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Salt marshes, which commonly exist on the upper tidal flat, provide a natural barrier against sea level rise and coastal  storm. The extremely shallow water stages (water depth< 0.2 m), including the initial stage of flood tides and the last stage of ebb tides, can induce a significant impact on sediment dynamics of saltmarshes and associated tidal flats, despite lasting for only a short time (around 10 min), which has been less studied. In this study, two parallel field sites were established to quantify erosion-accretion processes and morphological changes during extremely shallow water stages in salt marshes within Doulonggang tidal flat along the Jiangsu coast. Our results revealed that obvious accretion occurred during extremely shallow water stages, with a total deposition amount of +33.8 mm in vegetated areas and +20.8 mm in unvegetated areas. In contrast, erosion dominated during deep water stages, with a total erosion amount of -22.3 mm at the vegetated site and -32.7 mm at the unvegetated site. The magnitude of bed-level change during extremely shallow water stages was 7~8 times greater than that during deep water stages, even though the duration of extremely shallow water stages was only about 14~15% of the entire tidal cycle. Furthermore, strong winds significantly impacted deposition during extremely shallow water stages compared to calm weather. During the strong wind period, the average bed level change rate reached +0.15 mm/min and +0.12 mm/min in the vegetated and unvegetated areas, respectively. This is significantly higher than the +0.05 mm/min and +0.01 mm/min during the calm weather period. These results reveal that extremely shallow water stages have substantial impacts on sedimentary processes, which are vital for the maintenance of tidal flat systems.
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1 Introduction

As an important ecological type of coastal wetland, salt marshes play a key role in providing tidal flat ecosystem services and coastal protection. Its formation and development are affected by a series of physical processes and biological factors, including climate, shoreline shape, waves, tides, sediment sources, sediment characteristics, sea level change, and plant cover (Jacobson and Jacobson, 1989; Allen, 1996; Cahoon et al., 1996; Allen, 2000; Davidson-Arnott et al., 2002). The sedimentary dynamic process is the main controlling factor of salt marsh evolution, which determines the evolution of salt marsh morphology and the response of vegetation to sediment transport (Fagherazzi and Mariotti, 2012; Fagherazzi et al., 2013; Ganju et al., 2015; Ganju et al., 2017).

The extremely shallow water stages, which are defined as stages of water depth (h) less than 0.2 m occurring at the beginning of flood tide and at the end of the ebb tide, exhibit different hydrodynamic characteristics compared to the deep water stages (h > 0.2 m) (Shi et al., 2019). When tides propagate landward to the shallow tidal flat, a velocity surge appears along with the tidal front due to the gentle slope and bottom friction, and this surge can last for several minutes (Xu et al., 1994; Gao, 2010; Nowacki and Ogston, 2013). The extremely shallow water stages play an important role in controlling bottom hydrodynamics and further affect sediment transport and geomorphic evolution. The short-term strong hydrodynamics lead to a large volume of sediment resuspension (Fagherazzi and Mariotti, 2012; Zhang et al., 2021), accompanied by strong erosion and accumulation fluxes(Gao, 2010). The maximum current velocity and suspended sediment concentration (SSC) occurred during extremely shallow water stages (Zhang et al., 2016a), causing large and rapid topography changes (Nowacki and Ogston, 2013; Shi et al., 2017a; Shi et al., 2019). For example, Zhang et al. (2016b) found that bed shear stress is large enough to resuspend and transport a large amount of sediment during extremely shallow water stages, which resulted in severe scouring during the flood stages. Shi et al. (2019) found that bed shear stress during the extremely shallow water stage was twice of that during the deep water stages during the flood tide, which resulted in extensive erosion. During the ebb stages, the shear stress during extremely shallow water stages was only half of that during the deep water stages, resulting in large accretion.

Due to the difficulties in measurements within extremely shallow water environments, few continuous field investigations of hydrodynamic and sediment transport on salt marshes had been conducted, and the impact of extremely shallow water stages in salt marshes on morphological evolution has often been less studied. Numerical models also neglect the process of water and sediment movement during extremely shallow water stages. For example, the Delft3d model uses a water depth of about 0.1 m as the critical value for dry and wet cell determination as default [WL| Delft Hydraulics, 2010 (Eds.)], resulting in high uncertainties of morphological changes in extremely shallow water environments. However, sediment movement and morphological changes are very active during extreme shallow water stages, particularly in the presence of extensive salt marshes. Therefore, it is of importance to investigate sediment dynamics under extremely shallow water conditions to improve the accuracy of prediction regarding the morphological change of tidal flat systems.

This paper aims to investigate the differences in hydrodynamic conditions, SSCs, and bed erosion–accretion processes between extremely shallow water stages and deep water stages in salt marshes. This is crucial for understanding the long-term morphological evolution mechanism of salt marshes in high-turbidity intertidal zones.




2 Study area

The study area is located in the open intertidal zone on the Doulong coast of Jiangsu, China. The intertidal flat is situated between the abandoned Yellow River mouth and Changjiang (Yangtze) River estuary (Figure 1). It has an average width of 8-10 km and a slope of 0.05%, with the offshore Radial Sand Ridges acting as the primary source of sediments to the system (Fan et al., 2016). This area has experienced continuous growth of intertidal flats in the past several decades (Wang et al., 2012). The Doulong coast is characterized as meso-to-macrotidal with irregular semidiurnal tides and an average tidal range of 3.68 m. Tidal currents are southward-dominated during the flood phase and northward-dominated during the ebb phase. The winter monsoon mainly originates from the north and northeast, with an annual average speed of 4.21 m/s, while the summer monsoon mainly originates from the south and southeast, with an annual average speed of 2.76 m/s. The northward wave is prevalent, with 85% of the frequency of waves less than 1 m.




Figure 1 | Location of the Doulonggang intertidal flat (A, B) enlarged view of the area (red box), (C) zoomed-in view showing the location of observation sites, (D) instruments deployed at SM site (ADV, OBS, EMCM, SBE26plus), (E) instruments deployed at TF site (ADV, OBS, EMCM, RBR-solo D).



The surficial sediments on the tidal flat become finer landward, dominated by silt and fine sand. The exotic plant Spartina alterniflora occupies the upper tidal flat (elevation above 0.4 m). The SM site was situated within the vegetated areas while the TF site was within the unvegetated areas. The distance between the two sites was around 22 m. No distinct tidal creeks were observed in the upper tidal flat.




3 Methods



3.1 Field data collection

The field observation was conducted from November 6th to November 15th, 2018, and all in situ measurements were synchronized at both sites. Acoustic Doppler Velocimeters (6.0 MHz vector current meter, Nortek AS, Norway) were deployed in a down-looking configuration with the transmit transducer to measure 3D velocity at 16 Hz for 256 sec every burst (4096 points per 5-min time series). The ADV probe was installed at a height of 20 cm above the seabed, and the intratidal bed-level changes were indicated by the distance between the probe and the bed surface recorded by the ADV. The accuracy of bed-level changes was ±1 mm based on laboratory tests in previous studies (Hosseini et al., 2006; Shi et al., 2015; Shi et al., 2017b). To capture the hydrodynamics during extremely shallow water stages, an electromagnetic current meter (EMCM) was used because this instrument can precisely measure velocity within a small volume using a small probe (diameter of ~3 cm). To measure the 2D near-bed current velocity for extremely shallow water conditions, the EMCM was deployed at a height of 0.05 m above the bed and operated at a burst period of 30 s and sampling frequency of 2 Hz (Figures 1D, E).

Wave parameters such as wave height and wave period were measured using self-logging sensors, including the SBE-26plus Seagauge (Sea-Bird Electronics, Washington, USA) and RBRsolo |wave (RBR Ltd., Ottawa, Canada). The instruments were horizontally placed on the sediment surface, with their pressure sensors located 5 cm above the bed surface (Figures 1D, E). To obtain high-frequency water level measurements, the pressure data were recorded at 4 Hz for a duration of 256 seconds, resulting in a total of 1024 measurements per burst.

The optical backscatter (OBS) sensors (OBS-3A, D&A Instrument Company, Washington, USA) were used to measure turbidity in the water column every five minutes. The probe of OBS was positioned 5 cm above the bed surface. The suspended sediment concentration (SSC) values were obtained by converting the turbidity values measured by the OBSs through calibration using in situ water samples (Figure 2).




Figure 2 | Calibration curves used to convert optical turbidity (T; NTU) recorded by OBSs to suspended sediment concentration (SSC) (C; g/L). (A) calibration curves for the TF site; (B) calibration curves for the SM site.






3.2 Data processing and calculation



3.2.1 Calculation of bed shear stress

The bed shear stress is a critical parameter controlling the erosion and deposition of sediments. The total bed shear stress due to waves and currents (  ,  ) is derived from the components of bed shear stress due to waves alone (  ,  ) and currents alone (  ,  ).

The shear stress generated by waves is closely related to the wave orbital velocity (  , m/s). When waves propagate onto the tidal flat, they are transformed due to local topography. The wave orbital velocity is calculated using the high-frequency velocity recorded by the ADV (Wiberg and Sherwood, 2008).

 

where   is the combined horizontal spectrum of eastern and northern velocity. This method removes the influence of turbulence on wave parameters, thereby eliminating the overestimation of orbital velocity that would be induced by using the linear wave theory (Xiong et al., 2018).

However, the ADV probes were exposed to air and stopped working during extremely shallow water stages when the water depth was<0.2 m. Therefore, we used the SBE-26plus Seagage and RBRsolo | wave to observe waves during shallow water stages applying the linear wave theory, expressed as follows:

 

where   is the wave height,   is the wave period,  ( ) is the wavelength,   is the gravity acceleration, and   is water depth.

The bed shear stress induced by waves (   can be calculated from wave parameters as  (Soulsby, 1995):

 

where   is the fluid density (= 1030 kg/m3),   is the wave friction factor which depends on the hydraulic regime.   can be calculated as follows (Soulsby, 1997):



where   is the wave Reynolds number,   is the relative roughness,   is the kinematic viscosity of seawater, A (=  ) is the semi-orbital excursion, and   (=  ,   is the median grain size) is the Nikuradse roughness (Fredsøe, 1984).

The bed shear stress induced by current (   is calculated from friction velocity (  ) (Soulsby, 1995):

 

The logarithmic velocity profile (LP method) is used to describe the velocity structure in the bottom boundary layer within a weak hydrodynamic environment (Soulsby and Dyer, 1981; Grant and Madsen, 1986; Shi et al., 2019), expressed as (Dyer, 1986; Whitehouse et al., 1999)

 

where   is the velocity at height z   above the bed, measured by EMCM during extremely shallow water stages and ADV during deep water stages.   is the von Karman’s constant, and   is the bed roughness length related to the Nikuradse grain roughness (Whitehouse et al., 1999).

The bed shear stress due to the combined action of waves and currents (  ) is determined using the proposed models by Soulsby and Clarke (2005), expressed as:



where   is the angle between waves and currents, and the average total shear stress   is calculated as:

 




3.2.2 Cumulative bed level changes during extremely shallow water stages

The cumulative bed level changes of extremely shallow water stages for two consecutive tidal cycles were obtained using the following method:

 

where   is the relative distance between the ADV probe and the bed surface at the last effective burst during the ebb tide stage,   is the distance between the ADV probe and the bed surface for the first effective burst of the next tide. A positive value indicates deposition and a negative value indicates erosion.




3.2.3 Critical shear stress for erosion (  )

The critical shear stress for erosion (  ) was estimated following the approach recommended by Andersen et al. (2007) and Shi et al. (2015), which has been validated in tidal flat environments. According to their theory, the values of   recorded at the point of erosion initiation (i.e., when there was an noticeable decrease in bed level elevation and a significant increase in SSC) are considered as the critical shear stress for erosion (  ).

The bed level started to drop during the flooding tide of T3 when   reached a high value of 0.24   (Figures 3D, F) at the TF site, whereas at the SM site, erosion started when   was about 0.17   during the flooding tide of T9 (Figures 3D, F), as determined from the bed-level changes obtained using the high-resolution ADV. These values (0.24 and 0.17  ) are considered as the   values for the TF and SM sites, respectively.




Figure 3 | Time series of (A) water depth, (B) bed shear stress due to currents (  ); (C) bed shear stress due to waves (  ); (D) bed shear stress due to currents and waves (  ); (E) suspended sediment concentration (SSC); (F) bed level changes (positive value represents deposition, the negative value represents erosion, and the single point represents the value of each burst.






3.2.4 Index of agreement

The Index of agreement (  ) is often used to evaluate the difference between the same physical quantity from two different methods by showing the degree of similarity quantitatively:

 

Where x and y are the two datasets involved in the comparison, and the   ranges from 0 to 1. The larger the value of the  , the higher the degree of similarity between the two datasets.   =1 indicates that the two datasets are completely consistent. In this study, the index of agreement is used to compare the wave orbital velocity calculated using different methods.






4 Results



4.1 Hydrodynamics

During our field measurements, wind patterns showed significant temporal variations at both sites, which were classified into two periods. The first period, composed of T1~T3 and T9~T11, was characterized by strong northerly onshore winds with speeds ranging from 3.4 to 10.5 m/s and averaging at 7.6 m/s (Figure 4A). These relatively strong onshore winds generated large waves, and the average significant wave height reached a maximum of 0.43 m and 0.33 m at the two sites. The average significant wave heights during extremely shallow water stages were 0.03 m and 0.05 m at the SM and TF sites, respectively (Figure 4C). The tide-average maximum significant wave height was 0.27 m at the SM site, 25% lower than that at the TF site (0.36 m) due to the damping effect of vegetation.




Figure 4 | Time series of (A) wind speed and direction. Wind data were recorded every hour; (B) water depth; (C) significant wave height; (D) current velocity at the TF, and the SM sites.



The second period, composed of T4~T8 and T12~T16, was characterized by relatively weak winds ranging from 0.85~8.6 m/s, with an average of 4.6 m/s. During this period, the tide-averaged maximum wave heights were much lower, with an average of 0.12 m and 0.19 m at the SM and TF sites, respectively. Since wave height was limited by water depth in tidal flat environments (Figure 3A), the average significant wave heights during extremely shallow water stages were 0.02 m and 0.03 m at the SM and TF sites, respectively (Figure 4C).

The tidal current near the bottom (at the height of 0.05 m above the bed) at both sites was characterized by a rotational flow pattern (Figure 4D). High current velocities normally occurred during the flood stages of extremely shallow water stages, followed by low velocities during deep water stages, and the minimum current speed occurred during slack water. At the SM site, the tide-averaged current velocity near the bed during extremely shallow water stages ranged from 0.01 to 0.22 m/s (average value of 0.05 m/s), which was much higher than that during deep water stages (0.01–0.09 m/s; the average value of 0.02 m/s). Similarly, the velocities at the TF site during extremely shallow water stages (ranging from 0.01 to 0.29 m/s with an average of 0.06 m/s) were higher than those during deep water stages (ranging from 0.01 to 0.23 m/s with an average of 0.05 m/s).




4.2 Erosion and accretion processes



4.2.1 Shear stress

The wave orbital velocity calculated by the two different methods were shown in Figure 5. Linear wave theory was used to calculate   using the data recorded by the SBE26plus and RBRsolo |wave, while the spectral method was used to estimate   using ADV recorded data. For both sites, the time series of   obtained using different methods show similar variation patterns during tidal cycles. At the SM site, the two methods provide close   values with an   value reaching 0.91(Table 1). However, at the TF site, agreement in the magnitude of   is weaker. The Uw values calculated from the two methods were more deviant during deep water stages than during shallow water stages (   = 0.75), demonstrating that the two methods produce more consistent results in shallow water environments. For convenience, the spectral method is used in the calculation of  , except during extremely shallow water stages when ADV stopped working and the linear wave theory is used.




Figure 5 | Time-series of (A) wave orbital velocity calculated by different methods at the SM site (B) wave orbital velocity calculated by different methods at the TF site.




Table 1 | Index of agreement for wave orbital velocity using different methods.



The values of  ,   and   are shown in Figures 3B–D and statistically summarized in Tables 2, 3. Generally speaking, for all tidal cycles, the average values of   during flood tides (0.06  ) in extremely shallow water stages were higher than those in ebb tides (0.02  ) and those in deep water stages because of the flood surge (Zhang et al., 2021) at the SM site. The differences in   were more pronounced on the unvegetated mudflat. The average value during shallow water stages in flood tides (0.18  ) was six times higher than that in ebb tides (0.03  ) and slightly higher than that in deep water stages (0.15  ). The   values during extremely shallow water stages were very small due to the shallow water environment. The average values during deep water stages (0.10   at TF site, 0.07   at SM site) were two times higher than those during extremely shallow water stages (0.05   at TF site, 0.03   at SM site).


Table 2 | Comparison of bed shear stress due to waves (  ), currents (  ), and combined current–wave action (  ), and SSC at water depths (h) of<0.2m (Extremely Shallow Water Stages) and >0.2m (deep water stages) at the SM site.




Table 3 | Comparison of bed shear stress due to waves (  ), currents (  ), and combined current–wave action (  ), and SSC at water depths (h) of<0.2m (Extremely Shallow Water Stages) and >0.2m (deep water stages) at the TF site.



The maximum   within a tidal cycle usually appeared during deep water stages (Figure 3D), which was much larger than that during extremely shallow water stages. Correspondingly, the average   during the flood stages (0.22   at TF site, 0.08   at SM site) and ebb stages (0.08   at TF site, 0.06   at SM site) during extremely shallow water stages was much lower than the   values (0.24   at TF site, 0.17   at SM site). Therefore, effective resuspension cannot be initiated.




4.2.2 Suspended sediment concentration

The SSC near the bed had a similar temporal variation pattern to   (Figures 3D, E), with peak values usually occurring at the highest water level. The average SSC during flood stages was greater than that during ebb stages. The average SSC during deep water stages (3.18   at the TF site, 1.39   at the SM site) was much higher than that during extremely shallow water stages at both sites (Figure 3E; Tables 2, 3).




4.2.3 Duration of extremely shallow water stages and deep water stages

Due to continuous emergence and submergence, salt marshes experience temporal-spatial variations in water depth, leading to the frequent occurrence of extremely shallow water conditions (twice every tide). Compared with the relatively long duration of the deep water stages (224 min at the TF site, 233 min at the SM site), the duration of extremely shallow water tides during the flood tides (10 min at the TF site, 9 min at the SM site) was only half of that during the corresponding ebb stages (19 min at the TF site, 23 min at the SM site), and the total duration of extremely shallow water stages accounted for 14~15% of the entire tidal cycle (Tables 4, 5).


Table 4 | Comparison of duration of deep (> 0.2 m) and extremely shallow water stages (< 0.2 m) within different tidal cycles and the rates of bed-level change (mm/min) for different stages at the TF site.




Table 5 | Comparison of duration of deep (> 0.2 m) and extremely shallow water stages (< 0.2 m) within different tidal cycles and the rates of bed-level change (mm/min) for different stages at the SM site.






4.2.4 Bed level changes

The data of bed level changes measured by ADV during the period with effective data (h > 0.2 m) are shown in Figure 3F. Previous studies have shown that the high sediment concentration water layer near the seabed and fluid mud can affect the quality of data obtained from ADV measurements (Sahin et al., 2012; Mehta et al., 2014). During our observational period, fluid mud was not detected, and the high SSCs only occurred during deep water stages. The low-quality data were manually excluded to obtain high-quality realistic bed-level changes. The result showed that the measured bed level changes decreased during T1~T3, which was defined as the ‘erosion phase’ and then increased slowly, defined as the ‘accretion phase’ for the back-siltation during T4~T16 at the TF site. At the SM site, deposition dominated during T1–T8, and erosion occurred continuously from T9 to T16. The cumulative vertical bed-level change was +11.5 mm at the SM site and -13.5 mm at the TF site at the end of T16.

Accumulation occurred during extremely shallow water stages with a total deposition amount of +33.8 mm at the SM site and +20.8 mm at the TF site with an average bed-level change rate of 0.08 mm/min at the SM site and 0.07 mm/min at the TF site. On the other hand, erosion dominated the two sites during deep water stages, with a total erosion thickness of -22.3 mm at the SM site and -32.7 mm at the TF site with an average bed-level change rate of -0.01 mm/min at both sites.

Wind also had a significant impact on determining the deposition rate during extremely shallow water stages. Strong wind induced high waves and faster current speeds, moving more sediment to the upper flat zone. Our observation showed that the tide cycle-averaged deposition during the strong wind period was + 3.1 mm at the SM site and + 2.9 mm at the TF site, respectively. This was several times higher than that during the calm weather period (+ 1.7 mm at the SM site and + 0.4 mm at the TF site, respectively) during extremely shallow water stages. The average bed-level deposition rate reached +0.15 mm/min at the SM site and +0.12 mm/min at the TF site during the strong wind period, much higher than that during the calm weather period (+0.05 mm/min at the SM site and +0.01 mm/min at the TF site).






5 Discussion



5.1 Geomorphological changes during extremely shallow water stages in salt marshes

Tidal current and corresponding sediment transport patterns have shaped the unique geomorphic features of the mudflat. In previous studies, surges at the beginning of the flood period were as large as tens of centimeters per second (Gao, 2010; Shi et al., 2019; Zhang et al., 2021), leading to large values of bed shear stress (reaching 1.5 N/m2 at the beginning of the flood tide) (Zhang et al., 2016a), which is an order of magnitude higher than the critical shear stress found on intertidal flats. Such a phenomenon also occurred in our study area. A monitoring site (CT02) was set seawards in the intertidal zone, which was 600 m away from the SM and TF site. When the tidal flat was exposed to the air, a ruler was used to measure the distance between the ADV and seabed (the red points in Figure 6E) to reflect the erosion and accretion results during the extremely shallow water stage at the CT02 site. As shown in Figure 6, surges were commonly observed during extremely shallow water stages. Affected by the high flow velocity (0.2 m/s), the shear stress greatly increased, with an average value of 0.42 N/m2 during the flood tide. The short-term strong hydrodynamics led to a large volume of bottom sediment resuspension, and the SSC reached the first peak, accompanied by strong erosion fluxes with an average magnitude of -21.9 mm per tide. These results were similar to those of previous studies (Xu et al., 1994; Gao, 2010; Hughes, 2012; Zhang et al., 2016a; Shi et al., 2019).




Figure 6 | Time series of hydrodynamics and sediment transport-related parameters at site CT02 (A) water depth and significant wave height, (B) current velocity, (C) suspended sediment concentration (SSC), (D) bed shear stress due to currents (  ), waves (  ), and current and wave interactions (  ); (E) bed level changes (the first point in T1 was set to zero), blue bars indicate the flood tide during extremely shallow water stages, and green bars indicate the ebb tide during extremely shallow water stages.



However, the mechanism by which the surge was formed and how it influences sediment transport in the salt marsh was still uncovered, where hydrodynamic characters were quite different from those on the mudflat. The existence of vegetation increases surface roughness, reduces flow velocity, and influences the generation of turbulence and energy dissipation, weakening the hydrodynamic force within the salt marsh (Leonard and Luther, 1995; Leonard et al., 2002; Neumeier and Ciavola, 2004; Neumeier and Amos, 2006). In this study, the flood tide was relatively slow when it propagated to the salt marsh, and the flow velocity was only 0.05 m/s in the vegetated areas and 0.06 m/s in the unvegetated areas during extremely shallow water stages. Breaking water was not observed at those sites. Additionally, limited by the shallow water depth, waves were very small, resulting in very weak hydrodynamic force during extremely shallow water stages. As a result, the mean   value ranged from 0.04~0.1   in the vegetated areas and 0.09~0.18   in neighboring unvegetated areas, much lower than the critical bed shear stress (0.24   in the unvegetated areas and 0.17   in neighboring vegetated areas). Therefore, the tidal front water was too weak to generate effective resuspension, and the local sediments in the salt marsh were not stirred at this stage. Meanwhile, the tidal front water with high SSC, caused by sediment erosion of the lower tidal flat, was carried to the upper flat along the tidal flat profile (Gao, 2010). In this area, the  low-sloped morphology and vegetation lead to high bed resistance, causing the settling of suspended sediment and a decrease in suspended sediment concentration during this period. These sediments deposited in the salt marsh with a mean value of 2.3 mm per tide and 1.4 mm per tide in the unvegetated areas during extremely shallow water stages (Table 6), and the water column was relatively clear for a short period. Compared with the unvegetated areas, the vegetated areas had a higher flow reduction rate and sediment capture effectiveness (Leonard and Croft, 2006; Yang and Nepf, 2019; Chen et al., 2020), resulting in more deposition. The cumulative net deposition thickness during extremely shallow water stages of the whole tidal cycle in the vegetated areas was + 33.8 mm and + 20.8 mm in the unvegetated areas.


Table 6 | Statistics of the bed level changes (unit: mm) at the TF and the SM sites.



After the extremely shallow water stage, flooding tides and waves became stronger, and   greatly increased to a mean value of 0.07   (vegetated areas) and 0.10   (unvegetated areas) during the deep water stages of different tidal cycles (Tables 2, 3). The mean   also increased to higher values ranging between 0.05 to 0.23   (vegetated areas) and 0.09~0.32   (unvegetated areas), exceeding the local critical bed shear stress and causing strong sediment resuspension. Accordingly, SSC increased (Figure 3E), and sediment was transported away by tidal currents. Erosion was more obvious in the unvegetated areas because of the relatively strong hydrodynamic force and lack of vegetation protection. Our results showed that the net erosion amount during deep water stages was -32.7 mm in the unvegetated areas and -22.3 mm in the vegetated areas. The distinct sediment dynamics between the two sites resulted in a net deposition in the vegetated areas and net erosion in the unvegetated areas, thus influencing the morphological evolution of the tidal flat system.

Although the duration of extremely shallow water stages in the salt marsh was only a few minutes, accounting for about 14-15% of the whole tidal cycle, the rate of bed level changes during these stages was 7~8 times greater than that during deep water stages at both sites. This resulted in a profound impact on sediment transport, highlighting the importance of extremely shallow water stages in the replenishment of sediments and the maintenance of salt marshes.

Strong winds can significantly contribute to the development of salt marshes (French and Spencer, 1993; Schuerch et al., 2013), according to previous studies. Storms can generate strong waves in a short period of time and directly affect the front of the tidal flat. This process is crucial for understanding the long-term morphological evolution mechanism of salt marshes in high-turbidity intertidal zone. Abundant sediments are brought into the salt marsh from the subtidal zone under the influence of strong onshore winds during extremely shallow water stages. Vegetation causes sediment adhesion and deposition (Shi et al., 2000; Leonard and Croft, 2006), and the average SSC increased from 1.35 g/L (during calm weather) to 1.65 g/L (during rough weather) in unvegetated areas, while it increased from 0.48 g/L to 0.79 g/L in the vegetated areas during extremely shallow water stages in the initial flood stages (Figure 3E). Consequently, the average bed level changes rate reached +0.15 mm/min in the vegetated areas and +0.12 mm/min in the unvegetated areas, much higher than that during calm weather. Our results indicate that weather conditions are also crucial factors in determining sediment transport patterns within salt marshes during extremely shallow water stages.




5.2 Linking extremely shallow water stages with microtopography in salt marshes

Many studies have found that the formation of ripples is the result of local turbulence occurring at the interface between the seabed and water (Coleman and Melville, 1994; Bartholdy et al., 2005; Bose and Dey, 2012). Previous field observations showed a high erosion rate and strong turbulence lead to an increase in ripple height, which can cause the formation of microtopography, such as sand ripples and grooves (Zhang et al., 2016a), and further promote the formation of large geomorphic units, such as tidal creek (Zhou et al., 2014). During our observations, sand ripples approximately 1-2 cm in height and 5-10 cm in length were found on the tidal flat. The wave crest can be flattened by the sheet flow (Gao, 2010) and evolved into a ‘flat bed’, which may occur during extremely shallow water stages.

In this study, the salt marsh was observed to be dominated by strong accumulation during extremely shallow water stages, resulting in a lack of ripples at the two sites. Abundant accumulation filled the wave trough, and the relatively strong deposition rate and weak turbulence led to a reduction in ripple height (Shi et al., 2017a). Therefore, the topography was relatively flat in the observed salt marsh area (Figure 7). Additionally, salt marshes reduced the resuspension rate of sediment by decreasing flow velocity and stabilizing sediment. The surface sediment within 10 cm was re-mixed by the burrowing organisms within 4 to 6 hours, thereby also flattening current-formed ripple patterns. Overall, the hydrodynamic processes within salt marshes during extremely shallow water stages limit the generation of micro topography.




Figure 7 | Photographs of ripples at the (A) SM site and (B) TF site.



As discussed above, strong deposition occurred during extremely shallow water stages, while erosion occurred during deep water stages in salt marshes, resulting in significant bed-level changes. We conclude that although extremely shallow water stages are transient, this period substantially influences sediment transport within tidal cycles, and plays a significant role in the formation and evolution of microtopography on tidal flats.





6 Conclusions

Extremely shallow water stages had an important impact on the maintenance of salt marshes by inducing significant sediment accretion in vegetated areas. This study explored the morphological dynamics and quantified the sediment erosion–accretion processes during extremely shallow water stages through integrated near-bed field measurements within salt marshes. The main conclusions are as follows:

	(1) Current and wave induced shear stress was less than the critical shear stress for erosion (  ) during extremely shallow water stages but larger than   during deep water stages. These changes led to deposition during extremely shallow water stages and erosion during deep water stages in almost all observed tidal cycles. In addition, gradual accumulation processes played a very important role in replenishing sediments in salt marshes.

	(2) The deposition rate was more significant under windy weather during extremely shallow water stages. The average bed level changes rate reached +0.15 mm/min in the vegetated areas and +0.12 mm/min in the unvegetated areas, much higher than that during calm weather (+0.05 mm/min in the vegetated areas and +0.01 mm/min in unvegetated areas).

	(3) Although extremely shallow water stages made up only 14~15% of the entire tidal cycle, the tide-average bed level change rate during extremely shallow water stages was 7 times faster than that during deep water stages.

	(4) The deposition during extremely shallow water stages filled the wave trough, resulting in the relatively flat topography in salt marsh and restricting the generation of microtopography within salt marshes.
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*The total duration of extremely shallow water stages was the ebb duration of the previous tide plus the flood duration of the next tide during extremely shallow water stages.
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