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Understanding the spatial-temporal pattern of sedimentary dynamics on tidal flats is important for examining
their ecological function and evolutionary trend. In this study, the dynamic state of sediments across an open-
coast tidal flat of the meso-tidal Changjiang Estuary, China, on a monthly scale from December 2014 to June
2016 was examined, based on a high-spatial-resolution sedimentological-topographic survey and a collection
of related meteorological-hydrological data. The results revealed a continuously distinct zonation of sediments,
which transformed seaward from sand-dominance to silt dominance over a short distance. A zoning, to divide
the tidal flat into a sand zone, a mixture zone and a silt zone, was delimited based on the cluster analysis of
grain size frequency distributions. The zonation was highly dynamic, with the mixture zone migrating upward
during summer and experiencing an uplift of 1 m in its lower boundary over the time period examined. Within
each zone, the medium size and sorting coefficient of sediments tended to be smaller in winter than those in
summer. Alterations of themean tidal level likely controlled the zonation shift and sediment variations. A higher
mean tidal level indicated a landward shift of the location exhibiting shear stress maxima and the mixture zone
had tomigrate upward tomaintain an appropriate stress for the development ofmixed sediments. The impacts of
waves were masked under normal conditions, but during storms strong waves dominated an embedded down-
ward displacement of the mixture zone. Characteristics of sediments covering a large region of the tidal flat
changed along with zonation shifts, resulting from altered proportions among sandy, mixed and silty sediments.
The study highlights that sedimentary zonation shift, under the impacts of seasonal variations in tidal level, can
be a major manifestation of tidal flat sedimentary dynamics.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The nature of surface sediments on tidal flats is a key factor regulat-
ing their organic sorption, pollutant accumulation and significance in
global biogeochemical cycling (Costanza et al., 2014; Martinez-Garcia
et al., 2015). Additionally, sediment grain size and its distribution hold
important implications for sediment transport and erosion/deposition
on tidal flats (Gao and Collins, 1994). Knowledge regarding the
spatial-temporal pattern of sedimentary dynamics is essential to ad-
vance our understanding of the ecological function and evolutionary
trend of tidal flats. This is increasingly urgent in the face of climate
change and artificial interference, which have resulted in worldwide
tidal flat degradation and recession (Kirwan and Megonigal, 2013).

The character of tidal flat sediments rests with the couplings be-
tween sediment source, regional hydrodynamics, and biological activity
(e.g., Dyer, 1986; Friedrichs et al., 2008; Shynu et al., 2017), and thus can
suffer dramatic changes in response to alterations in these processes.
uarine & Coastal Research, East
For tidal flats neighboring or within estuaries, the composition and
quantity of riverine sediments generally play a significant role in
sediment variations (e.g., Gratiot and Anthony, 2016). For example, on
the Ouse Estuary, England, tidal flats were found to exhibit silty-clayey
substrates in winter but sandy surface-sediments in summer, regulated
by riverine sediment discharge (Uncles et al., 1998). Some studies have
focused on responses of tidal flat sediments to hydrodynamics
(e.g., Allen and Duffy, 1998; Alcántara-Carrió et al., 2018). For example,
Allen and Duffy (1998) found that the sediments on the tidal flats of the
Severn Estuary, UK, grew sandier from spring to autumn, mainly attrib-
utable towinter storminess; Shynu et al. (2017) revealed a cyclic forma-
tion and disruption of fluid muds induced by seasonally changedwaves
for the tidal flats of the Alleppey, India; Alcántara-Carrió et al. (2018)
pointed out that the alternation of the Subtropical South Atlantic High
contributed to the variations in the tidal flat sediments of the Araçá
Bay, Brazil. The biological activity of tidal flats, including bioturbation,
bio-adhesion, and bio-aggregation, can be independent of sediment
supply or hydrodynamics and locally alters sediment texture by chang-
ing bed erodibility (Friedrichs et al., 2008). As shown in Andersen et al.'s
(2005) study in the Rømø Bight, Denmark, algal biofilms, developed
seasonally, led to an increase in erosion threshold and a fining of bed
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sediments. Sediment grain size variations also show relevance to tidal flat
deposition/erosion, with a tendency of sediment fining as deposition
occurs (Eisma, 1998), while the actual interactive-mode between
sediment grain size and bed elevation was diverse among seasons
(Yang et al., 2008). Additionally, sea level eustasy has been reported to
bring changes to the long-term morpho-sedimentary dynamics of tidal
flats (e.g., van der Wegen et al., 2017), while how seasonal fluctuations
can impact the sediments have been rarely mentioned.

Tidal flat sediments are characterized by specific cross-shore
distributions (e.g., Dyer, 1986; Fan, 2012). Along a transverse section,
the grain size trends of sediments were found to be related to the
relative dominance of tides or waves (Eisma, 1998). For example, on the
extensive tidal flats in the northern Jiangsu Province, China, in a tide-
dominated regime, sediments were discovered to gradually coarsen
seaward (Li et al., 2005). As for the strongly wave-exposure tidal flat in
the southwestern coast of South Korea, a seaward fining trend, similar
to that on beaches, was detected (Yang et al., 2005). An exception was a
tidal flat along the coast of Suriname, which showed the finest deposits
(dominated by silty clay) and little trend variations (Lefebvre et al.,
2004). Additionally, the sediments generally exhibit some transverse
differentiation, with large transitions in sediment texture and grain size
in some locations (e.g., Eisma, 1998; Chun, 2007). A sedimentary zonation
of tidal flats has been put forward (e.g., Fan, 2012), but is less commonly
used than the topographic zonation based on specific waterlines
(e.g., mean high water level and mean low water level) due to its limita-
tion in global standardization. Accordingly, variations in the spatial
patterns of tidal flat sediments, especially possible sedimentary zonation
shifts, have been examined in only a few studies (e.g., Chun, 2007;
Alcántara-Carrió et al., 2018), which weremostly conducted in a descrip-
tive way. While there are many studies looking at changes in beach
sediments, less work has been done to variations in tidal flat sediments
with sedimentary zonation shifts.

In this study, the dynamic state of sediments across an open-coast
tidal flat in the Changjiang Estuary, China, was examined on a monthly
scale, based on an integrated survey of cross-shore sediments and
topography and a collection of meteorological and hydrological data.
Major objectives of this study were to: (1) explore the spatial pattern
alterations of the sediments in terms of zonation shifts; (2) detect the
monthlychanges in sedimentgrain sizeofdifferent zones; and(3)analyze
responses of the zonation shifts and grain size variations to external dy-
namics and internal topographic changes. This would give light to studies
on sedimentary dynamics of tidal flats coping with similar regimes.

2. Study area

The Changjiang River is the largest river in the Eurasian Continent
(Fig. 1A), exhibiting a length of 6300 km, with a multi-year average
water discharge of 905 × 109 m3/yr and a sediment discharge of 0.43
× 109 t/yr between 1950 and 2000 (Dai et al., 2014). Nearly 47% of the
riverine sediment has accumulated in the subaerial delta and estuarine
system, favoring the development of tidal flats (Liu et al., 2006). The
Nanhui Shoal, located in the south flank of the Changjiang Estuary,
has undergone the fastest accretion with its −5 m isobaths migrating
seaward at a rate of 0.5–1.2 km/yr over the past 100 years, and it is
now the largest marginal shoal of the estuary (Chen, 2007). Over recent
decades, the Changjiang riverine sediment discharge has decreased by
70%, largely attributable to the operation of the Three Gorges Dam.
However, the shoal kept a fast accretion concentrated in the regions
above −2 m as a result of large-scale siltation promotion projects,
with its intertidal area significantly decayed owing to reclamation
which now covers an area of 202 km2 (Wei et al., 2019).

The field surveywas conducted on an exposed tidal flat at the south-
ern edge of the Nanhui Shoal (Fig. 1B). The tides here are semidiurnal
and high mesotidal, exhibiting an average tidal range of 4.0 m during
springs and a bi-direction tidal current with the principal axis parallel
to the coastline (Yun, 1983). The tides have a smaller flood period and
a longer duration of high water. The tidal levels can be modulated by
the riverine water discharge and show significant seasonal variations,
with the monthly-average tidal height in summer 0.3 m higher than
that in winter (Wang et al., 2018). The winds, affected by monsoons,
are southeasterly in summer and westerly in winter, with an annual-
average wind speed of 4 m/s (Yun, 1983). Accordingly, the waves are
generally landward in summer and offshore in winter. The multi-year
average and maximum wave heights, recorded at the −5 m isobaths
off the Nanhui Spit, are 1.0 m and 6.2 m, respectively (Group of
Shanghai Coastal Investigation GSCI, 1988). Tropical cyclones frequently
impact the region in summer (Chen, 2007). This includes typhoon
Chan-hom, which is the strongest typhoon to pass within 160 km of
Shanghai in the past 35 years and has made landfall roughly 140 km
southeast of Shanghai on July 11th 2015 with a wind speed exceeding
40 m/s (CMR, 2015).

The intertidal region of the studied tidalflat,whichwas destroyed by
reclamation, has developed since 2008. Around the study site, bed sed-
iments are mainly composed of sand or silt in the intertidal region and
are generally silt-dominant in the subtidal region (Yan et al., 2011).
Our previous field survey in December 2011 (data published in Lin
et al., 2014) and December 2014 shows that subsurface sediments
(2–10 cm below the surface) in both subtidal and intertidal regions
exhibit similar compositions to those of surface sediments (topmost 2
cm). The suspended sediments in the Changjiang outflow, which are
transported southward along the China's coast (Liu et al., 2006),
could likely impact this site, while these suspended sediments are
very fine, mainly containing silt and clay and exhibiting an average
medium size of 0.10 mm during 2003–2010, monitored at Datong
(Gao et al., 2015). The sediment sampling section (Fig. 1C) shows a
concave-up profile, with a mean gradient of ~7‰ and a low tide width
of ~500 m. Elevation along the section is generally below MHWS
(mean high water during springs), indicating a missing supratidal
zone. Along this section, the subtidal flat of the Nanhui Shoal is quite
narrow relative to that in the inner estuary and exhibits a slope of
~4‰, based on a bathymetric survey in 2013 (Dai et al., 2018).

There are several engineering interventions related to the study site.
At the transect distance of 37.5–50 m is located a jetty, which weakens
the waves passing by and restricts landward flows, further favoring
occasional development of a small gully (Wanget al., 2018); the construc-
tion of cross-shore groins and along-shore dykes upstream of Nanhui Spit
retains sediment there andwould reduce fluvial suspended sediment ex-
port through the South Passage (Dai et al., 2018); and the construction of
the Donghai Bridge could weaken ebb currents towards the study site.
Additionally, biological activity here is not significant, given the low bio-
mass from benthos, with no obvious evidence of diatom biofilm or
sediment-mediated biological disturbance (Zhu et al., 2014).

Based on the above descriptions, the study site herein is more like a
tidal flat of a concave-up profile in Friedrichs's (2011) summary, in
terms of tidal flat shape and independent forcings such as relatively
strong wave actions and human disturbance. However, this studied
flat experiences a relatively large tidal range, large external sediment
input but of unmatched composition, limited bioturbation, and faster
rising tide with longer duration of high water.

3. Materials and methods

3.1. Data acquisition

3.1.1. Sediment observations
A monthly sedimentological survey was carried out over the period

December 2014–June 2016. This includes an additional survey on July
15th 2015, i.e. four days after the passage of typhoon Chan-hom, to
examine the impacts of this storm. During the survey, bed sediments
of the topmost 2 cm were sampled every 12.5 m along the repeat
fixed section (Fig. 1C). This sediment thickness corresponds to the
active layer, sediments within which could represent timely responses



Fig. 1.Diagrams showing (A) locations of theChangjiang catchment; (B) locations of the study area; and (C) the topography of the section to conduct sedimentological-topographic survey.
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to hydrodynamics (Abuodha, 2003; Kaczmarek et al., 2004). The selec-
tion of topmost 2 cm is relatively conservative, given that the intra-
tidal erosion under moderate weather could exceed 2 cm (Zhu et al.,
2014) and the erosion during two tidal cycles could exceed 15 cm
under energetic conditions (Fan, 2012) around the study site. Although
the survey was generally conducted during springs, the sample number
varied, attributable to the variations in actual tidal elevation (Table 1). A
total of 396 sediment samples have been acquired and then grain size (a
series of grain fractions andmass percentage, i.e., frequency distribution
of grain size) was measured by a Coulter LS 100Q grain size analyzer
(Coulter, USA).

3.1.2. Topography observations
Alongwith the sedimentological survey, bed elevation along the sec-

tion was monitored (Table 1) by a Trimble R8 GPS (Allen et al., 2012)
over the period July 2015-Feburary 2016 and by a 3D terrestrial laser
scanner (RIEGL-VZ4000; Riegl, 2015) at other times. These data went
through a uniform georeferencing (to the ‘Shanghai City coordinate’
and ‘Wusong Datum’) and calibration (showing a vertical error within
0.02 m) and were used to analyze the linkage between topographic
changes and sedimentary dynamics.
3.1.3. Meteorological and hydrological data collection
Themeteorological and hydrological data were collected to examine

factors impacting tidal flat sedimentary dynamics. Data on daily wind
speed, significant wave height and meanwave direction were collected
from a dataset named ‘ERA5 hourly data on single levels from 1979
to present’ in the European Centre for Medium-Range Weather Fore-
casts (https://www.ecmwf.int/). This is a reanalysis of global climate,
with a horizontal resolution of 0.25° × 0.25° for atmospheric data and
a resolution of 0.5° × 0.5° for ocean wave data. Data at the cell of
(121.75°E, 31°N) was selected to represent wind and incident wave
conditions around the study site. Data on monthly tidal level at
Luchaogang (Fig. 1B)were collected from the ShanghaiWater Authority
(http://www.shanghaiwater.gov.cn/). Data on monthly Changjiang
water/sediment discharge were collected from the Bulletin of China
River Sediment (www.cjh.com.cn/).

3.2. Analytical methods

3.2.1. Data processing
Data on frequency distribution of grain size provided the most de-

tailed information on sediment grains and thereforewere used to define

https://www.ecmwf.int/
http://www.shanghaiwater.gov.cn/
http://www.cjh.com.cn/


Table 1
Overview of the monthly sedimentological and topographic survey.

No. Date Wind speed
(m/s)

Wind direction
(°)

Wave height
(m)

Sample quantity Topographic survey

1 Dec. 15th, 2014 6.4 197.9 1.7 41 Lidar
2 Jan. 22nd, 2015 5.4 160.3 2.4 38 Lidar
3 Feb. 3rd, 2015 3.7 191.1 1.6 36 Lidar
4 Mar. 1st, 2015 3.6 165.8 2.6 14 Lidar
5 Apr. 2nd,2015 8.1 350.6 2.0 21 Lidar
6 May 5th, 2015 5.1 317.7 3.5 17 Lidar
7 June 4th, 2015 3.1 320.4 4.4 20 Lidar
8 July 3rd, 2015 4.3 280.3 2.2 13 RTK
9 July 15th, 2015 4.4 284.2 2.2 31 RTK
10 Aug. 17th, 2015 4.1 236.3 1.7 15 RTK
11 Sep. 12th, 2015 6.3 148.9 4.0 25 RTK
12 Oct. 13th, 2015 1.2 226.8 2.4 25 RTK
13 Dec. 15th, 2015 5.3 160.8 1.9 25 RTK
14 Feb. 21st, 2015 6.2 300.7 2.4 25 RTK
15 Apr. 22nd, 2015 4.2 319.1 3.0 25 Lidar
16 June 21st, 2015 3.4 324.3 5.5 25 Lidar
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sedimentary zonation, with the analytical method described in
Section 3.2.2. Parameters including sand/silt/clay content, medium
size (D50), sorting coefficient (σ), skewness and kurtosis were com-
puted following AGU (AGU, 1947) and McManus (1988), with their
mean values within specific regions (divided based on the defined
zonation) calculated to examine monthly variations in sediment grain
size. The topographic data were used to define the elevation range
(upper and lower boundaries) of the zones and then quantify the
vertical displacements of these zones. Furthermore, mean/maximum
significant wave heights within 1, 3 and 7 days before each survey
were calculated from the original wave data. These processed wave
data, together with the collected daily wind data, monthly tidal level
data and monthly water/sediment discharge data, were used to distin-
guish factors dominating possible sedimentary zonation shifts and
sediment grain size variations of the studied tidal flat, through linear
regression analysis (e.g., Berry and Lindgreen, 1990).

3.2.2. Clustering analysis
The K-means clustering analysis, of high efficiency and simplicity

in data classification (Han and Kamber, 2006), was introduced to de-
limit the sedimentary zonation. Firstly, the dataset Xm×n (data on grain
size frequency distribution of a sample aligned in a row; m is sample
quantity and n is the number of grades) was randomly assigned to k
(a predetermined number) clusters, generating an initial clustering C
{Ci, i = 1, 2, …, k} surrounding a center of μi. Then an iterative process
began to minimize the following object function (J):

J Ckð Þ ¼
X

xi∈Ck

xi−μkð Þ2 ð1Þ

where xi was the ith sample. With sediments of each month zoned, the
zonation shift could be quantified.

3.2.3. Empirical orthogonal function
The empirical orthogonal function (EOF), which could decompose

a complex dataset into a small number set of uncorrelated variables
(Dai et al., 2010; Wei et al., 2017), was introduced to examine the
major patterns of monthly cross-shore sedimentary dynamics. Specifi-
cally, the data to be analyzed was organized in a form of D(O)m×n,
with data for a month aligned in a single column. The EOF analysis
was described as:

D ¼ ∑n
i¼1ti � si ð2Þ

where ti and si were the ith eigenweighting and eigenvector,
representing the temporal and spatial patterns involved in the sediment
grain size changes, respectively. The first few modes, with cumulative
contribution rate exceeding 75%, were adequate to examine the main
information of the dataset (Dai et al., 2010).

4. Results

4.1. Cross-shore distribution of sediments

The sediments exhibited three types of grain size frequency distribu-
tion (Fig. 2), including a unimodalmodewith peak frequency at 2.5–3.0
φ in the land side, a bimodal or unimodal mode exhibiting moderate
frequency over grains of 2.5–5.0 φ in middle, and a unimodal mode
with a peak at 4.5–5.0φ on the seaward side. Meanwhile, the sediments
were found to transform seaward from sand-dominance (of a sand con-
tent >80%) to silt-dominance (of a silt content >65%) over a short
distance (dozens of meters), with D50 increasing abruptly from 2.7 φ
to 4.6 φ (Fig. 3A, B, D; Table 2). Significant correlation (p < .01) was
detected among the similarly distributed sand/silt content and D50.

Clay contentwas generally small (<10%), as of either seaward increas-
ing (e.g., during April–October 2015) or transversely uniform (e.g., during
February–June 2016). σ, skewness and kurtosis showed similar distribu-
tion mode (Fig. 3E–G) and were significantly correlated (p < .01). They
all decreased seaward gradually except in January 2015, when their
values showed overall seaward increasing trends andweremuch smaller
(>1) than other periodswithin the transect distance of 0–175m. At site 2,
at an offshore distance of 12.5 m, sediments of abnormally bimodal
frequency distribution curve and different composition and grain size
relative to the neighboring sites were found between March–July 2015
(Fig. 2D–H and Fig. 3A–G). Additionally, bed elevation increased within
the distance of 0–37.5 m but decreased at 75–150 m (Fig. 3H).

4.2. Shift in sedimentary zonation

Between 2014 and 2016, sites exhibiting bimodal sediments varied
(Fig. 2) and shifted frequently within a transect distance of 50–187.5
m (Fig. 3A, B, D). Given the unique cross-shore distribution of high
similarity in texture in the land/sea side and dramatic changes in
middle, the k was set as a value of 3 in the clustering analysis to divide
the tidal flat into a sand zone, mixture zone and silt zone seaward
(Fig. 4A, B). Notably, a correction was needed for site 2, where bimodal
sediments with different grain sizes relative to neighboring sites were
occasionally developed (Fig. 2).

Fig. 4C shows horizontal displacement of themixture zone, based on
multiple clustering analyses. Between 2014 and 2016, this zone experi-
enced a net landward retreat of 62.5 m, with a strong tendency of



Fig. 2. Variations in grain size frequency distribution. The red line labels sediments of mixture zone, which is extracted by the K-means clustering analysis and generally shows bimodal
frequency distribution. Panels (H) and (I) represents situations before and after the storm, respectively. (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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retreat in summer and embedded seaward advance between March–
April 2015 and over the period just after the storm. Meanwhile, the
width of the zone decreased by 75 m and showed a narrowing trend
in spring. Additionally, the landward retreat of the mixture zone was
generally consistent with its upward migration, being 0.3 m in terms
of its upper boundary and 1 m in terms of its lower boundary over the
survey period (Fig. 4D). The width of the elevation range to develop
the mixture zone was found to change in a similar way to variations
in its horizontal width.

4.3. Temporal variations in grain size

Shown in Fig. 5 are variations in sediment grain size of different
zones. In the sand zone, D50 increased slightly (by 0.1 φ) and was rela-
tively small in February and July (Fig. 5A); and σ, skewness and kurtosis
all experienced sharp decreases around January 2015 and February
2016 and stayed stable over other periods (Fig. 5D, G, J). As for themix-
ture zone, D50 showed an approximately symmetric distribution, being
small around February 2014 and June 2016 (Fig. 5B); and σ, skewness
and kurtosis changed in a similar way to the sand zone (Fig. 5E, H, K).
Variations in the four parameters for the silt zone were similar to
those in the mixture zone, except for the overall increased skewness
and kurtosis.

Variations in grain size at fixed locations (Sites 1–4: constant sand
zone; Sites 5–16: regions undergoing zonation shift; Sites 17–25: con-
stant silt zone) are also shown (Fig. 5). Variations at the sites 1–4 and
17–25 were always in accordance with the sand zone and silt zone, re-
spectively. Relatively, D50 increased significantly by 1.3 φ and skewness
and kurtosis exhibited continuous decreases after April 2015 at sites 5–
16, different from the abovementioned variations in the mixture zone
(Fig. 5B, E, H, K).

4.4. EOF analysis of sedimentary dynamics

D50, showing distinct changes both spatially and temporally, was se-
lected to conduct the EOF analysis. The data for sites 1–25were interpo-
lated to obtain a complete matrix and went through EOF analysis
directly, generating three valid eigenmodes (Fig. 6). The first eigen-
mode, contributing 98.0% of the total variance, showed an average
state of the sedimentary dynamics. Specifically, D50 remained large
(small) in the land (sea) side and experienced a gradual increasewithin
the distance of 50–187.5 m (Fig. 6A2), in accordance with the spatial
distribution shown in Fig. 3. This first eigenweighting was small before
January 2015 and showed moderate fluctuations thereafter (Fig. 6A1),
resembling an intermediate state among changes in D50 of different
zones (Fig. 5A–C).

The second and third eigenmodes, although of low contribution
rates, were themajor modes to explain the shifts in the spatial distribu-
tion of D50 and cumulatively contributed to 75% of the residual variance
(Fig. 6B, C). The second eigenweighting shows negative values afterMay
2015 and the eigenvector becamepositive offshore the distance of 187.5
m (Fig. 6B). This eigenmode explained the transfer from advance to



Fig. 3.Diagrams showing spatial-temporal distribution of (A) sand content, (B) silt content, (C) clay content, (D)D50, (E)σ, (F) skewness and (G) kurtosis and (H) sampling elevation of the
sediments. The black line labels sediments of the mixture zone, which is extracted by the clustering analysis and shows large gradients in sand/silt content and D50.

Table 2
Statistics on the mean value of parameters among different zones.

Zones Sand (%) Silt (%) Clay (%) D50 σ Skewness Kurtosis

Sand zone 80.9 12.4 6.7 2.7 2.0 2.5 3.1
Mixture zone 58.7 32.9 8.4 3.5 2.0 2.3 3.0
Silt zone 19.5 69.5 11.0 4.9 1.7 2.0 2.6
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retreat for the mixture zone, beginning in May 2015. The third
eigenweighting showed a pitch point in September 2015 and the eigen-
vector exhibited large absolute values within the distance of 50–187.5
m (Fig. 6C). Together with the second mode, this mode explained the
variations in width of the mixture zone.

5. Discussion

5.1. Sedimentary zonation and its shift

Hydrodynamic sorting, relative to the character of fluvial sediments,
seems to control the sediment texture and its distribution here, shown
by the sandy-silty flat (Fig. 3) versus the silty-clayey Changjiang sedi-
ment input (Gao et al., 2015). This is different from the cases at the
coasts of eastern England (Möller et al., 1999) and Guiana (Gratiot and
Anthony, 2016). The development of sedimentary zonation under the
regulation of hydrodynamic sorting could be explained by a conceptual
model shown in Fig. 7. Given a wave-dominance regime manifested by
the seaward fining sediments (Eisma, 1998), the transverse bed shear
stress on the studied tidal flat should show a quasi-parabolic distribu-
tion (Friedrichs, 2011; Hu et al., 2015). Fine sediments are not likely to
deposit on the high part of the tidal flat, where bed shear stress is
enough large and a sand zone forms. In the middle of the tidal flat,
bed shear stress is within an appropriate range, tending to erode just a
portion of silty sediments and further resulting in a mixture of sandy
and silty sediments. The suspended silty sediments could only accumu-
late on the seaward side, leading to the formation of a silt zone. The
large tidal range, strong wave exposure (Yun, 1983) and small flat
width help maintain the differentiation of bed shear stress and its in-
duced sorting of sediments into different zones.

The sediment grains and their spatial patterns observed here are
highly dynamic (Figs. 3, 4). From a geological point of view, the detected
changes in sediment composition and displacements of the mixture
zone might result from erosion of surface sediments and exposure of
sub-surface substrate (Dyer, 1986). However, our sediment sampling
from the topmost 2 cm rules out this possibility. As Kaczmarek et al.
(2004) noted, the superficial sediments “remember” the hydrodynam-
ics shaping them and the adaptation time could be as short as a few
hours. Our sampled sediments of the topmost 2 cm, although likely go
beyond the definition of superficial sediments by Kaczmarek et al.
(2004), are within the active layer, which could exceed 15 cm in thick-
ness based on Fan (2012)'s observation and our surveyed topographic
changes. Thus, the detected sedimentary dynamics represent timely re-
sponses to hydrodynamics, presumably of an adaption timewithin sev-
eral days. The similar composition in sediments from the surface layer
and subsurface layer (Lin et al., 2014) also supports this inference.



Fig. 4. (A–B) Clustering analysis results of sediments in June 2015 and June 2016, with the black cross in panel (A) labeling an incorrect classification; (C) horizontal displacement of the
mixture zone; and (D) vertical displacement of the mixture zone.
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Sedimentary zonation shifts could be a major manifestation of cross-
shore sedimentary dynamics of tidal flats and are not unique to
our study site. At Gyonggi Bay, Korea, the Han riverine mud input
leads to an intrusion of mixed flat towards the sandy flat in summer
(Chun, 2007). In the Araçá Bay, Brazil, the Subtropical South Atlantic
High and migratory cold fronts are found to result in alterations in
sediment distributions on tidal flats (Alcántara-Carrió et al., 2018). As
for the tidalflat herein, riverine sediments havebeenproved to contribute
little to flat sedimentation (Wei et al., 2019).Wind direction is deemed to
play a role in sediment transport (Yun, 1983) and the prevailing onshore
wind in summer is consistent with landward retreat and upward migra-
tion of the mixture zone (Figs. 4, 8A). Additionally, the fluvial control,
scaled by riverine water discharge, is proved to be limited (Chen, 2007),
and the impacts from wave direction is absent, as waves are generally
onshore during each survey (Fig. 8C).

Seasonal fluctuations of mean tidal level (Fig. 8D), which are equiv-
alent to sea-level eustasy, could be a factor triggering the observed
zonation shifts. As shown by van der Wegen et al. (2017), sea-level
rise likely induces a landward displacement of the location exhibiting
shear stressmaxima. Accordingly, the regions that suffer an appropriate
stress for the development of mixed sediments should migrate upward
as the mean tidal level becomes higher (Fig. 7), and the positive corre-
lation between mean tidal level and upper/lower elevation limits of
the mixture zone could be explained (Fig. 9). Based on the conceptual
model (Fig. 7), stronger incident waves indicate an overall increase of
bed shear stress (van Rijn, 1993) and therefore a downward migration
of the mixture zone. However, the mixture zone shows a trend of up-
ward displacement in June, when wave heights are relatively large
(Figs. 4D, 8B). This indicates that the impacts of waves on sedimentary
zonation shifts are probably masked by variations in mean tidal level
under normal conditions.

5.2. Factors controlling grain size variations

Waves are acknowledged as an important factor regulating sedi-
ment grain size on open-coast tidal flats (Eisma, 1998). Stronger
waves tend to accelerate resuspension of fine sediments and prevent
their deposition on higher part of tidal flats, and can generate better
sorted sedimentswith coarser grains (e.g., Shynu et al., 2017). However,
in this study, both sediment size (in φ) and sorting coefficient are posi-
tively related tomean significantwave heightwithin 7 days before each
survey (Fig. 10A, C). Other processes, therefore, may contribute to the
detected sediment changes in our study site, which suffers relatively
strong tidal and wave actions.

On the high part of the studied tidal flat (Sites 1–4), where wave
actions are the most significant, sediments are sand-dominant (Fig. 3).
Accretion occurs between July–October 2015 together with a fining of
surface sediments, and the surface sediments become finer again
between February–June 2016 with minor deposition/erosion episodes
(Figs. 3, 4). Presumably, the observed sediment fining over the above
two periods, when mean tidal level increases gradually, is not induced
by a net gain of finer sediments, but a result of weaker hydrodynamic



Fig. 5.Monthly variations in sediment grain size of different zones: (A–C)D50, (D–F)σ, (G–I) skewness and (J–L) kurtosis. Data of site 2 is removed owing to the development of sediments
obviously different from neighboring sites. The blank area in panel C, F, I and L results from deficiency of samples.
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sorting. Fluctuations of mean tidal level are likely responsible for sedi-
ment variations on the high part of the flat (Fig. 10B), as wave-induced
shear stress is inversely proportional to water depth (van Rijn, 1993).
These modulations of seasonally-changed tidal level on hydrodynamic
sorting and sediment variations have rarely beenmentionedbefore. Addi-
tionally, the occasional development of sediments which were obviously
different from the neighboring sites togetherwith the formation of a gully
at site 2 indicates that small-scale relief can also impact sediment grain
size, in accordance with the findings of Williams et al. (2008) and van
der Deijl et al. (2018).

In the middle of the tidal flat (Sites 5–16), variations in sediment
grain size are related to sedimentary zonation shift, which is clearly
shown by the last two eigenmodes of the EOF analysis (Fig. 6B, C).
The upward migration of the mixture zone over the survey period
indicates a smaller proportion of sandy sediments (sand zone) but
an increased proportion of silty sediments (silt zone) in this region.
Accordingly, sediments become finer. This is why mean tidal level,
whose increase favors upward migration of the mixture zone
(Fig. 9), has a statistically significant relationship with sediment
grain size in this region (Fig. 10).

In the seaward part of the tidal flat (Sites 17–25), a negative cor-
relation is found between sediment grain size and tidal level
(Fig. 10B). This observed sediment coarsening along with increased
mean tidal level could be explained by the model results of van der
Wegen et al. (2017), as finer sediments might be transported land-
ward owing to rising sea level. However, the changes in topographic
profile indicate overall seaward sediment transport (Fig. 3H). This
incomprehensible phenomenon could be attributable to the absence
of data during July–August (Fig. 5) in this region.

5.3. Impacts of storms on morpho-sedimentary dynamics

Tidal flats could exhibit dramatic changes of hydrodynamics, sedi-
ment transportation and sedimentation in response to storms
(e.g., Yang et al., 2003; Schuerch et al., 2014; Xie et al., 2017). In this
study, erosion on the seaward side together with significant deposition
on the landward side occurs just after the storm (Figs. 3H, 11A). This
seemingly abnormal deposition/erosion mode relative to other periods
continues over July–September 2015, indicating a duration of longer
than 2 months for the storm-induced topographic changes. However,
the studies of Yang et al. (2003) and Xie et al. (2017), also in the
Changjiang Estuary, revealed a post-storm recovery of the tidal flats
over just several days or within amonth. This divergence largely results
from a lack of effective sediment supply. Fast post-storm recovery can
occur for sandy beaches, because sediments eroded from the upper
beach are deposited on the lower beach during storms and can rapidly
be redirected onshore under normal conditions (Ma et al., 2019). Yang
et al.'s (2003) case in the inner estuary shows similar process, with
eroded sediments from tidal flats temporarily stored within channels,
also favoring a fast recovery. However, there is no large post-storm sedi-
ment surplus on the lower flat for the present study site, as the eroded
sediments by storms are mainly silty and tend to be transported away
as fine suspended sediment. The recovery therefore takes much longer.
Further, the fine-grained Changjiang riverine sediments cannot be



Fig. 6. EOFanalysis onD50 of the cross-shore sediments between 2014 and 2016: (A1-2) thefirst eigenweighting and eigenvector; and (B1-2) and (C1-2) the second and third eigenmodes.

Fig. 7.Conceptualmodel showing the development and shift of sedimentary zonation. The
upper and lower panels show bed shear stress distributions and topographic profile of a
tidal flat. Notably, the bed shear stress distributions are imaginary based on analytical
models of Friedrichs (2011) and Hu et al. (2015), and the order of magnitude is given
based on the observations of Zhu et al. (2014) around our study site.
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effective for the recovery of our studied tidalflat, that ismainly composed
of sandy to silty sediments.

In terms of grain size distribution, it is found that the region of large
D50 gradient (corresponding to themixture zone) shows adownwardmi-
gration of 0.5 m (or a seaward advance of 25 m) over July 3rd-15th 2015
and an upward migration (or landward retreat) thereafter (Fig. 11). The
displacement of the mixture zone during storms could be explained by
the shear stress distribution of stronger waves in the conceptual model
(Fig. 7). Thus, themodulation ofmean tidal level onwave-induced sorting
is finite. The response of sediments likely lasts a shorter time than
bathymetry. The D50 in the sand zone is found to be relatively large
between July–September 2015,while it is not clearwhether this is caused
by the storm or by seasonal fluctuations of tidal level.

6. Conclusions

The monthly cross-shore sedimentary dynamics of an open-coast
tidal flat in the meso-tidal Changjiang Estuary was examined, based
on a suite of meteorological, hydrological, sedimentological and topo-
graphic data. Major findings included:

1) Despite the fluctuated wind/wave/tidal conditions and dramatic to-
pographic changes, the sediments retained a zonal pattern, with
sandy, mixed and silty sediments distributed seaward. The differen-
tiation of bed shear stress, favored by strong wave-exposure, rela-
tively large tidal range and continuously narrow flat, controlled
this sedimentary zonation.

2) The mixed sediments were always located within the transect dis-
tance of 50.0–187.5 m and themixture zone showed an upwardmi-
gration during summer, with a net increase of 1 m in the lower limit
of elevation range between 2014 and 2016. Seasonal fluctuations of
mean tidal level contributed to the vertical displacement of themix-
ture zone by altering bed shear stress distributions.

3) The variations of sediment grain size on the studied tidal flat were
mainly impacted by tidal level. In the high part, an increase in
mean tidal level tended to induce weaken hydrodynamic sorting
and further resulted in finer and more poorly sorted sediments. In
the middle, sediment grain size changed along with zonation shifts,
whose upward migration under increased mean tidal level led to
sediment fining.



Fig. 8. Timeseries of (A) daily wind vector, (B) daily significantwave height, (C) daily wave direction, (D)monthly tidal level and (E)monthly water/sediment discharge. Each black circle
in panels (B–C) corresponds to a monthly sedimentological survey.
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4) The storm was responsible for the embedded downward migration
of 0.5 m (or seaward advance of 25 m) of the mixture zone, and ab-
normal erosion on the seaward side together with significant depo-
sition on the landward side since June 2015. The post-storm
recovery of sedimentary mode takes shorter than tidal flat bathym-
etry, which resulted from a lack of effective sediment supply.

5) The study herein indicates that dramatic shifts in sediment zonation
can be a major manifestation of sedimentary dynamics. Additionally,
the seasonal fluctuations of mean tidal level, equivalent to intra-
Fig. 9.Correlations between vertical displacement of themixture zone (depicted in Fig. 4D) and
limit versus mean tidal level. Data just after the storm is removed in the analysis. Data just afte
annual sea level eustasy, played the most significant role in sedimen-
tary zonation shifts and grain size variations of tidal flats, of a meso-
tidal and wave-exposed regime.
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Fig. 10. D50 versus (A) mean significant wave height within 7 days before each survey and (B) mean tidal level; and σ versus mean significant wave height within 7 days before each
survey. Data just after the storm is removed in the analysis.

Fig. 11. Cross-shore distribution of (A) elevation and (B) D50. over the period July–September 2015.
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