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Bedforms in macrotidal estuaries and deltas are distinguished from those in rivers and oceans due to the tidally-driven water depth variations and the varying hydrodynamic processes resulting from the interaction between tidal and fluvial flows. The relations between hydrodynamics, sediment transport, and bedform morphology in these estuaries are complex, but research on the morphodynamics of bedforms in such environments is still lacking. This study explores the morphodynamic development patterns of multiscale bedforms in mountainous estuaries and tidal deltas, using the Minjiang Estuary as a representative case. Field observations were conducted in the Minjiang Estuary in the East China Sea in December 2021 (dry season) and August 2023 (flood season) using a multibeam echosounder system and an Acoustic Doppler Current Profiler (ADCP). Bedform presence and characteristics were calculated from bed elevation data. The results indicate that bedforms are widely developed from the underwater delta plain to the delta front channel of the Minjiang Estuary, with large compound bedforms being prevalent. Both primary and secondary bedforms coexist, with wavelengths ranging from 2 to 233 meters and heights from 0.1 to 6 meters. About 60% of primary bedforms exhibit ebb asymmetry, indicating ebb-directed sediment transport in the main channel. The average flood/ebb lee side angle is 6°, with an average maximum angle of 19°. The maximum side angle of primary bedforms is observed to be on average greater than that of secondary bedforms. Water depth and riverbed slope significantly affect bedform density, with non-sloping riverbeds favoring bedform development. Variations in bed shear stress throughout the tidal cycle drive differences in bedform size and morphology. High clay content in surface sediments correlates with lower bedform density, indicating fine-grained materials may inhibit bedform development. This study highlights a feedback mechanism where structural geology shapes channel morphology, influencing energy distribution and bedform evolution. The findings enhance our understanding of sediment transport and hydrodynamic processes in macrotidal estuaries, offering insights for estuarine management and conservation. Future research should explore how seasonal and tidal variations influence bedform evolution to refine models of estuarine dynamics.
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1 Introduction

Fluid activity over mobile surfaces typically generates bedforms (e. g. ripples, dunes, and antidunes). On Earth, bedforms are present in a variety of environments, including deserts, rivers, estuaries, continental shelves, deep oceans, volcanic regions, and glaciers (Cheng et al., 2004a; Cisneros et al., 2020; Herrling et al., 2021; Lämmel et al., 2018; Vittori and Blondeaux, 2022; Vriend and Jarvis, 2018; Zheng et al., 2017). They have also been observed in extraterrestrial environments, such as Mars and Venus (Claudin and Andreotti, 2006; Davis et al., 2020; Hansen et al., 2011; Jackson et al., 2015; Liu et al., 2023a).

For decades, marine and fluvial bedforms have been a key focus of both applied and fundamental research, due to their central role in the complex interactions of geomorphology, fluid dynamics and sediment movement (Lefebvre and Winter, 2021; Ma et al., 2022; Van Landeghem et al., 2009). Bedforms reflect the intensity and pathways of sediment transport, influence the overlying water flow, and interact with hydrodynamic and sediment transport processes. Theoretical research on bedform development has important applications for predicting modern river evolution and reconstructing environmental changes on both Earth and other planets. These theories are used to manage rivers and coastal areas (Bradley and Venditti, 2017; Couldrey et al., 2020; Duran Vinent et al., 2019; Wu and Cheng, 2022).

Hydrodynamics in estuaries vary strongly in space and time due to the influence of seasonal runoff fluctuations, flood and ebb tides, spring and neap tides, and tidal wave deformation. The interaction between hydrodynamics, sediment transport, and bedform morphology in estuaries is therefore complex (Cheng et al., 2022; Ernstsen et al., 2006; Lefebvre et al., 2021; Zheng et al., 2016). Similar to large river bedforms, estuarine bedforms and their orientation relative to flow may control flow separation and turbulent wake zones, which ultimately affect bed roughness (de Lange et al., 2024; Lefebvre, 2019; Lefebvre et al., 2014). However, there are distinct morphological differences between estuarine and fluvial dunes (Lefebvre et al., 2021; Prokocki et al., 2022). The shape of fluvial bedforms have steeper slope towards the trough and relatively flat crests (Cisneros et al., 2020), whereas estuarine bedforms have steeper slopes close to the crest, and flat troughs (Dalrymple and Rhodes, 1995; Lefebvre et al., 2021).

The interactions between flow and bedforms in unidirectional flow environments, such as rivers and flumes, have been extensively studied (Best, 2005; Reesink et al., 2018). However, there is still limited research on the three-dimensional morphology of natural bedforms, with most studies focusing on large dunes (Lefebvre et al., 2021; Lefebvre and Cisneros, 2023; Zheng et al., 2017). Nevertheless, small secondary bedforms superimposed on larger primary dunes have been observed and studied in rivers worldwide (Cisneros et al., 2020; Galeazzi et al., 2018; Zomer and Hoitink, 2024; Zomer et al., 2021, 2023), as well as in macrotidal estuaries such as the Weser Estuary (Lefebvre et al., 2021) and the Gironde Estuary (Berne et al., 1993), where complex fluvial–tidal interactions promote the development of multiscale bedform structures. Secondary bedforms can increase hydraulic roughness and influence primary dune dynamics (Zomer and Hoitink, 2024). In tidal environment, it has been observed that secondary (superimposed) bedforms often reverse direction and maintain asymmetric alignment with the flow, while larger primary bedforms maintain a consistent orientation (Ernstsen et al., 2006). However, there remains a lack of research on the multiscale bedform dynamics in natural tidal estuaries, particularly regarding how the morphological differences between bedform scales relate to water depth, hydrodynamic forces, sediment properties and transport.

Mountainous macrotidal estuaries, such as the Minjiang Estuary (ME), experience high discharge rates, rapid flood peaks, and large tidal ranges, making them dynamic systems with high sediment fluxes. These estuaries feature a diverse range of bedform types, with frequent changes in channel morphology, and they are highly responsive to human activities (Liu et al., 2022, 2023b; Sun et al., 1983). Understanding bedform development patterns in mountainous macrotidal estuaries provides valuable insights for studying bedform evolution in tidal estuaries globally. Findings from the Minjiang Estuary, in particular, offer a natural reference for other macrotidal systems characterized by strong river-tide interactions. The observed multiscale bedform structures, along with their morphodynamic responses to combined fluvial and tidal forcing, can help inform generalized models of sediment transport in similarly energetic estuarine environments. By linking site-specific mechanisms to broader physical principles, this study advances a transferable framework for understanding bedform dynamics that is applicable beyond the local context. This enhances the broader relevance of the research for both regional estuarine management and global comparative studies of morphodynamics.

Thus, this study aims to investigate the morphodynamics characteristics of multiscale bedforms in a mountainous macrotidal estuary. In particular, the study examines the variation of bedform characteristics across different scales along the estuary and between the flood and dry seasons. Based on this, taking the ME as a representative, this study focuses on the following three questions: (1) How do the developments of multiscale bedform morphologies vary spatially along the estuary due to the interplay between riverine and tidal flows? (2) Are changes in multiscale bedform morphology related to water depth, hydrodynamics, sediment transport, and sediment grain size? (3) How do the morphologies of bedforms at different scales change in such estuaries during the flood and dry seasons?


2 Materials and methods


2.1 Study area

The Minjiang River Basin is located in Southeast China (116°23’~119°35’ E, 25°23’~28°16’ N) with a catchment area of 60,992 km² and a total length of 541 km (Figures 1A, B). The lower reaches of the Minjiang River begin at Shuikou Dam, spanning 117 km (Figure 1C). Below the Tingjiang, the river splits into the Changmen and Meihua waterways, and the Changmen Waterway further subdivides into four secondary channels: Wuzhu, Yundou, Chuanshi, and Hujiang. This creates a complex network of rivers that lead the waters into the East China Sea through five mouths (Figure 1D). Among these, the Chuanshi Waterway is the main channel of the Minjiang Estuary. The ME is fundamentally characterized as a tide-controlled delta (Wang et al., 2024; Boyd et al., 1992; Galloway, 1975). Based on the underwater topography and sediment characteristics, the underwater delta of the ME can be divided into three subgeomorphic zones, extending from the estuarine to the offshore region: the delta plain, the delta front, and the prodelta. These zones roughly correspond to the regions from Tingjiang to Changmen/Tantou, from Changmen/Tantou to the 10-meter isobath offshore, and between the 10- and 15-meter isobaths. During periods of low water and spring tides, the tidal limit can extend to Houguan, which is 68 km away from the river mouth (Zheng, 1989). The average tidal range measured at Meihua Station is 4.46 meters (Lin, 1986). The water level and tidal currents follow a regular semi-diurnal pattern. Additionally, the main channel of ME can be classified as partially mixed, yet it exhibits a highly stratified pattern during the flood season (Jin and Sun, 1992). The freshwater-saltwater interface can extend up to the vicinity of Mawei during low water and spring tides (Yu, 1992). The region extending from Houguan downstream to the mouth of the river can therefore be classified as an estuarine zone, where hydrodynamics and sediment dynamics are influenced by both river and tidal processes.
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Figure 1 | Location of the study area. (A) Location of the Minjiang River Basin, (B) River system of the Minjiang River Basin, (C) Topography of the Minjiang River, (D) Location of the ME.
The Minjiang Basin is predominantly mountainous, and the river sediment transport exhibits distinct seasonal variations (Figure 1C). However, overall suspended sediment concentrations remain low, classifying the river as a water-abundant but sediment-deficient system. The average annual suspended sediment concentration is 0.14 kg/m³ (Chen et al., 1998). At the Zhuqi Station, the mean grain size of suspended sediment over many years has been 0.046 mm (4.44φ), while the median grain size of bed-surface sediment from Zhuqi to the estuary ranges from 0.39 to 0.56 mm (1.36~0.84φ) (Liu et al., 2001). The average annual suspended sediment load is 7.155 million tons, with more than 80% of this transported during the flood season (April to September) and less than 10% during the dry season (October to March) (Zhu, 1991). It is estimated that the bedload sediment transport in the ME is ten times the amount of suspended sediment. The bedload carried by river flow forms the primary material basis for the development of the estuary underwater bedforms (Li et al., 2008). In contrast, the suspended sediment primarily passes through the estuary and disperses offshore, becoming the main source of material for the delta front slope and the prodelta (Liu et al., 2001). The construction of the Shuikou Dam in 1996 resulted in the retention of 86% of the upstream bedload and 48% of the suspended sediment (Ye, 2000), significantly impacting the sediment dynamics and depositional processes of the ME.


2.2 Field measurements

Field observations were carried out in the Minjiang Estuary, East China Sea, in December 2021 (dry season, Figures 2A, C) and August 2023 (flood season, Figures 2B, D-G). A Seabat 7125 multibeam echo sounder (MBES) was utilized to measure bathymetry along the main waterway between Minjiang-km 0.0 and 48 km, with a lateral range of 50 to 150 m (Figures 2A, B). The measured water depths ranged from 5 to 50 m, with a theoretical depth resolution of 6 mm. Positioning accuracy was achieved at the centimeter scale using Continuously Operating Reference Stations (CORS). To ensure data uniformity, an equidistant collection mode was employed in the acquisition module of the Teledyne PDS control center. After considering and analyzing these factors, the mapping resolution was set at 0.5 × 0.5 m. All geo-referenced images are displayed using the UTM 50N projection within the WGS1984 geographic coordinate system. The benchmark for multibeam bathymetric elevation is the WGS84 ellipsoid. In-situ water velocity data were collected using an Acoustic Doppler Current Profiler (ADCP) operating at 600 kHz, mounted on the side of the boat with a steel fixing frame, and integrated with the WinRiver II (RDI) software package. The vertical resolution of the ADCP was set to 0.5 m and a ping rate of 2 Hz was used. The ADCP has a velocity range of ±3.0 m/s. Vertical data collection was conducted continuously along the main waterway between Minjiang-km 0.0 and 48 km. Vertical profiles of water velocity and suspended sediment concentration (SSC) were continuously monitored over a 14 h period at 3 in-situ stations (M1–M3 in Figure 1D) during the spring tide period of the flood season. The characteristics of the bed-surface sediment were determined from samples (2 mm layer) taken along the main channel of the ME using a box dredger. A total of 9 bed-surface sediment samples and 72 suspended sediment samples collected in August 2023 were analyzed. The particle size distributions were determined using a laser particle size analyzers (Microtrac Cmasizer X2, Coulter LS13320) in the laboratory. Suspended sediments in the dry season of 2021 were measured by LISST 200X. Sediment types were classified using the classification schemes of Blair and McPherson (1999) and Folk (1954).
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Figure 2 | Field observations of the ME and times of the MBES and ADCP surveys during the tidal cycle on 12~13 December 2021 (A, C) and 15~18 August 2023 (B, D-G). The locations of stations M1–M3 are shown in Figure 1D, and the red lines in panels E–G represent the 14-h ADCP measurement period. The water levels represent those from the mean lower low water (MLLW) level at the Guantou tide station in the Minjiang Estuary, with the reference level located 3.25 m below mean sea level.

2.3 Data processing

The MBES bathymetric point cloud data from field observations were preprocessed for subsequent automated bedform detection. Firstly, the data were interpolated onto a custom-designed curvilinear grid created specifically for this study. The grid centerline follows the main channel of the Minjiang River, which corresponds to the primary survey line of the field survey vessel. The channel centerline was interpolated at regular intervals of 0.5 meters in the longitudinal (along-channel) direction, and in the cross-stream direction, points perpendicular to the channel were also generated at 0.5-meter intervals, resulting in a spatial resolution of 0.5 m × 0.5 m. Then, the preprocessed MBES bathymetric point cloud data were input to retrieve the depth data corresponding to the points on the curvilinear grid.

Based on field observations, which revealed the presence of abundant multiscale bedforms in the Minjiang Estuary, this study detected the multiscale bedforms and extracted morphological parameters across different scales to analyze their characteristics and developmental patterns. Firstly, the MBES data were decomposed by elevation profiles into signals representing secondary bedforms, primary bedform and the underlying bed morphology. Subsequently, a zero-crossing detection algorithm (van der Mark and Blom, 2007) was applied to identify both primary and secondary bedforms, and the characteristic parameters of the bedforms at different scales were obtained primarily based on Lefebvre et al. (2021). These included bedform length and height, the height and length of the ebb and flood lee sides, bedform asymmetry (ratio of flood lee side length to total bedform length), mean and maximum angles of the ebb and flood lee sides, the horizontal and vertical positions of the maximum angle on the flood and ebb lee sides, the presence and position of ebb and flood steep faces, bedform density, crestline density, and steep face area density. Primary bedforms longer than 200 m or higher than 6 m, and those smaller than 10 m in length or 0.75 m in height, were excluded from the analysis. Similarly, secondary bedforms longer than 10 m or higher than 0.75 m, and those smaller than 2 m in length or 0.1 m in height, were also excluded because they were assumed to be erroneous measurements. Bedform characteristics were then averaged over 0.5 km-long sections. Finally, threshold values for bedform density were visually determined to delineate zones with and without bedforms, resulting in the final distribution map of multiscale bedform characteristics along the Minjiang Estuary. The specific processing workflow for the MBES bathymetric data is shown in Figure 3A, and examples of primary and secondary bedform detection are illustrated in Figure 3B.

[image: Flowchart and visualization for bed elevation analysis. The flowchart outlines steps: decomposing bed elevation profiles, dune identification, detection of multiscale bedforms, averaging and plotting, and correcting results. The adjacent color-coded graph shows bed elevation data with insets highlighting primary and secondary bedforms, color-coded by depth from yellow (shallow) to blue (deep).]
Figure 3 | Multiscale bedform detection process (A) and detected examples of primary and secondary bedforms (B).

2.4 Bed slope

Bed slope S is a crucial parameter in describing the longitudinal topography of a river. It is typically defined as the rate of change in riverbed elevation along the direction of flow, expressed as the ratio of elevation difference to horizontal distance. Variations in bed slope can indicate the stability of the riverbed. The Minjiang Estuary, classified as a mountainous estuary, exhibits variable riverbed elevations; hence, the concept is introduced to analyze the impact of bed slope on the distribution of bedforms. In this study, the bed slope is calculated at intervals of 0.5 km along the river channel to analyze the correlation between bed slope and bedform characteristics. The calculation of bed slope S is as shown in Equation 1:

S=Δh/Δx(1)

where S is the bed slope, Δh is the change in elevation, and Δx is the horizontal distance. Absolute bed slope Sa is the absolute value of bed slope S.


2.5 Parameterization of hydrodynamics and sediment transport

The parameterization of hydrodynamics and sediment transport is conducted to analyze the influencing factors of bedform morphology dynamics. Key parameters, including the bed shear stress τb, and critical bed shear stress τcr are systematically quantified to establish their roles in governing sediment transport and deposition processes.

The calculation of bed shear stress and related parameters in macrotidal estuaries requires consideration of tidal effects, unsteady flow, and non-uniform flow characteristics. Most studies assume that bedforms are in equilibrium with approximately steady and uniform flow conditions (Villard and Kostaschuk, 1998; Cheng et al., 2004b). For non-cohesive sediment particles, the bed shear stress τb is calculated using the quadratic stress law, as shown in Equation 2 (Van Rijn, 2020):

τb=ρu*2=ρCfU2(2)

where u* is the shear velocity (m/s), ρ is the seawater density (ρ = 1030 kg/m3), U is the near-bed current velocity (m/s), and Cf is the bed friction coefficient (Soulsby, 1997), as shown in Equation 3 (Julien, 2010):

Cf=(5.75log10(4.4HD50))−2(3)

where H is the water depth (m) and D50 is the median diameter of the bed material (m).

The critical bed shear stress τcr (N/m2) is calculated by the following Equations 4–6 (Soulsby, 1997; van den Berg et al., 1993; Van Rijn, 2020):

τcr=θcr[(ρs−ρw)gD50](4)

θcr=0.3/(1+1.2D*)+0.055[1−exp(−0.02D*)](5)

D*=D50[(ρsρw−1)g/ν2]1/3(6)

where θcr is dimensionless critical shear stress and D* is dimensionless grain size, ρs is sediment density (2650 kg/m3), ρw is the seawater density (ρw = 1030 kg/m3), g is gravitational acceleration (g = 9.8 m/s2), and ν is the kinematic viscosity of water (ν = 1 × 10–6 m2/s).



3 Results


3.1 Development of multiscale estuarine bedform morphology


3.1.1 Multiscale bedform types

Multibeam bathymetric data collected from the main channel of the ME revealed various types of multiscale bedforms (Figure 4). From the underwater delta plain to the delta front channel of the ME, bedforms are widely developed, predominantly consisting of large compound dunes with both primary and secondary bedforms coexisting.

[image: Diagram showing simple and compound bedforms with topographic images and corresponding graphs.   (A) Simple bedforms:  A1. Large with undulating elevation profile; graph showing depth variations from zero to one hundred meters.  A2. Small with finer texture; graph showing depth variations from zero to fifty meters.  (B) Compound bedforms (Large primary, small secondary):  B1. Asymmetric, sharp primary crests with secondary on slope; graph showing depth from zero to two hundred meters.  B2. Asymmetric, rounded primary crests with secondary at crests; graph showing depth from zero to one hundred twenty-five meters.  B3. Asymmetric, sharp primary crests with few secondary; graph showing depth from zero to two hundred meters.  B4. Symmetric, sharp primary crests with secondary in troughs; graph showing depth from zero to two hundred meters.  B5. Symmetric, sharp primary crests with secondary overlaying; graph showing depth from zero to one hundred fifty meters.]
Figure 4 | Different types of multiscale bedforms observed in the ME. Diagram showing simple and compound bedforms with topographic images and corresponding graphs. (A) Simple bedforms: A1. Large with undulating elevation profile. A2. Small with finer texture. (B) Compound bedforms (Large primary, small secondary): B1. Asymmetric sharp primary crests with secondary on slopes. B2. Asymmetric rounded primary crests with secondary at crests. B3. Asmmetric, sharp primary crests with few secondary. B4. Symmetric sharp primary crests with secondary in troughs. B5. Symmetric, sharp primary crests with secondary overlaying.
A first visual analysis shows that simple bedforms (i.e. a single bedform size, Figure 4A) are not very common and are mostly distributed near the offshore regions. Simple bedforms are primarily distributed in the Chuanshi Waterway to the outer estuary, specifically in the 30.5–35.5 km section (downstream of Hujiang Island) and the 39.5–41 km section. In the 30.5–35.5 km section, the developed simple bedforms have an average length of 50 m, a relatively small height-to-length ratio, and low-amplitude bedform morphology with evident traces of artificial dredging (Figure 4A1). In contrast, the bedforms in the 39.5–41 km section are smaller in scale, with an average length of 4 meters, a larger height-to-length ratio, and represent naturally developed bedform morphology (Figure 4A2). Large-scale compound bedforms are extensively distributed within the main channel, predominantly occurring in the upper reaches of the Hujiang. Smaller-scale compound bedforms (with lengths around 40 m) also develop near the estuary mouth. These large-scale compound bedforms exhibit a wide variety of types (Figure 4B). These bedforms are primarily categorized into asymmetric and symmetric types. The asymmetric bedforms exhibit a range of shapes, such as sharp or rounded crests, and fewer superimposed secondary bedforms (usually located near the crests on the gentle slope). Symmetric bedforms, on the other hand, include different morphologies such as minimal superimposed secondary bedforms (located in the troughs), or fully covering the primary bedforms. The development of these different bedform morphologies is likely closely related to factors such as water depth, hydrodynamics, and sediment properties.


3.1.2 Comparison of different scale bedforms

A comparison of the morphological characteristics of primary and secondary bedforms during the flood season of 2023 in the ME is presented (Figure 5; Supplementary Figures 1–3). From the trend in the crestline density of primary and secondary bedforms, it is evident that the overall trend remains consistent. Higher crestline densities of primary or secondary bedforms are observed in the 15–20 km and 30–35 km regions of the estuary. During the dry season, crestline densities are approximately 37% higher for primary bedforms and 16.5% higher for secondary bedforms compared to the flood season (Supplementary Figure 4). The primary bedforms in the main channel of the ME exhibit distinct morphological characteristics, reflecting the complex interactions between hydrodynamics and sediment transport processes (Figure 5). Primary bedforms have wavelengths ranging from 10 to 233 meters, with an average of 50 to 100 meters, and heights between 0.75 and 6 meters. The average height-to-length ratio (H/L) of the bedforms varies between 0.02 and 0.05. Most bedforms are ebb-asymmetric, with steeper lee sides facing downstream, accounting for approximately 60% of the total measured bedforms. This suggests that sediment transport during ebb tide dominates in the main channel of the ME. However, between the 15 km and 25 km sections, flood-asymmetric bedforms are more common.

[image: Graphical data representation showing tidal characteristics across several panels labeled A to I, plotted against the Minjiang kilometers expanse. Metrics include crestline density, length, height, height/length ratio, asymmetry, mean lee side angle during ebb and flood, and surface presence percentages. Data distinguishes between primary and secondary tides with red and blue lines. The background color code indicates high, flood, and ebb tide phases. Additional colored bands in panels H and I illustrate surface presence differentiating flood only, flood and ebb, and ebb only conditions.]
Figure 5 | Multiscale bedform characteristics along the Minjiang Estuary, primary (red) and secondary (blue). (A) crestline density (number of crestlines per square kilometer); (B) bedform length; (C) bedform height; (D) height/length; (E) asymmetry; (F) ebb lee side mean angle; (G) flood lee side mean angle; (H) percentage of primary bedforms (compared to the total number of bedforms measured) which possess a flood steep face, an ebb steep face, or both a flood and ebb steep face; (I) percentage of secondary bedforms (compared to the total number of bedforms measured) which possess a flood steep face, an ebb steep face, or both a flood and ebb steep face. The light grey and dark grey areas on all plots represent areas with only few bedform (BEP bedform density < 300 bedforms/km2) and without data, respectively.
Compared to primary dunes, secondary bedforms have shorter wavelengths and heights, with wavelengths ranging from 2 to 10 meters and heights between 0.1 and 0.5 meters. The height-to-length ratio (H/L) for the secondary bedforms varies around 0.05. The height-to-length ratio (H/L) of secondary bedforms is less variable and slightly higher than for primary bedforms, indicating that secondary bedforms are steeper than primary bedforms. Such morphological differences enhance the impact of secondary bedforms on local water flow, and is likely to increase bed roughness and inducing localized turbulence.

These secondary bedforms show pronounced asymmetry. Flood-oriented forms are predominant in the section surveyed during the flood phase (0–25 km section), whereas ebb-oriented bedforms dominate the section surveyed during the ebb phase (25–40 km section). It is therefore observed that the asymmetry of the secondary bedforms was always oriented in the flow direction during measurement, indicating that secondary bedform asymmetry changes during the tidal cycle to align with flow direction. This suggests that secondary bedforms respond more frequently and rapidly to short-term tidal changes, directly affecting sediment transport. In contrast, the asymmetry of primary bedforms does not align consistently with the tidal flow direction, and they are generally ebb-asymmetric.

A comparison of the average slope angles between primary and secondary bedforms reveals distinct morphological differences. Secondary bedforms generally exhibit steeper average slopes (approximately 8°), whereas primary bedforms consistently show lower average slope angles (around 6°). However, the maximum lee side angle of primary bedforms exceeds that of secondary bedforms. For example, in Section B (the river section above 25 km), during flood tide, the maximum lee side angle of primary bedforms reaches 19°, significantly greater than the 11° observed in secondary bedforms.


3.2 Characteristics of estuarine bedforms during flood & dry seasons

The comparison of primary bedform characteristics between the flood and dry seasons reveals that, overall, the primary bedform characteristics along the main channel are relatively similar between the two seasons, with only minor differences in local areas (Figure 6). The spatial variation characteristics such as bedform density, wavelength, height, height-to-length ratio, asymmetry, and average lee side angle are essentially consistent. In the 15–22 km section, the differences in bedform characteristics between the flood and dry seasons are more pronounced. During the flood season, bedform heights and height-to-length ratios are greater than those in the dry season. The ebb mean lee side angle is smaller than in the dry season, while the flood mean lee side angle is larger. Additionally, bedforms in the dry season exhibit more pronounced flood asymmetry. Specifically, in the 18–20 km area, the probability of simultaneous occurrence of flood and ebb steep faces is high during the flood season, while in the dry season, the flood steep face predominates; in the 20–22 km area, the probability of flood steep faces is high during the flood season, while in the dry season, the probability of steep faces is low, and the flood lee side slope angle is larger than in the dry season.

[image: Graphs A to I illustrate various parameters of bedform dynamics along the Minjiang River in kilometers. Graphs show bedform density, length, height, height-to-length ratio, asymmetry, ebb and flood mean lee side angles, and presence percentages during flood and dry seasons. Red and blue lines represent flood and dry periods. The graphs highlight changes in these metrics along a 50-kilometer stretch, with distinct patterns visible during floods and dry seasons. Color-coded areas indicate flood-only, flood-and-ebb, and ebb-only conditions.]
Figure 6 | Primary bedform characteristics along the ME in the flood (red) and dry (blue) season. (A) BEP bedform density (number of bedforms per square kilometer); (B) bedform length; (C) bedform height; (D) height/length; (E) asymmetry; (F) ebb lee side mean angle; (G) flood lee side mean angle; (H) percentage of bedforms in flood season (compared to the total number of bedforms measured) which possess a flood steep face, an ebb steep face, or both a flood and ebb steep face; (I) percentage of bedforms in dry season (compared to the total number of bedforms measured) which possess a flood steep face, an ebb steep face, or both a flood and ebb steep face. The light grey and dark grey areas on all plots represent areas with only few bedform (BEP bedform density < 300 bedforms/km2) and without data, respectively.

3.3 Factors affecting the morphology of multiscale estuarine bedforms


3.3.1 Water depth

The results allow to analyze the relation between water depth and the morphological characteristics of bedforms of different scales (Figure 7). The height and length of primary bedforms show an increasing trend with increasing water depth, while the trend for secondary bedforms is less pronounced. The height-to-length ratio (H/L) of both primary (0.032) and secondary bedforms (0.041) remains relatively constant across the range of water depths, though secondary bedforms tend to have a slightly higher H/L ratio, indicating that they are steeper than the primary bedforms (Figures 7A–C). Bedform density decreases with increasing water depth, and both primary and secondary bedforms reach peak densities when bed slope S is low, but densities significantly decrease when slope is high. This suggests that relatively non-sloping riverbeds favor the development of both primary and secondary bedforms in this estuarine environment (Figures 7D–F).

[image: Six scatter plots labeled A to F compare water depth, bed slope, and bedform density. Each plot depicts red and blue data points representing primary and secondary data. Linear regression lines and equations with R-squared values are included in each plot. Charts A, B, and C have water depth as the horizontal axis and height, length, and height-to-length ratio as the vertical axes, respectively. Charts D, E, and F have horizontal axes as water depth, bed slope, and absolute bed slope, respectively, with bedform density as the vertical axis.]
Figure 7 | Characteristics of primary and secondary bedforms at varying mean water depths as measured at the ME. (A) The height, (B) length, (C) height-to-length ratio (H/L) versus water depth and bedform density versus water depth (D), bed slope S (E) and absolute bed slope Sa (F).

3.3.2 Hydrodynamics and sediment transport

The depth-averaged flow velocity in the ME during the survey on 17~18 August 2023 is shown in Figure 8A. It is evident that there is a strong correspondence between flow velocity and water depth, with higher instantaneous velocities occurring in the deeper sections of the river. The reason is that the canyon is narrow in mountainous estuaries, the hydrodynamics are enhanced, and the riverbed is washed downwards. From M3 to M2 to M1, the bedforms transition from flood-asymmetry to ebb-asymmetry (Figures 8B–G).

[image: Graph and data visualizations depict river hydrodynamics over time and space. Panel A shows mean depth and flow velocity versus distance. Panels B to D display 3D bathymetric maps labeled M3, M2, and M1. Panels E to G illustrate cross-sectional flow profiles, indicating river, flood, and ebb flows. Panels H to J present time series of bed shear stress over a fourteen-hour period, highlighting ebb and flood phases. The image includes color scales and annotations for clarity.]
Figure 8 | Depth-averaged flow velocity, mean water depth, bedform morphology during the survey, time series distribution of bed shear stress τb and critical bed shear stress τcr during a spring tide cycle in Station M3, M2 & M1 of the ME on 2023-08. M1, M2, and M3 are hydrological observation stations within the tidal cycle. Panel (A) represents the depth-averaged flow velocity and mean water depth along the ME, Panels (B–D) represent the 3D morphology of bedforms near the station, and Panels (E–J) represent the bedform profiles. The yellow-shaded areas in panels (H–J) represent the ebb tide period, while the blue-shaded areas represent the flood tide period.
The study analyzed the relationship between bedform morphology and hydrodynamics (bed shear stress) and sediment transport within the tidal cycle (Figures 8, 9). The bed shear stress at M3 was relatively low and had a small variation amplitude, with higher shear stress during ebb tide than during flood tide (Figure 8H), possibly because it is located upstream where the tidal current weakens and the river flow enhances, with ebb tide being dominant and having a longer duration than flood tide, resulting in more significant sediment motion (potentially including resuspension or transport) during ebb tide (Figure 9). Observations also revealed that the shape of bedforms at M3 is similar to river dunes, with flat crests and steeper slopes towards the trough (Figure 8E). The bed shear stress at M2 is the highest and has the largest variation amplitude, with higher shear stress during flood tide and longer duration of ebb tide, and the maximum velocity is high during both flood and ebb tides (Figure 8I), indicating that M2 is most influenced by bidirectional flow dynamics and has more active sediment transport (Figure 9). The bedforms here have the shape of estuarine bedforms, with steeper slopes near the crests and flat troughs (Figure 8F). The bed shear stress at M1 was slightly higher during flood tide than during ebb tide, with more significant transport of sediment during flood tide, indicating enhanced tidal current effects (Figures 8J, 9). The bedforms at this location are estuarine bedforms, with smaller bedform height and length compared to M2 (Figure 8G). The analysis found a good correspondence between the observed bedform characteristics and types and the bed shear stress within the tidal cycle.

[image: Six contour plots display variations in water depth, velocity, and suspended sediment concentration over time at three different locations, labeled M1, M2, and M3. The left column shows velocity (meters per second) against water depth (meters), indicating ebb and flood tides, with values from negative one point five to one point five. The right column depicts suspended sediment concentration (SSC) in milligrams per liter, ranging from zero to three hundred. The time scale spans from the afternoon to early morning of mid-August dates.]
Figure 9 | Time series distribution of flow velocity and suspended sediment concentration during a spring tide cycle in the flood season of 2023 at Station M1~M3 in the Minjiang Estuary. Positive velocity values represent ebb-directed flow, and negative values represent flood-directed flow.

3.3.3 Sediment characteristics

In the submerged delta plain and the delta front of the ME that was surveyed, the median grain size of bed-surface sediments ranges from 12.77 to 724.51 µm, predominantly composed of gravelly sand with moderate to good sorting (Figure 10). Additionally, there are sandy silt, muddy sand, and sandy mud, with relatively poor sorting, typically located in the distributary or convergent zones of the estuary, for instance, at Minjiang-km 14 and 30, which are located at the downstream bifurcation of Tingjiang and the branching points of Chuanshi and Yundun channels respectively. Comparative analysis of sediment grain size, composition, and sorting coefficient reveals that at Minjiang-km 14, the median grain size is 12.77 μm, and the sorting coefficient is 3.177, indicating poor sorting. This section is at the bifurcation of the Changmen and Meihua channels downstream of Tingjiang, and it is inferred that the fine-grained sediments originate from the southern branch, the Meihua channel. A similar situation exists at Minjiang-km 30. Based on the survey results, we found that when the clay content in the surface sediments of the Minjiang River estuary is high, the median grain size is smaller, and the bedform density is low (at the 14 km and 30 km sections of the ME). Therefore, we infer that the presence of clay in the bedload may not be conducive to the development of bedforms (Figure 10).

[image: Graph depicting bedform density, sediment composition, and sorting coefficient along the Minjiang River. Panel A shows primary and secondary bedform densities across different tidal phases. Panel B illustrates sediment fractions with categories for gravel, sand, silt, and clay, along with median grain size (D50). Panel C displays sorting coefficients with markers for well, moderately, and poorly sorted sediments. Horizontal colored bars indicate high, flood, and ebb tide phases.]
Figure 10 | Relationship between bed-surface sediment grain size, fractions, sorting coefficients and bedform distribution. (A) Primary and secondary bedform density, (B) D50 grain size and fractions of bed-surface sediment, and (C) Sorting coefficients along the ME.

4 Discussion


4.1 Influence of resolution on the angles of primary and secondary bedforms

The angles of primary and secondary bedforms are crucial parameters in understanding the morphodynamics of river and estuarine bedforms. These angles provide insights into the interactions between flow dynamics and sediment transport, which are essential for predicting bedform evolution and channel adjustments. However, the accuracy of these measurements is significantly influenced by the resolution of the data used for analysis.

High-resolution datasets can capture subtle variations in bedform angles, which are often missed by coarser data. Galeazzi et al. (2018) used data with a 0.5 m resolution to investigate superimposed bedform dynamics. Their study demonstrated that this resolution is sufficient for capturing and analyzing secondary bedforms. In our research, the data resolution used is 0.5 meters, which is considered high-resolution in many contexts. This resolution provides 4 to 20 data points along the length of a secondary bedform (2–10 m), which is generally sufficient for capturing morphological characteristics, including lee side angles. With a 0.5 m grid, the slope between two adjacent points can be approximated, but finer features, such as abrupt changes in slope, might be smoothed. This could lead to a slight underestimation of the steepest angles, particularly for shorter bedforms (2–4 m). Secondary bedforms in tidal environments are typically steeper and more dynamic than primary bedforms (Dalrymple et al., 1978; Lefebvre et al., 2011; Noormets et al., 2006; Zomer et al., 2023), requiring higher resolution for precise morphological analysis. However, during this study, it was observed that the automatically identified secondary bedforms were predominantly longer than 4 m (Figure 5), indicating that the selected data resolution of 0.5 m adequately meets the requirements for analyzing secondary bedforms in this research.

Future studies could explore the impact of higher resolutions or adaptive grid methods to further enhance the accuracy of bedform angle measurements, particularly in regions with steep slopes or rapid morphological changes.


4.2 Development patterns of multiscale bedforms in mountainous macrotidal estuaries

The geometric scales of the compound bedforms in the Minjiang Estuary, a mountainous macrotidal estuary, are consistent with those of compound dunes investigated in other tidal environments (Ernstsen et al., 2006; Lefebvre et al., 2021; Scheiber et al., 2021). It has been observed that despite the periodic reversal of tidal currents, primary bedforms typically have an asymmetrical shape and are orientated almost steadily towards the main flow direction (Ernstsen et al., 2006; Lefebvre et al., 2011), and bedform height and steep side angle respond to variable flows (Hendershot et al., 2015). Ernstsen et al. (2009) observed that the height of ebb-oriented primary bedforms typically decreases during the ebb and increases during the flood, while secondary bedform deposits, which are relatively small in volume, show a bedform asymmetry that changes with the tidal cycle. Similar patterns are observed in the ME. Figure 11 shows an example of bedform morphology observed at the ME during different tidal stages. The estuarine bedform characteristics observed in this study are consistent with the size of superimposed bedforms observed in river environments, where secondary bedforms are typically smaller but migrate at a faster rate than primary bedforms (Zomer and Hoitink, 2024; Zomer et al., 2023). The difference in scale indicates that primary and secondary bedforms play different roles in shaping the bedform morphology. Primary bedforms mainly reflect the long-term influence of strong hydrodynamic processes, while secondary bedforms are more responsive to short-term tidal fluctuations.

[image: Elevation model panels show seabed topography, labeled A to E. Panels A and B display M2 tidal currents with color gradients. Panels C and D illustrate river flow dynamics with labeled ebb and flood directions, distances of 50 meters, and heights of 5 meters. Panel E provides a close-up of river flow, again depicting flood and ebb directions with arrows.]
Figure 11 | Bedform morphology at Station M2 during flood (2023-08-17, 08:53 UTC+8:00) and ebb tides (2023-08-16, 14:06 UTC+8:00). Panels (A, B) show the 3D morphology of the same bedforms in different tidal phases, while panels (C–E) display the bedform profiles.
The morphological characteristics of primary and secondary bedforms in mountainous macrotidal estuaries also reveal different developmental patterns influenced by tidal cycles. Secondary bedforms show a significant response to tidal cycle changes, while primary bedforms remain relatively stable. During flood and ebb tides, the maximum flood/ebb lee side angle of both primary and secondary bedforms averages about 20°, and can reach up to 30° in some cases. Such steep angles are sufficient to cause (intermittent) flow separation and turbulent wakes, thereby enhancing the suspension and downstream transport of sediments, which significantly impacts the morphodynamic processes of the estuary. The asymmetry of bedforms at different scales suggests that secondary bedforms play a crucial role in the short-term local redistribution of sediments during different stages of the tidal cycle, while primary bedforms better reflect the overall morphology and sediment characteristics of the riverbed.


4.3 Tectonic constraints on mountainous macrotidal estuarine bedform

In mountainous canyon-type macrotidal estuaries, the coupling between long-term geological structures and local hydrodynamic forces exerts a profound influence on bedform evolution. Although tectonic processes operate over geological timescales and are unlikely to drive short-term seasonal changes directly, they shape the underlying geomorphology, which modulates how tidal and fluvial dynamics interact over seasonal cycles (Figure 12). In the Minjiang Estuary, located at the intersection of the Minjiang Fault and the Changle-Nanao Fault zones, tectonic deformation has fragmented the bedrock, creating a structurally confined valley system with numerous rocky outcrops and fault-controlled channel bifurcations (Li et al., 2017; Zhu, 1991). This has led to a complex estuarine morphology characterized by alternating wide and narrow reaches, which strongly influence local hydrodynamics and sediment transport.

[image: Illustration showing a river system with labeled sections. Panel (A) depicts a longitudinal profile of a river channel flowing through an estuary and bedrock canyon, highlighting bidirectional flow and channel width. Panel (B) illustrates seasonal changes with bifurcation. In flood season, river flow and tides are shown with directional arrows. The channel exhibits flood-oriented, symmetric, and ebb-oriented features. During the dry season, the flow direction and features remain similar, emphasizing the influence of seasonal variations.]
Figure 12 | Schematic diagram of the response pattern of bedform development in tectonic macrotidal estuaries to bedrock canyon structure and seasonal hydrodynamic differences. (A) 3D topography of a mountainous macrotidal estuary, (B) Channel plan and micro-topographic longitudinal section of a tectonic mountainous macrotidal estuary.
Within the structurally confined 18–23 km canyon reach of the ME, tectonic structures shape estuarine morphology, which in turn modulates fluvial-tidal interactions and governs bedform variability. The upper Changmen Waterway (18–20 km) exhibits relatively homogeneous hydrodynamic and geomorphic conditions (channel width: 1.5 km; depth: 15 m). In contrast, the downstream Jinpaimen Canyon segment (20–23 km) narrows abruptly to 0.4 km under the control of bedrock uplift, with water depths plunging to 45 m. This sharp transition in channel form induces significant hydrodynamic anomalies.

During the flood season, bidirectional fluvial-tidal forces in the upper Changmen Waterway (18–20 km) promote symmetrical bedform development due to balanced energy distribution. However, within the Jinpaimen Canyon, narrowing induces tidal wave deformation. The venturi effect amplifies flow velocities during flood tides, while topographic constriction during ebb tides causes water level backwater and velocity attenuation. This tidal asymmetry fosters landward-dipping bedforms with flood-dominated geometries. In the dry season, diminished river discharge enhances flood-tide dominance across both the Changmen Waterway and the canyon, intensifying bedform asymmetry. However, reduced overall hydrodynamic energy results in bedforms characterized by low-amplitude gentle slopes and infrequent steep faces. Field measurements further reveal that flood-season bidirectional flows enhance bedform dimensions (e.g., height and aspect ratio), whereas dry-season energy attenuation leads to subdued morphologies (Figure 6).

These findings indicate that seasonal bedform variability arises primarily from the interaction between seasonal hydrodynamic forcing and spatial differences in channel morphology, which in turn are influenced by long-term tectonic shaping. The tectonic framework defines the estuary’s structural configuration, which sets boundary conditions for hydrodynamic responses rather than directly causing seasonal changes. The ME thus provides a valuable example of how structural geology, by shaping river channel form, indirectly governs energy partitioning and bedform evolution. Recognizing this geomorphology–hydrodynamics linkage is critical for understanding other tectonically constrained estuarine systems globally (Figure 12).


4.4 Influence of bed slope and sediment characteristics on bedform development

Here, we focus on some interesting insights inferred from observational results, analyzing the effects of bed slope and sediment properties on bedform development. In our study we observed that both primary and secondary bedforms develop more robustly over relatively non-sloping riverbeds, and this result offers intriguing insights into sediment dynamics. One possible explanation is that flat beds allow for a more uniform distribution of shear stress and turbulence than sloping beds (Best, 2005; Ferraro and Dey, 2015). Under uniform shear stress, flat beds are more susceptible to initial disturbances than sloping beds and thus gradually develop into regular bedform structures, such as ripples or dunes (Bennett and Best, 1995). This is because the turbulent flow structure over a flatbed is more orderly, making it easier to generate stable coherent structures than a sloping bed (Carstensen et al., 2010), which in turn promote the orderly growth of bedforms through periodic scouring and deposition (Sutherland, 1967). In contrast, the situation for inclined beds is more complex. Due to the effect of gravity, sediment migration in the downslope direction is enhanced, while transport in the upslope direction is suppressed, leading to an uneven distribution of shear stress. This asymmetry can interfere with the stable growth of bedforms (Ferraro and Dey, 2015). Additionally, the component of gravity may cause sediment to accumulate at the foot of the slope, while the top area experiences erosion, forming a “starved zone” and thus disrupting the continuity of bedform growth (Bradley and Venditti, 2021). The impact of slope is also reflected in the distribution of turbulent kinetic energy. For example, the slope surface may enhance local flow separation, concentrating energy dissipation in specific areas (such as the foot of the slope), thereby inhibiting the development of large-scale bedforms. Experimental studies have also shown that an increase in slope intensifies the spatial variation of bed roughness (Francalanci et al., 2009), weakening the overall coordination of bedforms.

Our study, in combination with observational data, infers that sediment characteristics impact bedform density, as poorly sorted sediments with high clay content in fine particles are not conducive to bedform development. Recent research has identified the crucial role of sediment properties in bedform development. In particular, the inhibitory effect of clay-rich fine-grained sediments on bedform development has been confirmed by numerous studies (Best, 2005; Smith and McLean, 1977; Wan, 1985; Wan and Wang, 1994). Wan and Wang (1994) constructed a dune stability field model through flume experiments and found that as the clay volume concentration increased, the dunes were gradually replaced by high-position flat beds. Smith and McLean (1977) also found in natural river measurements that as the suspended load/bed load ratio increased (i.e., clay content increased), the dune morphology showed a trend of “low and flat” evolution. The physical mechanisms by which cohesive components inhibit bedform development can be summarized into three aspects: Firstly, the strong cohesion of clay particles forms a “cementation effect” (including physical viscous mud and biological viscous polymers), which increases the shear strength of the surface sediment, significantly reducing the probability of sand - quality bed load initiation (Malarkey et al., 2015). Secondly, the sorting of mixed - size sediments deteriorates (the higher the clay content, the smaller the median grain size), which destroys the homogeneous conditions required for the regular arrangement of bedforms (Baas et al., 2021; Yan et al., 2020). Thirdly, fine-grained materials weaken the near-bed shear stress through the “hydraulic shielding effect”, suppressing turbulence and reducing the hydrodynamic intensity that shapes bedforms (Baas et al., 2011). It should be emphasized that the above mechanisms are still in the theoretical hypothesis category, and their specific working mechanisms need to be further clarified through systematic experimental observations and field data verification.


4.5 Comparison with global river/estuarine bedforms

Comparative analyses of mean lee side angles and maximum lee side angles of dunes in different river and estuarine environments reflect the different hydrodynamic conditions and depositional processes in these systems. Existing studies have concluded that in river systems, dunes with a slope angle of 27° are found in streams <2.5 m, while dunes in deeper streams exhibit lower lee side angles (Bradley and Venditti, 2017). In large rivers, the mean lee side angles generally range from 5° to 20° (Figure 13 (Cisneros et al., 2020)). For example, dunes in the Mississippi River have relatively steep lee sides, with average angles of 15° and maximum angles reaching 22°. In contrast, dunes in the Waal River exhibit milder slopes, with an average lee side angle of 10° and a maximum angle of 14°. Based on the conclusions from numerical simulation experiments by Lefebvre and Cisneros (2023) on the influence of dune lee sides on turbulence, dunes in the Mississippi and Waal Rivers can be classified as intermediate-angle dunes. Intermittent flow separation may occur above the lee side. In tidal environments, bedforms are typically low-angle, with lee side angles ranging from 2° to 20° (Cheng et al., 2004b; Damen et al., 2018; Franzetti et al., 2013; Hu et al., 2018; Lefebvre et al., 2021; Lefebvre and Cisneros, 2023). For instance, bedforms in the Weser Estuary are characterized by gentle slopes, with a mean lee side angle of only 5° and a maximum slope of 11°. These low-angle dunes generally lack flow separation and exhibit weak turbulent wakes, indicating limited hydrodynamic disturbance.

[image: Matrix of color-coded scatter plots compares river and estuary data for mean versus maximum lee side angles. Top row shows Mississippi River, Waal River, and Weser Estuary. Bottom rows focus on Minjiang Estuary, split into ebb and flood tide conditions, including primary and secondary channels, with median and maximum angle values specified.]
Figure 13 | The mean and maximum lee side angles from dunes found in the Mississippi and Waal rivers (data from Cisneros et al., 2020), the Weser estuary (data from Lefebvre et al., 2021) and the Mingjiang Estuary (during the flood season in 2023). Modified from (Lefebvre and Cisneros, 2023). The corresponding locations and tidal phases of Sections b and c are illustrated in Figures 2B, D. The vertical axis labeled “ebb/flood lee side” refers to the maximum lee side angle of dunes facing either the ebb or flood flow direction.
In comparison, primary dunes in the ME have, on average, mean lee side angles of 6° and maximum angles around 18° (Figure 13). This suggests that while bedforms in the ME are predominantly low-angle, localized areas develop intermediate-angle dunes capable of inducing intermittent flow separation. Such flow separation may influence local hydrodynamics and sediment transport. Unlike typical river and estuarine systems (Lefebvre and Cisneros, 2023; Zomer et al., 2022), the Minjiang Estuary is a structurally confined, mountainous macrotidal system where fault-controlled narrow channels (e.g., Jinpaimen Canyon) and steep channel slopes strongly constrain flow pathways and energy distribution. These geological factors, coupled with strong tidal forcing, create localized conditions of intensified flow convergence, which are conducive to the formation of steeper dunes with intermediate lee side angles. This unique setting distinguishes the ME from flatter, less confined systems like the Weser. Furthermore, the fact that the maximum lee side angle of primary bedforms exceeds that of secondary bedforms (Figure 13) highlights the influence of localized topographic and structural constraints on bedform steepening. While low-angle dunes dominate the estuary, the occurrence of steep lee faces in confined segments is consistent with the estuary’s tectonically influenced morphology.

This distinct morphology underscores the influence of macrotidal dynamics and structural confinement on bedform development in the Minjiang Estuary, offering insights that are not readily observed in other estuarine systems.



5 Conclusions

This study provides a comprehensive analysis of the morphodynamic characteristics of multiscale bedforms in mountainous macrotidal estuaries, using the ME as a case study. The results demonstrate that bedform development in such estuaries is strongly influenced by tidal water depth variations, riverbed slope, structural geology, and the interplay between tidal and fluvial hydrodynamic forces. These factors distinguish estuarine bedforms from those found in purely fluvial or marine environments.

Field observations conducted across a full tidal cycle, using multibeam echosounder systems and Acoustic Doppler Current Profilers, reveal a widespread presence of large compound bedforms in the Minjiang Estuary. The study identifies both primary and secondary bedforms, with wavelengths ranging from 2 to 233 meters and heights between 0.1 and 6 meters. Approximately 60% of the primary bedforms exhibit ebb asymmetry, suggesting that ebb tides dominate sediment transport in the main channel. The flood/ebb lee side angle averages 6°, with a maximum reaching 19°. Interestingly, unlike many other studied environments, the maximum side angle of primary bedforms in this estuary is greater than that of secondary bedforms, highlighting unique hydrodynamic conditions that influence sediment transport and bedform evolution.

The results further indicate that water depth and riverbed slope significantly impact bedform density, with flatter areas promoting bedform formation compared to sloping beds. Bed shear stress fluctuations throughout the tidal cycle contribute to variations in bedform size and morphology. Additionally, high clay content in surface sediments appears to reduce bedform density due to poor sorting characteristics, suggesting that clay-rich environments may be less conducive to bedform development.

The insights gained from this study are transferable to other macrotidal estuaries worldwide, particularly those with strong river-tide interactions and complex geological settings. By identifying key drivers and feedback mechanisms controlling multiscale bedform development, this research contributes broadly applicable principles for interpreting sediment transport dynamics and morphologic evolution in estuaries with similarly energetic and variable flow regimes.

Beyond enhancing our knowledge of bedform dynamics and sediment transport in macrotidal estuaries, this research offers valuable insights for hydrodynamic modeling and estuarine management. The findings contribute to better strategies for estuarine conservation and sustainable development. Future research should further investigate the multiscale evolution of bedforms under varying seasonal and tidal conditions to refine our understanding of their formation mechanisms and long-term morphological changes.
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