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Abstract: Areal changes over delta surfaces determined by land and water ratios are a promising
tool for identifying spatial and temporal changes in deltas that may reveal subsidence and shoreline
erosion. Such changes can also provide the basis for more detailed studies on variations in land-
cover and vegetation. Changes in land and water areas over a 35-year period (1984–2019) were
determined for a selection of ten river deltas in the Mediterranean (Nile, Rhône, Po, Ebro, Moulouya,
Ceyhan-Seyhan, Medjerdja, Ombrone, Arno) and the Black Sea (Danube), with a particular focus
on aspects of subsidence and shoreline erosion. With the exception of the Ombrone, Arno, and
Moulouya, and to lesser extent the Medjerdja, where notable changes dominate in the coastal zone
and are tantamount to net erosion, the spatial pattern is largely dominated by delta-plain changes
characterized by increasing areas of water. The pattern reflects a mix of shoreline erosion, land-use
and land-cover changes, such as the ecological restoration of wetlands, but also increasing subsidence
in these deltas, all of which have been exposed to a declining fluvial sediment supply due to human
influence. The use of data on land-water ratios needs to be complemented by more detailed studies
devoted to each delta in order to clearly disentangle changes related to land-use, vegetation, and
subsidence. It is also important to determine how wetlands are interpreted in such ratios, as these
important ecological elements are sensitive to ratio variations. It would also be interesting in future
studies to examine how these variations play out over time, notably in deltas where changes have
been significant over the period 1984–2019.

Keywords: river deltas; delta vulnerability; land-water changes; delta subsidence; river dams;
Mediterranean Sea; Black Sea

1. Introduction

River deltas strongly depend on fluvial sediment supply that is increasingly impacted
by human activities. Reduced sediment supply to deltas can lead to situations where
natural subsidence is no longer balanced by delta-plain accretion, potentially generating
an increase in delta wetland area [1], meaning delta shorelines become more vulnerable
to wave and storm erosion [2]. The inability of sediment supply to balance subsidence
can be expressed by increased conversion of land areas to wetlands subject to more or less
prolonged seasonal-to-permanent flooding. Eroding delta beaches and barriers can also be
affected by a lowering of their elevation relative to sea level and storm surges, especially
where accelerated subsidence occurs.

These changes can have dramatic consequences on the socio-ecological systems that,
today, characterize the relationship between deltas and the societies they support [3–5],
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including the deterioration and eventual disappearance of various ecosystem services
provided by deltas, such as clean water, habitat, biodiversity, and storm mitigation. The
difficulties of correctly measuring changes in delta surface elevation over large tracts of
a delta plain mean that analytical studies of delta changes commonly resort to shoreline
variations identified from increasingly available and higher-resolution satellite images [6],
which enable relatively consistent monitoring [2]. While shoreline erosion can be an ade-
quate yardstick for measuring delta vulnerability, such vulnerability can also be commonly
expressed by areal changes in deltaic land and water ratios, and associated variations
in wetlands because of the link between such changes and subsidence. The premise of
this paper is thus to explore to what extent such changes in land and water ratios can
be used as tools for gauging potential delta susceptibility to both overall subsidence and
shoreline erosion. Changes in land and water ratios can also provide the basis for more
detailed studies on temporal and spatial variations in land-use and vegetation. An increas-
ing/decreasing trend in the water surface areas of delta plains can, indeed, be an indication
of increasing/decreasing vulnerability of deltas in the face of future changes. Here, we use
land-water change data determined from a database of spatial change, the Global Surface
Water explorer (GSW) [7], over a 35-year period, for a selection of nine Mediterranean deltas
and one Black Sea delta (Figure 1), with the aim of exploring the relationship between such
changes and aspects of delta vulnerability associated with shoreline erosion and accelerated
subsidence. Shoreline changes for these ten deltas were initially determined by [8] using a
classic shoreline fluctuation approach based on a temporal comparison of shore-normal
transects. The choice of these deltas here is thus based on the possibility of comparing
these land-water changes for the shoreline (tantamount to retreat or advance) with those
determined by [8], who gauged the vulnerability status of these deltas by quantifying
changes in delta protrusion area and delta protrusion angle, relative to delta mouths over
30 years (1984–2016). The rationale for choosing these two metrics by these authors was
that, as sediment supply waned, increasing relative efficiency of waves and longshore
currents led to progressive plan-view ‘flattening’ of the delta protrusion. This implies that
erosion of the delta protrusion leads to shoreline straightening accompanied by alongshore
redistribution of eroded deltaic sediments away from the delta mouth(s). The procedure
does not require tricky calculations of longshore transport volumes and river ‘influence’.
Here, we show interesting complementary information on shoreline change that can be
gained from using data generated by the spatial mapping of land-water changes, but also
extend our analysis to the possibilities of gauging spatial changes on delta plains over time.
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2. Mediterranean River Deltas and Their Increasing Vulnerability

Mediterranean deltas range from a few km2 in area, associated with small catchments
(tens to hundreds of km2), to major multi-branched constructions at the mouths of the
larger rivers, the most important of which are the Danube, the Po, the Nile, the Ebro,
and the Rhône (Figure 1). The history and development of deltas in the Mediterranean
basin, one of the cradles of civilization, has been strongly intertwined with the waxing
and waning of cultures and societies and major climatic and economic changes over
the last six millennia [9]. Anthropogenic pressures have been exerted on Mediterranean
river catchments and deltas, notably via mediation of fluvial sediment flux, and these
rivers are, today, among the most fragmented on Earth, with significant levels of loss
of connectivity [10]. Sediment flux is an overarching component of management and
conservation of coastal and deltaic systems, as sediments form the foundations for delta
growth, mitigate natural subsidence, and enable delta sustenance in the face of sea-level
rise. Some of the characteristics of the ten selected deltas are shown in Table 1. Many
of these deltas are linked to river catchments that have been dammed over the last few
decades, leading to significant reductions in fluvial sediment loads [8,11]. None of the river
catchments feeding the ten deltas selected for this study have been spared by sediment
reduction, caused mainly by dams (Figure 2).

Table 1. Selection of data on the ten deltas and on their catchments and river discharge, adapted from data culled by [8].

River Basin Area (km2) River Length (km) Water Discharge (m3/s) Delta Area from Apex (km2)

Arno 9200 240 57 437

Ceyhan-Seyhan 34,210 380 222 150

Danube 779,500 2536 6499 5560

Ebro 85,100 624 240 935

Medjerda 15,930 370 18 209

Moulouya 51,000 520 21 787

Nile 3,038,100 3878 2778 12,512

Ombrone 3480 130 32 37

Po 87,100 691 1514 948

Rhône 90,000 820 1700 3194

Eight of the ten deltas are associated with catchments that have lost more than 60%
of their sediment flux. The Ombrone, Rhône, Ebro, Moulouya, and Nile deltas have lost
more than 80% of the total fluvial loads they usually receive; this level attaining 98%
in the Ebro and the iconic case of the Nile. The sediment load of the Danube is still
relatively high, at 19.6 Mt/year, despite a 70% drop after the construction of the Iron
Gate dams. The Ceyhan catchment, the latest to be affected by dams, has also lost a
significant amount of its fluvial sediment flux. Although the relationship between dams
and river sediment flux reduction appears, as expected, to be the overarching element
of river catchment management in the Mediterranean and Black Seas in recent decades,
there is a spatial and temporal variability in this relationship that implies that other factors,
including historical and cultural heritage, and the impacts of reforestation, especially in
the European rivers, need to be considered [8,9,12]. A poor statistical relationship between
change in delta protrusion area and reductions in sediment flux in eight out of the ten
deltas led [8] to suggest that the effect of dams in causing delta shoreline erosion may
have been over-estimated. This poor relationship could also imply a long time-lag in
bedload removal and transport to the coast downstream of dams, and could also arise
from bedload sequestering alongshore, within the confines of the deltas, by delta shoreline
stabilization structures and/or compensated by delta spit lengthening in the microtidal,
strongly wave-influenced, context of Mediterranean and Black Sea deltas. Other factors
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that may be affecting shoreline change in certain deltas include subsidence, sea-level
rise, variations in storminess, episodic river floods, and engineered sediment releases
below dams. River connectivity in the Mediterranean has been significantly impaired by
engineering works aimed at torrent management and channel embanking to assure flood
control and navigation. In-channel gravel and sand extractions have significantly affected
the sediment budgets of most Mediterranean rivers, as shown by the example of the small
Magra catchment (area: 1400 km2) in Italy, the lower reaches, river mouth, and adjacent
subaqueous delta of which have been subject to almost total depletion of bedload as a result
of massive extraction over the period 1882-2014 [13]. Changes in land and water areas,
especially in the larger deltas, may not only reflect fluvial sediment load variations, but
also various anthropogenic interventions, such as change in land use, landscape rewilding,
meander engineering, and the construction of embankments, dikes and harbours.
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3. Materials and Methods

Areas converted from land into water and vice versa can now be estimated from
existing datasets in the literature. These include the GSW [7] and the Global Land Analysis
and Discovery (GLAD) [14] datasets. Here, we use the GSW data which cover a longer
period (1984–2019) than the GLAD data (1999–2019). The GSW data are derived using
automated procedures on each pixel (30 × 30 m2) of Landsat satellite images covering
the 35-year period. We manually drew two sets of buffers for each delta: a larger buffer
covering the entire delta plain, including coastal areas, shown in Figure 1, and a narrow
coastal buffer representative of changes in the coastal zone. [2] successfully used the land-
water conversion method as a complement to the identification of shoreline changes using
classical methods based on successive shoreline detection from satellite images, and applied
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it to a selection of 51 world deltas. To achieve this, they defined an ‘active coastal band’,
with a width of 2 km representing the potential shoreline bandwidth of change over a
30-year period (1984–2015). This width was chosen as a common reference, given the large
number of deltas they analyzed, to represent the bandwidth of change liable to be caused
by erosion (delta land loss) or accretion (delta land gain). The authors acknowledged,
however, a number of limitations with this 2 km-width, such as size and roughness of the
shoreline and inclusion of water areas (lagoons) behind narrow shoreline barriers that could
have silted up or been reclaimed, or land areas that have been transformed into wetlands.
In this study, we improved on the previous methodology of [2] by carefully resorting to
buffers in the coastal zone that capture only changes in the existing land at its margins
with water. These buffers are therefore not shown in Figure 1, as their limits correspond to
the changes in the land-water margins between 1984 and 2019. These changes are deemed
to occur as a result of marine processes, such as waves and longshore currents and/or
river-bank processes. These processes include the following: wave erosion of beaches and
spits; sediment deposition in deltaic channels, along deltaic channel banks, and at river
mouths; sediment deposition at spit tips and at the ends of littoral cells; and backbarrier
deposition resulting from overwash-dominated retreat of coastal barriers.

Overall, we retained six conversion categories from the transition layer over the
35-year period of observation: (1) conversion of land into permanent water; (2) conver-
sion of land into seasonal water; (3) conversion of seasonal water into permanent water;
(4) conversion of permanent water into land; (5) conversion of seasonal water into land;
and (6) conversion of permanent water into seasonal water. The first three categories are
indicative of increasing spatial and/or temporal presence of water areas, and could lead
to an increase in wetland area, whereas the last three are indicative of decreasing spatial
and/or temporal water presence but with the maintenance of wetlands in category (6).
These land-water datasets have limitations, however, especially with regard to the status
and extent of vegetated wetlands, which are sensitive to these changes.

4. Results

The spatial patterns of land and water area changes over the ten deltas are shown in
Figures 3–5. The percentages of coastal zone change relative to overall change are shown in
Table 2. Spatial changes largely dominant on the delta plain (95%–98%), compared to the
coastal zone, are displayed by the Nile, the Danube, and the Rhône (Figure 3), and to a lesser
degree by the Po (78%), Ebro (91%), and Ceyhan-Seyhan (91%) deltas (Figure 4). Significant
changes in the coastal zone relative to overall delta change (Table 2) are characteristic of
the smaller Ombrone (81%), Arno (75%), and Medjerdja (41%) deltas (Figure 5), but the
larger Moulouya delta is also in this category (61%). The areas covered by these two spatial
categories, delta plain and coastal zone, are depicted in Figure 6. The results show that,
with the exception of the Danube, all delta plains are characterized by greater conversion
of land into water than the other way round. The rankings in terms of overall water and
land conversions show the most significant levels of conversion from land to water (L→W),
including land into permanent water (L→PW) in the Arno, with, respectively, 89% and
69%, followed by the Ceyhan-Seyhan, respectively, with 72% and 55%. The Merdjerda and
Moulouya deltas show high L→W levels of 78% and 75%, but a more seasonal pattern with
only 32% and 36% of LPW. Only the Danube shows a higher water to land (W→L) change
than L→W, with only 10% of LPW, although this level is lower in the Ebro (5%) and the
Rhône (7%). The results are similar for the coastal zone, but rates of L→W conversions
exceeding 50% are shown by all the deltas except the Danube (Figure 6). The coastal zones
of the Moulouya, Ceyhan, Arno, and Nile show a trend towards more water areas that
exceed 70%. The values decrease gradually but are above 50% in the Ombrone, Ebro,
Medjerdja, and Rhône.



J. Mar. Sci. Eng. 2021, 9, 512 6 of 13

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 6 of 13 
 

 

a lesser degree by the Po (78%), Ebro (91%), and Ceyhan-Seyhan (91%) deltas (Figure 4). 
Significant changes in the coastal zone relative to overall delta change (Table 2) are char-
acteristic of the smaller Ombrone (81%), Arno (75%), and Medjerdja (41%) deltas (Figure 
5), but the larger Moulouya delta is also in this category (61%). The areas covered by these 
two spatial categories, delta plain and coastal zone, are depicted in Figure 6. The results 
show that, with the exception of the Danube, all delta plains are characterized by greater 
conversion of land into water than the other way round. The rankings in terms of overall 
water and land conversions show the most significant levels of conversion from land to 
water (L→W), including land into permanent water (L→PW) in the Arno, with, respec-
tively, 89% and 69%, followed by the Ceyhan-Seyhan, respectively, with 72% and 55%. 
The Merdjerda and Moulouya deltas show high L→W levels of 78% and 75%, but a more 
seasonal pattern with only 32% and 36% of LPW. Only the Danube shows a higher water 
to land (W→L) change than L→W, with only 10% of LPW, although this level is lower in 
the Ebro (5%) and the Rhône (7%). The results are similar for the coastal zone, but rates of 
L→W conversions exceeding 50% are shown by all the deltas except the Danube (Figure 
6). The coastal zones of the Moulouya, Ceyhan, Arno, and Nile show a trend towards 
more water areas that exceed 70%. The values decrease gradually but are above 50% in 
the Ombrone, Ebro, Medjerdja, and Rhône. 

Table 2. Percentages of the contribution of GSW change in the coastal zone of the ten deltas rela-
tive to overall delta GSW change. 

Ombrone 81
Arno 75
Moulouya 61
Medjerdja 41
Po 22
Ebro 9
Ceyhan-Seyhan 9
Danube 5
Rhône 5
Nile 2

 

Figure 3. Maps of categories of land→water and water→land conversions for the Nile (a), Danube (b),
and Rhône deltas (c), culled from the Global Surface Water (GSW) database [7]. The spatial pattern is
largely dominated by delta-plain change (91%–95%). Basemap: Esri, DigitalGlobe, GeoEye, Earthstar
Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community.
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(b), and Ceyhan-Seyhan deltas (c), culled from the Global Surface Water (GSW) database [7]. The
spatial pattern shows relatively strong (78%–91%) delta-plain changes. Basemap: Esri, DigitalGlobe,
GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS
User Community.
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Figure 5. Maps of categories of land→water and water→land conversions for the Moulouya (a), Arno
(b), Medjerdja (c), and Ombrone deltas (d), culled from the Global Surface Water (GSW) database [7].
The spatial pattern shows a strong coastal zone component (40%–80%), relative to the entire delta
plain. Basemap: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS,
AeroGRID, IGN, and the GIS User Community.

Table 2. Percentages of the contribution of GSW change in the coastal zone of the ten deltas relative
to overall delta GSW change.

Ombrone 81

Arno 75

Moulouya 61

Medjerdja 41

Po 22

Ebro 9

Ceyhan-Seyhan 9

Danube 5

Rhône 5

Nile 2



J. Mar. Sci. Eng. 2021, 9, 512 8 of 13

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 8 of 13 
 

 

entire delta plain. Basemap: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, 
USDA, USGS, AeroGRID, IGN, and the GIS User Community. 

 
Figure 6. Percentages of various categories of land→water and water→land conversions for the ten delta plains and their 
coastal zones. 

5. Discussion 
With the exception of the Ombrone, Arno, and Moulouya, where land and water 

conversions in the coastal zone exceed 60% of the total conversions over the entire delta, 
change is very largely spread over the delta plains (Table 2). This change also reflects in-
creasing areas of water (Figures 3 and 4), with the exception of the Danube (Figure 6). The 
preponderance of land-water changes on the delta plains compared to the coastal zones 
represents a preliminary degree of filtering of the data, and appears to be influenced to 
some degree by delta size. The highest percentage (81%) of coastal zone-dominated 
change corresponds to the smallest delta, the Arno (Table 1). This trend suggests that the 
small deltas (Arno, Ombrone, Medjerdja) are more proportionately exposed to larger 
shoreline changes, essentially erosion in this case, than the larger deltas, in agreement 
with [2] on a large selection of the world’s deltas. The case of the bigger Moulouya river 
and its delta, which stands out as an exception in this category (Figure 5a), is interesting. 
The Moulouya and the Medjerdja are the only rivers with deltas showing a clear statistical 
relationship between area loss and decrease in the fluvial load [8]. The coastal zone of the 
Moulouya has a long history of retreat. The protrusion at the mouth and the adjacent 
beaches and dunes were eroded to the tune of 0.8 km2 between 1958 and 1986, following 
the construction of the first dams on this river [15], and this loss has continued to the 
present day, as shown by [8] and the present study. 

The spatial patterns should reflect a mix of shoreline erosion and delta-wide land-
cover changes, such as the ecological restoration of wetlands, but also probably increasing 
subsidence, as the sediment supply has significantly declined with no exception (Figure 
2). The question of subsidence is of particular interest regarding land-water changes. In 
the Nile delta, although change in the coastal zone represents only a very low proportion 
(2%) of the overall change (given the large area of this delta (Table 1)), the L→W change 
is consistent with the spatial pattern of subsidence identified by [16,17]. Subsidence is 
most pronounced in the coastal zone of the delta, especially in the Manzala area of the 
Damietta mouth (Figure 3a). Subsidence is further discussed below with reference to the 
well-known past accelerated sinking of the Po delta generated by human activities, and 
in a later section. 

Figure 6. Percentages of various categories of land→water and water→land conversions for the ten delta plains and their
coastal zones.

5. Discussion

With the exception of the Ombrone, Arno, and Moulouya, where land and water
conversions in the coastal zone exceed 60% of the total conversions over the entire delta,
change is very largely spread over the delta plains (Table 2). This change also reflects
increasing areas of water (Figures 3 and 4), with the exception of the Danube (Figure 6).
The preponderance of land-water changes on the delta plains compared to the coastal zones
represents a preliminary degree of filtering of the data, and appears to be influenced to
some degree by delta size. The highest percentage (81%) of coastal zone-dominated change
corresponds to the smallest delta, the Arno (Table 1). This trend suggests that the small
deltas (Arno, Ombrone, Medjerdja) are more proportionately exposed to larger shoreline
changes, essentially erosion in this case, than the larger deltas, in agreement with [2] on a
large selection of the world’s deltas. The case of the bigger Moulouya river and its delta,
which stands out as an exception in this category (Figure 5a), is interesting. The Moulouya
and the Medjerdja are the only rivers with deltas showing a clear statistical relationship
between area loss and decrease in the fluvial load [8]. The coastal zone of the Moulouya has
a long history of retreat. The protrusion at the mouth and the adjacent beaches and dunes
were eroded to the tune of 0.8 km2 between 1958 and 1986, following the construction of
the first dams on this river [15], and this loss has continued to the present day, as shown
by [8] and the present study.

The spatial patterns should reflect a mix of shoreline erosion and delta-wide land-
cover changes, such as the ecological restoration of wetlands, but also probably increasing
subsidence, as the sediment supply has significantly declined with no exception (Figure 2).
The question of subsidence is of particular interest regarding land-water changes. In the
Nile delta, although change in the coastal zone represents only a very low proportion
(2%) of the overall change (given the large area of this delta (Table 1)), the L→W change
is consistent with the spatial pattern of subsidence identified by [16,17]. Subsidence is
most pronounced in the coastal zone of the delta, especially in the Manzala area of the
Damietta mouth (Figure 3a). Subsidence is further discussed below with reference to the
well-known past accelerated sinking of the Po delta generated by human activities, and in
a later section.

The case of the Po is interesting (Figure 4a). The Po seems to illustrate quite clearly
delta resilience and recovery following important subsidence in the past, generated by
extractive activities, as demonstrated by the study of [18], which attempts to unravel how
shoreline fluctuations and delta subsidence have played out together. This is a delta with
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a still significant level of subsidence, although current rates are much lower than rates
generated by accelerated subsidence prior to the 1970s, due to methane-rich groundwater
extraction [19]. More than 3 m of delta-surface sinking were recorded in places as a result
of aquifer withdrawals, with maximum subsidence rates of more than 200 mm y−1 in the
central part of the delta [20]. With the closure of the wells in the early 1960s, the subsidence
rate decreased almost instantly to 10–20 mm y−1 [21]. The delta-wide L→W conversion
over the last 35 years is high (60%), and might be reflecting on-going subsidence, given
the good overlap with subsidence data from 1992–2017 [21]. [19] showed that landform,
vegetation, and land-use classes in the Po hardly varied over the period 1978–2015. The
coastal zone, which accounts for 22% of the total area change over the delta (Table 2),
seems to show, however, more resilience from subsidence than the rest of the delta plain. It
has been characterized by larger net W→L conversion (30%) than net L→W conversion
(13%). This suggests a good degree of recovery of the coastal fringe of this delta from
accelerated subsidence, which must have affected the shoreface too as gas extractions were
also carried out offshore. The propensity for larger W→L change in the coastal zone is
consistent with the inner shoreface changes identified by [18], who showed accretion along
much of the delta shoreline but ongoing retreat of the southernmost mouths (Po di Goro
and Po di Gnocca). The recent subsidence and shoreline-change patterns of the Po clearly
illustrate the intimate link between these two processes. Diminishing subsidence has been
accompanied by a return to equilibrium or near-equilibrium shoreline positions [18,22]
that have replaced the rampantly retreating shorelines of the various delta sectors when
anthropogenic subsidence was high. These changes are also reflected in recent aggradation
of a mouth bar off the current main mouth of the Po, the Po di Pila [23]. The present
land-water changes over the delta plain may reflect some degree of restoration of the Po
fluvial sediment supply and changes in delta-plain depocenters associated with the net
deceleration in human-induced subsidence.

The L→W (69%) change of the Ebro indicates both high levels of shoreline erosion in
the same areas as those highlighted by [8], notably the mouth, but also updrift spit erosion
and downdrift spit accretion (Figure 4b). Much of the change, however, concerns land to
seasonal water (L→SW) conversion on the delta plain, especially in the southern half of the
delta, which is characterized by organic-rich sandy and fine-grained marsh and alluvial
soils that undergo more compaction, and, therefore, more subsidence than the more sandy
and silty alluvial soils of the northern half [24].

The Danube delta plain (Figure 3b) recorded an overall positive conversion of land
relative to water (Figure 6). Unlike the other nine deltas, the Danube has been affected by
numerous changes in the agricultural and ecological status of large areas over the last three
decades [25,26]. For instance, [26] used a remote sensing approach to estimate that 25% of
the delta is now affected by human interventions. Examples of such changes thus reflect a
multitude of human activities and natural processes (Figure 7), including transformation
of wetlands into agricultural fields that result in W→L conversion, or, conversely, wetland
restoration and rewilding, involving inundation of previous agricultural lands or polders
tantamount to L→W conversion. Although initially land and vegetation, such areas
now converted predominantly to water may undergo localized subsidence. Many fish
farms are now abandoned and converted to land with vegetation, whereas others have
been re-infilled. Sediment supply-driven land changes are hard to disentangle from
vegetation changes. Although there are hints of decreasing lake sizes near the apex of
the Danube delta due to sediment influx, the majority of the lakes on the delta plain
seem to be slowly increasing in size. It is tempting to attribute this to sea-level rise in
the last decades, but the southern delta, comprising the large lagoons of Razelm-Sinoe,
and which is known for high subsidence in the past [27], is actually recording decreasing
open-water areas around the edges, quite clearly due to vegetation growth of the common
reed Phragmites australis not related to sediment supply. The difficulties of disentangling
some of these changes in the Danube delta using satellite images have been highlighted
by [26]. Additionally, more localized interventions, such as engineered meander cuts on
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the St. George branch, have resulted in infilling of the meanders and contributed overall to
positive land change (Figure 7a).
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Figure 7. Examples of GSW changes in the Danube delta between 1985 and 2020: (a) changes due
to rewilding, meander cuts, and sediment supply on the Saint George branch; (b) changes due to
land use and vegetation in the southern delta; (c) changes associated with the coastal dynamics of
the Sacalin spit. Based on median Landsat images of all available cloudless images of each year.

The coastal zone shows a clear difference between the three current delta lobes
(Figure 3b). In the north, the Chilia has a predominantly positive W→L change because it
receives the bulk of the river’s water and sediment, although damming is now responsible
for the retreat of its northern (Oceakov) mouth. The construction of jetties at the Sulina
mouth created a counter-drift which resulted in sediment supply from the erosion of the
lobe in the south, whereas most of the river-supplied sediments are deposited south of the
jetty-bound river mouth, creating a subaqueous mouth bar. Further south, the St. George
lobe is undergoing erosion near the river mouth [28], but the littoral cell is characterized
by sediment budget equilibrium due to the high growth in land area at the distal tip of
the Sacalin spit. The Sacalin spit achieved one phase of rollover migration during this
period [29], and registered one of the fastest rates of shoreline change recorded in any delta,
as shown in Figure 7c. Part of this rapid change, associated with L→W conversion (land
loss), is not captured by the GSW data, but was added in the calculation of the net coastal
zone change (Table 2).

Importantly, [8] showed that the coastal zones of eight out of the ten selected deltas
lost area over a period of 30 years, with a maximum, respectively, of 34.4% and 16.3% for
the Moulouya and Medjerda deltas in North Africa, but they identified only relatively
weak changes in the other deltas. With the exception of the Arno, these are also the two
deltas that have undergone the highest levels of L→W conversion (respectively, 75% and
78%). The L→W changes in the Ombrone, Arno, and Moulouya deltas are dominated
by change in the coastal zone (Table 2). In the case of the Moulouya, this is tantamount
to plan-view retreat of the mouth area and sediment redistribution on both flanks of the
delta. The impact of shoreline engineering structures is clearly displayed by differential
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shoreline erosion and accretion. The high L→W levels of the Arno (89%) and the Ombrone
(71%) also indicate significant rates of shoreline erosion on a coast beleaguered by problems
of a fluctuating river sediment supply [30] and a fragmented longshore drift system
characterized by several cells created by engineering structures to stave off erosion [31,32].
This is a pattern of disrupted sediment connectivity, involving both the river-to-coast
continuum and increasingly engineered shorelines, that repeats itself throughout the
Mediterranean [33]. In the Medjerda, where the coastal zone also accounts for a high
proportion of total change (41%), this change involves sediment redistribution alongshore,
with erosion of the delta protrusion at the river mouth, as well as reworking of a probably
abandoned lobe of the delta, accompanied by sectors of shoreline advance. In both the
Moulouya and Medjerdja deltas, the L→W conversion also appears to involve significant
erosion of the main delta channel banks.

Deltas with the largest protrusion losses are not those currently exhibiting the highest
subsidence rates and there was no clear relationship between the 30-year loss in protrusion
area and current subsidence rates [8]. However, these reported subsidence rates (Figure 8)
need to be considered with caution, given the potentially large variability of this process in
deltas and the difficulty of adequately gauging it. The highest subsidence rates are found in
the Arno, for which the L→W change has essentially concerned shoreline retreat rather than
the delta plain, where subsidence should normally be more pronounced. Compensation for
subsidence no doubt takes up some of the subsisting fluvial sediment supply to the deltas,
especially the fine-grained over-bank sediment. The Medjerda probably illustrates the
moderating effect of a still relatively sustained sediment supply, despite dam construction,
on a high subsidence rate of 10 mm/year. However, in some of the alluvial plains of these
Mediterranean deltas, the possibility for river sediment flux to balance subsidence is being
progressively curtailed by an increase in elevation of artificial channel embankments, as in
the case of the Po.
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6. Conclusions

The spatial changes in land and water surfaces in a selection of ten Mediterranean and
Black Sea deltas over the last thirty-five years highlight interesting tendencies in land-cover
changes, but also vulnerability to subsidence and shoreline erosion. Such data are, thus,
useful as tools in monitoring the potential direction of these changes (land-to-water or
water-to-land). Trends shown by the coastal zones of the smaller deltas, such as the Arno
and Ombrone, clearly point, for instance, to dominant shoreline retreat. However, the
use of these land-water data must be considered as just one useful approach that needs
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to be complemented by more detailed studies devoted to each delta in order to clearly
disentangle, within the delta-plain area, changes due to land use, vegetation, especially in
wetland areas, and subsidence. A fine example is that of determining how wetlands are to
be interpreted in changing land-to-water or water-to-land ratios, not just because wetlands
are very sensitive to these variations but also because they are essential ecological elements
in these deltas. Moreover, the assessment of change is presented here over a single time
block between 1984 and 2019. It would be interesting in future studies to examine how
these variations have played out over shorter periods, notably in deltas such as the Danube,
where significant changes have occurred within the overall 35-year time span, but also with
regards to the eventual restoration of fluvial sediment flux and its effect on delta resilience.
The European Union’s Water Framework Directive was enacted in 2000 on the protection,
restoration and quality enhancement of European rivers. These objectives are based on a
limitation of construction of new hydropower dams, removal of obsolete dams, and strict
control of river-bed aggregate extractions.
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