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Introduction

Over the past three decades, approximately 16% of the world’s tidal flats have been lost. In the Yellow River Delta (YRD), the reduction in sediment supply due to decreased Yellow River discharge has raised concerns regarding the morphological stability of tidal flats.





Methods

To investigate the response of tidal flat development to reduced sediment input, a novel physical model experiment was conducted using natural silt from the YRD tidal flat. Offshore sediment concentration was decreased to simulate reduced sediment supply. An Argus system was deployed in the wave basin for the first time to capture the morphological changes during the experiment.





Results

The results indicate that 94% of suspended sediment settles during its transport from offshore to the tidal flat. Suspended sediment concentration (SSC) in the subtidal zone increased during flood tides and decreased during ebb tides. With decreasing SSC, comb-shaped flow marks formed along the vertical shoreline in the intertidal zone, while the subtidal zone was dominated by the development of sand waves. For a given SSC, sand wave morphology and development patterns varied across different cross-shore profiles; conversely, for a given profile, different SSC levels led to distinct sand wave characteristics.





Discussion

This study demonstrates the significant influence of SSC on tidal flat morphology and sediment dynamics. The findings suggest that continued reductions in sediment supply could exacerbate erosion risks in the YRD, highlighting the need for sediment management strategies to preserve tidal flat stability.
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Introduction

Tidal flats are formed by the accumulation of clay and silt under tidal influences and are primarily found in the intertidal, supratidal, and subtidal zones. The Yellow River (YR) transports large amounts of sediment, which accumulate in the delta, contributing to the formation of tidal flats (Wang et al., 2017). These tidal flats play a critical role in energy transport, material exchange, and the maintenance of species diversity (Chen et al., 2016). Since 1984, sediment inflow into the sea via the YR has significantly decreased (Wang et al., 2010; Liu et al., 2020), leading to a reduction in suspended sediment concentration (SSC) in the offshore delta. The central scientific question of this study is: How do varying SSC influence sediment transport dynamics and tidal flat morphology, especially in fine-sediment-dominated environments like the Yellow River Delta? By investigating the impact of SSC fluctuations on sediment transport and tidal flat evolution, this study seeks to provide a deeper understanding of the interplay between wave-current dynamics, sediment availability, and tidal flat morphology, contributing to the broader field of coastal dynamics research.

SSC is a key factor in marine dynamics, influencing erosion, accretion, and the nearshore ecological environment. Significant research has been conducted globally to explore its role in tidal flat evolution. Shen et al. (2023) investigated the vertical sediment distribution and transport mechanisms in Zhoushan Archipelago tidal flats. Their results highlighted the importance of SSC fluctuations in sediment resuspension and vertical transport, driven by wave heights and currents. Similarly, Zhang et al. (2023) analyzed the impacts of tidal flat reclamation on SSC dynamics in the flood-dominant Wenzhou coast, revealing significant alterations in sediment transport pathways and SSC distributions due to reclamation activities. These findings underline the critical role of SSC in shaping tidal flat morphodynamics. Other research has emphasized the microtopographical responses of tidal flats to SSC variations. Zhang et al. (2021) demonstrated that surges during very shallow water periods significantly affect sediment transport and bed changes, with SSC peaks contributing to enhanced erosion or deposition depending on tidal conditions. Li et al. (2023) expanded on this by examining feedback mechanisms between SSC and tidal flat evolution in Hangzhou Bay. Their numerical simulations showed that SSC dynamics are intricately linked to sediment fluxes, lateral circulation, and morphological changes in estuarine systems. Wang et al. (2014) used a numerical model based on the Wanggang tidal flat in central Jiangsu, China, to simulate the relationship between SSC and erosion-accretion dynamics in the intertidal zone. Their study identified an SSC of 0.4 kg/m³ as the critical threshold at which the tidal flat transitions from accretion to erosion. They further predicted that the Wanggang tidal flat may face an increased risk of erosion in the future. Despite these advancements, most studies have focused on the macroscopic relationships between SSC and tidal flat morphodynamics. Few have explored how SSC variations influence microtopographic development at different stages, leaving a gap in understanding the intricate interplay between SSC and tidal flat evolution.

Research on tidal flat development has extensively utilized remote sensing, numerical simulations, and field observations. While these methods have advanced our understanding of tidal flat morphology, they exhibit notable limitations. Remote sensing provides a macroscopic perspective, enabling large-scale tidal flat morphology analysis (Tseng et al., 2017; Choi et al., 2010; Cao et al., 2024). However, it is challenging to quantitatively characterize microtopographic features using this approach. Numerical simulations offer insights into tidal flat dynamics (Siegle et al., 2018; Cao et al., 2019; Mei et al., 2023) but often struggle to accurately simulate sediment transport pathways and the coupled effects of waves and currents. The reliance on empirical formulas for key physical parameters limits their reliability and practical significance. Field observations provide valuable in-situ data (Cahoon et al., 2011; Brunetta et al., 2021; Zhao et al., 2022) but are time-consuming and often hindered by extreme weather conditions and the complexity of underwater observations. To address these limitations, physical models have emerged as an important tool for studying tidal flat hydrodynamics and sediment transport. Researchers have employed experimental basin or flume to investigate tidal flat development (Vlaswinkel and Cantelli, 2011; Stefanon et al., 2012; Gong et al., 2017; Geng et al., 2020). These experiments provide a controlled environment to simulate tidal flat evolution, bridging gaps left by other methodologies. However, existing physical model experiments primarily focus on the effects of single tidal forces, often using lightweight materials such as powdered coal, plastic, or wood. These materials fail to replicate the cohesive properties of natural sediments and do not account for the combined effects of waves, tides, and currents, limiting their applicability in reproducing real-world tidal flat systems.

This study addresses the limitations of previous approaches by investigating the correlation between SSC and the evolution of tidal flat microtopography under varying SSC conditions. A physical model experiment is developed using natural cohesive sediments from the YRD to simulate the combined effects of waves, tides, and currents. Custom-designed devices, including the Water and Sand Uniform Mixing and Tidal Circulation system and the Create Waves and Currents system, are employed alongside typical methods such as image distortion correction, the drying method, and geospatial interpolation. These tools enable a detailed analysis of tidal flat responses to reductions in SSC. The results of this research not only predict the future development trends of YRD tidal flats but also provide theoretical support for the rational use of tidal flat resources and the sustainable economic development of coastal areas.





Study domain

The YRD is situated in the northern part of Shandong Province, China, between Laizhou Bay and the Bohai Sea, with coordinates of 118°05’E–119°10’E and 37°14’N–38°10’N, respectively. This continental fan-shaped delta is characterized by weak tides and formed by the accumulation of sediment transported by the YR (Figure 1). The slope of the tidal flat is relatively gentle, ranging from approximately 2/10000 to 7/10000 (Prior et al., 1986). Since 1855, the YR has undergone 11 shifts, extending from the Taoerhe Estuary in the north to the Zimaihe Estuary in the south. The modern YRD, with Ninghai as the apex, covers an area of approximately 5450 km² (Saito et al., 2000). The most recent major shift occurred in 1976 when the estuary channel moved southeast from Diaokou to Qingshuigou, a distance of 50 kilometers (Yang et al., 2011).




Figure 1 | (a) Annual sediment load of the Yellow River; (b) Annual runoff of the Yellow River.



According to the 1950-2017 annual sediment load and runoff statistics of the Yellow River from Lijin Hydrological Station (Figure 2), the sediment load of the YR has declined annually since 1984. In 1984, the sediment load volume was 9.33×108 t, whereas in 2017, it decreased to 0.08×108 t, representing a reduction of 99.14%. Measured data indicate that the SSC near the YR estuary during the flood season in 1984 ranged from 2.13 to 14.9 kg/m³ (Zhou et al., 2007).




Figure 2 | (a) Annual sediment load of the Yellow River; (b) Annual runoff of the Yellow River.



Waves near the YR Estuary exhibit seasonal characteristics, corresbasining to changes in wind direction. The predominant wave direction is NE, with a maximum wave height of 5.1 m and a maximum period of 8.2 s. The average tidal range in most sea areas of the YRD is 0.73-1.77 m, while near Qingshuigou, it is 1.1-1.5 m (Hu and Cao, 2003). The average high tide duration is 5 hours and 23 minutes, and the average low tide duration is 6 hours and 53 minutes. Measured data show that the velocity range of the YR estuary is 0.02-1.4 m/s (Xia et al., 1991).





Experimental design and research methods

A physical model experiment scales down the natural system to a laboratory scale according to the similarity criterion. It can then be used to simulate the movement and transformation patterns of natural materials. In this study, sediment movement includes both suspended and bedload sediment. During the experiment, tidal flat deformation is primarily driven by bed erosion. Wide tidal flats can be simulated using a perverted scale. Based on these considerations, this study employs a perverted scale, mobile bed, and full-sediment experiment to investigate the effects of reduced suspended sediment concentration on tidal flat morphology due to the combined influence of tidal currents, waves, and sediment transport in nearshore areas. According to the “Technical Regulations for Modeling Tidal Currents and Sediment in Coastal and Estuarine Areas,” the model variability can range from 3 to 10. Therefore, a model variability of 7.5 is used, with a vertical scale of λh = 100 and a horizontal scale of λl = 750.




The main similarity rules

According to the tidal current equation (Dou, 2001), we can obtain the velocity scale λu (Equation 1) and time scale λt (Equation 2) according to the water depth scale λh under the similar conditions of inertial force and gravity.

 

 

According to the linear wave theory (Hedges, 1976), we can determine the scaling value of the wave period λT (Equation 3). If the wave velocity of the model and the prototype are similar, the wave height scale λH (Equation 4) and the wavelength scale λL must be the same, calculated according to the water depth scale λh.

 

 

Wave breaking is influenced not only by water depth, wavelength, and wave height, but also by the slope of the tidal flat. Based on the relationship between wavelength, wave height, water depth, and slope (Hayashi et al., 1977), wave breaking is influenced by the slope when the prototype slope exceeds 1/50 (Equation 5). However, when the slope is less than 1/50, wave breaking is not affected by the slope. The slope of the YRD is relatively gentle, significantly less than 1/50, and therefore wave breaking is not influenced by the slope. Both the prototype and the model can achieve similarity in wave breaking. The equation for the allowable variability in the model is as follows:

 

where m represents the prototype slope, and the model variability is set to 7.5 in this study, which satisfies the requirements.

Based on the equations for suspended sediment transport and riverbed erosion and accretion (Dou et al., 1987), the scaling values for sediment settling velocity λω, (Equation 6) suspended sediment concentration λS*, (Equation 7) and suspended sediment movement time λts (Equation 8) can be derived as follows.

 

 

 

in this equation, λγ0 represents the scaling factor for the dry bulk density of sediment, λγs is the scaling factor for the particle density of the sediment, and λρ;s-ρ; is the scaling factor for the difference between the particle density and the water density.

Based on the equations for bed load transport and bed erosion and accretion (Dou, 2001), the scaling values for the bed load transport λN (Equation 9) and bed load movement time λts (Equation 10) can be derived.

 

 

After calculation, the model similarity scaling values are shown in Table 1.


Table 1 | The main similar scale.







The experimental device and sediment preparation

The experiment was conducted at the Coastal Engineering Laboratory of Ludong University, Yantai, China. The wave-current basin (Figure 3a) measures 27 m × 7 m × 1 m, while the tidal flat simulation area covers 7 m × 7 m× 0.2 m (slope 1:35). The experimental setup consists of four components: the tidal flat simulation area, the Water and Sand Uniform Mixing and Tidal Circulation device (Figure 3b), the Create Waves and Currents device (Figure 3c), and the Argus system. The Water and Sand Uniform Mixing and Tidal Circulation device has dimensions of 3 m × 1.5 m × 1.5 m and is constructed from welded stainless steel plates. It has a capacity of 6 m³ to hold muddy water. This device is used to prepare the muddy water and simulate both flood and ebb tides. The Create Waves and Currents device mainly consists of a wavemaker and a large number of nozzles, which generate waves and currents in the basin.




Figure 3 | (a) Sketch of the wave-current basin; (b) the Water and Sand Uniform Mixing and Tidal Circulation device; (c) the Create Waves and Currents device.



Figures 3a, b illustrate the working principle of the Water and Sand Uniform Mixing and Tidal Circulation device. Assuming a still water level of 10 cm, a tidal range of 1 cm, and suspended sediment concentrations of 5 kg/m³, 2 kg/m³, and clear water, respectively, the process begins by injecting clear water into the wave basin until the still water level reaches 10 cm. Next, muddy water is prepared (indicated by red ① in Figure 3a). 4 m3 of clear water are added to the reservoir, and the agitators are activated. Then, 20 kg of dry sand is slowly added to the reservoir. Under sufficient mixing, the SSC in the reservoir is maintained at 5 kg/m³. The flood tide is simulated next (indicated by red ② in Figure 3a). A high-power pump is started, and the muddy water is continuously delivered to the wave basin through a nozzle array. The flow rate is adjusted by controlling the valve on the pipeline. When the water level rises by 1 cm, the pump is turned off. The ebb tide is then simulated (indicated by red ③ in Figure 3a). The pump in the wave basin is activated, and the muddy water is drawn back into the reservoir. Again, the flow rate is adjusted using the valve. When the water level decreases by 1 cm, the pump is turned off. After completing the tidal cycle, the water in the wave basin and reservoir is drained by activating pumps ② and ③ and opening valve④. The process for the “2 kg/m³ SSC” condition is similar. The “clear water” condition follows the same procedure, except that no sand is added to the reservoir.

The grain size of natural sediment in tidal flats exhibits distinct zonal distribution characteristics. As shown in Figure 1, during the ebb tide phase on September 15, 2018, at 4:30 PM, rectangular quadrats measuring 50 m in length and 2 m in width were established in the middle and upper sections of the tidal flat located south of Gudong (119.09°E, 37.84°N). A custom-made sampler with dimensions of 3 cm × 3 cm × 3 cm was used to randomly collect surface sediment to a depth of 2 cm from both quadrats. The samples were then transported to the laboratory for particle size analysis. For the experimental sand, surface sediment to a depth of 10 cm was collected using a soil shovel and placed into cement bags. A total of 400 bags were collected, with approximately 300 bags from the middle section of the tidal flat and 100 bags from the upper section. The total weight of the collected sediment was approximately 15 tons. The sediment from the middle section of the tidal flat was used as the bed load in the basin, while the sediment from the upper section was used as suspended sediment in the basin. In the laboratory, particle size analysis was performed using the Malvern Mastersizer 2000 laser diffraction particle size analyzer. According to the analysis results, the average grain size of the bed load ranged from 0.0378 to 0.0472 mm, with sand content ranging from 10.46% to 15.54%, silt content ranging from 84.46% to 88.01%, and clay content ranging from 0% to 1.69%. The average grain size of the suspended sediment ranged from 0.022 to 0.033 mm, with sand content ranging from 7.21% to 10.51%, silt content ranging from 88.01% to 92.76%, and clay content ranging from 0.04% to 3%.

All the sediment was naturally dried indoors and then crushed into powder using a roller. The natural density, dry density, saturated wet density, and porosity of the sediment were measured using the cutting ring method. Five measurements were taken, and the average value was calculated. The results showed that the natural density was 1510 kg/m³, the dry density was 890 kg/m³, the saturated wet density was 1750 kg/m³, and the porosity was 52.2%.

In the basin, slope lines with a ratio of 1:35 were marked every 2 m to indicate the gradient. Sand was then added to the basin, and a 2-meter-wide scraper was used along the slope lines to level the surface until the slope of the entire tidal flat was uniform (see Supplementary Figure 1a). The tidal flat was immersed in water for 12 hours to achieve full saturation. Afterward, sand was added along the slope lines, and the surface was leveled again using the scraper.





Experimental process

The experiment had five cases: 100% SSC, 65% SSC, 30% SSC, 15% SSC and clear water, which corresponded to suspended sand concentrations of 14.9 kg/m³, 9.7 kg/m³, 4.5 kg/m³, 2.2 kg/m³, and 0 kg/m³, respectively. It should be noted that the topography for each case was not reshaped to initial slope. This approach was adopted to simulate the linear superimposition effect of the reduced sediment input from the Yellow River on the evolution of the tidal flat in the real world. Each group underwent 36 tide cycles to simulate the 18-day dynamics of wave-current coupling in the prototype.

Due to the extremely gentle slope of the tidal flats in the Yellow River estuary, a slope of 1:35 was used to represent the gentle slope in the experimental setup, given the existing laboratory conditions. Based on the previously discussed marine dynamic environment of the Yellow River estuary and the similarity scaling factors provided in Table 1, the following model parameters were set: tidal range, wave height, flood duration, and ebb duration. As shown in Figure 4, the still water depth was 13.5 cm, and the tidal range was 1.5 cm. Specifically, the tide rises from 13.5 cm to 15 cm and falls from 15 cm to 13.5 cm. Consequently, the area from 0 cm to 176 cm is classified as the supratidal zone, from 176 cm to 227 cm as the intertidal zone, and from 227 cm to 700 cm as the subtidal zone. The flood tide lasts approximately 4 minutes and 18 seconds, while the ebb tide lasts approximately 5 minutes and 30 seconds. Regular waves were employed in the tests: incident wave height H = 0.05 m, and incident wave period T = 0.8 s.




Figure 4 | The schematic diagram of the tidal flat in the basin.



The experimental data collection consisted of four primary components:

	Sediment concentration variation in the subtidal zone: Water samples were collected at five stages: at the beginning of the flood tide, the middle of the flood tide, the end of the flood tide, the middle of the ebb tide, and the end of the ebb tide, across the 10th, 20th, 30th, and 36th tidal cycles. A total of 80 muddy water samples (excluding clear water samples) were collected from the surface layer (2 cm) of the water at the subtidal zone (y = 500 cm) using bottles with a capacity of 500 ml. SSC was measured using the drying method.

	Sand wave movement pattern and development mechanism: As shown in Supplementary Figure 1, the position, wave height, wavelength, wave form, and slope form of sand waves were recorded for different profiles under each case. The results are presented in Supplementary Figures 4–8.

	Snapshots of the tidal flat: The Argus system, installed on a mobile platform, was used to capture photographs of each quadrat on the tidal flat. The photos are shown in Supplementary Figures 9–13. For specific quadrat (Nos. 1 to 9), the camera was placed at the following locations: x=116.5 cm, y=345 cm, z=129 cm; x=349 cm, y=345 cm, z=129 cm; x=582 cm, y=345 cm, z=129 cm; x=116.5 cm, y=578 cm, z=129 cm; x=349 cm, y=578 cm, z=129 cm; x=582 cm, y=578 cm, z=129 cm; x=116.5 cm, y=811 cm, z=129 cm; x=349 cm, y=811 cm, z=129 cm; x=349 cm, y=811 cm, z=129 cm.

	Spatial distribution of erosion and accretion: Tidal flat elevations for each condition were manually measured at the sampling points shown in Supplementary Figure 2. The change in topography at each measurement location was determined by the elevation difference before and after wave-current action. Kriging interpolation was then applied to the elevation differences for spatial interpolation, in order to study the spatial distribution of erosion and deposition on the tidal flat.







Model validation




Hydrodynamic validation

An acoustic Doppler velocimeter (ADV) with 10 Hz sample rate was placed at the front edge of the tidal flat to measure the flow velocity. Based on the prototype velocity range of 0.02-1.4 m/s, the experimental basin should produce a velocity range of 0.2-14 cm/s. As shown in Supplementary Figure 3, the water velocity range for ebb tide is approximately 0.03-15.3 cm/s, while for flood tide it is 0.18-14.9 cm/s. These ranges satisfy the required specifications.

As shown in Figure 5a, a comparison is made between the observed and experimental tidal duration curves. The observed data were collected from the Kendong Tidal Station near the YRD during the spring tide on May 9, 2024. As indicated in the figure, the tidal processes of both the flood and ebb tides are consistent in duration. Regarding tidal heights, the errors in the high tides at hours 0, 12, and 24 are 8 cm, 19 cm, and 20 cm, respectively. The errors in the low tides at hours 7 and 19 are 17 cm and 28 cm. When converted to the model scale, the maximum tidal height error is 2.8 mm. The tidal pattern near the Yellow River Estuary is irregular semi-diurnal, with significant differences in the tidal range between the two high and low tides. However, the experimental device used to simulate tidal cycles can only produce regular flood and ebb tides. As a result, the errors in tidal heights are unavoidable. The Yellow River Estuary is a micro-tidal estuary, where tidal dynamics are relatively weak and tidal influence on sediment transport and scouring is minimal. Therefore, we consider the errors in tidal heights in this experiment to have a negligible effect on the development of tidal flats.




Figure 5 | (a) Tide validation at the field scale; (b) wave boundary conditions in the experimental basin.



As shown in Figure 5b, the wave boundary conditions for the experimental basin are illustrated. When the basin is empty, the wave gauge is placed 20 cm in front of the wavemaker to measure the incident wave height and verify the stability of the wave form. The mean wave height (Hmean) and period (T) were calculated over 10 wave cycles. The results indicate a mean wave height of 0.05 m and a period of 0.8 s, with a stable wave form that meets the required wave conditions for the experiment.





Validation of sediment mobilization velocity

Using the sediment initial movement velocity equation for silt (Dou, 1999), the calculated initial movement velocity in the basin is 7.39 cm/s, indicating that the sediment is capable of mobilization.







Results




Variation of sediment concentration in the subtidal zone

In Figure 6, “10th” denotes the tenth tide cycle. The abbreviations BF, MF, EF, ME, and EE correspond to the beginning of the flood tide, the middle of the flood tide, the end of the flood tide, the middle of the ebb tide, and the end of the ebb tide, respectively. As shown in the figure, the higher the SSC at the experimental boundary, the SSC in the subtidal zone. For the boundary SSC of 100% to clear water, the corresponding average SSC in the subtidal zone were 0.97 kg/m³, 0.51 kg/m³, 0.29 kg/m³, and 0.13 kg/m³, respectively. The SSC in the subtidal zone was only 6.5%, 5.3%, 6.4%, and 6.0% of the boundary input SSC. This indicates that a large portion of the suspended sediment settles during transport from the offshore zone to the tidal flat, with only about 6% reaching the subtidal zone. Additionally, within a tidal cycle, the SSC in the subtidal zone fluctuates. The pattern can be summarized as follows: the SSC in the subtidal zone gradually increases during the flood tide and gradually decreases during the ebb tide.




Figure 6 | SSC in subtidal zone.



Although the SSC observed during the tidal cycle shows notable fluctuations, it is possible that the system may reach a dynamic equilibrium over longer time scales. This equilibrium could be influenced by factors such as sediment supply, tidal forces, and hydrodynamic conditions, leading to a more stable state of SSC in the subtidal zone. However, further long-term monitoring and analysis are necessary to confirm this hypothesis and accurately characterize the behavior of SSC over extended periods.





Sand wave movement pattern

Data on sand wave characteristics (Figure 7) were collected along different longitudinal profiles, ranging from x = 50 cm to x = 650 cm (Supplementary Figure 1). Supplementary Figures 4–8 present the statistical results of sand wave height, wavelength, angle, wave form, and slope form. The notation WF-SF represents wave form and slope form.




Figure 7 | Sand wave characteristic diagram: (a) wave length and wave height; (b) angle; (c) wave form; (d) slope form.



The wave height, wavelength, wave form, and slope form of sand waves evolve as SSC decreases. However, the decrease in SSC has a relatively small effect on the angle of the sand waves. For instance, in the x = 50 cm profile (Supplementary Figures 4a–c – 8a–c), in the region where y > 600 cm, as SSC decreases, the sand wave height first decreases, then increases. The wavelength stabilizes around 2 cm, then decreases to 1 cm, and finally increases to around 3 cm. The wave form undergoes an a-c-a-c change, while the slope form shows a C-A-C-A pattern. However, the angle of the sand waves remains unchanged and is parallel to the shoreline. Under the same SSC condition, the statistical characteristics of sand waves differ significantly across profiles. For example, under 100% SSC (Supplementary Figure 4), the wave height increases progressively from land to sea at profiles x = 50 cm, x = 350 cm, x = 500 cm, and x = 650 cm, while the wave height at the x = 200 cm profile first increases and then decreases. Other statistical features also vary significantly across different profiles.

Supplementary Figure 4 presents the statistical results of sand wave characteristics under 100% SSC conditions. Except for the x = 200 cm profile, sand wave height generally increases from the intertidal zone toward the subtidal zone, with the maximum height occurring in the subtidal zone. The maximum sand wave heights at x = 50 cm, x = 350 cm, x = 500 cm, and x = 650 cm are 2.2 mm, 3.0 mm, 2.0 mm, and 2.1 mm, respectively. No consistent pattern was observed in wavelength variations across different profiles, with wave lengths ranging between 1.3 cm and 3.4 cm. In the subtidal zone, higher flow velocity and relatively stable hydrodynamic conditions facilitate sediment accumulation and redistribution, leading to the formation of higher sand waves. In contrast, the intertidal zone experiences periodic water level fluctuations and wave-induced scouring, which limit sediment stability and constrain sand wave height. The wavelength of sand waves is influenced by multiple factors, including water depth, flow velocity, and sediment grain size. Variations in local environmental conditions at different locations may result in random fluctuations in wavelength rather than a systematic trend. In the intertidal zone, sand waves form an angle with the shoreline, whereas in the subtidal zone, they are mostly parallel to the shoreline. Considerable differences were found in wave form and slope form across profiles. Generally, the c-A and b-C combinations dominate.

As shown in Supplementary Figures 5–7, the development process of sand waves can be summarized as follows: Sand wave height tends to be higher in the subtidal zone, with an average height of approximately 1 mm. No clear pattern is observed in wavelength variations across different profiles, with wave lengths fluctuating around 2 cm. In the intertidal zone, sand waves form an angle of approximately 50° with the shoreline, whereas in the subtidal zone, they are nearly parallel to the shoreline. As sediment concentration decreases, the proportion of sand waves exhibiting the “c-A” combination increases.

As illustrated in Supplementary Figure 8, after the clear-water experiment, sand wave height gradually increases from the intertidal to the subtidal zone, with higher sand waves observed further offshore, reaching a maximum height of approximately 3 mm. A similar trend is observed for wavelength, which increases from the intertidal to the subtidal zone, with a maximum value of approximately 2.7 cm. The orientation of sand waves follows the previously described pattern. After the clear-water experiment, all profiles were predominantly occupied by the “c-A” combination.





Tidal flat development responses to the decrease of SSC

As shown in Supplementary Figures 9–13, the first three samples (Nos. 1, 2, and 3) in each case exhibit flow marks that are nearly perpendicular to the shoreline. These marks have an average depth of approximately 0.5 mm and a width of around 0.5 mm. In contrast, the remaining samples are dominated by sand wave movement, with sand wave development varying as SSC decreases.

The tidal flat landforms observed after 36 tide cycles under 100% SSC are presented in Supplementary Figure 9. In this case, Nos. 4, 5, and 6 exhibit sand waves that are regularly distributed and parallel to the shoreline. Sand scales have developed in Nos. 7-3, 8-1, and 9-2. These sand scales result from the growth of sand waves as water flow intensity increases. In No. 7-1, both sand waves and flow marks coexist, indicating significant influence from tidal currents in this region. Supplementary Figure 10 displays results under the 65% SSC condition. The sand waves in Nos. 4 and 5 resemble those observed in the 100% SSC experiment. However, compared to the 100% SSC condition, Nos. 6, 7, 8, and 9 appear flatter, with fewer sand waves in certain area. Under the 30% SSC condition (Supplementary Figure 11), the density of sand wave increases in Nos. 4 and 5, and erosion begins to appear on the right side of No. 4. Nos. 6, 7, 8, and 9 are characterized by extensive flow marks oriented downslope, suggesting a strong influence of ebb currents. At 15% SSC (Supplementary Figure 12), the overall topography becomes flatter compared to the 30% SSC experiment, with continued erosion in Nos. 4 and 5. Unlike the 30% SSC condition, no flow marks are observed in Nos. 6, 7, 8, and 9. The clear water results (Supplementary Figure 13) show severe erosion in Nos. 4 and 5. Under these conditions, the density of sand waves is maximized, and sand scales are observed in No. 6-1. In the absence of suspended sediment, the water flow energy acts directly on the bed, leading to increased erosion intensity and a higher number of sand waves. In high-SSC environments, accretion rates are higher, facilitating the formation of flow marks and even stratified sediment layers along the flow direction. In contrast, in low-SSC environments, the accretion rate decreases, and wave-current interactions primarily shape sand waves rather than forming continuous flow marks on the surface.





Spatial distribution of erosion and accretion

The spatial distribution of erosion and accretion in tidal flat morphology, shown in Figure 8, was formed after a total of 180 tidal cycles. These cycles involved the coupled effects of waves and currents under conditions of 100% SSC (14.9 kg/m³), 65% SSC, 30% SSC, 15% SSC, and clear water, with each case running for 36 tidal cycles. As shown in Figure 8, the tidal flat at y (176-476 cm) was dominated by erosion, exhibiting a fan-shaped distribution, with erosion intensity increasing from the margins toward the center. The maximum erosion observed was approximately 0.7 cm, with an erosion rate of approximately 0.0039 mm/min. The tidal flat at y (476-700 cm) was predominantly characterized by accretion, with intensity increasing from land to sea. The maximum accretion was approximately 1.2 cm, and the accretion rate was approximately 0.0067 mm/min.




Figure 8 | The spatial distribution of erosion and accretion after 180 tide cycles.



For the 100% SSC condition (Figure 9), the tidal flat was primarily characterized by accretion, with a small area of erosion. Accretion intensity increased gradually in a fan-shaped pattern, reaching its maximum at the basin margins. The maximum accretion, approximately 0.7 cm, occurred in the lower subtidal zone, with an accretion rate of approximately 0.194 mm/min. A small area of erosion, approximately 0.07 cm with an erosion rate of 0.002 mm/min, was observed at the center of the intertidal zone.




Figure 9 | The spatial distribution of erosion and accretion for 100% SSC.



For the 65% SSC condition (Figure 10), both erosion and accretion were present on the tidal flat. Erosion intensity decreased from the center toward the margins (350-476 cm). The maximum erosion, approximately 0.33 cm, occurred in the middle of the subtidal zone, with an erosion rate of 0.009 mm/min. Accretion was primarily concentrated on the right side of the intertidal zone, with the maximum accretion, approximately 0.25 cm, and an accretion rate of 0.007 mm/min.




Figure 10 | The spatial distribution of erosion and accretion for 65% SSC.



For the 30% SSC condition (Figure 11), the tidal flat was predominantly eroded, with some areas of accretion. The maximum erosion, approximately 0.3 cm, was observed in the lower subtidal zone, with an erosion rate of 0.009 mm/min. Accretion was concentrated on the right side of the intertidal zone, with the maximum accretion, approximately 0.1 cm, and an accretion rate of 0.003 mm/min.




Figure 11 | The spatial distribution of erosion and accretion for 30% SSC.



For the 15% SSC condition (Figure 12), the tidal flat was also dominated by erosion, with some accretion. The maximum erosion, approximately 0.2 cm, occurred in the subtidal zone, with an erosion intensity of 0.006 mm/min. Accretion was concentrated on the left side of the intertidal zone, with the maximum accretion, approximately 0.05 cm, and an accretion intensity of 0.001 mm/min.




Figure 12 | The spatial distribution of erosion and accretion for 15% SSC.



For the 0% SSC condition (Figure 13), the entire tidal flat was eroded. The maximum erosion was approximately 0.23 cm, with an erosion rate of 0.006 mm/min.




Figure 13 | The spatial distribution of erosion and accretion for 0% SSC.



In general, both accretion and erosion coexist on the tidal flats. Taking the 7 m isobath as the boundary, the landward side was eroded, while the seaward side showed accretion. The closer a location is to the sea, the greater the accretion intensity. Specifically, for the 100% SSC condition, the entire tidal flat was dominated by accretion, with only a small area of erosion. For the 65% SSC condition, both erosion and accretion were present. For the 30% SSC and 15% SSC conditions, the tidal flat was predominantly eroded, with some areas of accretion. For the 0% SSC condition, the entire tidal flat was eroded.

As SSC was gradually reduced from 100% to 0%, the tidal flat underwent a transition from nearly complete accretion with minimal erosion to a state where both erosion and accretion coexisted, and eventually to a predominantly erosional state with minimal accretion. This progression suggests that the Yellow River Delta (YRD) may face an increased risk of erosion in the future.






Discussion

Figure A3 shows the custom-designed devices: (b) the Water and Sand Uniform Mixing and Tidal Circulation device, and (c) the Create Wave and Current device. The flow rate of the flooding tide is controlled by adjustable valves, with the spray nozzles closer to the valves generating slightly higher flow velocity and flow rate. Additionally, the ebb tide flow is generated by a high-power submersible pump and adjustable valves, located in the northwest corner of the wave basin, resulting in an asymmetric ebb flow. This uneven water flow distribution may lead to asymmetric sediment transport in the tidal flat, causing the distribution of sand waves and the extent of erosion and accretion to show a certain degree of asymmetry.

Due to limitations in sediment-carrying capacity, when SSC exceeds this capacity, a large amount of suspended sediment settles from the water onto the tidal flat. As a result, only about 6% of the SSC reaches the subtidal zone. Although a significant amount of suspended sediment does not enter the tidal flat, measured data show that a higher SSC input corresponds to a higher SSC in the subtidal zone. During the flood tide, the hydrodynamic force increases, enhancing the capacity for sediment transport. Most of the energy is used to resuspend the sediment, while the remaining energy scours the seabed and replenishes the sediment. Similarly, during the ebb tide, the hydrodynamic force weakens, reducing sediment transport capacity. The excess sediment gradually settles, causing a decrease in suspended sediment concentration over the course of the ebb tide.

Wave form c and slope form A were the most frequently observed in the results. In the model experiments, the hydrodynamic difference between flood and ebb tides was small, so waveform c dominated. However, some areas were influenced by either flood or ebb tide dominance, resulting in waveforms a or b.

As shown in Figure 14, on the seaward slope, flow velocity gradually increases, enhancing the scouring effect. The shear force from the water flow and the turbulence of the bottom bed cause sediment on the seaward slope to roll or jump along the slope surface and continue advancing with the flow, resulting in erosion. After the water flow crosses the crest, it enters the deceleration zone. As the flow speed slows, a vortex forms on the landward slope, where transported sediment accumulates. The principles of SF-B are similar to those of SF-A.




Figure 14 | The trajectory of water points on the bed (Slope form A).



The results indicate that as SSC decreases, the erosion and accretion dynamics of tidal flats undergo significant changes. One crucial factor influencing these dynamics is the behavior of fine particles, particularly silt (80–90% of the sediment), which plays an important role in the stability and structure of the sediment bed. When suspended sediment concentrations are high, fine particles can settle into the interstitial spaces between coarser sand grains. This process, known as flocculation, enhances the cohesion of the sediment mixture by binding fine and coarse particles together. The increased cohesion reduces the bed’s erodibility, especially under low-flow conditions, which helps explain the observed accretion at high SSC.

Additionally, the cohesive nature of fine particles contributes to strengthening the sediment structure, particularly in deeper layers. As these fine particles accumulate in the sediment, they improve the overall resistance of the sediment bed to erosion, even under higher flow velocities. This phenomenon helps explain why sediment beds in environments with high SSC are more resistant to erosion, with the cohesive fine particles enhancing bed stability.

Our experimental results support these mechanisms, showing that high SSC conditions lead to greater accretion, likely due to the enhanced sediment cohesion from fine particles. These findings suggest that fine particles play a crucial role in controlling the stability and morphology of tidal flats, contributing to both accretion and resistance to erosion under varying SSC conditions.

However, it is important to note that due to the differences in scale between the experimental basin and natural environments, some scale effects may influence the sediment transport and settling behavior. The smaller dimensions of the experimental tank may lead to different flow characteristics and turbulence dynamics compared to real-world systems. Specifically, the settling velocity of sediment particles could differ because the experimental basin does not fully replicate the larger-scale turbulence and boundary layer effects found in natural tidal flats. These differences should be considered when extrapolating the results to natural systems. Nonetheless, the experiment still provides valuable insights into the general trends of sediment transport under varying SSC conditions and tidal forces. Additionally, it does not incorporate the specific geometry of the tidal flats, limiting its representation of the Yellow River Delta’s complex topography. Future studies will address this by incorporating tidal flat geometry and other factors to improve the model’s accuracy and representativeness.





Conclusion

	Suspended sediment is primarily transported from the sea to tidal flats, with a significant portion settling along the way. As shown in Figure 6, the sediment concentration in the subtidal zone is typically less than 6% of the input SSC. Additionally, this study reveals that under consistent hydrodynamic conditions, a reduction in offshore sediment concentration results in lower SSC levels in the subtidal zone. The concentration of suspended sediment follows a distinct pattern, with a gradual increase during high tide and a corresponding decrease during low tide.

	Under different SSC conditions, tidal flat morphology continuously evolves, with distinct morphological features appearing in various regions. The intertidal zone is primarily characterized by flow marks, while sand wave movement dominates the subtidal zone. The key factors influencing sand wave development are changes in SSC and water-sediment exchange. Within the same SSC condition, significant differences exist in the statistical characteristics and variation patterns of sand waves between different profiles. Additionally, under different SSC conditions, the development of sand waves at the same profile varies noticeably. Changes in SSC affect the number, wave height, wavelength, wave form, and slope form of sand waves, which in turn influence the development trends and distribution patterns of sand waves at each profile. However, the angle of the sand waves is less affected by SSC.

	The spatial distribution of erosion and accretion on tidal flats, as illustrated in Figure 8, clearly demonstrates how SSC influences tidal flat morphology. The 7-meter isobath serves as a boundary where erosion occurs landward and accretion occurs seaward, with a stronger accretion intensity closer to the sea. For example, under 100% SSC conditions, the tidal flat is predominantly accretional, with minimal erosion. As SSC decreases to 65% and 30%, both erosion and accretion coexist, with a greater tendency toward erosion at lower SSC levels. At 15% SSC and clear water conditions, erosion dominates, leading to significant alterations in the tidal flat morphology. This trend suggests that as sediment transport in the Yellow River decreases, tidal flats may face an increasing risk of erosion in the future, a phenomenon that aligns with predictions made in previous studies (Cao et al., 2023).

	The findings of this study suggest that the tidal flats in the Yellow River Delta (YRD) will continue to undergo changes as the SSC decreases. As indicated by the spatial distribution of erosion and accretion across various SSC conditions, the Yellow River Delta may transition to a more erosional state if current sediment transport trends persist. This trend is evident when comparing the experimental basin results (Figures 9–11) with historical data, which show a marked decline in sediment transport since 1984 (Lijin Hydrological Station, Figure 2). This study provides valuable insights into sediment transport mechanisms in tidal flats influenced by varying SSC conditions. The results suggest that the interplay between wave-current dynamics and sediment availability plays a crucial role in shaping tidal flat morphology.



Given that many tidal flats worldwide, including the Mississippi River Delta (USA), Ganges Delta (India), Amazon River Delta (Brazil), and Waikato River Estuary (New Zealand), are dominated by fine-grained sediments, the findings of this study may be applicable to similar environments. This is particularly relevant in the context of global tidal flat loss, with an estimated 16% decrease in tidal flat area worldwide over recent decades (Murray et al., 2019). The study’s findings underscore the importance of understanding the dynamics of sediment transport in these regions, where fine sediments play a dominant role. By linking the results of this study to broader global trends, we emphasize the significance of sediment management in tidal flats facing similar challenges globally. Future research could further explore the generalizability of these mechanisms across different tidal settings with varying hydrodynamic and sedimentary conditions.
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