compared simulated mangrove forests and 547 

seagrass beds, indicating the mangrove roots were more efficient at trapping POM than the 548 
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seagrass beds (Gillis et al., 2013). Associated with leaf transport, it can be readily observed in the 549 

field that a thick layer of mud can accumulate on the leaf surface. This is another pathway for 550 

suspended particles to be trapped by the vegetation system, but is rarely recognized in the 551 

literature. 552 

A quantitative measurement of suspended sediment trapped by vegetation stems and 553 

leaves in the field has been conducted in this study, and is represented by the S/B ratio (Fig. 7). 554 

Moreover, the amount of sediment trapping over a unit area (1 m × 1 m) is estimated based on 555 

S/B ratio and the biomass data. On average, the difference in S/B ratio of saltmarsh grass 556 

between two successive days reaches a value of 0.003 (based on data reported in Fig. 7), even 557 

when considering the rinsing by rainfall. The maximum accumulated S/B ratio over two 558 

successive days reaches 0.014. Considering the dry biomass values of 2.5 kg m
-2

 and based on 559 

our observations the aboveground biomass, including stems and leaves, has the potential to trap a 560 

maximum of 35 g dry sediments per square meter per day (S/B ratio =0.014). The dry density of 561 

clay and silt sediments is approximately 1.28 g cm
-3

 and thus the estimated amount of sediments 562 

attached to the vegetation surface have the potential to add up to 0.5 cm to the annual deposition 563 

rate during its growing season (6 months). This estimate assumes complete deposition from the 564 

leaves to the bed, but could be revised if additional factors (e.g., the water content and bulk 565 

density) were considered, and may be overestimated.  566 

Spartina alterniflora has been artificially introduced into Chinese tidal flats since 1980s 567 

for the purpose of stimulating tidal flat accretion (Chung, 2006). It has been reported that the 568 

presence of Spartina alterniflora has increased the sedimentation rates of the tidal flats from 569 

~1.5 cm a
-1

 to ~ 3 cm a
-1

 (Wang et al., 2005; Gao et al., 2014). The direct trapping amount of 570 

sediments by vegetation, however, remains unknown. Most of the Spartina alterniflora 571 
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saltmarshes appear on the silty or clay mudflats along the east China coast, including Jiangsu 572 

Province, Shanghai, Zhejiang Province and Fujian Province (Gao et al., 2014). The total area of 573 

this type of saltmarshes sums up to 3.2×10
8
 m

2
 (Zuo et al., 2012). The aboveground biomass 574 

(dry mass) varies within the range of 2000 ~ 2500 g m
-2 

over these regions (Li et al., 2005; Liao 575 

et al., 2008; Gao et al., 2016). If the same estimate is undertaken using the S/B ratio of this study 576 

(0.014), the Spartina alterniflora saltmarshes are expected to result in a maximal direct trapping 577 

of 1.9×10
6
 tons of sediments over their growing season every year (dry biomass = 2250 g m

-2
). 578 

This value means that the direct trapping of sediments contributes 0.45 cm a
-1

 to the deposition 579 

rate; nearly 1/3 of the increased deposition rates reported (Wang et al., 2005; Gao et al., 2014). 580 

The sediment trapped by mangrove trees can also be estimated similarly. The mean 581 

density of the mangrove trees is 0.8 trees m
-2

. The total dry biomass of the canopy is 582 

approximately 176 g m
-2

. If half of the canopy is assumed to be submerged (a factor of 0.5 583 

applied to the biomass), together with the maximum increase of S/B ratio of 0.028 between two 584 

succeeding days (based on Fig. 7), the potential amount of sediment available from the leaves of 585 

mangrove trees is 2.5 g m
-2

 per day at a maximum, which may contribute a maximum of 0.07 cm 586 

(in dry mass) annually to deposition rate over an annual period. This is negligible when 587 

compared to the saltmarsh grass. Therefore, the standings of saltmarsh grass contribute 588 

substantially to sediment deposition processes, by trapping the sediments via the leaves and 589 

stems and then transported to the bed by rainfall rinsing. In contrast, the mangrove trees are less 590 

effective in direct trapping sediments via the canopy. It should be noted that most mature 591 

mangrove forests worldwide will only rarely be inundated up to the canopy, with most 592 

sedimentation occurring due to the slowing down of hydrodynamics between the aerial 593 

roots. Our study only attempts to capture the mechanisms for the expanding pioneer zone of 594 
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mangrove forests which is occupied by short, young mangrove trees. With the future 595 

development of aerial roots, the sediments trapped by mangrove trees may increase substantially. 596 

Meanwhile, the net deposition rate increased by the mangrove trees also proves less effective 597 

than the saltmarsh grass, although they have more significant influences on the hydrodynamics 598 

(Chen et al., 2016). The deposition tendency data in Fig. 6 reveals that mangrove trees are more 599 

effective than the saltmarsh grass in enhancing sedimentation by hydraulic alteration, but this 600 

part is unable to compensate the difference caused by direct trapping. More importantly, the flow 601 

rotation by the mangrove trees remarkably reduces the sediment transport flux into the 602 

vegetation edge (Fig. 5b) and leads to a reduced efficiency in trapping sediments in a normal 603 

direction.  604 

A similar estimate was also used for the amount of sediment trapped by seedlings. The 605 

maximum amount of sediment trapped by mangrove seedlings within a day was 4.78 g m
-2

; 606 

higher than the 3.7g m
-2

 value found for grass seedlings of same stem density. The important 607 

implication from the seedling observations is that the mangrove seedlings are more efficient in 608 

directly trapping sediments, when compared to the more mature trees. The amount of sediment 609 

trapped by mangrove seedlings per unit area is almost twice that of the canopy (2.5 g m
-2

 per 610 

day). It can therefore be inferred that the both seedlings and aerial roots of some mangrove 611 

species, which show similar characteristics to the seedlings, will have a fundamental effect on 612 

sedimentation processes.  613 

Although an aerial root system was not observed at the mangrove boundary under this 614 

investigation due to the young age of the forest, the biomass distribution of the typical mangrove 615 

species in southeast China has been reported by other studies (Lin et al., 1985; 1990; 1992; 1998, 616 

Table 5). For three species in this table, the trunk represents the largest percentage of the total 617 
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aboveground biomass. The canopies, mainly consisting of branches and leaves, contain the next 618 

largest percentage in the total biomass. The contribution of aboveground roots (or seedlings) 619 

varies among species. For these species, the contribution of aboveground roots (or seedlings) is 620 

much less than the canopies. If the water level is sufficiently high to reach mangrove canopies, 621 

the direct sediment trapping by canopies is more considerable than the aboveground roots (or 622 

seedlings). In other words, the relative height of water level to the mangrove trees determines the 623 

direct trapping efficiency for these species in Table 5. In contrast, the aboveground roots of 624 

Rhizophora stylosa show the highest percentage in total aboveground biomass. Therefore, the 625 

aboveground root system of Rhizophora stylosa is fundamentally important in direct sediment 626 

trapping, regardless of water level changes.  627 

 628 

Table 5. The typical mangrove species in Southeast China and their biomass constitutes as 629 

indicated by the percentage of total aboveground biomass (data source from Lin et al., 1985; 630 

1990; 1992; 1998). Note the seedling of Kandelia obovate was reported instead of aboveground 631 

roots because Kandelia obovate trees rarely develop aboveground roots. 632 

Location Species Trunk 

(%) 

Branch 

(%) 

Leaf 

(%) 

Aboveground root 

(%) 

Guangdong Aegiceras corniculatum 74.20  13.68  7.29  4.84  

Fujian Kandelia obovata 77.78  15.56  6.52  0.19 (seedling) 

Hainan Bruguiera sexangula 69.61  22.95  4.39  3.05  

Guangxi Rhizophora stylosa 35.41  23.05  3.49  38.04  

 633 

In terms of the transport of directly trapped sediments, precipitation may play an important 634 

role in this process within vegetated tidal flats. On land, raindrops falling on the sediment surface 635 
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can cause suspension, saltation and bedload movement, particularly in low slope areas, but the 636 

maximum raindrop impacts occur for water depths of less than one raindrop diameter (Moss et 637 

al., 1979; Proffitt et al., 1991; Beuselinck et al., 2002). Contrary to the terrestrial environment, 638 

on vegetated tidal flats the raindrops have limited impact on sediment resuspension because of 639 

the deep water layers during high water periods; and at low tide, the dense vegetation forms a 640 

mat to dissipate the kinetic energy of raindrops. Visual observation of the vegetated sites did not 641 

indicate the formation of fast overland flow, which is generally the main factor causing sediment 642 

movement on land surfaces. However, the raindrops can still work directly on the bare mudflat 643 

surface and influence recently deposited, unconsolidated sediments as pointed out by Voulgaris 644 

and Meyers (2004).  645 

When the vegetated flat was exposed, the rinsing of the vegetation surface by raindrops 646 

results in a direct transport of sediments to the bed. Our experiments show the direct trapping of 647 

sediments by the vegetation surface. Precipitation creates a pathway for those particles to be 648 

moved onto the bed. Furthermore, the thick sediment layer on the vegetation leaf surfaces might 649 

cause a problem for seedling growth by different means, such as reducing photosynthesis or 650 

increasing the bending of stems. It has been observed by ecologists that the seedlings of 651 

saltmarsh grass and mangrove trees can be smothered due to the thick layer of mud on leaf 652 

surfaces (Yihui Zhang, personal communication). Therefore, rainfall events, especially moderate 653 

ones, can be of fundamental importance to the coastal wetland system and further studies on their 654 

frequency and seasonality coupled with tidal characteristics should be considered in the future in 655 

order to understand the mechanisms driving the change of coastal ecosystems.  656 
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4.3 The Limitations of Field Observations 657 

Instrument availability and the restrictions of in situ deployment during this study lead to 658 

two primary limitations which should be discussed. Firstly, the number of ADVs available 659 

restricted the number of observations possible. Three locations were carefully chosen to form a 660 

nearly isoceles triangle, so that the mangrove and the saltmarsh were located on the same contour 661 

line (Chen et al., 2016), sharing a mutual control site on the bare mudflat. The elevation 662 

difference between the two vegetated flats and the bare mudflat bed is only 0.05 m (Chen et al., 663 

2016). This small elevation difference has minimal influence on the flow direction and the 664 

subsequent suspended sediment transport, which can be confirmed through application of   665 

Soulsby’s drag coefficient calculations, as derived for bedforms (Soulsby, 1997): 666 
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 670 

where △H and λ are the height (0.05 m) and width (35 m), respectively, of the bed form, Z0b is 671 

the bed roughness due to bedform, h is the mean water depth and CDb is the drag coefficient 672 

attributed to the bedform. The CDb is estimated to be 0.0026 for the 0.05 m elevation difference, 673 

which is over an order of magnitude smaller than the drag coefficients (0.04-0.36) associated 674 

with the three sites (Chen et al., 2016), indicating that the elevation change has very limited 675 

contribution to any frictional term and is unlikely to affect flows. The principal reason for the 676 

http://www.baidu.com/link?url=Qb0933uI56eKLUqHhrrD4h7_9PR4jei3bacTVu8iU4uBA0oKMxOF0yEKDPvrvN_5HmC3afJPXND0jVWaZo-1nbGXLJ1geXYTb439GOqqFDRucuJmgN0OaU57nnvA8hMW
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alteration of flows and suspended sediment transport is therefore attributed to the presence of 677 

vegetation.  678 

Secondly, some assumptions have been made regarding likely sediment transport 679 

pathways within the tidal flat. Although we acknowledge that the sediment could be transported 680 

into and out of the tidal flat via different routes, this question was addressed using previous 681 

observations and modeling results. The tidal flat under investigation features a gently seaward 682 

sloping topography, and lacks a well-developed tidal creek system (Chen et al., 2016). Under 683 

these circumstances, modeling (Temmerman et al., 2005b) suggests that flow directions during a 684 

tidal cycle are usually perpendicular to the marsh edge with the sedimentation processes 685 

controlled by elevation differences and distance from the marsh edge. Thus, our study assumes 686 

that suspended sediments are transported into and out of the vegetation via the same route. This 687 

assumption might cause some uncertainty of the suspended sediment flux estimates and further 688 

work investigating the sediment transport pathway is needed in the future, particularly within 689 

coastal wetlands. 690 

 691 

5 Conclusions 692 

Field observations were made to compare the sediment transport processes occurring 693 

between a bare mudflat, a saltmarsh and a mangrove edge, considering both hydrodynamically 694 

induced sediment settling and the direct trapping effects of the vegetation surface. The 695 

interpretation of the SSC data, together with high-frequency flow measurements, reveals that the 696 

saltmarsh grass are more efficient than the mangrove trees at inducing sediment trapping over a 697 

tidal-cycle scale. The main findings of this study are summarized in Fig. 8 and outlined below: 698 

1) The SSC data exhibit a strong tidal asymmetry. The SSC is higher during the flood phase 699 
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than the ebb phase for all three sites, implying a favorable environment for a net sediment 700 

input. The mean SSC level is generally high on the mudflat and decreases within the 701 

vegetated area, which is generally consistent with the deposition rates of the three sites. 702 

2) Tidal cycle-scale sediment flux estimates show a depositional environment on the studied 703 

tidal flat. The presence of vegetation alters the flow direction and the subsequent 704 

suspended sediment transported into the system. Sediment transport fluxes indicate that 705 

the saltmarsh edge is more efficient than the mangrove edge at trapping sediment. This 706 

pattern is further supported by calculations of sediment fluxes at a tidal scale and 707 

deposition rates at a longer timescale. Although the SSC reduction is more pronounced at 708 

the mangrove site, the flow rotation caused by the mangrove trees reduces the sediment 709 

flux into the mangrove edge itself. Instead, a large portion of suspended sediment is 710 

transported along the mangrove edge, which is significantly different from the sediment 711 

transport pattern of the saltmarsh edge. 712 

3) The mechanism for acceleration of deposition by tidal flat vegetation can be identified by 713 

using two approaches: sediment settling driven by local changes in the hydrodynamics 714 

and the direct sediment trapping by vegetation surfaces. Particle settling over a tidal scale 715 

was evaluated from deposition tendency. Deposition tendency on the bare mudflat is 716 

generally higher during ebb tides than flood tides, indicating a tidal asymmetry and a 717 

deposition lag during the ebb phase. Tidal flat vegetation is able to mediate the tidal 718 

asymmetry of this deposition tendency. Vegetation radically increases this parameter 719 

during floods when the SSC is high, and this creates a more favorable environment for 720 

deposition. Even though it is more efficient in trapping sediment, the saltmarsh grass is 721 

found to be less efficient than the mangrove trees at altering the deposition tendency of 722 
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that sediment (Table 2). 723 

4) The sediments trapped on vegetation leaves and stems are also quantified using samples 724 

of natural standings and seedlings. Saltmarsh grass has a higher direct sediment trapping 725 

ability than mangrove trees. The amount of sediment trapped by the saltmarsh grass 726 

surface can contribute a considerable amount to deposition, in particular when associated 727 

with rainfall events, whilst the sediment directly trapped by mangrove trees is negligible 728 

compared to the observed total annual deposition rate in this particular site where only 729 

young mangrove trees occupy the front and very limited biomass is found close to the 730 

bed. A new mechanism of direct sediment trapping by the vegetation surface, in 731 

combination with precipitation, is proposed by this study, as a supplement to the 732 

mechanisms associated with hydrodynamic mediation by vegetation. 733 

 734 

Fig. 8. A summary of the main findings of this study: 1) the suspended sediments are transported 735 

from the bare mudflat to the vegetated edges with similar inundation periods, the fluxes can be 736 

decomposed into normal and parallel components; 2) a considerable amount of sediment was 737 

trapped at the front of the saltmarsh and the mangrove; 3)  the saltmarsh front is more efficient 738 

than the mangrove front due to the flow rotation caused by the mangrove; and 4) the sediment 739 

trapping is associated with two mechanisms: hydrodynamically induced sediment settling and 740 

direct trapping by the vegetation surfaces. The size of the arrow and the circle provides the 741 

information on relative magnitudes of these mechanisms. 742 

 743 
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