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Abstract: Coastal wetlands are dynamic ecosystems that exist at the interface between land and
sea. They represent environments with a great diversity of habitats and communities, high carbon
sequestration capacity and a wide range of ecosystem services. In the Mediterranean, the largest
coastal wetlands are found in deltaic areas like that of the Ebro River (Spain), which has a coastline
length of approximately 50 km, occupying a total area of 325 km2. The Ebro Delta is included in
different national and international frameworks for environmental conservation, despite which there
are several risks that threaten it. The lack of sedimentary contributions due to the regulation of the
Ebro riverbed (irrigation, reservoirs, and hydroelectric power generation) has caused erosion and
the retreat of certain sections of its coastline. To this situation of sediment deficit must be added the
threat posed by the effects of global change, such as the rise in sea level, the increase in temperature
and in the frequency and intensity of storms. This study analyses the particularities of the coastal
wetland of the Ebro Delta, identifying the main threats it faces, as well as possible adaptation and
mitigation strategies to these changes.

Keywords: deltas; sedimentation decrease; coastal lagoons; global change; Mediterranean wetlands;
Ebro Delta

1. Introduction

The Ramsar Convention [1] considers wetlands as one of the key life support systems
on this planet, as they represent a decisive factor in conserving the biodiversity of fresh
inland waters and inland waters’ coastal eco-systems. It highlights its importance as a
vital element of ecosystems, representing the habitat of many threatened plant and animal
species, as well as for national and global economies. Wetlands include mangroves, other
coastal ecosystems such as strand forests, beach vegetation, salt marshes, deltas, and
estuaries and terrestrial wetlands such as swamp forests, marshes, bogs, and in the broad
sense even lakes and streams [2].

In coastal wetlands, the mixture between continental water and marine water occurs,
which is why they represent environments with a great primary production and diversity
of habitats and communities [2], and with an exceptional capacity as carbon sinks [3]. These
ecosystems are recognized for their large organic carbon stocks and carbon sequestration
capacity, as well as for providing a wide range of other ecosystem services, such as support-
ing fisheries, biodiversity, agriculture, coastal protection, and climate mitigation [4,5]. This
increasing appreciation, combined with the growing threats to these ecosystems, has given
rise to the development of blue carbon strategies [6,7]. According Williams [8], wetlands
have been altered radically as they have been drained for intensive agriculture, or used as
dumping grounds for waste, and the creation of industrial and residential land. Legislation
for the protection of wetlands has been strongest in the United States, somewhat less so
elsewhere in the developed world, and almost non-existent in the developing world, where
food production is paramount. Mójica-Velez et al. [9] reviewed the key challenges of coastal
wetlands policies over the last few years, finding that development policies are affecting
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coastal wetlands by promoting or allowing urban and economic activities to grow out of
control; territorial planning is mismatched with ecological dynamics and influenced by
economic interests.

In the Mediterranean, the largest coastal wetlands are found in delta areas like that
of the Rhône (France), Nile (Egypt), Po (Italy) and Ebro (Spain) rivers [10]. The deltaic
areas represent the most vulnerable coastal areas, whose elevation barely exceeds a few
meters in height. Deltas are subject to the interacting effects of rivers, seas, lands, and atmo-
spheric factors and, therefore, will be affected by diverse drivers associated with climate
change [11]. Sea-level rise is already considered as an important issue in deltaic areas [12].
Other drivers are affecting deltaic behaviour such as increases in inundation/flooding,
coastal erosion, extreme events, sedimentation decrease, salinity intrusion and degrada-
tion of some habitats [13]. Mediterranean deltas have been strongly modified by human
activities [14]. Different economic activities are developed, especially agricultural because
the river sediment provides nutrients and textural balance to the soil, favouring its de-
velopment and improving its fertility [10]. In the last 150 years, the Ebro delta has been
transformed into rice fields, which now cover around 70% of the total area [15], while natu-
ral areas, including coastal lagoons and wetlands, cover about 80 km2 [14]. Agricultural
activities necessitate controlling water and sediment inputs from the Ebro River, further
affecting the natural areas [15]. These modifications in its structure and functioning have
made the Ebro Delta even more vulnerable to the threats of global change.

This article aims to review the particularities of the coastal wetland of the Ebro Delta
(Spain), identifying the main threats it faces, as well as possible adaptation and mitigation
strategies to these changes.

2. Study Site

The Ebro Delta, located in the Western Mediterranean (Catalonia, Spain) (Figure 1), is
Spain’s second most important wetland after Doñana (Atlantic coast of Andalusia, Spain). It
is a wetland of significant environmental value due to its great diversity of habitats, such as
marshes, coastal lagoons, river, sea, beaches and dunes, freshwater springs, etc. It is home
to a rich biodiversity, for example, there are around 360 of the 600 birds in Europe, which
use the Ebro delta for nesting, wintering and as a resting area during their migrations [16];
therefore, it is the second most important ‘Special Protection Area’ for birds in Spain [10].
There are also different species of reptiles, fish, and invertebrates, especially the bivalve
Pinna nobilis, which is in critical danger of extinction (included in the red list of endangered
species of the International Union for Conservation of Nature—IUCN). The Ebro Delta
is included in the different national and international frameworks for environmental
conservation: International Interest of Euro-African Wetlands, category A—urgent priority
(UNESCO, 1962); wetland of international importance (Ramsar Convention, 1971); special
protection area for birds ZEPA (European Union, 1979); Natural Park (Spain, 1983); Natura
2000 Network (European Union, 1992).

The Holocene Ebro River Delta is basically a silty plain 4 to 5 m above sea level, being
the river channels and external coastal front the only sandy domains [17]. It has a coastline
length of approximately 50 km, occupying a total area of 325 km2 which represents only
15% of the 2171 total km2 that forms the delta [18]. According to Sierra et al. [19], the
climate is Mediterranean with temperatures seldom higher than 35 ◦C or lower than 0 ◦C,
the annual average temperature being 16.2 ◦C, with a monthly maximum average of 24.2 ◦C
in August and a minimum of 9 ◦C in January. The yearly average rainfall is 530 L/m2,
very irregularly distributed, with 408 L/m2 (77%) in the wet season (spring and autumn)
and 122 L/m2 (23%) in the dry season (winter and summer). The river’s mean annual
flow in Tortosa (18 km from Amposta, Figure 1) is 431 m3 s −1 [20]. According to Vericat
and Batalla [21], annual total load downstream from the dams is estimated at around
0.45·106 t, of which 60% is transported in suspension and the remaining 40% as bedload
(mean D50 in the range of 32 mm). Wind climate shows a strong seasonal pattern: during
fall and winter there is a clear predominance of northern and north-western winds, while
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in spring prevailing winds are from the east and during summer dominant ones are from
the south [22]. A general or global wind rose (data from 2021) is presented in Figure 1
showing how the northern components reach greatest intensity. The wave climate in
this area has also a very defined seasonal structure with low energy wave conditions
from June to September, energetic wave conditions from October to March and transition
conditions the rest of the year [19]. The wind-generated waves in the Ebro Delta come
basically from three directions: the sectors from NE to E, S and NW. In terms of the wave
energy flux, the eastern components (eastern and east-northeastern) are clearly dominant,
corresponding with the highest number of storms (Figure 1), and where, for the northern
Spanish Mediterranean coast, coincide the largest fetches and the stronger winds [23].
The Ebro Delta has a microtidal regime, characterized by maximum astronomical and
meteorological tides of 0.20 to 0.25 m and 1 m, respectively [24]. 

2 

Figure 1. Location of the main geomorphologic elements. The lagoons are represented in blue. The wind rose (average
wind speed (m/s)) and the wave rose (significant wave height (m)) are displayed on the right. Source: Puertos del Estado
(www.puertos.es/es-es (accessed on 5 October 2021)).

The current morphological configuration is established by two hemideltas separated
by the Ebro River. On both hemideltas two spits are developed, which partially close
the lagoons of El Fangar (located in the north) and Los Alfaques (to the south), which is
joined to the deltaic body through the Trabucador bar which is 4 km long and about 200 m
wide [24]. Figure 1 shows a distribution of geomorphologic elements developed in Ebro
Delta. An extensive description of these singularities is provided in [25–28]. Figures 2–4
show photographs of the different natural environments developed in Ebro Delta.

www.puertos.es/es-es
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Both hemideltas present dune activity, but even though they belong to the same deltaic
sedimentary system, the dune fields present in them show very different characteristics
that indicate environmental differences between both zones; the dune field of the north
hemidelta is very dynamic, while in the south hemidelta the dunes show less activity and
are colonized by vegetation [29]. A review of the field dune system of Ebro Delta can be
found in [22,29–32].

The rapid geological evolution of Ebro Delta has given rise to the formation of coastal
lagoons (Figure 1) resulting from the delimitation of coastal environments by sand bars,
which remain in more interior positions of the deltaic plain as the delta has been prograding.
According to the Ramsar program, the lagoons of the Ebro Delta are classified as coastal
brackish/saline lagoons (site J) [33], and considered “priority habitats” under the EU
Habitats Directive [34]. These are very shallow, and the average depth is lower than 50 cm;
only the l’Encanyisada maintains a water level over 1 m for several months [35]. At present
the communication of the lagoons with the sea is very restricted, and mostly receive fresh
water through channels that come from the river, which also collect the water used in rice
fields. The most recent coastal lagoon is El Garxal, whose origin is due to the change in the
mouth of the river from the great flood of the Ebro River in 1937 that caused the opening of
a mouth in a northern direction, remaining that way until today.

Historical Evolution of the Ebro Delta

The delta of the Ebro River has gone through very different stages of development. The
different features that the Ebro Delta has had since its inception are detailed in [24,36–38]
among others. As with most of the deltas around the world margins, the onset of the Ebro
Delta was related to the last maximum flooding by sea level reached at approximately
7000 years ago and the later retreating [24], and its evolution has been controlled by both
natural and human-induced factors. The morphological evolution of the delta during the
Holocene was the result of the successive accumulation of deltaic lobes at the mouth of the
river, which advanced radially seawards from an avulsion point across the lowest lateral
zones of the delta-plain [38]. During the 15th and 16th centuries the progradation of the
delta increased due to intense deforestation in the Ebro drainage basin caused by changes
in land use from forest to agricultural activities, military purposes during wars, and boat
building for Spanish colonization of America [24]. Thus, from 1500 to 1650 the shoreline
progradation rates increased by up to 50 m/yr at the river mouth and a delta plain were
built up [39]. From the 17th to the 19th century, the shoreline progradation decreased
(approximately 10 m/yr) caused by changes in the location of the river mouth [36]. The
evolution of the Ebro Delta in the 20th century was associated with the construction of
dams along the Ebro River, which entailed almost the suppression of river flooding over
the delta plain and a drastic reduction of sediment feeding the mouth, especially since
the dams of Flix (1948, with a reservoir capacity of 11 hm3), Mequinenza (1966; 1534 hm3)
and Ribarroja (1969; 207 hm3) were operated, all of them located in the lower course
of the river [24]. The reduction of solid river discharge united with the subsidence of
deltaic areas, which reach an average value of 3 mm [40], leading to increased erosion
in almost all the deltaic coast except the two large spit bars, El Fangar and Los Alfaques.
The area presenting the greatest retreat of the coastline is the Tortosa cape, located in the
mouth of the river. The Trabucador bar also shows a marked coastline retreat; it has even
fragmented on several occasions, the last January 2020 during the Gloria storm, and has not
yet recovered (Figure 4). A distribution of erosion and sedimentation areas for the period
1957–2015 can be seen in [24].



J. Mar. Sci. Eng. 2021, 9, 1190 5 of 19J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 5 of 19 
 

 

 
Figure 2. Images of the hemidelta north and mouth. (1) El Fangar Spit; (2) Balsa de l’Estella or Estany del Canal Vell; (3) 
Riumar Beach, El Garxal Lagoon and San Antonio Island. (Source: General view: ESRI Co.; Photographs 1, 2 and 3: Guide 
of beaches of the Ministry for the Ecological Transition and the Demographic Challenge). 

Figure 2. Images of the hemidelta north and mouth. (1) El Fangar Spit; (2) Balsa de l’Estella or Estany del Canal Vell; (3)
Riumar Beach, El Garxal Lagoon and San Antonio Island. (Source: General view: ESRI Co.; Photographs 1, 2 and 3: Guide
of beaches of the Ministry for the Ecological Transition and the Demographic Challenge).
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Figure 3. Images of the hemidelta south next to the mouth. (1a) Buda Island; (1b) Buda Island Break; (2) Migjorn mouth; 
(3) L’Alfacada Lagoon; (4). El Serrallo Beach and La Platjola Lagoon. (Source: General view: ESRI Co.; Photographs 1, 2 
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Earth). 
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L’Alfacada Lagoon; (4) El Serrallo Beach and La Platjola Lagoon. (Source: General view: ESRI Co.; Photographs 1, 2 and 3:
Guide of beaches of the Ministry for the Ecological Transition and the demographic challenge; Image (1b): Google Earth).
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Figure 4. Images of the hemidelta south. (1a) Trabucador bar; (1b) Trabucador bar Break; (2); Trinitat saltworks and La
Banya Spit. (Source: General view: ESRI Co.; Photographs 1a and 2: Guide of beaches of the Ministry for the Ecological
Transition and the demographic challenge; Image (1b): Google Earth).
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3. Main Threats to the Ebro Delta

The sustainability of coastal wetlands depends on the resilience of the geomorphic
and ecological environments [41]. According to Cobani [42] sedimentation and/or coastal
erosion are the main processes that must be controlled to guarantee the physical stability
of coastal lagoons. The FAO document [43] collects the status of some Mediterranean
coastal lagoon systems, and it is remarkable how most of them suffer the consequences of
environmental changes linked to coastal erosion, subsidence, and meteorological events
extremes recently amplified by global change.

Despite the protection figures that the Ebro Delta presents, there are several risks that
threaten its littoral. The rising sea level, associated with global warming, represents one
of them in the medium-long term, but there are other more immediate ones that threaten
its stability, such as the lack of sediment inputs due to the regulation of the Ebro River
(irrigation, reservoirs and hydroelectric power generation) causing the erosion and retreat
of certain stretches of its coastline. Another threat to the Ebro Delta is the environmental
degradation of the coastal lagoons, which are included within 25% of the natural habitats
that are still conserved in the Ebro Delta [15].

3.1. Sedimentation Decrease

Among the factors that most affect the stability of the delta are the hydrological
alterations caused by the reservoirs that imply important changes in the frequency and
magnitude of the floods. The flooding provides the sediment to the delta that allows it to
maintain or increase its thickness and its tendency to progradation and advance towards
the sea, besides counteracting or balancing the sinking by the subsidence (soil compaction
and tectonic subsidence) of the deltaic area [44]. The Ebro River is one of the Spanish rivers
with the highest number of reservoirs in its basin, which is 97% regulated [45]. As has
been indicated, the Mequinenza, Ribarroja and Flix reservoirs are mainly responsible for
the modification of the hydrological characteristics of their lower course, since they retain
practically 99% of the sediment transported by the river [46] causing a very negative effect
in the Ebro Delta.

The low tidal range (20 cm) permit the existence of a salt wedge estuary in the
deltaic reach, with a maximum saline intrusion of 32 km [44]. The dams interrupt the
continuity of sediment transport modifying the transport capacity of solids, favouring the
saline intrusion and reducing the thickness of the freshwater layer, preventing its use for
agricultural operations. The effects of the saline wedge in the Ebro Delta have been studied
in detail by Guillén and Palanques [47] and Movellán [48], among others.

3.2. Environmental Degradation of the Coastal Lagoons

The coastal lagoons of the Ebro Delta face a series of threats that are leading to a
clear environmental deterioration. These threats can be summarised as follows: saline
intrusion, agricultural activity and urban pressure [49]. All coastal lagoons are affected
by the inundation of the deltaic shelf that can occur when storms meet the meteorological
tide. This process will be aggravated by sea level rise due to climate change. This causes
seawater and sediment to enter the lagoons. Coastal lagoons are also affected by rice fields,
through alteration of the natural hydrological cycle as a result of freshwater inputs during
the rice growing season (April to September [10]). In addition, despite all efforts to reduce
the large amounts of nutrients and pesticides supplied for fertilization and care of the
rice fields [50], problems related to eutrophication and pollution of wetlands continue to
exist [49]. The degree of threat for each coastal lagoon varies, with the most threatened
being the lagoons of Buda Island, l’Alfacada, Platjola, La Tancada and l’Encanyissada
(Figures 1–4).

The Buda Island lagoon (Figure 3) is separated from the sea by a narrow dune barrier
which, due to the lack of sediment from the river, is decreasing and producing a process
of regression. This makes it more likely to break in strong storms (as happened with the
Gloria storm in January 2020, Figure 3), allowing saline and sediment intrusion into the
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lagoon [51]. Sediment inflow is clogging the lagoon, which, together with regression, is
causing a reduction in the lagoon’s depth and surface area [16,52]. This coastal lagoon has
also been affected by eutrophication processes caused by the drainage of rice crops. The El
Garxal lagoon (Figure 2) is the only one not directly affected by irrigation surpluses from
the rice fields of the Ebro Delta. The Platjola and Tancada lagoons (Figure 3) are affected by
urban construction on the coast and the drains from the rice fields near the lagoons [16].

As indicated above, coastal lagoons are codified as priority habitats in the EU. The in-
clusion of the Ebro Delta in the Natura 2000 Network establishes as conservation objectives,
among others, avoiding the reduction of the habitats of European interest under conserva-
tion [34]. The loss of surface area of the coastal lagoons due to the effect of regression and
their environmental deterioration means that the conservation objectives established for
these coastal lagoons will not be achieved [52].

3.3. Global Change

The geographically largest impacts on coastal wetlands will be caused by global
climate change, and since rates of warming are generally expected to increase in the near
future, projected climate change-related impacts are also expected to rise [53]. Climate
change affects processes in many ways: by changing relative sea level; by increasing the
frequency and intensity of storms; and by altering the temperature.

Coastal wetlands are very fragile systems, very sensitive to climate change, and any
alteration that occur, both in the continental and marine environments, generates very
negative effects on the entire system [54]. Global climate change is expected to accelerate the
disappearance and degradation of many coastal wetlands, as well as the loss or decline of
their species, and will harm the human populations dependent on their services [2]. As has
been mentioned previously, the coastal wetlands are considered blue carbon ecosystems,
and the alteration of these ecosystems can release to the atmosphere large amounts of
previously sequestered carbon [55], contributing to global warming [56].

3.3.1. Sea Level Rise

The IPCC has identified “deltas, estuaries, and small islands” as the coastal systems
most vulnerable to climate change and sea-level rise [53]. Climate change–related sea level
rise will cause continued inundation of low-lying areas, especially where natural buffers
have been removed [57]. The IPCC’s Sixth Assessment Report [53] considers, in the worst
possible scenario, a rise in sea level between 0.63–1.01 m in the year 2100, and a range of
0.98–1.88 m to 2150. These forecasts are aggravated in the Mediterranean area, as indicated
in recent studies that estimate that warming in the Mediterranean basin occurs 20% faster
than the average of the planet [58] or the forecast made by Kulp and Strauss [59] about
the flooding of the Ebro Delta in 2050. In deltaic areas, to this are added the effects of
subsidence, which in the case of the Ebro Delta is estimated to be almost 3 mm annually on
average [40].

According to Sánchez-Arcilla et al. [13] relative sea-level rise will become the most
important climate-induced potential hazard for the Ebro Delta because of its morphology,
causing the inundation/flooding of low-lying areas below the rise in sea level. Figure 5
shows a simulation of the state in which the deltaic plane would be if a 75 cm rise oc-
curred [28]. This model does not consider the gradual adaptation that the coast would
make to the progressive changes driven by marine dynamic.

Another of the consequences of the sea level rise is a decrease of the return period of
water levels associated with storm surges giving rise to a vertical displacement of the mean
water level [13].
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3.3.2. Increase in the Frequency and Intensity of Storms

The increased stormy weather, together with the sea level rise, are considered as the
main problems of climatic change in coastal zones [60]. Paleontological, geomorphological
and sedimentological analyzes show an increasing trend in storms [61]. Oria [62] has
analysed the statistical behaviour of the most extreme daily rainfalls recorded in the
peninsular Mediterranean provinces from the 219 stations belonging to the network of
main and secondary roads of AEMET, since 1965 to 2020. The trends found in precipitation
distribution point to an increase in frequency and intensity of the situations that cause
very heavy or torrential rains and of the significant extension in the whole of the Spanish
Mediterranean.

For some years, progress has been made in the modeling of the Mediterranean hurri-
canes, so-called medicanes [63–67]. Medicanes are intense cyclones that acquire tropical
characteristics, associated with extreme winds and rainfall [67]. The average frequency of
only one to two events per year [64] but produces severe damage on coastal areas caused
by extreme weather, strong winds and flooding, thus posing a serious natural hazard to
populated areas along Mediterranean coasts. González-Aleman et al. [67] have investigated
the response of the medicanes to global warming using a global climate model adapted
to the present climate conditions, finding a decrease in frequency of medicanes at the
end of the 21st century, but these become more hazardous, lasting longer and producing
stronger winds and rainfall. This trend is consistent with the results of other previous
models [64–66]. According to Sánchez-Arcilla et al. [13] an increase in stormy weather (fre-
quency and/or intensity) induce a greater frequency and/or magnitude of erosive events
since an increase in the annual average wave height induce an increase in the magnitude of
the sediment transport rates along the coast and, normally, an increase in the magnitude of
coastal changes. Since coastal recovery processes are slower than erosive ones, this increase
should induce a greater erosive trend in the coastal behaviour and, in some cases, could
induce a net erosive long-term trend level.

Since 2019, in the Mediterranean coast there have been some stormy evens (September
and October 2019), Gloria storm (January 2020) and Filomena storm (January 2021), which
have been particularly damaging in the Ebro Delta. In the case of the Gloria storm, since
the instrumental record is available, never before has there been a storm with so much
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precipitation for three days in a row, and never before have there been three storms as
intense as those of September and October 2019, besides Gloria [6]. The effects of the Gloria
storm over the delta front were catastrophic [51], so that the next storm that occurred
in the area on 27 and 28 November 2020, without being particularly intense, caused the
Trabucador to break again and had a strong impact on the island of Buda [51].

3.3.3. Increase in Temperature

As already indicated, coastal lagoons are particularly vulnerable to global climate
change. The predicted temperature increase could be 4.4 ◦C by 2100 [53], entailing impor-
tant consequences on planktonic communities. Changes in the metabolism of planktonic
communities [68,69], in the structure and function of planktonic food webs [70], as well as
an increase in microplanktonic communities of smaller size and lower DNA content [71]
have been observed with increasing water temperatures. Moreover, altering the tempera-
ture and salinity of coastal habitats would make them inhospitable to species with narrow
temperature tolerance [72], could change the abundance and distribution of species as well
as the functioning of ecosystems [58,73], and could affect species reproduction timing and
migration patterns [74].

Warming can also exacerbate the problem of eutrophication, leading to algal over-
growth, fish kills and dead zones [75]. The next few decades will see large increases in rates
of eutrophication and prevalence of hypoxic or dead zones as levels of nutrient inputs and
wastes rise and as ocean waters warm [72]. Recent studies in the Mediterranean Sea indicate
that climate change is already leading to an increased extinction risk for endemic fauna, a
loss of habitat complexity and changes in ecosystem configurations [10,76–78]. Likewise,
a 10-year study in western Mediterranean Sea revealed that climate-induced changes in
water temperature and stratification produced an increase of small-sized phytoplankton
(picoplankton and nanoflagellates) able to support regenerated production and a decline of
diatoms, which are responsible for new production [79]. Moreover, warming, stratification
and other physical properties appear to strongly impact the physiology and behaviour of
harmful algae bloom species [80]. In Mediterranean coastal areas, more frequent harmful
algal blooms (HABs), and new species have been recorded [80].

Although the invasion of new species is mainly linked to global flows, notably those
associated with air and sea transport, climate change is expected to increase the risk of
biological invasions [81], as global warming would remove the hostile climate constraint
in the receiving area [82]. The increase in water temperature in the Mediterranean Sea
would be a great advantage to tropical invasive species over native species [83]. In the
Ebro Delta, 200 invasive nonindigenous species have already been quantified, with the
apple snail (Pomacea canaliculata), zebra mussel (Dreissena polymorpha), red crab (Procambarus
clarkii), blue crab (Callinectes sapidus), gambusia (Gambusia holbrooki), and bullfrog (Lithobates
catesbeianus) having the greatest impact [16].

4. Strategies for Adaptation and Mitigation of Global Change in the Ebro Delta

The erosion problem of the Ebro Delta has been the subject of numerous studies
and proposals for action to alleviate the problems that this entails [16,17,84]. Rodríguez-
Santalla et al. [17] present several proposals that have been raised at different times, and
some outstanding works already executed, which contemplate alternatives consisting
of works of different magnitude, diversion of the mouth or use of those retained in the
reservoirs. Others propose less impactful natural protection mechanisms with lower and
more sustainable costs, in line with the current trend of environmental protection, such
as the implantation of traps to retain sediment mobilized by wind or drift, or the beach
drainage system. Other initiatives are aimed at restoring the flow of sediment through the
river and the channels permanently from the reservoirs of the final section, with the aim of
optimizing the processes of vertical accretion (soil formation) and decomposition of the
organic matter in rice paddies and artificial wetlands [85].
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Previous IPCC reports [86] contemplate three strategies to reduce the impact of climate
change on coastal areas: setback, protection, and adaptation [87]. In the case of the Ebro
Delta, the policies of action by the administration of the last decade have been oriented
towards the withdrawal and incorporation of land into the public domain [88]. According
to Pranzini et al. [89], the designation of the coast as a public domain by the Spanish
Coastal Law in 1988, which includes set-back lines, regional responsibility of most issues
of land planning and environmental protection, use of zoning as a conflict solution tool,
constitute achievements in Spanish coastal management. Alvarado et al. [90] and Fatoric
and Chelleric [11] propose the adaptation of the system to the new sea-level conditions.
According to the IPCC [53], the best strategies for adaptation to the impact of climate change
in coastal areas are the strengthening of dunes, the acquisition of land and the creation
of marshes/wetlands as retarders of sea-level rise and floods, as well as protection of
existing natural barriers. Ibañez et al. [85] propose the “rising grounds” (vertical accretion
or aggradation) through the introduction of fluvial sediments into the delta plain, as the
best adaptation strategy in most deltas for high-end scenarios of sea-level rise.

The Ministry for the Ecological Transition and the Demographic Challenge has recently
presented the “Plan for the protection of the Ebro Delta” [16] in which it analyzes its
current problems in order to guarantee its permanence and sustainability, and highlights
among other problems, the lack of sediment inputs and the environmental status of the
coastal lagoons. Also, it includes the most recent action measures oriented to mitigate the
negative impact of climate change. The proposed actions can be summarized as: (1) to
incorporate new lands into the public domain; (2) to establish a buffer zone that allows the
free movement of the coast, taking into account the new horizons of rising sea level; (3)
different sand bypassing from the areas where there exists coastal accretion to the erosive
areas, recommending the following sand transfers: (a) from El Fangar spit to La Marquesa
beach; (b) from Riumar and the coastal front of El Garxal to Tortosa cape and Sant Antonio
Island; (c) from Eucaliptus beach to Tortosa cape and Sant Antonio Island; (d) from La
Banya spit to the El Trabucador beach. The principles of action of this Ebro Delta Protection
Plan is to avoid rigid coastal defences, but in the case of the sand bypassing consideration
should be given to studies to assess the need and optimize the design of various elements
of control and retention of sand before entering the sinkholes (bays), at the tip of the Fangar
and the tip of the Banya. The two first proposals of this plan are related to effective coastal
management, but the third proposal requires carefully assessing the trade-offs between
environmental impacts and infrastructures performance [87], especially in an area of high
ecological and environmental value such as the delta of the Ebro River. According to the
principles of ecological engineering, the restoration of deltaic systems must be based on a
deep knowledge of the functioning of these systems, allowing them to evolve according
to their natural forces, and adapting land uses (and economic activities) to geomorphic
ecology [85]. In 2020, the Catalan Government approved Law 8/2020, on the Protection
and Management of the Coastline of Catalonia [91]. It is oriented towards the abandonment
of general regulations considering territorial diversity, guaranteeing the preservation of
the integrity of coastal ecosystems, as well as landscapes and coastal geomorphology, and
preventing and reducing the effects of natural hazards, in particular those of the climatic
emergency, which may be caused by natural or human activities. Therefore, any initiative
taken must pass through the filter of this law.

5. Discussion

As has been seen, the coastal areas, and especially the coastal wetlands, are under
severe threat that puts their stability at risk. The delta ecosystems and the services it
provides (storm protection, nutrient and pollution removal, maintenance of biodiversity,
carbon storage, etc.) are being destroyed [92,93]. In this work, a review has been made of
the threats that affect the integrity of the deltaic system, as well as the actions that have
been planned and/or carried out, most of them with rather limited success. According to
Loucks [93], while many deltas suffer from similar problems, the solutions most appropriate
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for each delta are specific and unique, because every delta has is its own biophysical
aspects; dominant economic activities; population densities; culture and social life; land-
use patterns; agriculture, environmental, industrial and urban forms and networks and
issues; governance structures; and financial means.

The Ebro Delta has been strongly modified by human management (rice fields mono-
culture and dams construction). Conversion to other land uses is the primary direct driver
of the loss and degradation of coastal wetlands [2]. European deltas are facing increasing
pressure from human activities that exploit their natural resources in order to achieve
economic development [94]. The Po Delta was also transformed by fishing (salt marshes
were transformed into fishing lagoons by bringing in seawater through artificial canals),
aquaculture and tourism (main factor that has transformed the beaches of the delta) [94].
The Ebro Delta presents a deficit of sediment mainly caused by the presence of large dams
that retain it and prevent vertical accretion from taking place, which, together with the ef-
fects of the subsidence of the terrain, contribute to the reduction of elevation and, therefore,
favouring the flooding. To maintain the vertical elevation of wetland through preserving
the natural river discharges [85] appears to be the most appropriate alternative. Natural
areas of the Ebro Delta (mainly coastal lagoons) are being affected by regression and their
environmental degradation. According to Giosan [92] and Ibáñez et al. [85], the restoration
of coastal wetlands is one of the most successful measures to combat flooding due to sea
level rise and can compensate somewhat for lack of sediment. Therefore, it is crucial to
control the factors that are affecting the degradation of these coastal lagoons, mainly the
excessive nutrient loading associated with the use of nitrogen and phosphorus in fertilizers,
urban pressure and saltwater intrusion. Some studies of wetland restoration in abandoned
rice fields carried out in the Ebro Delta achieved a reduction in nutrient levels in water
draining from rice fields, an improvement of habitats for protected bird species, and an
increase in spatial heterogeneity and diversity of the landscape [95,96].

As with the Ebro Delta, most of the Mediterranean deltas have been impacted by hu-
man activities. According Loucks [93] the feasible options available for protection depend
largely on the particular delta and the funding available. However, the solutions proposed
to reduce erosion in the Ebro Delta should consider those taken in other Mediterranean
deltas, and their effects on the coast. Day et al. [97] analyzed the vertical accretion and
surface elevation change in four European coastal systems (the Ebro Delta, Spain; the
Rhône Delta, France; and the Po Delta and Venice Lagoon, Italy) showing that the rates of
vertical accretion and surface elevation gain were generally much higher at riverine sites
where the river still has some influence. In the case of the Ebro Delta (and Rhône Delta),
the high salinity of the soil results in the inability of sufficient plant production to offset
elevation loss [97]. The Nile Delta presents a similar situation to that of the Ebro Delta, the
reduced sediment supply due to upstream dams is the main cause of the subsidence and its
erosive problems. About 60% of the Nile Delta coast is partially stabilized by engineering
structures and sand dunes (17.5 and 42.5%, respectively), while the remaining coast (40%) is
not protected [98]. According to El Sayed and Khalifa [99], these hard structures (seawalls,
detached breakwaters, groins, and harbor/estuary entrance jetties) have side effects as they
cause erosion and accretion in the down and updrift, respectively, and also they may create
weak circulation causing water stagnation which will affect the water quality badly. In the
case of the delta of the Po River, some zones are below sea level due to the high subsidence
as a result of methane extraction and kept dry by artificial banks, levees and pumps [92].
The Danube Delta, declared a Biosphere Reserve by UNESCO (1991), remains one of the
best preserved deltas in Europe [100]. In 2007, the EU-FP6 CONSCIENCE project was
launched with a view to enhancing the implementation of a scientifically based sustainable
coastal erosion management in Europe, testing scientific concepts and tools in six pilot
sites around Europe, among them the Danube Delta (http://www.conscience-eu.net/
accessed on 12 October 2021). In this way, new concepts of coastal dynamics, such as
coastal sediment circulations cells along the Danube Delta coast, have been developed in
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order to increase insight into coastal erosion processes and contribute to finding adaptive
solutions [101].

To the effects caused by human action, those caused by natural phenomena are added,
which are accentuated by global change. One of the greatest threats to coastal wetlands
is the variation in sea level. As already explained, the sedimentary deficit of the Ebro
Delta joined to the subsidence increase their vulnerability to flooding both in terms of
extent and duration [93]. According Nicholls et al. [102] sea-level rise over the last century
has reduced the return period of extreme water levels, exacerbating the damage to fixed
structures from modern storms compared to the same events a century ago. Another
global change-induced effect is the increase in water temperature, which is already causing
changes in species composition and abundance in the Mediterranean [10]. In the Western
Mediterranean, climate change influences the boundaries of biogeographic regions, with
some warm water species extending their ranges and colonising new regions where they
were previously absent [103]. The environmental, economic and social impact of invasive
species on deltas can be drastic, and even those that appear to be minor in the short term can
have serious consequences over time [82]. European deltas are already facing the problem
of invasive species, such as the Ebro Delta [16], Nile Delta [104] and Danube Delta [105],
and this is expected to be intensified by rising temperatures. To predict the consequences
of climate change for delta environments, it is necessary to measure parameters that are
indicative of underlying mechanisms of climate-induced changes, and the maintenance
of sustained monitoring (large-scale and long-term programmes and local efforts) [103].
Further research is needed to predict when and under what conditions climate-induced
regime shifts of delta ecosystems will occur, if such changes will be reversible, and if so,
what the recovery dynamics would be [103].

On the other hand, Constanza et al. [106] quantified losses due to changes in tidal
marshes and mangroves in the US (which amounted to 7.2 trillion dollars) to help influence
political decisions taking into account the true value of nature. The Mediterranean Wetlands
Observatory [107] compared between 1990 and 2005 the loss of natural wetland habitats
between 35 sites that were on the Ramsar list and the 132 that were not concluding that
“the mere inclusion of a site in the Ramsar list does not guarantee the conservation of
the natural wetland habitats it contains”. For its part, the Ministry of Agriculture, Food
and the Environment of Spain financed the Millennium Ecosystem Assessment of Spain,
concluding that 45% of the ecosystem services evaluated have been degraded or are
being used unsustainably, the coastal wetlands and continental ones being those that have
suffered a greater deterioration in their flow of services and, therefore, in their ability to
contribute to the well-being of the population [108]. According to Agardy and Alder [72], it
is paradoxical that despite the value of coastal areas in supporting tourism, it is the tourism
industry itself that degrades these areas with waste.

Pranzini et al. [89] make an exhaustive review of the major management aspects of
coastal erosion and defence in Europe and discusses the large spectrum of shore protection
strategies used. They propose that a much broader cooperation that crosses boundaries
between the developed/developing worlds’ needs to be put into practice and consider
a joint decision-making arrangement between coast to watershed. This is especially im-
portant for rivers such as the Danube that flow through multiple countries and where the
negotiations on sediment rights, like those on water allocations, can be complex [93]. On
the other hand, the different national and international frameworks for environmental
conservation provide the legal instruments to administer the management and protection
of a delta’s natural and human resources.

In addition, involvement of stakeholders and citizens helps generate societal support
for management or policy decisions [93]. Romagosa and Pons [109] analyzed the perception
of the effects of, and vulnerability to, climate change in the Ebro Delta of the representative
stakeholders (economic sectors, environmental and territorial managers, political decision-
makers, etc.) by means of surveys. The result shown that the effects of the climate change
on the delta itself and its economic activities have been widely accepted, and also that not
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enough effort is being made to face this problem. Therefore, it is necessary to establish more
effective communication among all agents concerned encourage the discussion about the
best strategies that take into account he interests of the majority. According to Loucks [93],
public education is a major component of successful stakeholder involvement, and thus
the affected governments should make efforts to contribute to knowledge and develop a
science-based global strategy for protecting deltas to reduce costs and risks [92].

6. Conclusions

Most of the coastal wetlands are altered by both human activity and natural processes.
The largest coastal wetlands in the Mediterranean are found in deltaic areas. This work
has shown the role of deltas on the coast, as well as the threats and the different solutions
towards avoiding coastal erosion. As has already been seen, variations in sea level, caused
by climate change, represent the greatest threat to coastal wetlands, mainly because of loss
of vertical accretion of the delta plain due to sediment retention in the dams, increasing
the negative effects of subsidence. All of this generates a global imbalance over the
entire delta, initiating a process of progressive retreat of the coast that can lead to its
complete disappearance. Therefore, governments should accelerate scientific research and
expand monitoring and forecasting programmes, impact studies and public consultations
to prevent their disappearance.
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