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Intensive studies have been conducted globally in the past decades to understand the evolution of several large
deltas. However, despite being one of the largest tropical deltas, the Irrawaddy (Ayeyarwady)Delta has received rel-
atively little attention from the research community. To reduce this knowledge gap, this study aims to provide a
comprehensive assessment of the delta's evolution and identify its influencing factors using remote sensing images
from1974 to 2018, published literature and available datasets on the river, and human impacts in its drainage basin.
Our results show that 1) Based on the topographic and geomorphological features, the funnel-shaped Irrawaddy
Delta can be divided into two parts: the upper fluvial plain and the lower low-lying coastal plain; 2) The past 44-
year shoreline changes show that overall accretion of the delta shoreline was at a rate of 10.4 m/year, and approx-
imately 42% of the shorelinewas subjected to erosion from 1974 to 2018. In thewestern coast, 60% of shorelinewas
under erosionwith an average shoreline change rate of 0.1m/year. In the east part, 81%of the shorelinewas accreted
with an average accretion rate of 24m/year; 3) River channel geomorphological analysis indicates that three distrib-
utaries of the Irrawaddy, Bogale, and Toe have developedmost active sandbars, which coincideswith the amount of
water they discharged (N50%). This implies that these three distributaries might be the currently most active chan-
nels in the delta; 4) The Irrawaddy mainstream in the Central Dry Zone (the original high sediment yield area) has
become less braided and some tributaries have become increasingly straightened, which are highly likely related to
reductions in sediment supply and peak flow induced by dam construction; 5) The large geomorphological adjust-
ments at the two bifurcation points means that the diversions and fractions of water and sediment into the distrib-
utaries have likely already changed due to anthropogenic impacts.
Our comprehensive analysis suggests that increasing human activities have caused reductions in coarse sediment
supply entering the coastal delta plain, further inducing the erosion of themajor channels in the lowermost delta
and the western delta coast, and the adjustments of fluvial and coastal geomorphology; meanwhile, deforesta-
tion and terrestrial mining have provided extra fine sediment, which is mainly transported by the monsoon-
driven current to the eastern coast to in partmaintain its rapid accretion. Given the situation of rapidly increasing
population and climate change, the current natural equilibrium state of the delta setting will most likely be dis-
turbed in the near future. Therefore, our work calls for more intensive monitoring- andmodeling-based study in
order to better understand the controlling factors influencing the delta evolution in the future.

© 2020 Published by Elsevier B.V.
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1. Introduction

River deltas are among themost densely populated areas on Earth and
contain highly valuable ecosystems. In recent decades, most deltas in the
world have experienced severe degradation as a result of anthropogenic
activities and climate change (Syvitski et al., 2009). The increasing global
vulnerability of deltas has affected the livelihoods ofmillions of people liv-
ing in these low-lying areas (Vörösmarty et al., 2009). Thus, many major
world deltas, including the deltas of the Nile (Stanley and Warne, 1993),
Yangtze (Yang et al., 2011), Yellow (Kong et al., 2015), Mississippi
(Blum and Roberts, 2009), Mekong (Li et al., 2017, Liu et al., 2017), and
Ganges-Brahmaputra-Meghna rivers (Dunn et al., 2018), have received
Fig. 1. Location of the Irrawaddy Delta and Basin. The blac
considerable attention from scientists. However, in contrast to other
deltas, a relative dearth of research exists on the Irrawaddy (also known
as Ayeyarwady) Delta (Giosan et al., 2018; Grill et al., 2019).

The Irrawaddy is considered one of the major tropical river systems
in the world (Syvitski et al., 2014). Its basin covers 60% of Myanmar's
territory (Fig. 1) and is home to over 90% of the population of
Myanmar, that is heavily dependent on the river and its resources for
livelihood (Furuichi et al., 2009). The Irrawaddy Delta is one of the
most populous areas in Myanmar; about 15 million of Myanmar's
total population of 51 million currently reside on the delta's land area
of 35,000 km2 (Brakenridge et al., 2017). Of particular note is the Irra-
waddy Basin, including the delta region, which hosts 89 Key
k boxes indicate the spatial positions of other figures.
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Biodiversity Area sites (KBAs) (HIC, 2017). Because of Myanmar's eco-
nomic and political isolation, the Irrawaddy River and its delta have
remained largely inaccessible for many years (Webb et al., 2014). How-
ever, the once pristine Irrawaddy has been considerably disturbed by
increasing human activities, such as dam construction, agricultural
Fig. 2. (a) Digital elevationmodel created from the ASTER GDEMVersion 2 data. The approxima
(b) The elevation profiles are based on the ASTER GDEM Version 2 data. These profiles can help
green lines represent running averages.
development, deforestation, and terrestrial mining, throughout its
basin in recent decades (Hennig, 2016). This has caused detectable
changes in the hydrological regime of the Irrawaddy Basin (HIC,
2017). The Irrawaddy Delta is very low-lying and flat (Fig. 2), located
at the sea level 200 km upstream from the Irrawaddy River mouths
te topographic break shows the boundary between the fluvial plain and coastal delta plain.
identify physiographic features such as the fluvial plain and low-lying coastal delta plain;
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(Webster, 2008). This low elevation makes the delta particularly sus-
ceptible to flooding from tropical cyclones and storms. Cyclone Nargis
in May 2008 inundated 40% of the delta's land area, killed over
130,000 people (Webster, 2008; Liu et al., 2020), and caused the delta's
shoreline to retreat, on an average, by 47m (Besset et al., 2017). The Ir-
rawaddy Delta has been designated as “in peril” based on Syvitski et al.
(2009). Increasing human disturbances, ecological degradation, and an
anticipated sediment deficit will further increase the vulnerability of
the delta to extreme events and coastal erosion.

The few studies related to the evolution of the Irrawaddy Delta can
be classified within two time periods: pre-1990s and post-2005. The
pre-1990s studies mainly involve hydrological surveys (Login, 1857;
Gordon, 1879; Gordon, 1885; Halcrow, 1982; Brichieri-Columbi,
1983), earliest aerial surveys of the delta forests (Stamp, 1925), physical
settings of the river (Stamp, 1940), and delineations of the delta's
growth pattern (Stamp, 1940; Rodolfo, 1975). During the initial phase
of the post-2005 period, researchers first reanalyzed a discharge and
sediment load dataset from the 19th century (Robinson et al., 2007),
provided a modern estimation (1969–1996) (Furuichi et al., 2009),
and calculated the sediment contributions from tributaries (Garzanti
et al., 2016). Several recent studies have focused on shoreline changes
(Hedley et al., 2010; Anthony et al., 2019), flood risks and their impacts
(Besset et al., 2017; Brakenridge et al., 2017), Holocene delta evolution
(Giosan et al., 2018), geomorphological trends of the fluvial to marine
transition zone for the Pathein River (which is the westernmost distrib-
utary of the Irrawaddy River) (Gugliotta and Saito, 2019), and sediment
dispersal and accumulation on the shelf (Rodolfo, 1975; Rao et al., 2005;
Kuehl et al., 2019; Liu et al., 2020). There is a gap of over 20 years be-
tween the two phases of study. Consequently, long-term hydrological
data are very sparse, which has hinderedmorewidespread understand-
ing of the delta's evolution. Although these studies provided a prelimi-
nary sketch of the evolution of the Irrawaddy Delta, its current
research status belies its scientific importance and complexity. A more
comprehensive knowledge base is therefore required to better under-
stand the delta's recent evolution.

To bridge the gap of the knowledge base on the Irrawaddy Delta, we
systematically reviewed the scientific literature on the delta's evolution.
Then,we explored the shoreline changes along over 400 kmof coastline
from the westernmost Pathein River to the easternmost Yangon River,
and studied the evolution of fluvial and coastal geomorphology since
1974 (Fig. 1). We further evaluated the effects of anthropogenic and
natural disturbances. This study aims to address the following three re-
search questions:

(1) What is the recent evolution pattern of the Irrawaddy, including
shoreline and channel evolution, and coastal geomorphology?

(2) What are the major human disturbances affecting the delta's
evolution, and what are their effects?

(3) What are the possible trends of the delta's evolution based on the
potential impacts of natural factors, such as climate change, sea
level rise, and subsidence?

The rest of the paper is structured as follows. Section 2 explains the
physiography and hydrology in the Irrawaddy Basin, and identifies the
approximate topographic break in the Irrawaddy Delta. Section 3 sum-
marizes the water and sediment contributions of tributaries and their
distributions in the distributaries of the Irrawaddy River. Section 4 re-
views previous studies on the evolution of the Irrawaddy Delta.
Section 5 introduces the materials we used and our research methods.
Section 6 displays our results with respect to four aspects: shoreline
change, area change, fluvial geomorphology, and coastal geomorphol-
ogy. Section 7 discusses the influencing factors of the delta evolution,
including land use changes, dam construction, and sediment mining,
provides a summary of current delta evolution. Section 8 provides our
conclusions and recommendations.
2. Physiography and hydrology of the Irrawaddy River

The Irrawaddy River originates from the confluence of the N'mai and
Mali Rivers in the glaciers of the southeastern Himalayas. It then flows
to the southwest and combines with its western neighbor and largest
tributary, the Chindwin River, in the middle of the Irrawaddy Basin.
The three tributaries originate in high-rainfall regions, and thus gener-
ate approximately 60% of the total flow of the Upper Irrawaddy River.
Other important tributaries include the Taping River, Shweli River,
Myitnge River, and Mu River. The river continues to meander through
the Central Dry Zone, and then flows through the container valley be-
tween Minbu and Pyay to enter the Irrawaddy Delta (Fig. 1). At the
apex of the Irrawaddy Delta, located about 90 km north of Hinthada,
the Irrawaddy River branches on the first order into the Pathein River
in the west and the Myitmakha River, a tributary of the Yangon River,
in the east (Figs. 1 and 2). Between Nyaungdon and Kywe Done, the
river branches on the second order into four distributaries: the Pan
Hlaing River, Toe River, Ya Zu Daing River, andWakema River. Between
the first and second order bifurcation points, there is an obvious mean-
der belt with alluvial ridges along abandoned paleochannels and active
channels, which is most conspicuous along the abandoned Daga River
channel (Giosan et al., 2018) (Figs. 3 and 4). In the Lower Irrawaddy,
many secondary branches anastomose to form a complex distributary
channel network; this network finally ends in the shallow Andaman
Sea, forming a lobate lower delta with eleven estuaries. Seven of the
eleven major river mouths are located on the western delta coast.

The Irrawaddy Basin has a primarily tropical monsoon climate with
distinct dry and rainy seasons. In the dry season, the northeast (NE)
monsoon is active between November and February, while in the
rainy season, the southwest (SW) monsoon is active between May
and October. Although its mean annual precipitation varies widely
from 500 mm to 4000 mm, the heaviest rains occur during the rainy
season, accounting for 90% of the annual precipitation in the area
(Furuichi et al., 2009). The heavy seasonal rain-induced floods carry
enormous amounts of sediments into the coastal sea. Approximately
87% of the sediment discharged annually by the Irrawaddy River is
delivered to the sea during the SW monsoon season. About 90% of the
sediment is composed of suspended silt and clay and is transported
eastward into the Gulf ofMartaban by tidal and prevailing SWmonsoon
currents (Rodolfo, 1975; Rao et al., 2005). Only a minor portion of the
Irrawaddy's load may be pushed by surface currents westward into
the Bay of Bengal during the NE monsoon period (Rao et al., 2005, Liu
et al., 2020). This forms a turbidity front oscillating approximately
150 km in phase with spring–neap tidal cycles in the central portion
of the Gulf of Martaban (Ramaswamy et al., 2004).

The Irrawaddy Delta is a type of mud–silt semidiurnal tide-
dominated system with a mean tidal range of 3 to 6 m (Brakenridge
et al., 2017). The tidal range increases from west to east along the
delta coast. However, most local tidal data were derived from studies
conducted nearly half a century ago, and these data exhibit extreme
levels of variability. Based on a collation of data by Kravtsova et al.
(2009), the tidal ranges during the spring and neap tides west of
the delta coast are 2.2 m and 1.8 m, whereas they are 5.7 m and
4.0 m at the eastern periphery of the delta coast, respectively. The Ir-
rawaddy River mouths have a mesotidal range of 2 to 4 m, and the
tidal range is between 4 and 7 m in the Gulf of Martaban
(Ramaswamy et al., 2004). The spring tide's influence extends nearly
300 km inland to the apex of the delta area (Hedley et al., 2010). In
the northern Andaman Sea, during the spring tide, the tidal current
velocity reaches as high as 3 m/s, which leads to substantial sedi-
ment suspension and re-suspension, thus generating a perennial
high-turbidity zone in the gulf (Ramaswamy et al., 2004). Recent
geophysical survey indicated that the modern Irrawaddy River de-
rived sediment has accumulated in the Gulf of Martaban with a rate
of 215 × 106 tons/year and formed a 60-m-thick mud depocenter
on the shelf (Liu et al., 2020).



Fig. 3. Bifurcation configuration of the Irrawaddy in the delta. An obvious meander belt with alluvial ridges is present along abandoned paleochannels and active channels between the
first- and second-order bifurcation points. The beach ridges were mainly distributed within the interdistributary plain of the lowermost delta (Kravtsova et al., 2009; Giosan et al.,
2018). The paleo-shoreline position was adopted from Giosan et al. (2018). The underlying images are based on Landsat 8 Operational Land Imager (OLI) data recorded in 2018.
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3. Water and sediment discharge from the Irrawaddy and its
distributaries

The Irrawaddy River plays a major role in global sediment budgets,
although the existing sediment data remain controversial (Hennig,
2016). The Irrawaddy and Salween basin systems are estimated to have
contributed approximately 20% of the total mass flux into the sea for all
rivers originating from the Himalayan Tibetan Plateau orogenic belt
(Milliman and Meade, 1983). The original sediment flux data came
from Gordon (1879), who reported that the average annual sediment
load for 10 years (1869–1879) was 286 × 106 tons/year. Milliman and
Meade (1983) provided a similar figure of 285 × 106 tons/year. However,
Gordon (1885) reduced the estimation of the flux to 261 × 106 tons/year,
which is now the most commonly quoted value. Robinson et al. (2007)
re-analyzed the original data of Gordon (1879) and considered that the
often-quoted flux value was underestimated by 27%; they reported
that the true annual Irrawaddy suspended sediment load was as much
as 364 ± 60 × 106 tons, and the annual average water discharge
was estimated to be between 422 ± 41 × 109 m3 and 440 ± 48
× 109 m3, which is comparable to Gordon's (1879–1880) value of 425
× 109 m3/year and Milliman's value of 428 × 109 m3/year. Given that
the sediment loads from Chinese rivers have been greatly reduced be-
cause of dam construction, the new flux value would make the
Irrawaddy River the third-largest contributor of global sediment budgets
(Robinson et al., 2007). Based on the data collected from 1969 to 1996 at
Pyay, 60 km upstream of the Irrawaddy Delta head, Furuichi et al. (2009)
estimatedmodernwater discharge to be 379±47×109m3/year and the
sediment load to be 325 ± 57 × 106 tons/year. Furuichi et al. (2009) also
stated that the discharge has significantly decreased over the last
100 years.

At the first-order bifurcation point, minimal water was historically
diverted into the Pathein and Myitmakha Rivers (Stamp, 1940). An



Fig. 4.Water and sediment contributions of tributaries and their distributions in the distributaries of the Irrawaddy River (based on Halcrow, 1982; Brichieri-Columbi, 1983; Kravtsova
et al., 2009; Garzanti et al., 2016). The Google Earth image captured in 2018 clearly shows that the bifurcation mouth into the Myitmakha River is clogged during the low-flow season.
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earlier estimation showed that the two distributaries can share 15%
discharge in the flood season (Halcrow, 1982). According to remotely
monitored data from River and Reservoir Watch Version 3.5
(Brakenridge and Kettner, 2018), Site 29 (below the confluence of the
Chindwin River) and Site 30 (just above the first-order bifurcation
point) recorded very similar average discharges of 334 × 109 m3/year
and 328 × 109 m3/year, respectively, from 1998 to 2018; however,
Site 25 in the Pathein River below the first-order bifurcation point
showed a discharge of only 8 × 109 m3/year (Fig. 4). The average
discharge at Khamonseik station in the Myitmakha River below the
first-order bifurcation point was 19 × 109 m3/year from 1987 to 2000
(JICA andYCDC, 2002) (Fig. 4).We can also clearly observe from satellite
images that the bifurcation mouth into the Myitmakha River is clogged
during the low-flow season (Fig. 4); therefore, only a very small amount
of water within the Irrawaddy's mainstream can flow into the
Myitmakha River. Thus, we estimated that the Irrawaddy mainstream
may carry over 90% of the discharge passing its first-order bifurcation
point. At the second-order bifurcation point, according to Brichieri-
Columbi (1983) and Kravtsova et al. (2009), the four distributaries of
Pan Hlaing, Toe, Ya Zu Daing, and Wakema receive 10%, 37%, 21%, and
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32% of discharge from the Irrawaddy mainstream, respectively (Fig. 4).
As a result, the Irrawaddy, Bogale, and Toe distributaries may be the
main channels of water and sediment discharges into the sea from the
Irrawaddy mainstream, and only their mouth bars are most developed
along the delta coast.

Based on Gordon's value, Stamp (1940) estimated that 32 × 106

tons/year of sediment was transported at Mandalay, 109 × 106 tons/
year came from the Chindwin River, and 120 × 106 tons/year was con-
tributed by the non-perennial streams in the Central Dry Zone, account-
ing for 12%, 42%, and 46% of the total load, respectively. Based on
geochemical data and a total annual sediment load of 350–400 × 106

tons, Garzanti et al. (2016) calculated that approximately 200 × 106

tons (~53%) came from the Chindwin, whereas the headwater rivers
of N'mai and Mali contributed 60–70 × 106 tons (collectively ~35%),
and other tributaries including the Taping, Shweli, andMyitnge contrib-
uted the remaining 45 × 106 tons (~12%). These proportions are higher
than those reported by Stamp (1940). For the lower delta, Halcrow
(1982) estimated that the Hlaing River, Panhlaing Creek, and the
Twante Canal together brought 37 × 106 tons of sediment annually
(Fig. 4).

4. Previous studies on the evolution of the Irrawaddy Delta

The bulk of the sediment load from the Irrawaddy during annual
flooding is brought out to the Gulf of Martaban (Rao et al., 2005), with
very little coarse sediment left to sustain the slow growth of the delta
shoreline (Rodolfo, 1975). Alluvial ridge construction within the mean-
der belt suggests a fluvial-dominated environment in the upper delta
(Giosan et al., 2018). The ridges fade out as the trunk channels start to
bifurcate into distributaries in themid-delta, and beach ridges resulting
from wave action occur along the contemporary coasts of the lower
delta (Fig. 3).Wave-built beach ridge construction during the late Holo-
cene is a common feature in some deltas across the Indianmonsoon re-
gion, such as in the Red River (Tanabe et al., 2006), Mekong (Tamura
et al., 2012), Chao Phraya (Tanabe et al., 2003), and Subarnarekha
(Maiti, 2013) deltas. In contrast, the beach ridges are generally underde-
veloped in the Irrawaddy Delta. These shore-parallel beach ridges that
coalesce into beach-ridge plains are mainly located on the coasts in
the Bogale lobe, in which the maximum beach ridge sequence extends
over 20 km. The oldest beach ridge bundle found on the western side
of the delta near Labutta is estimated to have formed approximately
4600 years ago, and the beach ridge plain at the Bogale lobe began to
form approximately 1000 years ago (Giosan et al., 2018) (Fig. 3).

The earlier estimations of the delta advance rate present large vari-
ability, probably because of the differences between the study area
and the dataset used. Chhibber (1934) estimated that the delta ad-
vanced at a rate of 48 m/year based on surveys from 1860–1870 and
1909–1910. Rodolfo (1975) reported an average shoreline growth rate
of 25m/year based on more recent data. Kravtsova et al. (2009) offered
a progradation rate of 50–60m/year. However, Hedley et al. (2010) pos-
ited that the delta shoreline (including the Sittang River mouth)
remained largely unchanged from 1850 to 2006 despite abundant
amounts of sediment debouched annually into the coastal sea. The
shoreline has advanced at a rate of no N3.4 m/year, and the average
area increase rate has been 4.2 km2/year since 1925. During this period,
rapid accumulation occurred at a rate of 8.7 km2/year from 1925 to
1989, and the net erosion rate was 13 km2/year from 1989 to 2006. Ac-
cordingly, Hedley et al. (2010) concluded that sediment deposition bal-
ances subsidence and sea-level rise in the delta, meaning that the delta
shoreline is generally in equilibrium. Besset et al. (2017) revealed that
considerable erosion occurred in the Irrawaddy Delta during and after
Tropical Cyclone Nargis (2008). Giosan et al. (2018) provided a first
look at the evolution of the Irrawaddy Delta during the Holocene,
thereby laying the groundwork for further research. Anthony et al.
(2019) studied the shoreline change from 1974 to 2019 in the delta
and found that 49% of the shoreline was eroded with an overall
shoreline change rate of approximately 9.5 m/year. In addition, they
considered that reduced riverine sediment supply induced by dams
and in-channel sediment mining caused the erosion. Recent offshore
geochemical and geophysical studies indicated that there is a little
Irrawaddy-derived sediment accumulated near its current river
mouths, instead, majority of them are transported eastward in the
Gulf of Martaban, some drift westward and northward into the Bay of
Bengal (Kuehl et al., 2019; Liu et al., 2020). These studies provide a pre-
liminary sketch of the evolution of the Irrawaddy Delta and sediment
transport features along its delta front.

5. Materials and methods

5.1. Data collection

The data used in this paper mainly include those on water and sed-
iment discharge, digital shoreline, fluvial and coastal geomorphology,
land use change, hydropower, and irrigation dam. The relevant litera-
ture, satellite images, and online data were our main data sources. The
water and sediment discharge data were obtained from some literature
sources mentioned in Section 3, and the remotely monitored data were
obtained from River and Reservoir Watch Version 3.5 (Brakenridge and
Kettner, 2018). The fluvial and coastal geomorphology was visually
interpreted from Landsat images and Google Earth high-resolution im-
ages. For example, the meander belts were identified from Google
Earth images by referring to Giosan et al. (2018), and the beach ridges
were manually delineated from the Landsat images (Fig. 3). The defor-
estation data were acquired from the Hansen Global Forest Change
v1.6 (2000–2018) dataset released in the Google Earth Engine (GEE)
platform by Hansen et al. (2013) and other literature mentioned in
Section 7.1.1. The terrestrial mining data were mainly procured from
LaJeunesse Connette et al. (2016) and downloaded from the GeoNode
website, an open source platform for sharing geospatial data and maps
(http://geonode.themimu.info/layers/geonode%3Amining_areas). The
aquaculture, hydropower dam, and irrigation reservoir data were de-
rived from publications presented in Sections 7.1.1, 7.1.2 and our
remote-sensing interpretation. The wind data used in Fig. 20 were re-
trieved from http://earth.nullschool.net/.

5.2. Shoreline interpretation and analysis

The shoreline is one of the 27 geographical features recognized by
the International Geographic Data Commission (Colin et al., 2001),
and shoreline change analysis has become a useful tool to evaluate
delta evolution (Anthony et al., 2015; Li et al., 2017). The shoreline is a
highly dynamic feature andnot a truly fixed line; some shoreline indica-
tors are commonly used as a proxy to represent the “true” shoreline po-
sition (Boak and Turner, 2005). The Irrawaddy Delta coast is dominated
bymangrove forests (Webb et al., 2014), andmangroves are considered
to be the best geological indicators in global shoreline change research
(Souza et al., 2006); therefore, the vegetation line was used as the
proxy shoreline in this study. However, mangroves are mainly distrib-
uted along parts of the delta coast, and some parts of the coast and the
distributary channel shoreline cannot be covered. In addition, vegeta-
tion growth has seasonal and annual variations. To more accurately
depict the shoreline changes and avoid the influences of tidal level
and cloud coverage as much as possible, we first calculated the annual
maximum normalized difference vegetation index (NDVI) based on all
available Landsat image datasets in the GEE platform (Gorelick et al.,
2017). The NDVI was selected to extract the shorelines of the delta
and channels for the following nine years, 1974, 1978, 1988, 1993,
1998, 2003, 2008, 2013, and 2018, because the spectral curves of vege-
tation andwater in the near-infrared and red bands are obviously differ-
ent (Li and Gong, 2016). Then, a threshold method was used to obtain
the digital shorelines (Fig. 5). Finally, the digital shorelines were modi-
fiedmanually by referring to the original pseudocolor composite image.

http://geonode.themimu.info/layers/geonode%3Amining_areas
http://earth.nullschool.net/
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To reduce the digitalization error asmuch as possible, the entire process
was completed by the same person. Finally, we extracted the shorelines
of channel banks, channel bars, the delta front, and mouth bars in the
delta (Fig. 6). The shoreline change rate was calculated for the delta
front, and the area change was derived for all parts.

We used theDSAS tool to analyze shoreline change of the delta front
in the Irrawaddy Delta. A total of 1552 transects were generated from
west to east along the over 400-km coast. We adopted two methods
provided by DSAS to calculate the shoreline change rate. One was the
linear regression rate (LRR) method, which was used to compute the
total shoreline change rate from 1974 to 2018. The LRRwas determined
by fitting a least-squares regression line to all points of intersection be-
tween shorelines and a specific transect (Thieler et al., 2017). As all
Fig. 5. Selected locations showing detailed shoreline chang
shorelines can be considered, the LRR is considered the most robust
quantitative method to evaluate the shoreline change rate (Morton
and Miller, 2005; Addo et al., 2008) and has the advantage of reducing
short-term variability and potential random errors (Maiti and
Bhattacharya, 2009). Positive and negative LRR values represented the
states of accretion and erosion, respectively. The other method was
the end point rate (EPR), which was used to derive the temporal trend
of the shoreline change rate. The EPR was first computed for every
two adjacent years for every transect. Then, the temporal trend of the
shoreline change rate could be obtained for each transect.

We further calculated the net area changes at different azimuthal
angles based on the shorelines in 1974 and 2018 and the transects.
We first assigned an accretion or erosion attribute and a corresponding
es derived from Landsat images during 1974 to 2018.



Fig. 6. Evolution of the Irrawaddy Delta as represented by four geographical features: channel bar, channel bank, mouth bar, and delta front.
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orientation to each part defined by each two neighboring transects and
the shorelines in 1974 and 2018, and calculated its net area change
along the delta coast. We then divided 360 degrees into 16 equal inter-
vals, namely, 16 orientations. Finally, we classified all the parts along the
delta coast into these 16 orientations. Thus, we derived the net area
changes at different azimuthal angles, which were associated with the
prevailing monsoon direction.

5.3. Remote sensing-derived shoreline uncertainty

Landsat images have been successfully used to monitor the dynam-
ics of shorelines, including even subtle variations with sub-pixel accu-
racy (Li and Gong, 2016; Hagenaars et al., 2018). For example, Muslim
et al. (2007) obtained shoreline positional accuracy of b2 m using
Landsat images, and Pardo-Pascual et al. (2012, 2018) concluded that
the mean horizontal error of shorelines detected from successive
Landsat TM and ETM+ images is close 5 m. In general, the spatial loca-
tion of the shoreline is affected by many factors, including vegetation
growth, typhoons, storms, and rectification of remote sensing images.
According to Romine et al. (2009), shoreline positional errors include
five aspects with regard to remote-sensing-derived shorelines: digitiza-
tion, pixel, seasonal, rectification, and tidal errors. The Irrawaddy Delta
is a typical large tropical delta, where mangroves with a certain height
are widely distributed along the delta coast, and the annual maximum
NDVI method will reduce the negative effects of seasonality to themin-
imum extent. This means that tidal fluctuation and seasonal variability
have little impact on the shoreline position (Phan et al., 2015). The rec-
tification error can be acquired from the metadata file of the Landsat
image or by a geometric correction procedure (b0.5 pixels or
15–30 m). For Landsat images, the pixel error can be incorporated into
the rectification error. The digitization error can be defined as the stan-
dard deviation in shorelinepositions from repeated digitization by a sin-
gle operator, and the error was b0.5 pixels (Fletcher et al., 2012; Li et al.,
2014). However, the early Landsat Multispectral Scanner (MSS) images
with lower resolution of 60 m may increase the uncertainty of the re-
sults in the corresponding time period. In addition, the LRR method
will reduce potential random errors (Maiti and Bhattacharya, 2009),
and shoreline positional error can also be alleviated by increasing the
length of the study periods (Morton et al., 2004). Finally, the mangrove
shoreline is extremely sensitive to sediment yield, erosion and deposi-
tion processes, climate change, and human intervention (Kuenzer
et al., 2011; Alongi, 2015), and mangroves are considered to be the
best geological indicator in global shoreline change research (Souza
et al., 2006). Therefore, the shoreline change calculated in this study
represents a comprehensive response to many natural and anthropo-
genic factors that determine the accretion or erosion of the delta coast
(Shearman et al., 2013).

6. Results

6.1. Shoreline change along the delta front

In general, of the total shoreline length, accreted and eroded shore-
lines accounted for 58% and 42%, respectively, during 1974–2018
(Fig. 7). The maximum and average accretion (erosion) rates of the ac-
creted (eroded) areas were 98.8 m/year (−19.3 m/year) and 21.4 m/
year (−4.7 m/year), respectively. The overall average shoreline change
rate was 10.4 m/year. The shoreline change rate gradually increased
from west to east along the delta coast. Erosion was dominant in the
western multi-channel estuary area, and accretion was mainly located
on the eastern coast.

Based on the average shoreline change rate along the coast (Fig. 7a),
the delta coast can be obviously divided into two parts, the western
eroded coast and the eastern accreted coast, and each area can be fur-
ther divided into two parts, ultimately comprising a total of four zones
(Fig. 7b). Zone 1 includes the area from the Pathein estuary to the
Thetkethaung estuary; Zone 2 spans from the Ywe estuary to the west
side of Pyapon estuary; Zone 3 extends from thewest side of Pyapon es-
tuary to the Toe estuary; and Zone 4 includes east of the Toe estuary,
mainly consisting of both sides of the Yangon estuary. Zone 1 and
Zone 2 cover the west multi-channel estuaries, belonging to the ero-
sional coast, and Zone 3 and Zone 4 cover most of the east coast in the
Irrawaddy Delta with visible accretion characteristics, with 81% of the
shoreline accreting. Although Zone 1 and Zone 2 together barely had a
positive value (0.1m/year) in the average shoreline change rate, erosion
occupied 60% of the shoreline length, andmost of the accretionwas de-
rived from the growth of spits along the coast. Thus, the western coast
showed erosional tendencies overall. Both the western and eastern
coasts did not present significant trends in the shoreline change rate.
However, interestingly, the fluctuations in the shoreline change rates
were almost opposite for the two parts (Fig. 7d). On the western
coast, the maximum accretion rate of 5.0 m/year occurred from 2008



Fig. 7. (a) According to the average shoreline change rates, the delta coast was divided into four parts: Zone 1, Zone 2, Zone 3, and Zone 4; (b) pie charts show the proportions of the
shoreline length of erosion and accretion in each zone; (c) table displays the maximum, minimum, and average shoreline change rates of the four zones; (d) line graph shows the
average shoreline change rates for the four zones over time. The transects are numbered from west to east along the coast of the Irrawaddy Delta. Positive and negative values indicate
accretion and erosion, respectively.
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to 2013, whereas the maximum erosion rate of −5.3 m/year occurred
from 1988 to 1993. On the eastern coast, the maximum accretion rate
of 58.2 m/year occurred from 2003 to 2008.

Furthermore, based on the shoreline change rates and changes in the
shoreline change rates of two adjacent years, the shoreline changes in
the delta front of the Irrawaddy Delta can be divided into four states
(Fig. 8): increasing accretion, decreasing accretion, increasing erosion,
and decreasing erosion. Zones 1 and 2 showed large proportions of in-
creasing erosion, at 32% and 31%, respectively; erosion on the coasts of
the Ka Don Ka Ni village tract (over 14 km long) and from the central
coast of the Kone Gyi village tract to the Thetkethaung estuary (nearly
24 km long) almost exclusively comprised the shoreline changes in
these zones, and over 60% of the shorelines in these areas were in a
state of increasing erosion. Zones 3 and 4 showed large proportions of
increasing accretion, at 42% and 63%, respectively. The accretion was
mainly located on both sides of the Pyapon estuary at the concave
coast, whereas erosion in these areas mainly occurred between the
Thande and Toe estuaries on the convex coast in Zone 3. The propor-
tions of both increasing and decreasing erosion together made up for
only 3% in Zone 4, thereby indicating that the delta coast on both sides
of the Yangon estuary will likely continue to expand into the sea in
the near future.



Fig. 8. The Irrawaddy shoreline can be divided into four categories: increasing accretion, decreasing accretion, increasing erosion, and decreasing erosion. The bar chart shows the
proportions of the four types of statuses to shoreline lengths in each zone, and the pie chart represents the proportions of each type of status to the overall shoreline length.
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6.2. Area change along the delta front and channels

To explore the spatial pattern of the evolution of the Irrawaddy
Delta, we extended the four zones shown in Fig. 7 inland to include
the channels. Thus, the Pathein River was assigned to Zone 1; the Ywe,
Pyamalaw, Irrawaddy, and Bogale Rivers were assigned to Zone 2; the
Thande River was assigned to Zone 3; and the Yangon River was
assigned to Zone 4. The net area gain was 194.0 km2 in the study area
from 1974 to 2018; among this net gain, the channel bar, channel
bank, mouth bar, and delta front changes contributed 11%, 5%, 8%, and
76%, respectively. The channel bar and mouth bar changes mainly
came from Zone 2; Zone 1 contributedmost of the area gain for channel
bank changes, whereas the channel bank in Zone 2 had a large spatial
adjustment but a smaller area increase; the area change for the delta
front mainly occurred in Zone 4. Erosion was mainly distributed along
the western delta front, and was also conspicuous in two estuarine
reaches of distributary mouths: a 45-km estuarine reach of the Irra-
waddy channel and a 40-km reach below the confluence of the Yangon
River (Fig. 9). The channels in Zone 2 are highly active because of chan-
nel avulsion and growth of channel bars in the middle part of the study
area. The accretion and erosion areas were closely aligned at 65.8 km2

and 63.0 km2, respectively, for the channel banks in Zone 2. The area
for channel bars showed a net increase of 22.0 km2 throughout the
study area; over 70% of this increase came from Zone 2, but the channel
bars were largely eroded in the estuarine reach. The mouth bars were
also mainly located in Zone 2, thereby representing a net increase of
14.2 km2. The delta front showed a net increase of 128.9 km2 in Zone 4.

Overall, the area change rates did not present obvious trends for all
four types of geographical features. The large fluctuations over several
time intervals were likely the results of extreme events. Moreover, the
mouth bar change is an exception whose area showed a significant
increase as the sandbars became large and moved toward the coast.
However, thewestern and eastern parts displayed distinctive character-
istics in the study area (Fig. 10a). Zone 2 accounted for a large share of
the area change in the western part during the study period; addition-
ally, the channel banks, channel bars, and mouth bars, except for the
delta front, showed substantial changes in Zone 2. For the channel
banks, the area change rate fluctuated widely between −3.4 km2/year
and 2.1 km2/year before 1993 but has fluctuated only slightly, near
zero, since then as a result of the accretion and erosionmostly compen-
sating for each other. On channel bars, accretion has dominated since
1974, and the accretion rate exhibited a U-shaped change. The maxi-
mum accretion rate of 0.81 km2/year occurred from 1978 to 1988; the
rate then reduced to 0.37 km2/year from 1998 to 2003, and later rose
to 0.59 km2/year from 2013 to 2018. Mouth bars experienced a general
growing trend (Fig. 10b). Their accretion rate reached a maximum of
0.78 km2/year from 2003 to 2008 and from 2013 to 2018. However, it
fell back to 0.48 km2/year from 2008 to 2013 and was level from 1998
to 2003 (Fig. 11c). The area change in the eastern part of the study
area was mainly derived from Zone 4, in which the delta front contrib-
uted themost accretion. The delta front became an obvious accretionary
coast since 1974. The accretion rate showed minimal changes with an
average of 2.4 km2/year, except for a minimum of 0.2 km2/year from
1998 to 2003 and a subsequent maximum of 9.4 km2/year from 2003
to 2008 (Fig. 11d). The channel banks have generally eroded since
1974, apart from a weak accretion period at a rate of 0.07 km2/year
from 2008 to 2013 (Fig. 11a).

6.3. Evolution of fluvial geomorphology

As observed in the satellite images from 1974 to 2018 (Fig. 12), geo-
morphological changeswere highly active at the two bifurcation points.



Fig. 9.Accretion and erosion changes in the IrrawaddyDelta from1974 to 2018. The bar chart shows the percentages of area for the four types of geographical features and the entire study
area.
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At the first-order bifurcation point, the changes mainly manifested as
more braided, less sinuous, widening channels, and increasing bifurca-
tion angles. The main water course also moved approximately 2 km
westwards to the side of Pathein River from 1974 to 2018; at the
same time, the bifurcation mouth of the Pathein moved almost 20 km
Fig. 10. Area change rates of the western and eastern parts (a), and the four types of
geographical features (b) of the study area over different periods. In general, the area
change rates did not present an obvious trend for all four types of geographical features;
extreme events may have caused large fluctuations.
downstream. At the second-order bifurcation point, the observed geo-
morphological changes primarily included a less braided and more sin-
uous shape and increasing bifurcation angles. The distributary channels
near the bifurcation mouths also became smoother over time. These
changes in the two bifurcation points may have caused the ratio
changes for water diversion into the distributaries.

The upper part of the Irrawaddy Delta is characterized by a fluvial
plain with a meander belt and active braided channel, which was
mainly distributed upstream from the second-order bifurcation point.
The lower part is the coastal delta plain, on which the braided channel
gradually becomes an anastomosing channel with interdistributary
plains and channel bars (Kravtsova et al., 2009; Giosan et al., 2018).
The approximate topographic break, showing the boundary between
the fluvial plain and coastal delta plain, can be identified near the
second-order bifurcation point (Fig. 2). The reaches largely at the center
of the study area for area change (Fig. 9) have experienced considerable
channel adjustments, including sandbars merging with the channel
bank, abandonment of small channels, and accretion and erosion of
channel banks. Some small-scale but visible channel migrations oc-
curred in the tributaries' upstream confluence of the Yangon River.
The channel banks of the estuary reach were attributed to net erosion
for all distributary channels except for the Pathein. However, the chan-
nel bars showednet accretion except for those in the Irrawaddy channel
(Fig. 13a). The channels become stable and gradually straighten and
widen downstream toward the estuaries. For the westernmost Pathein
channel, the onset point of wideningwas identified at 100 kmupstream
of its rivermouth (Gugliotta and Saito, 2019). Notably, the onsetwiden-
ing positions tend to move downstream for the distributary channels
from west to east.

The sandbars have distinctive characteristics in the distributary chan-
nels of the lower delta. The westernmost Pathein and Thetkethaung
channels have the largest numbers of sandbars with prevailing growth
(Fig. 13b). More than a dozen sandbars can be observed in the channels
from recent satellite images, and these sandbars are located near the
channel centerline. The Ywe River had a small sandbar before 1998, but
it has been eroded away completely. The river has relatively high sinuos-
ity. Its upper reach was linked with the abandoned Daga River (circa the
1700s), which used to be the main river channel of the Irrawaddy
(Syvitski et al., 2012; Giosan et al., 2018). The Pyamalaw River is a larger



Fig. 11. Area change rates of channel banks, channel bars, mouth bars, and the delta front in the Irrawaddy Delta.
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distributary. A few of the sandbars were progressively accreted adjacent
to the channel bank, andwidely distributed in the deflection, bifurcation,
and confluence regions. The Irrawaddy is the largest channel flowing into
the sea; its sandbars were mostly located near the channel centerline.
These sandbars are notably eroded, and several have almost or even
completely disappeared along the 30 km estuary reach. However, sand-
bars upstream showed accretion. The sandbars in the Bogale River also
showed accretion, occurring at a position similar to those in the
Pyamalaw River. The Pyapon River is a small distributary, and its only
sandbar has merged into the channel bank. The sandbars tend to move
downstream in the Thande and Toe rivers. The Yangon River has emer-
gent sandbars with a lower variation found 10 km from its mouth.

6.4. Evolution of coastal geomorphology

Stamp (1940) described the seaward advance of the Irrawaddy
Delta, where sandbars exist in the mouths of distributaries. The
sandbars are fixed by grasses and mangroves when still under
high-water levels. These sandbars become islands as a result of
rapid silting, and are separated from the mainland only by narrow
channels that eventually silt up. In the current distributary estuaries
of the delta, the Pathein and Thetkethaung channels each have an is-
land or a sandbar. The sandbars of the Irrawaddy, Bogale, and Toe
channels are the most developed. Other distributary estuaries have
few sandbars. This may mean that the Irrawaddy, Bogale, and Toe
are currently the active channels in the delta.

The formation of sandbars in river mouths depends onmany factors,
such asfluvial conditions, tidal currents, waves, sediment grain size, and
bedform characteristics (Mikhailov, 1966;Wright, 1977; Dalrymple and
Choi, 2007; Leuven et al., 2018). In general, the interaction between
river and tidal discharges plays a key role in the formation of sandbars
in estuaries (Edmonds and Slingerland, 2007; Leonardi et al., 2013;
Hoitink et al., 2017). There are twomajor arcuate sandbars in the Bogale
estuary, and the eastern sandbar is themore prominent. Its growth and
stretching orientations are consistent with those of the beach ridges of
theBogale Promontory. In addition, the eastern sandbar's evolution pro-
cess is also coincident with the description of Stamp (1940). The sand-
bar is formed as a result of merging of several small sandbars since the
1970s. Until 2018, the southern periphery of the eastern sandbar was
14.2 km long. Its eastern end will be welded to the coast in the future.
Thus, to a degree, the sandbar reflects the continuation of the delta's
evolution pattern. The two sandbars have common characteristics; a
sandy beach and some dunes are developed on the south side of the
sandbars, and muddy intertidal deposits and tidal creeks dominate on
the north side (Fig. 14g). Spits emerge, then gradually grow and bend
toward land at the two ends of the sandbars. Ultimately, the sandbars
become arcuate and convex seawards. The sandbars slowly move to-
ward land and will eventually stabilize. This shape and motion may
imply that at those locations, the tidal currents are dominant rather
than river flow. This could be explained by the mixed wave-and-tide-
dominated delta characteristics that are affected by low- to moderate-
energy southwest monsoon waves (Anthony et al., 2019).

Several other sandbars and spits demonstrate the characteristics of
the delta's evolution, and their evolutionary processes reflect the influ-
ences of the tide and monsoon (Fig. 14). The first is the sandbar located
in the Thetkethaung estuary (Fig. 14a). Before 1974, it was a linear bar;
then, the sandbar become dissected by the ebb-dominated channels.
After 1990, vegetation began to grow on the sandbar. The sandbar has
been cut by two barb channels in the ebb direction since 2003, and as
the barb channels silted up, the sandbar developed into a tadpole
shape and became stable with a long tail dragged out seaward
(Fig. 14f). There were several small sandbars in the tidal channels on
both sides of the tadpole-shaped sandbar. The sandbars were best de-
veloped in the tidal channel on the east side, where three U-shaped
bars in the flood direction could be observed in the Landsat images of
1988 at low tidal level. Thus, the ebb-dominated channel was on the



Fig. 12. Channel geomorphology at the first (a) and second (b) bifurcation points of the Irrawaddy River. The large geomorphological changes can be clearly observed from the Landsat
images captured in 1974 and 2018, which display the same river reaches in subfigures (a) and (b), respectively. At the first-order bifurcation point, the changes mainly manifest as
more braided, less sinuous, widening channels, increasing bifurcation angles, westward shift by approximately 2 km of the main waterway, and downstream movement of almost
20 km for the bifurcation mouth of the Pathein. At the second-order bifurcation point, the changes primarily include a less braided, more sinuous shape, increasing bifurcation angles,
and smoother distributary channels. These changes in the two bifurcation points may have caused the ratio changes for water diversion into the distributaries. See Fig. 1 for locations.
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west side, whereas the flood-dominated channel was on the east side.
The locations, sizes, and numbers of these small sandbars in the two
tidal channels varied over time. Currently, one sandbar remains visible
at low tide in each channel. These features typically develop in tidal en-
vironments (Dalrymple and Rhodes, 1995; Leuven et al., 2016). The
second is at the southwest coast of the Kone Gyi village tract of Labutta
Township, where two recurved spits grew bilaterally from the south-
west point. Here, the erosion of the coastal segment can be observed
(Fig. 14b). The development of the spits was similar to that of the
spits along the southwest coast of Kaingthaung Island. The third is at
the southwest of the Pyin Ah Lan Village Tract of Labutta Township,
where a crescent-shaped sandbar existed offshore before 1990
(Fig. 14c). Its middle section was then destroyed and merged into
spits that developed afterward along the coast and were accompanied
by a process of accretion. The spits then moved closer to the southwest
point of the coast from both sides. The fourth exists on the east side of
the Bogale Promontory, where two spits on the sides of a small stream
estuary extend to the northeast (Fig. 14e). The spits stretch over 5 km
toward the northeast along the coast under the influence of a littoral
current. Similar geomorphological phenomena also exist further north-
eastward along the coast.
7. Discussion

7.1. Impacts of anthropogenic activities on sediment and hydrological
regimes

7.1.1. Accelerating land use changes
Land use is a dominant driver affecting the sediment yield in a basin

(Milliman and Syvitski, 1992; Russell et al., 2017). The land use in the Ir-
rawaddy Basin has undergone tremendous changes in recent decades.
Forestry and agriculture are two major land use types in the basin, pro-
viding an income source for local farmers (Htay, 2016; Veettil et al.,
2018). Meanwhile, Myanmar has officially encouraged pond construc-
tion and paddy cultivation as a means of raising national incomes
since the 1990s (Belton et al., 2018). Using the Hansen Global Forest
Change v1.6 (2000–2018) dataset (Hansen et al., 2013) and the GEE,
we found that the total forest loss was 15,338.6 km2 from 2000 to
2018, equivalent to an annual loss of 852.1 km2 (Fig. 15b). Seven of
nine deforestation hotspots identified by Bhagwat et al. (2017) in
Myanmar were located above the confluence of the Chindwin and Irra-
waddyRivers in the basin; their intact forests annually declined at a rate
of 0.7% from 2002 to 2014, amounting to a total forest loss of 2589 km2.



Fig. 13. (a) Eroding channel bars in the estuary reachof the Irrawaddy channel; (b) Accreting channel bars 60kmupstreamof the Pathein Rivermouth. The underlying images are based on
Landsat data captured in 1974 and 2018,which display the same river reaches in subfigures (a) and (b), respectively. The black box indicates the position of the new sandbars. See Fig. 1 for
locations.
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Among these casualties aremangrove forests,whichhad the highest de-
forestation rate (Wang andMyint, 2016).Mangroves aremainly located
in the Lower Irrawaddy Delta, and act as natural barriers in coastal sta-
bilization, favoring the deposition of suspended sediments and amelio-
rating the effects of large tropical storms and cyclones (Osti et al., 2009;
Hedley et al., 2010). However, the mangrove cover in the Irrawaddy
Delta has dramatically decreased by 64.2% from 1978 to 2011; 81% of
originally dense mangroves were converted to rice paddies or became
highly fragmented. The mangrove forests may even be completely de-
pleted in the next 10 years (Webb et al., 2014).

This deforestation is mainly attributed to agricultural expansion and
logging (Webb et al., 2014; Yang et al., 2019). Agriculture is mainly dis-
tributed in the Central Dry Zone and the Irrawaddy Delta (Torbick et al.,
2017). An estimated 60% of the land area is cultivated for rice paddies in
the delta region, including the Irrawaddy, Bago, and Yangon regions
(Frenken, 2012). Aquaculture in the Irrawaddy Basin has also substan-
tially increased in recent decades. According to the latest statistics
from the Department of Fisheries (DOF) of Myanmar (DoF, 2018), the
total area for aquaculture ponds in Myanmar was 1988.4 km2 from
2017 to 2018. About 57% of these ponds were located in the Irrawaddy
Basin, and four townships, namely Maubin, Pantanaw, and Nyaungdon
Townships in Irrawaddy Division and Twantay Township in Yangon Di-
vision, occupied nearly 52% (581.6 km2) of the basin's estimated pond
area (Joffre and Kyaw, 2018) (Fig. 15a). However, the data were under-
stated as only ponds larger than 64 m2 were reported (Belton et al.,
2018). We can clearly observe that the widespread depression in the
1970s had since been converted into intensive aquaculture ponds in
2018 in the most intensive aquaculture area near the second-order bi-
furcation point, with an area of 688.4 km2 (Fig. 12).

Terrestrial mining is also a key land use activity contributing to
pulses of material entering the Irrawaddy River. There are 585 mines
in Myanmar, with 509 in the Irrawaddy Basin (WWF, 2018). A recent
nationwide survey by EcoDev based on satellite images from 2002 to
2015 showed that there were 751.2 km2 of potential mining areas in
the Irrawaddy Basin, of which 59% were assigned a high certainty; and
over 90% of the mining areas were distributed in the Chindwin, Upper,
and Middle Basins, including the three divisions of Kachin, Sagaing,
and Mandalay (LaJeunesse Connette et al., 2016) (Fig. 15a). The mining
areas reportedly increased by 141.7% in Kachin and 743.6% in Sagaing
from 2002 to 2014 (Treue et al., 2016). According to HIC (2017), the



Fig. 14. Development of sandbars and spits in the estuarine area of the Irrawaddy Delta. The underlying image is based on Landsat 8 Operational Land Imager (OLI) data acquired on
February 25, 2018, with a 5–4–3 band combination. (a) Tadpole-shaped sandbar forming from a submeridional elongated sandbar in the Thetkethaung estuary; (b) two recurved spits
developed bilaterally from the southwest point and where the erosion of the coast segment can be observed; (c) crescent-shaped sandbar found offshore at the southwest coast of the
Pyin Ah Lan Village Tract; (d) two arcuate sandbars formed in the Bogale estuary with common characteristics; (e) two spits stretching over 5 km toward the northeast along the
coast under the influence of a littoral current; (f and g) close-up Google Earth images from January 8, 2017 and December 21, 2016 demonstrating the tadpole-shaped sandbar in the
Thetkethaung estuary and the arcuate sandbar in the Bogale estuary. The white belts rimming the sandbars are sandy beaches and dunes.
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total mining area in the Irrawaddy Basin was reached approximately
1199.3 km2 in 2016, showing an exponential increase since 1988
(Fig. 15c). Infrastructure construction such as roads and settlements
that were concomitant with mine establishment also increased. More-
over, many mining sites are now established along main waterways
and tributaries, thus implying more direct impacts on the sediment
supply.

The Irrawaddy has been one of the fastest eroding major basins in
the world (Stamp, 1940). The deforestation, agricultural development,
terrestrial mining, and associated infrastructure construction in the
area may lead to more serious soil erosion. The destruction of forests
will increase the occurrence of landslide events, especially in the tropi-
cal mountain regions such as the Upper Irrawaddy (Guns and Vanacker,
2013; Brakenridge et al., 2017). These potential landslide events could
also contribute a significant portion, or even most, of the sediment
load in some basins (Glade, 2003; Restrepo et al., 2015). Investigations
found that there is a general increasing trend in the sediment grain
size of bank and bed deposits downstream along the Irrawaddy River,
which is unusual in river systems (HIC, 2017). The increased presence
of coarse sand and gravel is probably because the area's mining activi-
ties have contributed to extra sediment input into the tributaries of
the upper basin, and the episodic events during high-rainfall periods
have generated substantial amounts of sediment, entering the river in
the Central Dry Zone.

7.1.2. Extensive dam construction and sediment mining
Many large global river systems have experienced extensive dam

construction, which is believed to be a major cause of delta erosion as
a result of considerable sediment being trapped (Syvitski et al., 2009).
Nomajor dams on the trunk streamof the Irrawaddywere present dur-
ing the 1990s. Since then, damconstruction in the basin for hydropower
and irrigation has substantially increased. In addition, tomeet the needs
of the growing population and correspondingly rapidly increasing eco-
nomic demands in Myanmar, the construction of small and medium-



Fig. 15. (a) Significant landuse changes from1974 to 2018, including deforestation, terrestrialmining, and aquaculture. The deforestation hotspots are derived fromBhagwat et al. (2017);
(b) rapid deforestation in the IrrawaddyBasin from2000 to 2018 based on the Hansen Global Forest Change v1.6 (2000–2018) dataset (Hansen et al., 2013); (c) the land area disturbed by
mining activities in the Irrawaddy Basin and Chindwin sub-basin from 1988 to 2016 (LaJeunesse Connette et al., 2016).
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sized dams and irrigation projects in the tributaries of the Irrawaddy
have accelerated. Currently, hydropower has become the main source
of electricity in Myanmar (Nam et al., 2015). There are 35 dams in
operation or under construction in Myanmar, of which 17 are in the
IrrawaddyBasin,with 14 operational (2100MW) and 3 under construc-
tion (1372 MW) (Lazarus et al., 2018) (Fig. 16). An additional 29 pro-
posed or identified dams of 10 MW capacity or greater in the basin
could potentially provide another 17,393 MW in total energy. Most
are in the N'mai sub-basin, with seven dams totaling 11,395 MW,
accounting for 54% of all proposed or identified dams. In addition, two
proposed mainstream dams, Myitsone (6000 MW) on the Irrawaddy
River and Tamanthi (1200 MW) on the Chindwin River, have been
suspended by the Government of Myanmar (Lazarus et al., 2018). By
the end of 2016, nearly 285 man-made reservoirs were built for hydro-
power and/or irrigation purposes in the Irrawaddy Basin (HIC, 2017).
Incomplete statistics showed that the total storage capacity of these
major reservoirs has rapidly increased from 1099 × 106 m3 in 1985 to
over 12,000 × 106 m3 in 2016. If minor storages are included, the total



Fig. 16. (a)Distribution of dams larger than10MW in the Irrawaddy River Basin in 2016, adopted fromHIC (2017) and Lazarus et al. (2018); (b) existing andplannedhydropower projects
in the Irrawaddy Basin showing the rapid increase in the installed capacity and affected basin area (HIC, 2017).
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storage capacity in the basin reached 28,800 × 106 m3 in 2016 (HIC,
2017). We can clearly observe from satellite images that assorted sizes
of newly built reservoirs have become densely distributed across the
basin in recent decades (Fig. 16).

Large-scale hydropower and irrigation projects can have substantial
impacts on flow regimes and sediment loads. Although the 14 existing
hydropower developments in 10 sub-basins only regulated approxi-
mately 14% of the Irrawaddy flow (Fig. 17) (Lazarus et al., 2018), the ef-
fects can be greatly increased when combined with the numerous
irrigation reservoirs in theMiddle and Lower Basin. At present, the inad-
equate observational data cannot provide definitive evidence for the
impacts of dams and irrigation projects on the area's hydrology and sed-
iment supply at the basin scale. However, local hydrological data and re-
mote sensing observations have suggested that seasonal flows in the
middle and lower reaches of the Irrawaddy River have been modified,
at least at a local scale (IFC, 2017). In the future, when the planned
dams are implemented, the cumulative effects will fundamentally
alter the nature of the river flows and sediment transport, and eventu-
ally affect the evolution of the Irrawaddy Delta. The planned dams
would result in 100% flow regulation of the Mali and N'mai headwater
outflows, and still have a 43% regulation effect at the apex of the delta
(Fig. 17). Notably, these upstream tributaries, which represent the
major area targeted for existing and planned dams, contribute over
60% of water flow and over half of the sediment load in the basin
(Stamp, 1940; HIC, 2017). A sediment supply model based on existing
dams showed a significant 30% decrease in sediment load (Syvitski
et al., 2009); moreover, the sediment load would experience an addi-
tional 12% decrease if all planned dams are constructed, with a potential
decrease of up to 19% (Tessler et al., 2018). Therefore, dams and irriga-
tion projects in the basin would undoubtedly modify the hydrological



Fig. 17. Natural and regulated flows in the Irrawaddy Basin (Lazarus et al., 2018). BAU
(business-as-usual) indicates “project development under the current process of
project-by-project approval, with no consideration of or planning to avoid cumulative
impacts on basins and sub-basins.”
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patterns and geomorphological and sediment transport processes along
the entire downstream river course, and ultimately increase the erosion
risk along the delta coast (Dunn et al., 2019).

Sediment mining along the river and beach can give rise to bank
erosion, alter riverbed geomorphology, increase flooding risk, and
exacerbate coastal erosion. Sedimentmining is ubiquitous across the Ir-
rawaddy Basin. Typically, coarse sand and gravel are targeted for extrac-
tion, as these are the most desirable construction materials. A gross
underestimate showed that approximately 10 million tons of sediment
were extracted annually from the Irrawaddy River (HIC, 2017). The ac-
tual volume was believed to be twice the this figure, namely 20 million
tons or approximately 10% of the total estimated sediment load; the
amount of unreported or illegal sand mining could be much larger
than this budget, which could have a huge direct impact on the stability
of the river bank and the delta front (WWF, 2018). A recent survey
Table 1
Summary of the potential influences of main human activities in the Irrawaddy Basin and its de
signs (−) indicate decreasing sediment supply.

Human activities Main distribution area Current status

Forest loss (+) Chindwin, Upper, and
Middle Basins

The total forest loss was 15
2018.

Mangroves clearance (+) Lower Irrawaddy Delta The mangrove cover in the
dramatically decreased by
81% of originally dense ma
rice paddies or became hig
mangrove forests may eve
the next 10 years (Webb e

Agricultural development (+) Central Dry Zone and
the Irrawaddy Delta

An estimated 60% of the la
paddies in the Irrawaddy, B
(Frenken, 2012).

Terrestrial mining (+) Chindwin, Upper, and
Middle Basins

The total mining area in th
was reached approximatel
(HIC, 2017).

dams and irrigation projects (−) Across the basin There are 48 dams in the Ir
operational, 3 under const
suspended dams (Lazarus
2016, nearly 285 man-mad
hydropower and/or irrigat
Irrawaddy Basin with the t
28,800 × 106 m3 (HIC, 201

Sediment mining (−) Across the basin It was believed to be 20 m
approximately 10% of the t
load were extracted annua
(WWF, 2018). A recent sur
million tons of sand and gr
Yangon Division from 2016
found that at least 9.4 million tons of sand and gravel were extracted
in Yangon Division from 2016 to 2017 (Kadoe, 2018). A recent report
confirmed that excessive sediment extraction has caused bank erosion
in the Bago Region (Soe and Hammond, 2019).

7.1.3. Impacts of anthropogenic activities
With rapid growth in the population and economy, human activities

have considerably affected the Irrawaddy Basin (Table 1). Satellite im-
ages show some particularly striking changes, such as the densely dis-
tributed dams for hydropower and irrigation in the peripheral regions
of the basin, large-scale agricultural expansion, and mangrove defores-
tation in the delta region (Figs. 15 and 16). The increasing rate of dam
construction and uncontrolled sediment extraction have undoubtedly
reduced the sediment delivery in the river; however, large-scale defor-
estation and terrestrial mining have tended to increase the sediment
supply, thereby offsetting the decrease in sediment load to a consider-
able extent (Table 1). However, because sediment data are quite scarce
in the Irrawaddy Basin, it is difficult to identify the impact of a single fac-
tor on the hydrology and sediment load. Even so, local hydrological and
remote sensing observations have provided evidence for hydrological
and geomorphological changes at a local scale (HIC, 2017). Via detailed
remote sensing observations of the entire basin, we found that the Irra-
waddy River has undergone a major geomorphological adjustment
through growing human activities, as inferred by Lazarus et al. (2018).
As shown in Fig. 18, the main stream became less braided below the
confluence with the Chindwin River in the Lower Basin, which is the
high sediment yield area; the original wide, bare floodplain has been
encroached by vegetation and agriculture, leaving only a narrow chan-
nel in the Central Dry Zone, and many meandering tributaries became
less sinuous. And many newly dense reservoirs for irrigation or hydro-
power purpose are visible in the upper reaches of the tributaries. Ac-
cording to Mueller and Pitlick (2014), high bed-load concentrations
are fundamental to maintain the braided features, which reflect a
quasi-equilibrium state with a persistently high sediment supply.
lta. In the first column, plus signs (+) indicate increasing sediment supply, whereasminus

Potential influences

,338.6 km2 from 2000 to These potential landslide events induced by
deforestation could contribute a significant portion, or
even most, of the sediment load in some basins (Glade,
2003; Restrepo et al., 2015).

Irrawaddy Delta has
64.2% from 1978 to 2011;
ngroves were converted to
hly fragmented. The
n be completely depleted in
t al., 2014).

Mangroves clearance could lead to serious soil erosion,
ultimately increase the erosion risk along the
delta coast.

nd area is cultivated for rice
ago, and Yangon regions

The agricultural development may lead to more
serious soil erosion.

e Irrawaddy Basin
y 1199.3 km2 in 2016

Terrestrial mining contributes to pulses of material
entering the Irrawaddy River. There is a general
increasing trend in the sediment grain size of bank and
bed deposits downstream along the Irrawaddy River
(HIC, 2017).

rawaddy Basin, including 14
ruction, 29 proposed, and 2
et al., 2018). By the end of
e reservoirs were built for
ion purposes in the
otal storage capacity of
7).

A sediment supply model based on existing dams
showed a significant 30% decrease in sediment load
(Syvitski et al., 2009); moreover, the sediment load
would experience an additional 12% decrease if all
planned dams are constructed, with a potential
decrease of up to 19% (Tessler et al., 2018).

illion tons of sediment or
otal estimated sediment
lly from the Irrawaddy River
vey found that at least 9.4
avel were extracted in
to 2017 (Kadoe, 2018).

Typically, coarse sand and gravel are targeted for
sediment mining. A recent report confirmed that
excessive sediment extraction has caused serious bank
erosion in the Bago Region (Soe and Hammond, 2019).



Fig. 18. Geomorphological changes of the mainstream and tributaries in the Central Dry
Zone from 1974 to 2018. The less braided mainstream, less sinuous tributaries,
vegetated floodplain, and newly dense reservoirs are visible. See Fig. 1 for locations.

Fig. 19. Sediment loads at Sagaing, Chauk, andMagway stations (IFC, 2017) (see Fig. 16. for
locations) and area change rates in Zones 1 and 2 together and Zones 1, 2, and 3 together
(see Fig. 7 for locations). There are close relationships between the sediment load at
Magway station and the area change rates in the two areas. For Zones 1 and 2 together,
the correlation coefficient (r2) is 0.64, and for Zones 1, 2, and 3 together, r2 is 0.80.
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Thus, these geomorphological adjustments are highly likely related to
reductions in sediment supply (particularly coarse sand and gravel)
and peak flow induced by dam construction.

Both dam construction and sediment extraction preferentially elim-
inate coarse sand and gravel, whereas the reduced peak flow implies
that less coarse sediment is transported and enter the delta (Lazarus
et al., 2018). As a result, erosion has occurred in the major channels in
the lowermost delta and the western delta coast, in which sand is dom-
inant (Anthony et al., 2019). In contrast, deforestation and terrestrial
mining often provide fine sediment, which is mainly transported by
the monsoon-driven current to the eastern coast, where rapidly accret-
ing mud flats are widespread (Rao et al., 2005; Hedley et al., 2010;
Giosan et al., 2018; Anthony et al., 2019). These speculations are in
agreement with the findings of Hedley et al. (2010) and Giosan et al.
(2018). Such transfer of fine sediment from one side to the other of
the delta along its coast also occurs in many other eroding deltas, such
as the Mekong (Szczuciński et al., 2013; Unverricht et al., 2013) and
Indus deltas (Giosan et al., 2006).

7.2. Impacts of sediment and hydrological changes on the delta evolution

As mentioned above, geomorphological evidence and published lit-
erature demonstrated that anthropogenic activities have caused the re-
duction of the coarse sediment entering the Irrawaddy Delta and the
extra supply of the fine sediment to the eastern coast. Such changes
can potentially explain the general erosion in the western coast and
the accretion in the eastern coast of the delta (Figs. 7 and 9). In addition,
the sediment from the Salween (Thanlwin) and the rapid bank erosion
in Sittang Rivers estuary also contributed to the accretion in the eastern
coast to some extent (Shimozono et al., 2019; Liu et al., 2020). We used
the incomplete sediment load data at Sagaing, Chauk, and Magway sta-
tions (IFC, 2017) (Fig. 16) to explore their relationships with the area
change rates derived in Section 6.2 for Zones 1 and 2 together and
Zones 1, 2, and 3 together, respectively (Fig. 19). Here, Zone 4 was not
included due to the influence of other rivers. Magway station is located
in themiddle part of the Lower Basin, the closest to the delta coast of the
three stations (Fig. 16). We calculated the correlation coefficients (r2)
between the average sediment loads during corresponding timeperiods
and the area change rates in the two areas. The sediment load at
Magway station showed the closest correlation with the area change
rate. For Zones 1 and 2 together, the r2 was 0.64, and for Zones 1, 2,
and 3 together, r2 was 0.80. Although the data are incomplete, these
findings could explain the transport of fine sediment to the eastern
coast to a certain extent.

For the westernmost Pathein River in Zone 1, the accreting upstream
channel bars 60 km upstream of the river mouth indicated that the land-
ward net sediment transport driven by tides in channels with little river
discharge. The recent remotely monitored data from River and Reservoir
Watch Version 3.5 (Brakenridge and Kettner, 2018) also showed that
very little water was discharged by the Pathein River (see Section 3). In
Zone 2, our results show that the channel bank and the channel bar are
generally eroded (Fig. 9). The area changes of the channel bankwere rel-
atively large before 1993, since then the area changes were significantly
reduced, that is, large channel adjustment occurred before 1993
(Fig. 11a). Coincidentally, the area changes of the mouth bars were rela-
tively small before 1993, since then themouth bars grew rapidly and ob-
viously moved landward (Figs. 11c and 14d). These changes are likely
related to reductions in sediment supply and peak flow, and relatively in-
crease in tidal dynamics (Gugliotta and Saito, 2019). The large geomor-
phological adjustments at the two bifurcation points mean that the
diversions and fractions of water and sediment into the distributaries
have likely already changed. Fig. 12 shows that the channels became
more braided and less braided at the first- and second-order bifurcation
points, respectively. It implies that more coarse sediment was transmit-
ted through the first-bifurcation point, but failed to arrive at the coastal
delta plain (Leopold and Wolman, 1957; Eaton et al., 2010; Lewin and
Ashworth, 2014), which can explain the erosion in the western coast to
some degree. The present of coarse sediment is highly related to human
activities, such as deforestation, agricultural development, terrestrial
mining.

7.3. Current delta evolution pattern

This current accretion and erosion pattern of the Irrawaddy Delta is
largely controlled by the regionalmonsoon, as stated by Rodolfo (1975).
Remote sensing-derived results provide explicit evidence for this state.
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The net area changes at different azimuthal angles derived from the
shorelines in 1974 and 2018 and transects (Fig. 20d) show that the ori-
entation of the erosion is mainly southwest (SW), whereas the domi-
nant orientation of the accretion is southeast (SE). The Irrawaddy
River flows from north to south, and its delta coast consists of the west-
ern coast running northwest (NW) to southeast (SE) and the embayed
eastern coast running southwest (SW) to northeast (NE). The prevailing
SW monsoon current drives a large amount of fine sediment into the
Gulf of Martaban along the coast (Fig. 20a, b). A recent geochemical
and geophysical study of sediment on the shelf also indicated that the
majority of Irrawaddy River-derived sediment (83%) has been
transported eastward into the Gulf ofMartaban (Liu et al., 2020). There-
fore, the SW of the delta coast is erodible, and the SE of the delta coast is
prone to accrete.

In addition to anthropogenic impacts mentioned above, sea level rise,
land subsidence, and climate change also potentially pose threats to the
sustainability of the Irrawaddy Delta. There is little information about
the sea level rise in the coastal sea off the delta. Mikhailov and
Dotsenko (2006) reported that the water level of the Bay of Bengal rose
at a rate of 1.5–2.0 mm/year. This area may experience greater sea-level
rise than the global mean (Han et al., 2010). Moreover, hydrological re-
cords from the Department of Meteorology and Hydrology showed that
the rising sea level has led to increased saltwater intrusions into the
delta in recent years (SeinnSeinn et al., 2015). According to Horton et al.
Fig. 20. TwoMODIS images showing the sediment transport and dispersion patterns in the
coastal sea of the Irrawaddy Delta: (a) during the SW monsoon, enormous quantities of
sediment load were transported by the near-shore current eastward; (b) during the NE
monsoon, the delivered sediment was mainly transported eastward into the Gulf of
Martaban along the near-shore zone, whereas only a minor portion may have been
pushed by surface currents westward into the Bay of Bengal; (c) wind rose diagram of
the Irrawaddy delta (created based on wind data in 2016 retrieved from http://earth.
nullschool.net/); (d) orientation of the accretion and erosion in the study area visually
corresponding with the prevailing westerly currents generated by the SW monsoon,
thereby indicating that the monsoon climate may be a major influencing factor of the
delta's evolution. The blue lines indicate the direction of sediment transport adopted
from Rao et al. (2005).
(2016), the projected sea level will reach 14–56 cm in the 2050s, which
would have devastating effects on the delta shoreline. The delta has po-
tentially been experiencing land subsidence at unknown rates (Higgins,
2016). A recent study showed that the subsidence rate was over
10 mm/year in half of Yangon City from 2014 to 2017, locally exceeding
110mm/year (van der Horst et al., 2018). Most of the subsidence in Yan-
gonwas ascribed to groundwater extraction. The groundwater extraction
in the delta region is 12% of the current recharge. Thus, expanding de-
mand for groundwater usewill potentially increase the risk of land subsi-
dence (HIC, 2017). Recent evidence of climate change in the Irrawaddy
Basin has shown its detrimental effects on the evolution of the delta. In
an investigation of 130 glaciers in the Irrawaddy headwaters, Taft and
Kühle (2018) found that the glaciers lost up to 54.3 ± 7.64% of their
area and 60.09 ± 1.56% of their mass and volume from 1976 to 2015,
and that the loss rate of the glaciers increased over time. The monsoon
duration, which is one of themost influential climate factors, significantly
shortened (late onset and early withdrawal) by about three weeks in
northern Irrawaddy from 1988 to 2000, compared with the 1951–2000
average (McKinley et al., 2015). Other effects included rising tempera-
tures, fewer annual rainy days, and greater frequency of intense rainfall
events (McKinley et al., 2015; SeinnSeinn et al., 2015). These climate
change-related events will certainly impact the hydrological regime and
sediment discharge of the Irrawaddy River, and ultimately affect the sta-
bility of the delta.

8. Conclusions and recommendations

With the help of Landsat images recorded over the past 44 years and
the published literature, this study provides a comprehensive survey
and review of the evolution of the entire Irrawaddy Delta, including its
distributary channels and frontal areas. Overall, the delta's front ac-
creted with an average shoreline change rate of 10.4 m/year from
1974 to 2018, whereas 42% of its shoreline was subject to erosion. The
holistic data contain significant regional differences in the average fig-
ures. Most of the western coastline area was subjected to erosion, and
only the Yangon lobe accreted prominently. However, the changes in
shoreline and area did not exhibit significant trends within the delta.
Notably, however, the Irrawaddy mainstream has become less braided
and some tributaries have become increasingly straightened in the
Lower Basin since 1974. This finding suggests that dam construction
and sediment extraction most likely have caused an effective reduction
of the sediment supply and alterations to the hydrological regime, al-
though deforestation and terrestrial mining also contributed consider-
able amounts of fine sediment. The channel's geomorphology has
undergone evident adjustments within the delta region, thereby imply-
ing that the diversions of water and sediment into the distributaries are
likely to have changed. At the same time, the rising sea level has led to
increasing ocean dynamics. Consequently, the delta's current equilib-
rium state will, in all probability, be disturbed in the near future.

We note that there is a serious dearth of scientific knowledge regard-
ing the sediment yield and its influencing factors within the Irrawaddy
Basin. The evidence from remote sensing and limited hydrological obser-
vations have indicated that human activities in the Irrawaddy Basin have
exerteddetrimental impacts on the sustainability of thedelta. Humandis-
turbances in the basinwill continue to grow rapidly in the future as a con-
sequence of increasing population and the pressures of economic
development. This rapid growth, coupled with the potential effects of
sea level rise, land subsidence, and climate change, will exacerbate ero-
sion in the delta and increase the vulnerability of the region to extreme
weather events such as floods and cyclones.

Therefore, an augmented hydrological monitoring regime that pro-
vides a baseline for future research is imperative. Survey and simulation
efforts will also be conducive to unveiling the anthropogenic and natu-
ral impacts on the hydrological regime and sediment load across the
basin, and remote sensing-based geomorphological surveying showed
considerable advantages with its high temporal frequency, immediate

http://earth.nullschool.net/
http://earth.nullschool.net/
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access, and wide spatial coverage. It will be very significant to quantita-
tively link the remote sensing-derived geomorphological changes in the
delta to itsfluvial andmarine processes. In addition,modeling studies at
the basin scale are greatly needed to address the intricate issues associ-
ated with the influences of climate change and human activities.
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