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Abstract

The morphology of the Modaomen Estuary (ME) has undergone drastic changes in recent decades, and
quantifying the contribution of human activities and natural processes is crucial for estuary management. Using
Landsat images, chart data, and hydrological and meteorological data, this study analyzed the evolution of the
shoreline and subaqueous topography of the ME and attempted to quantify the extent of the contributions of
human activities. The results show that local human activities dominated morphological evolution in some
periods. From 1973 to 2003, the shoreline advanced rapidly seaward, resulting in approximately half of the water
area being converted into land. Human activity is critical to this process, with the direct contribution of local land
reclamation projects reaching more than 85%. After 2003, the shoreline remained relatively stable, probably due
to a decrease in land reclamation projects. Regarding the evolution of subaqueous topography, the shoals in the
estuary were heavily silted and gradually disappeared during 1983-2003, and the waterways narrowed and
deepened. The average siltation rate decreased from 15.43 mm/a to —1.02 mm/a, indicating that the ME changed
from sedimentation to slight erosion. By detecting variations of sediment load, we found that upstream human
activities reduced river sediment, while downstream human activities significantly increased sediment input to
the ME, leaving little change in the actual sediment input to the ME for a relatively long period. In addition, based
on the empirical relationship between the sediment input and siltation rate, local human activities influenced the
shift in the siltation state more than upstream and downstream human activities did. These findings suggest that

more attention should be paid to local human activities to improve the estuarine management in the ME.
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1 Introduction

In recent decades, many river deltas are experiencing serious
problems due to the combined effects of human intervention and
climate change (Day and Giosan, 2008). Due to the need for eco-
nomic development, the morphological evolution and hydro-
dynamic system of rivers and estuaries are more disturbed by hu-
man activities than natural factors (Acciarri et al., 2016; Liu et al.,
2014). For example, human activities including extensive land re-
clamation, channel deepening, sand mining, dam construction,
and sea defense structure construction have important effects on
the morphology of rivers and estuaries (Roccati et al., 2019; Wu
etal., 2016a, 2016b; Yang et al., 2003, 2006; Zhang et al., 2015).

Among all kinds of human activities, land reclamation can
visually and dramatically modify estuarine morphology (Healy
and Hickey, 2002). However, as an influential potential factor in
estuarine evolution, sediment supply changes, especially those
caused by human activities upstream, are often underappreci-
ated. In a typical case, the construction of dams may reduce river

sediment load and alter the siltation state of estuaries (Dai et al.,
2008). According to the latest Global Reservoir and Dam Data-
base, 7 320 reservoirs and associated dams have been construc-
ted on rivers worldwide, with a cumulative storage capacity of
6 863.5 km3 (Lehner et al., 2011). After being extensively dis-
turbed by human activities, especially dam and reservoir con-
struction, 37% of rivers longer than 1 000 km remain free flowing
over the entire river (Grill et al., 2019).

In this situation, many rivers experience sediment load re-
duction. With the completion of the Aswan High Dam, there was
almost no net sediment input to the Nile Delta, although there
was a sediment input of 100 Mt/a to 124 Mt/a before the con-
struction of the dam (Fanos, 1995; Frihy et al., 2003; Stanley and
Warne, 1993). The Changjiang River, the largest river in China,
delivered approximately 490 Mt/a of sediment to the ocean in the
1950s and 1960s. However, the sediment load was reduced to
150 Mt/a after completion of the Three Gorges Dam (Yang et al.,
2011). Sediment reduction dominates the transition from net ac-
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cretion to erosion in some reaches of the Changjiang River and
the change from accretion to recession along the estuary (Dai
and Liu, 2013; Dai and Lu, 2014; Luo et al., 2012; Yang et al., 2007,
2011). Studies have shown that after the Three Gorges intercep-
ted a large amount of sediment, some large lakes and the river-
bed of the middle-lower Changjiang River became the main
sources of sediment and played a critical role in the evolution of
the Changjiang River depositional system (Dai et al., 2018). Land-
ward sediment transport from the coastal area is also an influen-
tial factor in maintaining the current sedimentation state of the
Changjiang River Estuary, and tropical cyclones seem to enhance
sediment transport (Dai et al., 2018; Dai, 2021; Wang et al., 2020).
In the past few decades, along with economic development,
the Zhujiang River Delta has also been affected by many anthro-
pogenic disturbances, such as the upstream construction of
reservoirs, sand mining in the river, coastal land reclamation,
deepening of shipping channels, and building of breakwaters.
With various human activities constantly altering the hydrologic-
al environment, the Zhujiang River ranks among the most regu-
lated rivers on Earth (Nilsson et al., 2005). Because of the prom-
inent effects of human intervention on hydrological processes,
scholars have begun to assess the relationship between human
activities and the temporal and spatial variations in runoff and
sediment load in the Zhujiang River (Chen et al., 2011; Dai et al.,
2008; Liu et al., 2014; Zhang et al., 2009; Zhang and Lu, 2009).
Moreover, studies have been conducted on the link between
morphological changes and human intervention based on naut-
ical charts (Chu et al., 2013; Wei et al., 2021; Wu et al., 20164,
2016b, 2018; Zhang et al., 2015). However, due to the complex in-
teractions between human activities and estuarine morphology
evolution, most studies have only discussed the effects of human

activities on estuarine morphology qualitatively and rarely in-
volved quantitative analysis. Quantifying the impact of human
activity on estuarine evolution would greatly improve estuarine
development management. Mei et al. (2015) successfully as-
sessed the contributions of climate change, human activities, and
the Three Gorges Dam regulation to the dramatic recession of
Poyang Lake by using multiple data. This work provides a refer-
ence of our attempts to quantify human impacts on the evolu-
tion of the Modaomen Estuary (ME).

The ME area is one of the most notable regions in the Zhuji-
ang River Delta for economic development. With the establish-
ment of the Guangdong-Hong Kong-Macao Greater Bay Area,
the locational advantage of the ME is increasingly prominent. In
this case, human intervention may be involved in estuary man-
agement. There is an urgent need to understand the relationship
between human activity and the evolution of estuarine morpho-
logy. By analyzing Landsat images, chart data, and hydrological
and meteorological data, we aimed to (1) characterize the evolu-
tion of the shoreline and subaqueous topography, (2) explore
and quantify the contribution of the influence of human activit-
ies on the shoreline change and the local siltation state transition.

2 Materials and methods

2.1 Study area

The Zhujiang River has a complex river network system and
three main tributaries (the Xijiang River, Beijiang River, and
Dongjiang River). Among the three tributaries, the Xijiang River
delivers the highest runoff and sediment load in the Zhujiang
River Delta. Our study area, the ME, is the main outlet of the Xiji-
ang River. The detailed study area is illustrated in Fig. 1, which
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Fig. 1. Geographical location of the study area. The Zhujiang River Delta (ZRD) comprises the marked study area and the study
region with detailed geographic information. The three major tributaries of the Zhujiang River (Dongjiang River, Beijiang River, and
Xijiang River) and eight main outlets (Humen, Jiaomen, Hongqimen, Hengmen, Modaomen, Jitimen, Hutiaomen, and Yamen) are
shown. The major cities in the ZRD are marked. Blue triangles represent the Makou, Gaoyao, Tianhe, Left Denglongshan, and Right
Denglongshan hydrological stations. The bottom right panel exhibits the geographic information of Modaomen Estuary where this

study is focused. N.: North; S.: South; L.: Island.



Liao Tiehan et al. Acta Oceanol. Sin., 2023, Vol. 42, No. 5, P. 79-92 81

extends from 21°59'43"N to 22°14'31”"N, and 113°18'44"E to
113°32'46"E.

ME is the foremost outlet for river runoff and sediment trans-
portation among the eight main outlets of the Zhujiang River.
When transported into the South China Sea via the ME, the aver-
age fluvial discharge flux was up to 88x10° m3/a, approximately
28% of the total runoff load of the Zhujiang River. In addition, 23
Mt/a of sediment entered the ME on average. This amount is
one-third of the total sediment load transported by the Zhujiang
River. For the four west outlets, the ME accounts for approxim-
ately 74% and 77% of river runoff and sediment transportation,
respectively. Most of the sediment load and fluvial discharge sup-
plied to the ME is measured at the Makou. Regarding tidal dy-
namics, the mean tidal range in the ME is 0.86-1.11 m, and the
flood duration is shorter than the ebb duration (Gong and Shen,
2011). Weak tidal dynamics may favor the sedimentation of the
ME.

2.2 Data collection and processing

In the following discussion sections, monthly runoff data and
sediment data observed at the Makou hydrological station (Fig. 1),
precipitation and soil erosion data in the Zhujiang River Basin,
and capacity data of the main reservoirs in the upper reaches of
the Xijiang River are cited. Hydrological data were extracted from
the Bulletins of Chinese River Sediments compiled by the Ministry
of Water Resources of China (http://www.mwr.gov.cn/). Precipit-
ation data were obtained from the National Meteorological In-
formation Center (http://data.cma.cn/). Soil erosion data and
reservoir-related statistics were extracted from the literature (Dai
etal., 2008; Liu et al., 2018). In addition, sediment flux data from
the main cross-sections of the Xijiang River were used to analyze
the relationship between the sediment load at Makou and the
ME. These data were obtained from the Zhujiang River Water Re-
sources Commission of the Ministry of Water Resources (http://www.
pearlwater.gov.cn/) for July 1999 (wet season) and February 2001
(dry season).

Because of the limited number of Landsat images, most of
which were disturbed by clouds, obtaining many valuable im-
ages was difficult. We selected a clear image of a certain year. A
series of Landsat images were collected from the United States
Geological Survey (USGS; https://glovis.usgs.gov/app) to extract
historical shorelines. The acquisition time of images ranged from
1987 to 2017 with an interval of 2 years, except for an individual
image in 1973. The pixel resolution of the Landsat 5-8 images
was 30 m, and 60 m for the Landsat 1 MSS sensor. Detailed in-
formation is provided in Table 1. All Landsat images were geo-
metrically corrected using the Landsat product generation sys-
tem code developed by the USGS (Loveland and Dwyer, 2012).

In this study, we used the normalized difference water index
(NDWI) to distinguish between water and non-water pixels
(McFeeters, 1996). Using the NDWI method, we could easily ex-
tract shorelines from remote sensing images. However, not all re-
mote sensing images were captured in the same tidal state. If the
coast is not steep, shorelines acquired at different tidal states may
not be consistent. Correction methods are required to obtain the

Table 2. Topographic data

Table 1. Basic information of used Landsat images

Aqu.HSition Satellite  Sensor Pix.el Dgtum./ UTM

time resolution/m Ellipsoid zone
1973/12/25 Landsat1 MSS 60 WGS84 49
1987/2/7 Landsat5 ™ 30 WGS84 49
1989/7/6  Landsat5 ™ 30 WGS84 49
1991/11/17 Landsat5 ™ 30 WGS84 49
1993/12/24 Landsat5 ™ 30 WGS84 49
1995/12/30 Landsat5 ™ 30 WGS84 49
1997/11/1 Landsat5 ™ 30 WGS84 49
1999/11/15 Landsat7 ETM+ 30 WGS84 49
2001/11/20 Landsat7 ETM+ 30 WGS84 49
2003/10/17 Landsat5 ™ 30 WGS84 49
2005/11/23 Landsat5 ™ 30 WGS84 49
2007/9/18 Landsat7 ETM+ 30 WGS84 49
2009/1/2  Landsat5 ™ 30 WGS84 49
2011/6/1 Landsat5 ™ 30 WGS84 49
2013/11/29 Landsat8 OLI/TIRS 30 WGS84 49
2015/1/3 Landsat8 OLI/TIRS 30 WGS84 49
2017/1/8 Landsat8 OLI/TIRS 30 WGS84 49

shorelines under the same tidal conditions. Shoreline digitiza-
tion methods of manual intervention have proven to be success-
ful and accurate (Kong et al., 2015; Matin and Hasan, 2021;
Zhang et al., 2015). In this case, we used the NDWI method to de-
rive the shoreline automatically and then obtained the shoreline
at a mean high tide state with manual correction to the shoreline.
Manual correction is based on shortwave infrared band and
pseudocolor images.

To explore the evolution of the subaqueous topography of the
ME, we collected nautical charts and underwater topographic
survey data from 1964, 1983, and 2003 (Table 2). The bathymet-
ric data in each chart were measured at the same time. The pa-
per-based bathymetric data were then digitized using GIS soft-
ware. Because the scattered bathymetric data were recorded
based on the Theoretical Lowest Tide Surface, which was a
datum associated with the mean sea level and varied by region.
Through the relationship between the zero level of tide gauge
and the Zhujiang River Datum, and the mean sea level calcu-
lated from the tide records, we got the transformation relation
between the Theoretical Lowest Tide Surface and the Zhujiang
River Datum. Then, using the datum transformation relations of
several tide gauge stations during the bathymetry surveyed peri-
od, we could convert the chart bathymetry to the water depth rel-
ative to the Zhujiang River Datum. All bathymetric data were
converted to the Zhujiang River Datum for an accurate comparis-
on. Converting all bathymetric data to a uniform elevation datum
also avoided the effect of sea-level changes on variations in ba-
thymetric data. Thereafter, the kriging interpolation method was
used to interpolate the scattered bathymetric data into a 20 mx
20 m grid. Finally, the bathymetric grid data were transformed in-
to a digital elevation model (DEM). Using DEMs, comparing and
analyzing the evolution of the subaqueous topography of the ME
is possible.

Map title Projection coordinate Depth datum Scale Meast;l;liment
Sanzao Island and Related Sites Beijing 54 Coordinate System Theoretical Lowest Tide Surface 1:50 000 1964
Modaomen Channel Series Beijing 54 Coordinate System Theoretical Lowest Tide Surface 1:10 000 1983
Topographic Maps of Flood Control and Regulating Beijing 54 Coordinate System Theoretical Lowest Tide Surface 1:5000 2003

Engineering in Zhujiang River Estuary
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2.3 Calculation of shoreline change rate

Various versions of the Digital Shoreline Analysis System
(DSAS) are commonly used calculation tools for shoreline
change-related analyses (Himmelstoss et al., 2018; Thieler et al.,
2009). The DSAS performs well in coastal and island locations
with open shorelines that are not complex (Cunliffe et al., 2019;
Ford, 2013; Jones et al., 2011; Matin and Hasan, 2021). However,
evaluating the continuous shoreline changes in complex estuar-
ine shorelines is not convenient. In this study, we employed a
point-based shoreline change detection method to obtain
shoreline change information (Cowart et al., 2010).

For a certain temporal interval, this method requests the
shoreline at the beginning of that period (old shoreline) and the
shoreline at the ending of the period (new shoreline). The new
shoreline is represented as a series of equally spaced points based
on a spatial interval. An interval of 100 m was used in the study.
Next, the shoreline change rate (SCR) was calculated by comput-
ing the shortest distance from the point on the new shoreline to
the old shoreline. The position of the new shoreline relative to
the old shoreline implies shoreline advancement or erosion, as
indicated by dmin.

SCR for a certain point on the new shoreline is calculated as
follows:

dmin

SCR = ,
At

M

where dmin is the minimum distance from the point to the old
shoreline for a certain time duration, and At is the time duration.
A diagram of the point-based algorithm is shown in Fig. 2.

3 Results

An estuary is a partially enclosed coastal body of brackish wa-
ter that is a region of transition from the river to the ocean
(Pritchard, 1967). In this section, we analyze the morphological
evolution of the ME from two aspects: shoreline change and un-
derwater topography evolution. Research on shoreline change is

water

Fig. 2. Parameter definition of the point-based algorithm for cal-
culating shoreline change rate. d,y,;, indicates the minimum dis-
tance between the point on the new shoreline and the old shoreline.
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mainly based on shoreline data extracted from 17 remote sens-
ing images from 1972 to 2017. Underwater topography evolution
trend analysis was based on estuarine bathymetric data from
1964, 1983, and 2003.

3.1 Shoreline evolution of the ME

Shoreline analysis revealed the evolutionary trend of the ME.
The most significant evolutionary trend was the transformation
of water to land. As shown in Fig. 3a, the shoreline of the ME un-
derwent dramatic changes. The shoreline advanced significantly
from 1973 to 2017. In 1973, four major outfalls communicated the
inner and outer water, namely, the northwestern outfall of San-
zao Island, the Longshiku, the Modaomen Channel, and the
Hongwan Channel (Fig. 1). However, only the Modaomen and
Hongwan channels remained free flowing in 2017. Although
Longshiku was not transformed into land, it was no longer the
main outlet for fluvial discharge and was only a tidal channel.
Furthermore, the water outfall, located on northwestern Sanzao
Island, had completely turned into land.

To accurately assess and compare shoreline variations, we
had to divide the research period into small intervals. Limited by
the time span and number of available remote sensing images, a
fixed time interval may cause shoreline evolution to be exagger-
ated or reduced. Hence, we divided 1973-2017 into five periods
based on the time when the shoreline experienced dramatic
changes in 1973-1987, 1987-1991, 1991-1999, 1999-2003, and
2003-2017. The statistical calculations of shoreline changes were
based on these five periods.

Shoreline changes usually lead to variations in water area.
The water area and mean water area change rate (WACR) of the
ME were calculated for each period, and the detailed results are
shown in Fig. 3. From 1973 to 2003, the water area decreased
from 368.78 km? to 188.24 km?, a loss of 48.96%. Almost half of
the water area was lost after 2003. By contrast, the water area de-
creased 0.37% between 2003 and 2017. Overall, the water area ex-
perienced rapid loss with a mean WACR of -6.02 km?/a in
1973-2003. Among the five periods, the most marked change was
in 1999-2003, with a mean WACR of —7.84 km?/a. During the last
period, the mean WACR was -0.05 km?/a, indicating that the
coastline remained relatively stable.

The mean SCR and WACR maintained almost synchronous
changes among the periods (Table 3). A large mean WACR ten-
ded to correspond to a large mean SCR. In 2003-2017, shorelines
were relatively stable, with a mean SCR of 1.06 m/a, an order of
magnitude smaller than those in the other periods. The mean
WACR in 1991-1999 was twice as large as that in 1987-1991, and
the mean SCR in the former period was only 5% larger than that
in the latter. Because SCRs were calculated based on a fixed
shoreline distance, a considerable sticking out of the new shoreline
would cause substantial variation in mean SCR to mismatch with
the mean WACR change. Thus, the sharp stretch of the shoreline
in 1999 on northwestern Henggqin Island (Fig. 4c) caused a mis-
match in the magnitude of change between the mean SCR and
mean WACR.

We reviewed the detailed SCRs in Fig. 4 and pronounced that
the shoreline advanced almost in all coastal areas during the five
periods, yet the rates differed among regions. In the first four
periods, approximately 10% of the SCRs were greater than
100 m/a, with contributions of 60%-90% to the cumulative SCR.
SCRs with large values were significant for the overall evaluation
of shoreline evolution in the ME.

Large SCRs tended to exist in the patches, and these areas
represented the most dramatic shoreline evolution during each
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Fig. 3. Historical shoreline position (a), water area with study region in each year (b), mean shoreline change rate (SCR) in five
intervals (c), and surface mean water area change rates in five intervals (d). WACR: water area change rate.

Table 3. Basic statistics of digital elevation model

Survey time
1964 1983 2003
Area of water/km? 348.58 332.50 185.00
Volume of water/(106 m3) 931.98 782.67 620.25
Mean depth/m 2.67 2.35 3.35
Mean depth* /m 3.62 3.33 3.35

Note: *Mean depths were calculated within the water area in 2003.

period. Zones with severe shoreline changes during each period
are marked as I -VII (Fig. 4). The shoreline evolution in each of
these zones had a profound impact on the land-water pattern
and the hydrodynamic environment of the ME. Zone IIT had a
maximum SCR of 250 m/a. Shoreline changes in this area resul-
ted in a decrease in shallows within the ME, as well as the disap-
pearance of an essential tidal channel located on northwestern
Sanzao Island. In Zone V, with a maximum SCR of 678 m/a, the
extension of the shoreline narrowed the Hongwan Channel and
weakened its hydrodynamic function. During 1999-2003, the
maximum SCR in Zone VI was over 1 000 m/a, which was the
largest among all periods. The water in the ME was further re-
duced, the tidal channel was further narrowed, and Zone VI was
transformed into land from water. Most of the new shorelines in
these zones were unnaturally smooth and straight in of morpho-
logy, with signs of human intervention.

From 1973 to 2003, the shoreline of the ME evolved dramatic-
ally, with almost half of the water area turning into land. Sub-
sequently, the shoreline remained relatively stable. Detailed SCR
analysis revealed that areas with the most dramatic shoreline

changes existed in patches and appeared to show signs of hu-
man interference.

3.2 Subaqueous topography evolution of the ME

We constructed DEMs for the subaqueous topography in
1964, 1983, and 2003 on the basis of bathymetric data from naut-
ical charts (Fig. 5). A historical analysis based on DEMs revealed
remarkable modifications in the water area and underwater to-
pography. As shown in Table 3, in 1964-1983, the water area de-
creased by 4.61%, and the volume of water below the datum de-
creased by 16.02%. In addition, the average depth decreased
from 2.67 m to 2.35 m, a decrease of 11.96%. The geometry of the
estuary experienced drastic variations from 1983 to 2003. During
this period, the water area decreased from 332.5 km? to 185 km?
in 2003, a decrease of 44.36%. The water volume decreased by
20.75%. By contrast, the mean water depth increased from 2.35 m
in 1983 to 3.35 m. During 1964-1983, the ME experienced a gen-
eral process of siltation and shallowing, whereas it experienced a
process of erosion and deepening in 1983-2003.

Figure 6 shows the WACR at different depths during the three
periods. This parameter visualizes the variations in the water
area at different depths during the evolution of subaqueous topo-
graphy. Large WACRs for all three periods were detected in the
depth range of 0-2 m. Owing to enhanced shoal sedimentation
from 1964 to 1983, the maximum WACR was observed at a depth
of 1 m. However, the largest WACR was detected at a depth of 0 m
for the time interval of 1983-2003, suggesting that water turning
to land was a critical morphological process. Furthermore, the
results showed a decrease (negative WACR) in the water area 4-
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ary state varied between the two periods. Siltation was the dom-
inant process during the former period. In the later period, there
was a significant decrease in the surface water area, accompan-

Fig. 6. Water area change rate (WACR) at different depths for
three periods: 1964-1983, 1983-2003, 1964-2003.
ied by an increase in the area among the intermediate depths.

The statistics for the full span (1964-2003) were approximately
equal to the average of the other two periods.

As shown in Figs 5 and 7, from 1964 to 2003, the Modaomen
and Hongwan channels were increasingly eroded and deepened,
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Fig. 7. Spatial distribution and corresponding frequency distribution of siltation rates in the Modaomen Estuary for 1964-1983 (a, c)

and 1983-2003 (b, d). Dotted lines in a are the shorelines in 2003.

and most of the shallows in the west were shallowing. In 1964,
the average water depth in the western shallows was approxim-
ately 4 m. Additionally, the deepest area in the west, Longshiku,
was approximately 11 m deep. By 1983, only the Bailonghe Chan-
nel within the western shallows had greater depth. Due to no suf-
ficiently deep channels to communicate with the main channel
of the Xijiang River, the function of the Bailonghe Channel as a
drainage path for runoff was reduced.

From 1964 to 2003, the area of siltation decreased as the ero-
ded area increased (Table 4), whereas the overall mean siltation
state changed from sedimentation in the early stages to slight
erosion in the later stages. From 1964 to 1983, more than 70% of
the underwater topography experienced increasing shallowing,
and some portions of the Modaomen Channel increased in
depth. From the histogram of frequency statistics on siltation
rates (lower panels in Fig. 7) and Table 4, the net siltation of the
ME during this period was 54.22x106 m3 with an average positive
siltation rate of 15.43 mm/a, showing a typical sedimentation
state. During 1983-2003, many shallows in the west disappeared,

Table 4. Statistics of siltation characteristics in each period

and the remaining part became much shallower. By contrast, the
Modaomen and Hongwan channels showed strong deepening
characteristics. As shown in Table 4, the net siltation during this
period decreased to —3.78x10% m3, with an average siltation rate
of -1.02 mm/a. The average siltation rate decreased by 107%
compared with the rate in former period, and the underwater to-
pography as a whole showed slight erosion, which markedly
differed from the prior topography. Because the mean siltation
rate represented the overall evolution trend of the subaqueous
topography in the study area, we used it as a parameter for evalu-
ating underwater topography evolution, and the mean siltation
rate was related to anthropogenic factors for interpreting the sub-
aqueous topography evolution mechanism.

4 Discussion

The evolution of estuarine morphology is a complex, dynam-
ic process. Accurately evaluating natural processes and human
activities is difficult. Human activities in estuaries are varied,
namely, sand excavation, reclamation, channel dredging, and

Period
1964-1983 1964-1983* 1983-2003

Siltation amount (SA)/(106 m3) 194.49 111.31 109.19
Erosion amount (EA)/(106 m3) 73.99 57.09 112.97

Net siltation amount (NSA=SA-EA)/(106 m3) 120.50 54.22 -3.78
Siltation area (SiA)/km? 235.75 121.77 89.01

Erosion area (ErA)/km? 96.75 63.23 95.99
Total research area (TRA=SiA+ErA)/km? 332.50 185.00 185.00
Percentage of siltation area (SiA/TRA)/% 70.90 65.82 48.11
Percentage of erosion area (ErA/TRA)/% 29.10 34.18 51.89
Mean siltation rate (NSA/TRA/length of the period)/(mm-a1) 19.07 15.43 -1.02

Note: *Parameters for this period were calculated within the water area in 2003.
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embankment construction. Accurate assessments of the contri-
bution of each type of human activity require a large amount of
fine data. However, we had no means to access this data. In addi-
tion to the direct physical changes that human activity makes to
estuaries, it has long-term effects on estuarine dynamics, further
increasing the difficulty of separating the contribution of human
activity from overall changes. Therefore, as a preliminary at-
tempt to quantify the contribution of human activities to the
morphological evolution of the ME, we used easily quantifiable
reclamation data to demonstrate that human activities have
dominated the evolution of shorelines in the ME. We did not con-
duct a detailed assessment of human activities.

To evaluate the impact of human activities on the submerged
topography of the ME, we divided the Xijiang River into upstream
reaches (reaches upstream Makou), downstream reaches (reaches
between Makou and the ME), and the local region (the ME). The
effects of upstream and downstream human activities on the ME
were translated into variations in sediment input to the ME. We
used a simple model of sediment input and the average sedi-
mentation rate in the estuary to separate the contributions of hu-
man activities in the regions. Contributions of detailed human
activities within each region were not assessed in this study.
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4.1 Upstream and downstream human activities altered river sedi

ment transport

Because river sediment input from the upper reaches is critic-
al to the evolution of estuarine subaqueous topography, we first
had to estimate whether sediment input was disturbed by an-
thropogenic influence. Before 1997, there was a relatively stable
linear relationship between runoff and sediment transport
(Fig. 8b). After 1997, the data points gradually deviated from the
fitting line, implying that something occurred and reduced the
observed sediment concentration at Makou. The decrease of sed-
iment concentration may have resulted from reduced sediment
production or a sediment decrease during transportation. River
sediments mainly originate from soil erosion caused by precipit-
ation (Gellis and Noe, 2013; Meade, 1982). As shown in Fig. 8d,
the soil erosion area in the Zhujiang River Basin did not decrease
after 1997. A Mann-Kendall Tau trend test was performed on the
precipitation data, and we obtained a p value of 0.52, which in-
dicates no significant trend in precipitation. A good correlation
between runoff and precipitation indicated that the conversion
rate from precipitation to river runoff remained essentially the
same (Fig. 8a).

As shown in Fig. 8d, the soil erosion area did not decrease
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Fig. 8. Double mass curve in cumulative values of annual runoff and annual precipitation from 1960 to 2010 (a); double mass curve in
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soil eroded land and total storage capacity of reservoirs (d).
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after 1997 and was even larger than before. Unreduced precipita-
tion flows through the larger areas of soil erosion than before and
is converted into river runoff with the same efficiency. Therefore,
we inferred that river sediment production should not decline
significantly. The decrease of river sediment after 1997 did not
result from a decrease of sediment production but from sedi-
ment decreases during transportation.

According to historical data, there were no significant changes
in the natural environment in the Zhujiang River Basin, which
could have caused a significant decrease in sediment during trans-
portation after 1997. Therefore, there is a high probability that
sediment variation is caused by human activity. Among many
human activities, river damming can trap large amounts of river
sediment. In addition, river sand excavation for construction ma-
terials also decreases river sediment. The cumulative reservoir
capacity in the upper Xijiang River (Fig. 8d) showed a dramatic
increase in 1997, matching the shifting time in sediment concen-
tration. Consequently, we inferred that human activity is a critic-
al factor that decreases river sediment.

By applying the runoff-sediment relationship before 1997 to
the data after 1997, we obtained the amount of sediment reduc-
tion due to human activities. We obtained a linear relationship
between the logarithmic monthly runoff and sediment observed
at Makou (Fig. 9). Based on the runoff-sediment relationship, we
obtained the sediment flux without human interferences during
1997-2003. During 1997-2003, the estimated mean sediment flux
was 76.38 Mt/a; the observed mean sediment flux was 44.34 Mt/a.
The observed sediment was 58% of the estimated sediment; thus,
human activities implemented in the upper reaches of the Xiji-
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Fig. 9. Correlational relationship between logarithmic monthly
runoff and logarithmic monthly sediment load.

ang River have a significant influence on river sediment trans-
port. Studies in other large deltas have also revealed that up-
stream human activities (especially damming) have a significant
impact on estuarine sediment input. After the completion of the
Aswan High Dam, there was almost no net sediment input to the
Nile Delta (Frihy et al., 2003; Stanley and Warne, 1993). Due to
the completion of the Three Gorges Dam, the sediment input of
the Changjiang River Delta was reduced about 70% (Yang et al.,
2011).

We obtained sediment fluxes at Makou with and without the
impact of upstream human activities. However, the sediment flux
at Makou cannot represent the sediment load that eventually
enters the ME. The sediment input to the ME could be obtained
from the sediment flux at Makou by applying an appropriate ra-
tio. According to Luo et al. (2007), the amount of sediment enter-
ing the ME was approximately 30.80% of that observed at the
Gaoyao before 1991. In addition, by analyzing historical observa-
tion data, we found that the sediment quantity at Makou was
93.45% of that at Gaoyao. Thus, 32.96% of the sediment observed
at Makou finally entered the ME.

If there were no human activities in the downstream reaches
(i.e., the reaches between Makou and the ME), this ratio could
also have been applied from 1992 to 2003. However, Luo et al.
(2007) found that large-scale sand excavation occurred in down-
stream reaches during 1992-1999. Intense and unplanned sand
excavation activities continued until the early 2000s, when au-
thorities enacted regulations and policies to ban sand excavation.
Therefore, the influence of human activities downstream of the
Xijiang River on sediment transport in ME should be investig-
ated.

It has been shown that human activities represented by sand
excavation have significantly changed the morphology of the
river channels between Makou and the ME, contributing to a
shift from sedimentation to erosion (Han et al., 2010; Liu et al.,
2011, 2018). The erosion of river channels may have brought
more sediment into the downstream estuary than before. In ad-
dition, sand excavation and channel dredging may also cause re-
suspension of riverbed sediment, which may also lead to in-
creased sediment input to the downstream estuary.

Using survey data from July 1999 to February 2001, we ob-
tained the ratio between the sediment input to the ME and the
sediment flux of Makou affected by downstream human activit-
ies during the wet and dry seasons (Tables 5 and 6). The results
showed that human activities downstream (e.g., sand excavation
and channel dredging) led to an increase in sediment concentra-
tion in the ME. Instead of reducing sediment input to the ME, hu-
man activities have increased it. Analysis of the seasonal distribu-
tion of the sediment load at Makou shows that the wet season ac-
counts for 95% of the total sediment transport. Based on these

Table 5. Sediment fluxes at the main cross-sections of the Xijiang River during the survey in wet season

Station Makou Tianhe Right Denglongshan Left Denglongshan Sedyp/Sedyiou
Net sediment output/t 5118 768 2269 100 1149 800 1161 500 45.15%
Mean sediment concentration/(kg-m-3) 0.304 0.295 0.378 0.392 -
Note: — means no data. ME: Modaomen Estuary.
Table 6. Sediment fluxes at the main cross-sections of the Xijiang River during the survey in dry season
Station Makou Tianhe Right Denglongshan Left Denglongshan Sedyp/Sedyiou
Net sediment output/t 21838 12197 11152 6689.1 81.70%
Mean sediment concentration/(kg-m-3) 0.015 0.018 0.042 0.025 -

Note: — means no data. ME: Modaomen Estuary.
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data, we estimated that the sediment input of ME was 46.98% of
the sediment flux at Makou during 1992-2003 when downstream
human activities occurred.

Subsequently, we estimated the sediment input to the ME
based on sediment ratios for the two periods. The average annu-
al sediment input to the ME was 26.08 Mt and 25.94 Mt for 1964~
1983 and 1983-2003, respectively. Correspondingly, the average
annual sediment load at Makou was 79.12 Mt and 64.64 Mt for
these two periods. Without the influence of upstream human activi-
ties, the average annual sediment transport at Makou would be
74.25 Mt in 1983-2003. The sediment load at Makou was reduced
by 13% because of upstream human activities. However, the sedi-
ment entering the ME was almost unchanged during the two
periods because of human activities in the downstream reaches.

The morphological evolution of the ME causes more sedi-
ment to deposit in the estuary area. Based on the data of sedi-
ment input and the evolution of underwater topography, we cal-
culated the sediment budget of the ME during 1964-1983 and
1983-2003 (Table 7). The net deposition of the consistent water
area in each period was obtained from the analysis of underwa-
ter topography evolution. For areas that have changed from wa-
ter to land, we estimated the volume from seabed to high tide as
sediment accumulation. The dry bulk density of the sediment
was then used to convert the sediment volume into sediment
mass. For the value of dry bulk density, we referred to previous
studies (Hillel, 2013; Wei et al., 2021). There was no significant
difference in sediment input between the two periods, but the
transformation of water areas into land during the period 1983-
2003 increased the sediment capture ratio in the ME from 33.89%
to 44.86%. In general, the morphological evolution of the ME pro-
moted the effective utilization of sediment input.

Regarding sediment inputs of estuaries, many studies have
often referred to long-term data observed at the stations that are
not close to the estuary because of the absence of long-term sedi-
ment observation stations in estuaries. Our rough assessment
suggests that this can sometimes lead to large deviations. More
detailed studies should be carried out to investigate the true sedi-
ment inputs of estuaries.

4.2 Impacts of human activities on shoreline evolution

In the coastal zone, shoreline changes could be caused by
various factors, including natural and anthropogenic factors,
such as hurricane impact, sea-level change, variations in coastal
circulation, riverine discharge change, gravel mining, and land
reclamation (Cooper and Pilkey, 2004; Dean and Houston, 2016;
Fearnley et al., 2009; Hansen et al., 2013; San-Nami et al., 2013;
Zhu et al., 2016). Studies on the shoreline evolution in other estu-
aries revealed that changes in the amount of sediment input al-
ter the evolutionary trend of the estuarine shoreline (Cui and Li,
2011; Besset et al., 2019). According to our calculations, the aver-

age annual sediment input of the ME during 1964-1983 and
1983-2003 is almost the same. Therefore, sediment input may
not be the main influencing factor of shoreline evolution. For the
long-term evolution of the shoreline, it is difficult to extract the
contribution of individual impact factors from shoreline change,
except for land reclamation. Using land reclamation data makes
it easy to isolate the direct contribution of land reclamation from
the results, whereas the indirect effects could not be identified
easily.

We extracted the reclaimed shore area from the remote sens-
ing images by using manual visual interpretation based on the
basic characteristics of the land reclamation project. The land re-
clamation dataset was constructed with respect to the land re-
clamation project information in the ME from the literature (Han
etal., 2010; Jia et al., 2013). We compared the land reclamation
areas for each period in Fig. 10 with the historical shoreline data
in Fig. 4, and most of the land reclamation projects and shoreline
changes match well. To estimate the detailed contribution of
land reclamation to shoreline evolution, we listed the relative
statistics in Table 8.

In the first four periods, land reclamation contributed to more
than 85% of the land increase in the study area. Especially during
1999-2003, the contribution was more than 98%; thus, land re-
clamation was a critical factor in shoreline change. Similar find-
ings were found in other large estuaries or deltas. Chu et al.
(2013) found that in the situation of sediment transport reduc-
tion due to the operation of the Three Gorges Dam, the shoreline
of the Changjiang River Delta continued to advance seaward, and
coastal engineering, especially sea reclamation works, played an
important role. Yang et al. (2019) showed that reclamation re-
duced the water area of the Lingding Bay. van der Wal et al. (2002)
analyzed bathymetric maps and remote sensing images and
found that dike construction and land reclamation accelerated
the siltation and intertidal area reduction in Ribble Estuary.

Considering that there are other unaccounted human activit-
ies, we determined that anthropogenic influence was the most
prominent factor in shoreline evolution during the first four peri-
ods. However, the contribution of land reclamation decreased by
36% between 2003 and 2017. The land increase during this peri-
od was 0.71 km? but was over 20 km? in other periods. Moreover,
the mean reclamation rate was 0.02 km?2/a, and it was more than
4.5 km?/a in the former periods. As elaborated in Section 3.1, the
shoreline remained relatively stable after 2003, which was prob-
ably due to the limitation of land reclamation activities.

These results demonstrate that shoreline change in the ME
was strongly influenced by human activities during the four peri-
ods: 1973-1987, 1987-1991, 1991-1999, and 1999-2003. Land re-
clamation alone contributes to more than 85% of the shoreline
change, and human activities are not accounted for. Undou-
btedly, human activities dominated the evolution of the shoreline

Table 7. Sediment input, sedimentation, and escape of the Modaomen Estuary in different periods

Period 1964-1983 1983-2003
Averaged annual sediment input/(Mt-a 1) 26.08 25.94
Total sediment input (S,,,)/Mt 495.52 518.80
Net siltation amount within water area (V,,)/(10% m?) 120.50 -3.78
Net sediment increases within water area (S,,=V,,xpp)/Mt* 132.55 -4.16
Sediment volume of newly formed land areas (V,)/(10% m3) 32.17 215.36
Sediment mass of newly formed land areas (S,=V,xp;,)/Mt* 35.39 236.90
Total escaped sediment mass (S,=S,,—Sy—S;)/Mt 327.58 286.06
Capture ratio of sediment ((S,,+S,)/Sx100%) 33.89 44.86

Note: *The dry bulk density p, used in the calculation is equal to 1.1 t/m?3.
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Fig. 10. Land reclamation projects for each period.

before 2003. After 2003, land reclamation was limited and may no
longer have been the main cause of shoreline evolution.

4.3 Impacts of human activities on subaqueous topography evolu-
tion

Because the sedimentation process of estuaries is complex,
making reasonable simplifications for the discussion of domin-
ant factors is necessary. In the prior calculations, we obtained the
variation in sediment input under the disturbance of upstream
human activities. In addition, according to Wu et al. (2016b), a
linear correlation is between the amount of sediment input and
mean siltation rate for a natural local siltation environment. With
this information, we can explore the shift in the siltation state un-
der the influence of human activities. The siltation state is de-
termined by the sediment input and mean siltation rate of the es-
tuary. Thereafter, we could isolate the contribution of the types of
human activities to siltation rate changes.

To evaluate the impact of human activities on the siltation
rate, we first had to establish the relationship between the silta-
tion rate and sediment in the natural state. The shoreline com-
parison in Fig. 5 shows that land reclamation during 1964-1983
was not drastic and had little impact on the sediment deposition
environment of the estuary. In addition, a large amount of sand
excavation in the Zhujiang River Delta started in the mid-1980s
(Luo et al., 2007). Therefore, we could set the siltation rate of the
ME from 1964 to 1983 as undisturbed by human activities. Using
Wu's methodology, we assumed that a stable linear positive rela-
tionship was between the sediment input and siltation rate in the
research area during 1964-1983.

Two siltation rate points are necessary for a linear relation-
ship between sediment input and siltation rate. The siltation rate
and annual sediment input during 1964-1983 provide one ex-

ample. For the region outside the ME, Wu et al. (2016b) found
that erosion and siltation reached a dynamic equilibrium (the
siltation rate was zero) when the sediment input decreased to ap-
proximately 18.64 Mt/a. Because our research area is closer to the
river channel than the study area, there should be a greater silta-
tion capacity in our research area. Therefore, the annual sedi-
ment flux should be less than 18.64 Mt/a when the mean silta-
tion rate is zero in the study area. In addition, in the most ex-
treme situations, the area may reach a balance between erosion
and siltation because no sediment is transported into the re-
search region. Using the aforementioned information, we estab-
lished two siltation state transition lines (Fig. 11), and the true
transition line of our research area should be somewhere in bet-
ween. When the local sedimentary environment is not disturbed
by human activity, the siltation state moves along the line.

Based on the relationship between runoff and sediment
transport in Fig. 9, the sediment transport of Makou in 1997-2003
without human disturbance was obtained. Subsequently, the
mean sediment input of the ME from 1983 to 2003 was com-
puted to reconstruct the siltation states (B1 and B2 in Fig. 11).
States B1 and B2 represent natural siltation states without hu-
man impact. Because of upstream human interventions such as
river damming and sand excavation, a large amount of sediment
is lost. Consequently, the siltation state moves from B1 (or B2) to
C1 (or C2) along the siltation transition line. During this process,
the downstream river reaches and the local sedimentary environ-
ment in the ME remain stable. The ratio between the sediments
of Makou and ME was unchanged. Therefore, the change in the
deposition rate was completely controlled by the variation in the
sediment budget at Makou (i.e., upstream human activities).

Human activities in the downstream channel increased the
sediment entering the ME, with the increase outweighing the de-
crease in sediment due to upstream human activities. This pro-
cess is expressed as a transition from C1 (or C2) to D1 (or D2)
(Fig. 11). The transition from state D1 (or D2) to state E repres-
ents the impact of local human activities on the local sediment-
ary environment, resulting in a variation in the siltation rate from
15.34 mm/a (or 15.19 mm/a) to —1.02 mm/a. Local human activ-
ities conducted in the estuary include channel deepening, sand
dredging, land reclamation, and guide dike construction. Con-
sequently, the transition from state B1 (or B2) to state E repres-
ents the combined effect of upstream, downstream, and local hu-
man activity.

By checking the variation in the mean siltation rate in differ-
ent siltation states, we quantified the contribution of different hu-
man activities to the change in the siltation rate. The mean silta-
tion rate represents the overall evolution of subaqueous topo-
graphy. The contribution of upstream human activities was
between 12% and 40%, that of downstream human activities was
between -18% and -58%, and that of local human activities was
between 106% and 60%. Negative values imply that downstream
human activities contributed to an increase rather than a de-
crease in the mean siltation rate.

Although the anthropogenic forces in the upper Xijiang River
directly reduced the riverine sediment load by 13%, this factor

Table 8. Statistics of land area increase and reclamation in each period

Period 1973-1987 1987-1991 1991-1999 1999-2003 2003-2017
Land increase (LI)/km? 83.12 21.32 44.74 31.36 0.71
Reclaimed area (RA)/km? 79.39 18.14 38.99 30.78 0.26
Percentage of reclaimed area (RA/LI)/% 95.51 85.08 87.15 98.15 36.50
Mean reclamation rate (RA/length of the period)/(km2-a-1) 5.67 4.53 4.87 7.69 0.02
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was not critical for the significant change in the siltation rate of
the ME during 1983-2003. Remarkably, human activities, such as
sand excavation in the downstream river channel can increase
sediment input to the ME. The increment exceeded the sediment
reduction due to the dam construction in the upstream reaches.
Furthermore, Fig. 11 shows that local human activities have ab-
solute dominance over the evolution of the subaqueous topo-
graphy. Under the influence of local human activities, the evolu-
tion of the underwater topography of the ME has changed signi-
ficantly from siltation to slight erosion.

The contribution of local human activities we obtained rep-
resents the total impact of all human activities occurring in the
ME during 1983-2003, rather than referring to a particular an-
thropogenic intervention project or a particular type of human
activity. Human activities occurring in estuaries are varied, and
their effects on the underwater topography of estuaries are also
different. Land reclamation projects reduce the area of water in
estuaries and narrow runoff transport channels so that sediment
can be transported further away from outlets (Wei et al., 2021).
Sand excavation and channel dredging can cause erosion of estu-
ary subaqueous deltas and increase the average depth of estuar-
ies. (Wu et al., 2016a, 2016b). In addition, we note that different
estuaries may respond differently to the variations of sediment
input, and that the mechanisms of morphological evolution are
not consistent across estuaries. For instance, Dai et al. (2014)
found that the evolution of the Changjiang River submerged
delta appears to be poorly related to upstream sand transport.
Despite the huge sediment load trapped by the Three Gorges
Dam, the Changjiang River submerged delta did not experience
eroding as expected. Extreme floods and storm surges have a
greater impact on the evolution of the Changjiang River sub-
aqueous delta than upstream sediment changes.

Our discussion has been based on acceptable simplifying as-
sumptions; however, the results have essential implications for

river and estuary management. A more comprehensive study
than ours would be worthwhile if more data would become avail-
able.

5 Conclusions

We conducted a systematic study on the evolution of MEs in
recent decades, covering variations in shoreline and subaqueous
topography. In addition, we quantified the contribution of hu-
man activities to morphological evolution.

From 1973 to 2003, the shoreline of the ME underwent dra-
matic changes: approximately 49% of the water area turned to
land. Shoreline changes significantly altered the hydrodynamic
environment, with shoals disappearing in patches and river
channel narrowing. In this process, land reclamation projects
dominated the shoreline evolution, with a direct impact of more
than 85%. After 2003, the shoreline remained relatively stable,
probably due to limited land reclamation, and shoreline evolu-
tion was dominated by natural processes.

The evolution of subaqueous topography was slightly dis-
turbed by human activities in 1964-1983. Shallowing was the
main process in this period, except in some areas of the main
channel. With an average sediment flux of 26.08 Mt/a, the aver-
age siltation rate was 15.43 mm/a. From 1983 to 2003, DEM ana-
lysis revealed that shallow shoals were increasingly shallowed
and finally disappeared, whereas the mid-depth area increased.
In addition, the estuary changed from sedimentation to slight
erosion, with a mean siltation rate of —-1.02 mmy/a. Based on the
runoff-sediment relationship, the sediment load observed at
Makou decreased by 13% under the disturbances of human activ-
ities upstream during this period. By contrast, sand excavation in
downstream reaches of the river significantly increases the am-
ount of sediment entering the ME. Subsequently, referring to the
siltation state transition relationship, our estimates show that al-
though upstream and downstream human activities may have
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contributed significantly, local human activities are the domin-
ant force in the evolution of underwater topography in the estu-
arine region.

Our findings suggest that local human activities are critical to
the evolution of estuarine morphology and should receive in-
creased attention in the management of ME. The findings of this
study also have reference significance for other estuaries.
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