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Human-induced rapid siltation
within a macro-tidal bay
during past decades
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and Jun Zheng*

tSecond Institute of Oceanography, Ministry of Natural Resources, Hangzhou, China, ?Key Laboratory
of Ocean Space Resource Management Technology, Ministry of Natural Resources, Hangzhou, China,
30cean College, Zhejiang University, Zhoushan, China

Tidal bay evolution is the result of the comprehensive influence of multiple
factors. It is crucial to analyze the primary factors to disassemble the
comprehensive effects. In this study, remote sensing and bathymetric data
were used to investigate anthropogenic activities and geomorphological
changes in Puba Bay, China. From 1964 to 2020, the intertidal zone area
decreased by 64.5% due to mariculture ponds and coastal reclamation, with
the former accounting for 60.4% of the total area. Over five decades, the bay
experienced significant silting, with a 61.5% decrease in underwater area, an
88.4% decrease in volume, and considerable reductions in maximum water depth,
cross-sectional terrain depth, and width. Anthropogenic activities led to a reduction
in tidal prism and tidal velocity, resulting in increased flood dominance and
decreased ebb dominance in the main channel, leading to more siltation.
Negative and positive feedback mechanisms were observed between
anthropogenic activities, seaward expansion of intertidal flats, and bay siltation.
The influence of mariculture ponds, as the major factor, on geomorphological
changes was found to be similar to that of coastal reclamation. To maintain water
depth and capacity for material exchange in the bay, preliminary suggestions for
mariculture pond management are proposed.

KEYWORDS

macro-tidal bay, mariculture pond expansion, coastal reclamation, rapid siltation,
Puba Bay

1 Introduction

Tidal flows move sediment into and out of tidal bays, generating tidal flats and channels
and controlling their geomorphology. In general, an equilibrium status will be reached
when the ebb tidal velocity is sufficient to flush out the sediment load being pushed into the
bay during the flood tide (Serrano et al., 2013). However, such a static equilibrium rarely
exists in coastal environments (Xie et al., 2017a). The dynamic equilibrium concept was
proposed by Friedrichs (2011) where the choice of temporal scale is imperative to analyze
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the morphological equilibrium type (Zhou et al., 2017). Under the
influence of natural drivers, tidal morphology generally reaches a
dynamic equilibrium over annual or longer temporal scales
(Friedrichs, 2011).

However, human actions have altered this natural evolutionary
state (Jewell et al, 2012). Many anthropogenic activities, such as
land reclamation, dock and port construction, and mariculture have
relied on the resources of the mudflats and tidal channels of bays.
These activities change the local terrain and boundaries of a bay,
causing changes in hydrodynamics and sediment transport,
resulting in topographic adjustments. The comprehensive effects
of various anthropogenic activities dominate the evolution of a bay
or an estuary (Dai et al., 2016; Wei et al., 2017; Mei et al., 2018; Zhao
et al, 2018). Quantitatively disassembling these comprehensive
effects is beneficial to the exploitation and management of a bay
but also more challenging for a large bay with more anthropogenic
activity. However, for a small bay with few types of large-scale
anthropogenic activities, the relevance between anthropogenic
activity and geomorphological change is evident. Analyzing this
coupling relevance is useful for disassembling the comprehensive
effects acting on a large bay.

Coastal reclamation is a major human activity in coastal areas
(Jiang et al., 2015; Tian et al., 2016; Murray et al., 2022) and also a
major factor contributing to changes in coastal evolution in these
regions (Chen et al, 2022; Li et al., 2022). Previous research has
concentrated on coastal reclamation effects on the hydrodynamics,
sediment transport, and morphodynamics of tidal bays or estuaries
(Van Maren et al, 2016; Sun et al., 2017; Yang and Chui, 2017; Gao
et al., 2018; Liang et al, 2018). Long-term, large-scale coastal
reclamation has reduced the area of coastal wetlands, markedly
reduced the natural coastline, and harmed coastal ecosystems in
China. In this regard, the Chinese government issued a notification
strictly forbidding new commercial land reclamation after 2018. In
this situation, the impact of other human activities on the evolution
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of the bay will become increasingly apparent. With large-scale
distribution of offshore aquaculture, Puba Bay is well situated to
research this impact. According to the most recent mariculture
survey funded by the ‘Survey of Using Sea Areas for Aquatic
Breeding in Zhejiang Province,” the area of mariculture ponds in
2020 was 16 km?, accounting for > 45% of the intertidal flat area of
Puba Bay. Moreover, mariculture pond influences are similar to
those of coastal reclamation on hydrodynamics, sediment transport,
and morphodynamics. However, the maricultural expansion effect
on Puba Bay evolution has rarely been reported.

Here, we investigated the processes of major anthropogenic
activities, and the changes in tidal dynamics, sediment transport,
and morphology in Puba Bay over the last five decades. There are
two types of major anthropogenic activities in Puba Bay: coastal
reclamation, in which an enclosed area is filled with land, and
mariculture pond building. Therefore, the effects of these on tidal
dynamics and sediment transport in the bay were explored.
Feedback mechanisms have been proposed to explain the
relationship between morphological evolution and anthropogenic
activity. The coupling effect between these is useful for coastal
exploitation and management. Finally, preliminary suggestions for
mariculture pond management are proposed.

2 Study area

Puba Bay is located on the east coast of Zhejiang Province,
Southeastern China (Figure 1). Low hills surround the bay on its
north, west, and south sides. Kuotangshan Island is located at the
eastern mouth of the bay, dividing it into two channels that connect
to the East China Sea: the Niutoumen Channel (NTC) and the
Baidaimen Channel (BDC). The width at the mouth and length of
the bay are approximately 5 and 19 km, respectively. According to
the latest 2019 coastline survey, the sea area in Puba Bay was
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FIGURE 1
Chart of the study area and locations of observation stations.
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calculated as 57 km?. Compared to nearby Hangzhou Bay and
Sanmen Bay, with areas of 5000 and 480 km?, respectively (ECCHE,
1992), the size of Puba Bay decreases by one to two orders of
magnitude and is therefore considered a small bay.

Puba Bay is a tide-dominated bay with an average tidal range of
4.09 m in the NTC (Hu and Cao, 1981). Three small streams flow
into it, and the semi-enclosed environment surrounded by low hills
on three sides restricts wave propagation. Compared with tides,
runoff and wave effects on the geomorphological evolution of Puba
Bay is considered negligible, except for storm waves or continuous
heavy rainfall. The progressive tidal waves of the East China Sea
enter and exit the bay, presenting a semi-diurnal tidal cycle.
According to 25 h mooring observations of tidal currents, the
maximum flood and ebb laminar flow velocities in the BDC
during the spring tide period were 94 and 126 cm/s, respectively,
whereas they were 80 and 95 cm/s, respectively in the NTC
(ECCHE, 1992). Therefore, the BDC was the main channel
through which tidal waves entered and exited Puba Bay. Tidal
waves undergo distortions as they propagate through the shallow
waters in the bay, which originates in tidal asymmetry. Tidal
asymmetry, in combination with fine sediment, induces net
sediment transport, an important mechanism for the exploitation
of intertidal flats and tidal channels.

Fine sediment enters the bay during the flood tide, some of
which accumulates along the shore and forms extensive intertidal
flats. According to the latest intertidal flat survey in China, this area,
defined as the zone between coastlines—the location of mean high
water springs—and 0 m isobath below the datum of theoretical
lowest tidal level (TLTL), was 35 km” in Puba Bay in 2021,
accounting for more than 60% of the total area. According to
bathymetry data measured in 1964, the tidal channel depth ranges
from 3 to 10 m and the maximum depth exceeds 18 m, which is in
the BDC. These intertidal flats are important resources for local
residents who have been digging mariculture ponds where the
excavated mud is heaped around the ponds to prevent floodwater
from entering. Mariculture pond building and coastal reclamation
are two major anthropogenic activities, as shown in recent remote
sensing images (Figure 2).

3 Materials and methods
3.1 Data collection

Three datasets were collected and used in this study. The first set
of bathymetric data is summarized in Table 1. Paper sea charts or
topographic maps surveyed in 1964, 1978, 1992, 2015, and 2022
were digitalized, and digital topographic map data surveyed in 2013
was collected. The data range covers the whole study area, except for
1992, 2015, and 2022, which only cover part of the area in the BDC
and PBC (Figure 1).

The second set of remote sensing data is summarized in Table 1.
Remote sensing data from 1964, 1975, 1992, 2013, and 2020 were
obtained to ensure consistency with the bathymetric data
measurement times. The KH-4A satellite images captured in 1964
and 1975 were downloaded from the USGS (http://

Frontiers in Marine Science

10.3389/fmars.2024.1325003

earthexplorer.usgs.gov/). Landsat satellite images captured in 1992
and 2013 were downloaded from the Geospatial Data Cloud (http://
www.gscloud.cn/). Aerial photographs taken in 2020 were obtained
from the Department of Natural Resources of Zhejiang Province.
The satellite images were geographically registered using aerial
photography with the China Geodetic Coordinate System 2000
(CGCS2000) and Gauss-Kriiger projection. The spatial resolution of
the aerial photography was 0.5 m, sufficiently high to calibrate the
coastal boundary retrieved from the satellite images.

The third set comprised flow velocity, tidal level, and suspended
sediment concentration (SSC) data. Three 25 h mooring tidal
current observations (Figure 1) were used to record real time
spring velocity and direction from September 7th to 9th, 1987
(from the Second Institute of Oceanography, MNR), and from
August 16th to 17th, 2019 (from the Sanmen County Bureau of
Natural Resources and Planning). The velocity observation
accuracy was 0.01 m/s. Tidal level data were collected from the
Sanmen County Bureau of Natural Resources and Planning with
observations from August 1, 0:00 to August 31, 23:00 (2019), with
1 h interval recordings. The observation station was located in the
BDC (Figure 1). SSC data were collected from the Second Institute
of Oceanography, MNR. Two 25 h SSC mooring observations
(Figure 1) from February 13, 11:00 to February 14, 13:00 (2006;
spring tide), and from February 20, 12:00 to February 21, 14:00
(2006; neap tide) were used.

3.2 Methods

Bathymetric data were processed using ArcGIS 10.2 software
(Environmental Systems Research Institute, Inc., Redlands, CA,
USA). The paper nautical charts or topographic maps were first
digitized using ‘georeferencing’ tools. The coordinate system,
projection, and depth datum of all bathymetric data were then
unified to the CGCS2000, Gauss-Kriiger projection, and TLTL,
respectively. Finally, bathymetric data were interpolated into 50 x
50 m grid resolution digital elevation models (DEMs) using the
triangular irregular network interpolation (TIN) method, widely
used in bathymetric analysis (Dallas and Barnard, 2009; Andes and
Cox, 2017; Zhou et al,, 2020; Gao et al., 2021). DEMs can be
used to generate contours, extract topographic profiles, and
calculate volumes.

Envi v5.3 software (Exelis Visual Information Solutions,
Boulder, CO, USA) was used to preprocess the satellite images,
which included radiometric enhancement, FLAASH atmospheric
correction, a seamless mosaic, and a spatial subset. The resulting
images were opened in ArcGIS 10.2 software and georeferenced
using ‘georeferencing’ tools. Geographical registration was
conducted using four control points surrounding the study area.
The four control point positions were consistent for each satellite
image, and their geographic coordinates were extracted from the
aerial photographs using CGCS2000 and Gauss-Kriiger projections.

Coastal boundaries were extracted from each satellite image
using visual interpretation methods. There were two boundary
types in the study area: that between rocky shores and intertidal
flats, and between the outer limit of mariculture ponds and coastal
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FIGURE 2
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(A) Aerial photographs covering the study area in 2020; (B) Aerial photographs enlarged on a specific area of mariculture ponds; (C) Photo of
mariculture ponds taken in 2020; (D) Photo of a concrete seawall which is the boundary of coastal reclamation.

reclamations. To improve the interpretation accuracy, the
boundaries were initially extracted from high-resolution aerial
photographs taken in 2020. The extracted boundaries were then
overlaid with satellite images and adjusted based on the range of
anthropogenic activity variation.

4 Results

4.1 Tidal current and suspended
sediment characteristics

Puba Bay is tide-dominated. According to field data observed in
2019, the average and maximum tidal range is 3.86 and 6.2 m in the

Frontiers in Marine Science

BDC, respectively, and the average duration of flood and ebb tide is
6 h 7 min and 6 h 18 min, respectively (Figure 3).

Tidal velocity is a key factor controlling the transportation and
accumulation of sediment in macrotidal bays. The observed data
showed that the maximum ebb and flood velocities decreased
between 1978 and 2019 in the PBC and between 1987 and 2019
in the BDC and NTC (Figure 4). There is a difference in the strength
of the maximum ebb and flood velocities as well as an unequal
duration of the falling and rising tides. As a result, tidal asymmetry
develops in this bay (Friedrichs and Aubrey, 1988). The tide is
flood-dominant when the rising tide time is shorter than the falling
tide time, and ebb-dominant when the opposite occurs (Wang et al.,
2002). The tide was flood-dominant in the PBC, ebb-dominant in
the BDC, and flood-dominant in the NTC in 1978 and 1987

frontiersin.org
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TABLE 1 Remote sensing and bathymetric data collected.

Resolution/ Coordinate
Data type Sensor Source
Scale system
/ 1964 1:50000 BJ1954 TLTL Sea Chart
Huanghai Vertical
/ 1978 1:50000 BJ1954 uanghat Vertica o)
Datum (1956)
Huanghai Vertical
1992 1:1 BJ1954
/ 99 0000 J195 Datum (1956) ®
Bathymetric data
/ 2013 1:10000 CGCS2000 TLTL ®
National Vertical
201 1:1 2
/ 5 000 CGCS2000 Datum (1985) @
National Vertical
2022 1:1000 2000 o)
/ caes Datum (1985)
KH-4A 1964/ 2.7 m / / USGS
12/21
KH-4A 1975/8/29 | 2.7 m / / USGS
Remote Landsat 5 TM 1992/4/13 | 30 m WGS1984 / Geospatial
R Data Cloud
sensing data
2013/ Geospatial
Landsat 8 OLI 11/17 30 m WGS1984 / Data Cloud
Aerial
era 2020 05m CGCS52000 / ®
photograph

®: Estuary and Coastal Research Institute of Zhejiang Province; @: Second Institute of Oceanography, State Oceanic Administration; @: Department of Natural Resources of Zhejiang Province; @:
Bureau of Natural Resources and Planning of Sanmen County.

(Table 2). By 2019, flood dominance in the PBC had increased, ebb
dominance in the BDC had declined, and flood dominance in the
NTC had been converted to ebb dominance.

According to the observed data, SSC exhibited temporal
changes during a spring-neap tidal cycle (Figure 5). The vertical
average SSC decreased from the spring to neap tides, and its
maximum value was 0.928 and 0.636 kg/m’ during the spring

400

200

Water level (cm)

-200

and neap tides, respectively. The SSC curve had two troughs
(appearing at tidal slack) and two crests (appearing after the
maximum flow velocity) during a flood-ebb tidal cycle because of
the erosion lag effect. The trends in SSC changes at S1 and S2 were
consistent during the same tidal phase; however, the SSC at S2 was
higher than that at S1, possibly confirming that the BDC is the main
channel for material transport.
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The measured water level change curve in August 2019. The water level is based on the National Vertical Datum (1985).
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FIGURE 4
Observation data of spring tidal velocity in the tidal current stations. The locations are shown in Figure 1. Solid line indicates the change of current
velocity, with positive and negative value representing the flood and ebb velocity, respectively.

4.2 Major anth ropogenic activity processes headlands and secondary bays. At that time, the shape of the coastal
boundaries was winding, corresponding to the distribution of rocky

The boundaries of the major anthropogenic activities were  headlands and secondary bays, and the sea area and intertidal zone
extracted from remote sensing images (Figure 6). In 1964, the  area were 98.11 and 75.189 km?, respectively. The extent of the
coastal morphology of the bay primarily consisted of alternating  intertidal zone decreased by 63.283 km” between 1964 and 2020,

TABLE 2 Maximum ebb and flood velocities (U, and U;) and the duration of ebb and flood tides (7, and 7}) observed in 1978, 1987 and 2019.

Observation station Uy (m/s) U, (m/s) T (hours) T, (hours) gy
PBCI 0.91 075 121 6.02 6.06 0.99
PBC2 0.82 0.6 124 589 6.36 093
BDC1 0.88 L11 079 6.42 6.16 104
BDC2 0.81 0.77 1.05 6.58 641 103
NTC1 071 071 1.00 563 665 0.5
NTC2 053 051 104 6.63 5.67 117
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accounting for 64.5% of the total area in 1964 as anthropogenic
activities expanded (Table 3). In addition to decreasing in size, the
shape of the coastal boundaries also changed. Secondary bays
eventually disappeared as anthropogenic activities increased, and
the coastal boundaries became straight in shape. However, because
of the need for tidal water intake and discharge in the densely
distributed mariculture ponds in the southern bay, there were many
narrow tidal creeks left for the tide to enter and exit, forming a
distribution pattern alternating between the straight boundaries and
tidal creek boundaries.

Anthropogenic activities are the main cause of the reduction in
intertidal zones. Coastal reclamation mainly occurred in the
intertidal flats on the north and south sides of the bay mouth
(Figure 6). The building of mariculture ponds was extensive on the
south side and top of the bay, but only sporadic on the north side.
Coastal reclamation occurred between 1964 and 2013: large-scale
reclamation occurred before 1992, was minimal between 1992 and
2013, and some past reclamations were converted into mariculture
ponds (Table 3). Mariculture ponds were increasingly built after
1992 and exceeded previous coastal reclamation, becoming the
main anthropogenic activity in Puba Bay. The area of constructed
mariculture ponds between 1964 and 2020 was 38.253 km?,
accounting for 60.4% of the reduced area of the intertidal zone.

4.3 Underwater bathymetry changes in
Puba Bay

The evolution of the underwater region deeper than 0 m
exhibited marked siltation characteristics from 1964 to 2013
(Figure 7). Notably, the underwater region coverage range was
reduced due to this siltation. The upstream endpoint of the 0 m
isobath in the PBC retreated 6.8 km towards the mouth of the bay,
accounting for half of the total length of the PBC. Some branch
channels that had previously been connected to the PBC
deteriorated or completely vanished owing to siltation.
Meanwhile, the channel width also became noticeably narrower.
In 1964, the PBC, BDC, and NTC widths were 800-1200, 1200-
2200, and 200-800, respectively, but were reduced to 300-600, 700-
2000, and 100-400 m, respectively in 2013. The retreat of the bay in
both the longitudinal and transverse directions noticeably reduced
the underwater area. According to the DEMs, the projected

TABLE 3 Variations in the intertidal zone, mariculture ponds, and
coastal reclamation areas (area unit: km?).

Period Intertidal  Mariculture Coastal
zone ponds reclamations

1964-1975 -25.026 0 25.026

1975-1992 -12.396 0 12.396

1992-2013 -18.724 31.116 -12.392

2013-2020 -7.137 7.137 0

1964-2020 -63.283 38.253 25.03

The negative value of coastal reclamations area (-12.392) indicates the conversion of
reclamation into mariculture ponds.
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underwater area in 1964 was 20.152 km?; however, it was 17.545
and 7.765 km? in 1978 and 2013, respectively (Table 4). Over a 50-
year period, the coverage area of the underwater regions decreased
by 61.5%.

Regarding vertical change, the water depth exhibited a
decreasing trend with the isobath ranges with the same values
decreasing during different periods (Figure 7). The maximum water
depth was measured in the BD and it had decreased from 18.2, to
17.2, and to 5.0 m in 1964, 1978, and 2013, respectively. Between
1964 and 2013, this value also decreased from 8 to 2.1 m in the PBC
and from 9.8 to 1.9 m in the NTC, respectively. Because it is not a
main channel, the NTC degradation is more visible under the
influence of extensive siltation. According to the DEMs, the
underwater region volumes in 1964, 1978, and 2013 were 75.077
x 10% 55.321 x 10°% and 8.725 x 10° m?, respectively (Table 4). The

Water depth (m)

- Reclamation
2. Mariculture pond
| Intertidal flat

FIGURE 7

Evolution of underwater regions deeper than O m isobath in three
periods: 1964 (A), 1978 (B), and 2013 (C). The depth datum of all
bathymetric data is TLTL. The anthropogenic activities shown in (B)

and (C) occurred during 1964-1978 and 1978-2013, respectively.
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underwater volume of Puba Bay decreased by 88.4% between 1964
and 2013.

In each of the three channels, a cross-section was established.
The cross-sections were selectively placed at major terrain
fluctuations or changes in each channel (Figure 1). The typical
cross-sectional topography, as shown in Figure 8, was characterized
by siltation features, manifesting as a continuous narrowing of the
cross-sectional width and shallowing of the water depth. Between
1964 and 2022, the maximum width and water depth of the P1
section decreased by 660 and 7.3 m, respectively. In 2022, the width
and depth of this section were only 350 and 0.2 m, respectively. If
the siltation continued, the topography of this section would
separate from the underwater environment, and the 0 m isobath
would continue to retreat towards the bay mouth. Between 1964
and 2013, sections P2 and P3 narrowed in width by 130 and 380 m,
respectively, and t heir maximum water depths decreased by 6.8 and
6.5 m, respectively. In 2013, the width and depth of the two sections
were 160 and 1.5 m, and 910 and 4.0 m, respectively. The NTC
nearly vanished because of siltation, with BDC becoming the

primary waterway for material movement.

5 Discussion

5.1 Anthropogenic activity effects on tidal
dynamics and sediment transport

Puba Bay is macrotidal with the tides being the primary force
driving its long-term geomorphological evolution. It has been heavily
silted in recent decades. The siltation of a tidal bay results from the
diminishing ability of tidal fluxes to wash out the sediment delivered
into the bay during flood tides (Serrano et al., 2013; Mandal and
Chaudhuri, 2021). The sediment transport capacity of tidal water is
influenced by variations in the tidal prism, defined as the volume of
water contained in an estuary or embayment between mean low and
mean high tides (Luketina, 1998). This can be calculated by
multiplying the mean water area of the embayment at high and
low tide levels by the mean tidal range (Shigeruma, 1980; Zhang,
1987). Because of the importance of spring tides on hydrodynamics
and mass transport, the water areas of the mean high- and low-water
during the spring tidal phase were selected to calculate the tidal prism
here (Gao, 1988). The mean spring tidal range (5.2 m) was obtained
from long-term tidal gauge records for Puba Bay (ECCHE, 1992).
The results show that the tidal prism was 316.032 x 10°, 245.593 x
10°% and 137.437 x 10° m® in 1964, 1975, and 2013, respectively. The
tidal prism decreased by 178.595 x 10° m® between 1964 and 2013,
accounting for 56.5% of its 1964 value. The tidal prism reduction was

TABLE 4 Characteristics of typical underwater shape parameters.

Underwater area Underwater volume

10.3389/fmars.2024.1325003

caused by a decrease in the intertidal zone and underwater area.
Mariculture ponds and coastal reclamations occupy a portion of the
bay area and may be the primary factor influencing the topography
evolution in Puba Bay. Under natural evolution conditions without
human activity, the bay should be in a state of slow evolution or
dynamic equilibrium. However, this activity has interrupted the
natural geomorphic evolution of the bay, causing a tidal prism
decrease, and sediment transport weakening out of the bay,
resulting in sediment accumulation.

Sufficient sediment supply is a necessary condition for the
siltation of a bay. The sediment accumulating in the East
Zhejiang coastal area mainly comes from the Changjiang River,
and the wide muddy tidal flat grows seawards with this
accumulation (Milliman et al., 1985; Gu et al.,, 1997). For small
bays like Puba Bay, the muddy sediment is enough for their natural
evolutionary needs, evidenced by the high SSC. As mentioned
above, the vertical average SSC is 0.928 kg/m’ during the Puba
Bay spring tide. In this way, the net sediment transport direction is
mainly related to tidal asymmetry in tidal environments (Dronkers,
1986; Van Maren and Gerritsen, 2012; Gatto et al., 2017; Lafta,
2022). The increase of flood dominance in the PBC suggests that
sediment is being transported into the bay. This trend corresponds
to the siltation of the bay between 1978 and 2019. Due to coastal
reclamation, the increase of flood dominance inducing sediment
accumulation has also been documented in the Hangzhou Bay-
Qiantang Estuary system (Xie et al., 2017b; Xie et al., 2022) and the
north branch of the Changjiang Estuary (Guo et al,, 2021). The
NTC has nearly silted up, with the BDC becoming the main channel
for material transport. The ebb dominance decrease in the BDC
indicates that sediment transport out of the bay is diminishing.

However, the observed tidal velocity data here allowed for the
qualitative interpretation of tidal asymmetry and the net sediment
movement into the bay that resulted in siltation. Traditional
methods of quantifying tidal asymmetry can be used to explain
the relationship between tidal asymmetry and morphological
evolution in the future. Meanwhile, due to a lack of sediment
transport data, numerical modeling or remote sensing can be used
to analyze the change in net sediment transport in future.

5.2 Feedback mechanisms between
morphology evolution and
anthropogenic activities

Coastal evolution has multivariate characteristics that become
more complicated owing to the interactions between many
variables. This reciprocal interaction is referred to as feedback.

Mean water depth

Maximum water depth

(km?) (x10° m3)
1964 20.152 75.077
1978 17.545 55.321
2013 7.765 8.725
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Typical cross-sectional topography changes in the three channels.

A

Anthropogenic activity is an important factor in the evolution of
Puba Bay. As previously stated, coastal reclamation and mariculture
ponds occupy part of the intertidal flat, resulting in a reduction in
this area. There is negative feedback between the extension of
anthropogenic activities and intertidal flat areas (Jia et al., 2003;
Wang et al., 2012; Liu et al.,, 2017). Prior to these activities, Puba Bay
had a large ratio of intertidal area to total basin area. In this case,
ebb dominance may occur until a dynamic equilibrium is reached
between sediment input and output in the bay. When coastal
reclamation and mariculture ponds occurred in the intertidal flat,
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this equilibrium was broken and flood dominance resulted. This
negative feedback occurs to maintain the shoal shape, resulting in
seaward migration of the intertidal flat outer boundaries, causing
siltation of the bay.

Puba Bay is macrotidal, and its semi-enclosed environment,
surrounded by low hills on three sides, limits wave propagation. It
can be arbitrarily defined as sheltered coasts where the offshore wave
height is reduced by more than 75% (Chaumillon et al., 2019).
Sediment accumulation is common in tidal bays on sheltered
shores. Considering the sediment fill and regression of this type of
tidal bay as variables, the reclamation and mariculture pond building
would increase the natural regression tendency through a positive
feedback mechanism (Schmitt and Chaumillon, 2023). Although the
selected variables and feedback mechanisms generated are different,
the results of both show that coastal reclamation and mariculture
pond building promote siltation of the bay.

5.3 Proposals for the management of
mariculture pond expansion

Mariculture ponds were built after 1992 and have since become a

major anthropogenic activity in Puba Bay. The area of the

constructed mariculture ponds was 38.253 km® and constituted

60.4% of the reduced area of the intertidal zone between 1964 and

2020. Extensive anthropogenic activity has resulted in marked

siltation of the bay, threatening its ecological health and sustainable

utilization. To restore the water depth and capacity for material
exchange in the bay, pond expansion must be terminated, and the
cofferdams of some ponds need be lowered to below the floodwater
level. Lowering cofferdams limits the aquaculture capacity of some
breeding species (such as green crabs) and reduces the aquaculture
income of local fishmen. As a result, these ponds must be carefully
selected for management purposes. First, the mariculture ponds
should be properly classified. Influenced by traditional customs,
some local villagers, or villages independently engaged in intertidal
flat aquaculture activities without obtaining government permits.
Mariculture ponds, without administrative breeding permits or that
do not comply with relevant planning—coastal protection, utilization
planning, and intertidal aquaculture planning— must be prioritized
for disposal.

Furthermore, the total area of the mariculture ponds needs to be
calculated. From the perspective of geomorphological evolution, the
P-A relationship can be employed to explore this. Gao (1988)
calculated the P-A relationships of tidal inlets along the East
China Sea coast, and the linear related coefficient between lgP
and g A equaled 0.97. Xia (2011) divided the Sanmen Bay into eight
sub-inlet units and calculated the P-A relationship with the linear
related coefficient being 0.999. Not only because of the better
correlation between IgP and IgA, there are also similarities
between Puba Bay and the sub-inlets in the Sanmen Bay in terms
of morphology, formation, and evolution. Therefore, the P-A
expression of Xia (2011) was employed here:

A =2.49 x 1071pPoi097t (1)
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where, A is the inlet cross-sectional area, P is the basin tidal
prism. By lowering cofferdams of some mariculture ponds, the new
intertidal zone area and basin tidal prism can be calculated. Then, the
inlet cross-sectional area can be obtained. Here we took the water
depth and area of mariculture ponds from 2013 as an example. The
location of the inlet cross-section is shown in Figure 1. According to
the DEM in 2013, the cross-section was extracted and its area
calculated to be 4295 m?. If the area of mariculture ponds
decreases by 10 km?, the new intertidal zone area and basin tidal
prism are calculated to be 27.82 km? (56% increase) and 88.733 x 10°
m?, respectively. Then A is calculated to be 7501 m? ccording to the
Equation 1. Under constant width, the water depth of the cross-
section increases. Therefore, by setting the target value of cross-
section area or water depth, the reserved area of mariculture ponds
can be calculated using the P-A relationship formula.

6 Conclusions

Mariculture pond expansion and coastal reclamation resulted in
a decrease in the intertidal zone, reducing the tidal prism and
influencing tidal asymmetry during the last five decades in Puba
Bay. Both the tidal prism and maximum ebb and flood velocities
during the spring tide decreased. Flood dominance increased,
whereas ebb dominance decreased in the main waterway. With
enough supply of muddy sediment, the dynamic tidal variations
caused more sediment to be transported into the bay. Puba Bay has
experienced rapid siltation with the obvious decreases of
underwater area and volume, water depth, and width of cross-
section. There is a negative feedback and positive feedback
mechanism between the extension of anthropogenic activity and
intertidal flat area, and the sediment fill, respectively. Both feedback
mechanisms cause siltation of the bay.

Large-scale mariculture pond expansion is the major factor
inducing rapid siltation of Puba Bay. To maintain the water depth
and capacity for material exchange in the bay, the cofferdams of
some mariculture ponds need be lowered below floodwater levels.
Scientific planning should be developed in future to determine the
total area of reserved mariculture ponds.
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