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Introduction
Whether they are deep estuaries largely upwelled by the ocean or inland deltas that have 

been reclaimed from the sea, the places where river flows and sea level come into contact are 
hot spots for life and economic activities on our planet. Estuaries and deltas provide protected 
marine channels where shipping and port facilities have been developed [1] as Shanghai on 
the Yangtze Delta [2]. New-York/New Jersey harbour on the Hudson River Estuary [3], Port of 
Hamburg on the Elbe River Estuary [4], Le Havre on La Seine Estuary [5], Ria de Vigo in Spain 
[6], Sydney Estuary in Australia [7], etc. The deltas are fertile, wetlands where agriculture 
has developed since ancient times. The Nile Delta, for example, a triangle of just over 100 
kilometers on each side between Alexandria, Cairo and Port Said, is home to a third of Egypt’s 
population and produces half of its agriculture [8]. Vietnam’s fertile Mekong Delta is home 
to 17 million people and produces half of the country’s agricultural output [9]. In the inter-
tropical zone, the circulation of fresh and salt water and the deposition of suspended sediments 
favour the development of mangrove forests. These are mainly composed of mangrove trees 
that proliferate on the maritime front of estuaries and deltas, their emerging roots fix the 
mud and facilitate the landing of the sediment load. They are very important environments 
for biodiversity and coastal protection and are the subject of competition for their many 
resources: agricultural, forestry, aquaculture, fisheries, tourism, etc. [10]. The fundamental 
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characteristic of estuaries and deltas is their instability: A slight rise 
in sea level or a change in the sediment load is enough to radically 
modify the coastal dynamics. In addition, successive modifications 
of the river beds can cause the delta to slide from one active zone to 
another, so that an old part of the delta is destroyed while another is 
built: There are no less than six juxtaposed or superimposed deltas 
in the Lower Mississippi complex; the oldest, corresponding to 
Atchafalaya Bay, is in the process of being reduced, while the most 
recent, Balize, is progressing towards the sea [11].

The accumulation of considerable masses of sediment at 
the mouths of large rivers induces a subsidence phenomenon 
and a deformation of the earth’s crust at the level of the flexure 
marking the transition from the continental platform to the ocean 
seafloor. These sediments, which are partly of organic origin, are 
the source of oil-bearing formations that can be found in many 
deltas, whether they are fossil deltas transformed into estuaries, 
such as the Rhine, or active deltas, such as the Niger [12]. Until 
now, these transformations have taken place over long geological 
timescales. Dash C (2020) shows, for example, the fluvial response 
to late quaternary sea level changes in the Mahanadi Delta (India). 
Both ecosystems and human activities were able to adapt to these 
transformations. Global changes, (i) Climate change and it’s impact 
on the rapid rise in sea level, (ii) Large dams and changes in land 
use in the catchment areas of large rivers with their impact on large 
rivers discharges and solid transport, are leading to a very rapid 
coastal dynamic in deltas and estuaries.

Methods and Data to Study Coastal Dynamics in 
Estuaries and Deltas

The contact between river flows and the marine base level 
results in the mixing of fresh and salt water and the deposition of 
sediment brought by the rivers. These river-borne materials can 
be deposited far out on the continental plateau, but can also be 
rearranged by waves and marine currents. The transition from fresh 
to salt water causes the more or less rapid precipitation of dissolved 
substances. The transition from the marine to the continental 
environment is never stable: The most powerful rivers or periods 
of high water push the salt water and sediments out to sea. On the 
opposite, low flows or low water levels introduce a stratification 
where the fresh water flowing on the surface overcomes a salt flow 
which rises more upstream as the flow is low and the slope is small.

In short, the main rules governing coastal dynamics at river 
mouths are: 

a)	 The penetration of marine waters into the river bed. This 
penetration depends mainly on the difference in altitude 
between the sea level and the sea bed.

b)	 Erosion of the coastline at the river mouth. This depends on 
the amplitude and energy of the tides and waves on one hand 
and river flows on the other.

c)	 The supply and deposition of material carried by the river. 
The material is in solid or dissolved form. The amount of solid 

matter depends on the level of erosion in the catchment area, 
whereas dissolved matter depends more on the percolation 
of rainfall into the soil. The transport and deposition of solid 
particles is due to a combination of gravity acting on the 
sediment, and the movement of the fluid in which the sediment 
is entrained. The deposition of dissolved matter depends on 
the thermo-chemical equilibrium of mixing freshwater and 
saltwater.

The low rate of solid transport due to low erosion in the 
catchment area or because sediment deposition by decanting in 
lakes, the depth of the river channel which may result from an old 
glacial valley (Fjord) and the strength of the tidal currents with 
a high tidal range lead to an estuarine logic. On the other hand, a 
high rate of solid transport, gently sloping sea-beds on which river 
alluvial sediments can be deposited and progress towards the 
open sea, low tidal ranges or even the almost non-existent tides 
in semi-continental seas such as the Mediterranean, lead to the 
construction of deltas which are then shaped by coastal currents 
and waves. It should be noted, however, that many estuaries are 
obstructed by islands and sandbanks whose bathymetric features 
reveal the existence of a submerged delta. The case of the Loire 
Estuary (France) is a good example of this, especially as it is 
blocked by a «muddy plug» resulting from the combination of both 
flocculation and anthropogenic discharges. This plug rises and falls 
with the tide and is only driven out to sea during major floods and 
is gradually built up again after these floods. The same applies to 
many other rivers.

Figure 1: Galloway’s ternary diagram, morphodynamic 
classification of deltas in Brunier G [14].

Galloway [13] proposed a ternary diagram to classify the 
geomorphological dynamics of deltas and estuaries according to 
the influence of fluvial, marine and tidal processes (Figure 1). It has 
been used and completed by many authors [14]. Climate change 
has consequences on the three mentioned above rules governing 
coastal dynamics in estuaries and deltas, resulting in 
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i)	 Rising sea levels (melting glaciers and expanding oceans) [15].

ii)	 Changes in river flows [16].

iii)	 Changes in vegetation cover with an impact on physical and 
chemical erosion flows [17].

(Figure 2) shows the relative sea level since the beginning of 
the industrial revolution and the start of global warming. The black 
circles correspond to the Holocene and Athropocene sea level 
rise (RSL, in m) on the Basque Coast (Spain) reconstituted from 
Micropalaeontological (benthic foraminifera), sedimentological 
(grain size) and geochemical (14C, 210Pb and 137Cs radioisotopes 
and total Pb and Zn) analyses [18]. The black line is the exponential 
fit, the coloured lines are the exponential relative sea level increase 
based on the global IPCC projections [19], the blue line represents 
scenario SSP2-4.5 (intermediate scenario: a level of warming of 
about 2.7 °C in 2100 compared to the pre-industrial period) and the 
brown line the scenario SSP5-8.5 (fossil fuel based development 
scenario: a warming level of about 4.8 °C in 2100 compared to the 
pre-industrial period). Even if the sea level rise is not the same at all 

points of the geoid, this figure gives an idea of the protection to be 
put in place to protect deltas and estuaries [20].

Figure 2: Projected sea level rise on the Basque Coast 
in Garnier R et al. [20].

Figure 3: Effect of sea-level rise on Nile Delta populations and farmlands from Simonnett & Sestina 2007; in 
Duncan M, et al. [21].

We see a sharp rise in sea level in recent years that will continue 
to exceed 50cm in the most optimistic assumption in 2100 and 
reach 1m in a «business as usual» assumption. Protection to prevent 
a 1m rise in sea level requires very large-scale embankments or a 
reallocation of living and farming areas. Many large cities on the 
banks of estuaries or deltas could become uninhabitable if they 
cannot invest enough to live behind huge seawalls or develop 
urban planning compatible with rising water levels and recurrent 
flooding. Among cities most at risk, the IPCC cites Miami, New York, 
Tokyo, Singapore, Canton, Shanghai, Bombay, Calcutta, Jakarta, 
Abidjan, Lagos, and many others. The situation will quickly become 
dramatic in the large deltas, since the rivers have carried a lot of 
silt over the centuries. These are therefore very fertile, densely 
populated and extensive areas. The Nile delta will be largely cut 
off by rising water levels, especially as the dams along its course 

and especially Lake Nasser at Aswan have been trapping sediment 
since the second half of the 20th century. Figure 3 shows the loss 
of agricultural land and the population to be displaced without 
protection for a rise in the Mediterranean Sea level of 50cm and 1m.

Bangladesh is located on the twin deltas of the Ganges and 
Brahmaputra rivers. The country, which currently has a population 
of nearly 150 million and is expected to reach 200 million by 2050, 
is already regularly subject to catastrophic flooding over more 
than half its territory. The protection work needed to preserve the 
population and agricultural land would be titanic. The World Bank 
considers that a 1m rise in sea level would lead to the submergence 
of a surface area up to 17,000km² and affect 15 million people 
[21]. Xiaoxian Chen et al. [22] show that the six mega-dams on the 
upper Mekong River in China reduce sediment transport by 12.1%, 
while downstream dams in South-East Asian countries quadruple 
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this reduction (49.7%). However, they show through modelling 
that a warmer and wetter climate increases erosion and can 
partially compensate for the loss in sediment supply to the delta. 
Nevertheless, the delta, which is only one or two meters above sea 
level, is identified by the World Wildlife Fund as one of the most 
seriously threatened places on our planet by rising sea levels: 
“A one-meter rise in sea level could significantly devastate nine 
critical biodiversity areas, already affected by human activity, in the 
Mekong Delta” [23]. In addition, the Mekong Delta is experiencing 
widespread subsidence. Due to massive pumping for drinking 
water, agriculture and fish and shrimp farms, the delta is sinking by 
one to four centimeters per year, at a rate three to four times higher 
than sea level rise. As part of the fight to reduce greenhouse gas 
emissions, hydroelectric generation capacity is expected to double 
by 2050 and increase by at least 1,300 gigawatts [24]. These large 
dams have significant environmental impacts [25] including the 
sequestration of large amounts of sediment [26,27]. Van de Giesen 
[28] shows that river damming has reduced sediment fluxes on 
1,000 deltas by 50% leading to a loss of 12km²yr-1 of deltaic land.

Cheng HQ et al. [29] analyses morphometric changes in the 
Yangtze Estuary from fine bathymetric surveys since 2013 and 
highlight three different drivers of these changes: 

i)	 Sediment retention by the three gorges hydroelectric dam, 

ii)	 Engineering interventions in the estuary for navigation 
improvement and 

iii)	 Sea level rise due to climate change.

They show erosions and redeposits of sediment in the 
estuary with new forms including extensive areas of subaqueous 
dunes in the estuarine channel with maximum turbidity. These 
morphodynamic transformations result from a combination of an 
abrupt decrease in sediment supply resulting from the construction 

of the Three Gorges Dam (TGD) and hydrodynamic changes caused 
by sea level rise. The latter includes anthropogenic sea level rise 
due to land subsidence and coastal engineering and estimated 
between 7-37cm and climate-induced sea level rise of 8cm over the 
last four decades. Clear evidence of hydrodynamic changes includes 
also increase in tidal amplitudes. The authors identify an increase 
of 10-30% in the amplitude of the main tidal component.

A Case Study: The Delta of Medjerda River in 
Tunisia

The case of the Medjerda, a river shared between Algeria and 
Tunisia and ending in a delta in the Mediterranean Sea, is a well-
monitored watershed which, due to its modest size, allows to 
understand the morphological changes in all their complexity. The 
long history of human occupation with high quality archaeological 
remains also provides serious historical references on these coastal 
dynamics. Medjerda, originates in part of the Atlas Mountains in 
northeastern Algeria and then flows eastwards to Tunisia, then 
entering the Gulf of Utica in the Mediterranean Sea. Its course has a 
length of 460 kilometers. It is the most important and longest river 
in Tunisia (Figure 4a) [30]. The Gulf of Utica was formed during the 
postglacial transgression about 6,000 years ago. Over time, fluvial 
deposits from the Medjerda gradually filled up the northern part of 
the gulf. The sea gradually withdraw from the northern part during 
the Middle Ages and modern times. The Ghar el Melh lagoon is the 
last vestige of what used to be the Utica gulf. Seven river courses 
with different mouths have been identified since the beginning of 
the filling of the Gulf of Utica. Following the last big flood in 1973, 
the Medjerda shifted, once again, its course. It now flows through 
a canal originally dug to evacuate the overflow of flood waters 
(Figure 4b) [31]. Since the construction of the dam, there has been 
a drastic decrease in the volume of water reaching the sea, 8% of 
the annual inflow evaporates into the lake, and more than 50% is 
diverted to hydro-agricultural projects.

Figure 4: Map of Medjerda river basin and its delta evolution. 4a. Medjerda River Basin in Zahar Y et al 2008 [30]. 
4b. Medjerda Delta in Slim H, et al. [31].
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The dam accumulates a part of the sediment transport. It has 
retained 171 million m3 of sediment since its construction to 2016, 
which corresponds to a retention rate of 0.86% per year. The dam 
managers carry out flushing operations to remove these sediments. 
The solid transport in these flushing operations reaches 60g/l, 
it is the double of solid transport during floods peaks before the 
dam (30g/l), but they only allow the removal of 7% of the retained 
solid contributions during the year. Moreover, the water velocities 
downstream of the dam, apart from the flushing or spilling, are 
very low. At the turbine outlet, the water velocity is 0.50m/s. This 
results in a significant deposit of sediment in the downstream river 
bed. Deposit which is encouraged by the brushwood of the banks 
and now rarely reaches the sea shore. More ever, Since the 90s, the 

Algerian and Tunisian governments have carried out important 
developments to fight against erosion in the upper basin. All 
this land management decreases the sediment delivery. Figure 5 
shows the impacts of land use on the Medjerda costal dynamics. 
The conventional land use, pasture and dry agriculture, drive high 
erosion and high rate of runoff resulting in important sediment 
contribution carried by strong flow to the sea, then sediment 
abundance fills the Golf of Utica giving rich farm lands. In a modern 
land use, dams, irrigation and land husbandry drive to a high water 
consumption, a decrease of erosion, resulting in a deposition of the 
sediments in the dams and in the river bed with an aggradation of 
the banks.

Figure 5: Impact of land use one costal dynamic.

Several archaeological evidences confirm the theory of the 
present sea level rising compared to the ancient times. In the recent 
time, sea level is rising, this is confirmed by data from sea level 
reconstructions since 1870 (red points on Figure 6 established 
by Marzougui et al. [32] coastal measurements since 1950 (blue 
points) and by recently launched satellites (black points). The sea 
level variation curve shows a notable change in the value of the 
slope. Indeed, before 1930 the slope of the sea level rise is relatively 
gentle and regular. After 1930, the rate of sea level rise became 
more pronounced. Sea level over the last 20 years, shows a 25% 
faster increase compared to the rise during the entire period of the 

previous 115 years [33]. Satellite data show a linear trend in sea 
level rise of 3.3±0.4mm/year in recent years while the IPCC predicts 
a rise of less than 2mm/year [34]. South the river mouth, the coastal 
dynamics is also very fast with the formation of the lagoon barrier 
of Ghar El Melh. From different historical documents, aerial photos 
and google earth images (Figure 7) we describe the evolution of 
the erosion of the delta, the formation of the sand barrier and the 
closure of the lagoon. We measured since the implementation of the 
dam of Sidi Salem that the lagoon cordon is approaching the coast 
by approximately 100m per year, and has led to dug an opening in 
its middle in front of the fish landing dock [34].

Figure 6: Annual average sea level showing the current trend in sea level rise (mm) in Marzougui, et al. [32].
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Figure 7: Coastal dynamic at Ghar El Melh lagoon (Medjerda River).

These dynamics of erosion and reshaping of sediments to form 
temporary lagoons are rapid. In his book «Les cites retrouvées» 
Georges Hanno [35] proposes a plan of Utica in 46B.C. and shows 
a port. He indicates that this port exported wheat and olive oil to 
Rome. Today, the ancient city is located on a promontory in the heart 
of the Medjerda delta, 10km inland. Pleuger E, et al. [36] confirm 
from coring in the delta the truth of a position of the promontory 
of utica overlooking the sea and protecting a port area at Phenician 
and Roman times. These authors indicate several possible locations 
for this port.

Discussion
Since the beginning of the Anthropocene [37] and all over the 

world, river systems are subject to i) Drastic and rapid land use 
changes in their catchment areas, ii) An increase in the number of 
large dams on all rivers, and iii) An increase in sea level at their 
mouths due to climate change but also due to slight subsidence of 
the sediments accumulated since the end of the last ice age and to 
over-dams and engineering works to improve waterways. These 
changes have a rapid impact on the mouths of small and large 
rivers, as Jaia Syvitski et al. [38], a, show in a recent paper where 
they explain the formation of deltas. They highlight:

i.	 “Many Late Holocene deltas have moved from a growth phase 
to a sinking phase during the Anthropocene.”

ii.	 “A mean 76±16% drop in hydraulic energy occurs in all deltas 
and drives an ever-decreasing bed-material transport.”

Land use change contributes to global change by altering the 
relationship between the atmosphere and the land surface, the 
water cycle and associated material flows. Deforestation, agriculture 
and urban expansion are the main causes of increased runoff and 
erosion flows. Soils are progressively being scraped, providing an 
abundant sediment load. Conversely, land husbandry, reforestation, 
water and soil conservation schemes increase infiltration flows and 
protect against water and wind erosion, providing organic matter. 

The way in which the land use evolves conditions the available 
sediment at the mouths of the rivers. When the vegetation cover is 
destroyed and runoff is intense, the rivers are muddy, loaded with 
clays, sand and iron sediments. These will deposit on the continental 
plateau and be reshaped by the tides and marine currents. On the 
other hand, when soils are protected by vegetation, soluble ions 
(Ca, Na, K, Mg, Si) are leached out under the vegetation cover and 
carried by the clear rivers to the sea. In contact with the sea, these 
ions participate in very slow sedimentary formation by chemical 
precipitation or by biological construction.

Jaia Syvitski et al. [39], recently published in Nature an estimate 
of the sedimentary cycle in the Anthropocene, using 1950 as the 
reference date, a period when human action accelerated. Their 
figures, which they acknowledge to be a first order of magnitude 
approximation, give an idea of the scale of the changes at work in 
the Anthropocene. The mass flow of sediment linked to humans 
exceeds 300 billion tonnes per year. This article proposes the 
following issues:

a.	 Sediment production from soil erosion (deforestation, 
agriculture), construction activities, mining, extraction of 
all kinds of materials (sand, gravel, aggregates) increased by 
about 467% between 1950 and 2010.

b.	 Sediment consumption in the Anthropocene: Reservoir 
sequestration, road and highway development, coal and 
concrete consumption, has increased by about 2550% between 
1950 and 2010.

c.	 However, sediment transport from land to the coastal ocean 
(via rivers, wind, coastal erosion and ice loss) decreased 
by 23% between 1950 and 2010, while riverine particle 
transport, including organic carbon, decreased by 49% over 
the same period.

95.7% of the total capacity of the world’s reservoirs (>15,000 
km3) was built after 1950, and this capacity could double in the 
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next 50 years because of the growing demand for renewable energy 
and because many more sites for building dams are available, 
particularly in Africa. It is true that river renaturation projects are 
beginning to emerge and few dams’ destruction is being carried out 
or envisaged, but these are old dams and small reservoirs. These 
very local policies aimed at restoring sediment continuity will have 
little effect on sediment inputs to estuaries and deltas at a global 
scale. The mean RSL is now well documented [40]. It is the result 
of melting ice and the expansion of the volume of the oceans with 
global warming. The studies cited in this review paper indicate with 
good reliability that the RSL has already been in the order of 20cm 
during the 20th century, as shown in Figure 5 extracted from the 
document by Marzougui et al. [32]. Specialised satellites show that 
the annual average slope today is more like 3 to 3.5mm, which, if 
extrapolated linearly, would mean 35cm over the 21st century or, 
assuming an acceleration, an increase in level that could exceed 
0.6m and even reach 1m over the century even if efforts to reduce 
our emissions of greenhouse gases are not made [41].

There is no single solution to this global trend. Each place is 
a special case according to physical as well as human geography: 
New York is built on hard rock, the population is dense and rich. 
The Ganges delta is immense, land and water are merged, the 
population is large, but infinitely poor. The Netherlands has 
undertaken to raise and reinforce its entire dyke system, with an 
even greater volume of work than that undertaken after the 1956 
disaster, but what solution for Bangladesh or Egypt?

Conclusion
The studies mentioned above show that estuaries and deltas 

are under great threat. The Nile delta may soon be at least partially 
submerged. Bangladesh, in the Ganges and Brahmaputra deltas, is 
in danger of being reduced to nothing, its population condemned 
to massive emigration. The Gulf of Utica could revert to the size of 
the Punic era when Utica was known as a port. Other deltas and 
estuaries are also threated as the Niger River delta, the Mississippi 
delta or the Hudson River, Yellow River, Hudson River’ estuaries. In 
Europe too, RSL threatens the Rhine delta and impacts the coastal 
dynamics in the Netherlands; the phenomenon also concerns 
Antwerp. In France, the entire coastline of the Rhone delta is 
threatened, with all the coastal or more inland ancient or modern 
cities. In Italy it is the Po delta. Major consequences are to be 
expected on the Thames, as well as on the Elbe, the Seine or the 
Loire, whose estuaries are home to major port facilities. The above 
findings on the rate of transformation of estuaries and deltas have 
implications for adaptation strategies to the combined impacts 
of human activities and climate change. These strategies must 
consider both the upstream and downstream sides of large rivers 
and take into account all human interventions, in the catchment 
area, in the river bed and in the river mouth itself. These effects, 
which are already tangible, are reflected in increasingly frequent 
floods, destructive storms and an explosion in compensation by 
insurance companies, which have to increase their contributions. 
By 2050, Climate Central, a non-profit research group, estimates 

that $2.4 billion worth of taxable property will be submerged in 
Hudson County, New Jersey.

Adaptation measures are i) the relocation of populations 
and infrastructures to higher places, ii) protection by seawalls in 
the manner of the Dutch polders, iii) urban planning adapted to 
frequent flooding like elevating roads, building houses on stilts, iv) 
natural shorelines to reduce flooding and erosion, v) right-sizing 
or resizing culverts and bridges, undersized culverts may fail, 
exacerbating local flooding and increasing infrastructure costs. 
These adaptation measures require precise monitoring of coastal 
dynamics and thinking about the management of land use in large 
rivers estuaries and deltas in terms of sustainable development 
with all the stakeholders concerned.
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