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Abstract: In the Mediterranean Sea, two critical issues affect marine benthic biocenosis: sedimentation
and the increasing trend in marine biodiversity loss. These processes are very marked along the
western side of the Calabrian coastline, where siltation is one of the main reasons for the regression
of Posidonia beds in the regional coastal waters. This study investigates the relationships between
the geomorphological features of the debris source areas, represented by fluvial basins, and the
distribution of Posidonia meadows. So, a concise geomorphological study of the Tyrrhenian fluvial
basins with an area greater than 200 km2 was carried out, and we correlated the results with the
mapping of the meadows in Calabria’s Tyrrhenian waters. Furthermore, to assess the increased
level of burial in a Posidonia oceanica meadow and its health state over time, a program of Posidonia
monitoring was undertaken between 2000 and 2010 in a test area located in the Marine Regional
Park of Isca (Calabria, Southern Italy). The results of this survey highlighted that, at the beginning
of the study period, the silting rate of 4–5 cm/year saw the meadow suffer a reduction in its
photosynthetic ratio with a mortality rate of 50%. The siltation rate reached 12 cm/year in 2010,
and the meadow began to disappear. Therefore, marine pollution via sedimentation represents a
serious factor in the regression of Posidonia oceanica meadows and enhances the risk of a gradual loss
of marine biodiversity.

Keywords: hydrographic network; Posidonia oceanica meadow; burial process; regression rate;
Calabria region; Mediterranean Sea

1. Introduction

Around 60% of the world’s population lives in coastal regions despite these areas
only representing 10% of the Earth’s surface [1]. This high demographic pressure could
increase in the following decades as urbanisation drives a growing movement of people
towards the coast. A wide range of services are provided by coastal systems: fishing,
harbouring, commercial trade and coastal tourism. The littoral zone, where sea and land
interact, is a sensitive area that plays a vital role, integrating coastal water and its watershed
into a whole system. However, the increasing urbanisation of seaboard and river basin
areas, the proliferation of harbours, and the realisation of artificial barriers to protect sandy
beaches from erosion contribute to the progressive deterioration of the coastal sedimentary
balance. This trend could modify, in time, the structure of marine benthic ecosystems,
causing a potential loss in marine biodiversity [2]. The process of sedimentation and the
increasing trend of biodiversity loss are amongst the main environmental problems in the
Mediterranean Sea. The latter issue has also been identified in other semi-enclosed basins
such as the Baltic and the Black seas [3,4].

Seagrasses are one of the marine ecosystems most vulnerable in the Mediterranean [5,6].
They are often considered to be biological sentinels because any change in their distribution
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or health state implies an environmental shift [7] due to natural or artificial causes. Posidonia
oceanica is the most common seagrass species in the Mediterranean Sea. Nowadays, it is
undergoing a substantial decline in density and extension [6,8]. Among the positive effects
of Posidonia meadows, they play the role of an effective trap for sediments, balancing the
sensitive sedimentary budget of vegetated areas, but also have their role in contrasting
erosion processes [9,10]. Furthermore, during its biological evolution, Posidonia oceanica
performs a pivotal role in the developmental processes of some endemic new species living
on its leaves, especially amongst Bryozoan and Hydrozoan sessile species [11–13].

The Posidonia oceanica meadow is protected by EU legislation (Habitat Directive 92/43)
and is on the Red List of the International Union for Conservation of Nature [8,14–16].

Several authors [6,8,17–22] discussed the Posidonia decline topic, showing that the
most significant suffering was observed close to the urbanised coastal areas and was
primarily associated with various human activities such as pollution, mining, engineering
works, tourism and others. However, the same authors affirmed that the effective influence
of these potential causes on the overall decline of meadows remains unknown. Amongst
the main causes of the issue, coastal sedimentation may lead to the complete burial of
the meadows and, subsequently, their disappearance. Hence, it is considered among
the leading causes of Posidonia decline [23]. The sediment rate in the Italian Tyrrhenian
shelf area is mainly linked to the local fluvial systems that carry the debris to coastal
region, where it is successively reworked by wave action. Only a minor percentage of
this sediment has intra-basin origin from relict sediments [24]. It is well known that in
conditions of coastal pollution caused by a silting process, the rate of sedimentation at the
base of meadows can reach an annual value of 15.0 cm/year, while the vertical growth
of the orthotropic rhizomes of plants is about 1.5–2.0 cm/year [25,26]. This significant
difference in the kinetics of the two processes can produce, in time, the reduction of or, in
extreme cases, the complete burial and death of the meadows [27]. Therefore, the study
of the silting process, the sedimentation rate and the geomorphological features of the
sedimentary source areas, such as river basins, becomes of great interest to the international
scientific community. These processes may lead, in time, to a potential deterioration of
environmental conditions for marine ecosystems.

In Italian coastal waters, marine pollution via siltation is one of the main reasons for
the regression of Posidonia prairies [10,28]. Italian coastal areas are considered among
the most densely urbanised and populated among the Mediterranean countries [29,30].
Moreover, many littoral stretches are exposed to increasing environmental pollution caused
by engineering works, industrial plants and factories that discharge waste into coastal
waters. In Italy, the Calabria coastal region (southern Italy), with more than 800 km of
coasts, has also been strongly altered by unorganised urban development that, in the last
century, produced a chaotic overbuilding of the coastal landscape and the destruction
of several natural environments [31,32]. This chaotic urbanisation, affecting both littoral
areas and river basins, also influences the shallow–marine sedimentary processes [32].
Furthermore, the geomorphological features of fluvial catchments place the region in a
high state of landslide risk [33,34]. Indeed, on Calabria’s Tyrrhenian flank, the instability
phenomena is abundant. This is mainly the case in basins characterised by weak metamor-
phic rocks, where the landslide areal incidence can reach values over 40 per cent [33]. This
geomorphological setting produces great storage of debris in shelf areas, severely affecting
the survival of seagrass meadows from burial processes. For these reasons, Calabria’s
Tyrrhenian coasts represent a favourable setting in which to study the resilience of Posidonia
oceanica meadows to silting processes. These conditions allow us to estimate the effects of
urbanization, a process which causes a huge fluvial sediment load that is in turn affecting
the health of Posidonia meadows.

This paper aims to evaluate the interaction between the state of health of a Posidonia
oceanica meadow and the sedimentary pattern in a test area located in the Marine Regional
Park of Isca on the western coast of Calabria (southern Italy). In this regard, a monitoring
program was planned in 2000–2010 to assess the increasing burial level in a Posidonia
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oceanica meadow in the Marine Regional Park of Isca. This sampling site was chosen
because it is part of a protected marine area but also because, at the start of the monitoring
program in 2000, it had a large Posidonia oceanica meadow in a good state of preservation.
With this scope, the research was based on the study of the features of sampled sediments,
such as grain size, composition and provenance, as well as on the assessment of silting
rate. Our aim in undertaking this research was to control the state of health of a Posidonia
oceanica meadow.

2. Materials and Methods

This study’s target is focused on the sediment burial process of Posidonia oceanica and its
health state. In this way, we present a possible application of citizen science [35] involving
tourist, fishermen and divers in the collection of data for the purpose of monitoring the
state of health of Posidonia oceanica meadows in the seawaters of Calabria’s Tyrrhenian
coast. Indeed, to recognize the silting process, it was necessary to identify the spatial
distribution of hydrographic basins, constituting the sediment source areas, and to know
their geological contexts.

2.1. Study Area

Calabria’s Tyrrhenian coast is characterised by a littoral area that mainly extends at
the footslopes of an uplifted mountain belt, having elevations higher than 1500 m. In
Calabria, the high rates of the uplift process [36–38] have been responsible for reliefs with
high erosional energy and for the continuous rejuvenation of the hydrographic network,
causing a high erosion rate and widespread instability processes [39]. The main geological
features of Calabria’s Tyrrhenian area (Figure 1) are represented by rocky masses made up
of dolostone, limestone and marble, ranging from Anisian to Langhian in age [40], which
outcrop on the northern side of the region.

Sustainability 2023, 15, x FOR PEER REVIEW 4 of 17 
 

 
Figure 1. Geological map showing the main lithologies in the study area. 

Cambrian to Upper Oligocene terranes, constituted by metapelitic–ophiolitic–car-
bonate assemblages, ranging from high- to middle- to low-grade metamorphic [41–43] 
occur on the central part of the Calabria coastal mountains. Cambrian gneiss and granite, 
which underwent intense weathering processes [44], outcrop in the same area. Finally, on 
the southern side, gneisses overlain by Cambrian granitoids constitute the Aspromonte 
massif [45,46], which represents the southernmost area of Calabria. Sedimentary terrains 
of Tortonian to Tyrrhenian ages, constituted by unconsolidated deposits or by marine ar-
enitic sediments involved in weathering processes [47,48], discontinuously dominate the 
littoral areas on the southern side. Calabria’s Tyrrhenian coast is characterised by very 
narrow sandy beaches, interrupted by limited rocky spurs in the northern and central 
parts of the region. In contrast, rocky cliffs with pocket beaches predominate on the south-
ernmost side. Several researchers demonstrated that the beaches on Calabria’s Tyrrhenian 
coast suffered a strong erosional process in the last century, showing an average erosion 
rate equal to 1 m/year, mainly close to river mouths [30,49,50]. The same authors asserted 
that the human factor, such as the rough urbanisation of littoral areas, is the leading cause 
of the severe erosion affecting sandy beaches. 

The exposition of the coast to wind and sea wave action is from northwest, west and 
southwest directions. In particular, the mean wave approaching the beach from the north-
west direction has a significant offshore height of 2–3 m. Besides, the height waves, with 
a significant offshore height greater than 5 m, propagate from the west-southwest, where 
the major geographic fetch occurs. On the northern side of the Calabrian coast, the direc-
tions of the littoral currents along Calabria’s Tyrrhenian coast are mainly oriented south-
ward. At the same time, they show frequent direction changes in the central portion. Fi-
nally, littoral currents with a northward direction characterise the southern portion of the 
Tyrrhenian coast (Figure 1) [51]. 

Figure 1. Geological map showing the main lithologies in the study area.



Sustainability 2023, 15, 13102 4 of 16

Cambrian to Upper Oligocene terranes, constituted by metapelitic–ophiolitic–carbonate
assemblages, ranging from high- to middle- to low-grade metamorphic [41–43] occur on
the central part of the Calabria coastal mountains. Cambrian gneiss and granite, which
underwent intense weathering processes [44], outcrop in the same area. Finally, on the
southern side, gneisses overlain by Cambrian granitoids constitute the Aspromonte mas-
sif [45,46], which represents the southernmost area of Calabria. Sedimentary terrains of
Tortonian to Tyrrhenian ages, constituted by unconsolidated deposits or by marine arenitic
sediments involved in weathering processes [47,48], discontinuously dominate the littoral
areas on the southern side. Calabria’s Tyrrhenian coast is characterised by very narrow
sandy beaches, interrupted by limited rocky spurs in the northern and central parts of the
region. In contrast, rocky cliffs with pocket beaches predominate on the southernmost
side. Several researchers demonstrated that the beaches on Calabria’s Tyrrhenian coast
suffered a strong erosional process in the last century, showing an average erosion rate
equal to 1 m/year, mainly close to river mouths [30,49,50]. The same authors asserted that
the human factor, such as the rough urbanisation of littoral areas, is the leading cause of
the severe erosion affecting sandy beaches.

The exposition of the coast to wind and sea wave action is from northwest, west
and southwest directions. In particular, the mean wave approaching the beach from the
northwest direction has a significant offshore height of 2–3 m. Besides, the height waves,
with a significant offshore height greater than 5 m, propagate from the west-southwest,
where the major geographic fetch occurs. On the northern side of the Calabrian coast, the
directions of the littoral currents along Calabria’s Tyrrhenian coast are mainly oriented
southward. At the same time, they show frequent direction changes in the central portion.
Finally, littoral currents with a northward direction characterise the southern portion of the
Tyrrhenian coast (Figure 1) [51].

The geographic position and the mountain range characteristics cause the region to be
affected by a variable climate known as Mediterranean climate, which has dry subtropical
summers and wet winters. Indeed, during the winter and autumn seasons, the coastal
mountains trap the wet air currents moving inland from the Tyrrhenian Sea to produce
high-intensity rainfalls. Precipitation values that range from 600–1000 mm/year to more
than 1800 mm/year occur in lower and higher elevations of the coastal mountain, respec-
tively [52,53]. Intense downpours, overcoming the historical average rainfall values, are
frequent, triggering landslides and flooding in littoral areas [34,54].

2.2. Geomorphology of the Tyrrhenian Hydrographic Network

On Calabria’s Tyrrhenian side, five river basins have a catchment area larger than
200 km2 (Figure 2 and Table 2). In particular, the surface of these basins ranges from
400 km2 to 800 km2 and is dominated by a great variety of rocky masses that are often
strongly weathered [44] and, therefore, easily erodible by the runoff water. A morpho-
metric analysis performed using GIS techniques was used to calculate features, such as
hierarchy degree and hypsometric curve. In particular, the drainage network of the five
basins was automatically extracted from the DEMs with the support of the Hydrology tool
of ArcGIS. This procedure was conducted according to the methodology described by [55].
Subsequently, the drainage lines were hierarchically ordered according to the [56] hierar-
chical scheme. Hence, the geometrical analysis showed a high degree of hierarchy, with
values ranging between 6 and 7 (Table 2), denoting a well-organized fluvial network [57,58].
Equally, the hypsometric curve and hypsometric integral value were also computed using
DEM and GIS software, following the methodology described by [59]. These features
show the watershed conditions [60,61], demonstrating the stages of landscape evolution
and providing an indication of the erosion status of the fluvial basin [57,62]. In the study
area, the hypsometric analysis for the five basins showed the presence of two groups that
were characterised by the different evolutionary tendencies of the landforms. The first
group includes Lao, Savuto and Amato basins, showing a straight shape of hypsometric
curve that corresponds to a hypsometric integral value close to 0.5 (Figure 3). This value
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indicates a mature stage or an equilibrium phase for the drainage network. This entails
a vertical erosion of the riverbed, which is balanced by the sediments produced by slope
instability [58,60,63].
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Figure 2. Location of the main river basins (yellow areas) and the Posidonia oceanica meadows (green
circles, numbers cited in Table 1) on Calabria’s Tyrrhenian coast. The red rectangle shows the tested
area (Scogli di Isca).

The Mesima and Petrace rivers belong to the second group, having a hypsometric
curve with upward concavity and a hypsometric integral value of less than 0.4 (Figure 3).
This value indicates an old stage (known as ‘Monadnock stage’ in [60]) for the drainage
networks where slope instability is the dominant state in the basin area.
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Table 1. The meadows of Posidonia oceanica along Calabria’s Tyrrhenian side, for the location see
Figure 2.

Numbers Stations Latitudes Longitudes

1 Isola di Dino 39◦52′14.00′′ N 15◦46′59.62′′ E
2 San Nicola Arcella 39◦50′57.53′′ N 15◦46′51.22′′ E
3 Capo Scalea 39◦49′52.80′′ N 15◦46′27.62′′ E
4 Isola di Cirella 39◦41′55.15′′ N 15◦48′14.70′′ E
5 Punta Santa Litterata 39◦39′28.54′′ N 15◦49′45.31′′ E
6 Petrosa marina 39◦38′40.87′′ N 15◦50′04.96′′ E
7 Capo Tirone 39◦37′17.49′′ N 15◦50′35.86′′ E
8 Scogli di Isca 39◦08′47.36′′ N 16◦03′27.96′′ E
9 Torre di Briatico 38◦44′03.21′′ N 16◦02′49.68′′ E

10 Santa Domenica 38◦39′52.03′′ N 15◦51′12.43′′ E
11 Capo Vaticano 38◦37′09.48′′ N 15◦49′13.50′′ E
12 Palmi marina 38◦21′15.70′′ N 15◦49′58.66′′ E
13 Scilla 38◦15′19.09′′ N 15◦43′09.97′′ E

Table 2. Main river basins (area > 400 km2) of Calabria’s Tyrrhenian side; for the location see Figure 2.

N. River Basins Areas (Km2) Lenghts (Km) Horton
Parameters

1 Lao 394.46 63.15 6
2 Savuto 411.54 55.14 6
3 Amato 441.09 61.17 7
4 Mesima 813.36 54.49 7
5 Petrace 406.62 37.46 7
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Figure 3. Hypsometric curves of the five main river basins in the study area. The y axis shows the
height in m, while the x axis highlights the area in km2.

Basins with a small area are also widespread on Calabria’s Tyrrhenian side. Usually,
these small basins have a fluvial axis with a hierarchy degree (Horton’s parameters in [64])
of less than three and a riverbed gradient of over 20%, and these values only decrease
notably towards the mouths. These features highlight a high predisposition of these basins
to undergo significant landform modifications, giving rise to occasional flash flood events
characterised by the fast and abundant flow of water and debris material to the coastal
areas [54]. The huge fluvial sediment load is distributed by littoral currents (Figure 1),
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nourishing the subaerial and nearshore beach systems and contributing to the burial process
of Posidonia oceanica.

2.3. Case Study: Marine Regional Park “Scogli di Isca”

In order to assess how the sediment burial level impacts Posidonia oceanica’s health, we
conducted a monitoring program in an area of the continental Calabrian Tyrrhenian shelf.
The site, chosen as a representative of the entire coast, falls in the Marine Regional Park
“Scogli di Isca” (Figure 2). This is part of a Zone of Special Conservation (ZSC-IT9310039)
within the Natura 2000 Network, where a large submerged meadow of Posidonia oceanica
(Linnaeus) Delile is present. The test area, known as “Fondali Scogli di Isca”, is placed
between the coast town of Amantea and the outlet of Verri stream (Figure 2).

This marine hotspot is a Zone of Special Conservation (ZSC) on account of the presence
Posidonia beds in the shallow water of (Habitat 1120*, Priority Habitat). The marine site
was chosen because it represents a typical example of a clear overlapping between a
Marine Regional Park declared by the Calabria Region and a Zone of Special Conservation
established by the European Union. Moreover, just in front of the marine protected area
there are the outlets of two waterways, the Verri and Catocastro streams, which carry a
lot of sediments into the sea that partially covers the meadow of Posidonia oceanica in the
shallow seawaters of the park. So, the study area is a good scientific trial zone where
it is possible to study the sedimentation process affecting Posidonia beds in depth. The
seabed gradient is about equal to 10% and is mainly constituted by sandy deposits with
rocky spurs. This stretch of coast is characterised by a narrow sandy beach, where the
infrastructure and buildings are close to the coastal fringe or within the backshore area.
Heavy erosional processes caused by sea waves affect the coastal area, which was classified
as a high-risk zone in a previous study [65].

The quality state of the Posidonia oceanica was evaluated according to the formula
of [66], which estimates the state of seagrass leaf mortality as follows:

M (%) = (df − di)/di × 100

where M = mortality rate of Posidonia oceanica leaves, di = starting density of the meadow,
and df = final density of the meadow subjected to burial process.

In particular, the state of the Posidonia oceanica meadow was studied in an offshore
area at a −12 m depth. The whole monitoring program was conducted as citizen science, in
the period 2000–2010 during the spring seasons, in three separate stages. Firstly, the detrital
materials and the related burial levels were measured yearly at the base of the seagrass
bed using PVC cylinders 35 cm in diameter and height. Thirty box corers were planted
into the sea bottom 800 m from the shoreline, close to the upslope limit of the meadow.
The box corers were placed at the same depth 20 cm above the seabed and at a distance
apart that strictly approached at least 1 m, being spaced one after the other at a linear
distance of about 1 m. Secondly, the ecological conditions of the meadow were analysed
yearly through diving activities. In this way, a synthetic descriptor based on the seagrass
density was used, and the number of leaf shoots per square meter was measured. In order
to provide this biological description, diving operators counted the number of leaf shoots
in grids of 40 cm per side. The count was repeated 20 times on different experimental
plots in the examined station. Then, the results were extrapolated to an area of one square
meter. Based on the results achieved by the survey program, the health state of the meadow
was ascribed. Thirdly, the grain size distribution of the detrital material was analysed.
In this regard, we chose to use the box corer located in the most central position of the
studied area to analyze the sediment samples via grain size distribution analysis. The aim
of the research was to study the possible evolution of sediment texture in order to analyse
its influence on the variations displayed by Posidonia meadows. Therefore, the values
of the average sediment size of submerged beach were collected and compared for the
2000–2010 period. This approach was used to analyse whether the proportions of clay,
silt, and sand could vary from one year to another and if these changes could affect the



Sustainability 2023, 15, 13102 8 of 16

health of Posidonia bed. The analysed samples were preliminarily washed using H2O2 to
remove clays and organic matter. They were then air-dried and sieved. The 0.25–0.50 mm
size fraction was selected in order to prepare thin sections that could be analysed to obtain
the petrographic composition of the medium sand in order to study the provenance of the
sediments. Each thin section was etched and stained using HF and sodium cobaltinitrite
for feldspar grain identification.

3. Results and Discussion

The analysis of detritus collected in the offshore area and the study of the geomorphic
equilibrium state of the fluvial basins are important aspects in assessing the health state of
the Posidonia oceanica bed and its sensibility to silting processes. Indeed, the geomorpho-
logical condition of the catchment gives valuable information on its landform evolution in
terms of erosion processes and the potential abundance of detritus material carried in shelf
areas. The subsequent study of grain size and the petrographic composition of detritus
supplied helpful information on the material involved in the silting processes of Posidonia
oceanica in the Tyrrhenian bays. Working within this scope, the geomorphological analysis
of the main fluvial basins on Calabria’s Tyrrhenian flank denotes the strong predisposition
of the slopes to erosion processes. Indeed, steep slopes affected by widespread instability
phenomena [34,48,67–69] characterise the mountainous landscape in the Tyrrhenian area.
These conditions produce a potentially high tendency of the Tyrrhenian basins to supply
abundant debris material in the shelf areas, causing a high potential risk for the Posidonia
meadow’s survival. Indeed, Posidonia oceanica suffers a great deal from the silting process,
which causes a high mortality rate [66,70]. The direct consequence is that the Posidonia
meadows on the Tyrrhenian Calabria coast are missing in the shelf areas close to the mouths
of all great basins (Figure 2), where a significant amount of sediment is carried. Anyway,
other abiotic factors, such as sunlight, salinity and temperature, can influence the state
of health of Posidonia oceanica meadows. It is well known that the species requires high
sunlight levels for its photosynthetic activity and that it is very sensitive to any variations
in water clarity [25], which are mainly caused by high sedimentation rates. Additionally,
this marine seagrass is very responsive to the changes in seawater salinity caused by the
fluvial discharge also responsible for the increase in nutrient and sediment runoff, a factor
which could affect the meadows’ survival. However, the hypothesis cannot be excluded
that pollution, human activities and strong erosion processes also affect the coast and can
contribute to the loss of Posidonia meadows, as discussed by several authors [6,8,28,71–73].

The Meadows of Posidonia oceanica on Calabria’s Tyrrhenian Coast

The survey program was carried out between 2000 and 2010 through report cards
designed by the regional division of the World Wildlife Fund of Italy. These forms were
distributed to local fishermen, scuba diving centers and tourist organizations in order to
provide an easy and handy tool for assessing the distribution of Posidonia oceanica meadows
in the Tyrrhenian waters of Calabria. Then, the diving logs, once uploaded, were verified
and examined to check the coordinates, extension and upper/lower limits of the meadow.
Finally, all the information was registered in a data base from a local dive center located in
the regional division of the World Wildlife Fund of Italy. The regional survey of Posidonia
oceanica meadows highlights the presence of 13 meadows (Table 1 and Figure 2). These are
concentrated in the northern and southern waters of Calabria’s Tyrrhenian seaside, except
for the only one localated in its central coastal area, which is placed on the seabed of the
Marine Regional Park “Scogli di Isca” [30]. Most of these meadows are located (Figure 2) in
shallow waters ranging from 2 to 20 m in depth. In contrast, the only three meadows in
deep waters below 20 m in depth are located in the coastal areas of Briatico, Santa Domenica
and Capo Vaticano (Vibo Valentia province, southern Italy). All these seagrasses reach a
global area of 544.97 hectares; amongst them, eight are based on mobile substrates, and five
are on hard bottoms, corresponding to 61.54% and 38.46% of the whole, respectively.
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The distribution of the Posidonia meadows highlights that they are located in the
coastal stretches dominated by small fluvial basins. These have areas of less than 200 km2

but are able to carry high solid loads in shelf areas during heavy downpours [34,54]. In
the pristine waters of the Marine Regional Park “Scogli di Isca” (Figure 2), it was decided,
in 2000, to evaluate the effects of silting processes on a Posidonia oceanica meadow. This
was first performed in good ecological conditions (Figure 4a). The monitoring program in
the “Scogli di Isca” site highlighted that at the beginning of the sampling in 2000–2002, an
average silting rate of 4.5 cm/year was observed. At this silting rate, half of the meadow
died in this period. However, the plants were partially able to reply against silting processes
thanks to the physiological response of the roots, which were able to counteract the high
rates of sedimentation with a marked lengthening of their orthotropic rhizomes at a growth
rate of about 1.5 cm/year, thus protecting the shoot apical meristems (SAM) of their leaves.
In the following period, the silting trend increased year by year, reaching, in 2010, an
impressive rate of 12 cm/year (Figure 4b). This sedimentary overloading at the base of
the meadow caused a marked reduction in the ability of the plants to respond against
the burial process through the vertical growth of their rhizomes. It is well known in the
scientific literature [74] that the species is characterised by the low elongation rate of their
orthotropic rhizomes, ranging from 0.5 to 1.5 cm/year. So, the health state of Posidonia
oceanica beds appears to be strictly connected to burial dynamics because the species is very
susceptible to silting processes [75,76].
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for the location): (a) in a good state of health at the beginning of the survey period, recorded in the
year 2000; (b) high rate of sedimentation on Posidonia oceanica, recorded in the year 2010.

The high sedimentary loading recorded in 2010 was probably caused by heavy rainfall
values achieved in the period 2009–2010 in the Calabria region. Many historical average
precipitation rates were overcome during this period, and widespread landslides and
flooding occurred [39,54,77], causing a high rate of sediment transport in coastal areas.
The high sediment load caused an excessive silting rate in shelf areas, decreasing the
plants’ photosynthetic ratio. Therefore, the Posidonia oceanica meadow has suffered from a
high sedimentary rate, reducing its leaf density. Indeed, at the end of the survey period,
in 2009/2010, a burial level of 12 cm/year caused an impressive necrosis of the leaves’
meristems, leading to a sharp increase in shoot mortality (Figure 5).
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Figure 5. The mortality rate of Posidonia oceanica leaves related to their level of sedimentation
(r2 = 0.97) in meadows subjected to silting processes, pointed out in the period 2000–2010.

In this critical condition, the vertical growth of rhizomes stopped, and the plants, with
rates of mortality fluctuating from 90% to 100%, began to decay, causing mortality and the
complete disappearance of the meadow. So, it is possible to assume that for every increase
in centimeter/year in sedimentation rate, the seagrass mortality rate increases by ~8.4%
(Figure 6). This condition highlights the close connection between sedimentation processes
and mortality rates, which represent the key factors affecting the meadows’ survival.
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The grain size analysis, performed on the collected sediment samples, allowed us to
define the granular distribution. The analysis showed a unimodal grain size distribution
dominated by the sand fraction. In particular, the shoreface samples collected at a depth
of −12 m exhibit different grain size fractions, which mainly span between coarse and
fine classes. A majority abundance was observed in the medium sand fraction (size
0.5 mm–0.25 mm) class, where values between 50% and 60% in weight were achieved
(Figure 7). A minor percentage of weight (20–30%) is constituted by a coarse sandy fraction
due to the high hydrodynamic energy of the sea waves [78], enabling transport processes of
the high fraction at elevated depths. The grain size features are very important to assessing
the environmental conditions of Posidonia oceanica species, which are highly vulnerable to
sediment-level changes [79,80].
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on the x-axis, while the y-axis shows the class weight in percentage. Each peak shows the weight in
the percentage of the particles retained on each sieve corresponding to a sand fraction class collected
during the laboratory test.

In particular, the granular analysis of sediments supplies valuable information on the
type of sediment fraction that could bury the meadows and thus cause their mortality. Usu-
ally, in the Mediterranean area, the seabed zones exposed to Posidonia oceanica colonisation
are dominated by coarse and/or medium-grained sediments [81–83], testifying that the
grain size values collected in the study area are coherent with ones shown in previous
studies. Finally, the monitoring of the sedimentary textures from 2000 to 2010 showed that
no significant changes were observed in the average grain size sampled.

The petrographic composition, observed through thin sections of the sand samples,
showed that the detritus was derived mostly from metamorphic-source rock lithotypes
(schists + phyllites). In particular, different abundances of metamorphiclastic sandy grains
were found. We arranged the grains from the most to least abundant: schistose lithic
fragments, phyllitic lithic fragments, gneissose rock fragments and serpentinite. The
petrographic assemblage allowed us to identify the signature of distinct structural domains
outcropping in the coastal range and carried in a shelf area by the outflow of the drainage
network. The recognised sand composition shows a mineral assemblage comparable to the
one identified by several authors in the same area [68,84,85].
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The negative conditions of the Posidonia beds in the tested area were also found in
many other meadows scattered all along Italian coasts [10,70,86–89] and in other coastal
waters of Mediterranean Sea, showing the degree of weakness of Posidonia oceanica mead-
ows towards sedimentary dynamics [8,66,90–92]. Similar conditions linked to the increased
loading of sediments were also observed in some littoral regions of Southern Australia [7]
and in different seagrass beds in North American waters [7]. Since the progressive destruc-
tion of Posidonia oceanica meadows could bring about the disappearance of some endemic
species that live in the same coastal ecosystem, it is necessary to include such meadows in
monitoring programs and restoration projects worldwide and increase public awareness.

The paper highlights the great importance of studying the relationships between two
different environments in coastal areas, such as fluvial basins with their geomorphological
features, and the potential negative impacts they generate on the biological ecosystems in
the shelf area from a multidisciplinary perspective. This connection highlights the growing
need for joint coastal area and river basin management as these areas still receive negative
attention from society and local authorities [65]. Therefore, the integration of coastal areas
and river basins into the same environment becomes an urgent need for sound regional
planning, as established in the “Integrated Coastal Area and River Basin Management”
pattern (ICARM process, in ref. [93]). The close relationship argued in this paper proves
that the principle of a “river continuum concept” [94], able to regard catchments and coasts
as a single system, should be reinforced [95–97] to preserve the coastal ecosystems. In other
words, it is a crucial necessity to consider coastal, marine and riverine systems in the same
landscape unit so that we can envisage a new kind of coastal management based on the
linkages between shelf and catchment areas [30,65].

4. Conclusions

Marine pollution via the silting process is one of the main factors causing the re-
gression of Posidonia oceanica meadows along Calabria’s Tyrrhenian coasts. If it is to be
performed appropriately, the study of the silting process must include the analysis of the
composition and provenance of the detritus material. Thus, this research was first based
on an overall geomorphological study of the main fluvial basins of Calabria’s Tyrrhenian
coast, which represents the sediment source areas. Based on the hypsometric analysis,
the geomorphological study displayed a good predisposition of the fluvial basin areas to
undergo erosion processes and to furnish abundant debris materials in shelf areas, which
can threaten the state of health of Posidonia bed. For these reasons, a monitoring program
was planned in 2000–2010 to assess the increasing burial level at the base of a Posidonia
oceanica meadow. Several detritus samples were analysed in order to study their compo-
sition and provenance. The Marine Regional Park of Isca (Calabria, southern Italy) test
area showed that the Posidonia oceanica species began to suffer from silting processes at
about 4–5 cm/year sedimentation rates. In these critical conditions, the mortality rate of the
leaves approached a level of about 50% of the whole. Under an increasing burial trend, the
vegetative growth was partially limited by the shot apical meristem of the leaves, leading
to a gradual decrease in the density of the meadow. In 2010, the silting process increased
its heavy impact, reaching a sedimentation rate of 12 cm/year and affecting the survival
of the meadow. SAM were entirely inhibited, causing the leaves’ death and the seagrass’
progressive decay. The decay of this endemic species could affect the sensitive balance
of some coastal ecosystems, causing a severe loss in marine biodiversity over time. The
abundant sediment causing the silting process is mainly constituted by a medium sand
fraction and originates from the Calabrian coastal chain by way of the numerous small
river basins.

The paper highlights the crucial importance of combining complementary scientific
disciplines to study shelf and river basins, which should be enclosed in the same landscape
unit for better coastal management. This strategy is essential to efforts to find adequate
plans to limit the growing trend of silting processes affecting Posidonia oceanica meadows
and, at last, prevent their possible disappearance.
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