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Abstract: Coastal dune systems around the world have been severely degraded by human activities,
especially in the last century. This has resulted in severe structural and functional damage to
these dynamic yet fragile transitional ecosystems and a net loss of important ecosystem services,
especially in the face of climate change threats. The implementation of measures for sustainable
coastal management and the restoration of degraded ecosystems are urgently needed. In this context,
we revised and used several indicators and indices on the geomorphology, biology, and ecology
of the dune systems along the Venetian coast to define the current conservation status and assess
the feasibility of dune restoration measures. The application of the indices provided important
information about the sites and the measures needed to improve the functionality of the coastal dune
systems. In addition, the indices provided useful insights for the implementation of management
strategies aimed at ensuring the current and future provision of ecosystem services by coastal dune
systems and promoting their sustainable use by translating scientific knowledge into management
and restoration practices, which has been a bottleneck in ecosystem conservation and restoration
so far.

Keywords: coastal dunes; conservation status; ecosystem restoration; restoration feasibility; sustainable
management

1. Introduction

Coastal dune ecosystems are fragile environments that nevertheless provide crucial
ecosystem services, acting for example, as a key element of defence for nearby inland areas
by dissipating wave energy, retaining sediments, and preventing flooding [1,2].

The dynamics of coastal dune systems are largely influenced by the interaction be-
tween natural drivers and human activities, two factors that are strongly interdependent
but often in conflict with each other [3]. The size of a sandy dune system depends on
the availability of sediments, the width of the upper beach, the prevailing winds, and the
presence of engineer plant species that favour the deposition and consolidation of sandy
substrates [4–6]. Winter storm surges are major drivers in shaping coastal geomorphology,
and the capacity of dune systems to withstand high-energy events and serve as protective
barriers lies in their natural ability to adjust to natural disturbances and recover by changing
their configuration in terms of both shape and position [7]. However, the geomorphologi-
cal response of beaches and dunes during a storm depends on several factors, including
storm-related features [8], environmental variables such as tide and wind direction [9], and
geomorphological factors such as the type of sediment [10], dune height [11], beach and
dune width and slope [12], and the volume of sand deposited on the beach and dunes [13].

Therefore, when dunes are damaged or destroyed, their capability to protect nearby
inland areas is lost, with both ecological and socio-economic consequences. In the Mediter-
ranean in particular, dune systems have been largely replaced with facilities designed to
accommodate tourists during the summer months [14,15]. Increasing urban development
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and supporting infrastructure, massive beach tourism, and beach management activities
(e.g., mechanical grooming) have resulted in highly altered morphology, beach flatten-
ing, removal of dunes, and decreased vegetation cover. As a result, not only has coastal
biodiversity been severely degraded, but this has ultimately led to the loss of ecosystem
services, including the protection of coastal areas, exposing coastal areas to environmental
hazards [16]. The loss and degradation of coastal dune systems, combined with the loss of
the services they provide, makes the restoration of the remaining coastal systems urgent
not only for mitigating current natural stressors but also for coping with future threats from
climate change impacts [17,18].

So far, to manage coastal erosion and increase inland protection against storm impact,
defence techniques have primarily included grey engineering structures (e.g., seawalls,
jetties, and groins) [19,20]. However, coastal armouring has substantial ecological im-
pacts [21,22] and high economic costs (e.g., [23]) while often failing to achieve the expected
results, being unable to follow natural coastal dynamics [24,25]. Measures such as beach
nourishment have been partially successful in mitigating coastal erosion, but they are
short-term solutions that need to be repeated over time [26–29]. Recently, approaches
to the mitigation of the effects of coastal flooding are moving towards environmentally
targeted solutions as they are considered less expensive, more robust, and sustainable, as
well as applicable to a range of spatial scales [30]. In this regard, an increasingly adopted
Nature-based solution to mitigate threats posed by climate change is the restoration of
coastal dune systems [31] since it enables the recovery of natural processes and ecosystem
functioning, thereby improving both their ecological and utilitarian functions [32,33].

Although Nature-based solutions globally emerged as a noteworthy pathway for deliv-
ering transformative change in sustainable management, and their benefits are increasingly
being recognised [34], their concrete adoption is often prevented by several socio-economic,
political, and environmental constraints [35].

When considering coastal dune restoration actions, two main issues have to be consid-
ered. The first issue regards the selection of sites where restoration actions are most needed,
which depends on the geomorphological and ecological conditions of the beach-dune sys-
tems. The second issue mostly pertains to the socio-economic context: because of their in-
terconnected social–ecological nature [35], sand dune ecosystems are embedded in diverse
socio-economic contexts with a variety of uses and users with often conflicting interests.

Considering the two points above, planning and implementing Nature-based solution
projects requires a throughout understanding not only of the geomorphological, climatic,
and ecological characteristics of a site but also of uses and management practices [36,37].
This is especially crucial on urban developed coasts where coastal dunes and beaches are
mostly managed for recreational purposes, raising the need to solve conflicts between
socio-economic interests and nature restoration.

Recently, two studies addressed the issue of selecting coastal sites suitable for dune
restoration by developing indices and using the checklist approach (i.e., [38,39]). They
showed that the checklist approach is a relatively simple and reliable method for describing
the status of coastal dunes and highlighting threatened sites [39]. These studies took the
current conservation status of coastal dunes as a starting point to determine the need for
conservation or restoration. However, there is little information on the actual potential and
management compatibility of a site for a healthy dune system. This lack of information
prevents a more comprehensive assessment of the sustainability of restoration measures
and the need to improve management.

In light of these considerations, the aim of this study was to develop and test an index
of “dune restoration potential” able to combine the measurement of variables key to the
formation and persistence of dune systems with the effects of the impact of human use and
management to support the decision-making process and promote the transition towards
sustainable use without compromising the local economy.
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2. Materials and Methods
2.1. Study Area

The study area corresponds to the Venetian portion of the north Adriatic coast (north-
eastern Italy), delimited by the estuaries of the Adige (in the south), and Tagliamento (in
the north) rivers, for a total length of approximately 92 km (Figure 1).

The area presents a temperate macro-bioclimate, with an average temperature of
14.4 ◦C and rainfall of 1090 mm per year [40]. Prevailing winds are from the north-
eastern (the “Bora” blowing in winter) and south-eastern (the Scirocco blowing in summer)
directions [41], with an average wind speed of 3.1 m/s, which causes typically bimodal
wave movements, with a significant wave height of about 0.47 m on an annual average [19].
The tidal regime is of a semi-diurnal and microtidal nature, with an average excursion of
70 cm and an anti-clockwise circulation characteristic of the Adriatic basin [42]. Sediments
are made up of well-classified sandy Quaternary deposits with a high carbonate content [43].
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Figure 1. The Venetian coast with the 12 physiografic units defined by Fontolan et al. [43].

Until the 1950s, the Venetian coast was almost entirely fronted by dunes up to 10 m
high [44], but few of these still survive. Starting from the 1960s, coastal dynamics have
been modified by the construction of grey engineering structures (e.g., seawalls, jetties, and
groins), that now occur on more than 60% of the coastline. Beach nourishment has become
a consolidated practice to support the local economy [45].

Nowadays, the coastline suffers from heavy human use. Summer beach tourism is one
of the main resources of the region, with an average of more than 24 million tourist stays
every year [46]. Most sites are managed by private corporations, and land lying behind
the beaches has been mostly developed as campsites, resorts, towns, and villages [47].
According to Ariza et al. [48], study sites can be classified as urban coastal dunes (with at
least 60% of urbanised hinterland) or urbanised coastal dunes (with a maximum of 50%
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of urbanised hinterland). Natural coastal dunes (up to a maximum of 30% of urbanised
hinterland) only cover a coastal stretch of 34 km [43] and are protected under the Habitats
Directive 92/43/EEC.

The study area is part of a large-scale restoration project carried out in the framework
of a European LIFE project (LIFE16 IT/NAT/000589 REDUNE) [49].

2.2. Data Collection

To assess the suitability of sites for restoration, we carried out detailed preliminary
characterisation of both the abiotic and biotic components of the dune systems, as well as
human activities and management practices. The assessment was carried out using the
“checklist method” [37–39,50,51], namely, a systematic procedure for data collection based
on the measurement of variables key to the formation and persistence of dune systems. The
variables include the dune system geomorphology, aeolian and marine processes, biological
characteristics, and dune system management. In order to quantify the variables, we first
divided the Venetian coast into 12 physiographic units defined by Fontolan et al. [43],
which are geographically differentiated by the presence of sections such as estuaries and
tidal inlets (Figure 1). Subsequently, each unit was further subdivided into sectors (littoral
cells) that are homogeneous in terms of hydrodynamics, sedimentation, and morphological
structure [43]. As a result, we defined 65 sectors, each corresponding to one site (Figure S1)
and the proposed assessment procedure was applied to each site.

The selected variables were used as indicators following Garcia-Lozano et al. [39] and
purposely revised to adapt them to the Mediterranean region and urban and urbanised
coasts (the modified indicators are listed in Table S1). Overall, the set of indicators (Table 1)
takes into account geomorphological features, meteo-hydrological and marine conditions,
biological and ecological characteristics, and use/management practices. By properly com-
bining the indicators in partial indices, they allowed us to define (i) the current conservation
status of the dune system (StaDun), (ii) the potential of a given stretch of beach to host a
dune system (BeaPot), and (iii) the impact of management practices (CoMan).

Table 1. Checklist of indicators used to assess the partial indices StaDun, BeaPot, and CoMan.
Methodologies used to quantify the indicators are provided in Supplementary S1 (Tables S2–S4).
* Type III species included those able to withstand sand burial and being dispersed by seawater.
** Indicators modified compared to Garcia-Lozano et al. [39].

StaDun Indicator Score
0 1 2 3 4

1
Types of dunes according

to Garcia-Lozano and
Pinto [52]

Absent Incipient Dune ridge
Dune ridge

with semi-fixed
dunes

Dune field

2 Surface area of the dune
system (ha) <0.1 <5 <10 <15 >15

3
Area occupied by the

dunes in relation to the
beach–dune system (%)

<5% <25% >25% >50% >75%

4 Maximum height of the
foredune (m) <1 >1 >3 >4 >5

5 Incipient morphologies
on the dune face (%) 0% <5% >5% >25% >50%

6 Evolution of the dune
front since 1956 Disappearance Retreated Stability Recovery Progression

7
Structural status of the
foredune according to

Hesp [53]
5 4 3 2 1

8
Type III species on the

dune front according to
García-Mora et al. [51] *

<5 >5 >10
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Table 1. Cont.

StaDun Indicator Score
0 1 2 3 4

9

Beach–dune system
restricted plants

according to Acosta and
Ercole [54] (n) **

<10 >10 >15

10
Invasive species

according to Galasso
et al. [55] (n) **

>4 3 2 1 0

11
Ruderal species

according to Del Vecchio
et al. [56] (n) **

>7 >5 >3 >1 <1

BeaPot indicator Score
0 1 2 3 4

1 Slope of the beach (◦) >0.2 <0.2 <0.1

2
Evolution of the beach

during the period
2004–2010 (m/y) **

<−3 <−2 <−1 <0 >0

3
Beach orientation in

relation to the prevailing
winds

Perpendicular
seaward

Oblique
seaward Parallel Oblique

landward
Perpendicular

landward

4 Average intensity of the
wind (m/s) <3 <3.5 >3.5

5 Significant wave height
(m) >1 >0.7 <0.7

6 Diameter of the sediment
(d50) >2 >1 >0.5 >0.25 <0.25

7 Sands < 0.5 mm (%) <5% >5% >15% >25% >50%

8
Sediment budget during

the period 2004–2010
(m3/m)/y **

<−25 <0 >0 >25 >50

9 Width of dry beach (m) <15 >15 >35 >50
CoMan indicator Score

0 1 2 3 4

1
Touristic use pressure

(user/m2) **
<1 <2 <3 <4 >4

2 Information boards Efficient Absent or
inefficient

3 Managed paths Lateral Suspended On land In access Not regulated

4 Dune area with restricted
access (%) 100% >75% >50% >25% <25%

5 Sand traps Efficient/unnecessary Stable Inefficient or
absent

6 Mechanical
cleaning/levelling Absent Occasionally Weekly Daily Causing dune

scarp

7

Surface area occupied by
seasonal services on

beach–dune
system (%) **

0% <5% >5% >10% >15%

8

Surface area occupied by
permanent services on

beach–dune
system (%) **

0% <25% >25% >50% >75%

9
Protection of the system

and the immediate
environment (%)

100% >75% >50% <25% 0%
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2.2.1. Geomorphological and Ecological Status of Dunes (StaDun)

The geomorphological and ecological status of dunes (StaDun) was derived based on
indicators 1–11 (Table 1). Indicators 1–7 address the morphology of the dunes (e.g., type,
structure, height, extent) and their evolution over time. Indicators 8–11 address the status
of the existing plant communities by assessing species composition in terms of typical sand
dune species (species that are resistant to sand burial and can promote the formation of dune
systems, i.e., “Type III species” according to García-Mora et al. [51]), native and focal species,
invasive alien species, and ruderal species. Geomorphological and topographical indicators
were quantified using digital orthophotos, satellite images, and digital terrain models,
while plant communities were assessed using a geo-referenced database of 1078 plots and
208 species. The georeferenced database included plots surveyed between 2010 and 2021
by the plant ecology research team of Ca’ Foscari University of Venice along the dune
systems on the Venetian coast and by Filesi et al. [57]. Type III species were derived from
García-Mora et al. [51], native and focal species of the Adriatic dune systems were defined
according to Acosta and Ercole [54], alien species according to Galasso et al. [55], and
ruderal species according to Del Vecchio et al. [56]. Details on the measurements can be
found in Supplementary S1 (Table S2).

2.2.2. Beach Potential to Host Dunes (BeaPot)

The potential of a beach to host dunes (BeaPot) was derived based on indicators
(Table 1) describing the morphodynamic state in terms of erosion or accretion (e.g., beach
profile, recent shoreline evolution, sediment budget), as well as other factors such as slope
and width of the upper beach, wind intensity, and sediment sorting. The indicators were
measured using orthophotos, digital terrain models, the literature, or databases and can be
found in Supplementary S1 (Table S3).

2.2.3. Management of the Beach–Dune System (CoMan)

The management of the beach–dune system (CoMan) was derived from indicators re-
lated to (a) the pressure exerted on the system by tourists and tourist facilities (indicators 1,
7, and 8 in Table 1); (b) management measures to limit the impact on the existing dune sys-
tems (indicators 2, 3, 4, and 9); (c) management measures potentially affecting the sediment
balance and natural dynamics of the system (indicator 6); and (d) active measures aimed at
promoting the development of the dune system through sediment accumulation (indicator
5). The measurements were determined based on field trips, communication with local man-
agers, the literature, and photo interpretation as reported in Supplementary S1 (Table S4).

2.3. Data Analysis

The measurement of each indicator was standardised by scoring the values on a
scale from 0 to 4 (Table 1). We then calculated a score for each partial index using the
following equation:

IS = Σ R/Rmax (1)

where IS is the index score, R is the rank value of each indicator, and Rmax is the maximum
rank value that an indicator can take. The IS for each index can therefore range between 0
and 1. Following Garcia-Lozano et al. [39], the IS values were then categorised as “Low”,
“Medium”, and “High” for scores < 0.33, between 0.33 and 0.66, and >0.66, respectively.

While for StaDun and BeaPot, the higher the value, the greater the conservation
status of dunes or the natural potential of beach-to-dune hosting, for CoMan, this is not
the same. Specifically, the higher the value of CoMan, the greater the negative impact
on the beach–dune system resulting from the (lack of) management. Differently from
Garcia-Lozano et al. [39], the approach used in the calculation of CoMan aims to measure
the “impact level” of coastal management and to hypothesise tailored management actions
that can improve and maintain a site’s ability to host a dune system over time.
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The three indices, StaDun, BeaPot and CoMan, were then combined to develop two
summarising indices: (a) coastal management requirement (CMR) and (b) dune establish-
ment potential (DEP).

2.3.1. Coastal Management Requirement (CMR)

The coastal management requirement (CMR) defines the most appropriate manage-
ment measures to be taken at each analysed site. It was determined as the combination of
StaDun and the product between CoMan and BeaPot (cfr. DRP in Garcia-Lozano et al. [39]).
The StaDun classes were derived based on the values of Equation (1), while the classes
of the product of CoMan and BeaPot were defined as “Low”, “Medium”, and “High” for
scores < 0.33, between 0.33 and 0.66, and >0.66, respectively. Finally, four management
classes were defined (Table 2).

Table 2. Definition of CMR (coastal management requirement) classes based on partial indices
according to Garcia-Lozano et al. [39].

CMR StaDun BeaPot × CoMan

Conservation
High Low

Medium Low

Restoration
Medium Medium
Medium High

Recovery Low High
Renaturalisation Low Medium

“Conservation” was assigned to sites with a good conservation status of the system
and good management practices (i.e., low impact). “Restoration” was assigned to de-
graded systems that have a good chance of recovering with restoration measures and
subsequently improved management practices. “Recovery” was assigned to sites where
there are currently no dunes but which, if created and appropriate management practices
are applied, have a chance of persisting over time. “Renaturalisation” was assigned to
sites where the creation of a dune system would require a combination of hard and soft
engineering interventions, as neither the physical nor management characteristics would
allow natural development.

2.3.2. Dune Establishment Potential (DEP)

The dune establishment potential (DEP) defines the possibility of a site to increase
its potential to host a dune system. It was calculated as the combination of the poten-
tial to host a dune system (BeaPot) and the human impact (CoMan) according to the
following formula:

DEP = BeaPot − CoMan (2)

The index ranges from −1 to +1. Positive values indicate good potential, while
negative values indicate a low chance of hosting and maintaining dune systems. Negative
values can result not only from inadequate physical characteristics (e.g., scarce sediment
supply, high erosion) but also from a lack of (or inappropriate) management. Indeed,
high CoMan values can outweigh the natural potential of a beach to host and maintain a
dune system.

The DEP values were categorised into three classes as follows: “Low” for negative
values, “Medium” for values between 0 and +0.33, and “High: for values > 0.33. The “Low”
class indicates that the physical potential of the beach is overwhelmed by very impactful
management practices that prevent the formation and development of a dune system. The
“Medium” class indicates that the physical characteristics of the beach are almost offset by
the negative effects of management activities and that the formation and development of a
dune system may be hindered. The “High” class indicates that the management measures
would allow the coexistence of tourism and the dune system.
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2.3.3. Management Improvement Simulation

While the CMR index reveals the management strategy to be applied without any
indications of the possible activities to be adopted, DEP allows for simulating which (set
of) actions may be useful to enhance the establishment of a dune system. To identify which
management actions can improve the potential of a beach to host a dune system, DEP
values were calculated using simulated CoMan values obtained by gradually shifting the
CoMan score towards the lower impact class. Specifically, the score of CoMan indicators
3–9 (Table 1) was shifted by one or two classes to simulate a lower impact achieved by
improved management actions. Changes were made from the simplest and least costly to
the most demanding management actions. The “low effort” actions included management
of paths, installation of sand traps, or regulation of the frequency of mechanical cleaning
(CoMan 3, 5, and 6). The “medium effort” actions, i.e., changes in management actions
that are more challenging to modify from a practical point of view because they require
high initial investment, included fencing the dunes or reducing the extent of cover by
permanent or temporary structures on the dune beach system (CoMan 4, 7, and 8). The
“high effort” actions, i.e., actions with higher costs and continuity over the years, included
active surveillance of dune systems (CoMan 9). Changes in indicators related to tourism
pressure (CoMan 1) were not considered as the aim was to assess the improvement in a
site’s suitability as a location for a dune system without affecting tourism activities and the
economic source of income on the coast. The installation of an information board (CoMan 2)
was also not considered as their contribution to increased effectiveness and sustainability
of restoration activities is more subtle and difficult to determine.

To obtain an overview of the potential impact of improving management actions, we
considered 35 different scenarios (Table S6) given by different combinations of management
changes (Table S5) and compared the improvement in terms of number of low DEP sites to
the current state of the Venetian coast. Particularly, we identified the least management
(set of) changes that can improve the low-potential sites to medium-potential by 25%, 50%,
and 75% and the management actions that can improve DEP at the highest number of
low-potential sites (“best simulation”).

Finally, to examine the effect of the scenarios on DEP, 9 sectors were randomly selected
along the Venetian coast, 3 for each current DEP class identified.

3. Results
3.1. Geomorphological and Ecological Status of Dunes (StaDun)

Most sites (60%) were categorised as “Medium” (values between 0.33 and 0.66) and
covered about 53 km of the Venetian coast (Table S7; Figure 2), mainly due to the “Maximum
height of the foredune” and “Incipient morphologies on the dune face”, which was limited
at many sites. Other indicators that influenced the state of the dune systems were related
to the plant communities, i.e., the scarce presence of “Type III species on the dune front”
and the significant presence of “Alien species”. Twenty-five sites belonged to the “Low”
class (score < 0.33), which amounts to almost 40% of the coastline. Most of these sites were
characterised by the absence of a true dune system, a limited dune height, the absence of
incipient forms, and a limited number of species typical of coastal dunes.

3.2. Beach Potential to Host Dunes (BeaPot)

The analysis of the potential of the beaches to host a dune system showed that more
than 80% of the sites, covering more than 72 km of the Venetian coast (Table S7; Figure 2),
had characteristics that would guarantee a high potential. Almost all sites had high values
for “Slope of the beach”, due to the gentle slope of most sites, as well as for “Significant
wave height”, “Diameter of the sediment”, and the percentage of “Sand < 0.5 mm” (a
characteristic that applies to the entire Venetian coast). The indicators that had the greatest
impact on the potential for dune restoration were associated with the slope and width of
the beach.
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3.3. Conservation Actions and Management of the Beach–Dune System (CoMan)

According to the CoMan indicators, more than 40% of the surveyed sectors, covering
half of the total length of the Venetian coast, were categorised in the highest impact class
(Table S7; Figure 2). The “touristic use pressure” showed high impact values for many
sites, while “Information boards” and “Sand traps” were absent at most sites. The lack of
fencing (“Dune area with restricted access”) and the high frequency (daily) of “Mechanical
cleaning/levelling the beach in high season” also had a strong impact. The indicator
“Protection of the system and the immediate environment” had the highest impact value
at all sites. This emphasises the lack of active protection as a common impact across the
Venetian coast. Approximately 50% of the sites were categorised as “Medium”. The lower
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impact was mainly related to lower “Touristic use pressure” and the presence of effective
or unnecessary “Sand traps”. Other aspects that led to a lower impact were the lower
presence of temporary and permanent structures on the entire dune beach system.

3.4. Coastal Management Requirement (CMR)

The CMR index showed considerable differences in the measures to be taken along
the Venetian coast (Table S7; Figure 3 and Figure S2). Only 10 sites had geomorphological,
physical, biological, and management characteristics that met the requirements of the
best category, i.e., “Conservation”. The sites considered here either already had a dune
system in a good state or the dune system had intermediate conditions (“Medium” StaDun),
supported by a high natural beach potential (“High” BeaPot) and low/medium impact
management (CoMan). Most sites (n = 30), covering almost half of the Venetian coast,
fell into the “Restoration” category, i.e., sites where the dune system was degraded but
could easily recover. The sites assigned to this category were characterised by a coastal
dune system in an intermediate condition, resulting from the combination of (a) beaches
with high natural potential and medium impact management; (b) a medium level of both
management impact and beach potential; and (c) sites with a lack of management (i.e., high
impact) compensated by a high natural potential of the existing beach. The “Recovery”
category included only six sites. In this case, the sites were characterised by the absence of a
dune system and by impactful management combined with the high natural potential of the
beach. At these sites, the coastal dunes could be recovered thanks to the good physical and
morphological characteristics of the beach, provided that management was improved. The
“Renaturalisation” category comprised 19 sites where restoration of the beach–dune system
would require a combination of hard and soft engineering interventions. All sites in this
category were characterised by the absence or poor condition of the dune system combined
with very or moderately impactful management. Some sites fell into this category because
they had intermediate potential values and high- or medium-impact management.

3.5. Dune Establishment Potential (DEP)

Approximately 12% of the sites (n = 8) had suitable physical and management condi-
tions for the formation and maintenance of a dune system (Table S7; Figure 4 and Figure S3).
The high DEP value was mainly due to the presence of accretionary and well-developed
beaches, granulometric characteristics, and the presence of low-impact management, such
as limited frequency of beach cleaning. Most sites (n = 43, about 66% of the Venetian
coast) were categorised as “Medium”. At these sites, the overall good or medium physical
potential for a dune system was largely limited by impacts due to inappropriate manage-
ment, such as the lack of access restrictions to the coastal dunes, strong tourist pressure
and the high frequency of mechanical beach cleaning. Only one site fell into this category,
despite very good management, due to the actual limited beach potential combined with
the erosion trend of the area. The “Low” class (negative values) comprised 14 sites where
the beach potential for dunes was almost completely thwarted by the lack of management.
These sites were characterised by very impactful management, mainly due to a lack of
access restrictions to the dunes, strong tourist pressure, a high frequency of beach cleaning,
and a high proportion of temporary structures in the beach–dune system. Only one site
had a low DEP value due to the lack of natural potential of the beach.

3.6. Management Improvement Simulation

All the 35 considered scenarios improved the low DEP sites of the Venetian coast
(Tables S8.1–S8.3). Specifically, 12 out of 35 scenarios improved the 14 low-potential sites
by 25–50% compared with the current state; 5 scenarios led to an improvement of 50–75%
of low-potential sites; and 18 scenarios provided an improvement of more than 75% of the
current low-potential sites. Globally, scenario #31 was revealed to be the “best simulation”
by improving 93% of low DEP sites to medium DEP.
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As illustrated in Table 3, a greater number of improved low-potential sites was reached
with a small number of actions (namely, one or two), but better results required more
expensive actions (namely, “medium”- and “high”-effort measures). On the other hand,
improvement can also result from the combination of many “low effort” actions (Table 4).

Table 3. Examples of DEP (dune establishment potential) improvement for different effort measures
(hypothesis colour: green, “low effort”; yellow, “medium effort”; orange, “high effort”).

H
yp

ot
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ti
ca

la
ct

io
ns

Regulating
accesses

Installing
sand traps

Limit beach
cleaning

Fencing
dunes

Fencing
dunes

Limit beach
cleaning

Fencing
dunes

Guarding
dune

system

Guarding
dune

system
Hypothesis global low DEP site improvement >25% >50% >75% Best

Hypothesis 0 3 16 35 31
Cell BeaPot CoMan DEP DEP DEP DEP DEP
VC1 0.67 High 0.31 0.361 0.389 0.472 0.583 0.639
IVC8 0.89 High 0.56 0.333 0.361 0.444 0.556 0.611
CVC1 0.83 High 0.50 0.333 0.361 0.361 0.472 0.528
CVC4 0.78 High 0.56 0.222 0.250 0.333 0.444 0.500
IVC1 0.78 High 0.64 0.139 0.167 0.250 0.361 0.472
EC7 0.78 High 0.69 0.083 0.111 0.194 0.306 0.417
BC3 0.83 High 0.83 0.000 0.028 0.111 0.222 0.333
CC3 0.72 High 0.75 −0.028 0.000 0.083 0.194 0.306
JC6 0.67 High 0.78 −0.111 −0.083 0.000 0.111 0.222

Table 4. Examples of DEP (dune establishment potential) improvement for different combinations of
“low”-effort measures.

H
yp

ot
he

ti
ca

la
ct

io
ns

Regulating
accesses

Installing
sand traps

Delimiting
paths

Planning
entrances

Limit beach
cleaning

Installing
sand traps

Installing
sand traps

Fencing
dunes

Limit beach
cleaning

Limit beach
cleaning

Rarefy
beach

cleaning

Guarding
dune

system
Hypothesis global low DEP site improvement >25% >50% >75% Best

Hypothesis 0 3 11 10 31
Cell BeaPot CoMan DEP DEP DEP DEP DEP
VC1 0.67 High 0.31 0.361 0.389 0.444 0.417 0.639
IVC8 0.89 High 0.56 0.333 0.361 0.417 0.417 0.611
CVC1 0.83 High 0.50 0.333 0.361 0.417 0.417 0.528
CVC4 0.78 High 0.56 0.222 0.250 0.306 0.306 0.500
IVC1 0.78 High 0.64 0.139 0.167 0.278 0.278 0.472
EC7 0.78 High 0.69 0.083 0.111 0.167 0.222 0.417
BC3 0.83 High 0.83 0.000 0.028 0.083 0.139 0.333
CC3 0.72 High 0.75 −0.028 0.000 0.111 0.111 0.306
JC6 0.67 High 0.78 −0.111 −0.083 −0.028 0.028 0.222

However, the same set of actions could result in different degrees of improvement,
also in sectors that fell under the same CMR class (Table 5).
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Table 5. Comparison of the effectiveness of different (set of) measures (hypothesis colour: green,
“low effort”; yellow, “medium effort”; orange, “high effort”) for cells belonging to different CMR
(coastal management requirement) classes.

H
yp

ot
he

ti
ca

la
ct

io
ns

Regulating
accesses

Regulating
accesses

Installing
sand
traps

Installing
sand
traps

Limit
beach

cleaning
Installing

sand
traps

Limit
beach

cleaning

Fencing
dunes

Fencing
dunes

Installing
sand
traps

Limit
beach

cleaning

Fencing
dunes

Fencing
dunes

Guarding
dunes

Guarding
dunes

Guarding
dunes

Hypothesis global low DEP site improvement >25% >25% >50% >50% >75% >75% Best
Hypothesis 0 2 8 16 20 33 35 31

Cell CMR DEP DEP DEP DEP DEP DEP DEP DEP
PC1 Conservation 0.583 0.583 0.583 0.694 0.722 0.694 0.806 0.833
EC1 Conservation 0.306 0.306 0.306 0.417 0.444 0.417 0.528 0.556

CVC4 Restoration 0.222 0.222 0.250 0.333 0.389 0.333 0.444 0.500
IVC4 Restoration 0.111 0.167 0.194 0.111 0.222 0.222 0.222 0.333
JC4 Recovery 0.000 0.056 0.083 0.111 0.222 0.111 0.222 0.333
BC3 Recovery 0.000 0.056 0.083 0.111 0.222 0.111 0.222 0.333
CC3 Renaturalisation −0.028 0.028 0.056 0.083 0.194 0.083 0.194 0.306
JC5 Renaturalisation −0.194 −0.139 −0.111 −0.083 0.028 −0.083 0.028 0.139

4. Discussion

The European Union has committed to an ambitious biodiversity recovery plan in
the Biodiversity Strategy for 2030 and the Nature Restoration Law, which aims to halt
biodiversity loss and move towards sustainable development, with a focus on restoring
degraded habitats, expanding the network of protected areas, and improving the effective-
ness of management, governance, and financing. In this study, we presented an approach
developed within the LIFE REDUNE project (LIFE16 NAT/IT/000589 Restoration of dune
habitats in Natura 2000 sites of the Veneto coast) [49] to plan Nature-based dune restora-
tion measures on urban or urbanised coasts, taking into account the current state of dune
systems and their restoration potential.

The approach we used is based on the application of a set of indices that consider
different aspects of the vulnerability, conservation, and restoration potential of dunes. These
aspects include the geomorphology of the dune system, aeolian and marine processes,
biological features, and management of the dune system (e.g., [37,38]). Integrated together,
the partial indices used in this study were effective in depicting an overall picture of
the state of the systems, their potential weaknesses, and an assessment of the degree of
restoration required. Furthermore, they provided clear indications of the actions that need
to be taken at each site and thus also proved to be effective in terms of their potential to
facilitate informed decision-making. Indeed, the planning and implementation of Nature-
based solution projects requires a thorough understanding not only of the environmental
and ecological characteristics of a site but also of its use and management practices [36,37].
This is particularly important on urban and urbanised coasts, where coastal dunes and
beaches are mostly managed for recreational purposes, meaning that conflicts between
socio-economic interests and nature restoration need to be resolved.

In addition, our standard procedure allowed for a comparison between different sites,
thereby proving to be highly replicable, allowing for the restoration needs of dune systems
to be identified on a large geographical scale. Applying this approach at different sites can
significantly help to maximise the success of restoration and maintain the restored systems
in a good state of conservation in the long term. This could apply beyond the costs in the
Mediterranean region and be transferred to other global systems, perhaps after changing
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certain value ranges (e.g., dune crest height for dunes that tend to grow to a different height
than in the Mediterranean region).

The analysis of the geomorphological and ecological characteristics of the studied
dunes (StaDun) has shown that most of the sites along the Venetian coast are not in good
conservation status, mostly due to the intensive urbanisation of the coastal areas, which
has led to a major loss of coastal dune habitats and the fragmentation of the remaining
parts [44,58]. Well-developed dune systems are only found in marginal areas where tourism
development has been lower or where tourism is regulated by the management authority.

The most critical aspects that emerged as affecting coastal dunes were the scarce pres-
ence of incipient dunes, the low height of the foredunes, the absence of typical dune species
that promote the formation of dune systems (Type III species, sensu García-Mora et al. [51]),
and the presence of invasive alien plants. In particular, the low height of the foredune and
the sparse presence of incipient forms indicate low sediment accumulation [19,59]. Low
sand accumulation may be the result of reduced beach width or coastal erosion, which
may be exacerbated by the absence of Type III species, as these are responsible for trapping
and consolidating sediments [53,60]. The efficiency of the dune system can also be affected
by the presence of invasive alien species, which have been shown to disrupt dune plant
communities and their functionality [47,61,62].

Interestingly, the physical characteristics of the beaches (BeaPot), such as the granu-
lometry of the sediments, the wind intensity and direction, and the meteo-marine climate,
were ideal for the development of coastal dunes at most of the studied sites. Only a few
sites had adverse conditions for the formation and persistence of dunes.

The most crucial issue raised by our results concerns management, which is directly
related to the current state of conservation of the dune system and significantly limits the
potential of the beach to harbour dune systems. Indeed, inappropriate management of
coastal dunes, such as frequent mechanical beach cleaning, unregulated access to the beach,
or unfenced dunes, may affect the development of incipient dunes or the availability of
sediment [63–65]. Beach cleaning, which is usually carried out with heavy equipment,
involves the complete removal of incipient dunes, levelling the beach, and sometimes also
removing the foredunes if the intervention is too invasive [66]. In addition, the removal of
stranded material traps a large amount of sediment, which is generally relocated outside
the beach–dune system, resulting in a loss in the sediment budget [63,67].

The lack of management is also related to the uncontrolled trampling of dunes,
which is one of the main causes of plant community destruction and homogenisation
(e.g., [40,62,68,69]). Human trampling can directly damage plant species [40,70,71] and
can also favour the establishment and spread of alien species by altering the physical and
chemical conditions of the dunes [47,72–74] or by increasing propagule pressure, as tourists
may inadvertently carry seeds on their clothing [75,76].

The strong economic development that the Venetian coast has undergone in recent
decades has meant that management actions have been implemented to maximise only one
of the many ecosystem services that coastal environments can provide, namely, recreational
services [58,64], while other important ecosystem services such as protection against erosion
and flooding have been neglected [19,65]. In a context where climate change is becoming
an increasing concern for coastal areas, mainly due to sea level rise and more frequent
and intense storm surges, it is essential to consider coastal dunes as a key element of the
landscape and to plan coastal management in a way that maximises the capacity of dune
systems to counteract the negative effects of climate change. This is certainly the case for
the Venetian coast, where the effects of climate change are exacerbated by the subsidence of
the area [77,78].

The analysis of potential management actions that can be implemented at specific
sites proposed in our research represents a valuable tool for ecosystem restoration, as it
allows for the planning of management actions aimed at restoring multiple ecosystem
services. In addition, the screening of possible management actions is fundamental for the
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selection of appropriate management, which allows for the coexistence of human activities
and natural processes.

The results that emerged from different simulations made it clear, however, that it is
not possible to apply the same solution to all sectors, even within the same physiographic
unit. While it is true that many management actions need to be modified to improve the
potential of sites for dune systems, it is not always the case that the same set and number
of actions are required to improve the condition of sites that already have a good real
potential. Furthermore, it is not possible to apply the same actions to sites that have a
similar rating, as the same current condition may be associated with different combinations
of practices applied.

5. Conclusions

Tailored analyses of dune systems and the selection of site-specific measures are not
only necessary but also potentially more sustainable, both ecologically and economically, to
achieve successful restoration and sustainable use of coastal areas. Our approach allowed
us not only to show what particular actions are needed to achieve restoration goals, with
different actions needed at coastal sites with different characteristics but also to do so in
a comprehensive and comparative way, making this an approach that can inform local
stakeholders and translate scientific knowledge into practice, which has been a bottleneck
in ecosystem conservation and restoration so far.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/land13020135/s1, Supplementary S1: Supporting information on indices’
calculation. Supplementary S2: Indices’ results and simulation outputs. References [79–85] are cited
in the Supplementary Materials.
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