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A B S T R A C T

Intertidal environments, including bare mudflats, tidal creeks, and vegetated salt marshes, are of significant
physical and ecological importance in estuaries. Their morphodynamics are closely linked by mudflats and creek
networks. Understanding water motion and sediment transport in mudflats and tidal creeks is fundamental to
understand intertidal morphodynamics in intertidal environments. To explore dynamic interactions between
tidal creeks and mudflats, we conducted field campaigns monitoring water depths, tidal currents, waves, sus-
pended sediments, and bed-level changes at sites in both mudflats and tidal creeks in the Eastern Chongming
tidal wetland in the Yangtze Delta for a full spring-neap tidal cycle. We saw that under fair weather conditions,
the bed-level changes of the tidal creek site displayed a contrary trend compared with those of the mudflat site,
indicating the source-sink relationship between tidal creek and mudflat. During over-marsh tides, the tidal creek
site with relatively high bed shear stresses (averagely, 0.37 N/m2) was eroded by 35mm whereas the mudflat
site was accreted by 29mm under low bed shear stresses (averagely, 0.18 N/m2). To the contrast, during creek-
restricted tides, deposition occurred in the tidal creek site by 20mm under low bed shear stresses (averagely,
0.09 N/m2) whereas erosion occurred in the mudflat site by 25mm under relatively high bed shear stresses
(averagely, 0.21 N/m2). Over a spring-neap tidal cycle, the net bed level changes were −15mm (erosion) and
4mm (deposition) in tidal creeks and mudflats, respectively. These results suggested that there were alternated
erosion-deposition patterns in spring and neap tides, and a sediment source and sink shift between mudflats and
creeks. We found that the eroded sediments in mudflats were transported landward into tidal creeks and de-
posited therein in neap tides, and these newly deposited sediments would be resuspended and transported to
surrounding marshes (over-marsh deposition) at spring tides. The coherent sediment transport and associated
erosion-deposition pattern within the mudflat-creek system at spring-neap tidal time scales thus played a fun-
damental role in intertidal morphodynamic development. These findings suggest that management and re-
storation of intertidal ecosystem need to take the entire mudflat-creek-marsh system as a unit into consideration
rather than focusing on single elements.

1. Introduction

Intertidal environments are important elements in estuarine and
coastal systems, supporting the exchange of materials like sediments
and nutrients between the land and the ocean (Eisma, 1998; Nyman
et al., 2009; Kirwan and Megonigal, 2013). Different types of ecosys-
tems, like mudflats, salt marshes, and tidal creeks can be found within
the intertidal fringe. Many previous studies have focused on the re-
cognition of the valuable functions of these ecosystems, like providing
coastal protection by dissipating waves, and defending from storm

surges (Moller et al., 1999; Gedan et al., 2011; Temmerman et al.,
2013), and providing ecological services by hosting migratory birds and
feeding coastal benthos (Ysebaert et al., 2003; Tian et al., 2008).
However, different coastal settings throughout the world such as the
Scheldt Estuary, the Chesapeake Bay, the Venice Lagoon, the Bay of
Fundy, and the Yangtze Estuary, are presently facing the loss of inter-
tidal habitats as a result of combined effects of land reclamation, sea-
level rise, and sediment supply reduction etc. (Temmerman et al., 2003;
Yang et al., 2005; van Proosdij et al., 2006; D'Alpaos et al., 2007;
Mariotti et al., 2010; Tian et al., 2015). In response, remarkable
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changes would occur in terms of hydrodynamics and sedimentary
processes within intertidal systems. Knowledge regarding the distribu-
tion and dynamics of flows and sediments is essential to advance un-
derstanding of morphological and ecological changes in intertidal en-
vironments.

Many researchers have monitored flow and sediment transported
processes over intertidal environments and found that there were great
differences in hydrodynamics and sedimentary processes between
mudflats, tidal creeks, and salt marshes (Eisma, 1998; Dyer et al., 2000;
Yang et al., 2003; Friedrichs, 2011; O'Laughlin and van Proosdij, 2013;
Bouma et al., 2016; Eaton, 2016). Unvegetated mudflats, with lower
elevations compared to salt marshes, can be submerged more fre-
quently for longer time. A few theories highlight the dominance of tidal
asymmetry and scour-and-settling-lag in controlling tide-averaged se-
diment transport and consequent morphological changes in mudflats
(Postma, 1961; Dronkers, 1986; Wang et al., 2002). Based on those
results, previous studies conclude that mudflat profiles can reach ap-
proximate dynamic equilibria with their local climate of waves, tides,
and sediment sources when considered as an average over annual and
longer timescales (Friedrichs, 2011; Hu et al., 2015; van der Wegen
et al., 2017). Moreover, recent studies propose that erosion-deposition
patterns of mudflats are actually governed by non-linear interactions
between both tidal currents and wind waves (Janssen-Stelder, 2000;
Widdows et al., 2008; Shi et al., 2012; Hunt et al., 2015). Sedimentary
processes in the mudflats can be effectively predicted based on two
parameters: bed shear stress derived from combined wave-current ac-
tion (τcw) and critical bed shear stress for erosion (τce) (Shi et al., 2012,
2017; Zhu et al., 2014).

Compared to the mudflats, sedimentary processes in the vegetated
salt marshes are more complex and are determined by water motion,
sediment transport, vegetation and elevation. Vegetation over the
marshes could attenuate waves and stabilize sediment bed, which
greatly reduces the combined wave-current shear stress (τcw) while
enhances critical bed shear stress for erosion (τce), respectively (Stumpf,
1983; Bouma et al., 2009; Howes et al., 2010; Vandenbruwaene et al.,
2015). As a result, sediment deposition is more likely to occur than
erosion in the salt marshes except for extremely high storm surges along
with severe wave activities (Temmerman et al., 2005b; D'Alpaos et al.,
2007; Fagherazzi and Wiberg, 2009; Howes et al., 2010; Leonardi et al.,
2016). The elevation of marsh surface also plays an important role in

sedimentary processes in the salt marshes. Except low marshes, most of
salt marshes with a higher elevation are only submerged during high
tides, thus only over-marsh tides are effective in controlling the sedi-
mentary processes. Temmerman et al. (2003) also concludes that se-
dimentation rate of the salt marsh generally decreases with increasing
surface elevation and distance from the nearest creek or marsh edge.

Tidal creeks are ubiquitous components of intertidal environments,
flooding and draining the marsh platform, and providing conduits for
sediments and nutrients to the marsh system (Voulgaris and Meyers,
2004; Fagherazzi et al., 2012; Xin et al., 2012). Previous studies have
acknowledged that the tidal creek is the dominant supplier of sediment
to the marsh surface, particularly for meso-tidal and micro-tidal regions
(Allen, 2000; Friedrichs, 2011; O'Laughlin and van Proosdij, 2013). The
tidal current and topography govern the flow magnitude, which influ-
ences the sedimentary processes in tidal creeks (D'Alpaos et al., 2007;
O'Laughlin and van Proosdij, 2013). Numerical models and field mea-
surements suggest that mudflats, salt marshes, and tidal creeks can
significantly affect each other (Friedrichs, 2011; Fagherazzi et al., 2012;
Schuerch et al., 2014). For instance, short-term mudflat dynamics can
initiate adjacent lateral marsh erosion (Bouma et al., 2016). Hence, a
combined study of the hydrodynamics and sediment transport in the
three components is fundamental to understand the sedimentary pro-
cesses when taking an intertidal environment as a whole into account.
Recent studies focus on the interactions between tidal creeks and salt
marshes (Temmerman et al., 2007; Mariotti and Fagherazzi, 2013), and
interactions between salt marshes and mudflats (Bouma et al., 2016).
However, there is insufficient knowledge of the interchanges between
tidal creeks and mudflats. Specifically, it is poorly known: (1) how
mudflats and tidal creeks influence each other through water motion
and sediment transport, and (2) the role of the mudflat-creek system in
the sedimentary processes for the entire intertidal environment.

This study is devoted to understanding sedimentary processes in a
mudflat-creek system based on an integrated observation of currents,
waves, sediments and bed-level changes in an intertidal habitat in the
Yangtze Estuary. We aim to figure out intertidal morphodynamic be-
haviors between tidal creeks and mudflats, and the role of the mudflat-
creek system in the morphodynamics of intertidal environments.

Fig. 1. Map of the Yangtze Estuary, location of Eastern Chongming weather station (a) and a view of the study site and locations of the two measuring sites (b), and
Digital elevation model of the study area derived from Terrestrial Laser Scanning data collected in August 2016 (c).
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2. Methods

2.1. Study area

Field observations were conducted in the intertidal area of the
Eastern Chongming Island, a 170 km2 tidal wetland in the Yangtze
Estuary (Fig. 1) (Li et al., 2014). Salt marshes, mudflats, and tidal
creeks dominate a large portion of the intertidal zone. The tides in the
Yangtze Estuary are dominantly semi-diurnal and the local mean tidal
range is 2.5 m with maximum spring tidal range up to 5m (Yang et al.,
2008; Shi et al., 2012; Zhu et al., 2016). Monthly averaged wind ve-
locity varies between 3.5 and 4.5m/s and wave height in the intertidal
environments normally ranges from 0.1 to 0.3m and seldom exceeds
1.0 m even under severe stormy weather (Yang et al., 2008). The
Eastern Chongming tidal wetland used to prograde seaward at an
average rate of ∼10m/year, and the maximum rate was up to 226m/
year (Yang et al., 2001). Deposition of river-supplied sediment and
extensive reclamation stimulate the growth of the tidal wetland.
However, the accretion rate has strongly reduced in recent years due to
the decrease of the Yangtze River supplied sediment, i.e., from
455million tons per year in 1950–2000 to 150million tons in
2001–2012 (van Maren et al., 2013; Luan et al., 2016; Wang et al.,
2016).

Facing the East China Sea, the study site was located at the southern
part of the Eastern Chongming tidal wetland, including mudflats, salt
marshes and a tidal creek (Fig. 1b). The width of the tidal creek ranged
from 30m at the creek mouth to 2m at the creek head, and the creek
depth ranged from 2.5 to 0.5m. The axial bed slope of the mudflat and
tidal creek is 3‰ and 1.8‰, respectively. The surficial sediments are
composed of clay and silt with median diameters smaller than 60 μm in
the study area. The salt marsh surface and the upper creek banks were
mainly vegetated by Carex scabrifolia.

2.2. Field measurements

Two hydrodynamic measurements were performed in the mudflat
(100m seaward from the marsh edge) and in the tidal creek (120m
landward from the creek mouth), respectively (Figs. 1b and 2a). Ob-
servations were conducted from 20:00 on August 2 to 10:00 on August
12, 2016, during a spring-neap tidal cycle covering 19 semi-diurnal
tides. Hourly wind speeds and directions were recorded by the Eastern
Chongming weather station, 4 km to the north of the study site
(Fig. 1a). Current velocity, suspended sediment concentration (SSC),
wave height, and bed-level change were monitored by two tripods
mounted at the tidal creek site and the mudflat site (Fig. 2). The tripod
was equipped with an Acoustic Doppler Velocimeter (ADV) (Nortek AS,
Norway), Argus Surface Meter (ASM) (ARGUS, Germany), and RBR
Tide & Wave Loggers (RBR) (RBR Limited, Canada). At the tidal creek
site, the ADV, ASM, and RBR were placed 25, 25, and 7 cm above the
bed surface, respectively, while they were placed 35, 35, and 5 cm,
respectively, above the bed surface at the mudflat site. The ADV which
was set up in the 64 Hz mode with a burst interval of 10min, recorded
the near-bed 3D velocity and bed-level change (Andersen et al., 2007;
Salehi and Strom, 2012; Zhu et al., 2016). The RBR, sampling 512
bursts every 5min at 4 Hz, were deployed to measure the wave activity
and water depth. The optical backscatter signal of the ASM was used to
estimate the SSC, sampling 25 bursts every 5min. Calibration of the
optical backscatter signal into SSC was shown in Fig. 2b.

The bed elevation of the study area was collected by Terrestrial
Laser Scanner Riegl VZ4000 (Riegl, Austria) (Xie et al., 2017), relative
to the theoretical low-tide datum at Wusong (Fig. 1c). The elevations of
the tidal creek site and the mudflat site were 2.2 and 2.1 m above the
datum, respectively (Fig. 2c and d). Bankfull elevations varied from
4.5 m in the high marsh to 4.2 m in the low marsh (Fig. 2c).

2.3. Estimation of bed shear stress

At the tidal creek site, the bed shear stress due to the current (τc)
was dominant because of very small waves detected therein (Fig. 3).
While at the mudflat site, the wave activities appeared stronger and
more frequent. The bed shear stress derived from combined wave-cur-
rent action (τcw) was essential for studying the mudflat morphody-
namics (Shi et al., 2012; Zhu et al., 2014).

The 3D velocity derived from the ADV (u, v, w) can be decomposed
into two terms: the mean (U, V, W) and turbulent components (u′, v′,
w′). The turbulent kinetic energy (TKE) (J/m3) and current-induced bed
shear stress (τc) are calculated using:

= + +TKE ρ u v w1
2

( )'2 '2 '2
(1)

= ×τ C TKEc (2)

where ρ is water density at 20 °C (ρ=1025 kg/m3) (Voulgaris and
Meyers, 2004; Andersen et al., 2007), and C is a constant (C=0.19)
(Stapleton and Huntley, 1995; Kim et al., 2000; Pope et al., 2006).

The bed shear stress due to waves (τw) is generally obtained from
the wave orbital velocity Uδ(m/s) and wave friction coefficient fw (Rijn,
1993):

=τ ρ f U1
4w w w δ (3)

where ρw is the seawater density (ρw=1030 kg/m3). The peak orbital
excursion (Aδ) and (Uδ) can be expressed as (Zhu et al., 2016):
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where H is wave height (m), T is wave period (s), h is water depth (m), k
is the wave number (k=2π/L), ω is angular velocity (s−1), L is the
wavelength (m) (L = (gT2/2π)tanh(kh)), and g is gravitational accel-
eration (g=9.8m/s2). The wave fiction coefficient depends on the
hydraulic regime (Soulsby, 1997; Zhu et al., 2016):

⎧

⎨
⎩

≤
>

−

−

−
f

Re Re laminar
Re Re smooth turbulent

r rough turbulent

2 , 10 ( )
0.0521 , 10 ( )

0.237 , ( )
w

w w

w w

0.5 5

0.187 5

0.52 (6)

where =Rew
U A

ν
δ δ and =r A

k
δ
s
are the wave Reynolds number and re-

lative roughness. ks is the Nikuradse roughness expressed as =k d2.5s 50,
where d50 is the median grain size of the bed sediment and ν is the
kinematic viscosity of water (ν=1.5×10−6 m2/s).

The bed shear stress due to combined wave-current action (τcw) can
be calculated from a hydrodynamic formulation (Soulsby, 1995; Shi
et al., 2017):
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where τc and τw (N/m2) are the bed shear stress due to currents and
waves, respectively.

3. Results

Data sets of 19 semi-diurnal tides were recorded and were divided
into two groups (Table 1). The first group was characterized by rela-
tively high tides when tidal elevations in the tidal creek were higher
than salt marsh elevation (i.e., 4.2 m), named over-marsh tides in-
cluding T1, T3, T5, T7, and T9 during spring tide. The second group
included the remaining tides when tidal elevations were lower than the
salt marsh thus water motions were constrained within the tidal creeks,
named creek-restricted tides.
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3.1. Wind and waves

During the entire study period, the wind speed varied from ∼0 to
9.7 m/s with an average value of 3.76m/s, indicating that the ob-
servations were conducted under fair weather conditions. The winds
were in onshore directions (120–180°) during most of the tides (T6 to
T19), except for T1to T5 when the wind directions were alongshore
(Fig. 3a).

At the mudflat site, the significant wave height (Hs) ranged from
0.02 to 0.83m (Fig. 3b). The tidally averaged Hs of each tide ranged
from 0.07 (T4) to 0.41m (T1) and showed a positive correlation with
wind speeds (Fig. 3). The averaged wave heights during neap tides
(from T13 to T19) were generally greater than those during spring tides
(from T1 to T7) due to the persistent landward winds during the field

campain. However, there was no significant correlation between wave
heights and water depth. At the tidal creek site, the RBR logger mea-
sured no wave activity during the deployment (wave height< 5 cm)
(Fig. 3b).

3.2. Currents

The instantaneous current velocity ranged from 0.01 to 0.83m/s at
the tidal creek site and from 0.01 to 0.41m/s at the mudflat site
(Fig. 4b). Velocity measurements demonstrated that high tides
(> 4.2 m, over-marsh tides) typically generated higher current velo-
cities in the tidal creek (Fig. 5 and Table. 2). During T1, T3, T5, T7, and
T9, the tidal mean current velocities (0.32–0.51m/s; averagely,
0.44m/s) were much higher than those during creek-restricted tides

Fig. 2. (a) Measuring sites in the tidal creek (left) and the mudflat (right), (b) calibration of the optical backscatter signal with SSC data, (c) creek cross section, (d)
location of the mudflat site.

Fig. 3. (a) Hourly wind speeds recorded at
the Eastern Chongming weather station, (b)
time series of significant wave heights
during the study period at the tidal creek
site (red) and at the mudflat site (black).
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)
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(0.08–0.20m/s; averagely, 0.15m/s). While at the mudflat site, the
higher mean current velocities still occurred during the over-marsh
tides, however, the difference between over-marsh tides (0.22–0.27m/
s; averagely, 0.24m/s) and creek-restricted tides (0.05–0.19m/s;
averagely, 0.14m/s) was less significant (Table. 2).

Within tidal cycles, at the mudflat site, the current typically reached
peak velocities during early flood and late ebb, both during over-marsh
and creek-restricted tides. The time series of velocity displayed a strong
similarity between the tidal creek site and the mudflat site during creek-
restricted tides (Fig. 4b). By contrast, during over-marsh tides, besides
early flood and late ebb, peak current velocities at the tidal creek site
also occurred during late flood, when the creek was full and before flow
flooded over the adjacent marsh (Fig. 4b).

3.3. Bed shear stress

3.3.1. Bed shear stress at the tidal creek site
The wave activities were weak at the tidal creek site and the bed

shear stress was mainly controlled by currents (τc). The time series of τc
are shown in Fig. 4d and the tidal mean τc ranged from 0.01 to 0.76 N/
m2 (Table. 2). On average, τc was greater during over-marsh tides
(average, 0.37 N/m2) than that during creek-restricted tides (average,
0.09 N/m2). Within tidal cycles, peak τc occurred during late flood
during high tides but no similar peak τc appeared during creek-re-
stricted tides (Fig. 6).

3.3.2. Bed shear stress at the mudflat site
At the mudflat site, the bed shear stress was induced by both cur-

rents (τc) and waves (τw). The tidal mean τc ranged from 0.06 to
0.21 N/m2 and τw ranged from 0.14 to 0.99 N/m2 (Fig. 4c). The bed
shear stress due to waves (τw) displayed a strong relationship with
significant wave heights (Figs. 3b and 4c). The bed shear stress due to
combined current-wave action (τcw) was calculated using a hydro-
dynamic model (Soulsby, 1995), and the results are shown in Fig. 4d
and Table. 2. The tidal mean τcw ranged from 0.09 to 0.31 N/m2 and τcw
were significantly greater than τc (Figs. 4 and 6). On average, τcw
during over-marsh tides (average, 0.18 N/m2) was close to that during
creek-restricted tides (average, 0.21 N/m2).

3.4. Suspended sediment concentration

At the tidal creek site, the tidal mean suspended sediment con-
centration (SSC) ranged from 0.26 to 1.70 g/L and the peak SSCs oc-
curred during early flood (Table. 2). The mean SSCs during over-marsh
tides and creek-restricted tides were 0.90 and 1.13 g/L, respectively.
While during over-marsh tides, besides early flood period, high values
of SSC also were observed before the creek was filled. Then the SSC
decreased after the tidal elevation exceeded the salt marsh elevation
(Figs. 4e and 6). At the mudflat site, the tidal mean SSC ranged from
0.22 to 1.55 g/L (Table. 2). The mean SSCs during over-marsh tides and
creek-restricted tides were 0.99 and 0.97 g/L, respectively. During
creek-restricted tides, similar to the tidal creek site, the peak SSCs oc-
curred during early flood (Fig. 6). However, during over-marsh tides,
the SSC increased with the water depth and reached peak values before
the slack water periods. After that, the SSC reduced markedly as the
water depth decreased (Fig. 6).

3.5. Bed-level changes

At the tidal creek site, bed-level changes showed a significant trend
towards erosion during over-marsh tides (Fig. 4f). The tidal creek was
eroded by 35mm between T1 and T9. However, during creek-restricted
tides, the tidal creek switched to deposition and the elevation increased
by 20mm from T10 to T19 (Fig. 4f). While at the mudflat site, the bed-
level changes were somewhat contrary compared to the tidal creek site,
i.e., the mudflat was deposited by about 29mm between T1 and T9 and
eroded by 25mm from T10 to T19 (Fig. 4f).

3.6. Sedimentary processes in the mudflat-creek system

During creek-restricted tides (T10–T19), low water depths com-
bining with relatively high wind-induced wave activities, resulted in
greater bed shear stresses and erosion at the mudflat site (Fig. 7). The
resuspended sediments were transported landward to the salt marshes
and the tidal creeks along with the flooding currents, leading to rela-
tively high SSCs in these zones (Fig. 6d). On the other hand, the creek-
restricted currents led to low velocities and low bed shear stresses in the
tidal creeks, providing beneficial conditions for sediment settling and
deposition therein (Figs. 4 and 6d). During over-marsh tides (T1, T3,
T5, T7, and T9), fine-grained sediments in the adjacent estuarine area
were resuspended and transported to the mudflats. Larger water depths,
in combination with smaller bed shear stresses (Figs. 6e and 7), were
favorable for deposition in the mudflats. In the meantime, over-marsh
currents occurred in the tidal creek and led to lateral water and sedi-
ment spread to surrounding salt marshes (Fig. 5). The relatively large
bed shear stress could lead to increase in the SSCs. The high SSCs,
particularly when the currents were bankfull and flooded over the salt
marshes, would lead to the deposition in the salt marshes, due to ve-
getation trapping and velocity decreasing (Fig. 6c).

We provided an integrated concept model described the sedimen-
tary processes in intertidal environments based on the mudflat-creek
system (Fig. 8). In this way, sedimentary processes in the study area
could be inferred as: in a spring-neap tidal cycle, the sediments from the
estuarine waters were transported to the mudflats and deposited during
spring tides; afterwards, the sediments were resuspended from the
mudflats and transported to tidal creeks during neap tides; when next
spring tides came, the sediments in the tidal creeks are picked again and
transported to the salt marshes and deposited therein through over-
marsh currents.

4. Discussion

4.1. Role of mudflat-creek systems

Tide creeks and mudflats are both fundamental components in

Table 1
Summary of tidal conditions at the two study sites. The elevations are relative
to the theoretical low-tide datum at Wusong.

Tides Max. tidal elevation (m) (Referenced to datum at
Wusong)

Over-marsh or creek-
restricted

Tidal creek (Site
elevation: 2.2m)

Mudflat (Site
elevation: 2.1m)

T1 4.47 4.49 Over-marsh
T2 3.90 3.90 Creek-restricted
T3 4.55 4.57 Over-marsh
T4 3.99 3.99 Creek-restricted
T5 4.58 4.60 Over-marsh
T6 4.01 4.00 Creek-restricted
T7 4.46 4.47 Over-marsh
T8 3.92 3.91 Creek-restricted
T9 4.25 4.27 Over-marsh
T10 3.86 3.86 Creek-restricted
T11 4.08 4.08 Creek-restricted
T12 3.77 3.77 Creek-restricted
T13 3.93 3.99 Creek-restricted
T14 3.72 3.78 Creek-restricted
T15 3.64 3.70 Creek-restricted
T16 3.47 3.53 Creek-restricted
T17 3.28 3.35 Creek-restricted
T18 3.34 3.40 Creek-restricted
T19 2.91 2.97 Creek-restricted
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estuarine and coastal intertidal environments. A considerate amount of
incoming suspended sediment from the adjacent riverine zone could be
expected to deposit on the unvegetated mudflats (Whitehouse et al.,
2000; Yang et al., 2005). Some of these sediments would be re-
suspended and directly transported to the salt marshes, while some
would be firstly delivered to the tidal creeks, then were spread and
deposited over the salt marshes during over-marsh tides (Reed, 1989;
Fagherazzi et al., 2012).

The measurements of simultaneous sedimentary processes on the
salt marsh surface were lacking because we only conducted field
measurements in the tidal creek and the mudflat. Therefore, we could
not quantify the contributions of various sediment sources to deposition
over salt marshes. However the sediments on the mudflats and in the

tidal creeks have been considered as supply sources for the accretion of
the intertidal environments, particularly for salt marshes (Stumpf,
1983; Temmerman et al., 2005b; Bouma et al., 2009; Mariotti et al.,
2010; O'Laughlin and van Proosdij, 2013; Vandenbruwaene et al.,
2015). Recent studies also indicated that short-term mudflat dynamics
could drive long-term cyclic salt marsh dynamics (Bouma et al., 2016).
Based on the sedimentary processes observed in the mudflat and in the
creek, it is reasonable to infer the corresponding sedimentary processes
on the marsh surface.

The results in this study indicated that there were spring-neap
variations of erosion-deposition patterns, and sediment resource-sink
shifts of mudflat-creek system. At neap tides, the eroded sediment at
mudflats was transported towards tidal creeks and deposited therein,

Fig. 4. Time series of (a) tidal elevations, (b) mean current velocity, (c) bed shear stress due to currents (τc) and waves (τw) at the mudflat site, (d) bed shear stress
due to currents (τc) at the tidal creek site and bed shear stress due to the combined current-wave action (τcw) at the mudflat site, (e) SSC, (G) bed-level changes.
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supplying sediment source for over-marsh deposition at spring tides.
The accumulative effects of the spring-neap tidal variations of erosion-
deposition within the mudflat-creek system were therefore responsible
for sedimentary processes on the entire intertidal environment.

4.2. Controls of intertidal sedimentary processes

Under the combined effects of flat elevations, tidal currents, wind
waves, and sediment supplies etc., an intertidal environment would
reach a stable dynamic equilibrium, forming a mudflat-creek mor-
phology (Temmerman et al., 2003; Friedrichs, 2011; Mariotti and
Fagherazzi, 2013). Those equilibria are achieved through sediment
exchange dynamic balances between current-dominated creeks and
combined-wave-current-dominated mudflats (Shi et al., 2012; Mariotti
and Fagherazzi, 2013).

The elevation of intertidal environment is important in intertidal
sedimentary processes and dynamic equilibria, since the elevation ex-
hibits a close relationship with the submerged time (Fagherazzi et al.,
2012). In this study, during the studied spring-neap tidal cycle, the net
changes in the elevation of the tidal creek site and the mudflat site are
−15mm and 4mm, respectively. Erosions in the tidal creek would
result in local lower water levels and relatively shorter over-marsh
periods in the next tidal cycle. Thus more sediment tends to deposit in

the tidal creek rather than over the salt marsh, leading to a recovery
increase in the elevation of the tidal creek and a longer over-marsh
period. In general, long over-marsh time is positively related to salt
marsh depositions (Temmerman et al., 2003). The creek elevation is
primarily controlled by tidal currents, including creek hydrodynamics
and sediment transport. The tidal creek is eroded due to high bed shear
stresses derived from currents (average, 0.37 N/m2) during over-marsh
tides whereas is deposited under low bed shear stresses (average,
0.09 N/m2) at creek-restricted tides. Besides tidal currents, the mudflat
elevation is also directly influenced by wave activities, which always
results in high bed shear stresses and erosions in mudflats even at neap
tides (Shi et al., 2017). The eroded sediments stemming from the
combined effect of currents and waves in mudflats have significant
influences on salt marsh depositions, through an intermediate bridge-
tidal creek.

Field surveys based on terrestrial laser scanning data showed that
the studied intertidal habitat accreted remarkably with abundant se-
diment supply during the study period (Xie et al., 2018). Previous
studies have acknowledged the important role of sediment supply in
intertidal sedimentary processes as well (Yang et al., 2005; Kirwan and
Megonigal, 2013; Schuerch et al., 2014). Rich sediment supplies are
positively linked to intertidal depositions, particularly for mudflats.
This study emphasizes the significance of mudflat depositions as a se-
diment source for the mudflat-creek-marsh evolutions in particular. The
sediment in mudflats is eroded, transported, and deposited within the
mudflat-creek-marsh system, leading to a redistribution of sediment
within the entire intertidal environment. The high sediment-loaded
environment in the Yangtze Estuary provides enough sediment to
maintain dynamic equilibria and accretions in intertidal environments
(Yang et al., 2001). While in low sediment-loaded environments (e.g.,
Barnegat Bay), previous studies have reported that coastal intertidal
environments generally experienced erosions (Leonardi et al., 2016).

4.3. Implications and limitations

Previous studies indicated that coastal management required a good
understanding of sedimentary processes in intertidal environments,
including mudflat dynamics, creek dynamics and salt marsh dynamics
(Friedrichs, 2011; Zhu et al., 2012; Schuerch et al., 2014; Bouma et al.,
2016). These physical processes were interactional rather than

Fig. 5. Stage-velocity plot for the tidal creek site.

Table 2
The results of the analysis of current velocity (m/s), bed shear stress (N/m2), and suspended sediment concentration (SSC) (g/L) at the tidal creek site and mudflat
site.

Tides Velocity (m/s) Bed shear stress (N/m2) SSC (g/L)

Tidal creek Mudflat Tidal creek (τc) Mudflat (τcw) Tidal creek Mudflat

Max Min Avg ± Std Max Min Avg ± Std Max Min Avg ± Std Max Min Avg ± Std Max Min Avg ± Std Max Min Avg ± Std

1 0.74 0.06 0.43 ± 0.18 0.41 0.05 0.27 ± 0.09 1.78 0.06 0.42 ± 0.31 0.59 0.03 0.27 ± 0.17 4.54 0.21 0.82 ± 0.66 1.79 0.49 0.92 ± 0.21
2 0.45 0.02 0.19 ± 0.10 0.31 0.04 0.19 ± 0.07 1.99 0.08 0.76 ± 0.56 0.26 0.03 0.11 ± 0.05 1.63 0.03 0.26 ± 0.29 0.72 0.22 0.52 ± 0.13
3 0.83 0.03 0.49 ± 0.19 0.40 0.02 0.23 ± 0.10 1.33 0.00 0.43 ± 0.36 0.52 0.01 0.15 ± 0.12 5.08 0.28 0.79 ± 0.80 1.98 0.23 0.90 ± 0.47
4 0.43 0.02 0.18 ± 0.09 0.32 0.01 0.19 ± 0.07 0.40 0.00 0.06 ± 0.07 0.14 0.01 0.08 ± 0.04 3.80 0.06 0.33 ± 0.60 1.03 0.25 0.54 ± 0.23
5 0.81 0.04 0.51 ± 0.18 0.41 0.03 0.24 ± 0.11 1.27 0.00 0.48 ± 0.35 0.49 0.01 0.14 ± 0.12 4.00 0.29 0.77 ± 0.70 2.22 0.28 1.00 ± 0.58
6 0.44 0.01 0.19 ± 0.10 0.28 0.02 0.16 ± 0.07 0.33 0.00 0.06 ± 0.06 0.26 0.01 0.09 ± 0.05 3.27 0.06 0.35 ± 0.50 1.09 0.38 0.64 ± 0.23
7 0.72 0.06 0.47 ± 0.15 0.41 0.04 0.24 ± 0.09 1.06 0.00 0.39 ± 0.27 0.49 0.02 0.19 ± 0.12 4.48 0.43 1.06 ± 0.81 2.13 0.68 1.25 ± 0.34
8 0.41 0.04 0.18 ± 0.08 0.29 0.02 0.18 ± 0.07 0.29 0.00 0.06 ± 0.06 0.40 0.02 0.13 ± 0.08 1.95 0.49 0.72 ± 0.34 1.08 0.42 0.69 ± 0.15
9 0.48 0.05 0.32 ± 0.09 0.34 0.05 0.22 ± 0.08 0.34 0.00 0.15 ± 0.08 0.41 0.02 0.16 ± 0.08 4.15 0.54 1.02 ± 0.63 1.21 0.60 0.92 ± 0.14
10 0.39 0.02 0.17 ± 0.09 0.29 0.04 0.18 ± 0.07 0.23 0.00 0.04 ± 0.04 0.48 0.03 0.15 ± 0.11 2.44 1.16 1.32 ± 0.26 1.01 0.33 0.63 ± 0.13
11 0.48 0.05 0.20 ± 0.08 0.31 0.03 0.18 ± 0.07 0.30 0.00 0.06 ± 0.05 0.46 0.03 0.16 ± 0.08 5.87 1.13 1.70 ± 0.96 0.96 0.37 0.67 ± 0.13
12 0.45 0.01 0.16 ± 0.08 0.24 0.03 0.14 ± 0.06 0.22 0.00 0.05 ± 0.05 0.47 0.02 0.11 ± 0.08 2.25 1.20 1.32 ± 0.20 0.58 0.11 0.25 ± 0.10
13 0.44 0.01 0.17 ± 0.08 0.27 0.01 0.12 ± 0.07 0.37 0.00 0.05 ± 0.06 0.38 0.04 0.16 ± 0.09 3.43 1.35 1.60 ± 0.42 2.52 1.55 1.74 ± 0.18
14 0.40 0.00 0.14 ± 0.08 0.25 0.01 0.11 ± 0.07 0.24 0.00 0.04 ± 0.05 0.57 0.06 0.20 ± 0.14 2.50 1.44 1.60 ± 0.18 3.05 1.23 1.59 ± 0.34
15 0.32 0.02 0.13 ± 0.06 0.23 0.03 0.11 ± 0.07 0.15 0.00 0.03 ± 0.02 0.53 0.08 0.22 ± 0.14 3.50 1.41 1.69 ± 0.37 3.04 1.21 1.68 ± 0.45
16 0.31 0.01 0.11 ± 0.06 0.16 0.01 0.09 ± 0.04 0.12 0.00 0.02 ± 0.02 0.45 0.11 0.24 ± 0.10 2.46 1.44 1.58 ± 0.14 3.63 0.95 1.25 ± 0.42
17 0.29 0.01 0.10 ± 0.06 0.14 0.00 0.08 ± 0.04 0.09 0.00 0.02 ± 0.02 0.44 0.05 0.20 ± 0.09 3.00 1.40 1.70 ± 0.31 2.25 0.90 1.13 ± 0.29
18 0.27 0.01 0.09 ± 0.05 0.16 0.00 0.08 ± 0.04 0.15 0.00 0.03 ± 0.03 0.49 0.07 0.26 ± 0.11 2.07 0.61 0.72 ± 0.20 3.20 0.82 1.04 ± 0.43
19 0.19 0.01 0.08 ± 0.05 0.10 0.00 0.05 ± 0.02 0.05 0.00 0.01 ± 0.01 0.50 0.13 0.31 ± 0.09 2.41 0.61 0.92 ± 0.30 3.30 0.93 1.22 ± 0.55
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independent. The current study suggested that physical processes over
salt marshes were linked to those in mudflats by tidal creeks. The
mudflats served as a provisional sediment ‘sink’ with respect to much
large scale estuarine and coastal waters while on the other hand as a
sediment ‘source’ of tidal creeks. Tidal creeks formed as ‘blood tubes’
received sediment from seaward mudflats and then transported them to
adjacent salt marshes, thus could be seen as a ‘sink’ of mudflat sediment
and a sediment ‘source’ of salt marsh deposition. The mudflat-creek
systems establish coherent links in sediment exchanges between inter-
tidal environments and oceans.

Moreover, it should be noted that the above sedimentary patterns of
the mudflat-creek system were valid under fair weather conditions. The
erosion-deposition patterns might be quite different under storms re-
garding more elevated water level and much stronger wave influences
(Leonardi and Fagherazzi, 2015). Severe erosion was highly likely to
occur in the mudflat during storms because of much larger great τcw
(Yang et al., 2003; Mariotti et al., 2010). These eroded sediments would

end in mudflat-creek systems and finally deposited in salt marshes
(Yang et al., 2003; Xie et al., 2017). It remains unknown it is the small
but persisting evolution driven by tides under fair weather or the epi-
sodic but strong changes induced by waves play a more important role
on longer term intertidal morphodynamics.

Although the tidal creeks were important for the sedimentary pro-
cesses in the salt marshes, particularly for the high-elevation zonation
(Allen, 2000; Christiansen et al., 2000; Friedrichs, 2011; Fagherazzi
et al., 2012), marsh edge erosion and retreat and subsequent landward
sediment transport would also stimulate salt marsh accretion
(Temmerman et al., 2013; Bouma et al., 2016). Previous studies showed
that in macro-tidal estuaries and coasts, a considerate portion of the
total marsh sedimentation was attributed to landward sediment trans-
port from mudflat directly (crossing marsh edges) (Davidson-Arnott
et al., 2002; van Proosdij et al., 2006). The proportion of total sediment
input from marsh edges displayed a positive relationship with the tidal
elevation (or water depth) (Temmerman et al., 2005a). There were

Fig. 6. Representative time-series of over-marsh (a, c, e) (e.g. tide 3) and creek-restricted (b, d, f) (e.g. tide 15) tides. The relationship between SSC and bed shear
stress are displayed: (c) the tidal creek site during over-marsh tides, (d) the tidal creek site during creek-restricted tides, (e) the mudflat site during over-marsh tides,
(f) the mudflat site during creek-restricted tides.

Fig. 7. At the mudflat site, (a) scatterplots relating bed shear stress to water depth, (b) scatterplots relating SSC to bed shear stress.
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evidences that the salt marsh edges were eroded apparently during
storms and the sediments would deposit near mudflats in the Yangtze
Estuary (Xie et al., 2018). These freshly deposited sediments thus could
provide extra sources to be transported into tidal creeks and salt mar-
shes. Further work is needed to consider the sediment transport linking
mudflat-marsh and mudflat-creek-marsh.

5. Conclusions

This paper investigated the role of mudflat-creek exchanges in se-
dimentary processes over an intertidal habitat in the Yangtze Estuary.
We conducted field measurements of water levels, waves, velocities,
SSCs, and bed-level changes in a tidal creek and its adjacent mudflat.
During high tides, the bed shear stress (average, 0.18 N/m2) was low in
the mudflats. Meanwhile, SSC (average, 0.99 g/L) was high due to large
amounts of sediment input from large scale estuarine waters, leading to
deposition and an elevation increase of 29mm in the mudflats. In the
meantime, sediment in the tidal creek was resuspended by the rela-
tively high bed shear stress (average, 0.37 N/m2), and deposited over
the salt marsh during over-marsh periods. The elevation of the tidal
creek decreased by 35mm. By contrary, during low tides, the water
depth was low and the bed shear stress (average, 0.21 N/m2) was re-
latively high in the mudflats, which resulted in sediment resuspension
(average SSC, 0.97 g/L) and an elevation decrease of 25mm. The re-
suspended sediment was delivered to the tidal creek and deposited due
to the low bed shear stress (average, 0.09 N/m2). The elevation of the
tidal creek increased by 20mm.

This study generalizes a unified concept model to describe the se-
dimentary processes in intertidal environments based on a sediment
transport conduit in the mudflat-creek systems. The sediments from the
estuarine waters are transported to the mudflats and deposited during
flood tides. Afterwards, the sediments are resuspended from the mud-
flats and transported to tidal creeks during neap tides. When next over-
marsh tides come, the sediments in the tidal creeks are flushed over the
salt marshes and deposit through over-marsh currents.

The results indicate that there is an erosion-deposition cycle in the
mudflat-creek system during a spring-neap tidal cycle under fair
weather conditions, which further influences the morphodynamics over

the salt marsh and sedimentary processes in intertidal environments.
These findings likely represent the morphological configuration of most
intertidal environments. Further studies are required to better under-
stand the effect of sediment fluxes across marsh edges on intertidal
evolutions. Additional impact factors may also worth further in-
vestigation.
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