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ABSTRACT
In this paper litho-sedimentological and morphodynamic maps of the coastal sector belonging
to the Pisa Province are presented as an example of how increasing the accessibility to data on
lithology, sedimentology, and morphodynamics may lead to a better approach to coastal
management. The database used to build the maps includes an original rendering of remote
sensing data (aerial imagery) and new field data (geologic survey), as well as data retrieved
from the scientific literature (grain-size and past coastline positions). The maps show that the
geometry of beach ridges is an indication of the evolution of the Arno River delta in the last
3000 years, highlighting the relationships between geological aspects and morphodynamic
features. The maps represent the synthesis of different data available in the database, and
they may be a useful support to coastal management as they are more easily
understandable and straightforward than the database from which are created.

ARTICLE HISTORY
Received 8 August 2019
Revised 22 November 2019
Accepted 25 November 2019

KEYWORDS
Litho-sedimentological map;
morphodynamic map; beach
ridges; coastal erosion;
coastal management;
Tuscany

1. Introduction

During the last century coastal areas all over the world
underwent major adaptations as human pressure
became progressively more aggressive: port construc-
tions and land reclamation projects in particular con-
tributed to alter the landscape, interfering with the
natural processes acting on a coast (Laïbi et al., 2014;
Meyer-Arendt, 2001; Ying, Ding, Wang, & Van
Maren, 2011). Due to the complexity of the processes
involved in the evolution of the coastal environment
(e.g. waves, currents, river bedload, etc.), coasts are sen-
sitive to small variations of every factor, either natural
or anthropogenic (Masselink & Hughes, 2003; Stive
et al., 2002). Therefore, modifications to coastline
configuration have been extensively reported,
especially when land is retreating (Jabaloy-Sánchez
et al., 2010; Li & Gong, 2016). Thus, coastal erosion
ultimately gained increasing attention as one of the
major risks in low-lying areas. In this scenario, coastal
zone management plays a pivotal role as the decisions
made by local administrations in the present may lead
to huge benefits or serious problems in the future. Vul-
nerability and risk have been addressed in many ways
as they are factors that must be taken into full consider-
ation while evaluating the best approach to protect
and/or manage a specific coastal site (Hinkel et al.,
2015). Risks are mainly related to inundation and
flooding, which are emphasized by relative sea-level
rise: reduction of coastal risk can be achieved by

managing natural protections (e.g. Ferrario et al.,
2014) or through strategies boosting prevention, miti-
gation, and preparedness (e.g. Poelhekke et al., 2016;
van Dongeren et al., 2018). Vulnerability has been fre-
quently analyzed by means of dedicated indices, which
help to identify the potential issues of a given site while
highlighting the features in need of urgent actions.
Coastal vulnerability was firstly assessed by Gornitz
and Kanciruk (1989) by means of a database listing
coastal hazards such as inundation and erosion pro-
cesses related to sea-level rise. This methodology was
modified by Gornitz (1991) into a Coastal Vulner-
ability Index (CVI), which took into consideration
local factors such as geomorphology, shoreline evol-
ution, relative sea-level variations, mean significant
wave height, mean tidal range. The CVI was later
improved including climatological features to describe
the effects of storms (Gornitz, Daniels, White, & Bird-
well, 1994). A latest addition concerns the impact of
coastal dune erosion in the vulnerability of coastal
zones, as dunes are the most important feature in
many littoral areas, and often endangered by erosion
processes (e.g. Ciccarelli et al., 2017; García-Mora, Gal-
lego-Fernández, Williams, & García-Novo, 2001; Mar-
tínez, Gallego-Fernández, García-Franco, Moctezuma,
& Jiménez, 2006). CVIs represent a good tool to assess
risk and vulnerability, but CVI implementation and
running must be done by trained experts. Nevertheless,
CVIs are limited in effectiveness if they are not
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contextualized within thematic maps of coastal areas.
Geological, and particularly morphodynamic and
litho-sedimentological, maps constitute complemen-
tary tools to give a full meaning and efficacy to CVIs
(Alquini, Bertoni, Sarti, Vieira, & Melo Júnior, 2018).
These approaches are tightly intertwined, and develop-
ment of accurate maps is needed to represent the first
order of data to design and integrate the CVI approach.
Moreover, thematic maps of coastal areas can be
straightforward and easily accessible, not necessarily
by experts. These maps act as a grounding database
that can be progressively integrated and revised as
new data and observations are acquired. As already
pointed out in the scientific literature, maps are of
great support for coastal management as they provide
the chance to visualize in single documents many
aspects related to the morphodynamic processes acting
on the coast (Alquini et al., 2018; De Muro, Pusceddu,
Buosi, & Ibba, 2017; Sabato, Longhitano, Gioia, Cilum-
briello, & Spalluto, 2012). Recent approaches to coastal
management that emphasize multidisciplinarity (e.g.
Bartolini et al., 2018) would benefit from the concur-
rent implementation of maps and CVIs. Here we pre-
sent an example of two implementable maps, namely
litho-sedimentological and morphodynamic, of the
Pisa Province coastal area (Tuscany, Italy). This stretch
of coast is constituted by natural and strongly anthro-
pogenic areas with a considerable touristic value.

2. Study area

The Pisa Province coastline is about 26 km long and is
encompassed within the administrative borders of
Lucca to the north and Livorno to the south (Figure
1). This stretch of coast is located in the northern sec-
tor of Tuscany (western Italy) and belongs to the
Northern Tuscany littoral cell, which extends for
about 64 km from the Punta Bianca promontory to
the north and the Port of Livorno to the south
(Anfuso, Pranzini, & Vitale, 2011). The Pisa coastal
plain is a strandplain that has evolved over the last
3000 years by the Arno and Serchio rivers (Rossi,
Amorosi, Sarti, & Potenza, 2011) and overlies the
Viareggio extensional basin, which is a half-graben
that has been active since the late Miocene (Pascucci,
2005). Stratigraphic data concerning the alternations
of terrestrial and marine deposits related to glacial-
interglacial cycles reveal that the Pisa coastal plain is
constituted by multiple transgressive-regressive
sequences (Amorosi et al., 2013). Currently, the
major morphological feature is represented by the
Arno River mouth, which is located midway through
the Pisa coastline and separates two littoral subcells
characterized by divergent drift directions (Figure
1). The southernmost sector is characterized by a
northward-trending drift (Cappietti et al., 2003).
Three other streams flow into the sea along the Pisa

shoreline (namely Serchio River, Morto Nuovo
River, and Scolmatore channel), but they are subordi-
nate to the Arno River’s catchment area and its high
annual sediment load (Cavazza, 1984). The recent
evolution of the Arno River delta is strongly related
to increasing human pressure reported in the area
during the last millennium (Kaniewski et al., 2018).
Progradation of the delta was recorded since 1606,
as soon as the mouth was artificially offset to the
west to avert major floods inland (Pranzini, 2001).
Towards the end of the nineteenth century, erosion
processes began to affect the area, causing coastline
retreat in the whole area of the delta. The effects of
erosion over time led to safety issues at a seaside vil-
lage (Marina di Pisa). This erosion made it necessary
to develop a long series of protective structures (e.g.
groynes, breakwaters, seawalls) on the left side of
the delta. The structures were put in place to protect
the buildings, and in the end stabilizing the coastline
at its present configuration. Conversely, the right side
was not protected as it was a natural reserve area now
belonging to the Migliarino – San Rossore – Massa-
ciuccoli Regional Park (Pranzini, 2001). The left side
has been recently redeveloped with the construction
of artificial gravel beaches, which helped increase
tourism revenues (Nordstrom, Pranzini, Jackson, &
Coli, 2008). Significant mass loss on the refill material
was reported in later years (Bertoni et al., 2016; Ber-
toni, Sarti, Benelli, & Pozzebon, 2012). The area
north of the mouth has been subjected to significant
erosion rates during the last century (Bini, Casarosa,
& Ribolini, 2008); coastline retreat has not slowed
down in recent years, leading to the erosion of large
sectors of the dune field that characterizes this stretch
of coast (Alquini, Bertoni, & Sarti, 2016). Wave state
in this sector of the Tyrrhenian Sea is prevalently
characterized by WSW waves, even though the stron-
gest high-energy events come from the southwest
(Cipriani, Ferri, Iannotta, Paolieri, & Pranzini,
2001). The tidal regime can be classified as microtidal,
as the tidal range is hardly over 30 cm.

3. Materials and methods

The maps enclose a lot of data acquired through a mul-
tidisciplinary approach over an area of about 200 km2.
The remote sensing data (Digital Terrain Model,
DTM) have been compared with ground-truth obser-
vations and combined with accurate on-field surveys,
sediment sampling, laboratory analysis, and morpho-
logical classification of dunes. The chronological fra-
mework was derived by bibliographic sources.

3.1. Remote sensing data

The availability of free-of-charge LiDAR (Light
Detection and Ranging) data from GEOscopio
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website (Tuscany Region geo-portal) allowed the
employment of a detailed Digital Terrain Model
(DTM) of the study area as source data for map con-
struction/realization. The LASER (Light Amplification
by the Stimulated Emission of Radiation) scanner
acquisition enables the production of Digital
Elevation Model (DEM) even of the ‘bare’ ground
surface (DTM), in which any other feature lying on
the terrain (e.g. trees, building, etc.) has been
removed. The use of DTM rather than DEM is essen-
tial for morphologic investigation, especially in den-
sely vegetated areas as in the case of the Arno River
delta. LiDAR data (i.e. x,y,z points cloud) that pro-
duced the DEM used in this work have been acquired
with a LASER airborne survey between 2008 and
2009 by MATTM (Ministero dell’Ambiente e della
Tutela del Territorio e del Mare). DEMs provided
from MATTM display 1 × 1 m or 2 × 2 m ground res-
olutions and planimetric and altimetric accuracy of
±30 cm and ±15 cm, respectively. Enhancement tech-
niques were applied within GIS environment to the
LiDAR DTM raster visualization in order to obtain

a basemap characterized by an increased 3D effect.
Such rendering helps appreciate the low topographic
features within the study area.

3.2. Field data

The detailed geological survey was carried out as a field
check of the geomorphological features the preliminary
aerial image photo-interpretation revealed. The survey
was made using a topographic base map (1:5000 scale)
of the study area, which includes the shoreline and the
oldest dune ridges or the alluvial plain deposits. The
units were discerned based on morphological and sedi-
mentological features, such as the presence of landforms
and deposits related to aeolian deposition, the morpho-
metry of frontal dunes, the identification of paleosols,
and the presence of relict alluvial forms. The discrimi-
nation between units in the inner sectors was made
based on samples collected by means of a hand auger
to reach the undisturbed layer of sediments (about
30–70 cm deep). Samples were taken from the surface
elsewhere. Additional hand auger and vibracore drills

Figure 1. Location map of the study area. The yellow lines represent the direction of the littoral drifts along the Northern Tuscany
littoral cell. The yellow dotted line outlines the area belonging to the Migliarino – San Rossore – Massaciuccoli Regional Park.
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were carried out at significant sites to better identify the
depositional facies in the area between the Arno River
and the Scolmatore channel (Figure 2).Grain-size analysis
was carried out on about 230 samples collected along 5
cross-shore transects, starting from the foreshore to the
oldest dune ridge (Bertoni & Sarti, 2011). Sediments
were dry-sieved in laboratory, and the resulting data
were processed to calculate Folk and Ward (1957) par-
ameters such as sediment mean grain-size and sorting.

3.3. Chronological framework

The chronological setting of the study area and of the
main geomorphological features is derived by an accurate

review of the existing bibliographic sources related to
archeological findings. The dates of the dune ridges are
in accordance with those reported by Mazzanti and
Pasquinucci (1983), Della Rocca, Mazzanti, and Pranzini
(1987), Carratori et al. (1994), and Gattiglia (2013). The
oldest dune ridge dates back to between the 8th century
and the 1st century BC, while subsequent dune ridges
are more accurately dated and are spaced just a few cen-
turies in between (Della Rocca et al., 1987; Pranzini, 2001).

4. Results

All collected data were included in the maps concerning
litho-sedimentological and morphodynamic features of

Figure 2. Pictures of some sediment samples collected from the deposits that have been recognized during the geological survey
of the study area. (a) Hand auger sampling: sediment sample taken close to the mouth of the Morto Nuovo River showing the
transition between beach ridge deposits (BR) and the overlying alluvial deposits (ALL); (b) vibracore sampling: series of cores repre-
senting the stratigraphy of the study area at the vibracore drilling location (black dot, Map 1) – ANT: anthropogenic area; BR: beach
ridge deposits; BD: beach deposits; SF: shoreface deposits.
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the selected site. The following paragraphs illustrate the
most important findings for each aspect.

4.1. Litho-sedimentological map (Main Map 1)

The litho-sedimentological map of the study area con-
cerns the sedimentological characterization of the
deposits. The sediments have deposited during the
Upper Pleistocene – Holocene in marine and alluvial
environments. The results of grain-size analysis carried
out on the samples collected along the cross-shore
transects are shown through diagrams (bottom right
panel, Map 1). The topography of the transects is
also shown in order to define the main morphological
features of the study site (top right panel, Map 1). The
topographic profiles have been extracted from the
LiDAR DTM. Specifically, the following units have
been mapped:

. Anthropogenic areas. This unit includes areas where
the geologic and geomorphological features are
strongly modified by human activities. They are
almost exclusively present south of the Arno River,
as the study area belongs to the Migliarino – San
Rossore – Massaciuccoli Regional Park northwards.

. Coastal marine and transitional deposits. These
represent the juxtaposition of subsequent new
beach ridges, running parallel to present-day coast-
line, and present beach forming a wide sandy
strandplain area (Holocene). The following deposi-
tional facies can be recognized within the coastal
marine deposits:
o Beach deposits. They are constituted by well-

sorted medium to coarse sands. The grain-size
decreases in the backshore where sands are widely sub-
ject to aeolian selective processes.

o Beach ridge deposits. Although they are formed
by a complex set of morphologies, sediment grain-
size analysis does not evidence substantial changes
(bottom right panel, Map 1). All the samples fall in
a medium to fine sand grain-size range and show
poor sorting. In contrast with previous works (e.g.
Carratori et al., 1994; Della Rocca et al., 1987),
hand-auger boreholes do not show grain-size changes
in the swale area (known as ‘lame’) comprised
between two consecutive beach ridges. Within this
overall setting, systematic analysis of data collected
along transects roughly perpendicular to the beach
ridge alignments shows a faint westward grain-size
increase, i.e. from oldest to youngest beach-ridges
(Bertoni & Sarti, 2011). Mean (Mz) values are com-
prised between 355 μm and 120 μm, with a sharp vari-
ation at the transition from secondary (stabilized) and
primary (active) dunes. This abrupt change has been
related to a variation of Arno River sediment supply
occurred after the seventeenth century mouth cutoff
(Bertoni & Sarti, 2011).

o Back-barrier deposits. These outcrop in the
southern portion of the study area and were deposited
in a suite of depositional environments mainly com-
posed by small, ephemeral bays and lagoons. Litholo-
gies are constituted by an alternation of well-sorted
fine to medium sands and silty sands occasionally con-
taining organic-rich layers.

o Paludal deposits. Darkish organic-rich clay and
silty clay. They form in small, hyperaline, ephemeral
wet areas close to the coastline just north of the Arno
River delta in the swales between sandy ridges
(Holocene).
. Terrestrial deposits:

o Alluvial plain and/or reclaimed areas. The pre-
sent-day alluvial plain is constituted by light brown
silt, silty sand and clay. Their deposition is due to
fluvial processes such as recurrent floods and channel
avulsion related to Arno River evolution (Martini,
Sarti, Pallecchi, & Costantini, 2011; Pranzini, 2001).
Some reclaimed areas filled with alluvial deposits
since the last five centuries are also included in this
unit (Sarti, Bini, & Giacomelli, 2010). Alluvial deposits
also outcrop in the swales close to the Arno River. As
swales are elongate depressions encompassed within
two consecutive beach ridges, they are morphological
traps able to accommodate sediments during floods
(Holocene).

o Alluvial deposits. Yellow silty-sandy deposits.
These outcrop in a small area backing the oldest
beach ridge, belonging to the Upper Pleistocene ‘Col-
tano formation’ (Carratori et al., 1994; Sarti, Rossi, &
Giacomelli, 2015).

4.2. Morphodynamic map (Main Map 2)

The following sets of data are integrated in the mor-
phodynamic map:

. Beach-ridge alignments, dated beach-ridges, and
beach-ridge elevation range derived from LiDARDigi-
tal Terrain Models (DTM). The range is subdivided in
three ridge elevation classes: <2 m, between 2 and 3 m,
and >3 m.

. The positions of archeological proxies relevant to fix
chronological constraints.

. Main hydraulic waterworks along the Arno River.

. Longshore drift direction.

. Eroding and accreting sectors along the coastline.

. A polar graph displaying wave frequency of occur-
rence and direction.

The wide strandplain shown in the map formed as a
consequence of sediment supply delivered by the Arno
and Serchio rivers. These deltas can be defined as wave-
dominated in accordance with Galloway (1975). The
sand delivered to the sea is distributed along the
coast by longshore drift to form an extensive beach
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ridge strandplain. When sediment supply exceeds
accommodation space a progradational depositional
trend is triggered. The coastline shifts seawards (Catu-
neanu, 2006), resulting in the formation of a beach
ridge strandplain complex. In the study area this
sandy complex constitutes the outcropping deposi-
tional portion of the late Holocene progradational sys-
tem forming after mid Holocene sea-level stabilization
(Kaniewski et al., 2018). Since about 3000 BP, subsur-
face (Aguzzi et al., 2007; Amorosi et al., 2013) and sur-
face (Carratori et al., 1994) data show the acceleration
of coastline seaward migration due to increased sedi-
ment supply related to widespread deforestation inland
(Kaniewski et al., 2018; Pranzini, 2001) as well as the
reduction in the rate of accommodation space creation.
This increase seems to occur at the same time in the
whole Mediterranean area (Amorosi & Milli, 2001;
Anthony, Marriner, & Morhange, 2014). The overall
geometry of the beach ridge strandplain complex is
roughly arcuate towards the Arno River mouth and
extends from east to west for about 6 km. The age of
the innermost beach ridge, defines the timespan in
which coastline migration began (Carratori et al.,
1994; Pranzini, 2001). A sharp geometric discontinuity
is observed close to the Arno delta area where, after the
seventeenth century AD, the beach ridge became cus-
pate (Pranzini, 2007). This change is related to water-
works carried out to enhance the navigability of the
river (cutting offmeander loops) and to solve problems
such as mouth silting and upstream flooding (Martini
et al., 2011; Pranzini, 2001). Beach ridge elevation is
mainly between 2 and 3 m asl. The elevation of beach
ridges is related to sediment supply and, as a conse-
quence, to the rate of coastline progradation (Otvos,
2000, 2012; Tamura, 2012). High rates of coastline pro-
gradation seem to promote the development of low and
closely-spaced beach ridges, while low progradation
rates seem to be associated with higher and wider
spaced beach ridges.

As the Pisa Province coastline is characterized by the
presence of different types of coastal dunes, they have
been recognized and classified as follows. In accordance
with the classification scheme of Masselink and Hughes
(2003), from the backshore to the innermost beach ridge
alignments we recognized: (i) an area close to the shore-
linewhere accretion/erosion effects are documenteddue
to aeolian processes and storm wave-driven events, and
(ii) a vegetated area which is subjected to weak wind-
driven dune modification. Primary and secondary
dunes (sensu Davies, 1980) characterize the two areas
respectively. Primary dunes consist of incipient fore-
dunes and frontal or parabolic dunes. Incipient fore-
dunes, which form just on accretional or in
equilibrium beaches (Hesp, 2002), occur in a small
stretch of coast south of the Serchio River that is not
yet subjected to erosion. These foredunes form a

continuous asymmetric ridge, running for about
1700 m (Zoom 1, Map 2) parallel to the coastline.

During accretion states, frontal dunes represent the
natural evolution of the incipient foredunes in terms of
growth. South of the Serchio River they develop for
about 5 km and may reach up to 10 m in height
(Zoom 1 and 2, Map 2). Frontal dunes are occasionally
interrupted by blowouts that can trigger the formation
of parabolic dunes (Zoom 1 and 2, Map 2). Landward
the beach ridges are secondary dunes (Zoom 3, Map 2).
They are characterized by areas where the vegetation is
mostly shrubs and semi-mobile dunes are formed
between areas where the dense arboreous vegetation
inhibits wind processes (steady dunes). The primary
dunes have progressively turned into secondary
dunes. In between these two areas, and relatively
close to the coastline, erosion leads to reworking of
the secondary dunes. The most significant effects are
manifest in the sectors where erosion is higher, such
as the area within the north side of the Arno River
and the Morto River (Alquini et al., 2016), located in
the Migliarino – San Rossore – Massaciuccoli Regional
Park. Here, the partial or complete erosion of frontal
dunes results in the burial of backing secondary
dunes, triggering the progressive destruction of the
vegetation. This area, still subject to intensive erosion,
runs parallel to the coast and reaches a maximum
width of about 300 m. Two areas are slightly below
sea level: the first is located just north of the
Arno River and is characterized by ephemeral
small marshes (Zoom 4, Map 2); the second is
located in the southern part of the study area and
was occupied by small lagoons during the last centuries
(Zoom 5, Map 2). The sector south of the Arno River
mouth is characterized by dense human occupation.
Two settlements, Marina di Pisa and Tirrenia, were
raised in the late nineteenth century and quickly
became important drivers for the tourism economy;
however, they had to be protected with several hard
structures (breakwaters, groynes, seawalls) once ero-
sion reduced the sandy beach and threatened the build-
ings (Zoom 5, Map 2).

5. Conclusions

The maps presented here are based on solid and deep
databases that can be constantly improved and inte-
grated as new data are acquired. Litho-sedimentologi-
cal and morphodynamic features are just two of the
several aspects that might be shown on such maps; in
fact, they can also be complemented with or dedicated
to data from different themes, such as biology (e.g.
fauna and flora issues) and environmental science
(e.g. pollution level), and also economy (e.g. land use
and value). In this sense, they may constitute the
basic data that can be used for more specific research,
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while encouraging a multidisciplinary approach. Mer-
ging newly acquired lithological and sedimentological
data retrieved by the literature allowed us to identify
changes on this sector of the Tuscany coast in the
last 3000 years. Such data were matched with an orig-
inal rendering of available remote sensing data to high-
light the topographic features, which is especially useful
in an area characterized by small elevations. The inte-
gration of new data should be managed by public
administrations, which are the supply agencies respon-
sible for handling the territory. The synergy among
researchers, administrations, stakeholders and citizens
should establish the best practices for coastal manage-
ment. Unfortunately, at least in Italy, this synergy often
represents the weak link that needs improvement. The
maps we provide are a digested synthesis of many
aspects, which are presented in a way that is more
easily comprehensible to different stakeholders,
especially with regard to the relationships between
data related to different themes (e.g. geological vs mor-
phodynamic aspects). Therefore, multi-thematic maps,
along with coastal vulnerability indices, may be the
tools that can be employed by all the actors playing
major roles in managing coastal areas.

Software

Management and processing of LiDAR data have been
performed with QGIS (Geographical Information Sys-
tem) software environment. In detail, a mosaicking of
the all the LiDAR sheets (1:2000 scale) covering the
study area was carried out, producing a single DTM
raster extending from the Bufalina channel (north,
Province of Lucca) to the Scolmatore channel (south,
Province of Livorno), and from the Arno River
mouth (west) to the Barbaricina meander (east). A
grey-scale hillshade of the DTM along with a classified
symbology of the elevation values (meters on ground
level) is the background for a detailed digitalization
of all the main morphologic features characterizing
the study area. The final layout of the maps has been
achieved using CorelDRAWGraphics Suite 12 (License
no. DR12WEX-1511962-ALE).
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