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ABSTRACT

Creeks are essential for salt marshes by conveying water and sediment through this geomorphic system. In this
paper, we investigate the mechanisms that determine the residual sediment flux using measurements conducted
in tidal creeks in salt marshes of the Yangtze Estuary. A main creek and a secondary creek were studied to explore
whether the mechanisms determining residual sediment fluxes through the main creek differ from those in the
secondary creek. Measurements in creeks were carried out over 5 years, spanning different months. Sediment
import was found during most tides, both in the main creek and the secondary creek, implying that creeks in
Chongming generally function as a conveyor belt of sediment into the marsh. However, sediment export can
occur during certain overbank tides. When comparing the role of creeks in drainage and sediment delivery, the
main creek functions more in delivering sediment while the secondary creek primarily serves as a drainage
conduit. To better understand the mechanisms behind sediment fluxes, the residual sediment flux was compared
with the residual discharge and the sediment differential (differences in sediment concentration between flood
and ebb). Overbank tides generally lead to a net outward discharge as more water from saltmarshes can be
concentrated into the marsh creek during ebb tides. This net outward discharge tends to export more sediment
during ebb tides. However, due to the sediment abundance during the flood phase in the turbid environment,
sediment import can be expected even with the residual export of water. Export of sediment was only found for
the few tides with a net outward discharge and a small positive sediment concentration differential. Large
negative sediment differentials (larger averaged suspended sediment concentration during ebb tides) have not
been observed because the sediment supply during ebb is limited. This paper unravels how the sediment dif-
ferential and residual discharge contribute to the residual sediment flux, providing a better understanding of
sediment dynamics in marsh creek systems.

1. Introduction

their role in sediment transport is intricate, as they can either import or
export sediment. Consequently, understanding net sediment fluxes in

Salt marshes are multi-functional: they attenuate waves and protect
shorelines during storms (Leonardi et al., 2016), provide habitats for a
range of species, including migratory birds (Hughes, 2004), and
sequester carbon (Lockwood and Drakeford, 2021). Therefore, the
preservation of salt marshes is a key component for coastal manage-
ment. However, one of the issues is whether they can keep pace with
accelerating sea-level rise. Sufficient sediment supply is needed, not only
at the edge of the salt marsh but also deeper into the marsh. Saltmarsh
creeks are perceived as dynamic conduits for transporting sediment. Yet,
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marsh creeks is essential for the preservation of salt marshes.

Net sediment transport is determined by both the tidal asymmetry
and the difference in sediment concentration between flood and ebb
tides. Boon (1975) found that asymmetry in flow velocity could result in
sediment transport towards salt marshes. Tidal asymmetry in salt
marshes is caused by the difference in friction and depth between creeks
and the vegetated marsh (French and Stoddart, 1992). These mecha-
nisms have been further explored and reviewed in Fagherazzi et al.
(2013). They also highlighted the effect of sediment resuspension on the
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adjacent mud flats, leading to high sediment concentrations during flood
stages. Coleman et al. (2020) and Nowacki and Ganju (2019) show that
the net sediment flux through creeks depends on the asymmetry in
sediment concentration: if the concentration during flood is higher than
during ebb, a net inward flux is found, and vice versa. The difference in
sediment concentration between flood and ebb could be a consequence
of local resuspension, or due to erosion/deposition elsewhere. The
quantitative contribution of the asymmetry in flow and in sediment
concentration to net sediment fluxes remains unclear.

Various factors can play a role in the net import/export of sediment
through salt marsh creeks. For example, large river discharges or strong
winds can bring more water and more sediment into creeks (Green and
Hancock, 2012; Nowacki et al.,, 2019; Wang et al., 2020). Seasonal
variations in bioturbation (Leonard et al., 1995) and drag by vegetation
(Lacy et al., 2020) can influence sediment transport processes within salt
marshes. In addition, inundation events are crucial for the net sediment
flux towards salt marshes (Fagherazzi et al., 2012). When a salt marsh is
not inundated, the flow is confined within the creek, and the velocity is
relatively low (Pieterse et al., 2016). When a salt marsh is inundated,
overbank tides occur, leading to higher velocities in marsh creeks. High
flow velocities in the creek may erode sediment that was deposited in
previous tides (Xie et al., 2018a). Sediment transport is influenced by
these factors through their impacts on the asymmetries in flow and in
sediment concentration.

The interplay between flow and sediment is complex. An often-made
assumption is that the sediment concentration scales with the hydro-
dynamic forcing. For example, Fagherazzi and Priestas (2010) and
Fagherazzi et al. (2013) show that the concentration during flood scales
with the wave height on the mudflat just in front of the marsh and with
the velocity during the ebb stage. Such an assumption is only valid if
there is sufficient sediment available. Davidson-Arnott et al. (2002)
found that the interaction between flow and sediment is not always
scaled, as suspended sediment concentration (SSC) remained consistent
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with changing hydrodynamics. This possibly indicates that less sediment
becomes available for erosion. In that case, erosion is supply-limited.
Supply limitation plays a crucial role in sediment concentration and
thus affects sediment fluxes. The occurrence of supply limitation in
marsh creeks within a turbid system will also be investigated.

The role of marsh creeks in sediment transport may vary under
different conditions. In this paper, we explore the mechanisms behind
sediment fluxes further to explain how, when, and why sediment is
transported towards or out of the salt marsh. We measured flow veloc-
ities, depths, and sediment concentrations in creeks in the marsh of
Chongming Island, China. We test the statement of Nowacki and Ganju
(2019) within the salt marsh tidal creek systems in a turbid estuary: the
sediment concentration differential indicates the direction of residual
sediment fluxes. Furthermore, we explore the influence of net water
discharge on the direction and magnitude of residual sediment fluxes. In
this way, we aim to reveal a better understanding of sediment dynamics,
especially net sediment fluxes, in marsh creeks.

2. Regional setting

Chongming Island is located in the Yangtze Estuary, China (Fig. 1a
and b). It has been expanding eastwards at rates of 10 m/year over past
centuries (Yang et al., 2001). Due to accelerated sea-level rise and the
decreasing fluvial sediment supply since 2008the accretion rate of the
eastern shoreline has decreased, with a rate of 2.81 km?/year from 1985
dropping to a rate of 0.15 km?/year after 2008 (Wang et al., 2022).
Chongming Island is regarded a turbid area with an annual averaged
tidal range of approximately 2.6 m (Ding and Hu, 2020). In Chongming
Island, the wet season is in summer (June-September), while the dry
season is in winter (November-February). The main creek is defined as
the widest creek close to the mudflat, while the secondary creek is
defined as the tributary that is directly connected with the main creek.
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Fig. 1. (a) Map of the Yangtze Estuary; (b) Drone image of salt marshes in Eastern Chongming Island; (c) Google Earth map of the study area showing locations of
measurement sites. Source aerial imagery: Google Earth. (red triangles represent the measuring locations); (d) A photo of the main creek and (e) the secondary creek.
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3. Method
3.1. Experiment set up

Two sites were selected: one in a main creek and one in a secondary
creek (Fig. 1c). To cover this seasonal variation of river discharges and
also the state of marshes, we measured the dynamics in different
months. Ideally, the measurements would last for a full year to cover all
seasonal variations. Due to operational restrictions, the measurements
were carried out in the months March, April, May (at the start of the wet
season) and in September (at the end of the wet season) in various years.
Measurements in the main creek were conducted in April and September
(2015). These data sets have been partly presented already in Wang
et al. (2020). Here we utilized these data to investigate the mechanisms
behind sediment fluxes in the main creek, while Wang et al. (2020) fo-
cuses more on local morphological changes in the creek. Measurements
in the secondary creek were carried out in late May (2018) and March
(2019). Although the measurements of the main creek and the second-
ary creek were not conducted simultaneously, we believe that we can
use these as a comparison because the hydraulic characteristics of the
secondary creek are similar for these years. The monthly average
discharge for these four months at Datong station was 2.43 x 10* m®/s,
2.84 x 10* m%/s, 2.99 x 10* m%/s and 3.06x/10% m%/s, respectively
(data source is River Sediment Bulletin of China in http://www.cjh.com.
cn/). Effects of local waves were not significant within our measure-
ments. During the measurements of the main creek, the average wave
heights were below 0.08 m in April and below 0.04 m in September
(Wang et al., 2020). In addition, the impacts of waves were limited due
to the vegetation in the secondary creek. The measuring location in the
main creek is approximately 500 m upstream of the salt marsh edge. The
depth of the main creek is approximately 2 m. The creek is drained
during low tide. The bed level of the main creek is fairly uniform over
the width of about 30 m (see Fig. 1d). The second measurement location
is at the thalweg of a vegetated meandering secondary creek (see
Fig. 1e). The width of the secondary creek is approximately 4 m and the
depth is approximately 1.5 m. The distinction between underbank flow
and overbank flow is defined at water depths of 1.45 m and 1.4 m for the
main creek and the secondary creek, respectively. Morphological
changes were not measured in the secondary creek.

Flow velocities and water depths were measured with an ADCP (1.0
MHz or 2.0 MHz Aquadopp Profiler, Nortek AS, Norway) or an ADV
(Acoustic Doppler velocimeters, Nortek AS, Norway), see Table 1.
Turbidity was measured with OBS (OBS-3 A, D&A Instrument Company,
Washington, USA). The ADVs were installed 55 cm above the bed in the
main creek, facing downwards. The measuring point is thereby
approximately 40 cm above the bed. The OBSes in the main creek were
deployed 15 cm above the bed. The ADCPs were placed 10 cm above the
bed in the secondary creek, facing upwards. The transmitters of the
OBSes were positioned 10 cm above the bed as well. The burst intervals
and burst periods of ADV or ADCP are indicated in Table 1. The OBSes
were synced with the ADV/ADCP. More details of the measuring period
are provided in Table 1.

Table 1
An overview of the instruments set up.
Location Instrument Measuring period Burst Burst
intervals period
(s) (s)
Main creek ADV +OBS  01.04.2015-11.04.2015 600 60
Main creek ADV + OBS 16.09.2015-22.09.2015 300 30
Secondary ADCP + 26.05.2018-02.06.2018 300 60
creek OBS
Secondary ADCP + 18.03.2019-26.03.2019 300 60

creek OBS
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3.2. Data processing

The velocity data was de-spiked using the approach proposed in Zhu
(2017): threshold values of the amplitude and correlation were used to
remove invalid data. Velocities were transformed into a coordinate
system with a stream-wise (along-creek) and transverse component.
ADCP results were averaged over the depth. As ADVs in our measure-
ments only collected data at about 40 cm above the bed, we assumed
that the velocities measured by ADVs can represent the depth-averaged
velocities. The turbidity data with water levels higher than the velocity
sensor and with valid velocity data were taken as reliable data. A few
outliers of velocities and turbidity signals were removed manually.

Calibration of the OBSes was carried out in the laboratory, using in-
situ sediment samples. Following the procedure described in Hoitink
and Hoekstra (2005), the calibration curves are added as supplementary
material.

Translating our measurements into discharges and sediment fluxes
requires integration over the cross-section. Flow velocity profiles are
averaged over the depth and the sediment concentration is assumed
uniform over the depth. Similar to Green and Hancock (2012) and van
Weerdenburg et al. (2021), the cumulative discharge (Q,) and cumu-
lative sediment flux (F,) per unit width are obtained from the data sets of
the instantaneous velocity, water depth, and SSC:

Q.= (1) e D(t) At @

F,= Z;V(t) e D(1) e c(t) ® At )

where v is the velocity in creek direction, D is the water depth and c is
the suspended sediment concentration.

The results of the accumulated discharge and sediment flux per unit
width are shown, for a better comparison between the main creek and
secondary creek. Multiplying with the width would result in too much
difference, due to the much larger width of the main creek.

In order to explore the mechanisms of residual sediment fluxes, we
use a similar method to obtain the specific residual discharge (AQ) and
residual sediment flux (AF) per unit width:

AQi =0, (ti,end) -0 (ti,begin) (3)
AF; = Fy(tiena) — Fa(tipegin) ()]

where tj pegin is the start time of a tidal cycle i and tj enq is the end of tidal
cycle i. The tidal cycles are easily distinguished, as the creeks fall dry.
Therefore, residual discharge (AQ) and residual sediment flux (AF) for
each tidal cycle can be determined. Positive values indicate a net import
of water or sediment, and negative values indicate a net export of water
or sediment.

The sediment differential between flood and ebb (AC) is defined as
the difference between the mean flood concentration and the mean ebb
concentration (Nowacki and Ganju, 2019):

1 Nflood Neph

AC = 5)

Nfivod = Nebp ‘=

where ngoq and ngy, represent the number of SSC data points for the
flood tide and ebb tide, respectively. A positive value thereby indicates
that the averaged flood concentration is higher than the averaged ebb
concentration, and vice versa.

4. Results

4.1. Main creek

A distinct spring-neap tidal cycle can be recognized (Figs. 2a and 3a).
During neap tide, the flow was restricted to the creek (the water depths
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Fig. 2. Time series of (a) water depth (The dashed line represents the creek depth), (b) velocity (flood velocity is positive), (c) Suspended sediment concentration,
and (d) cumulative discharge and sediment flux (into the creek is positive) in the main creek in April 2015. The grey dotted data of water depths and velocities are

interpolated by linear methods to synchronize them with the SSC data quantities. The overbank tides were highlighted in blue.
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Fig. 3. Time series of (a) water depth (The dashed line represents the creek depth), (b) velocity (flood velocity is positive), (c) Suspended sediment concentration,
and (d) cumulative discharge and sediment flux (into the creek is positive) in the main creek in September 2015. The overbank tides were highlighted in blue.

are <1.45 m). During spring tide, the water level exceeded the marsh
level, and overbank flow occurred. The flow velocities were higher
during overbank flow (Figs. 2b and 3b), due to the larger tidal volume
when the bank was exceeded. In addition to the spring-neap cycle, daily
inequity was found. The ebb velocities during overbank tides were
higher in April than in September.

An evident peak in SSC appeared at the beginning of each tidal cycle,
i.e., when the creek was flooded (Figs. 2c and 3c). The SSC in the main
creek can reach 7.5 kg/m? in April and 9.5 kg/m® in September. The

largest SSC did not occur during the tides with the largest water depths
and velocities (e.g., T11 in April and T1 in September). The highest peak
in SSC for each tide did not occur at the same time as the peak velocity.
For some tides, a clear peak in SSC during ebb can be found just before
drying. These peaks were however lower than flood peaks.

During underbank tides with shallow water, flow velocities were
low, leading to negligible import/export of water. During overbank tides
with high water levels, there was a clear export of water as more water
from the marsh would be concentrated into the marsh creek during ebb



J. Sun et al.

tides. The creeks functioned as a drain. In April, we saw a weak sediment
import during underbank tides but sediment export during overbank
tides (Fig. 2d), whereas in September, an import of sediment was
observed with the net export of water during overbank tides (Fig. 3d).
The net import of sediment depended on the substantial sediment supply
during flood tides. Cumulative sediment fluxes over both periods were
positive, i.e. sediment import.

4.2. Secondary creek

Typical spring and neap tides can also be observed in the secondary
creek (Figs. 4a and 5a). There was a similar pattern of hydrodynamics
between March and May in the secondary creek. During underbank
tides, similar peaks of velocity can be observed between flood and ebb
tides. While a distinct peak of velocity appeared during overbank ebb
tides (Figs. 4b and 5b).

The SSC in the secondary creek showed contrasting patterns between
the two months. In March, a recognizable peak can be found at the
beginning of each tidal cycle, and for some tides, a smaller peak in SSC
during ebb was found (Fig. 4c). In late May, the maximum SSC was
higher at the beginning of the flood during underbank tides. However,
compared with the peak at the beginning of flood, a much larger peak in
SSC during ebb can be seen during overbank tides (Fig. 5c). Note that the
magnitude of SSC in May was smaller. The maximum SSC reached
approximately 1.6 kg/m® in March but was <0.6 kg/m® in May. Thus,
comparing with the SSC in the main creek, the SSC in the secondary
creek was much smaller, which results in the weak role of the secondary
creek in sediment transport.

The cumulative discharges were negative during both measurement
periods, indicating the export of water. This is because more water from
the marsh would converge into tributaries during overbank tides. The
secondary creek serves more as a conduit for drainage. However, the
secondary creek functioned differently between two months. In March,
the secondary creek imported more sediment during overbank tides
(Fig. 4d). In May, sediment was transported out of the secondary creek
during overbank tides (Fig. 5d). Though a small amount of sediment was
transported into the secondary creek during underbank tides, the cu-
mulative sediment flux was still negative in May, indicating that more
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sediment was exported back to the main creek from the secondary creek.
The difference in sediment fluxes between two months is determined by
the variation in SSC patterns. In March, a flood SSC peak can be observed
during overbank tides. This flood peak in SSC can lead to more sediment
import during flood tides. While in May, an ebb SSC peak occurred
during overbank tides, leading to more export of sediment during ebb
tides.

4.3. Residual sediment fluxes

The direction of residual sediment fluxes is determined by the dif-
ference of sediment fluxes between flood and ebb tides. When there is
more sediment transport during the flood tide than during the ebb tide,
it results in sediment import within that tidal cycle, and conversely,
sediment export occurs when the sediment transport during the ebb tide
surpasses the sediment transport during the flood tide (Fig. 6a). The
dashed line indicates the conditions for which the sediment flux during
flood equals the sediment flux during ebb. The majority of the markers is
below this line, indicating larger fluxes during flood than during ebb,
implying a net import per tidal cycle. We furthermore see that the
import is larger for larger sediment concentration differentials (larger
markers), which aligns well with Nowacki and Ganju (2019): the di-
rection of net sediment flux can be inferred from the SSC differential. For
some tidal cycles, however, we do see an export of sediment for a large
tidal range (warm colors) and a small sediment concentration differen-
tial (small markers). Those are observed for the secondary creek (tri-
angles) and the main creek (circles).

To gain deeper insights into how the sediment differential and the
net discharge influence the residual sediment flux, we plotted the re-
sidual sediment flux (AF) as a function of the sediment differential (AC)
and the net discharge (AQ). Four quadrants can be identified in Fig. 6b,
based on the signs of AC and AQ. No tide is found with AQ >0 and AC
<0 (case 4) during our measurement campaigns.

A closed water balance would imply that AQ equals zero. However,
based on our data sets, we found that the net discharge is not always
zero. Both positive and negative values for AQ were found. A positive
net discharge indicates that water stays in the creek system (for both
underbank and overbank tides) or in the marsh (for overbank tides). A
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cycle; (b)Relationship among AC (differential of SSC between flood and ebb), AQ (residual discharge) and AF (residual sediment flux) for each tide cycle. Points with
edges represent overbank tides. Positive AQ and AF indicate onshore net transport of water and sediment, respectively. Positive AC indicates larger SSC during the

flood tide than during the ebb tide.

negative value indicates that water from somewhere else (e.g., from the
marsh edge in case of overbank flow) is drained through the creek.

In the first quadrant (case 1), AQ and AC are both positive, repre-
senting the onshore net import of water and higher SSC during flood
than during ebb for these tide cycles, respectively. In this case, sediment
fluxes are as expected all positive. Only small positive residual dis-
charges can be found in this quadrant. The small positive residual
discharge during underbank tides is likely a consequence of ground-
water recharge and the substantial drainage basin of creeks, which
provides the potential for water to be kept in the tributaries. As for the
positive residual discharge during overbank tides, there are some pos-
sibilities for explaining smaller amounts of water were transported in the

marsh creek during ebb tides than during flood tides: (i) groundwater
played a role; (ii) part of the water stayed in the tributaries; (iii) the
overflowing water from the creek was exported to other creek systems
nearby.

In the second quadrant (case 2), where AQ < 0 and AC > 0, the water
is exported, and the mean SSC during flood is larger than during ebb. In
this quadrant, negative residual sediment fluxes are found mainly during
overbank tides, and these fluxes are mainly <500 kg per unit width per
tide. A line is drawn to indicate a distinction between positive and
negative sediment fluxes. This line suggests that negative net sediment
fluxes (AF < 0) can be found for situations with higher concentrations
during flood than during ebb (AC > 0) as long as the net discharge is
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substantially negative (AQ < 0). Four points with large negative sedi-
ment flux are found in the main creek, and three of them occur during
overbank tides. For other tides, the residual sediment fluxes are positive.
The tides with a large value of AF have large positive AC (> 0.5 kg/m®).

Two trends are found between AQ and AC: (i) Substantial export of
water (large negative values for AQ) is accompanied by small values of
AC. In those cases, the higher ebb flow can mobilize sufficient sediment
to balance the generally higher SSC during flood. (ii) High concentration
differentials are found for small values of AQ. The ebb flow is not strong
enough to generate sufficiently high concentrations. This is likely a
characteristic for high-turbid systems like the Yangtze Estuary. A large
AF is found for large AC and low AQ.

Only three tides fall in the third quadrant (case 3), with AQ <0 and
AC <O0. These three tides all occur during overbank tides. Two are found
in the secondary creek and one is found in the main creek. Sediment
export can be observed during these three tides, as it could be expected
for tides with a net outflow of water and higher concentrations during
ebb than during flood.

To sum up, overbank tides can result in negative AQ, as a substantial
amount of water from the marsh can be concentrated into the marsh
creek during the ebb tide. This asymmetry in flow tends to export
sediment due to the more dominant ebb flow. However, in a turbid
system, such as Chongming, a high flood peak of SSC can be expected,
leading to a positive AC. This asymmetry in sediment concentration can
sometimes counteract the tendency to export sediment caused by the
asymmetry in flow during overbank tides, which can lead to a net import
of sediment. The dotted line in Fig. 6b indicates varying degrees of the
asymmetry in SSC required to counteract the asymmetry in flow. A
larger net discharge in marsh creeks, a larger sediment differential is
required to ensure the role of marsh creeks in importing sediment.

5. Discussions
5.1. Determination of sediment fluxes from point measurements

Determining the discharge and sediment flux is complicated due to
the non-uniformity of the flow velocity and sediment concentration over
the depth and width, as well as the variation of the creek width over the
depth. Furthermore, sinuosity of the channel leads to non-uniformity in
the velocity and concentration distribution over the cross-section. Such
non-uniformities can lead to non-linear effects on sediment fluxes.
Limited by point measurements, we cannot account for the non-
uniformity. Based on point measurements, the instantaneous sediment
flux can be estimated by the geometry (water depth D and width W) and
the flow velocity u and sediment concentration ¢ in the measurement
point: F = [, (uc)dA = auDWc. The coefficient a represents the effects
of all non-uniformities in the cross-section. In case @ = 1, the estimated
sediment flux equals the real sediment flux. In case @ = constant, the
value of the net sediment flux scales linearly with the real net sediment
flux. This implies that the sign of the estimated sediment flux is correct
for a constant a. In reality, a will vary over time, as the velocity and
concentration distribution over the cross-section vary over time. In
studies where sediment fluxes were estimated based on point measure-
ments, the (implicit) assumption of a = 1 is often made (Green and
Hancock, 2012; Colosimo et al., 2020, and Andersen and Pejrup, 2001),
based on the assumption of close to uniform distributions of the sedi-
ment concentration. This is true if the mixing is sufficiently strong. An
additional potential limitation of this approach is that high turbidity
during extremely shallow water was not captured due to the blanking
distance of the field instruments. High SSC may occur during periods of
very shallow water (Zhang et al., 2016). However, water depths are also
very small during these periods. These shallow water periods are
therefore considered to have little effects on our conclusions for the
residual sediment fluxes.

In addition, we also ignore the width variation over the tidal cycle for
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the sediment flux per unit width, which may lead to additional errors. In
order to discuss the errors in the sediment flux due to the variation of
width, we compute the fluxes based on the topography data of the main
creek in 2016 from Xie et al. (2018a). The maximum depth and width of
the main creek are about 2 m and 30 m, respectively. The sediment flux
can be affected by the shape of the creek as the width is not uniform over
the height (Fig. 7a and b). We calculated the sediment fluxes with and
without considering the creek shape, see Fig. 7c. The sediment flux
considering the creek shape is obtained by the cross-section, velocity,
and sediment concentration. A width of 17 m turns out to be the
representative width. For that width, the accumulated sediment flux
based on a constant width is equal to the accumulated sediment flux
with a varying creek width. The average difference between two
methods is 18 %. Although the values for a might not be constant, the
results from Fig. 7 indicate that they are sufficiently accurate to draw
conclusions about the role of the creeks.

Measurements in the main creek and in the secondary creek were
conducted at the relatively straight section of the creek. In addition, we
focused on the residual sediment flux at along-creek direction. There-
fore, tidal meanders were not considered in our work. However, due to
the complex of dynamics in meandering creeks, more sediment can be
transported towards the inner/convex bank because of the secondary
flow (Finotello et al., 2019; Wang et al., 2020).

5.2. Availability of sediment and supply-limitation

The sediment fluxes are affected by the availability of sediment. SSC
and velocities are not always correlated. High velocities can sometimes
carry only a small amount of sediment due to limited sediment supply.
Conversely, high SSC values can sometimes be observed for low veloc-
ities when the sediment supply is high. To investigate the sediment
carrying capacity, we analyse the relationship between the sediment
concentration and the flow velocity.

We first consider the concentration and flow velocity in the main
creek (Fig. 8a). The concentration is plotted on a logarithmic scale to
cover the large range. For visualization, a trend line is included in the
plot to highlight different sediment carrying capacity. The trend lines
are different for September and April. For the same velocity, higher
concentrations are found in September than for April. This would imply
that the sediment is easier to erode in September or that the sediment
has a smaller settling velocity in September. A difference is also found
between flood and ebb. The slopes of the trend lines during flood are
higher than during ebb. This implies that more sediment is carried
during flood than during ebb, but this sediment did not completely re-
turn during ebb again. This would indicate that the settling and scour lag
processes (van Straaten and Kuenen, 1958) are potential mechanisms for
net sediment transport.

The relation between the concentration and flow velocity in the
secondary creek (Fig. 8b) is substantially different from the one in the
main creek. The concentrations during ebb are hardly influenced by the
local flow velocity. They are also low compared to the flood stage and
compared to the concentrations in the main creek. These low concen-
trations indicate that there was limited sediment supply, as the tidal
current was capable enough to carry more sediment but less sediment
was in the water column. The difference between ebb and flood indicates
that during flood much more sediment was available, likely from the
main creek or the upstream of the secondary creek. The measurements
in March and May show the same pattern, but higher concentrations are
found during the March campaign. These differences between months
could have two causes. On the one hand, the difference in vegetation
between months can have impacts on SSC (Nardin et al., 2020): the
density of vegetation is higher in May than in March. The state of
vegetation can affect local erosion, deposition, and also the transport of
sediment (Briickner et al., 2020). On the other hand, external forces, e.
g., strong precipitation or winds, could lead to more sediment import
from mud flats to creeks (Gomes et al., 2013; Green and Coco, 2007;
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Lacy et al., 2018). Both causes can have significant impacts on sediment
availability in creeks. The source of the measured high sediment con-
centrations, however, needs further investigation.

As stated by Ganju et al. (2015), the system is steered by the avail-
ability of erodible material. Even in a turbid system like the Yangtze
Estuary, we see in the secondary creek, a lack of sediment is limiting the
import of sediment. The transport capacity of the flow is not the limiting
factor. The key is that sediment beds can develop such a strength that
erosion is not possible anymore, even for velocities up to 1 m/s.

5.3. Role of creeks in sediment flux within the marsh

To classify the role of creeks in Chongming in delivering water and
sediment, the residual flux of water and sediment in saltmarsh creeks are
conceptualized in Fig. 9 for: (i) two types of creeks (a main and a sec-
ondary creek); (ii) underbank tides and the overbank tides; (iii) differ-
ences in sediment availability.

Overbank tides can lead to negative net discharge in creek systems as
more water from the marsh can converge into creeks. This has a positive
impact on the survival of marsh vegetation (Morzaria-Luna et al., 2004;
Schepers et al., 2017), since creeks result in faster drainage of the marsh
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as indicated by van Belzen et al. (2017). Whether this net outward
discharge also results in a net export of sediment depends tidal asym-
metry processes and sediment availability. Tidal asymmetry in combi-
nation with sufficient sediment availability on the mudflats generally
results in a net import of sediment (Fig. 9: case b). In those cases, the
sediment concentration during flood is sufficiently high and ebb flow is
not strong enough to bring sediment back again. These conditions are,
for example, described in Rinaldo et al. (1999). Only if the sediment
availability is sufficiently small (to bring sediment inward during flood)
and if the outflowing velocities are sufficiently high (due to the extra
discharge), sediment can be exported via the creek out of the salt marsh
system. We measured such conditions (small concentration differential
and relatively high net discharge) for several tides, as indicated in
Fig. 6b: the tides below the dashed line. Note that the sediment fluxes
are small for those tides. These conditions are indicated in Fig. 9: case a).

During underbank tides without more water being concentrated
from the marsh to the creek during ebb tide, the discharge is approxi-
mately zero (Fig. 9: case c and case d), indicating a water balance.
Without sufficient sediment supply, the role of creeks in sediment de-
livery can be negligible (Fig. 9: case c). However, due to the turbid
environment in Chongming, sufficient sediment supply can be expected,
even during underbank tides. Consequently, both the main creek and the
secondary creek keep importing sediment during underbank tides
(Fig. 9: case d). The cumulative sediment import during underbank tides
can balance or even surpass the sediment export that occurs during
overbank tides, e.g., in April (Fig. 2d). Therefore, the main creek in
Chongming generally imports sediment.

Whether there is a net import/export of sediment to the marsh de-
pends on the occurrence of the conditions as sketched in Fig. 9. Waves,
which frequently occur in summer in Chongming, can bring more
sediment from mudflats to marshes via creeks by increasing the sedi-
ment supply (Ladd et al., 2019; Willemsen et al., 2022). Consequently,
main creeks in Chongming function more as conduits for importing
sediment under wave impacts (Fig. 9: case b and d). However, as the
vegetation in the secondary creek can grow in summer, which can
reduce the sediment supply (Xu et al., 2022), the secondary creeks in

Chongming are expected to serve as channels for drainage rather than
sediment transport (Fig. 9: case a and c). Furthermore, under the con-
dition of sea-level rise and a lack of sediment supply, the creeks are
likely to export sediment from the marsh system (as illustrated in Fig. 9:
case a), which may increase the vulnerability of salt marsh systems to
the impacts of climate change.

When comparing the role of creeks in drainage and sediment de-
livery, we found that the main creek in Chongming primarily serves as a
conduit for importing sediment, whereas the secondary creek in
Chongming primarily functions as a conduit for drainage. Since the main
creek functions more as a conduit for importing sediment to the marsh
system in Chongming, we roughly estimate the contribution of the main
creek to the vertical accretion of marshes, to give more insights into the
role of creeks in delivering sediment. The salt marsh in Chongming has
been deposited vertically with an accretion rate of 31 mm/year to 150
mm/year since 2005 (Yang et al., 2020; Xie et al., 2018b). The area of
the watershed covering the measuring creek system is around 400 m X
1200 m. Extrapolating the measurement period to a full year, results in a
yearly flux of 4.02 x 10° kg. The dry density of sediment is estimated as
1330 kg/rn3 (Yuan et al., 2020). Therefore, the accretion rate via creeks
would be 6.3 mm/year, indicating that creeks can contribute potentially
4 % - 20 % to the vertical accretion of the marsh. Considering the sea-
level rise rate of 4.0 mm/year in the Yangtze Estuary (Yang et al.,
2020), the role of creeks in contributing to the vertical accretion of
marshes in the face of accelerated sea-level rise is significant in
Chongming. Furthermore, it should be noted that substantial storm
events were not captured during our measurement campaigns. Storm
events can provide more sediment to the marsh (Turner et al., 2006,
2007), through creeks and marsh edges. The sediment import induced
by storms is determined by the duration and magnitude of storm surges
(Castagno et al., 2018). Longer measurements in marsh creeks and also
at the marsh edge are required for a more accurate and robust quanti-
fication of the role of creeks in the development of marshes.
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6. Conclusions

The direction and magnitude of the residual sediment flux are
determined by the relative importance of the asymmetry in flow and in
sediment concentration. We confirmed the statement of Nowacki and
Ganju (2019) that the sediment differential is key for the sediment flux,
especially in a turbid inter-tidal environment, like Chongming Island in
the Yangtze Estuary. Substantial net export of water via creeks can
mainly be found during overbank tides. This asymmetry in flow tends to
export sediment with the net discharge. While due to the turbid envi-
ronment, a high SSC peak during the flood phase can be normally ex-
pected, leading to a net sediment import during most tidal cycles. A
weak sediment export can be observed during some overbank tides
when the sediment differential is not evident. Therefore, the abundance
of sediment during flood tides is essential for the import of sediment.
Creeks function more as conduits for sediment import due to this
asymmetry in sediment concentration.

Our findings unravel the mechanisms behind sediment fluxes,
highlighting the importance of sediment availability in delivering sedi-
ment via creeks. However, the source of the measured sediment needs
further investigation to advance the understanding of the transport
regime in creek systems.
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