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Abstract The activity of benthic organisms can strongly influence sediment dynamics in an 

intertidal flat. However, few studies have conducted a quantitative assessments of the effect of 

benthic organisms on erosion-accretion processes under field conditions. The aim of this study 

was to quantify the effects of the benthic clam Meretrix meretrix Linnaeus on bed erodibility 

and sediment erosion-accretion processes in an intertidal flat. Within the cultivation zone at 

site A, M. meretrix is present in large numbers (up to 137 individuals/m2). On the other hand, 

site B is located outside the cultivation zone. At this site, which is only 500 m away from site 

A alongshore, M. meretrix forms a sparse population with only 3.7 individuals/m2. The results 

showed that the critical shear stress for erosion, denoted by τce, was 0.22 and 0.32 N/m2 at sites 

B and A, respectively, and the magnitudes of bed-level change were significantly higher at site 

A than site B. These results reveal the large effect of M. meretrix on decreasing τce, augmenting 

the erosion rate when the bed shear stress due to combined currents and waves, denoted by τcw, 

was higher than τce, and conversely enhancing the accretion rate when τcw < τce. The changes 

induced in these parameters are likely to have a large impact on model predictions of bed 

erodibility, sedimentary processes, and morphological evolution. Thus, integrated field 

measurements of hydrodynamic and bed-level changes, accompanied by simultaneous 

biological sampling, may help to improve the parameterization of hydro-sedimentary and 

morphodynamic models for shallow-water environments. 

Plain Language Summary 

The marine organisms in the bottom sediments can play an important role in the stability and 

erosion-accretion of the seafloor in the near-shore coastal area. However, less is known about 

how these organisms affect bed stability and erosion-accretion processes in shallow-water 

environments. This study uses integrated field measurements of hydrodynamics, erosion-

accretion events and simultaneous biological sampling to quantify the effects of benthic 

organisms on seafloor stability and erosion-accretion processes. The results suggest that the 
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stability of the seafloor at the observation site with plenty of clam Meretrix meretrix Linnaeus 

is less stable, and the magnitude of seafloor erosion-accretion is greater compared to the 

observation site without clam Meretrix meretrix. These results have important implications for 

improving the parameterization of predicted models of morphological evolution due to the 

major biological components in estuaries and coastal regions. 

Keywords: Benthic organism; Bed erodibility; Bed shear stress; Sedimentary process; Bed-

level change. 

1. Introduction 

Intertidal flats are major components of estuaries and protected shorelines that are 

submerged at high tide and exposed at low tide. Intertidal flats are habitats of ecological 

significance (e.g., Mouritsen and Poulin, 2002; Gao, 2009; Adam et al., 2011) and generally 

support many types of marine animals such as crabs, mollusks, flatfish and turtles (e.g., Dyer, 

2000; Barbier, 2013; Li et al., 2018), which provides rich feeding grounds for migratory 

shorebirds (e.g., Nehls and Tiedemann, 1993; Eisma, 1998; Adam et al., 2011). In addition, 

intertidal flats play an important role in coastal defense by helping to dissipate wave energy 

(Chen and Zong, 1998; Kirby, 2000; Möller et al., 2001; Bale et al., 2006). Morphodynamic 

models are widely used for the sustainable management of fisheries and aquaculture, coastal 

planning, habitat conservation, restoration of intertidal ecosystems, and mitigation of coastal 

hazards (Resio and Westerink, 2008; Dietrich et al., 2011; Wu et al., 2018). The interactions 

among biological and physical processes are known to modify the hydrology and sediment 

dynamics in the intertidal zone, which greatly affects morphodynamics (Tolhurst et al., 2000; 

Widdows and Brinsley, 2002; Grabowski et al., 2011; Wu et al., 2017). Thus, knowledge of 

the interplays among the physical forces and biological components of intertidal ecosystems is 

a critical step towards improving the parameterization of models of erosion-accretion processes 

and the morphological evolution of intertidal flats. 

http://en.wikipedia.org/wiki/Crab
http://en.wikipedia.org/wiki/Mollusk
http://en.wikipedia.org/wiki/Shorebirds
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Previous studies have shown that benthic macrofauna can strongly influence sediment 

erodibility (e.g., Rhoads and Boyer, 1982; Bouma et al., 2001; Needham et al., 2013; Gao et 

al., 2014; Gerwing et al., 2016). Moreover, biological activity may influence the 

hydrodynamics of the bottom boundary layer by altering surface sediment roughness (e.g., 

O’Riordan et al., 1995; Jackson et al., 2007; Folmer et al., 2014; Harris et al., 2016). For 

example, benthic macrofauna can influence the nature and size distribution of bottom or 

suspended sediment particles through their feeding activities, which may involve the 

repackaging and biodeposition of suspended sediment particles and the formation of compact 

fecal pellets (Nowell et al., 1981; Wood and Armitage, 1997; Wotton and Malmqvist, 2001; 

Grabowski et al., 2011; McCall, 2013). The combined effects of living organisms may change 

the erosion-accretion rates by several orders of magnitude (Paterson and Black, 1999; Tolhurst 

et al., 2000). 

Regarding the effects of benthic organisms on mudflat sediment erodibility, two different 

functional groups can be recognized. The behavior of some organisms enhances sediment 

biostabilization (e.g., benthic microalgae and some filter feeders; e.g., Luckenbach, 1986; 

Nasermoaddeli et al., 2014) by increasing the critical erosion threshold of bed sediment, thus 

reducing erosion rates (Nasermoaddeli et al., 2014). For example, mussels at high densities can 

protect the underlying sediment from erosion caused by waves and currents through an 

armoring effect (e.g., Widdows et al., 1998b, 2000). Similarly, mucus production by meiofauna 

and macrofauna organisms may contribute to sediment erodibility through the binding of 

sediment grains (e.g., de Brouwer et al., 2000; Grabowski et al., 2011). In contrast, the behavior 

of other organisms leads to biodestabilization, including several species of crabs and mollusks 

such as Macoma balthica and Hydrobia ulvae (e.g., Scoffin, 1970; Gage, 1977; Eckman et al., 

1981; Harvey and Luoma, 1985; Tallqvist, et al., 2001; Meysman et al., 2006). The intense 

activity of these organisms (e.g., bioturbation) can reduce the critical erosion threshold and 

http://www.coastalwiki.org/wiki/Erosion
http://www.coastalwiki.org/wiki/Meiofauna
http://www.coastalwiki.org/wiki/Macrofauna
http://en.wikipedia.org/wiki/Crab
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eventually enhance erosion (Nasermoaddeli et al., 2014). However, in some cases, a single 

species can fulfill both roles. For example, Corophium volutator (C. volutator) can exacerbate 

erosion due to grazing on stabilizer diatoms and by reworking of bottom sediment during 

burrowing (Gerdol and Hughes, 1994); however, this same species is also able to increase the 

shear strength of bottom sediments by secretion of particle-binding substances, which has a 

stabilizing effect (Meadows and Tait, 1989; Mouritsen et al., 1998). Thus, a single species can 

have opposing effects on bed stabilization, and the overall effect on erosion thresholds and 

rates may depend on different environmental factors, such as the seasonal growth of benthic 

diatoms and faunal densities (Grant and Daborn, 1994). 

Most studies that aim to improve our understanding of the interactions among benthic 

macrofauna, the physical properties of sediments, and hydrodynamic processes are based on 

well-controlled laboratory experiments (e.g., Eckman, 1983; Grant and Daborn, 1994; Orvain 

et al., 2004; Venier et al., 2012). In such studies, “intact” sediment samples are transported 

from the field to the laboratory for testing; however, it is difficult to obtain truly undisturbed 

sediment. Sediment samples are removed from a naturally dynamic environment. During 

excavation and transport, the physical properties of the sample (e.g., water content, 

consolidation, structure, and temperature) and ongoing benthic biological activity (e.g., 

burrowing by macrofauna and the production of extracellular polymeric substances by algae) 

are disturbed, leading to inaccurate quantifications. Field experiments using flumes and natural 

sediments containing macrofauna overcome some of these limitations, but flumes still disturb 

the natural flow fields (Widdows et al., 1998a; Widdows and Brinsley, 2002). To date, few in 

situ studies have sought to estimate the effects of benthic organisms on erosion-accretion 

processes under natural tidal current and wave conditions. 

The aim of this study was to explore the effect of Meretrix meretrix Linnaeus (M. meretrix) 

on sediment erodibility and erosion-accretion processes under natural conditions. The results 
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from this study can be used for more accurate parametrization of morphodynamic and sediment 

transport models. 

2. Study area 

The study area is situated on the Rudong intertidal flat in the southeastern part of the 

Jiangsu Coast, China. The flat is located between the abandoned Yellow River Delta and the 

Yangtze River Estuary, adjacent to the largest radial-shaped tidal sand ridges on the Chinese 

continental shelf (Fig. 1A) (Wang et al., 2012; Xing et al., 2012). Typically, intertidal flats in 

this area span several tens of kilometers (e.g., Wang and Zhu, 1994; Shi et al., 2015). The 

Rudong intertidal flat is characterized by a high-energy hydrodynamic environment, with an 

average tidal range of 3.9-5.5 m, reaching a maximum of 7-8 m (Zhao and Gao, 2015). Spring 

tidal currents on the intertidal flat average 0.59 m/s, with higher current velocities during the 

ebb tide (Zhao and Gao, 2015). The maximum current velocity recorded on the lower intertidal 

flat was 1.22 m/s (Xing et al., 2012). 

M. meretrix is an edible bivalve of the Mytilidae family and is characterized by a delicate 

taste, relatively high meat yield, and attractive appearance, making it an important commercial 

species (He et al., 1997). This bivalve is the main maricultural species along the Jiangsu Coast, 

with the largest cultivation zone in China located on the Rudong intertidal flat (e.g., Na, 2004; 

Shen, 2004; Li et al., 2014) owing to the favorable tidal flow and abundant nourishment 

provided by the radial tidal sand ridge system (Fig. 1B). In this study, site A is characterized 

by a high density of M. meretrix, given its location in the cultivation zone, whereas M. meretrix 

is not cultivated at site B and therefore is relatively rare (Fig. 1C, Fig. 2). 

3. Methods 

3.1 Field measurements of hydrodynamic data 

 Within each site, A and B, one observation site was established to measure hydrodynamic 

parameters. Field data were collected from August 24 to September 1, 2016 using a custom-

https://en.wikipedia.org/wiki/Mytilidae
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made frame with two stainless steel legs (Fig. 3), which were pushed at least 1.5 m into the 

sediment to maintain frame stability during data collection. All instruments were attached to 

this frame to collect time series of water depth, wave height, turbulent velocity in the near-bed 

boundary layer, and bed-level elevation. 

A wave-tide recorder (SBE 26 Plus; Sea-Bird Electronics, USA) was mounted 

horizontally onto a frame, and its pressure sensor was located 0.1 m above the sea bed to 

measure water depth, wave height, and wave period (Fig. 3). The recorder used pressure sensors 

to collect data at a frequency of 4 Hz over a 256-second period, making 1024 measurements 

per 10 minutes (Table 1). Water depths were later corrected for the 0.1 m height difference 

between the recorder and sea bed (Fig. 3). 

To investigate the turbulent velocity in the near-bed boundary layer, a Vector 6 MHz 

Acoustic Doppler Velocimeter (ADV; Nortek, USA) was used, which was mounted on the 

same frame in a vertical position 0.37 m above the sea bed (Fig. 3). Data were collected at 5-

minute intervals with a frequency of 16 Hz (Table 1). The ADV recorded the distance to the 

bed surface at 1 Hz in an autonomous mode. Furthermore, information on erosion and accretion 

based on the time series of bed elevation was collected during a given phase. The accuracy of 

bed elevation measurements is ±1 mm and has already been investigated in the laboratory 

(Salehi and Strom, 2012) and in the field (Andersen et al., 2007). Thus, according to these 

studies, changes in bed elevation greater than 1 mm should be considered true bed-level 

changes during data collection. 

In addition, hourly data on wind speeds and directions at the Rudong gauging station were 

obtained from the Yellow Sea Monitor Center, Weather Bureau of Jiangsu, China. In this study, 

the two regimes were divided based on the magnitude of wind speeds. 
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3.2 Field sampling of benthic organisms 

Three sampling plots were randomly distributed around observation sites A and B and 

named A1-A3 and B1-B3, respectively, as shown in Fig. 1C. On 25 September 2016 at 11:00 

(Beijing time), during aerial exposure of the study area (after ebb tide), three sediment samples 

with volumes of 0.3 m × 0.3 m × 0.1 m depth were taken from each sampling plot (18 samples 

in total) to estimate the abundance of benthic organisms. In the field, sediment samples from 

the same plot were mixed together and washed through a 1 mm mesh sieve, and all the residues 

were preserved in 10% formalin solution before further analysis. 

Bottom sediment samples were collected at both sites close to the frame to calculate the 

grain-size distribution and water content. The grain-size distribution was measured using a 

laser particle size analyzer (Mastersizer 2000; Beckman Coulter, California, USA). For 

measurements of water content, wet sediment samples were immediately weighed and then 

oven-dried at 50°C until a constant weight was achieved (generally ≥ 48 h). Then, the percent 

water content was estimated as the ratio of the mass loss during drying to the sediment dry 

weight. 

3.3 Data processing 

3.3.1 Bed shear stress due to currents and waves 

The bed shear stress generated by waves (τw, N/m2) and currents (τc, N/m2) was calculated 

according to A.2 and A.4 in Appendix A, respectively, and the bed shear stress due to combined 

currents and waves (τcw, N/m2) was subsequently calculated using a current-wave 

hydrodynamic model (A.5 in the Appendix). 

3.3.2 Critical shear stress for erosion (τce) 

Following the approach recommended by Andersen et al. (2007) and Shi et al. (2015), we 

estimated the critical shear stress for erosion (τce) at sites A and B, respectively, through 

comparisons between τcw and the corresponding change in bed level (erosion-accretion event). 
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The value of τce was set as the value of τcw at which the erosion event had just begun. 

3.3.3 Statistical comparisons 

To investigate the differences between both sites regarding hydrodynamic conditions, 

factorial two-way ANOVA (Analysis of Variance) tests were performed considering the fixed 

effects of wind regime and site. Variables were wave heights, current velocities, and bed shear 

stresses due to combined currents (τcw) and waves, which were averaged over each tidal cycle. 

When necessary, data were log-transformed to meet the ANOVA assumptions of normality and 

homoscedasticity. 

4. Results 

4.1 Characterization of M. meretrix populations and bottom sediments 

Within the cultivation area at site A, M. meretrix had an average density of 137 individuals 

per m2 (range of 122-167) in the top 10 cm of the intertidal flat (Table 2). The average length, 

width, and height of M. meretrix were 31.0 mm (range of 30.8-31.7 mm), 25.7 mm (range of 

24.8-26.9 mm), and 15.5 mm (range of 15.1-15.9 mm), respectively. The mean individual 

weight was 8.4 g (range of 7.8-8.9 g) at this site (Table 2). 

Outside the cultivation area at site B, a single individual was found in one sample from 

site B3 (Fig. 1C). Thus, the average density was 3.7 individuals per m2 at this site. The only 

specimen found at site B (length, width, height, and weight of 40.3 mm, 34.1 mm, 20.6 mm, 

and 17.8 g, respectively) was much larger than the largest individual at site A (Table 2). 

The median grain size at site B ranged from 135.8 to 144.7 µm (139.8±3.0 µm on average), 

compared with the range of 101.7 to 117.2 µm (111.6±5.2 µm on average) at site A. The water 

content was lower at site B (from 26.4% to 33.3%, 29.2±2.4% on average) than at site A (32.0% 

to 35.0%, 33.7±1.1% on average) (Fig. 4). Furthermore, from the grain-size distribution of the 

bed sediment, the proportion of coarse sediment at site B was higher than that at site A (Fig. 

5), indicating that the presence of M. meretrix has changed the proportion of grain sizes in the 
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intertidal flat. 

4.2 Wind, waves, currents and bed shear stress 

During the entire field measurement, two wind regimes were distinguished from the time 

series of wind data based on the magnitude of wind speeds. Wind during tides T1 to T3 is 

characterized by mild winds (average and maximum wind speeds are 3.8 and 5.5 m/s, 

respectively) with southwest directions (Regime I, Beaufort numbers 0 to 3). Conversely, wind 

during tides T4 to T8 is characterized by stronger winds (average and maximum wind speeds 

are 8.6 and 12.7 m/s, respectively) with a dominant northwest directions (Regime II, Beaufort 

numbers > 3), compared with the wind during tides T1 to T3. Wind during tides T9 to T11 is also 

a weak wind (average and maximum wind speeds are 3.2 and 5.2 m/s, respectively) with 

northeast directions (Regime I, Beaufort numbers 0 to 3) (Fig. 6a). 

At both sites, wave heights were lower under the milder winds of Regime I (T1-T3 and T9-

T11) and higher during T4 to T8 (Fig. 6b). At site A, wave heights ranged from ~0 to 2.0 m, with 

an average of 0.4 m during field measurement. At site B, despite the short distance between 

sites, higher values were found, ranging from ~0 to 2.6 m and 0.6 m on average (Fig. 6b). 

During the entire field measurement, the lowest current velocities were recorded around 

high tides. Higher velocities characterized early flood and late ebb stages, and the average 

current velocities during flood tides were higher than those during ebb tides (Fig. 6c). A general 

counterclockwise rotation in the current direction was observed, with a southwestward 

(onshore) current during early flood tides, southeastward (alongshore) during high tides, and 

eastward or northeastward (offshore) during late ebb tides (Fig. 6d). 

At both sites, tidal-averaged values of τw were higher during T4-T8 than during T1-T3 and 

T9-T11 (Fig. 7b; Table 3). Tidal-averaged τcw values followed the same pattern, with lower 

values during T1-T3 and T9-T11 (Table 3). Regarding τcw, similar values were observed between 

sites, ranging from ~0 to 0.73 N/m2 at site A, compared with ~0 to 0.74 N/m2 at site B (Fig. 
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7d). 

4.3 Comparison of hydrodynamic conditions 

During the entire field measurement, τcw during T4-T8 was higher than during T1-T3 and T9-

T11 (Table 3) due to the action of stronger wind during T4-T8. Thus, based on the strength of 

the hydrodynamic conditions, in this study, the three variables (wave heights, current velocities, 

and bed shear stresses due to combined currents and waves) averaged over the 11 tides were 

also grouped into two levels: Regime I (Tides T1 to T3 and T9 to T11) and Regime II (T4 to T8). 

The second factor was site, with two levels (within the cultivation area of site A and outside 

the cultivation area of site B). 

Regarding wave heights (Fig. 8a), a significant interaction was observed between factors 

(p < 0.01), with higher waves at site B under the mild winds of Regime I (Tuckey post hoc 

comparisons, p <0.01). Under stronger winds (Regime II), there were no significant differences 

in wave heights between sites (p>0.01). Within sites, waves were significantly higher under 

wind Regime II. When current velocity and combined wave-current bed shear stress are 

considered, no significant interactions was observed between factors nor were there differences 

between sites (p>0.01). Both sites responded similarly to wind regimes, with lower values for 

both variables under the mild conditions of Regime I (p<0.01, Fig. 8b and c). 

4.4 Erosion-accretion processes 

At both sites, the time series of bed elevation did not show significant changes (>1 mm) 

during T1-T3, and erosion events began to occur only at the initial flooding stage of tide 4. 

During tide 4 at site A, the onset of erosion corresponded to a τcw value of 0.22 N/m2 at the 

initial stage of flooding (Fig. 7d, 7e), while at site B, the onset of erosion corresponded to a τcw 

value of 0.32 N/m2 during high tide (Fig. 7d, 7e). Therefore, these values (0.22 and 0.32 N/m2) 

were considered to be the τce values for sites A and B, respectively (see section 3.3.2). 

 



 

 

©2019 American Geophysical Union. All rights reserved. 

At both sites, changes in bed-level during tides T1-T3 never exceeded the ±1 mm threshold 

for change detection, so neither erosion nor deposition events were identified (Fig. 7e; Table 

3). Once τce was reached at both sites, bed levels were progressively lower (erosion phase) 

during T4-T8 and progressively higher during T9-T11 (accretion phase). Although sites A and B 

showed the same erosion-accretion trends for a given tide, the magnitude of change differed 

(Fig. 7e). During the erosion phase (tides T4-T8), the total bed-level change at site A was -97 

mm (negative denotes erosion), whereas that at site B was -39 mm (Fig. 7e; Table 3). Similarly, 

the total bed-level change during the accretion phase (T8-T11) was +30 mm (positive denotes 

accretion) at site A and only +15 mm at site B (Fig. 7e; Table 3). 

5. Discussion 

The results showed that critical shear stress (i.e., erosion rate and bed erodibility) is lower 

at site A (0.22 N/m2, with abundant M. meretrix) than at site B (0.32 N/m2, without M. meretrix), 

suggesting that there is a link between critical bed shear stress (i.e., erosion rate) and the density 

of M. meretrix. This correlation is consistent with the results of previous field and laboratory 

studies. For example, on the Molenplaat tidal flat in Westerschelde (SW Netherlands), 

Widdows et al. (2000) reported that there was a positive relationship between sediment erosion 

rate and the density of the clam Macoma balthica (M. balthica), which is a major bioturbator 

of bottom sediments, and the tidal flat had a lower sediment erosion rate in June compared to 

September 1996 because the density of M. balthica is lower in June than in September 1996. 

Additionally, laboratory flume experiments have shown that bioturbation induced by M. 

balthica causes a density-dependent increase in sediment erodibility (Widdows et al., 1998b), 

and the destabilizing effects of this species have been demonstrated in modeling studies 

(Willows et al., 1998). In the previous studies mentioned above, changes in sediment erosion 

rate have been attributed to the enhanced grazing activity of deposit feeders such as M. balthica. 
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In this study, M. meretrix is a type of bivalve and has been known to show significant 

vertical movement, occasionally exposing their posterior shell edges before completely 

reburying themselves within a single day (Fig. 2). Thus, this activity of M. meretrix has been 

described as a major bioturbation (biological reworking of sediments) and has greatly 

influenced critical bed shear stress due to the activity of M. balthica mentioned above. The 

shallow-buried bivalves (e.g., M. meretrix) generally inhabit sandy substrate in lower intertidal 

and shallow subtidal areas, are buried to a depth of approximately 6 cm below the sediment 

surface (Zhuang and Wang, 2004), and tend to be mobile, resulting in greater bioturbation of 

the uppermost sediment layer. Considering the above analysis, this study can serve as a the 

reference for other bivalves that are widely distributed along coastlines worldwide, including 

China, Japan, Korea, India, and England (Navarro et al., 1991; Widdows et al., 2002; Liu et al., 

2006). 

The accretion rate was higher at site A under the effects of a large population of M. 

meretrix than at site B (Fig. 7), and the presence of bivalve M. meretrix could change the 

proportion of grain size (Fig. 5). This case is associated with the suspension-feeding behavior 

of M. meretrix, which is a siphonate clam that feeds on plankton and filters nutritious suspended 

particles in the tidal water through its incurrent siphon (Boehm and Quinn, 1976; Cohen et al., 

1984; Carlton et al., 1990; Navarro et al., 2014; Burge et al., 2016; Yu et al., 2016). Specifically, 

the enhanced accretion and change in the proportion of sediment grain size at site A likely 

resulted from the feeding behavior of a large population of M. meretrix. This behavior may 

cause a localized increase in biodeposition and an associated increase in the downward flux of 

suspended material and promote biodeposition (Ward and Shumway, 2004), changing the 

proportion of sediment grain size due to the presence of M. meretrix at site A. The increased 

biodeposition by suspension-feeding bivalves is also supported by benthic annular flume 

experiments under both field and laboratory conditions. Widdows et al. (1998b) studied 
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biodeposition fluxes in mussel beds (dense populations of bivalve mollusk Mytilus edulis) in 

Cleethorpes, Humber Estuary, and found that deposition rates were linearly related to mussel 

density, up to a maximum of 60 g m-2 h-1 at densities of 1400 mussels per m2 (corresponding 

to 50% mussel cover). Biodeposition at this density was an order of magnitude higher than 

physical deposition at 0% mussel cover. Additionally, during field measurements, potential 

disturbances from human activities are excluded at site A, i.e., the harvesting of M. meretrix is 

not an anthropogenic factor that affects erosion-accretion processes. The farmers harvested 

calm M. meretrix in the cultivation zone every two years, and the gap between harvesting and 

our field survey is approximately one and a half years. In summary, the difference in erosion-

accretion processes is likely mainly due to the presence of M. meretrix rather than other 

potential factors. 

The present analysis above revealed that the bivalve M. meretrix, at high densities, plays 

a significant role in sediment dynamics and bed erodibility. Thus, biologically driven changes 

in τce and accretion rates need to be considered in morphodynamic and sediment transport 

models of shallow-water environments. However, the effects of M. meretrix are complex in 

natural environments, and parametrizations based on laboratory experiments can lead to large 

biases. We propose a multidisciplinary field measurement approach that combines 

hydrodynamic, sedimentary, and biological sampling to quantify and model the naturally 

occurring biological influence on sediment dynamics. Future work should be directed to 

improving field data acquisition by automatization and improving the temporal resolution 

(Collins et al., 1998). Biological sampling should be accompanied by the collection of current, 

wave, and bed-level data to better describe the key biological-physical interactions and the 

mechanisms involved. In addition, a more complete understanding is needed for the population 

dynamics of dominant benthic organisms, including benthic microalgae, infaunal deposit and 

filter feeders, and epibenthic organisms. Finally, field measurements of natural environments 
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should be compared with measurements from controlled experiments, including factors such 

as faunal exclosures, manipulated densities of benthic animals, and nutrient additions that may 

promote microalgae growth. 

6. Conclusions 

The results show that M. meretrix can significantly affect erosion-accretion processes on 

an intertidal flat of the Jiangsu Coast, China. Integrated measurements of waves, near-boundary 

turbulent velocities, and bed-level changes were collected under natural conditions. 

Measurements of physical parameters were combined with simultaneous estimations of M. 

meretrix density to quantify the effects of this species on sediment dynamic processes. The 

main conclusions are summarized as follows. First, the τce values at site B, without M. meretrix, 

were ~1.5 times higher than those at site A, where M. meretrix is abundant (0.32 vs 0.22 N/m2, 

respectively). This major difference in τce (bed erodibility) between the sites is inferred to relate 

to M. meretrix bioturbation, as frequent vertical movements cause destabilization of seafloor 

sediment. Second, erosion processes were stronger at site A than site B. Simultaneous 

measurements of sediment properties suggest that the biological activity of M. meretrix at site 

A results in increased sediment water content, further enhancing the erosion rate under 

conditions of τcw > τce. Third, accretion processes were greater at site A than site B. The 

presence of M. meretrix, a filter-feeding bivalve, resulted in an enhanced biodeposition flux at 

site A during the accretion phase (τcw < τce). This higher deposition rate of suspended sediments 

at cultivated sites may have important implications for sediment transport. These conclusions 

allow for a more accurate parametrization of biological effects, thus helping to refine the 

numerical models of sediment transport and morphodynamics. These models are critical to 

environmental engineers and coastal managers who face the major challenge of predicting the 

impacts of construction projects in shallow estuarine and coastal environments with extensive 

intertidal areas and high abundances of benthic organisms. 

https://www.baidu.com/link?url=f0JGW9g8Enjw7lS42wKyW9HHgDWcvhgpFeBVWu2yWoekJLzkuVBI9VcN7Uw798GAx2SIZnxc8sJkPP67VH3EylCSrHhEM2Wjg6cDwXOduDa&wd=&eqid=a489c21f00097291000000035b72ce95
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Appendix A: Estimation of bed shear stress 

The wave orbital velocity (𝑈̂𝛿) at the edge of the wave boundary layer can be expressed 

as follows: 

𝑈̂𝛿 =
𝜋H

Tsinh(
2𝜋

𝐿
 ℎ)

              (A1) 

where L [= (gT2/2π) tanh(2πh/L)] is wavelength (m), g is acceleration due to gravity (= 9.8 

m/s2), H is wave height (m), T is wave period (s), and h is water depth (m). 

The bed shear stress due to waves (τw) is related to 𝑈̂𝛿 and the wave friction factor (fwr), 

which is as follows: 

τw = 0.5 ρw fwr 𝑈̂𝛿
2
            (A2) 

where ρw is the density of seawater (=1030 kg/m3). According to Soulsby (1997), fwr under 

fully turbulent regimes can be estimated as follows: 

fwr = 0.237 r -0.52                          (A3) 

where r (= 𝐴̂𝛿/𝑘𝑠) is the relative roughness, Âδ (= 𝑈̂𝛿𝑇/2𝜋) is the semiorbital excursion, ks 

(=2.5 d50) is the Nikuradse equivalent sand grain roughness, d50 is the median grain size of 

bottom sediments, and 𝑈̂𝛿 is the wave orbital velocity (Equation A1). 

Turbulent velocities from ADV records can be decomposed into mean and fluctuating 

components (i.e., uuu  , where u is the measured velocity, u  is the mean velocity, and 

u  is the mean turbulent velocity), as well as horizontal and vertical components. The bed shear 

stress due to current (τc, N/m2) can be estimated from fluctuations in the vertical velocity (𝑤′), 

which is calculated as follows: 

     𝜏𝑐 = 𝐶 ∗ 𝑤′2               (A4) 

where C is a constant, set to 0.9 by Kim et al. (2000). 

The bed shear stress due to combined wave-current action (τcw, N/m2) was determined 

using the current-wave model proposed by Grant and Madsen (1979): 
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τ𝑐𝑤 = √(𝜏𝑤 + 𝜏𝑐|cos𝜑𝑐𝑤|)2 + (𝜏𝑐|sin𝜑𝑐𝑤|)2      (A5)  

where τw is the bed shear stress due to waves (N/m2), τc is the bed shear stress due to currents 

(N/m2), and φcw is the angle between the current direction and the wave propagation direction 

(°). The wave propagation direction was estimated by combining the horizontal velocity and 

pressure data from the ADV measurements using a standard PUV method 

(http://www.nortekusa.com/usa/knowledge-center/table-of-contents/waves) and MATLAB 

tools from the Nortek web page that can compute wave directional spectra from Nortek Vector 

data. These models have been widely used in the estimation of bed shear stress due to current-

wave interactions (e.g., Keen and Glenn, 2002; Mellor, 2002; Styles and Glenn, 2002; 

Feddersen et al., 2003, and references therein). 
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Fig. 1 Location of the study area (A), bathymetry of the Rudong intertidal flat (B), and sites 

of in situ Meretrix meretrix (M. meretrix) sampling and hydrodynamic observations 

(C). In Fig 1. C, white circles denote M. meretrix sampling sites (A1-A3 and B1-B3), 

and red circles denote hydrodynamic observation sites (A and B). The shaded rectangle 

is the cultivation zone with Meretrix meretrix. 
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Fig. 2 Photographs of (a) site A, with abundant M. meretrix, and (b) site B, without M. 

meretrix. 
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Fig. 3 Schematic diagram of the hydrodynamic observation equipment showing heights of the 

ADV sensors for measurements of turbulent flow velocity and bed-level change and 

the pressure sensors of the wave-tide recorder (SBE 26 Plus) for wave measurements. 

The blue square denotes the ADV sampling volume, which is a cylinder (14.9 mm in 

length and 15 mm in diameter) when the ADV instrument measures three-dimensional 

velocity. The pressure sensor of wave-tide recorder SBE 26 Plus is located at a height 

of 10 cm above the sea bed. 
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Fig. 4 Daily median grain size and water content at site A (with abundant M. meretrix) and 

site B (without M. meretrix) during the data collection period (24 August to 1 

September 2016). 
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Fig. 5 Grain-size distribution of bottom sediment at site A (with abundant M. meretrix) and B 

(without M. meretrix) during field measurement. 
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Fig. 6 Time series of (a) wind, (b) wave height, (c) current velocity, and (d) current direction 

at site A (with abundant M. meretrix) and B (without M. meretrix). Note: the time (date) 

in the panel is local Beijing time. 
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Fig. 7 Time series data of water depth (a); bed shear stress due to waves (τw, b), currents (τc, 

c), and combined wave-current action (τcw, d); and bed elevation (e). Dotted lines in (d) 

and (e) indicate the estimated critical shear stress for the erosion of bottom sediment 

(τce), which was 0.22 N/m2 for site A and 0.32 N/m2 for site B. 
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Fig. 8 Mean and standard deviation values by site and wind regime for a) wave height, b) 

current velocity, and c) combined wave and current bed shear stress (τcw). Squares 

represent tides grouped under wind Regime I and circles represent tides under wind 

Regime II. Different letters denote significant differences (p<0.01) between 

treatments. 
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Table 1 Instrument settings and parameters used for hydrodynamic measurements. 

 

 

Instruments 
Height 

above seabed 
Measured accuracy Sampling frequency Measured physical parameters Interval Sampling numbers per burst 

ADV 37 cm 
    ±1 mm  

(vertical distance) 
16 Hz 

Turbulent velocity and 

bed elevation 
 5 min         4096 

Wave-tide recorder SBE 26 Plus 10 cm 0.01% of full scale 4 Hz 
 Water depth, wave height and 

wave period 
10 min 1024 
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Table 2 Quantity, density, and average dimensions of M. meretrix in sediment samples from sites A and B. 

 

 

Sites 
Sampling condition  Size of M. meretrix 

Number Area (m2) Density (indiv./m2)  Length (mm) Width (mm) Height (mm) Weight (g) 

A 

A1 11 0.09 122  30.5±4.0 25.5±3.3 15.1±2.3 7.8±3.1 

A2 15 0.09 167  30.8±4.9 24.8±3.3 15.6±2.6 8.5±4.7 

A3 11 0.09 122  31.7±5.6 26.9±4.6 15.9±2.8 8.9±5.4 

          

B 

B1 0 0.09 0  0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

B2 0 0.09 0  0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0 

B3 1 0.09 11  40.3±0.0 34.1±0.0 20.6±0.0 17.8±0.0 

 

Indiv./m2 denotes the number of M. meretrix individuals per m2 
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Table 3 Comparison of hydrodynamic (tidal-averaged τw, τc, and τcw) and bed-level changes between sites A (with abundant M. meretrix) and B (without M. meretrix). 

 

 

 

“/” indicates no data; 

“-” indicates erosion, and “+” indicates accretion. 

 

 
 

 

 

 

 

 

 

 

 

 

Tides 

Tidal-averaged τw (N/m2)  Tidal-averaged τc (N/m2)  Tidal-averaged τcw (N/m2)  Bed-level changes (mm) 

Site A Site B  Site A Site B  Site A Site B  Site A Site B 
Erosion/accretion phase 

Site A  Site B 

T1 0.109±0.036 0.086±0.032  0.119±0.055 0.106±0.040  0.097±0.066 0.110±0.071  -0.990 -0.620 
No change    

(T1-T3) 

No change 

 (T1-T3) 
T2 0.135±0.064 0.096±0.043  0.106±0.063 0.105±0.046  0.116±0.076 0.158±0.086  -0.870 +0.390 

T3 0.161±0.040 0.105±0.032  0.083±0.036 0.082±0.034  0.106±0.074 0.133±0.106  +0.633 +1.167 

T4 0.253±0.090 0.222±0.102  0.091±0.029 0.090±0.046  0.231±0.075 0.242±0.083  -19.570 -13.3 

-97 (T4-T8) 

(erosion phase) 

-39 (T4-T8) 

(erosion phase) 

T5 0.411±0.129 0.384±0.115  0.129±0.028 0.125±0.042  0.361±0.170 0.382±0.174  -19.300 -15.800 

T6 0.222±0.043 0.189±0.067  0.098±0.025 0.094±0.042  0.170±0.086 0.175±0.094  -13.69 -0.600 

T7 0.389±0.127 0.286±0.067  0.138±0.043 0.132±0.056  0.274±0.148 0.371±0.182  -9.640 -6.900 

T8 0.359±0.112 0.285±0.086  0.158±0.050 0.150±0.074  0.228±0.156 0.269±0.131  -13.45 -3.600 

 

+30 (T9-T11) 

(accretion phase) 

+15 (T9-T11) 

(accretion phase) 
T9 0.096±0.023 0.095±0.037  0.092±0.040 0.090±0.048  0.088±0.063 0.098±0.064  +5.790 +1.050 

T10 0.057±0.021 0.048±0.029  0.085±0.056 0.083±0.046  0.080±0.044 0.093±0.046  +7.420 +5.510 

T11 0.050±0.027 0.049±0.019  0.095±0.052 0.093±0.041  0.094±0.041 0.107±0.040  +2.370 +1.630 


