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Tidal flat system is composed of multiple sub-scale geomorphological units. We found a new mesoscale geomorphological unit on sand-mud mixed intertidal zone along China coast, which was defined as hummocky patches. Hummock patches are most developed in middle tidal flat, with horizontal magnitude of 10–20 m and vertical magnitude of ∼15 cm. Hummocky patches significantly influence local sediment transport, thus affect morphological evolution of tidal flats. In order to understand the formation and development mechanisms of hummocky patches, we collected hydrodynamics, topography, sediment properties, and substrate erosion thresholds data through an in-situ field observation covering a spring-neap tidal cycle over an accretional intertidal flat in Jiangsu, China. We found that sediment characteristics including sorting coefficient (σ: measuring the uniformity of sediment particles) and silt/clay/organic matter/water content are essentially different between hummocky patches and nearby seabed, which leads to spatially varied substrate erosion resistance. The measured erosion thresholds for patches are two times higher comparing to surrounding seabed sediment, which provides foundation for the formation of hummocky patches. Under the impact of periodical tidal currents and waves, surrounding seabed experiences considerably more erosion than patch area, which finally develops to hummocky patches. Therefore, hydrodynamic forces drive the formation and development of patches. The erosion resistance of patches decreases vertically from seabed surface to sublayer, causing initial erosion in the lower sublayer, followed by a mass collapse of the seabed surface layer. Hummocky patches are commonly found in middle tidal zone and their sizes decrease to the shore as tidal currents and waves attenuate with shoreward propagation. Hummocky patches have distinct seasonal variations, which only appear in summer and autumn when wind waves are comparatively lower than winter and spring. We infer the reason is that the strong hydrodynamics caused by winter storms cause larger bottom shear stress than the erosion threshold of hummocky patches, leading to destruction of hummocky patches and a smooth tidal flat surface. This study shed new insight on the knowledge of mesoscale geomorphological units and their formation and development in intertidal flats, which provides crucial information for developing more realistic tidal flat sediment transport and morphological models.
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1 INTRODUCTION
Tidal flats form in coastal areas with strong tidal forces and abundant supply of fine-grained sediments. It is an important buffer against typhoons, storm surges, and other natural disasters in coastal areas, and an essential reserve land resource (Wang et al., 2012; Kirwan and Megonigal, 2013; Walstra et al., 2015). However, tidal flats all over the world are experiencing decreased accretion rate or even changing from accretion to erosion due to human activities, sea-level rise, and decrease in riverine sediment supply in recent decades (Syvitski et al., 2005). Tidal flat protection has become an important aspect in making sustainable regional development strategy, which requires further understanding of tidal flat evolution and their controlling factors (Tessler et al., 2015).
Various geomorphological units with different spatial scales constitute tidal flat geomorphological features (Figure 1A). The characteristics of these geomorphological units are the most intuitive expression of tidal flat morphology, which provides critical clues to understand tidal flat evolution (Wang et al., 2006). The geomorphologic units of tidal flats can be classified as macroscale, mesoscale, and microscale units, according to their magnitudes. Macroscale geomorphological units of tidal flats indicate morphological patterns controlling the entire flat system, such as profile geometry, e.g., convex and concave profile morphology (Gao, 2009; Zhou et al., 2016), and zonation of flat sediments (Roberts et al., 2000; Zhang et al., 2018). Mesoscale geomorphological units refer to those features with the length of 1–10 m, including scarps occurring at the boundaries between flat and vegetation (salt marsh plants and mangroves), ridges (Weill et al., 2010; Weill et al., 2012), sand waves (Allen, 1980; Besio et al., 2006), and waterways (Weimer et al., 1982; Pieterse et al., 2016), as well as tidal creeks (Blanton et al., 2002). Microscale geomorphological units, which generally less than 1 m, include flat surface cracks (Gardel et al., 2009), sand grains (Harms, 1969), linear scour pits (Sumer et al., 2001), biological holes (Takeuchi and Tamaki, 2014), and flat surface uplift caused by fish or large burrowing, which usually located in the low tidal zone (Dott and Bourgeois, 1982). Mechanisms controlling the genesis and development of these geomorphological units have been well studied (Gao, 2019).
[image: Figure 1]FIGURE 1 | Generalized geomorphology of tidal flats. (A) Macroscale geomorphology of tidal flat and morphological characteristics of mesoscale and microscale geomorphology units. (B–D) Photos of intertidal hummocky patches taken in three major tidal flat areas in China: (B) The tidal flat in the Yangtze River Delta, photographed in August 2021; (C) Tidal flat in Dafeng along Jiangsu coast, photographed in May 2021; (D) Tidal flat in the Yellow River Delta, photographed in July 2008.
Other than these features, we discovered a new mesoscale geomorphological unit, which is defined as hummocky patches, mostly occurring in intertidal zone with diverse sediment composition (Figure 1). Generally, hummocks refer to undulating relief with alternating convex and concave topography, which have distinctive spatial distribution patterns: vary from transversely or radially aligned ridges, ripples or hummocks, to almost uniformly, tightly packed hummocks (Robinson et al., 2015). Hummocky landform is seen on most sub-aerial and sub-marine environments on Earth and other planets, whose formation are mainly controlled by the following factors: accumulation of organic matter (Hughes and Barber, 2004), differential erosion by flowing water (Dawkins, 1939), frost heave (Grab, 1997), etc. The patches that we found on tidal flats have similar characteristics as other hummocky landforms, so we defined them as hummocky patches.
Hummocky patches with varying sizes and irregular shapes have been observed in several tidal flat systems along China coast (Figures 1B–D), shown as elevated mounds and ridges which typically less than 1 m in height and more than 10 m in length, composed of chaotic assemblages of hillocks and depressions of variable sizes and shapes in the intertidal zones. On tidal flats, where topography is usually featured with very gentle slope and uniform surface, the presence of such patches is very distinctive and significantly influence the morphological and ecological evolution of tidal flats and correlated wetland systems. However, studies of these hummocks are still rare as they are not as widely distributed as other geomorphological units. There are some studies mentioned similar patches, but these patches are usually limited in both distribution area and magnitude comparing to hummocky patches. These small patches are stated to form by biological effects, or spatial variations of sediment substrate, without accounting for the importance of dynamics in their formation processes. From the biological point of view, former studies show that microphytobenthos such as diatoms can stabilize sediment by secreting extracellular polymeric substances (EPS) during locomotion (Edgar, 1982; Hoagland et al., 1993understanding of the geomorphological), which act to increase the strength of interparticle bonding (Chenu and Guerif, 1991; Perkins et al., 2004; Gerbersdorf et al., 2008). These temporally and spatially heterogeneous diatom biofilms can form hummocky shaped diatom mats on intertidal flats (Boer, 1981; Grant et al., 1986; Underwood and Paterson, 1993). The magnitude of these diatom mats is usually limited to be 1–50 cm in magnitude and 0.5–3 cm in depth. From sediment substrate point of view, former studies show that sediment with different physical and chemical properties, such as water content, organic matter content, sand-silt proportion, significantly influence soil erosion resistance and thus play a dominant role in shaping geomorphology of tidal flats (Tolhurst et al., 2000b; Defew et al., 2002; Amos et al., 2004). But these studies did not explain how the spatial variations of substrate properties interact with understanding of the geomorphological geomorphology. As a specific tidal flat geomorphological features, hummocky patches are formed under the interactions of base sediment type, wave and tidal forces, biogenic activities and sediment supply (Meckel, 1975; Semeniuk, 1981). Therefore, in this study, we try to study the properties and formation mechanism of hummocky patches from a dynamic point of view based on long-term field measurement data.
A systematic understanding of the geomorphological behaviors of tidal flats requires better knowledge about physical processes involved, performance of geomorphological modelling techniques, interactions between substrate stability and geomorphology, and biological influences on bed composition in the different geomorphic units (French et al., 2016). At present, most sediment transport models ignore the spatial and temporal variabilities of sediment properties by applying empirical values (Black et al., 2002; Lundkvist et al., 2007), which may cause significant uncertainty on modeled sediment transport flux and predicted morphology (Murray et al., 2008). The most important reason to exclude mesoscale and microscale sediment properties in model is that there is very few information on the high-resolution soil erosion threshold data on tidal flats.
In this work, we study hummocky patches in tidal flat systems from the perspective of sediment dynamics with long-term measurement data. The main objective is to investigate the formation, distribution, and development mechanisms of patches in intertidal flats and the influence of biological activities on morphological evolution, based on 16 days of observation throughout a neap-spring tide cycle, including records of hydrodynamics, sediment transport, and morphology. Our analyses based on these detailed and systematic long-term data not only broadens our knowledge on the geomorphology of tidal flat systems, but also provides crucial clues for the development of more realistic models that can highly improve the predictive accuracy of sediment transport and morphological changes on tidal flats.
2 STUDY AREA
The study area is located along Jiangsu coast, China, on the west of the South Yellow Sea, and the north of the radial sand ridge system, between the Yangtze River Delta and the Abandoned Yellow River Delta (Figure 2A). Abundant sediment from the sand ridge system, Yangtze and Yellow River deltas, and strong tidal forces formed wide tidal flats along the Jiangsu coast with a fast progradation rate (Wang et al., 2012). The strata are composed of Tertiary and Quaternary sediments. Hydrodynamics in this area is mainly controlled by the interactions of the advancing tidal waves from the East China Sea and the rotating tidal waves from the Yellow Sea, and their shallow-water tidal components, forming semidiurnal tides with an average tidal range of 3.68 m, which belongs to mesotidal conditions (Li et al., 2007). The average wind speed is 4–5 m/s throughout the year, and the wind direction is dominated by NNE and ENE. Sheltered by the radial sand ridge system (Figure 2A), the maximum significant wave height in the study area is less than 2 m, and 85% of waves are less than 1 m (Jia et al., 2005).
[image: Figure 2]FIGURE 2 | Location of the study area and observation sites (red box). (A) Maps showing the study area located at Dafeng, Jiangsu, China. (B) Topographic map of the tidal flat taken by unmanned aerial vehicles, showing hummocky patches (bright color circled by a blue dash line), measuring profile P, sampling points n1–n6 (white dots on the tidal flat surfaces), p1–p3 (red filled dots on patches) and hydrodynamic observation site (S). A sediment core with a length of 30 cm was taken at sampling point p1. (C) and (D) show the morphological characteristics of hummocky patches (bright color circled by a blue dash line) distributed in the intertidal zone.
The intertidal flat in our study area is a muddy flat with wide and smooth surface. Tidal creeks are less developed in this area. The intertidal flat is divided into three zones from land to sea based on elevation: 1) High tidal flat, located between mean high-level neap tide to mean high-level spring tide, where bed surface sediment is composed of silt and clayey silt, and seabed surface is covered by horizontal laminae; 2) Middle tidal flat, located between mean low-level neap tide and mean high-level neap tide, where bed surface sediment is composed of silt and fine sand. 3) Low tidal flat, located between mean low-level neap tide to mean low-level spring tide, where bed surface sediment is mainly composed of fine sand (Ke, 1993). Hummocky patches are distributed in high tidal zone and middle tidal zone (Figure 2B), and the magnitude of patches decreases landward. Our statistical analysis shows that patches in middle tidal flat usually present in the form of banded ridges and irregularly hummocky surfaces. The length of ridges exceeds 50 m and the height is about 25 cm. Hummocky patches is characterized by vertical laminae surfaces, whose horizontal scale is between 1–20 m and vertical scale is about 20 cm (Figures 2C,D). Patches in high tidal flat are less noticeable with horizontal scale of less than 5 cm, and vertical scale of less than 10 m. These patches have distinctive seasonal evolution pattern: they occur in summer and autumn but disappear in spring and winter (according to previous long-term field surveys in the study area and consultations with local fishermen).
3 MATERIALS AND METHODS
3.1 Field Measurements
We organized a field trip from 9th May to 26th May 2021 in the study area to investigate the mechanisms of formation and development of hummocky patches in tidal flat systems. The observation platform (S) was installed among patches to obtain hydrodynamic and sediment dynamic data (Figure 3A): water depth, wave height, and wave period were measured using an SBE 26 plus SEAGAUGE (Sea-Bird Electronics, United States; Washington, United States), and the instrument was set to collect 1,024 samples per burst, with a frequency of 4 Hz over a 256 s period. Three-dimensional turbulent velocity at 15 cm above seabed was monitored using a Vector Acoustic Doppler (ADVs, 6 MHz vector current meter, Nortek AS, Norway) with a burst interval of 5 min in autonomous deployment mode for 256 s at a frequency of 16 Hz. Turbidity at 15 cm above seabed was measured every 5 min using optical backscatter sensors of OBS-3A (D&A Instrument Company, United States) (Figure 3B). A bucket with volume of 50 L was set close to the platform to collect water samples for instrument calibration. At the same time, an anemometer was set up near the shore to record wind speed and direction.
[image: Figure 3]FIGURE 3 | Schematic and photograph of the observation platform and instruments deployed during field measurements. (A) Schematic diagram of the observation platform; (B) Photo of the instrument installation, all instrument sensors are deployed at 15 cm above the seabed; (C) Coherent strength meter (CSM) used to estimate seabed critical erosion shear stress; (D) Sediment core collected on a hummocky patch.
An RTK-GPS (Real Time Kinematic, STONEX Company, China) with a benchmark of mean sea level was used to measure elevation along the tidal flat from dyke to the lowest water level of the maximum spring tide, and the distance between neighboring points was approximately 5 m. Denser measurements (every 1 m) were carried out where surface topography changes sharply to obtain more detailed information on tidal flat profile. In addition, different sedimentary zones and boundaries of hummocky patches were recorded to better depict the geomorphological characteristics of tidal flats in the study area.
Sediment samples were collected and erosion thresholds were measured on hummocky patches and their surrounding flat surfaces. We collected three samples on patches (p1, p2, and p3) and six samples on the surrounding flat, which includes two landward samples (n1 and n2), two seaward samples (n3 and n4), one southwestward sample (n5) and one northeastward sample (n6). The distance between two adjacent points is approximately 30 m. The intensive sample points ensured we can depict changes of sediment properties in hummocky patch area. Surface sediment samples were collected at the nine points, and the critical erosion thresholds (kPa) of sediment were measured by a coherent strength meter (CSM, Partrac Ltd., UK) (Figure 3C), which was then converted into critical erosion shear stress (N/m2). At the same time, a 30 cm sediment core was collected at p1 to analyze sediment properties along the vertical profile of a hummocky patch (Figure 3D).
3.2 Laboratory Analysis
The sediment core collected at station p1 was cut along a vertical profile using a core cutter made by GeoTek Company of the United Kingdom, and then sediment samples were taken with a 2 cm interval along the core (e.g., 0–2 cm, 2–4 cm, and 28–30 cm). In total, 15 samples were taken from the core, and nine sediment samples were collected at surrounding hummocky patch surface and smooth flat surface. All sediment samples were analyzed in the laboratory.
3.2.1 Sediment Grain Size
Particle size of 24 sediment samples was analyzed using a Mastersizer 2000 laser granulometer (Malvern Instruments Ltd.; measuring range of 0.02–2,000 μm; particle size resolution of 0.01 φ, reproducibility error of <3%). Sand (medium grain size (d50) > 64 μm), silt (d50: 4–64 μm), and clay (d50 < 4 μm) proportion were calculated based on the grain size analysis. Sorting coefficient of sediment (σ) was calculated by the Collias moment method with statistical significance (Zhu et al., 2019).
3.2.2 Water Content
Sediment samples were weighed and then dried at 50°C for 48 h in oven until their weights were stable. Water content (W) was determined as the ratio of wet mass minus dry mass to the total mass of sediment samples (Taki, 2000).
3.2.3 Total Organic Carbon
Total Organic Carbon (TOC) of sediment samples were measured with an NCsoil element analyzer (Thermo scientific, United States). Inorganic carbon was first removed by adding HCl to sediment samples, and then these samples were sonicated, dried, freeze-dried, ground, packaged, and tested on the machine (Li et al., 2021).
3.2.4 Suspended Sediment Concentration Calibration
Water samples collected in field were used in the laboratory to reconstruct suspended sediment concentrations (SSCs, mgL−1) with turbidity data (FTUs). As suspended sediment concentration (FTUs > 1,000) increases, more scattered light is absorbed by sediment before reaching the sensor of instrument. This leads to an increased slope in retrieving SSCs from FTUs (Liu et al., 2006), Therefore, we reconstructed SSCs from FTUs with two separate lines based on FTU values to better represent their relationship (Figure 4).
[image: Figure 4]FIGURE 4 | Calibration curves used to convert optical turbidity (FTU, recorded by OBS) to suspended sediment concentration (SSC, mg/L). The trend varies significantly from low to high turbidity, according, we classify the data into two groups: the black line shows the calibration curve below 1,250 FTU, and the red line shows the calibration curve above 1,250 FTU.
3.3 Data Analyses
3.3.1 Hydrodynamic Parameters Under Combined Wave-Current Conditions
Tides and waves are the main forces on tidal flats, which control hydrodynamics and sediment transport in tidal flat systems. In our study, wave- and current-induced bed shear stress are calculated separately, and the bed shear stress caused by current-wave interactions are then calculated with a wave-current interaction model.
The wave-induced shear stress is calculated as (Tucker and Pitt, 2001; Green and Coco, 2007):
[image: image]
where [image: image] is density of seawater (kg/m3), [image: image] is wave friction coefficient (related to the wave Reynolds number), and [image: image] is the peak orbital velocity (m/s).
Wave friction coefficient [image: image] is calculated as:
[image: image]
where [image: image] is wave Reynolds number (-), [image: image] is relative roughness (-), ks is Nicholas roughness coefficient (-), and ν is viscosity coefficient of seawater (m2/s).
The peak value of wave orbital velocity ([image: image], m/s,)
[image: image]
where ω (=π/T) is angular velocity (s−1), [image: image] {=H/[2 sin (kh)]} is the peak value of the orbital excursion (-), and [image: image] is wave orbital velocity (m/s). H is significant wave height (m), h is water depth (m), k (=2π/L) is wave number (m−1), L [=(gt2/2π) tanh (kh)] is wave length (m) and T is wave period (s).
Velocity data are processed by spectral analysis to eliminate the influence of waves on current. The Reynolds stress method is used for calculation (Tucker and Pitt, 2001; Green and Coco, 2007), and the expression is as follows:
[image: image]
where [image: image] is seawater density (kg/m3), based on Reynolds decomposition, [image: image], [image: image] is horizontal velocity (m/s), [image: image] is average horizontal velocity (m/s) during the measurement period, representing the expectation value of u, and [image: image] is fluctuations of velocity in horizontal direction (m/s); [image: image] is fluctuations of velocity in vertical direction (m/s). [image: image], [image: image] is vertical flow velocity (m/s), and [image: image] is average vertical flow velocity (m/s) during the measurement period.
The shear stress due to combined wave-current interactions is calculated by the Soulsby model (Soulsby and Clarke, 2005). First, the average bed shear stress [image: image], N/m2) is calculated under combined wave-current interactions:
[image: image]
Bottom shear stress under combined wave-current interaction [image: image] is calculated as:
[image: image]
where φ is the angle between wave and tidal current directions (degree).
3.3.2 Critical Shear Stress for Erosion Measured by Coherent Strength Meter
Critical shear stress for erosion (τce) is an important parameter that determines sediment movement. It is also an important input parameter in numerical modeling of sediment transport because it controls cohesive sediment entrainment (Tolhurst et al., 2000a; Black et al., 2001). Due to environmental complexity and interactions of multiple factors that control sediment erosion (e.g., grain size, clay content, TOC content, and water content), especially for areas with biological activities, the erosion threshold of cohesive sediment cannot be accurately calculated by existing formula. CSM is the state of art instrument to measure critical shear stress for erosion (Vardy et al., 2007).
The operation principle of CSM is that water is driven by air pressure to produce jet flow vertical to bed surface with increasing intensity. Bottom shear stress caused by water flow drives sediments to be eroded and suspended, changing the transmittance in the cabin. Therefore, rapid decline in transmittance indicates that external shear stress generated by the instrument is about the same magnitude of the erosion threshold of sediments at a certain depth (Parchure and Mehta, 1985; Tolhurst et al., 1999). This study defines a decrease in transmittance >5% as the threshold that critical shear stress for erosion is reached (Chen et al., 2012). CSM measurement data are recorded as a series of transmittance percentages and vertical flow jet pressures. The flow jet pressure (P, kPa) corresponding to the sudden change in transmittance is then transformed by a calibration function to obtain the critical erosion shear stress (τce, N/m2) of sediment at the field station.
4 RESULTS
4.1 Geomorphological Features of Intertidal Flat
The length of intertidal zone in our study area is approximately 1,250 m (the width of the tidal flat has significantly decreased due to land reclamation in recent years), and the general slope of the tidal flat is 2.53‰. The tidal flat has a sedimentological zonation pattern (Figure 5): the high flat has a length of ∼170 m (10–180 m from dyke), where benthic animals, such as crabs and worms, are very active. The high flat consists of two different zones. The landward high flat (10–70 m) is occupied with a large number of Spartina alterniflora and the seaward flat (70–180 m) is bare mudflat. Because of the long exposure time, hexagonal cracks are often developed in this zone. The middle tidal flat is mainly mud-sand mixed bare flat located 180–760 m from the dyke, characterized by rapid morphological changes and rough surface. The low tide flat is a fine sand flat (of a distance of 760–1,250 m) located from the low tide level to the high tide level. Sediment is mainly composed of fine sand, with various flow marks and wavelet marks on the surface and staggered bedding development. The majorities of hummocky patches are distributed in the mud-sand mixed flat and mudflat. In the transition zone between middle and low tidal flat (580–680 m from the dyke), hummocky patches are well developed with horizontal magnitude of ∼50 m and vertical magnitude of about 20 cm.
[image: Figure 5]FIGURE 5 | Tidal flat cross-section elevation profile and slope based on measurement of RTK-GPS, showing four different sedimentary zones (blue font). Locations of hummocky patches are shown in red font. MSL, mean sea level.
4.2 Hydrodynamic Settings
Our hydrodynamic observations among hummocky patches covered 31 tidal cycles in May 2021 (Figures 6A-E). Velocity data from ADV were missing from 15th to 16th May due to instrument fault (Figure 6D). During the observational period, the study area was dominated by northeastern and southeastern winds, with wind speed ranged from 0.1 to 13.1 m/s and mean wind speed of 4.0 m/s (temporal resolution of wind data was 1 min) (Figure 6A). Strong winds were observed from 16 to 17 May, with gust wind higher than 10 m/s. Our observation covered a spring and neap tide cycle, and water depth varied significantly, with tide ranges of approximately 1 m during neap and 1.6 m during spring. The maximum water depths of spring tide and neap tide were 1.66 and 0.94 m, respectively. Strong winds significantly influenced hydrodynamics on the tidal flat, during which the tidal range increased to 1.5 m for one neap tide.
[image: Figure 6]FIGURE 6 | Time series of hydrodynamics and suspended sediment concentrations in the study area: (A) wind speed and direction; (B) water depth; (C) significant wave height; (D) current velocity at 15 cm above the bottom (data on 15th May are lacking due to instrument overhaul); (E) suspended sediment concentration (SSC) at the observation site during 10–25 May 2021.
The near bottom hydrodynamics control sediment resuspension, deposition, and seabed shaping. Near-bottom flow velocities measured by ADV (Figure 6D) showed significant fluctuations over time, consistent with tidal phase. Flow velocities during spring tides ranged from 0.05 to 0.25 m/s, which was much larger than that during neap tides (0.03–0.15 m/s, Figure 6D). Strong winds considerably increased current velocity, and the maximum flow velocities (0.38 m/s) observed during the high wind event concurrently with neap tidal condition were larger than the maximum velocity of the spring tide (0.25 m/s).
Our study area is located in coastal shallow water zone, where waves are dominated by wind waves. In addition to wind, depth is another major limit for wave development on tidal flats, so observed waves were higher during spring tides with larger water depth than that during neap tides. During spring tidal condition, significant wave height was about 0.05–0.45 m. Significant wave height gradually decreased from spring tide to neap tide. During the strong wind period, the maximum significant wave height was close to 0.8 m (16th May) (Figure 6C). Wave orbital velocity (Uw) followed the same trend as significant wave height that decreased from spring to neap tides (Figure 6D).
4.3 Regional Sedimentary Characteristics of Hummocky Patches
Sediment properties of hummocky patches are quite different from that on surrounding tidal flat (Figure 7). Mud content of sediment on hummocky patches is higher than that on surrounding flat, and grain size (p1–p3) of sediment on hummocky patches [the median grain size of the samples (d50) is 49 μm] is generally smaller than that of the sediment on surrounding tidal flat (n1–n6, the median grain size of these samples is approximately 96 μm). Although all samples have a similar single-peak pattern of grain size distribution, the grain size curves of samples collected from hummocky patches are lower and flatter (the peak is located at 43 μm) than that collected from surrounding flat, which means the composition of sediment on hummocky patches is more diverse than surrounding flat (Figure 7).
[image: Figure 7]FIGURE 7 | Grain size distribution curve of sediment on erosion patterns (red lines) and surrounding tidal flat (blue lines).
The collected nine samples among hummocky patch area are mainly composed of sand (>64 μm) and silt (4–64 μm), the total content of which exceeds 90% (Figure 7). Significant differences are observed between hummocky patches and the surrounding flat. Sediment from hummocky patches is finer, with 81.71 ± 8.32% of silt and 10.05 ± 1.58% of clay. On the other hand, sediment from the surrounding flat has 22.79 ± 3.15% of silt and 1.19 ± 0.65% of clay (Figures 8A,B). Sorting coefficient (σ) of hummocky patches sediment is about 2.5 times higher than that of smooth flat sediment (Figure 8C). Water contents of sediment samples from hummocky patches (9.5 ± 0.25%) are slightly lower than that from surrounding flat (10.53 ± 1.04%) (Figure 8D). Organic matter content and sorting coefficient of sediments from hummocky patches are significantly higher than those from the surrounding flat (approximately 3 times) (Figure 8E). Correspondingly, the erosion threshold of hummocky patches is approximately 2.5 times higher than that of the surrounding flat (Figure 8F).
[image: Figure 8]FIGURE 8 | Comparison of sediment properties between hummocky patches and surrounding areas. P represents the hummocky patches (red stripes), and N represents the surrounding flat (purple stripes). Error bars show the standard deviation of the EPS content. Letter (X or Y) on top of the bars denotes the results of the tests, indicating that there is a significant difference between sediment from hummocky patches and nearby seabed (p < 0.001).
Sediment properties from the sediment core vary significantly in vertical profile, with 14 cm as a clear boundary between upper and lower layers. The hummocky patches are mainly composed of sand and silt (Figures 9A,D). Sand content tends to decrease from seabed surface to bottom sublayer, while silt content shows the opposite trend. Although clay content is comparatively low throughout the core, it is comparatively higher in the surface layer than that in the sublayer (Figure 9D). The water content of sediments at 0–14 cm from the surface remains relatively stable, which gradually increases and shows more fluctuation from 14 to 30 cm (Figure 9B). Sorting coefficient (σ) describes the extent of variance in particle size distribution in the way that the smaller the coefficient, the lower variance of the particle size, and it acts as a measure of the filling density between the sediments (Le Roux and Rojas, 2007), σ of sediment samples gradually decreases downward from 0 to 14 cm and becomes relatively stable from 14 to 30 cm (Figure 9C). Accordingly, we define the depth of the erosion patch to be ∼14 cm (Figure 9E).
[image: Figure 9]FIGURE 9 | Vertical profiles of sediment characteristics on hummocky patches, (A) grain size distribution of sediments, (B) water content, (C) sorting coefficient, (D) clay content, (E) field photo of hummocky patches, photographed on 15th May, showing the depth of erosion patch is around 14 cm (blue dash line). The purple dash line shows the boundary between upper and lower layers with remarkable differences in sediment properties.
5 DISCUSSION
5.1 Formation Mechanism of Hummocky Patches
5.1.1 Erodibility of Substrate Sediments
Erosion and deposition of substrate sediment directly determine sediment transport and is a crucial factor in the formation of tidal flat geomorphological features (Brand et al., 2010). The erodibility of sediment determines whether and when seabed sediment will be suspended. It is controlled by multiple factors with complex interactions that are still poorly understood (Teisson et al., 1993).
In recent decades, a lot of research has been conducted on the influencing factors of substrate sediment erodibility (Table 1). In accordance with previous research, this study analyzes the spatial distribution of sediment erodibility from the perspective of physical processes and biological effects.
TABLE 1 | Relevant research on factors affecting sediment erosion resistance.
[image: Table 1]Our analysis shows that silt accounts for around 80% of sediments on hummocky patches, while clay accounts for around 10% (>7%, Figures 8A,B). According to previous research (Van Ledden et al., 2004), high content of cohesive sediment on hummocky patches can largely increase the stability of seabed. The sorting coefficient of sediment on hummocky patches is much larger than that on the surrounding flat (approximately 3 times), which indicates that the particle grain size distribution of sediment on hummocky patches is less uniform compared to the surrounding flat. Under this condition, fine sediment particles are filled in the gaps between coarse particles, resulting in a denser sediment mixture and a more stable surface (Rogers and Head, 1961). It has been reported that water content directly affects the mechanical properties of cohesive sediments in the way that water reduces the erosion threshold of sediment (Shi et al., 2018). Water content of sediment samples from hummocky patches is slightly lower than that from nearby seabed sediment, in favor to increase erosion threshold of substrate sediment. Analysis of physical properties of substrate sediment shows that hummocky patches should be more difficult to erode than surrounding areas, consistent with our result from CSM measurement.
Biological impacts on erosion resistance of substrate sediment mainly refer to biological disturbance and biological solidification. Biological disturbance causes a slight change in surface roughness, but its impact on erosion resistance is insignificant. Biological solidification is caused by the extracellular polymeric substances (EPS) secreted by organisms which can largely solidify sediments. Winterwep and Van Kesteren (2004) claimed that biological activity brings to the substrate an abundance of organic matter (quantified by the value of TOC), and many components of organic matter are bio-adhesive. Besides, biological activities also produce a variety of organic debris and organic colloids (EPS) through biological metabolism, which makes sediments more difficult to be eroded. EPS can be secreted by many kinds of organisms which is difficult to quantify, therefore, organic matter content is used to illustrate the influence of biological activities on sediment erodibility (Winterwerp and Van Kesteren, 2004). The TOC content of the substrate sediment from hummocky patches is remarkably higher than that of the surrounding flat (approximately 3 times), which largely increases the erosion threshold of hummocky patches.
The physical characteristics and the influences of biological activities both favor to increase the erosion threshold of sediment on hummocky patches. Under periodical hydrodynamics, sediment that are susceptible to erosion are removed, while sediment that are more resistant to erodibility are kept, which eventually leads to the formation of hummocky patches. Hence, the spatial variations in erosion resistance of substrate sediments provide the fundamental condition for the formation of hummocky patches.
5.1.2 Hydrodynamics
Waves, currents, and their interactions are the dominant forces shaping tidal flat topography. Wave-induced shear stress (τw), flow-induced shear stress (τc), and wave-current combined shear stress (τcw) are used to evaluate the importances of different forces. The shear resistance of sediment shows the susceptibility of sediment to erosion (Shi et al., 2014), which is usually represented by erosion threshold or critical shear stress for erosion (τce). When bed shear stress is lower than this threshold (τcw < τce), no erosion or little erosion occurs, but once it exceeds this value, the amount of erosion increases significantly (Panagiotopoulos et al., 1997; Zhu et al., 2014). Because the duration of in-situ observations is relatively long (16 days), we calculated shear stress caused by currents, waves, and current-wave interactions by averaging shear stress every 12 bursts (1 h) to show the temporal changes of bed shear stress over time. The temporal variations of bed shear stress showed a clear trend with spring-neap tidal cycle, indicating the dominance of bed shear stress by tidal currents. Several peaks appeared over time, in response to storm events (16th May, 20th May, and 25th May). However, the relationship between τce′ (the critical erosion shear stresses of hummocky patches) and τcw was unclear during strong wind periods as the bed shear stress data were averaged hourly (Figures 10A,B). Therefore, we chose two representative time periods (Figures 10C,D), one during a spring tide with low winds and the other during a neap tide but dominated by strong winds and waves, to analyze the detailed hydrodynamics and morphodynamics with burst-averaged shear stress (every 5 min).
[image: Figure 10]FIGURE 10 | Time series of bed shear stress and critical erosion shear stress of substrate. (A) and (B) show the time series of wave-induced shear stress τw, current-induced shear stress τc, and wave-current combined shear stress τcw throughout the whole observation period, (C) and (D) show the time series of wave-induced shear stress τw, current-induced shear stress τc, and wave-current combined shear stress τcw during the spring tides and strong winds, respectively. τce and τce′ are the average values of the critical erosion shear stresses of the smooth flat and hummocky patches, and the gray strips are the range of τce and τce′.
During our observation period, wave-induced shear stress ranged from 0.1 to 0.8 N/m2, and current-induced shear stress ranged from 0.2 to 4.3 N/m2 (Figure 10C). Wave-current combined shear stress τcw ranged from 0.3 to 4.6 N/m2, and the critical shear stresses for erosion of smooth tidal flat (τce) and erosion patches (τce′) are 0.9–2.7 N/m2 and 3.8–5.1 N/m2 (Figure 10D), respectively. Based on our calculation of near-bed shear stress and erosion threshold of bed sediment, three situations occur: 1) τcw < τce, seabed sediment are not eroded. 2) τce < τcw < τce′, high near-bed shear stress causes erosion of tidal flat, but hummocky patches remain steady. It is an important step for the formation of hummocky patches. 3) τcw > τce′, under this condition, both hummocky patches and surrounding flat are eroded, and hummocky patches start to die out. The durations of condition two and three determine the development extent of hummocky patches.
During our 16 days observation, the near-bed shear stress caused by current and waves was less than the erosion threshold of hummocky patches (τcw < τce′) for most of the time (12 days) (Figure 10B), therefore, the geomorphological features of hummocky patches were basically unchanged (the geomorphological changes caused by seabed scouring and siltation in a short period of time can be ignored). Our study shows that tides alone cannot form hummocky patches. Even in the spring tide stage, the near-bed critical shear stress caused by tidal current is less than the erosion threshold of seabed sediment on hummocky patches. During the three strong wind events (16th May, 20th May, and 25th May), the critical shear stress caused by wave-current interactions is high enough to erode sediment from smooth tidal flat surface, but unable to erode sediment from hummocky patches, in favor to the formation of hummocky patches (Figure 10B). The height of hummocky patches is determined by the duration of high shear stress, and soil erodibility of surrounding tidal flat (Amos et al., 1997; Sanford, 2008). Due to the spatial variations in surface sediment erosion resistance, the place where sediment have a smaller erosion threshold are removed during strong wind events. As soil strength increases downward due to soil consolidation, erosion declines downward and stops at a depth where τcw = τce, which determines the height of residual hummocky patches. The maximum height of hummocky patches observed in our study area was approximately 20 cm. Even during the strongest wind event (16th May), the duration when bed shear stress caused by wave-current interactions was larger than the erosion threshold for hummocky patches lasted for less than 2 h (Figure 10D), so no evident elevation changes occurred on hummocky patches. Therefore, we infer that hummocky patches can be preserved under conventional hydrodynamics. In summary, the formation and preservation of patches are highly related to hydrodynamic intensity and duration, which explains the seasonal evolution of patches in tidal flats. Winter time is characterized by frequent high-energy storm events (Chang et al., 2006), which cause resuspension of deposited muds and patches break-up. Hence, hummocky patches on intertidal flat tend to appear under weak dynamic conditions in summer and autumn.
Tidal flat substrate erosion resistance is controlled by multiple factors (e.g., biological effects, sediment properties, chemical factors, etc.) and their interactions, while their importances on determining soil erosion threshold are still unknown (Tolhurst et al., 2002). At present, there is no direct way to calculate critical erosion stress of cohesive sediments with one or more measured parameters. CSM serves as an excellent tool to estimate the erosion thresholds of sediment influenced by complex factors in-situ as it is easy to operate and produces reliable results to estimate critical shear stress for soil erosion. However, as CSM utilizes a water jet vertical to sediment surface to estimate the critical shear stress of sediment layers, it has been argued that CSM cannot measure the realistic horizontal shear stress of soil (Tolhurst et al., 2000a; Grabowski et al., 2010). In addition, no uniform standards exist to convert CSM data into erosion thresholds (Watts et al., 2003). Therefore, the values of critical shear stress estimated from CSM may not be quantitatively accurate. However, multiple former studies have shown that CSM is useful in comparing relative erosion thresholds over different types of beds (Tolhurst et al., 1999; Tolhurst et al., 2006). Other than CSM, erosion threshold of soil can be estimated using mainstream formulas based on sediment parameters (Table 2). Two different formulas were used to calculate the critical erosion thresholds of sediment on hummocky patches and surrounding tidal flat and we found that the calculated values from the formula are much lower than the measured value of CSM (Table 2). The deviation may be related to biological activities as neither of the two formulas taken into account the influence of biological activities on sediment strength. Previous studies have shown that biological activities, such as fecal particle production, and mucus production, can largely change the physical characteristics of surface sediments, thus increasing the erosion threshold of seabed sediment by more than 10 times (Widdows et al., 1998). The maximum values of bed shear stress measured by CSM in other tidal flat areas reach more than 5 N/m2 (Table 2), which are also related to biological activities. Without accounting for biological effects, the erosion thresholds calculated from formulas are much less than the measured bed shear stress caused by wave-current interactions. We infer that the accurate critical erosion shear stress of cohesive sediments with active biological activities can only be obtained by field measurements, therefore, the results from CSM observation are more reliable. Previous studies show that the critical erosion threshold of substrate sediments in the salt marsh zone of this study area ranges from 0.3 to 0.4 N/m2 based on CSM measurement (Chen et al., 2020), much smaller than our results, this may due to the dissipative and trapping effects of salt marsh that allow the settling of fine-grained sediments (sediment fraction is relatively homogeneous), resulting in a small critical erosion threshold.
TABLE 2 | Substrate erosion thresholds calculated using two different equations based on physical properties of the sediment, compared to that measured with CSM on other tidal flats around the world.
[image: Table 2]In summary, the above results indicated that the uneven spatial distribution of erosion threshold caused by physical characteristics of sediments and biological activities provide the foundation of patches formation, while hydrodynamics is the crucial driving force in determining the development, distribution, and destruction of hummocky patches (Figure 11).
[image: Figure 11]FIGURE 11 | Conceptual model of hummocky patches formation mechanism.
5.2 Distribution and Causes of Hummocky Patches
Hummocky patches mainly appear in the middle of intertidal zone (middle tidal zone, Figure 12), which is caused by two facts: 1) Biological effects of the middle tidal zone favors the formation and development of hummocky patches. Organic matter produced by biological activities and EPS produced by decomposition highly increases the seabed resistance to erosion. 2) Hydrodynamics are the fundamental reason for the zonation of sediments on flat surfaces, which attenuates from low to high tidal flat (Shi et al., 2014). Accordingly, the contribution of suspended sediment to substrate increases. The surface sediment of the low tidal zone mainly come from bed loads, while the surface sediment of the high tidal zone mainly come from suspended sediment. The middle tide zone is a transitional area where substrate sediment consist of both suspended and bed loads including mud and sand (Yang et al., 2017). The uneven distribution of mud-sand mixed sediment increases soil density and strength, in favor to form hummocky patches. In the low tidal zone, hydrodynamic force is relatively strong where only coarse-grained sediment can be settled, resulting in comparatively uniform fine sand sediment on seabed. In addition, there are few biological activities in the low tidal zone of the intertidal flat. Therefore, the lower tidal flat cannot provide necessary conditions for the formation of hummocky patches (Figure 12D). In the upper part of the tidal flat (high tidal zone), biological activities in favor to form sediment with high resistance to erosion. However, due to the weak hydrodynamic condition, geomorphological features cannot be fully developed, so we observed pitches with a very small erosion depth (approximately 1 cm) in this zone (Figure 12A). Similarly, due to the attenuation of hydrodynamic intensity, the eroded landform cannot be fully developed on the shore side of the middle tidal flat (Figure 12B). Therefore, the lower part of middle tidal zone provides the best conditions for the formation of hummocky patches, where hummocky patches can be fully developed and the geomorphological features are remarkable (Figure 12C).
[image: Figure 12]FIGURE 12 | Conceptual model of hummocky patches distribution mechanism. The hydrodynamic forces in the tidal flat are mainly tidal currents (pink arrow) and waves. The attenuation of hydrodynamic forces propagating ashore is represented by changes in the size of the tidal current arrow and the shape of the water surface wave. The hydrodynamic forces (red arrow) act on the flat surface and cause the zonation of the tidal flat (red font). (A–D) represent the geomorphological features of the hummocky patches distributed from land to sea in the tidal flat.
5.3 Development and Extinction of Hummocky Patches
The analysis of sediment from sediment cores shows that sediment properties of hummocky patches vary significantly downwards from the surface layer with a clear boundary at around 14 cm (Figure 9), consistent with the height of hummocky patches (14 cm). According to Section 5.1, four sedimentary parameters (σ, clay content, water content, and particle size distribution) are the most important factors affecting erosion resistance of sediments. The vertical variations of these parameters show that erosion resistance is gradually weakened downward (surface sediment is hardest and bottom sediment is the weakest), which determines the development pattern of hummocky patches. Sediment in the lowest part of hummocky patches will be eroded first, while surface sediment which are highly resistant to erosion, are stable over time. This process leads to the hollowing structure of patches. With continuous hollowing of the bottom layer, the upper part of patches that are not easily eroded collapse, usually in the form of blocks, forming uneven surface on hummocky patches. These blocks are difficult to be transported and usually seen at the edge of patches (Figures 13A-C).
[image: Figure 13]FIGURE 13 | Erosion and collapse phenomena appear during the development of hummocky patches. A-C are three well-developed patch units in the middle tidal zone, respectively. A clearly shows the developmental pattern of undercutting erosion and upper sediment debris collapse of the patch; B,C show the undercutting erosion and debris collapse stages of the patch during development, respectively.
One thing worth noting is that there are some inconsistencies between our results and former studies. For example, it has been found that water content largely affects the mechanical properties of cohesive sediments, which is the primary cause for the changes in critical erosion shear stress. However, our results showed that those hummocky patches have a high erosion resistance (2–3 times) compared with the surrounding flat, mainly due to sediment composition and biological effects, while water content was similar between hummocky patches and surrounding flat. We infer that the comparative importance of water content in controlling erosion resistance reduces when there are large spatial variabilities in sediment property and biological activities. The evolution of hummocky patches is the result of long-term mutual coupling of sediment properties and hydrodynamics. During the 16-day observation, hummocky patches survived a spring tide and several wind events, with slight erosion and collapse incidents. Therefore, we did not observe the development and extinction processes of hummocky patches. We planned to investigate the evolution of hummocky patches under a longer time period and extreme dynamic conditions to quantitative evaluate sediment characteristics on critical erosion shear stress under different hydrodynamic conditions (especially extreme events) in our future work.
6 CONCLUSION
In this study, we observed a new mesoscale geomorphological unit on sand-mud mixed middle tidal flat zone, which we defined as hummocky patches. We investigated the formation, distribution, and development mechanisms of these hummocky patches from the perspective of sedimentary dynamics with field measurement data. We obtained the following conclusions:
1) The formation, distribution, and development of patches in the tidal flat are mainly influenced by the combination of hydrodynamics, sediment characteristics, and biological effects. The spatial variations in substrate sediment properties, including median grain size, mud content, water content, sorting coefficient, and organic matter content determine erosion threshold of sediment, providing the foundation for the formation of hummocky patches. Among these factors, organic matter content largely reflects the importance of biological activities while other factors are mainly controlled by the hydrodynamic condition of tidal flats. Hummocky patches are characterized with smaller median grain size with diverse sediment composition, higher mud and organic content, comparing to surrounding flat. All these features favor to form higher erosion threshold on hummocky patches. However, water content is similar between hummocky patches and surrounding flat, distinctive from other studies that water content largely controls sediment erosion thresholds on tidal flats. Our results shown that diverse sediment composition and biological activities are two main factors that also significantly affect sediment erosion thresholds, other than water content.
2) Hydrodynamic conditions drive the formation, distribution, and development of hummocky patches. Since the erosion threshold of seabed sediment varies spatially, sediment in areas with smaller erosion threshold are eroded first, while sediment in areas with larger erosion threshold are kept, forming hummocky patches. As soil erosion threshold increases downward due to soil consolidation, the vertical depth of hummocky patches is limited. The maximum depth of hummocky patches observed in this study was 20 cm. In general, the formation of hummocky patches requires a certain extent of hydrodynamic force and substrate soil with large cohesion. The gradual attenuation of hydrodynamic intensity shoreward with increased biological activities result in a higher degree of patch development and more distinguished geomorphic features in the middle tidal flat.
3) Sediment properties along vertical profile of hummocky patches are analyzed, showing a clear boundary at 14 cm from flat surface, which is defined as the depth of the hummocky patch. Mud content and sorting coefficient decreases from surface to bottom, while sediment median grain size and water content increase, indicating a decreasing trend of erosion threshold downward, which controls the extinction pattern of hummocky patches. Due to the small erosion threshold, bottom sediment of patches is weakest and eroded in the first place, while the upper part of the patches is stable over time. The gradual erosion of bottom sediment decreases supporting force for surface sediment on hummocky patches, finally leading to collapse of sediment from surface layer, forming sediment debris.
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