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The impact of waves on the morphological changes of sheltered mudflats is less well studied compared to that on open flats. To investigate the sensitivity of low-energy sheltered mudflats to hydrodynamics such as waves, we carried out in situ measurements of bed level, currents, and waves on the middle flat of a sheltered mudflat in a bay in southern China. Two 1-month measurements, March 26–26 April 2021, and July 8–8 August 2021, were performed for repetition. We found that the sheltered system was not as stable as it appeared. The maximum intratidal bed-level variation, ΔZ, was <5 mm in calm conditions. However, wind speeds slightly highly than 3.0 m/s, under which significant wave height was approximately 0.1 m, triggered significant bed-level variation patterns, with ΔZ reaching up to 2 cm. Intratidal bed-level change patterns depend on the relative dominance of waves and currents: low τc (current-induced bed shear stress) and high τw (wave-induced bed shear stress) promote the generation and migration of bed ripples; comparable τc and τw, with medium-to-high values, lead to non-cyclic bed-level change patterns; high τc and high τw result in bed accumulation/degradation superimposed by bed ripple migration. From a long-term perspective, i.e. in the time scale of month to year, sheltered mudflats are stable systems, and their high sensitivity causes short-term significant bed-level variation. The sensitivity and stability of sheltered mudflats must be further investigated to explore the effects of human intervention and global climate change.
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INTRODUCTION
The morphodynamics of tidal mudflats have been extensively studied in recent decades as they serve vital ecological and environmental functions in addition to protecting shorelines (Costanza et al., 1997; Friedrichs, 2011; Goodwin et al., 2016). Among various tidal flats, tidal flats in sheltered settings, such as lagoons, back-barrier flats, flats in bays, and fringing flats in estuaries, are important as they form relatively stable environments that maintain biodiversity and healthy marine ecosystems (Chakraborty, 2001; Callaghan et al., 2010; Waska and Kim, 2010; Paavo et al., 2012; Reckhardt et al., 2015). These sheltered flats are generally mud dominated owing to the low-energy setting (Madsen et al., 2010; McLachlan et al., 2020).
Compared to sheltered mudflats, the morphodynamics of open flats, which are exposed to stronger hydrodynamics, have received more attention as they are believed to be more strongly impacted by tropical cyclones and hurricanes (Li et al., 2000; Yang et al., 2005; Fan et al., 2006; MacMahan et al., 2010; Zhu et al., 2016). Although sheltered mudflats are protected from the more energetic ocean waves, they are still influenced by diffracted waves and local wind waves (Klein and de Menezes, 2001; Ryu, 2003; Shen et al., 2018; Siegle et al., 2018). Bed shear stress, which is a critical parameter in sediment dynamics on tidal flats, results from the nonlinear interaction between currents and waves (Grant and Madsen, 1979; van Rijn, 1993). The role of waves has been frequently discussed in the situation of open flats, while has been underestimated for sheltered flats. Natural hydrodynamic condition, together with human activities, can alter the depositional environment at different temporal and spatial scales (Blum and Roberts, 2009; Yang et al., 2011; Wang et al., 2015). The study of hydrodynamics and bed stability of sheltered mudflats is also essential to local ecosystems and environments, as sheltered habitats with high productivity are more sensitive to contaminants (Nansingh and Jurawan, 1999; Reckhardt et al., 2015). Therefore, it is important to develop an understanding of how sheltered mudflats react to dynamic processes, especially waves, in the context of increasing threats from anthropogenic disturbances and global climate change (Nicholls et al., 1999; Walling, 2006; Vafeidis et al., 2008; Milliman and Farnsworth, 2011; Temmerman et al., 2013; Schuerch et al., 2018; Liu et al., 2020).
Intratidal measurements elucidate the details of bed-level changes that, in combination with wave and current action data, are key to understanding the mechanisms of bed erosion and deposition (Andersen et al., 2006; Zhu et al., 2014). In particular, for a low-energy dynamic system with slight bed-level changes, bed-level data from daily to monthly morphological surveys (Bassoullet et al., 2000; Fan et al., 2006) may not suffice. Measurements of intratidal bed-level changes have been restricted until the recent development of acoustic ranging measurements, such as ALTUS, altimeter, and extra ADV beams (Gallagher et al., 1996; Jestin et al., 1998; Thornton et al., 1998; Christie et al., 1999; Saulter et al., 2003; Andersen et al., 2007; Turner et al., 2008; Zhu et al., 2017). To date, acoustic ranging measurement is the only approach for obtaining bed-level data during submergence in high temporal (interval in minutes) and spatial (accuracy of ± 1–2 mm) resolution.
In this study, we deployed an acoustic Doppler velocimeter (ADV) to obtain data on bed-level changes, as well as currents and wave parameters, on a sheltered mudflat. Our objective was to investigate whether sheltered mudflats are as stable as they appear by: 1) elucidating the response of bed-level changes in sheltered mudflats to variables of environmental forces, such as wind, waves, and currents; and 2) examine the morphological sensitivity of sheltered mudflat beds to hydrodynamics, especially waves. This work is intended to deepen our understanding of the bed stability of sheltered mudflats under different pressure scenarios.
MATERIAL AND METHODS
Study site
In situ observations were conducted on a sheltered mudflat of Hailing Island, which is located on the west bank of the Pearl River Estuary, China (Figure 1A). According to records from the tide gauge on the west side of the island, the local tides are mixed semi-diurnal with an average of 2.5 m in tidal range. The spring and neap tidal ranges are >3.0 m and 0.5 m, respectively. Monsoon-driven winds are predominantly north-easterly in autumn and winter, south-easterly in spring, and southerly in summer. The multi-year average wind speed is 4.2 m/s. The province, where the study area is located, is hit by 3.6 tropical cyclones per year on average, which is the highest in China. Waves in this area are dominated by wind waves with a frequency of approximately 85%, and the average wave height is 0.2 m with the maximum storm surge reaching over 2 m.
[image: Figure 1]FIGURE 1 | (A) Location of the study site near the west Pacific Ocean. (B) Map of Hailing Island with the observation site and wind gauge. (C) Photograph of the deployed instrument. (D) Wind roses of Period 1 (March 26–26 April 2021) and Period 2 (July 8–8 August 2021). The red arrow indicates the orientation of the bay.
The study site (111°58′42″E, 21°39′2″N) is located on the middle flat (at the mean water level) of the mangrove wetland on the northeast side of Hailing Island (Figure 1B). The south side of the island is open sea, while the north side is connected with an intertidal area. The tidal flat has a long-shore length of 2.4 km and a cross-shore length of 1.6 km. The mudflat faces to north-east-north (25°), with a mean slope of 2.5‰ (Hu et al., 2020). The upper flat is covered by dense mangrove forest, with a height of 2–3 m. As the study area is located in a bay on the back side of the open sea and a barrier island exists at the seaside of the bay, the study area is relatively sheltered. Therefore, the mangrove wetland provides an ideal habitat for benthos and birds, thereby sustaining high biodiversity in the region (Zhu et al., 2008; Hu et al., 2020).
Instrumentation setup
An ADV (6.0 MHz vector current meter, Nortek AS, Norway) attached to an H-shaped sedimentary measurement frame was used to measure the three-dimensional flow velocities at a high sampling rate (Figure 1C) from March 26 to 26 April 2021 (Period 1), and from July 8 to 8 August 2021 (Period 2). The ADV recorded velocities and pressure with a burst interval of 5 min for a period of 300 s at a frequency of 16 Hz. The water pressure, measured by a silicone piezoresistive pressure sensor (Nortek, 2005), was used to analyze wave characteristics (Zhu et al., 2016). Based on the records of the distance between the transmitter of the ADV and the bed sediment surface from the extra acoustic beams of each burst, relative bed levels at high temporal resolution were also measured using ultrasonic echo-ranging with an accuracy of 1 mm (Andersen et al., 2007; Zhu et al., 2017). The accuracy is determined by the sound speed, which is affected by water temperature and salinity, as well as the boundary condition. The acoustic sensor and the pressure sensor were 0.3 m and 0.54 m above the sediment surface, respectively.
Measured wind data of the nearest site (111°58′12″E, 21°52′12″N) was downloaded from Institute for the Environment, the Hong Kong University of Science and Technology (http://envf.ust.hk). The interval of wind speed and wind direction is 3 h.
Data processes and calculation
Data filtration was conducted prior to further analyses. The burst datasets with backscatter acoustic amplitude less than 100 counts and correlation less than 50% were removed.
The wave-induced bed shear stress, [image: image], was obtained by analyzing the surface-elevation monitoring data. Significant wave height, [image: image], and significant wave period, [image: image], were derived from high-frequency pressure data via linear wave theory (Tucker and Pitt, 2001) (see http://neumeier.perso.ch/matlab/waves for the routines). The near-bed peak orbital excursion ( [image: image] ) and peak orbital velocity ( [image: image] ) can be expressed as (van Rijn, 1993):
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where H is the wave height (m), k=(2 [image: image]/L) is the wave number ([image: image]), with wave length L=(g [image: image]/2 [image: image])tanh (kh). Where h is the water depth (m), ω is the angular velocity ([image: image]), and T is the wave period (s). In practice, the significant wave height [image: image] and significant wave period [image: image] are used for H and T in the formulae. The time-averaged (over half a wave cycle) bed shear stress caused by waves, τw (Pa), can be expressed as (van Rijn, 1993)
[image: image]
where [image: image] is the water density (kg/[image: image] ), and fw is the friction coefficient (-), which is determined by the hydraulic regime (van Rijn, 1993):
[image: image]
where [image: image] and [image: image] are the wave Reynolds number (-) and relative roughness (-), respectively. Parameter ks is the Nikuradse roughness value given as [image: image] , where d50 is the median grain size of the bed sediment, and ν is the kinematic viscosity of sea water ([image: image]).
Wave-orbital-motion-induced velocities were removed from the total burst velocities by the moving-average method with a 1-s smooth window (Williams et al., 2003). Subsequently, the turbulent kinetic energy method with vertical fluctuations (TKEw) was used to calculate the bottom bed shear stress τc (Pa). The formula is as follows (Kim et al., 2000; Zhu et al., 2016):
[image: image]
In which ρw is seawater density, constant coefficient C=0.9, and [image: image] is the change rate of near-bed vertical turbulent velocity.
RESULTS
Tides, wind and waves
Each measurement period lasted for 1 month or 62 tidal cycles. However, because the ADV on the middle flat was equipped with probes at 0.3 or 0.5 m above the seabed, low tides were not measured. During some periods after April 18, the velocity and wave data were missed due to battery failure (Figure 2). Overall, data from 40 tidal cycles were obtained in Period 1, and data from 45 tidal cycles were obtained in Period 2.
[image: Figure 2]FIGURE 2 | Time series of (A) wind speed (Uwind), (B) water depth (h), (C) significant wave height (Hs), (D) horizontal current velocity (U), (E) wave-induced bed shear stress (τw), (F) current-induced bed shear stress (τc), and (G) relative bed level (Z) change during Period 1.
The average wind speed during both periods was 3.0 m/s. We defined the tidal cycle during a wind event as one where the intratidal maximum wind speed exceeded 6.0 m/s. An obvious wind event occurred during each period: around April 9 during Period 1 (Figure 2A) and around July 20 during Period 2 (Figure 3A). The maximum wind speeds and predominant directions were 8.0 m/s and north-east-north in Period 1, and 17.0 m/s and north and east in Period 2, respectively (Table 1).
[image: Figure 3]FIGURE 3 | Time series of (A) wind speed (Uwind), (B) water depth (h), (C) significant wave height (Hs), (D) horizontal current velocity (U), (E) wave-induced bed shear stress (τw), (F) current-induced bed shear stress (τc), and (G) relative bed level (Z) change during Period 2.
TABLE 1 | Statistics of key hydrodynamic parameters.
[image: Table 1]Measured maximum water depth, h, varied from 0.5 m to 1.7 m during Period 1 (Figure 2A), and from 0.5 m to 2.0 m during Period 2 (Figure 3B). Tides in Period 1 were irregular, i.e., the neap-spring tidal cycle was not 15 days. Significant wave height, Hs, was ordered by centimeters with mean values of 0.08 m and 0.06 m in each measurement period. The mean Hs during wind events was 2.6 times the value during calm conditions (Table 1). Correspondingly, the wave-induced bed shear stress, τw, was approximately three times larger during wind events than during calm conditions (Table 1).
The current velocity, U, showed the tide-driven spring-neap cyclicity. However, during the wind event in Period 2, U was greater than normal values (Figure 5E). Thus, the current-induced bed shear stress, τc, was four times larger during wind events than during calm conditions.
Bed level changes
The bed level, Z, was relative stable without obvious spring-neap tidal cyclicity (Figure 3G and Figure 5G). The bed level statistics showed that the standard deviation was 3.0 mm. This indicates that the inter-tidal bed level change was generally at the millimeter level. During wind events, the bed level variation reached 26–27 mm.
During a typical calm tidal cycle, the bed level remained nearly constant (Figure 4D1 and Figure 5D1). Several tidal cycles show erosion-deposition-erosion cyclicity corresponding to the peak-slack-peak process (Figure 6). In contrast, the intratidal bed levels during wind events showed different patterns. During the wind events of Period 1, there were three patterns of bed-level changes:
(1) Type I: cyclicity motion (Figure 4D2 and Figure 5D3): the April 9 tidal cycle showed clear cyclicity in a period of approximately 2 h. The impact of waves (τw) was stronger than that of currents (τc) in this case.
(2) Type II: intratidal variation without clear cyclicity motion (Figure 4E3 and Figure 5E2). When both current and wave were strong, the time series of the bed-level change was more complex. There was no standard variation pattern as the bed dynamics are controlled by both hydrodynamics and sediment supply.
[image: Figure 4]FIGURE 4 | Time series of (A) water level (h), significant wave height (Hs), (B) eastward (UE) and northward (UN) current velocities, (C) current- and wave-induced bed shear stress (τc and τw), (D) ratio of τw and τc, and (E) relative bed level (Z) changes during Period 1.
[image: Figure 5]FIGURE 5 | Time series of (A) water level (h), significant wave height (Hs), (B) eastward (UE) and northward (UN) current velocities, (C) current- and wave-induced bed shear stress (τc and τw), (D) ratio of τw and τc, and (E) relative bed level (Z) changes during Period 2.
[image: Figure 6]FIGURE 6 | Time series of water depth (h), wave-induced bed shear stress (τw), current-induced bed shear stress (τc), relative bed level (Z, orange circle) and smoothed bed level (red line) of the calm tidal cycles. Bed erosion occurs in flood and ebb peaks, while deposition during slack water.
The maximum variation in the bed level during each tidal cycle, ΔZ, was used to quantify the intratidal bed-level dynamics. ΔZ was less than 10 mm for 90% of the measurement period and during relatively calm conditions (wind speed <6.0 m/s) (Figure 7A). As the wind speed increased, ΔZ increased correspondingly. The linear regression analysis showed that ΔZ has a stronger relationship with bottom orbital velocity (Uδ) and τw than current velocity (U) and τc (Figure 6). This indicates that bed-level changes are more sensitive to waves.
[image: Figure 7]FIGURE 7 | Relationship between the maximum intratidal bed-level variation, ΔZ, and (A) mean wind speed during each tidal cycle (Uwind)TCmean, (B) tidal-averaged bottom orbital velocity, (Uδ)TCmean, (C) tidal-averaged current velocity, UTCmean, (D) tidal-averaged wave-induced bed shear stress, (τw)TCmean, and (E) tidal-averaged current-induced bed shear stress (τc)TCmean.
DISCUSSION
Difference between sheltered and open mudflats
Mudflat bed is composed of fine sediments, which are sensitive to hydrodynamic disturbances. Sheltered mudflats are less dynamic than open mudflats (Hu et al., 2017). For instance, monthly variations in the bed levels of open mudflats in the meso-to macro-tidal range reached 10–30 cm (Miao et al., 2016; Zhu et al., 2017). Even the bed variation can be measured in centimeters under normal weather conditions (Zhu et al., 2014). In brief, if a mudflat is open and exposed to strong hydrodynamic forcing, daily and monthly bed variations are in the order of centimeters and tens of centimeters, respectively. In contrast, sheltered mudflats were quite stable. Our study shows that the monthly bed variation was only approximately 1 cm. These sheltered mudflats can sometimes be stable over a longer time scale. Studies of sheltered mudflats in the Western Scheldt Estuary, the Netherlands, showed that the bathymetry profile was stable, with the variation of bed level less than 10 cm over a period of 25 years (de Vet et al., 2017; Maan et al., 2018). A stable bed environment is a potentially advantageous for maintaining the biodiversity and biomass of wetland plants and benthic animals on sheltered mudflats (Herman et al., 2001; Chargulaf and Tibbetts, 2015).
Bed-level changes between tidal submergence, which are measured by the double/triple-rod method, buried-plate measurements or optical detections, are useful for understanding the daily evolution of mudflats (Yang et al., 2003; Hu et al., 2015; Zhu et al., 2017). However, acoustic ranging detection shows that the maximum intratidal bed level variation is much greater than the net intertidal bed level changes. This phenomenon is notable in open mudflat systems (Zhu et al., 2014; Zhu et al., 2017). The tidal cycle on the morning of April 9 demonstrates the same phenomenon on sheltered flat. The intratidal maximum variation was 20 mm, whereas the net intertidal bed-level change was 9 mm (Figure 7E2). To date, the acoustic measurement of bed surface dynamics at high temporal resolution is the only approach for determining intratidal bed level changes (Thorne et al., 2018; Zhu et al., 2019). By applying advanced acoustic bed detection, our study further indicates that the sheltered mudflat is more variable as we expected.
Intratidal bed level changes of sheltered mudflat
The typical intratidal bed-level changes in normal weather are shown in Figure 6E1 and Figure 7E1. There may be a slight trend, and the bed level was nearly constant in general. This agrees with the measurements from other sheltered mudflats (Zhu et al., 2019). Some tidal cycle still shows the cyclicity of erosion during flood and peak and deposition during slack water (Figure 6). Notably, the minimum ΔZ was larger than 1 mm, which is the accuracy of bed level detection. So far, the accuracy of acoustic bed detection is ± 1–2 mm, depending on individual instrument (Gallagher et al., 1996; Thornton et al., 1998; Christie et al., 1999; Andersen et al., 2006; Turner et al., 2008). In calm weather, both wave-and current-induced bed shear stresses were less than 0.1 Pa (Figure 6C1 and Figure 7C1), which is the typical value of critical bed shear stress for mud erosion (Winterwerp et al., 2012). No erosion and little deposition lead to a stable bed level with a slight accumulation of sediment. In our study, 73.7% of the measured ΔZ was <5 mm, indicating the stability of the sheltered mudflat. When the tidal-averaged wind speed was >3.0 m/s, more drastic intratidal bed-level changes were observed. The mechanism of local bed-level change differed from that of hydrodynamic conditions.
The observed fluctuation in the bed level was partially caused by measurement errors and accuracy issues, as mentioned above. By incorporating a moving average and despike, such noise signals can be minimized. The smoothed bed-level series exhibited a periodic signal (Figure 4D2). We defined this as the Type I bed-level variation pattern, which was closely related to the formation and migration of bed ripples. The magnitude and period of the bed-level fluctuation, referring to ripple height and ripple migration periods, were 1–2 cm and 1–2 h, respectively. This matches the typical ripple migration parameters of mudflats (Baas et al., 2013; Lin and Venditti, 2013; Zhu, 2017). Under dynamic environments with changing currents and waves, reworking and mobilization of bed sediments leads to formation of bed ripples in coastal systems (Catano-Lopera and Garcia, 2006; Thorne et al., 2018; Guerrero and Guillen, 2020; Guerrero et al., 2021; Stella, 2021). Bed ripples preferably occur in the presence of waves (Chakraborty, 2001; Lorenz and Valdez, 2011; Guerrero and Guillen, 2020; Jin et al., 2020). For the tidal cycle on the morning of April 9, τc was as low as 0.1 Pa due to low tide, meaning that flow could hardly stir up surface bed sediment, whereas τw was 2.5 times higher (Figure 4D2). Such wave-dominated conditions further prove that the Type I bed-level variation is caused by ripple migration.
Type II intratidal bed-level variations show an unclear fluctuation pattern. A typical example is the tidal cycle observed on July 20 morning (Figure 5E2). Both τc and τw were greater than 0.1 Pa, and they are comparable. This means that both the current and waves played a role in bed sediment movement. Under normal weather conditions, the intratidal bed level shows a pattern of degradation during tidal flood and ebb peaks, and accretion during high slack water on open flats (Andersen et al., 2007; Zhu et al., 2014). However, a continuous accretion trend was observed in the tidal cycle of July 20. During wind events, wind-induced flow (Figure 3D) and wind-induced turbulence result in that τc does not increase with tides (Figures 3, 4F) (Banerjee et al., 2015; Su et al., 2015). Meanwhile, the advection of sediment flow was strong during wind events. These two factors may break the peak-slack water cyclicity, but accretion or degradation trends are determined by the timing of wind event with regard to tidal cycle, sediment supply, residual flow, and settling time (Ding et al., 2003; Freeman et al., 2015; Xu et al., 2015; Zhu et al., 2017). The bed-level change pattern of the middle tidal flat was the most dynamic and difficult to predict (Fan et al., 2006). Additionally, there was no clear ripple migration signal in the bed-level series, as sheet flow during wind events tends to wash out ripples (Li and Amos, 1999; Thorne et al., 2018; Guerrero et al., 2021).
However, the low tide tidal cycle on July 20 (Figure 5D3) showed a different bed level pattern than that of April 9 (Figure 4D2). This cycle marked the transition between Type I and Type II variation, that is, the intratidal bed level change consisted of a cyclic motion and continuous accretion trend. The tidal conditions of the two tidal cycles were similar, but the current flow was quite different. Wind direction was offshore during Period 1 and almost onshore during Period 2 (Figure 2A and Figure 3A). Correspondingly, tidal flow was less influenced by winds during Period 1 (Figure 4B2), or by the northern component of the flow velocity (Figure 5B3). However, the eastern component was considerably influenced (Figure 5B3). There was an eastward flow during the majority of the tidal cycle, which was likely driven by wind induced flow pattern. Both τc and τw were much higher than those of other tidal cycles, reaching up to 0.7 Pa.
In summary, wave and tide conditions determine the intratidal bed level changes: 1) low τc and low τw lead to a stable bed; 2) low τc and high τw promote the generation and migration of bed ripples (Type I); 3) comparable τc and τw, with medium-to-high values lead to non-cyclicity bed-level change patterns (Type II); and 4) high τc and high τw result in a combination of Type I and Type II variations.
Sensitivity of sheltered mudflat and its implications
Sheltered mudflats is considered stable, with the bed-level-change is in the order of millimeters in the time scale of tidal-cycle to even month, and is less affected by winds (Andersen et al., 2006; Hu et al., 2017). However, sheltered mudflats may be more dynamic than previously believed. Our study shows that the critical wind speed triggering distinct changes in the local sediment bed is approximately 3.0 m/s, a light-to-gentle breeze according to the Beaufort wind scale. If the wind is onshore, the bed-level-change can immediately respond to the wind. Otherwise, the bed need about one tidal cycle, i.e., half a day, to respond to wind. Therefore, more significant morphological changes would be expected during gale or storm events, wherein wind speed exceeds 15 m/s.
Although the sheltered mudflat is easily disturbed, it also recovers rapidly. The monthly bed-level measurements showed that the bed level fluctuated at a nearly constant level (Figures 2, 3G). These sheltered mudflats are stable and can recover quickly even after disturbance (Maan et al., 2018). For tidal flats, rapid recovery of disturbed sediment beds is enabled by the redistribution of sediments from high-energy to low-energy areas (Yang et al., 2003; Friedrichs, 2011). For low dynamic tidal flats, such as a sheltered flat, the distance of sediment movement may be smaller than in open tidal flats, and are likely to be transported back to maintain an equilibrium state after wind events (Zhu et al., 2017). The sediment transport patterns of sheltered mudflat systems must be further studied on a horizontal spatial scale.
CONCLUSION
In situ bed-level and hydrodynamic measurements on a sheltered mudflat were conducted in 1 month during each of the two seasons. The bed level was stable during calm weather during which wave and current forcing (τw and τc) are low. However, the sheltered mudflat was more variable than previously thought. The threshold wind speed to promote obvious intratidal bed-level variation patterns is 3.0 m/s, which generates wave heights of approximately 0.1 m. The intratidal bed-level variation patterns depend on hydrodynamic conditions: low τc and high τw promote the generation and migration of bed ripples (Type I); comparable τc and τw, with medium-to-high values, lead to non-cyclicity bed-level change patterns (Type II); and high τc and high τw result in bed accumulation/degradation superimposed by bed ripple migration, which is a combination of Type I and Type II variations. From a long-term perspective, i.e. in the time scale of month to year, sheltered mudflats are stable systems, and their high sensitivity causes short-term drastic bed-level variation, which may be harmful to benthos. The sensitivity and stability of sheltered mudflats must be further investigated under global climate change conditions.
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