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Abstract: A multidisciplinary approach to coastal process research has been increasingly encouraged
in the last decade, and it is now widely accepted for a thorough, in-depth analysis of any issue
related to such an environment. In this study, we emphasized the need for the integration of different
time-scales, not just disciplines. Many geological datasets provided by several sources contribute
to the knowledge of coastal processes. We retrieved the available datasets about morphodynamic,
geomorphological, and geological aspects of the northern Tuscany (Italy) littoral cell, and we merged
all of them with QGIS (Quantum Geographic Information System) applications to provide an as-
sessment of the current situation starting from a geological perspective. Data processing resulted in
maps and stratigraphic sections that confirmed that sediment supply is the main factor driving the
evolution of the littoral cell. Such a perspective is also useful for the development of reliable coastal
evolution future scenarios, not just for a better definition of the present situation. As these datasets
are now available for many sectors of coast around the world, this approach may be easily replicated
elsewhere to improve coastal management policy making.

Keywords: stratigraphic correlation; facies analysis; sequence stratigraphy; coastal morphodynamics;
database; littoral cell; sediment distribution; management; Tuscany

1. Introduction

Coastal areas worldwide are densely populated. In Europe, more than 40% of people
live within 10 km from the coastline; on a global scale, 44% of the population lives within
150 km, and the majority of megacities are built along the coast [1,2]. In coastal areas,
the economic concentration of stakeholders, rising number of inhabitants, and growing
urbanization are strictly correlated and progressively increasing [3]. For instance, the U.S.
coastal population grew by 84% in the interval between 1960 and 2008 [4]. A projection
of inhabitants living within 100 km from the shoreline by 2035 indicated a worldwide
increase, except for Europe because of zero or negative population growth rates [5]. This
process has been leading to strong changes in the natural environment through uncon-
trolled concreting, widespread reclamations, building of a huge number of coastal defense
structures, destruction of coastal dune ridges, pollution, and so forth. Moreover, both
natural and human-induced changes in the coastline position over time have undermined
socio-economic stability and economic growth [6]; they are now perceived as a danger to
institutions and citizens. Numerous studies have been carried out about the comprehension
of coastal morphodynamic mechanisms, spanning from natural settings to sites where
human-induced climate change variations have strongly affected the environment [7-14].
These studies are often focused on a present-day time-scale (tens of years), though they do
not take into account that (i) the current situation is also a result of the inherited history
from the past centuries, and (ii) the last century is itself the result of geological sedimentary
cycles that occurred thousands and tens of thousands of years ago. While the natural
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processes (e.g., climatic phases, sedimentary supplies, local tectonics, and sea level eustatic
changes) still have imposed variations to the coastline [15,16], the overlapping of human
factors [17-22] has become increasingly important, becoming the most important drivers
nowadays (e.g., greenhouse effect, anthropic subsidence, decrease of river sedimentary
supply due to dam construction, modification of littoral drift due to the presence of coastal
defense). We believe that the integration of these different time-scales in a single and
coherent framework (i) prompts a better knowledge of the present-day systems and (ii) rep-
resents the basis to apply increasingly reliable future scenarios. The aim of this study is to
analyze the space-time evolution of the northern Tuscany littoral cell (Italy) at different
time-scales from a geological perspective up to the current situation through the analysis
and integration of the available datasets.

2. Physical Setting
2.1. Geological and Morphological Setting

The northern Tuscany littoral cell is oriented along a north-south direction, except
for the northern sector, which presents a NW-SE bend. The northern limit is represented
by the Punta Bianca headland, whereas the Livornesi Mounts border the cell to the south
(Figure 1). The littoral cell is located within two extensional basins, and for most of its
extension, it overlies the Viareggio Basin (from the Livornesi Mounts to approximately the
village of Marina di Massa).

The northernmost stretch of the littoral cell is located in the southern portion of the
Magra Basin, corresponding to the area where the homonymous river flows. Both basins
formed because of the extensional regime endured during the opening of the Tyrrhenian
Sea back-arc basin [23-25] and developed parallel to the direction of the Apennines chain
(NW-SE). The Viareggio Basin is a half-graben bounded by a listric fault that was active
during the middle-to-late Pliocene. The activation of the half-graben dates to the upper
Miocene. According to [26], the geological boundaries are defined by the Pisan Mounts
(north-east), the Livornesi Mounts (south-east), and the Secche della Meloria (south-west);
the north-western limit is yet to be unequivocally identified, but a study by [27] indicated
the area of Marina di Massa as the possible northern edge. Presently, the depocenter of
the basin (up to 2500 m deep) is located in the area of the Arno River mouth. The top
hundred meters of the coastal plain subsurface consist of a cyclic alternation of continental
and nearshore deposits related to glacial-interglacial cycles, which have ultimately been
explained as a series of transgressive-regressive sequences [28-30]. On the other hand,
the Magra Basin is a graben defined by two structures on the western and eastern sides:
respectively, the Punta Bianca horst and the Apuan Alps [26]. Its formation dates to the
Pliocene and is related to high-angle normal faults, located and still visible in the area
of the Punta Bianca headland [26,31,32]. The two extensional basins are characterized by
natural subsidence as a result of local tectonics and sediment compaction [24,33]. From a
geomorphological point of view (Figure 2), the northern Tuscany littoral cell is characterized
by a wide strandplain area mainly fed by the Magra and Arno rivers and, subordinately, by
the Serchio River. Moving in a landward direction, five main morphological areas can be
recognized. They are constituted by (a) beach, (b) beach ridge dune alignment, (c) coastal
plain, (d) lowland marsh or lake, and (e) alluvial fan.

The beaches (a) are mostly sandy, except for the northern area where the shore is also
characterized by gravel. The main characteristic of this area is the alternation of natural
and highly-anthropized sectors. A large beach ridge system (b) developed landward of
the beach [34]; it is constituted by the juxtaposition of several foredunes. These natural
beach ridges have been obliterated by human activities over time, except for the Migliarino-
San Rossore-Massaciuccoli Regional Park. This reserve area is located between Tirrenia
and the Massaciuccoli Lake (Figure 2). The area is characterized by exceptional erosion
processes, especially at the Arno River mouth [35]. Landward, the beach ridge system
gradually converts to a wide coastal plain area (c). The width of the coastal plain is
larger in the area surrounding the Arno River; it increasingly narrows north of the Port of
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Viareggio. A wide lowland marsh area (d) marked by the Massaciuccoli Lake developed
south-east of Viareggio (Figure 2). Other marsh areas that formed similarly (e.g., Lago di
Porta and the Arno River mouth) have been naturally or artificially silted up during the
last centuries [36-39]. Coalescent alluvial fan lobes (e) are fed by the adjacent Apennines
outcrop in the northernmost sector of the study area between Camaiore and the Magra
River landward of the coastal plain, which is very narrow here (Figure 2). They are currently
incised and terraced. The driving factor of their formation has been related to climatic
change (i.e., the last glacial phase) and to the local uplift affecting the Apennines [40,41].

Figure 1. Map of the study area (northern Tuscany, Italy). Red lines correspond to the most significant
geological features, such as faults. Basemap: ESRI Shaded Relief, available on QGIS QuickMap
Services. Redrawn after [26].
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Figure 2. Geomorphological map of the study area showing the shoreline evolution since the Roman
age. (A) Zoom-in of the sector between the Magra River mouth and the Port of Viareggio; (B) zoom-in
of the sector between the Port of Viareggio and the Scolmatore Channel mouth.

2.2. Morphodynamic Setting

The present morphodynamic conditions of the northern Tuscany littoral cell have
strongly been affected by the development of human activities since 1850. After centuries
of consistent accretion along the shore, the last century has been characterized by profound
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modification in the balance between input and output, which ultimately has led to erosion
effects at many sites along the cell [42]. Such variation was mainly determined by increasing
human pressure on coastal settlements, both longshore (e.g., intense urbanization and
the proliferation of hard structures) and in the river basin (e.g., riverbed dredging, dam
construction, and river mouth armoring); all these factors have contributed to decreasing
the sediment input of any local streams to the sea, which has translated to an extensive
coastal retreat. However, waterworks along river courses have also been responsible for
coastal progradation; the offset of the Arno River mouth in 1606 is a well-known example
of such a practice [43]. The decision to rotate the mouth from SW to WNW was made to
avoid exceptional floods inland whenever river overflows occurred at the same time as
southwesterly sea storms. The river discharge increased massively after the intervention.
Sediment accumulated longshore, resulting in a huge accretion of the delta lobes, which
continued up to midway through the 19th century. Presently, erosion processes are still
active at different sites along the littoral cell [42,44,45]. The most intense effects were
documented in the northernmost sector between the Magra River mouth and Cinquale and
at the Arno River, either north or south of the mouth (Figure 2). Conversely, accretion areas
were located at Marina di Pietrasanta, which is a convergence zone of the littoral drifts
coming from the Magra River and the Arno River, and updrift of the Port of Viareggio,
where sediment coming from the eroding beaches” downdrift tends to accumulate. Another
convergence zone was reported in the southernmost sector of the littoral cell, approximately
at Tirrenia (Figure 2); here, the drift coming from the Arno River meets that coming from
the south, whose origin is not fully understood yet [42]. The evidence of drift directions is
also supported by the compositional analysis of the sediments constituting the beach. The
sand in the sector between the Magra River mouth and the convergence zone at Marina di
Pietrasanta shows a mineralogical composition resemblance to the bedload supplied by
the Magra River: quartz (40%), feldspar and mica (<40%), and carbonates (20%) [46,47].
To the south, the input from the Arno River prevails over any other stream in that sector
of the coast: quartz (>50%), feldspar and mica (>25%), and carbonates (20%) [46,48]. The
mean grain size is also an indication of sediment provenance. Pebbles and gravel are
characteristic of the natural bedload discharge of the Magra River. The northernmost sector
of the cell up to Cinquale presents scattered gravel along the shore, which is also a remnant
of some artificial replenishments made with coarse sediments over the years [49]. The grain
size progressively decreases southwards, from coarse sand at Marina di Massa to fine sand
at Marina di Pietrasanta. South of the convergence zone, the mean grain size is typically
around fine-to-medium sand [50]. Neither gravel nor pebbles are present in this sector
of the littoral cell, except for the artificial marble beaches at Marina di Pisa [51,52]. The
sea weather climate along the northern Tuscany littoral cell has no major variations from
north to south in terms of wave height. Waves less than 2 m high are most frequent in any
year, while waves between 2 and 4 m high are less common, but not negligible [34]. Wave
states over 4 m in wave height can be defined as high-energy events for this sector of the
Ligurian Sea. They usually come from the SW direction, as well as fair-weather waves, and
are mostly associated with the Libeccio wind (SW). However, wave direction is not uniform
throughout the littoral cell, as the northern sector is not exposed to northwesterly events
because of its geographical position. The coastline bends to an east-west direction at the
boundary between the Tuscany and Liguria regions (Figures 1 and 2), and the mountains
act as a barrier preventing northwesterly winds and waves from hitting that sector of
the coast. Therefore, high-energy events coming from the NW occur only in the central
and southern sectors of the littoral cell. The northern Tuscany littoral cell is a microtidal
environment [44]. The spring tide is hardly over 0.3 m; such a tidal range has minimal
effects on any morphodynamic process along the coast.
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3. Dataset
3.1. Subsurface Data

Several datasets were retrieved from the Mappa Project [53] and the website Geoscopio
Regione Toscana [54], and from the archives of the Provincia di Pisa and the Comune di
Pisa [55]. They were collected and grouped together to form a subsurface database in a
QGIS (Quantum Geographic Information System) environment. This database was used to
reconstruct the subsurface stratigraphic architecture of the upper Pleistocene-Holocene
sedimentary cycle. Within this database consisting of many boreholes and piezocone tests
(more than 2500, accuracy of about 3 m in geolocation), we selected the more complete
and detailed core stratigraphy where the prominent key stratigraphic surfaces could be
identified. Cores available in the scientific literature [28-30,56—60] were also taken into
consideration to construct the sections and also as a reference for facies interpretation. All
these data were processed and interpreted to produce stratigraphic sections within the
study area. The characteristics of the key stratigraphic surfaces related to the Holocene
transgression depended on the pre-Holocene depositional setting and were grouped into
two typologies: (a) marine transgression occurring through an unconformity over conti-
nental deposits and (b) marine transgression taking place on sedimentary continuity upon
estuarine deposits. The former is characterized by the abrupt transition from continental
deposits (barren reddish clay and sands or coarse conglomerate over consolidated levels)
related to alluvial fans or interfluve areas above sea level to fossiliferous marine sands. In
the latter, the marine transgression occurs at the top of estuarine valley-fill deposits. In
this case, the transition can be sharp or gradual and is between fossiliferous silty-clayey
deposits and sands.

3.2. Chronological and Archeological Data

In order to constrain the stratigraphic reconstructions in a chronological framework, all
the available dates from previous works [56,58,61] were considered. They mainly consisted
of tens of radiocarbon dates performed both on organic matter levels and mollusks. For
the purpose of this study, we selected the dates obtained within an average of about
10 km from the current position of the coastline in order to guarantee the consideration
of all the data related to the maximum landward Holocene transgression. The published
archeological data useful for constraining the age of the coastline position during a certain
time [36-38,61-69] were collected and included in the geomorphological map (Figure 2).

3.3. Morphological Data

In order to reconstruct the coastline evolution, the available data were acquired from
different geo-databases [42,70,71]. The historical evolution of the coastline position was
based on the integration of the available geomorphological data related to the outcropping
beach ridges [72-75] with archeological data [36,72,73]. These data were provided by
different methodological approaches, such as remote sensing, aerial photo images, field
surveys, and ancient maps (Table 1). In this study, a linear shapefile with the position of the
shoreline was created for each analyzed period. The data were processed using QGIS v. 3.10
open-source software (Reference System Gauss Boaga, Roma Italy 1, EPSG 3003).

Table 1. Details about coastline data showing the year of acquisition, the ownership, some additional
data, and the reference.

Year Ownership Organization Data Type Reference
1878 IGM Carthography [70]
1907 IGM Carthography [70]
1928 IGM Carthography [70]
1938 IGM Airborne Images [70]
1944 RAF Airborne Images [70]
1954 Tuscany Region Airborne Images [70]

1975 Tuscany Region Airborne Images [70]
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Table 1. Cont.

Year Ownership Organization Data Type Reference
1978 Tuscany Region Airborne Images [70]
1986 IGM Airborne Images [70]
1990 IGM Airborne Images [70]
1996 Tuscany Region Airborne Images [70]
2003 Tuscany Region Airborne Images [70]
2004 Province of Pisa Airborne Images [70]
2008 Province of Pisa, University of Pisa DGPS survey [71]
2009 Province of Pisa, University of Pisa DGPS survey [71]
2010 Province of Pisa, University of Pisa DGPS survey [71]
2011 Province of Pisa, University of Pisa DGPS survey [71]
2012 Province of Pisa, University of Pisa DGPS survey [71]
2013 Province of Pisa, University of Pisa DGPS survey [71]
2014 Province of Pisa, University of Pisa DGPS survey [71]
2015 Province of Pisa, University of Pisa DGPS survey [71]
Roman Age CNR, University of Pisa Geoarchaeological data [36]
Late Medieval Age CNR, University of Pisa Geoarchaeological data [36]
XVI CNR, University of Pisa Geoarchaeological data [36]
XVII CNR, University of Pisa Geoarchaeological data [36]
XVIII CNR, University of Pisa Geoarchaeological data [36]

4. Dataset Analysis
4.1. Holocene Evolution (Tens of Thousands of Years)

Four cross-shore transects were drawn along the littoral cell (Figure 3). They were
selected to show the changing depositional organization from north to south in areas where
reliable boreholes were mostly available.

Figure 3. Location of the transects along which the four stratigraphic sections are produced. (a) Lo-
cation of Sections A and B; (b) location of Section C; and (c) location of Section D. The white circles
represent the locations of the boreholes used for the stratigraphic sections.

Four stratigraphic sections were produced to infer the subsurface stratigraphic archi-
tecture recorded during the Holocene (Figures 4 and 5). Each section shows the typical
depositional wedge recording the retrogradational and progradational phases. Section
A is about 7 km south of the Port of Marina di Carrara (Figures 3 and 4). It shows the
Holocene wedge that overlies in unconformity a gravel substrate related to the Pleistocene
alluvial fans.
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Figure 4. Stratigraphic sections A and B. The current position of the coastline is located at 0 m along
the x-axis. The numbers in black correspond to the boreholes used to produce the sections. The
vertical scale is exaggerated by a factor of 20. 1: SIRA 54; 2: SIRA 55; 3: DAPAT 125; 4: DM 85; 5: DC
OLIV EMW 3a; 6: DC OLIV EMW 7; 7: DC PRAN 512 secondo; 8: DC PRAN 5282; 9: SIRA 136;
10: SIRA 145; 11: DC PRAN S96; 12: DAPAT 112; 13: DM 108; 14: DC PRAN S122; 15: SIRA 170;
16: DPS S2; 17: DAPAT 198; 18: DAPAT 229.
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Figure 5. Stratigraphic sections C and D. The current position of the coastline is located at 0 m along
the x-axis. The numbers in black correspond to the boreholes used to produce the sections. The
vertical scale is exaggerated by a factor of 20. 1: SIRA 113; 2: DB ITALMACO; 3: SALOV; 4: CSN
151; 5: RECORD 47; 6: BERGAMIN; 7: SIRA 177; 8: SIRA 257; 9: RECORD 159; 10: M1; 11: RMS26;
12: C2806; 13: VIRGO 2; 14: BG; 15: DBS BASILICA; 16: C5976; 17: C5806.

The wedge thickness is about 22 m at the present coastline position and drops to zero
about 1.5 km inland. The gravel deposits outcrop about 1.7 km inland from the present-day
coastline, forming a slight slope (1.5%). The base of the transgression is marked by lagoon
deposits, passing upward to backshore and shoreface sands. The most-landward location
of the coastline migration is located about 1.2 km inland from the present-day position.
Section B is located about 6.5 km southwards (Figures 3 and 4). In this area, the thickness
of the depositional wedge increases around 35 m at the location of the borehole SIRA
145. The substrate is still made of gravel related to the Pleistocene alluvial fan growth; it
outcrops about 2.8 km inland from the coastline, which coincides with the landward wedge
termination. Here the slope is less steep (1.4%). The retrogradational deposits consist
of lagoon to beach-related deposits, while the progradation cycle is represented by the
development of a wide strandplain. The innermost point of coastline migration is slightly
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more than 2 km from the present-day position. Section C is about 14 km southwards, just
north of the Port of Viareggio (Figures 3 and 5).

This area was affected by strong erosional processes that took place during the Last
Glacial Maximum (LMG) [29]; as a result, the retrogradational-progradational cycle that
overlies the upper Pleistocene-Holocene valley-fill sequence (related to the paleo-Serchio
River) is about 45 m thick. In this section, the landward coastline shift during the maximum
marine transgression increased up to no less than 7 km (see SIRA 257 borehole in Figure 4),
leading to the establishment of offshore depositional conditions up to about 2 km from
the present-day coastline (see Italmaco and Salov boreholes in Figure 4). Landward of the
marine depositional wedge, a wide marsh and lake area (the present-day Massaciuccoli
Lake) developed. Section D is located just southward of the Arno River (Figures 3 and 5).
Here the coastal plain area widens significantly. The substrate, represented by the Pisani
Mounts, outcrops about 20 km from the present-day coastline. Similar to Section B, the
retrogradational-progradational sandy wedge lies above a valley-fill sequence related to
the paleo-Arno River. The most landward point of coastline migration shifted to no less
than 8 km from the present-day position (see boreholes C5976 and C5806 in Figure 4), and
large sectors of the present coastal plain were flooded by the sea during the retrogradational
phase. The following phase of progradation resulted in the growth of a wide strandplain
characterized by the juxtaposition of many beach ridges and by the development of a wide
lagoon and marsh area, which reached the Pisani Mounts [28].

4.2. Historical Evolution (Tens of Centuries of Years)

The beach ridge system was formed by the juxtaposition of consecutive foredune align-
ments, which is a characteristic feature of the study area. The natural setting is preserved
at just a few sites, though (e.g., the Migliarino-San Rossore-Massaciuccoli Regional Park),
as anthropogenic pressure is responsible for the obliteration of vast sectors. The location
of each foredune alignment approximately corresponds to the location of the coastline
at the time of its formation. The innermost beach ridge outcrops are scattered along the
study area. The age of this beach ridge in the area between Livorno and the Serchio River
(Figure 2) can be deduced by historical sources. Based on the narrative of Strabo (V, 2, 5,
C 222), the position of the coastline in the first century BC would fit with the west side of the
innermost beach ridge [68]. This beach ridge leans on the distal portion of the alluvial fan
lobes in the northernmost sector of the cell (Figure 2). During this phase, the coastline was
located landward from the current position at an average of 6 km south of the Arno River,
5 km in the area between the Arno and Serchio rivers, and 4 km past the Serchio River
up to the Port of Viareggio. The distance from the current position gradually decreases
to about 1.5 km in the sector north of Viareggio. According to [34], several other beach
ridge alignments were identified in the study area. They document an overall seaward
progradation of the coastline. In this study, four beach ridges were highlighted after the
Roman age (late medieval, 16th century, 17th century, and 18th century) in Figure 2. The
transition from straight to arcuate and back to straight beach ridge alignments implied
non-uniform progradation rates over time in the area of the Arno River mouth (Figure 2).
Changes in the coastline progradation rate were also documented in the Versilia coastal
plain [76].

4.3. Current Situation (Tens of Years)

Research by [70] analyzed the shoreline position in the sector between the Port of
Viareggio and Livorno with historical maps and remote sensing analysis, identifying the
time intervals and the areas subject to the most severe erosion effects since 1878. The peak
coastline retreat was reached in the area north of the Arno River mouth in the 1938-1954
period (about 20 m per year). Research by [71] presented an assessment of coastal area
spatial variation in the same sector during the last 140 years. They reported that more than
2.5 km? of the area experienced constant erosion, whereas just 0.5 km? showed constant
accretion. However, these two papers studied only the southernmost sector of the littoral
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cell. Research by [45] extended the analysis along the whole cell, identifying the most
critical situations in the areas south of the Magra River mouth and north of the Arno River
mouth. A study by [42] confirmed these trends, focusing on five selected time intervals
(1938, 1954, 1978, 1996, and 2019).

5. Discussion

The analysis and the integration of available datasets belonging to different space-time
scale frameworks prompted a more in-depth knowledge about the coastal evolution of the
study area; they also provided an additional tool for better management of the coast.

5.1. Geological and Geomorphological Legacy

The evolution of the northern Tuscany littoral cell has been strongly influenced by
geological and geomorphological factors, mainly raised after the Last Glacial Maximum
(LGM). The Apennines chain borders the cell inland from the area of the Magra River to
the Pisani Mounts. The Pleistocene-Holocene deposits of the Arno River plain developed
south of the Pisani Mounts, which represent the northern edge of the plain. Within this
framework, two main areas with different pre-Holocene geological and geomorphological
legacies can be identified from north to south: (a) the area between the Magra River and
Camaiore and (b) the area between Camaiore and the Scolmatore channel (Figure 2). During
the LGM, the northernmost sector (a) was characterized by the development of prograding
alluvial fans supplied by the Apennines. The frontal edge of the three main alluvial fan
systems (Carrione, Frigido, and Versilia) worked as a small cliff or steep slope during
the mid-to-late Holocene transgression, limiting landward flooding. Evidence of small
cliffs, currently not outcropping, has been documented at the toe of the coalescent alluvial
fan [36,67,77,78]. The integration of subsurface and morphological data for the studied
sections (Figures 2 and 4) suggested a slope value between 1.5% and 1.4%. Sector (b)
was characterized by multiple incised valleys [29], which were flooded during the early
Holocene transgression with the development of estuarine depositional environments.
Since about 7000 yr BP, the marine transgression has drowned the levees of the LGM
paleo-valleys [29], resulting in the flooding of large, almost flat interfluve areas (about 0.4%;
Figures 2 and 5).

5.2. Sediment Supplies and Conveyor Belts

The two main sediment conveyor belts along the northern Tuscany littoral cell are the
Magra and Arno rivers. The Serchio River influence is subordinate, as it was a tributary of
the Arno River for extended periods of time [79]. Regardless of the volume of sediment
supplied over time, the Magra and Arno rivers showed marked hydrodynamic differences
that have been (and still are) crucial for the evolution of the northern Tuscany littoral
cell. The first difference regards their late Holocene evolution. The Arno River, as well as
many other streams in the Mediterranean area [8§0-82], changed its mouth dynamics from
a wave-dominated estuary to a wave-dominated delta ca. 3 Ky BP, triggering the growth
of wide strandplains. The transition from estuary to delta was caused by the drowning
and filling of the LMG Arno and Serchio valleys [29,57]. The Magra River flows within
the Magra Basin and is characterized by the presence of a submerged fan [41]. Both its
final stretch and mouth are constrained by the Punta Bianca headland to the west and
by the Apennines to the east (Figure 1). This peculiar geological setting—a river flowing
in an intermountain valley so close to the sea—inhibits the development of a delta stage,
which has favored the formation of the submerged fan with an apex located at the mouth
of the river. The second difference is the orientation of river mouths relative to the coastline
evolution. The Arno River flows approximately orthogonally to the coastline, enabling the
strandplain to prograde in a seaward direction. The Magra River flows into the sea almost
parallel to the coastline. The presence of the Punta Bianca headland to the northwest forces
the river to distribute its bedload southwards, which is the reason why the coastal plain
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developed in the southern direction rather than to the north, resulting in the siltation of the
mouth that occurred in the past [83].

5.3. Natural vs. Anthropogenic Driving Factors

According to the sequence stratigraphic model, eustasy, local tectonics, and sediment
supply are the natural driving factors in the development of strandplain coasts over
time [84]. The natural sea-level rise that globally characterized the upper Pleistocene and
Holocene times [85-87] has experienced a strong increase due to the greenhouse effect
lately [88-90]. For the Mediterranean area [91], the increase in sea-level rise between the
pre- (0.3 £ 0.7 mm per year) and post-industrial eras (0.55 £ 0.6 mm per year) (1850 CE) is
now up to four times higher (1.05 £ 0.6 mm per year). Eustatic sea-level rise is enhanced by
local tectonics, determining the relative sea-level rise. The study area is affected by a natural
tectonic subsidence and sediment compaction [33,59,74,92,93]. The strong anthropization
of the northern Tuscany littoral cell, except for the Migliarino-San Rossore-Massaciuccoli
Regional Park, has established an over-exploitation of water resources, which hampers
the complete recharge cycle of the aquifers. This has triggered processes of anthropogenic
subsidence [74,94] that add up to the natural subsidence. The other main factor is the
sediment supply in terms of volume. Even though it is hardly quantifiable, the geological
and historical data indicate that, up to the mid-19th century, the sediment supply was
enough to foster a general seaward progradation of the system. Coastal erosion effects
began to strike the littoral cell soon thereafter, reaching severe rates in the 20th century due
to the intense human pressure that characterized many sectors of the study area. As a matter
of fact, [42] introduced the concept of “anthropogenic sub-cells” to explain the modification
of sediment distribution in specific sectors of the littoral cell. Recent data [95] point out that
in the last 40 years the anthropogenic sedimentary budget has been negative for 243,900 m?
due to inland activities, such as river damming, mountain slope reforestation, and river-bed
dredging. However, this value is negligible compared to the amount of sediment dredged
from the Magra River between 1958-1973, which was reportedly about 24 million cubic
meters [96]. Such a sediment deficit is responsible for the strong erosion processes that
affect several sectors of the littoral cell.

6. Conclusions

The analysis and the integration of datasets related to different space—time scales
underlined the strict relationships between the current situation of the northern Tuscany
littoral cell and its historical and geological legacies. In the framework of global sea-level
rise, the study area is located in a natural subsidence zone characterized by a positive
relative sea-level rise, which is amplified by anthropogenic factors acting at different
space-time scales (e.g., greenhouse effect, local anthropogenic subsidence, and sediment
supply decrease). During the historical time, the creation of new accommodation space
(sensu [97]) was overcome (positive balance) by a huge amount of sediment supplied by
the rivers as a consequence of intense deforestation, resulting in a strong progradation
characterized by the formation of wide strandplains. Since the industrial era, the increase
of accommodation space and the drastic human-induced decrement of sediment supply
has produced a negative balance; in stratigraphic sequence terms, this resulted in an
initial phase of coastline retrogradation consisting of erosional processes. The erosional
processes are more sensitive in the northern sector due to different LGM geological and
geomorphological legacies: a narrow area constrained by the Apennines with a steep
coast formed by alluvial fan bodies, as opposed to an almost flat and open area in the
southern sector. Furthermore, the presence of two ports and the construction of many hard
defense structures modified the patterns of the natural littoral drifts [42]. In summary,
anthropogenic impact is currently the main factor driving the northern Tuscany littoral
cell coastline evolution affected by strong erosional processes. Since the driving factors
(natural and anthropogenic) discussed are common in world-wide urbanized strandplains,
the northern Tuscany littoral cell can be considered as a case history. As a matter of
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fact, this aspect has been separately addressed in many recent morphodynamic [98-101],
geomorphological [102-105], and geological [106-108] studies, but never with integration of
the three perspectives. We believe that a multidisciplinary space-time approach constitutes
a valuable method to improve the knowledge of the present-day coastal situation, providing
a general framework useful to (a) elaborate more reliable coastal evolution scenarios and
(b) acquire, from both a geological and historical perspective, analog models of coastline
changes under natural and anthropogenic driving factors. To achieve conscious and
responsible coastal management, we underline the need for continuous integration of
each database. A complex, multidisciplinary approach is essential to address equally
complex issues, such as coastal management, in a way similar to the conceptualization
of the “Water Systems” proposed by [109] regarding society—nature relations. Reaching
this goal requires accurate planning and cooperation among researchers, stakeholders,
and public administrations to face the challenge over the next tens of years of finding
sustainable solutions, not only for coastal erosion, but also for coastal flooding.
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