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ABSTRACT
River deltas occupy only ~0.65% of 

Earth’s land surface, but collectively house 
~4.5% of the global population and account 
for more than 6% of the global GDP. 
Because of ongoing human interventions in 
the past century (river diversions, ground-
water and petroleum extraction, and urban-
ization), deltas are coming under additional 
and intense threat from climate change and 
the impending sea-level rise. Many high-
latitude and tropical deltas where popula-
tion pressure is low and human modifica-
tion is minimal face less peril for the 
foreseeable future, but densely populated 
deltas, especially those in Asia with extreme 
urbanization and environmental pressures, 
will be more susceptible to land loss and 
drowning. Here we consider six key del-
tas—Mississippi, Yangtze, Niger, Bengal, 
Nile, and Indus—emphasizing recent find-
ings and consensus as to their health and 
how human activities have brought these 
vulnerable ecosystems perilously close to 
or beyond the point of no return.

INTRODUCTION
Deltas are low-lying extensions, formed 

off of river mouths by the deposition of 
river-borne sediment and organic material 
as the river approaches the coastal zone. 
Sediment influx promotes the delta’s sea-
ward progradation, and subsidence caused 
by the dewatering and compaction of sedi-
ments that are deposited above a flexing 
lithosphere produces the capacious sedi-
mentary accommodation that allows the 
delta to thicken. While the seaward limit of 
a delta is easy to define, its landward extent, 
and thus its land area, is subject to interpre-
tation; for example, all low-lying land sea-
ward of a break in topographic gradation 
versus land lying at less than a specified 

elevation versus land area seaward of the 
deltaic channel. The area of the Amazon 
River Delta, for instance, can be considered 
to be as large as 100,000 km2 (Ericson et al., 
2006) to 300,000 km2 (da Costa et al., 2019), 
or as small as 84,000 km2 (Edmonds et al., 
2020), of which only 1970 km2 lie at eleva-
tions lower than 2 m (Syvitski et al., 2009). 
Reported areas and populations also depend 
on how the delta is defined—that is, by 
geographic, economic, or political criteria. 
For example, Edmonds et al. (2020) define 
the Pearl River Delta by geomorphic crite-
ria (5600 km2), whereas the Pearl River 
Delta Economic Zone (39,000 km2; Tang et 
al., 2016) includes islands and mountains 
locally higher than 900 m. The former, 
according to Edmonds et al. (2020), has a 
population of 9.5 million, whereas the latter 
includes the megapolises of Guangzhou-
Shenzhen, with a combined population of 
more than 24 million.

Due to the fertile nature of their river-
derived sediments, abundant freshwater, 
diverse ecosystems, and inland and sea-
ward access, deltas were centers of early 
human civilization, particularly in arid cli-
mates, e.g., Nile (Egypt), Tigris-Euphrates 
(Mesopotamia), and Indus (Indus Valley 
civilization; Macklin and Lewin, 2015). 
Over the ensuing millennia, the fertile del-
tas have served as agricultural, fishing, and 
commercial centers. Although their collec-
tive areas account for less than 1% of the 
global land surface, deltas are among the 
most densely urbanized and productive 
landforms on Earth. The major socioeco-
nomic role of deltas is perhaps best illus-
trated in Table 1, where 12 large deltas col-
lectively occupy 350,000 km2, less than 
0.3% of Earth’s land area. Two of the 12 
deltas—Amazon and Lena—have sparse 
populations and little commerce; the other 

10 deltas (~0.25% of the global land area) 
house 245 million people, ~3% of the world’s 
population, and a collective GDP that annu-
ally exceeds US$4.8 trillion.

The Edmonds et al. (2020) database 
includes 1178 deltas larger than 1 km2 (Fig. 1) 
with a total area of 848,000 km2 and 339 mil-
lion inhabitants. Using a larger database, 
Syvitski et al. (2022) estimated the global 
delta area as 855,000 km2. According to 
data from Edmonds et al. (2020), deltas 
>1000 km2 in area collectively cover 
752,000 km2, deltas between 10 km2 and 
1000 km2 total 31,000 km2, and deltas 
between 1 km2 and 10 km2 cover 2,000 km2; 
deltas located between 25°N and 5°S occupy 
~68% of the global deltaic land area (Fig. 2). 
As of 2017, Asian deltas housed 262 million 
people, 77% of the global delta population, 
with an average population density of 880/
km2. In contrast, the 672 non-Asian deltas 
listed by Edmonds et al. (2020) have 76 mil-
lion inhabitants, with an average population 
density of 222/km2. Many arctic and tropi-
cal deltas are particularly underpopulated. 
The arctic deltas of the Lena, Pechora, 
Yana, Indigurka, MacKenzie, and Yukon 
rivers (collectively 60,000 km2 of land 
surface; Walker, 1998) have an average 
population density of only 0.4/km2, and 
the Amazon, Orinoco, and Congo Deltas 
(130,000 km2) have an average population 
density of only 8/km2. Interestingly, how-
ever, one of the most densely populated 
deltas is the Neva Delta near St. Petersburg 
in Russia (12,700 inhabitants/km2).

DELTAS UNDER STRESS
Despite a recent overall gain observed in 

deltaic land area worldwide (Nienhuis et al., 
2020), many of the populated deltas that 
have significant socioeconomic importance 
are either eroding or sinking, or both, hence 
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such popular media headlines as “Death of 
the Indus Delta;” “Mississippi Delta: land 
loss and erosion;” “Can the Ebro Delta be 
saved from erosion?;” and “Millions at risk 
as world’s deltas sink!” In nearly all cases, 
the problem of disappearing deltaic land 
stems directly or indirectly from a combi-
nation of local, regional, and global human 
actions (Syvitski, 2008).

In many deltas, a primary problem is 
caused by both upstream river and deltaic 
modification. Upstream dams can moderate 
or eliminate seasonal fluxes in water, and 
dredging of river channels and dikes along 
the riverbanks can prevent floodwaters from 
topping onto adjacent land. While such 
alterations in river and sediment flow protect 
human habitations, they also prevent new 
sediment from spreading over floodplains 
that would offset natural and human-
enhanced in situ subsidence. Natural sub-
sidence rates can be rapidly accelerated by 
groundwater or oil and gas withdrawal from 
the substrate. Local extensive groundwater 
pumping that began in the 1970s, together 
with upstream damming of the Chao Phraya 
River, for example, resulted in subsidence of 
as much as 1.6 m in Bangkok by 1988 
(Nutalaya et al., 1996; Bidorn et al., 2021).

Climate change will only exacerbate the 
stresses on river deltas. As Earth’s oceans 
warm and land-based glaciers melt, there is 
a corresponding volumetric increase in oce-
anic waters, thus leading to rising sea level 
that can be measured globally, which when 
compared to the 1990s, is projected to rise 
30 cm by the year 2050 and most likely 
exceed 1 m by 2100. This melt, combined 
with reduced sediment influx and acceler-
ated subsidence, means that relative sea-level 
rise (SLR) in many deltas has exceeded, or 
will soon exceed, 3–8 mm/yr—a sobering 

scenario for deltaic land that often lies only 
1–2 m above present-day sea level.

DELTAIC AND COASTAL RESPONSE 
TO ACCELERATING SEA-LEVEL RISE

In its sixth Assessment Report, the 
Intergovernmental Panel on Climate Change 
(IPCC) revised its estimate of the increase 
in Earth’s mean surface temperature upward 
to 1 °C since the late nineteenth century. 
The IPCC projects total warming to reach 
1.5 °C between 2030 and 2050 (IPCC, 
2022). A major consequence has been the 
acceleration in the rate of SLR. In 2019, the 
IPCC  revealed that global mean sea level 
(GMSL) has risen at a rate of 3.4 mm/yr 
since the 1990s, compared to 1.2–1.7 mm/yr 
during the first half of the twentieth century 
(IPCC, 2019). Warming-related accelera-
tion in melting of mountain glaciers and the 
Greenland and Antarctic ice sheets has con-
tributed ~50% to this increase (Allison et al., 
2021); much of the rest is attributed to the 
steric (thermal) expansion of ocean water, 
and a smaller amount to permanent transfer 
of aquifer water to the ocean. Projected 
GMSL rise may be 1.1 m (IPCC, 2022) or as 
much as 2.5 m by the year 2100, the higher 
estimate produced by NOAA models that 
take into consideration greater instability of 
western Antarctic ice sheet (Sweet et al., 
2022). The 1–2.5 m of SLR will cause the fol-
lowing changes (to a varying degree) on 
most deltas of the world.

Intensified flooding: Due to their low 
gradients, deltas are at greater risk when the 
sea rises rapidly, particularly in the absence 
of sedimentary replenishment. Deltas (e.g., 
Bengal, Orinoco, Niger, Indus, Mississippi, 
and Chao Pharaya) and nearby low-lying 
areas (e.g., Sumatra, Borneo, the low coun-
tries of Europe, southern Baltic, and the 

U.S. Gulf Coast) that are also undergoing 
enhanced subsidence will be prone to 
increasing inundation. It is now well estab-
lished that warmer seas mean more energy 
to convert to tropical cyclones, and both the 
Atlantic and Indian Oceans show an unmis-
takable trend toward increased frequency of 
stronger tropical storms that could greatly 
accelerate coastal destruction (see e.g., 
Lima et al., 2021; Singh et al., 2000).

Increased erosion: Following SLR, and 
in part due to decreased sediment supply, 
many beaches are in retreat caused by ero-
sion. Along the mouth of the Nile Delta, for 
example, the promontories are eroding rap-
idly so that the coastline is increasingly 
wave-dominated (e.g., Darwish et al., 2017). 

TABLE 1. AREAS AND POPULATIONS FOR 12 WORLD DELTAS IN ORDER OF DECREASING AREA

Delta Country Area
(km2)

(<2 m elevation)
(km2)

Population
(106)

Pop. Density
per km2

GDP
US$ (109)

Amazon Brazil 84,400 1960 0.75 9 nil
Bengal Bangladesh 80,200 6170 105 1500 260
Mississippi USA 51,100 7140 3.1 330 130
Mekong Vietnam 39,500 20,900 18 455 46
Niger Nigeria 34,500 350 12.6 860 380
Irrawaddy Burma 28,700 1100 9.8 170 2
Nile Egypt 28,300 9440 40 2000 75
Lena Russia 21,000 0.002 0.1 nil
Yangtze China 18,300 7080 31 3000 2200
Yellow China 18,000 3420 5.2 290 150
Pearl China 5600 3720 12 2100 1200
Chao Phraya Thailand 4100 1780 8.1 720 370

Totals 414,000 63,000 245,000 600 4800

Note: Most data are from Edmonds et al. (2020) and Syvitski et al. (2009). Right column shows estimated GDP (gross domestic product).

Figure 1. Cumulative areas (A) and populations 
(B) of global deltas greater than 1 km2, based on 
data reported by Edmonds et al. (2020). Arrows 
delineate deltas >1000 km2 and 10 km2. 
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Protective barrier islands, bordering the 
coasts and formed by repeated wave action, 
may not be able to keep pace with rapid 
SLR, and thus may drown when sediment 
influx cannot keep pace.

Increased salt-water intrusion: Salt-
water intrusion into estuaries and coastal 
aquifers is a serious issue that has intensi-
fied where groundwater has been removed 
for human consumption; SLR will only 
accelerate salinization. In the Bengal Delta, 
for example, salt-water intrusion has been 
observed up to 240 km upstream during dry 
seasons when the river flow is impeded due 
to upriver water sequestration (e.g., Akter et 
al., 2016). In Bangkok, aquifer contamina-
tion has been encouraged by excessive and 
rapid groundwater withdrawal from the 
Chao Pharaya Delta (Stoecker et al., 2013).

Ecosystem disruption: Delta wetlands 
(marshes, bogs, mangrove swamps, and 
estuaries) normally keep pace with gradual 
SLR, but when vertical accretion is reduced 
due to a deficit of sediment influx, these eco-
systems can rapidly degrade. Another factor 
is the warming-related augmentation of dis-
solved CO2 in the surface waters that leads to 
an increase in ocean acidification. The IPCC 
estimates that the ocean has taken up as 
much as 30% of all anthropogenic CO2 emis-
sion since the 1980s (IPCC, 2021). The 
increased acidification is injurious to the 
delicately balanced mixed-water ecosys-
tems of the deltas. The permanent disruption 
of such habitats has a snowballing effect on 
the local flora and fauna; fisheries, for exam-
ple, are a major economic resource that suf-
fers immediately from deltaic damage.

In 1996, we published a volume of col-
lected papers (Milliman and Haq, 1996) that 
discussed the impacts of river damming, 
land subsidence, and changes in relative sea 
level on deltaic and other coastal environ-
ments. The ensuing 27 years have witnessed 
a surfeit of papers and books recording the 
increasing reality of deltaic change and loss, 
particularly in light of climate change. Here, 
we revisit some of the deltas discussed in 
Milliman and Haq (1996), emphasizing cur-
rent observations and consensus of the inter-
national scientific community. For the sake 
of brevity, we emphasize results mostly pub-
lished in the past 20 years; see Syvitski et al. 
(2022) and Nienhuis et al. (2023) for more 
detailed reviews.

The Mississippi Delta
The Mississippi River drains more than 

40% of the contiguous USA. The delta that 
has formed at the end of this 5900-km-long 
river has an area of 51,000 km2 (Edmonds et 
al., 2020), of which 14% (7140 km2) lies at 
elevations <2 m (Syvitski et al., 2009). Given 
its importance as a transportation hub (New 
Orleans, southern Louisiana, and Baton 
Rouge collectively account for US$11 billion 
of annual economic activity), the river and its 
delta have been heavily affected by human 
modifications for the past 200 years. In order 
to regulate flow, irrigate fields, and manage 
river navigation, as well as harness hydro-
electric power, more than 40,000 dams of 
various sizes have been constructed on this 
watershed, 1220 of which are higher than 
15 m (Milliman and Farnsworth, 2011). 
Following the New Madrid Earthquake in 

1811–1812, the river discharged ~400 million 
tons of sediment annually to the lower 
Mississippi. After dam construction in South 
Dakota during the early 1950s, sediment 
transport decreased dramatically, and after 
1965 only ~100–150 million tons of sediment 
reached the lower Mississippi annually. To 
prevent flooding of the region’s lowlands, 
more than 1000 km of levees have been built 
along the banks of the delta, thus preventing 
lateral escape of water and sediment to the 
subsiding delta (Blum and Roberts, 2009). 
Moreover, construction of 30,000 km of 
canals plus the laying of pipelines along the 
delta have not only markedly altered the con-
figuration of the delta but also resulted in 
increased salinization of the lower delta and 
its groundwaters.

Oil and gas production has greatly affected 
the delta, increasing from 35 million barrels 
of oil recovered in 1945 to 445 million in 
1970 before dropping to ~30 million barrels 
in 2019 (Day et al., 2020). The effect upon 
delta subsidence can be seen in the relative 
sea-level record at Grande Isle, west of the 
delta’s bird’s foot. From 1940 to the late 
1960s, the mean subsidence rate was 3.5 
mm/yr—~1.4 mm/yr greater than global 
SLR. Between 1970 and 1995, SLR at 
Grande Isle accelerated to ~13 mm/yr. Of the 
500 mm SLR measured at Grande Isle 
between 1932 and 2010, ~100 mm was due to 
natural subsidence and 300 mm was due to 
petroleum extraction (Day et al., 2020; Blum 
et al., 2023). The uncompensated subsidence 
has led to the loss of ~5000 km2 of wetlands 
since 1932, with most of the loss since 
1970 (Couvillion et al., 2017; Blum et al., 
2023). As hydrocarbon production has 
declined, so have subsidence rates, although 
this decline has been partially counterbal-
anced by a recent acceleration of SLR (~10 
mm/yr) in the western Gulf of Mexico 
(Dangendorf et al., 2023).

The Yangtze Delta
With an area of ~18,000 km2, of which 

40% lies at elevations <2 m, and a population 
of 31 million, the Yangtze Delta is one of the 
most densely populated (1800 inhabitants/
km2) and economically productive (US$2.2 
trillion/yr) deltas in the world. The delta wet-
lands, with an average elevation of ~2 m, 
have been heavily reclaimed since prehis-
toric times and are now the site for Shanghai 
(population >31 million), whose annual GDP 
exceeds US$20 trillion (Table 1).

The Yangtze River, with the largest Asian 
river drainage basin (18,300 km2), once had 

 

 

A B C D

Figure 2. Latitudinal distribution of (A) delta numbers >1 km2, (B) combined delta area, (C) population, 
and (D) population density. Data from Edmonds et al. (2020).
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Figure 1. Number of deltas greater than 1 km2 in area (A) and delta populations (B) 
reported by Edmonds et al. (2020).   Arrows delineate 1000 km2 and 10 km2 area. 
 
Figure 2. Latitudinal distribution of deltas numbers greater than 1 km2 in area (A), 
combined delta area (B), population (C) and population density (D).  Data from Edmonds 
et al. (2020).  
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the fifth largest global sediment input, ~500 
million tons/yr. Since the 1950s, however, 
more than 50,000 dams of various sizes 
have been built along the Yangtze water-
shed, resulting in a decline to ~300 mil-
lion tons/yr by the late 1990s. With the con-
struction of the world’s largest containment 
system, the Three Gorges Dam, between 
2000 and 2004 (Fig. 3), annual sediment 
flux to the delta dropped quickly to ~150 
million tons by 2005, leading to subaque-
ous erosion and delta recession (Yang et al., 
2011, 2014; Luo et al., 2017). Erosion on the 
prodelta and mouth bar since 2010 has aver-
aged 200 million m3/yr, compared to 200 
m3/yr of accretion before 1978 (Li et al., 
2020; Luan et al., 2021). As sediment dis-
charge from the Yangtze declines to less 
than 100 million tons/yr, further recession 
of the delta front is almost assured (Luo et 
al., 2017). Despite the marked decrease in 
sediment f lux—and in stark contrast to 

the Mississippi Delta—coastal wetland 
areas on the Yangtze Delta have increased 
considerably, adding 240 km2 (22%) of 
coastal wetland between 1997 and 2010, 
largely due to coastal reclamation and the 
tidal forcing of subaqueous sediment back 
onto the delta plain (Yang et al., 2021; 
Zhang et al., 2022).

The delta has also had a major problem 
with subsidence in large part due to ground-
water pumping. Between 1950 and 1965, 
subsidence in Shanghai averaged 1100 mm 
(~73 mm/yr), but locally subsidence was as 
great as 2600 mm (~173 mm/yr; Xu et al., 
2012, 2016). Groundwater withdrawal that 
was >8 × 107 m3/yr in 2000–2004 was 
reduced to <1 × 107 m3/yr by 2016 through 
groundwater recharge (He et al., 2019). 
These measures have helped to achieve a 
sharp drop in subsidence; since 2011, in 
fact, recharge has exceeded withdrawal. 
Shanghai’s rapid population increase, from 

5.6 million in 1980s to 34 million in 2022, 
however, has resulted in an explosion in 
urban construction, particularly high-rise 
buildings, which has resulted in 300 mm of 
additional subsidence since 1980 (Yang et 
al., 2020), an average of ~7.5 mm/yr. Given 
the low-lying nature of this subsiding delta 
(40% <2 m in elevation), rising sea level 
and increased coastal erosion suggest seri-
ous future problems for this economically 
vibrant delta.

The Bengal Delta (Ganges, 
Brahmaputra, and Meghna Rivers)

The Bengal Delta (Fig. 4) is the world’s 
second largest delta (80,200 km2), ~40% of 
which lies in India and the rest in Bangladesh, 
and has one the world’s densest populations, 
with 105 million inhabitants (1500/km2), 
including the megapolises of Dhaka (22 mil-
lion) and Kolkata (15 million). Of the one bil-
lion tons of sediment delivered annually to 
the Bengal Delta (Milliman and Farnsworth, 
2011), most are contributed by the Ganges 
and Brahmaputra River systems, primarily 
during the summer monsoon. For much of 
the year, however, the delta is rain-deficient; 
rainfall during the winter monsoon, between 
November and March, accounts for only 
~5% of the annual total. Additionally, flow 
has been dramatically reduced by the diver-
sion upstream of Ganges waters into the 
Hooghly Channel at the Farakka Barrage in 
India to supply water to Kolkata. Reduced 
freshwater flux to the delta has resulted in 
increased saltwater intrusion into both 
streams and groundwater.

Most freshwater during dry months 
comes from the pumping of groundwater, 
retrieved through hundreds of thousands of 
mostly shallow tube wells (<150 m in depth). 
Collectively, tube wells provide more than 
30 km3/yr of groundwater to Bangladesh; 
90% is used for irrigation, and the remain-
ing 10% furnishes 98% of the pathogen-free 
drinking water (Shamsudduha et al., 2019). 
However, when the populace living on the 
delta changed their freshwater supply from 
surface water to groundwater, they unwit-
tingly tapped through a naturally occurring 
layer of arsenic in the delta soil. As much as 
half the population living on the delta, in 
both Bangladesh and neighboring West 
Bengal, is now thought to suffer from the 
effects of arsenicosis (Kinniburgh and 
Smedley, 2001; Harvey et al., 2005).

Another predictable result of groundwater 
withdrawal has been accelerated subsidence. 
Buried salt kilns and mangrove stumps in 

Figure 3. The Yangtze Delta hosts several megacities, including Shanghai (gray area south of 
the river mouth). Insets: top: A 2009 false-color image of the Three Gorges Dam (the world’s 
largest) on the Yangtze River, which sequesters much of the sediment and water from reaching 
the delta; middle: A 1984 Landsat image of the Yangtze River mouth and the city of Shanghai; 
bottom: The same area in a 2013 image showing the growth of greater Shanghai into a mega-
metropolis. Credit: NASA archives.

2000

www.geosociety.org/gsatoday  7

http://www.geosociety.org/gsatoday


    
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 

2000 

Figure 4. The Bengal Delta is a conflu-
ence of three major rivers (Ganges, 
Brahmaputra, and Meghna). The chok-
ing of sediment supply by upstream 
damming produces sediment and 
water deficits to the whole delta, 
causing increased subsidence, salt-
water intrusion, and ecosystem 
impairment. Inset: Higher-resolution 
image of the eastern delta mouth. 
Credit: NASA archives.

the southwestern delta, known as the 
Sundarbans, indicate 4–5 mm/yr of sub-
sidence over the past 300 years (Hanebuth et 
al., 2013), but subsidence varies significantly 
on the delta (see Akter et al., 2016). Recent 
satellite-derived data indicate that average 
subsidence may be in the range of 2–3 mm/
yr (Becker et al., 2020) but still varies greatly. 
Another study indicates that at least a part of 
the tidally dominated Sundarbans may be 
keeping pace with the SLR (Rogers et al., 
2013). If the subsidence rates do not worsen, 
the lower delta may maintain its stability rel-
ative to rising sea level.

The coastal delta also suffers from severe 
cyclonic storms that exacerbate flooding 
and cause widespread devastation; storm 
surges can have tidal highs of up to 6 m that 
can reach over 200 km inland. To manage 
water supply during dry seasons, levees 
have been built along the channel, and to 
protect human habitations from coastal 
floodings, the World Bank financed the 
building of a series of 139 polders (a 5700-
km network of sea walls) over the past sev-
eral decades. Over the long term, however, 
these infrastructures have disrupted the 
delicate balance between the flow of water 
and sediment necessary to keep the land 

above high-flood levels and protect farm-
lands. Moreover, these embankments also 
prevent the annual renourishment of the soil 
and assure additional noncompensated sub-
sidence of the delta. Modelers have reached 
the conclusion that to maintain long-term 
health, these polders must allow seasonal 
flooding rather than continually keeping it 
out (Cornwall, 2018).

The Niger Delta
The Niger Delta lies at the confluence of 

three rivers—Niger, Benue, and Imo (Fig. 
5)—which collectively drain a catchment 
area of 2.2 million km2. Depending on 
how one delineates its area (29,900 km2, 
Kuenzer et al., 2014; 34,500 km2, Edmonds 
et al., 2020; 59,000 km2, Ericson et al., 
2006; 70,000 km2, Ohwo, 2018), the delta is 
home to between 16 million and 30 million 
inhabitants. The average elevation is ~3 m 
above mean sea level, of which 15,300 km2 
lie at or lower than 1 m above sea level 
(Ohwo, 2018). As such, much of the delta is 
either permanently or seasonally f looded, 
thus supporting extensive mangrove swamps. 
During the wet season, heavy rains can 
flood towns such as Port Harcourt (which 
handles nearly 60% of Nigeria’s shipping), 

backing up drainage and sewage systems 
and causing water contamination, which 
poses serious health hazards. Damming of 
the upper Niger and Benue Rivers for hydro-
electric power has significantly reduced the 
sediment influx to the delta. Reduced fresh-
water flow during dry seasons has led to 
greater intrusion of saline waters into the 
delta’s groundwater and estuaries. Natural 
subsidence rates appear to average 2–3 mm/
yr (Collins and Evans, 1986).

Hydrocarbon exploration and production 
has provided the major economic activity in 
the delta since the 1960s, making up >90% 
of Nigeria’s foreign exchange. Production-
related oil spills and the practice of gas flar-
ing (much of it in the economically important 
mangrove areas) are frequent and have been 
identified as the most common causes of pol-
lution and environmental degradation of both 
surface and groundwater (Nwankwoala and 
Ngah, 2014). Such exploration also has 
opened up remote areas, bringing attendant 
detrimental consequences to the rainforests 
and swamps, which serve as spawning 
grounds for finfish and shellfish. The major 
impact of petroleum (and groundwater) with-
drawal has been accelerated subsidence. 
Recent measurements around oil platforms 
show average subsidence rates of 550 mm/yr 
(Abija et al., 2020). The rapid urbanization of 
Lagos (population 25 million) has led to sub-
sidence rates reaching as high as 87 mm/yr in 
the city’s coastal areas (Ikuemonisan and 
Ozebo, 2020).

A global SLR of 1 m by the end of the 
twenty-first century would flood much of 
the Niger Delta and exacerbate the concerns 
mentioned above. Disappearance of barrier 
islands due to further acceleration of ero-
sion following ocean transgression would 
result in the destruction of mangroves and 
disruption of many of the existing fishing 
activities, as well as the elimination of 
future brackish-water aquaculture sites. 
The economic and societal impacts are dif-
ficult to predict, but they could force up to 
80% of the delta’s population to seek higher 
ground (IPCC, 2022).

The Nile Delta
Since the mid-1960s, Egypt’s Nile Delta 

(Fig. 6) has served as a prime example of the 
effect that dams can have on the lower river 
and its delta. The Aswan Dam, completed in 
1964, has prevented most of the Nile’s 
freshwater and nearly all of its sediment 
from reaching the delta. Theoretically, the 
Nile no longer has an “active” delta, but 

2018
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rather is a wave-dominated coastal plain 
(Stanley and Warne, 1993). Although the 
delta covers only 2% of Egypt, it is home to 
41% of its population. More than 45 million 
Egyptians live on or near the lower Nile 
and its delta, making it more densely popu-
lated than the Bengal Delta (1600 vs. 1500 
inhabitants/km2).

Between the years 1500 and 1900, the 
Rosetta Promontory prograded 15 km. Soon 
after construction of the Low Aswan Dam 
between 1899 and 1902, however, the prom- 

ontory began retreating, ~2 km until 1964 
(30 m/yr), and 6 km by 1995, mostly after the 
construction of the High Aswan Dam, built 
between 1960 and 1970 (200 m/yr; Sanhory 
et al., 2022). Delta loading due to urbaniza-
tion and excessive groundwater withdrawal 
led to local subsidence rates of between 4 
and 20 mm/yr (Becker and Sultan, 2009; 
Stanley and Clemente, 2017; Saleh and 
Becker, 2019; Rateb and Abotalib, 2020).

Under normal conditions, Egypt’s coast-
line is protected by sand dunes 1–5 m in 

height. In the past, four brackish-water 
lagoons behind the dunes supplied a large 
percentage of Egypt’s fish catch, especially 
sardines. Since the completion of the High 
Aswan Dam, however, the lack of water, 
replenishing sediments, and high subsidence 
has led to greater shoreline erosion and 
near-collapse of fisheries in the delta. In 
places, the shoreline has retreated as much 
as 10 m/yr. Surprisingly, however, post-
High Aswan Dam population explosion and 
agricultural activity–related contamination 
by sewage and fertilizer runoff, while caus-
ing eutrophication in the delta lagoons, has 
also led to tripling of fish catch in ocean 
waters offshore, as compared to pre-Aswan 
values (Oczkowski et al., 2009). The long-
term adverse health effects of the wide-
spread human consumption of fish rich in 
both biological contaminants and trace met-
als (Morsy et al., 2020) is as yet unknown, 
but it should be of grave concern.

The projected 1 m SLR by the end of the 
twenty-first century increases the chance of 
promontories being cut back to produce a 
straighter and smoother wave-dominated 
coast. Lagoonal areas may shrink due to 
filling on their seaward sides (Stanley and 
Clemente, 2017). The loss of wetlands in the 
delta will also eliminate ecological niches 
for waterfowl and migrating birds and cause 
a loss of biodiversity. Widespread saliniza-
tion (predicted to be up to 100 km inland by 
2050) and extensive loss of agricultural land 
and products are also anticipated. Current 
trends will inevitably lead to higher pollu-
tion levels around the lagoons as the natu-
ral wetlands are increasingly converted to 
anthropogenic use.

The Indus Delta
The Indus Delta (Fig. 7) is 12,700 km2 in 

area, of which 4750 km2 (37%) lies at eleva-
tions lower than 2 m (Caldwell et al., 2019; 
Syvitski et al., 2022). The Indus River has 
served as a major source of water for much 
of lower Pakistan, particularly since the 
construction of a series of upstream bar-
rages and canals in the second half of the 
twentieth century, which allowed increased 
irrigation to the arid interior. Present-day 
discharge past the downriver Kotri barrage 
for most years is less than 5 km3/yr, com-
pared to >100 km3/yr prior to 1960. These 
barrages have also trapped the river’s sedi-
ment, down from ~250 million tons/yr prior 
to 1940 to <5 million tons/yr by 2010 
(Milliman and Farnsworth, 2011). This sed-
iment deficit has led to an average delta 

Figure 5. The lower Niger River System, confluence of the Niger River (from the left) and the Benue 
River (from right) and the Niger Delta with its extensive oil-production infrastructure. This delta pro-
vides an extreme example of the intensified subsidence around production platforms due to oil and 
gas extraction and is among the world’s most polluted deltaic systems. Inset: Night view of the delta 
mouth showing intensive flaring of waste gas emanating from oil wells. Credit: ESA and NASA archives.

Figure 6. The Nile River and its delta. 
The green area along the river is the 
only fertile strip until the delta is 
reached to the north. Due to major 
upstream damming at Aswan (near 
the bottom of the image) that has 
caused both water and sediment defi-
cit, the Nile Delta is no longer an 
“active” delta, but rather a transgres-
sive shore along its northern edge. 
Inset: Nile Delta at night. A 2010 image 
from space shows the heavy popula-
tion pressure in the delta—the brightly 
lit area in the upper middle is the loca-
tion of greater Cairo, a megapolis of 
over 20 million inhabitants. Credit: 
NASA archives.
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retreat of 16 to >60 m/yr (Hashmi and 
Ahmad, 2018). Stated differently, between 
1944 and 2013, the delta lost 12.7 km2/yr, fully 
14% of its surface area (Syvitski et al., 2013).

Other deleterious effects on the delta 
include increased subsidence rates, higher 
surface salinization, and greater salt-water 
intrusion into both the estuaries and the 
aquifers; >60% of the groundwater beneath 
the delta is now either saline or brackish. As 
such, for all intents and purposes, agricul-
ture has ceased, and fisheries are now the 
major profession for delta inhabitants. But 
overfishing and the lack of freshwater nutri-
ents has led to as much as a 70% depletion 
in fish stock within the delta (Karrar, 2021). 
This loss of income has led to mass migra-
tion; an estimated 1.2 million former resi-
dents of the delta have moved, mostly to 
Karachi, leaving behind <0.3 million inhab-
itants (Siyal, 2018).

From the 1960s through the end of the 
twentieth century, the Indus Delta mangroves 
suffered steady decline, and it was feared that 
they would be completely decimated (Haq, 
1994, 1999). Recent Landsat-image studies 
show that mangrove recultivation in the delta 
by the provincial Sindh government has led 
to gradual recovery and new growth in the 
southern part of the delta (Masood et al., 

2015; Siyal, 2018). Recent major upstream 
floods on the Indus plain in 2010 and 2013 
(and again in 2022) replenished new sedi-
ments to the area and are hoped to increase 
cultivatable land (Rehman and Kazmi, 2018). 
These recent changes, however, may be only 
a temporary reprieve, as the estimated 
eustatic rise of 1 m and increased storm 
surges predicted by many models will mean 
further hardship for the declining delta popu-
lace. Considering the ongoing climate change 
and SLR scenarios, it is not difficult to imag-
ine the Indus Delta being—or soon being—a 
nonfunctioning delta.

CONCLUDING REMARKS
The uniqueness of each delta poses a dif-

ferent set of problems requiring a unique set 
of strategies to slow or mitigate the looming 
societal upheavals. For some areas, mitiga-
tion may already be impractical or too late; 
for other areas, the most pragmatic solution 
now may be adaptation or relocation.

We have cited just a few examples of the 
major deltas and nearby urban centers 
where climatic and human-induced change 
threaten their survival. River dams and dikes 
prevent the influx and lateral escape of flu-
vial sediment, which can result in delta ero-
sion and uncompensated subsidence. The 

most relevant consideration for models of 
drowning and erosion, however, may be the 
amount of discharge of freshwater to the 
deltaic environment. Of the six deltas dis-
cussed, two—the Indus and Nile—receive 
little freshwater from their rivers. In the 
case of the Indus, this lack of water has led 
to increased soil salinization and thus failed 
agriculture. For all intents and purposes, 
the Indus Delta can be considered mori-
bund, and the area is depopulating. The Nile 
Delta is somewhat better off, but the future 
of this vital part of Egypt depends upon 
optimizing the use of water, reducing land 
subsidence, and stabilizing erosion. The 
concerns for the Niger, Yangtze, and Bengal 
Deltas may be less acute over the short 
term, but the economic future of these 
regions will depend on the degree of rela-
tive SLR on each of these deltas. On the 
Mississippi Delta, hydrocarbon production 
is currently in decline, and once it is estab-
lished that further exploitation is noneco-
nomical, remediation of the marshlands can 
begin. Restoration can be undertaken by 
using dredged sediments to fill subsided 
marshlands, decontaminating and improv-
ing delta hydrology, and replanting marsh 
vegetation (Day et al., 2020). This delta can 
most likely be restored to a viable balance 

Figure 7. The terminus of the Indus River and its extensive delta system as seen from the west looking eastward. The Indus Delta is a highly dynamic 
system that is affected by upstream and downstream influences and by seismicity associated with the nearby Makran subduction zone, as well as 
by tsunamis. The number of distributary channels has reduced from 17 in 1861 to just one today, largely due to upstream diversions and damming. 
Instead of a fluvially dominated delta, it is now mostly a tidally controlled system, where the mangrove ecosystem has been severely disrupted. 
Inset: top: 2013 image showing contrast between the still partially active mangrove system (in green) and the now industrialized area of Korangi to 
its north; bottom: 2016 image of the delta showing widespread desiccation. Credit: NASA archives.
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as long as enough freshwater and sediment 
influx is ensured.

The IPCC has pointed out that adaptation 
to rising sea level will require a combination 
of strategies of retreat, accommodation, and 
coastal protection (IPCC, 2021). Preventing 
further acceleration of subsidence of the 
delta, for example, may require the reduction 
of groundwater withdrawal combined with 
recharge, such as that being practiced on the 
Yangtze Delta. While protection may not be 
feasible for much of Bangladesh’s low-lying 
coastline, its more developed and economi-
cally productive areas could be protected 
from the imminent threat of SLR, at least 
temporarily, by sea walls, but at great cost. 
For much of the deltaic population, how-
ever, a relocation program may be a more 
realistic long-term plan. For the Nile Delta, 
on the other hand, protection may provide a 
logical solution, given that there is currently 
no influx of new sediment to the coastal 
area. Sea walls and other structures could 
be erected to protect developed areas and 
urban industrial centers such as Alexandria. 
Similarly, protecting the entire Nigerian 
coastline may not be feasible, but shielding 
the economically vital hydrocarbon infra-
structure (depending on the time scale of 
their utility) and ports may be possible. 
Relocation of people from the less developed 
parts of the delta and the coast should be a 
part of the future plan in this and other del-
taic regions in a similar situation.
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