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Preface to ”Land Modifications and Impacts on

Coastal Areas”

Due to their favourable geomorphological characteristics and intrinsic environmental and
scenic value, coastal areas have attracted humans and related settlements and activities. The
contemporary population density is significantly higher in coastal areas than in continental areas,
and most of the world’s megacities are located in the coastal zones. According to the most recent
European data, approximately 40% of the population of the European Union lives within 50 km
from the sea, and less than 1% of the Mediterranean coast remains relatively unaffected by human
activities. Coastal areas also play a remarkable role in supporting local economies, providing
resources, assets, and opportunities for commercial, industrial, and cultural activities, as well as
for marine transport and trade. Worldwide coastal zones are home to important industrial plants,
including chemical, petrochemical, metallurgical, steel, mechanical, and cement facilities, as well
as shipyards, military arsenals, and harbour areas with high maritime traffic. Due to intense
urbanization, the morphodynamic evolution of coastal areas is directly and indirectly affected
by human-related activities, which can act at both the local and watershed scales. In addition,
coastal morphoevolutive dynamics are a result of the interactions among oceanic, terrestrial,
and weather-driven factors, which act at different spatial (local, regional, and global scale) and
temporal scales (short, medium, and long time scales). Interdisciplinary studies carried out
during the last few decades have highlighted that low-lying coasts worldwide are currently
subject to erosion and flooding processes, and these phenomena are expected to increase in
intensity and frequency because of ongoing climate change. The long-term maintenance of all
ecosystem functions offered by coastal areas and associated habitats can provide relevant support
in the conservation of those ecosystem services which are able to enforce coastal resilience against
extreme marine events and sea level rise; therefore, the protection of natural and anthropogenic
assets of economic interests, as well as coastal infrastructure, is necessary.

Based on the assumption that accurate knowledge of the natural and anthropogenic factors
acting on the coastal environments is of great significance for their effective management and
for the sustainable exploitation of coastal resources, the main aim of this Special Issue, entitled
“Land Modifications and Impacts on Coastal Areas”, was to collect studies showing examples
of the interconnection among marine/coastal and anthropogenic processes and evolution of the
local landscape, shoreline modification, and coastal geo-environmental changes.

The volume includes case studies from Bulgaria, Cameroon, Ecuador, Ghana, Italy, Mexico,
North Carolina (USA), and Spain, demonstrating methodological approaches applied in different
regions across the world.

The first group of papers (1–6) is focused on the assessment of geomorphodynamic and
hydrodynamic changes and associated effects in terms of shoreline variation and erosion, cliff
retreat, Holocene landscape modification, and ecosystem distribution. The second group of
papers (7–9) analyses the interactions between coastal zones and anthropogenic activities (e.g.,
tourism and mining) from a management perspective. Finally, the last group of papers (10–13)
provides examples of how to address environmental issues (e.g., land use, forest carbon decline,
and sediment pollution).

Hopefully, the scientific collection proposed here will be of interest for different categories of
professionals involved in coastal studies and management to favour integrated research aimed
at the sustainable use of resources offered by coastal environments. Lastly, as Guest Editors, we
would like to kindly thank all the authors for their participation and contribution to the volume
as well as all the reviewers that have strongly contributed to the high-quality papers published.
We also strongly appreciated the support provided by the Land journal editorial staff.

Pietro Aucelli, Angela Rizzo, Rodolfo Silva Casarı́n, and Giorgio Anfuso

Editors
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Interconnections between Coastal Sediments, Hydrodynamics,
and Ecosystem Profiles on the Mexican Caribbean Coast

Juan Carlos Alcérreca-Huerta 1, Cesia J. Cruz-Ramírez 2, Laura R. de Almeida 2, Valeria Chávez 2,*

and Rodolfo Silva 2

1 Departamento de Observación y Estudio de la Tierra, la Atmósfera y el Océano, Consejo Nacional de Ciencia
y Tecnología (CONACYT-ECOSUR), Chetumal 77014, Mexico; jcalcerreca@conacyt.mx

2 Instituto de Ingeniería, Universidad Nacional Autónoma de México, Mexico City 04510, Mexico;
ccruzr3@gmail.com (C.J.C.-R.); lauraribas.a@gmail.com (L.R.d.A.); rsilvac@iingen.unam.mx (R.S.)

* Correspondence: vchavezc@iingen.unam.mx

Abstract: The interconnections between hydrodynamics, coastal sediments, and ecosystem distri-
bution were analysed for a ~250 km strip on the northern Mexican Caribbean coast. Ecosystems
were related to the prevailing and extreme hydrodynamic conditions of two contrasting coastal
environments in the study area: Cancun and Puerto Morelos. The results show that the northern
Mexican Caribbean coast has fine and medium sands, with grain sizes decreasing generally, from
north of Cancun towards the south of the region. Artificial beach nourishments in Cancun have
affected the grain size distribution there. On beaches with no reef protection, larger grain sizes
(D50 > 0.46 mm) are noted. These beaches are subject to a wide range of wave-induced currents
(0.01–0.20 m/s) and have steeper coastal profiles, where sediments, macroalgae and dune-mangrove
systems predominate. The coastline with the greatest amount of built infrastructure coincides with
beaches unprotected by seagrass beds and coral reefs. Where islands or coral reefs offer protection
through less intense hydrodynamic conditions, the beaches have flatter profiles, the dry beach is
narrow, current velocities are low (~0.01–0.05 m/s) and sediments are finer (D50 < 0.36 mm). The
results offer a science-based description of the interactions between physical processes and the role
played by land uses for other tropical coastal ecosystems.

Keywords: sediment transport; sedimentary environments; ecosystem distribution; coastal dynamics;
coastal profiling; physical processes; anthropogenic pressure

1. Introduction

The enormous biodiversity of coastal ecosystems in the tropics has long been ap-
preciated and is now recognised scientifically. However, mangroves, foredunes, beaches,
seagrass meadows and coral reefs are all currently subject to environmental degradation
aggravated by anthropogenic drivers, extreme hydrometeorological events, and climate
warming [1–3]. Coastal dynamics are influenced by the ecosystems that exist in any locality.
They affect the morphology, sediment transport, and sediment features of the environment
where they are found.

Coral reefs enhance wave dissipation [4], as do seagrass meadows. This, in turn,
contributes to sedimentation and the entrapment of sediment particles [5,6]. Dunes and
beaches are interconnected by the wave energy that reaches the coastline [7,8] and the
sediment budget along the beach profile [9]. Both beaches and dunes are also dependent
on the characteristics of adjacent ecosystems [10–12].

The spatial arrangement of coastal ecosystems is associated with topo-bathymetric
profile changes, waves, and currents, that are also linked with sediment transport patterns
and sediment distribution [13]. Low hydrodynamic energy conditions promote the accumu-
lation of fine sediments, whereas higher energy levels lead to coarse sediments [14]. Grain

Land 2022, 11, 524. https://doi.org/10.3390/land11040524 https://www.mdpi.com/journal/land1
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size and sediment type contribute to shaping the coverage of submerged aquatic vegetation
and its distribution. This contributes to reducing sediment transport capacity [15] and
alters the flow dynamics [16,17] and the coastal morphology [18]. Thus, the complex inter-
action of hydrodynamics and sedimentary processes in coastal dynamics, under different
sets of forcing conditions (waves, winds, tide, storm, etc.), affects the evolution of the
environment [19].

In this regard, Gillies et al. [20] state that factors such as hydrodynamic energy and
sedimentation, together with light availability, nutrient loads, and herbivore numbers are
critical for the growth and establishment of tropical ecosystems (e.g., mangrove forests,
seagrass beds and coral reefs).

Natural and anthropogenic changes impact directly on the two-way ecological
–geomorphological linkages [21], and the stability of any ecosystem depends on the combi-
nation of the threats they face [22]. The resilience of coastal ecosystems is also dependent
on physical maritime processes, geomorphology, and environmental characteristics, with
coral reef-seagrass-mangrove systems being more resilient than open beaches with dune-
mangrove systems [23]. For example, a study in Belize [12] showed that the presence of
coral reefs, seagrass meadows and mangroves together, substantially moderates incoming
wave energy, inundation levels and loss of mud sediment. They also found that, although
mangroves alone can offer the coastal protection services mentioned, corals and seagrasses
also influence the nearshore wave climate.

In the Caribbean, the coastal biodiversity is modulated by calm wave and wind con-
ditions for most of the year, with extreme events of short duration from time to time
(i.e., hurricanes and tropical storms) [23,24]. During these storms, currents can cause
significant sediment transport, resulting in coastal erosion and accumulation [25]. Tem-
poral and spatial distribution patterns of sediment, textural variations and biophysical
characteristics of ecosystems, alongshore and cross-shore, provide information on coastal
hydrodynamics [26].

On the northern Mexican Caribbean coast, tourist destinations, such as Cancun and
the Riviera Maya, have been built along the coastal strip of sandy beaches, interspersed
with a few low-lying rocky coastal terraces. However, the attractiveness of the area has been
negatively affected by the impacts of increasing anthropisation, including both tourism
and urban infrastructure. This has caused fragmentation and degradation of ecosystems,
as well as disassociation from traditional and sustainable practices [27]. A range of studies
on the distribution of marine ecosystems and sediment analysis (e.g., [28,29]), or hydrody-
namics and sediment transport features in this area, are available. Tools such as numerical
modelling [18] and statistical trend analysis [30] have also been used to improve the under-
standing of the hydro-sedimentary processes, including temporal and seasonal variations.
More recent work in the northern Mexican Caribbean by [23,31,32] has related hydrody-
namics to ecosystems, describing their fragmentation, distribution, systemic interactions,
connectivity and resilience. However, analyses using detailed data are still required to
improve the understanding of coastal behaviour.

This paper aims to analyse the connection between hydrodynamics (average and
extreme conditions), sediments and ecosystems along the northern Mexican Caribbean
coast. Wave climate, sediments and the distribution of coastal ecosystems were examined
with a focus on two morphodynamically different beaches, one with, and the other without,
coral reefs and seagrass meadows. The physical properties of 228 coastal sediment samples
from the area, collected between 2005 and 2018, and kept at the Institute of Engineering,
UNAM, were analysed. In addition, two contrasting coastal environments in the area,
Cancun and Puerto Morelos, were analysed for a more comprehensive description of their
sediment distribution and ecosystem profiles in relation to coastal hydrodynamic behaviour,
for which numerical modelling was performed.

2



Land 2022, 11, 524

2. Materials and Methods

2.1. Study Area

The study area is in the Mexican state of Quintana Roo, along ~250 km of the northern
Mexican Caribbean coast, between Cabo Catoche in the north (21.60583◦ N, 87.10334◦ W)
and Punta Allen in the south (19.7976◦ N, 87.47430◦ W) (Figure 1). Mangroves, foredunes,
beaches, seagrass meadows and coral reefs interact along the coast, forming a complex
ecological system that influences the flow of matter and marine energy on the very narrow
continental shelf [33,34]. Between Cancun and Tulum, the main touristic corridor in Mexico
covers ~220 km2 of the coastal zone. Most of the population and infrastructure in Quintana
Roo are concentrated here [31]. It has 913,179 inhabitants and had an annual population
growth rate of ~2.54% by 2015 [35]. In this area, scores of tourist developments of varying
size alternate with urbanised areas such as Cancun, Puerto Morelos, Playa del Carmen,
Akumal and Tulum (Figure 1a).

Figure 1. (a) Study area in the state of Quintana Roo, Mexico, and location of sand sampling sites.
(b) Transects for coastal ecosystem profiling, sand sampling sites and surrounding Natural Protected
Areas at the case study locations of Cancun and Puerto Morelos.

The area is affected by hurricanes and tropical storms that induce strong waves, winds,
and coastal flooding in the summer months [36,37]. Trade winds also affect the area,
as well as intense winds from the north. The microtidal conditions have a tidal range
of 0.16–0.25 m [38]. Parallel to the coast, ocean currents flow with a southwest-northeast
direction parallel to the deviation of the Yucatan landmass [39], but the nearshore currents,
generated by the trade winds, produce southerly, littoral currents with a longshore sediment
drift to the south [40].

In front of the Quintana Roo shore, a series of discontinuous coral reefs run paral-
lel to the coast, particularly between Tulum and Puerto Morelos. These are part of the
Mesoamerican Reef System, and form shallow coastal lagoons separating the reef from the

3
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shoreline [41]. The reef lagoons have sandy bottoms usually covered by seagrass meadows.
The dominant foundation species is Thalassia testudinum, along with Syringodium filiforme
or Halodule wrightii and algae [42]. The combination of coral reefs, shallow reef lagoons and
seagrass meadows provides most of the coast with natural protection by dissipating wave
energy, producing a less hydrodynamic, sheltered, stable shoreline [11,12,43]. However,
the international tourist resort of Cancun differs from other areas as there are no coral reefs
and reef lagoons offshore, so the beach receives the direct impact of waves, making it more
dynamic and variable than other beach areas [34,44].

Many protected areas and natural parks have been established along the Mexican
Caribbean but, again, the beach front at Cancun is the exception (Figure 1b). The barrier
island, between Punta Cancun and Punta Nizuc, separates the sea from the Bojorquez-
Nichupte lagoon system, an important leftover section of wetland (Figure 1b). Over the
last 50 years there has been massive tourism development over the former dunes, and
canalisation of the lagoon inlets.

2.2. Sampling Techniques, Numerical Modelling and Data Analysis
2.2.1. Regional Analysis

Sand samples were collected in the study area from 2005 to 2018. The sampling
sites were ~1 km apart, with special focus on beaches that have different types of coastal
ecosystems and degrees of anthropisation, such as Cancun, Puerto Morelos, Playa del
Carmen, Akumal and Tulum (Figure 1a). At each site, three sand samples were taken; at
the backshore, foreshore and at a water depth of 0.5 m. A total of 228 sand samples were
collected, of which 54.3%, 20.2%, and 13.6% were from Cancun, Puerto Morelos and Playa
del Carmen, respectively. Most of the sand samples were from 2006–2007 (56.6%), with
15.8% taken in 2010, following the beach nourishment projects in Cancun subsequent to the
impacts of Hurricane Wilma in 2005 [34].

Grain size distribution, sphericity (SPHT) and shape factor (SF) were measured with a
CAMSIZER P4 particle analyser based on a dynamic image analysis method for particle
size identification and the Krumbein–Sloss chart for particle shape parameters [45]. A
pycnometer method was used to determine the specific gravity and density of sand samples.
A descriptive statistical analysis of grain size (D10, D50 and D90), SPHT, SF and density is
presented for all the sand samples in the study area.

The variation in the grain size, D50, as a function of the longshore distance (DLS) was
analysed, taking the most northerly location in the study area, Costa Mujeres (21.24112◦ N,
86.80213◦ W), as a reference point, to Punta Allen in the south (19.79760◦ N, 87.47430◦ W).
This information allows changes in the mechanical properties of sediments to be iden-
tified and the determination of any possible directions of sediment transport along the
coastline [46,47].

Wave climate conditions were examined using the output dataset from hourly esti-
mates of wave parameters from ERA5 reanalysis at the location 21.0◦ N, 86.5◦ W from 1979
to 2021 [48]. The ERA5 dataset provides wave climate conditions over a regular latitude-
longitude global grid, with spatial spacing of 0.5◦, and with the selected location being
the most suitable for the analysis of wave climate conditions in the northern region. Wave
rose diagrams and density histograms of wave height and wave period were produced to
define the wave height (HS), wave period (T) and wave direction (θ) under prevailing and
extreme wave conditions for further numerical modelling. Extreme wave-conditions were
defined considering an hcrit threshold, exceeded for a minimum period of 12 h, with hcrit
being 1.5 times the annual average significant wave height based on the existing hourly
records of wave climate conditions (hcrit = 1.5 HS, annual) [49].

The spatial distribution of coastal environments in northern Quintana Roo was as-
sessed for a coastal strip, 5 km from the shoreline, using an existing ecosystem classi-
fication (i.e., mangrove, coastal dunes, coral reefs, seagrass and macroalgae) obtained
from [31,50,51]. The areas covered by human settlements, including their number of in-
habitants, were also included, based on [52,53]. Considering the length of each beach, the

4



Land 2022, 11, 524

ecosystem and human settlement densities were calculated for Cancun, Puerto Morelos,
Playa del Carmen, Akumal and Tulum.

2.2.2. Local-Scale Analysis

Cancun and Puerto Morelos were taken as specific case studies due to their contrasting
coastal morphology, hydrodynamics and coastal ecosystem types (Figure 1b). The spatial
grain size distribution for 150 m wide strips on the shore for both cases was assessed
through the interpolation of D50-values, to obtain the cross-shore distributions of grain sizes.
The raster of interpolated D50-values for each location was overlaid with the numerically
modelled wave-induced currents, for prevailing and extreme wave events.

The WAPO model [54] was used to obtain the surface wave propagation and the
wave-induced currents in the two areas. This model couples the REF/DIF model [55] to
resolve the parabolic form of the mild slope equation including wave refraction-diffraction
effects in intermediate waters [55,56]. Using the REF/DIF results, the WAPO model
calculates the wave-induced currents by resolving the long wave equations. The numerical
domains were defined as 20.79–20.91◦ N and 86.94–86.82◦ W (14.5 km × 18.4 km) for
Cancun, and 21.01–21.27◦ N, 86.84–86.70◦ W (12.6 km × 13.0 km) for Puerto Morelos. The
bathymetric information for the numerical domains was based on data from nautical charts
of the Mexican Navy (SM 900; SM922; SM 922.1; SM 922.3) [57], bathymetric data from
WorldView-2 satellite images [50], and local bathymetries obtained in 2008 and 2010. Both
numerical domains were discretised in regular grids of 20-m spatial resolution.

Using the available topo-bathymetry data and including information on their coastal
ecosystems, 19 beach profiles were assessed for Cancun, perpendicular to the coastline,
and 10 for Puerto Morelos, each with a spacing of 1 km. For Cancun there were two
areas of profiles: those north of Cancun and those on the barrier island. The classification
detailed anthropised areas (urbanisation, hotel development, population, and roads),
natural areas (subaerial vegetation other than mangroves), bodies of water (coastal lagoons),
mangroves, coastal dunes, type of coast (beach, cliffs or rocky shoreline and artificial
protection structures), seagrass and macroalgae, sediment accumulation and coral reefs. The
profiles extend 500 m landward from the shore. On the seaside, the profiles extend up to a
water depth of 20 m, depending on the information available on the coastal ecosystems. The
length of each ecosystem in each profile was obtained through the intersection between the
geographical position of the ecosystems, mangrove, reef, seagrass/macroalgae [50,51] and
dunes [31], as well as the location of urban infrastructure, the type of coastline and water
bodies [52,53]. The identification of the ecosystems in each section was also corroborated
with Google Earth satellite images. Subsequently, the extension of each ecosystem in the
profile was obtained and its sedimentary and hydrodynamic characteristics were associated
with it.

Characteristic profiles were developed to provide a summary of the distinctive fea-
tures that are shared between all profiles within a specific area of the case studies and to
visualise the typical extent and distribution of coastal environments easily. Each profile was
normalised by dividing the cross-shore distances (DCS) by the total length of each profile
(L) to obtain unit length profiles with the normalised cross-shore distance (DCS*) given by
Equation (1).

DCS∗ =
DCS

L
(1)

In this way, the topo-bathymetric information could be averaged to produce two
characteristic unit profiles for Cancun and one for Puerto Morelos. The ecosystem type
within the characteristic unit profile was found from the statistical mode of the ecosystems
at each corresponding location (DCS*) in the unit profiles. The normalised length of the
characteristic profile was then scaled, using the average length of the n-profiles considered
(i.e., LAV = ΣLi/n, with LAV as the scale factor), to give the three characteristic profiles for
the ecosystems in each case study.
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3. Results

3.1. Sediments, Wave Climate, and Coastal Environment
3.1.1. Sediment Characterisation

Table 1 shows the sediment features from all the sand samples examined and individu-
ally for the case studies. The coefficients of variation (CoV) based on the standard deviation
and the mean describe low regional variation (CoV < 13.3%) for the density, SF, and SPHT,
but not for the grain size distribution for which variation is higher (CoV > 48.4%).

Table 1. Grain size (D10, D50 and D90), density, shape factor and sphericity for the sand samples from
the study area.

Regional Results a Case Studies

Variable Min. Max. Mean Std. Dev. Cancun Pto. Morelos

Grain size, D10 [mm] 0.050 0.727 0.219 0.106 0.254 0.214
Grain size, D50 [mm] 0.093 1.433 0.391 0.200 0.451 0.368
Grain size, D90 [mm] 0.196 4.754 0.875 0.702 0.992 0.754

Density [kg/m3] 1632 3232 2443 324 2565 2393
Shape factor, SF = b/L [-] 0.653 0.744 0.692 0.018 0.693 0.693

Sphericity, SPHT [-] 0.679 0.897 0.831 0.029 0.836 0.832
a The values provided correspond to the mean values of each variable in the case study areas.

Most of the samples were calcareous deposits of biogenic origin. However, higher
density values (3232 kg/m3) were found at backshore sites close to the rocky points of
Punta Cancun and Punta Nizuc. In contrast, lower density sediment samples were found
at Tulum, 1632 kg/m3, possibly related to the porous calcite content in the samples. The
SF and SPHT show values associated with fine and medium beach sands. The highest
SPHT-values were for the northern beaches of Cancun, with SPHT > 0.87.

The grain size distribution in the study area was 0.219–0.875 mm for the mean values
of D10 and D90. However, less than 25% of the sand samples had a D50 < 0.219 mm or a
D50 > 0.875 mm. Sampling sites in the northern part of Cancun and at Punta Brava had a
wide sediment distribution, with D90-values of 4.562 and 4.754 mm, respectively, which
correspond to granular sediment and pebbles. On the other hand, sediment with >10% silt
was found in Punta Allen, where D10 < 0.0627 mm. Less than 5% of the sand samples had
such extreme values of grain size distribution.

Table 1 shows the differences between the case studies of Cancun and Puerto Morelos.
The grain size distribution (D50 and D90), density and SPHT in Puerto Morelos were lower
than that of the region, the opposite of Cancun, where the sediment features were higher
than in the region as a whole.

Findings worth noting are two sand samples from Cancun (Figure 2): a 2005 sample
from Cancun, before the beach nourishment, and a sand sample from the same location,
but after the beach nourishment. The first sample showed a remarkable degree of well-
sorted sediment, as seen in Figure 2a, and a D90 = 0.436 mm and a D10 = 0.252 mm, both
close to the D50 = 0.317 mm, giving one of the most homogeneous grain size distributions
of all the sand samples collected. In contrast, the second samples showed similar sand
parameters but a significantly higher grain size distribution and a low degree of sorting
(Figure 2b). With this great difference in the grain size distributions, it is to be expected
that the morphodynamic behaviour of the beach under present conditions is different than
before the beach nourishment.
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Figure 2. Cumulative grain size distribution and microscope images (1 mm grid) of sand samples at
Cancun (21.172913◦ N, 86.805336◦ W) (a) before and (b) after the 2005 beach nourishments in that
area following hurricane Wilma.

Changes in sediment grain size for each of the three parts on the beach profiles are
given in Figure 3. The coarsest backshore sands were from the southern half of the Cancun
barrier island, with a grain size 0.430 < D50 < 0.747 mm for ~69.0% of the sand samples.
In contrast, 26.6% of the sand samples in the north of Cancun had a grain size of over
0.430 mm. Although some peaks in the grain size were seen at specific sites, such as
Punta Brava (D50 = 0.616 at DLS = 61.3 km), north of Playa del Carmen (D50 = 0.483 at
DLS = 79.1 km), and at Akumal (D50 = 0.631 at DLS = 139.2 km), there was generally a
decrease in grain size towards the south, for nearshore, foreshore and backshore samples
(Figure 3a–c). The finest sands were from the backshore at Tulum (DLS = 169.4 km) and
Punta Allen (DLS = 221.1 km) with D50 < 0.101 mm.

Figure 3. Grain size variations for the different beach profile sections: (a) BS, (b) FS and (c) NS. The
zero-reference point DLS is at 21.24112◦ N, 86.80213◦ W, with DLS values increasing parallel to the
coast and in a southerly direction. (d) Histogram for the grain size distribution for the different parts
of the profiles for all the sample sites.
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The grain size distribution in the foreshore and nearshore samples showed medium
to fine sands, with a grain size that had higher D50-values than those of the backshore
(Figure 3d). The nearshore had the largest grain size (D50,mean= 0.464 ± 0.26 mm) with a
wider variation along the coast. This was followed by the foreshore (D50,mean= 0.401 ± 0.23 mm)
and backshore (D50,mean= 0.358 ± 0.13 mm). About 13.45% of the nearshore sand samples
exceeded D50 = 0.800 mm; however, this percentage decreased to 4.6% for the foreshore
and to zero for the backshore.

The coarsest sands on the northern Mexican Caribbean were from specific sites in
Cancun and Punta Brava (DLS = 7.89 km and DLS = 61.3 km), regardless of which part of the
beach profile they were taken from. In summary, fine to very coarse sands were found on
the northern Mexican Caribbean coast, according to the Udden–Wenworth grain size scale,
with a predominance of fine and medium sand, with 75% of sands having D50 < 0.479 mm.

3.1.2. Wave Climate Conditions

The most frequent wave climate in the area between 1979 and 2020 had waves with
a predominant ESE-WNW direction (θ = 112.5◦) (Figure 4a). Nearly 95.5% of the waves
had heights of HS < 2.0 m, of which 41.7% were of HS < 1.0 m, with peak wave periods of
TP = 4.0–8.0 s. The period of prevailing wave TP = 6.0 s had an individual probability of
occurrence > 10%. About 4.5% of the waves were over HS = 2 m and only 0.3% of the wave
height exceeded HS = 3 m in the prevailing wave conditions.

Figure 4. Wave rose diagrams for incident waves in (a) prevailing and (b) extreme conditions.
(c) Bivariate histogram of HS and TP for wave climate conditions from ERA5 at 21.0◦ N, 86.5◦ W.

For extreme wave conditions, the critical wave height threshold was hcrit = 1.71 m.
Wave heights were above this threshold, but below 2.0 m for 48.8% of the storm conditions,
whereas 46.5% were 2.0 < HS < 3.0 m (Figure 4b). Severe conditions, with HS > 3.0 m,
occurred 4.7% of the time, with waves coming mainly from a NNE direction (θ = 22.5◦)
and up to HS = 11.28 m, associated with wave periods of TP = 7–8 s. Therefore, extreme
wave conditions for the numerical modelling of wave propagation in the case studies
were defined for a critical condition of HS = 3.0 m, θ = 22.5◦ (Figure 4b) and a TP = 8.0 s
(Figure 4c).

The average storm data for every five-year period is shown in Table 2, including the
mean storm duration, total number of storms, and the yearly averaged minima and maxima
within the period. The maximum significant wave height reached within the quinquennial
period is also provided.

The average wave height was HS-AV = 2.04 ± 0.02 m with wave periods of TP = 7–8 s.
Maximum wave heights of HS-Max =10.67 m and HS-Max =11.28 m were recorded with
Hurricane Gilbert (1988, H5) and Hurricane Wilma (2005, H4), respectively, which made
landfall in the north of the peninsula. Other very energetic waves were associated with
hurricanes that approached without making landfall on the peninsula (e.g., hurricanes
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Allen 1980, H5; Ivan 2004, H5; and Michael, H1). In addition, the maximum wave heights
in 1991 and 1995 occurred in stormy, not hurricane conditions.

Table 2. Mean and maximum wave height during extreme wave conditions, storm duration and
number of storms for every five-year period.

Period
Wave Height Storm Duration [h] Number of Storms

HS-AV [m] a HS-Max [m] Mean a Min a Max Mean a Min a Max

1980–1985 2.03 7.43 (1980) 35.2 31.4 (1984) 39.3 (1981) 19.8 14 (1982) 25 (1980)

1985–1990 2.04 11.28 (1988) 35.5 29.0 (1985) 41.3 (1989) 19.8 14 (1986) 26 (1988)

1990–1995 2.04 4.02 (1991) 39.0 31.4 (1992) 44.0 (1990) 17.0 14 (1992) 22 (1990)

1995–2000 2.06 5.69 (1995) 46.3 31.3 (1995) 55.2 (1999) 22.0 14 (1997)
28

(1996/1998)

2000–2005 2.03 7.13 (2004) 36.6 30.5 (2001) 45.5 (2004) 21.6 19 (2000) 28 (2001)

2005–2010 2.08 10.67 (2005) 38.7 31.9 (2007) 44.1 (2008) 23.6 21 (2006) 27 (2007)

2010–2015 2.02 4.28 (2014) 34.2 31.9 (2013) 37.4 (2012) 22.2 17
(2011/2012)

33 (2010)

2015–2020 2.03 3.71 (2018) 37.7 26.7 (2016) 53.4 (2015) 21.8 17 (2019) 29 (2016)
Average 37.9 30.5 45.0 21.0 16.3 27.3

a The year of occurrence is given in parentheses.

The duration of storms was variable, with no clear pattern, being generally of between
30.5 and 45.0 h, with maximums in 1999 and 2015. For 1995–2000 the duration of storms
was longer than for other periods, up to 46.3 h. The historical minimum for the number
of storms per year was reached in 1982, 1986, 1992, and 1997 (14), with a variable average
storm duration, while in 2010 and 2016, there were more storms than in other years, but
with low persistence.

In general, there has been a trend to more storminess, with the maximum number
of storms, 22–26 in 1980–1995, increasing to 27–28 for 1995–2010 and up to 33 after 2010.
There has also been a rise in the minimum number of storms in a year, from 14 before 2000
to more than 17 after 2010.

3.1.3. Land Use

The main characteristics of land use in the ~250 km coastal trip from Cabo Catoche
to Punta Allen are shown in Table 3. Of these, about 31.8, 9.0, 8.4, 4.4 and 3.1 km of the
anthropised waterfront of Cancun, Puerto Morelos, Playa del Carmen, Akumal and Tulum,
respectively, were examined in more detail (see Figure 1a). The coastal tourist corridor, from
Cancun to Tulum, has 79.4% of the total population living in the coastal area of the Mexican
Caribbean, of which 96.4% live in Cancun and Playa del Carmen (i.e., 780,882 inhabitants).

An area of 22,544 ha of the study area is covered by mangroves, with the most extensive
being between Cabo Catoche and northern Cancun (in the north), and between Tulum and
Punta Allen (in the south). Cancun has a large area of mangrove, with a density similar
to that of Puerto Morelos, but 4–10 times higher than that of Playa del Carmen, Tulum or
Akumal. Coastal dunes are virtually absent in the anthropised areas analysed. Seagrass and
macroalgae are also present in the northern region, with a similar density to that found off
Cancun and Puerto Morelos, but far lower than off Playa del Carmen, Akumal and Tulum.
The coral reefs are a discontinuous ecosystem, most dense between the south of Punta
Nizuc (Cancun) and Puerto Morelos, and with some sections, such as the urban/tourist
zone of Cancun, where there are no reef remnants.
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Table 3. Characteristics of land use in the northern Mexican Caribbean.

a Variable
Northern
Region

Anthropized Areas in the Northern Region

Cancun Pto. Morelos Pl. del Carmen Akumal Tulum

Inhabitants
total 818,876 630,959 9188 149,923 1310 18,233

per km (3276) (19,842) (1021) (17,848) (293) (5881)

Human settlements
ha 17,313 11,803 186 3543 36 386

ha/km (69) (371) (21) (422) (8) (125)

Mangrove ha 22,544 3153 1055 212 41 29
ha/km (90) (99) (117) (25) (9) (9)

Coastal dune
ha 1719 27 15 8 — 0.1

ha/km (7) (1) (2) (1) — (0.0)

Seagrass and macroalgae ha 33,327 4381 1222 642 203 254
ha/km (133) (138) (136) (76) (46) (82)

Coral reefs
ha 4589 123 237 47 51 50

ha/km (18) (4) (26) (6) (12) (16)

a Hectares (1 ha = 10,000 m2) and the density in hectares per kilometre of coastline (ha/km).

3.2. Case Studies

The detailed results for Cancun and Puerto Morelos are used to show the links between
beach sediments features, wave climate and land use, in a local-scale analysis. The chosen
locations mainly differ in the presence, and lack of, a fringing reef, as well as the extent of
urban infrastructure nearby.

The wave-induced currents and grain size variation in the sediments are described,
along with the land use spatial distribution and their associated beach profiles. For each
location, two scenarios were modelled using the wave climate results for the northern
Mexican Caribbean for: a) prevailing wave conditions with H = 1.0 m, T = 6.0 s and ESE
direction (θ = 112.5◦), and b) extreme conditions with H = 3.0 m, T = 8.0 s and NNE direction
(θ = 22.5◦).

3.2.1. Case Study 1: Cancun

For Cancun, the land use, distribution of sediment grain size and wave induced
currents, with their velocity, magnitude and direction, are shown in Figure 5. In Figure 5a
land use and bands showing grain size variations are shown, while Figure 5b shows currents
induced by prevailing waves, and Figure 5c shows these currents in extreme waves.

The southern section of the beach in Cancun (~21.04–21.06◦ N) has the coarsest sedi-
ment found in the case study (Figure 5a). Another area with coarse sediment is the central
part of the barrier island (~21.10◦ N). A proxy of sediment transport paths can be inferred,
as they normally run from areas of coarse material towards zones with finer sediments,
resulting in a south-north direction in the north of the beach (~21.10◦ N to ~21.13◦ N) and
a north-south direction in the south of the beach (~21.04◦ N to ~21.06◦ N). This observed
sediment transport path is closely related to the wave-induced currents under prevailing
conditions (Figure 5b), where the magnitude along the barrier island (~0.05 m/s) increases
close to the shoreline and at the nearshore, allowing the settlement of coarse particles
(>0.600 mm), according to the Hjulström curve. Under extreme conditions, there is a domi-
nant north-south direction along the barrier island with velocities >0.20 m/s (Figure 5c)
that, based on the Hjulström curve, might lead to erosional processes which might modify
the prevailing sediment distribution in the area. It is worth noting that, although the
wave-induced currents are small, even under extreme conditions (<0.3 m/s), they can still
induce transport and erosional processes for the grain sizes found in the study area.
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Figure 5. Results for Cancun showing (a) land use and variation of the sediment grain size (D50).
Sediment grain size variation is shown for a 150 m width strip along the shoreline, with sand samples
from the backshore, nearshore and foreshore zones. Speed and direction of wave-induced currents
are also shown for (b) prevailing [HS = 1 m, TP = 6 s, θ = 112.5◦ (ESE)] and (c) extreme conditions
[HS = 3 m, TP = 8 s, θ = 22.5◦ (NNE)].

The medium and coarse sands observed in the south of the barrier island (D50 > 0.40 mm)
are among the coarsest sand samples in the northern Mexican Caribbean. This could be
linked to the wave-induced currents, but also to the possible degradation of a lithified
Pleistocene dune located at ~21.06◦ N, that extends over the Nichupte Lagoon, and that
could be submerged seaward (Figure 5a). Between the two areas of coarse sediment on
the barrier island, there is an area of finer material near to a coastal dune (Playa Delfines),
This material is of the finest grain size found in the study area with D50 = 0.154 mm and
D50 = 0.169 mm at the dune crest and the berm, respectively. This sediment is possibly
becoming a reservoir that can be transported to other beach segments under extreme
wave conditions.

Sediment and macroalgae are the main bottom cover on the submerged beach of
the barrier island of Cancun. The coarse sands found here are linked to intense currents
very close to the shoreline, where most of the wave-energy dissipation and continuous
high turbulent velocities due to wave breaking are expected to occur. At ~21.11–21.13◦ N,
under extreme conditions, the velocity magnitude increases close to the shore, with velocity
magnitudes of >0.05 m/s spreading seaward, over patches of sediment interspersed with
areas of macroalgae. There are low velocity magnitudes (<0.010 m/s) over the sediment
and macroalgae in front of the barrier island (Figure 5) where the greater water depth
lessens the impact of the waves.

The wave-induced currents around Punta Nizuc flow southwards due to the diffrac-
tion of the waves by the rocky point. The higher velocities develop close to the corals,
possibly related to turbulence and wave breaking. In the reef lagoon south of Punta Nizuc,
velocity magnitudes of ~0.010 m/s develop over a wide area of backreef, induced by the
shallower water in the reef lagoon. Finer sediments in the shoreline were found as the
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velocity magnitudes decrease over the shoreline. Mangroves coincide where there is finer
sediment and where seagrass communities are also found.

In the northern part of the beach of Cancun, the dominant bottom covers are seagrass
and sedimentary deposits, which give rise to submarine dunes. Over these, in prevailing
conditions, velocity magnitudes (<0.05 m/s) increase, especially at 21.15–21.18◦ N, induced
by the shallower waters. Sediment size is greater at the nearshore (D50 > 0.800 mm),
and finer sediment is found in the backshore. This area coincides with the development
of seagrass meadows and macroalgae patches. The wave-induced currents from Punta
Cancun, with a W-E direction, follow the longitudinal direction of the submarine dunes over
the seagrass areas. This effect is also seen in extreme conditions, with the wave-induced
currents being more intense at the transition between areas of seagrass and sediments.
This is because the sedimentary deposits lie at depths about 1 m less than where seagrass
meadows are found. It is important to mention that the wave propagation model does not
consider wave energy attenuation from seagrass meadows, nor from coral reefs, so that the
currents reaching the coast could be less strong than those indicated by the model.

Isla Mujeres is located near the northern beaches of Cancun (Figure 1). This island
provides shelter from wave effects, thereby decreasing the intensity with which sediment is
transported. In the long term, this protection may have created the conditions that explain
why the northern part of Cancun has shallower waters, as it produces a less dynamic area,
where sediment can be deposited. Nowadays, wave diffraction-refraction processes could
lead to the wave-induced currents observed in Cancun’s northern beaches. Similarly, the
island could induce the conditions needed for the establishment of seagrass meadows—
waters with low turbidity, sheltered from waves. Once they have become established,
seagrasses decrease wave power and current energy, increase sedimentation and fix bottom
sediments, due to the structure of their leaves, roots and rhizomes [6,58,59]. The protected
conditions of the northern beaches could also explain the reduction in grain size compared
to that of the barrier island.

The beach profiles are shown in Figures 6 and 7, where the distribution of coastal
ecosystems, their segmentation, and land use in the north of Cancun (NC), and on the
barrier island (BI), are detailed.

The anthropised areas in the subaerial profiles are about 210–235 m in width. The
maximum anthropised width is ~424 m, at NC02, limited by terrestrial or marine water
bodies and occupying the entire subaerial portion of the profile. On the barrier island, the
maximum extent of anthropised areas is ~344 m, also limited by water bodies.

The profiles for northern Cancun (NC01 to NC08) show mangroves and seagrass
communities. The latter are present in all the submarine profiles, covering 8.4–52.1% of
the profile length. There are no coral structures in the northern part of Cancun, nor in
front of the barrier island, although south of Punta Nizuc, there is a coral reef community
(Figure 5a). Off the barrier island, macroalgae covers 10.7–38.3% of the profile length, in
combination with marine sediments (6.1–54.3%), and there are no seagrass meadows. Here,
an average 35% of the profile length is marine sediments, but these could cover up to
2064 m of the sea bottom, as at BI03. It is worth noting that the presence of macroalgae
on the seabed in front of the barrier island occurs at depths of over 10 m, except at profile
BI11 (Punta Nizuc). Therefore, the drag and roughness effects of macroalgae on wave
propagation are limited.

The data show that the subaerial landscape of Cancun barrier island is dominated by
anthropised areas, mangrove ecosystems and water bodies. However, this barrier island
was entirely composed of dunes prior to the large-scale tourist development of the 1970s,
which practically eliminated dunes [34], leaving traces of the dune field [10]. Prior to the
urbanisation, eroded beach sediment used to be recovered from dunes following extreme
meteo-oceanographic conditions, a natural process that cannot occur nowadays [34].
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Figure 6. Beach profiles in northern Cancun, extending from 500 m inland, and up to 4 km seaward.
The shoreline is located at a cross-shore distance DCS = 0 m. The profiles (a) are numbered as in
Figure 1. The land use for northern Cancun (b) corresponds to profiles NC01-NC08.

Almost all the coastal profiles at Cancun show sandy beaches, except NC03 and NC05.
The beaches are 17.4 m wide, on average, in the north, and 45 m wide on the barrier island,
with a maximum, BI09, of 65.9 m, where the only existing coastal dune is found and the
greatest grain sizes (Playa Delfines). South of BI09, towards Punta Nizuc, the profiles also
show mangrove areas, similar to the north of Cancun, with an average extent landward
of ~170.5 m (i.e., ~34.1% of the subaerial landscape analysed). These mangrove areas are
part of the Bojorquez–Nichupte lagoon system (Figure 1b). The connection between the
lagoon and the sea is now limited to two rigidised inlets, meaning that the connectivity
between the mangrove and the coastal zone, as well as the sediment balance once offered
by intermittent inlets, has been drastically modified [34].

The characteristic beach profiles obtained for northern Cancun (Figures 6b and 8a) and
the barrier island (Figures 7b and 8b) differ in their morphology and the ecosystems found.
For the north of Cancun, the profile is mainly wide areas of shallow waters (h < 10 m at 0
< DCS < 4 km) where seagrass meadows predominate at cross-shore distances of 0–2 km,
with marine sediments beyond. The effect of the shallow water contributes to the slight
increase in wave-induced velocities here (~0.05 m/s). On the other hand, the subaerial
profile for the barrier island is anthropised, and limited by the Nichupte Lagoon. The
submarine part of the profile shows rapid deepening, with water depths of >10 m at a
cross-shore distance of 500 m from the beach. Sandy beaches are found close to the shore,
then marine sediments up to a cross-shore distance of ~950 m, beyond which there are
macroalgae ecosystems.
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Figure 7. Beach profiles at the Cancun barrier island, extending from 500 m inland, towards a
water depth of 20 m. The shoreline is located at a cross-shore distance DCS = 0 m. The profiles
(a) are numbered from north to south as in Figure 1. The land use on the Cancun barrier island
(b) corresponds to profiles BI01-BI11.

Figure 8. Schematisation of the distribution of coastal environments and characteristic coastal
infrastructure at (a) northern Cancun and (b) the barrier island of Cancun.
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3.2.2. Case Study 2: Puerto Morelos

Figure 9 shows the sediment grain sizes, land use and wave-induced currents for
prevailing and extreme wave conditions along the Puerto Morelos coast. The effects of
the nearby fringing reef are clear, with substantial changes in grain size, wave-induced
currents and ecosystem distribution.

Figure 9. Results for Puerto Morelos showing (a) land use and variation of the sediment grain size
(D50). Sediment grain size variation is depicted over a strip of 150 m width along the shoreline
considering sand samples at the backshore, nearshore and foreshore zones. The speed and direction
of wave-induced currents is also shown for (b) prevailing [HS = 1 m, TP = 6 s, θ = 112.5◦ (ESE)] and
(c) extreme conditions [HS = 3 m, TP = 8 s, θ = 22.5◦ (NNE)].

The highest velocities, >0.200 m/s, are where coral reef formations and coral debris
are found, independent of wave conditions. Other areas with high velocities are seen where
there is no reef, such as Punta Brava, where there is also an increase in the sediment grain
size, D50 > 0.750 mm. Near to the town of Puerto Morelos, the backreef lagoon is narrower
and the sediment grain size is greater at the nearshore. In the lee of the reef, seagrass
communities and macroalgae are found, along with unvegetated areas of finer sediments,
D50 < 0.400 mm. To the south, there are areas of submerged sediment where the velocity
magnitude is low, less than ~0.005 m/s. In general, the unvegetated areas are not sheltered
by reefs, but velocity magnitudes are low, which favours sediment deposition.

North of the town there is a wider area between the reef and the shore, where the
velocity magnitudes are > 0.010 m/s. The sea bottom is mainly covered by seagrass
and sediments (Figure 9a). Like northern Cancun, and in the reef lagoon south of Punta
Nizuc, these velocities are lower than those impacting the shoreline where there is no wave
protection from coral reefs (Figure 9b,c).

At open beaches, without reef protection (Figure 9a), there are large areas covered by
macroalgae, similar to the beaches along the Cancun barrier island (Figure 5a). Macroalgae
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settle in areas of low velocity magnitudes, <0.005 m/s in prevailing conditions (Figure 9b)
and <0.050 m/s in extreme conditions.

In prevailing conditions, the wave-induced currents are perpendicular to the coral
reef barrier. However, a longshore current is seen, close to the shoreline, with a north-south
direction. The longshore current continues south to Punta Brava in both prevailing and
extreme wave conditions. South of Punta Brava, in extreme wave conditions, a small area
covered by coral debris and octocorals induces a very complex pattern of wave-induced
currents, although the direction is predominantly southward.

In Puerto Morelos the extensive mangrove forests have no direct connection with the
sea [60], which means that they do not directly influence the size of the sediment found on
the beach. In the reef lagoon the small sediment grain size (D50< 0.300 mm) is probably
due to the seabed being covered by seagrass communities that are protected by the reefs
(Figure 9).

The coastal profiling results for Puerto Morelos are given in Figure 10. In every profile
all the ecosystems are represented, except for P10 in the southernmost part of Puerto
Morelos, close to Punta Brava, where macroalgae is predominant. Mangrove forests cover
~5–12% of the length of each profile, about 275 m of the subaerial landscape. Inland, the
mangrove area is almost continuous in all the profiles, only disrupted by anthropised
areas, in general, with a cross-shore distance 0 < DCS < 300 m. In profiles P01-P08, the
anthropisation lies next to the beach, with no buffer area (Figure 9a). Profiles P03 and
P05-P07 have most anthropisation, ~200–310 m of the profile length, representing ~40–60%
of the subaerial profile.

The dune ecosystem is minimal, 9.8 m on average, mainly in the south (P09 and
P10), where it extends for up to 50 m. The foredunes at Puerto Morelos are ~4 m high
and degraded in many areas due to the construction of infrastructure [33]. In contrast, all
the profiles have sandy beaches, with an average width of ~17 m, increasing to 30–50 m
northward, except for P08, where there are structures protecting the port infrastructure.

In the marine section of the profiles, macroalgae bottom cover predominates, with an
average coverage of ~930 m, although in the south, macroalgae covers up to ~3050 m (P10).
Marine sediments are common in the south, as shown in P07 to P09, providing an average
coverage of ~465 m and reaching cross-shore distances of up to ~1110 m.

The seagrass communities are mostly between P02 and P07, with ~420 m on average,
reaching a maximum in P02 and P03 of ~1 km. In contrast to the macroalgae ecosystems,
seagrass communities are almost continuous, as can be observed in most of the profiles
(e.g., P02 and P03). Coral reef structures, coral debris and octocorals cover distances of
~390.4 m on average, with octocorals being the most common, especially in P01 and
P03, where they cover a cross-shore distance of up to 540 m. The fragmentation of the
ecosystems is more pronounced in profiles P01, and P07 to P09 (close to the port), being
usually interspersed with seagrass, corals and marine sediments. These profiles have the
greatest land use segmentation with ~71–75 interwoven patches of different ecosystems,
marine sediments and macroalgae being the most common.

The characteristic profile for Puerto Morelos is shown in Figures 10b and 11. The sub-
aerial landscape is mainly composed of mangroves. Anthropised areas limited by the beach
are the second most common land use (Figure 11). There is a narrow band of sediments,
~30 m, seaward from the shoreline, with a grain size of D50≈0.30 mm, interspersed with ar-
eas of macroalgae and occasional seagrass patches. Seaward of DCS = 175 m, a continuous
area of seagrass communities predominates, but with segments of marine sediments and
macroalgae intercepted. Beyond DCS = 880 m, the predominant environment is macroalgae,
interrupted by octocoral segments at 1650 < DCS < 1850 m, over the forereef, at water
depths of 10 m. It is worth noting that coral debris and coraline structures form a mound in
almost all profiles landward of the forereef (Figure 10a).
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Figure 10. Beach profiles at Puerto Morelos (PM), extending from 500 m inland, towards a water
depth of 25 m. The shoreline is located at a cross-shore distance DCS = 0 m. The profiles (a) are
numbered from north to south as in Figure 1. The land use at Puerto Morelos (b) corresponds to
profiles P01–P10.

Figure 11. Schematisation of the distribution of coastal environments and characteristic coastal
infrastructure at Puerto Morelos.

4. Discussion and Concluding Remarks

The dynamics of any coast involve a complex exchange of matter and energy that
comes from continually changing ecological-geomorphological linkages. When evaluating
the sedimentary characteristics of the northern Mexican Caribbean coast, it has been
possible to verify that, on a large spatial scale, the sedimentary flow is from north to south.
However, at local scale, the evaluation of detailed coastal dynamics, characteristics of
coastal ecosystems (types and extent) and land uses is essential to understand the complex
and interconnected relationships between these factors and local geomorphology.

The evaluation of case studies at a local level has shown that coastlines that are
hydrodynamically protected by islands or coral reefs have shallow, flatter profiles created
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by sedimentation. This protection also contributes to the development of seagrass meadows.
The interconnectivity between coral reefs and seagrasses is recognised: coral reefs dissipate
the force of currents and wave energy through breaking and bottom friction [61], creating a
suitable environment for seagrass. In turn, the seagrasses control turbidity and nutrients,
providing water conditions that encourage the growth of coral reefs [62]. Since seagrasses
also attenuate currents and waves, sediment particles are deposited in the reef lagoon, so
that, over time, a shallow area develops that further contributes to wave attenuation [63].
This condition has been verified in Puerto Morelos. As a consequence, backshore/foreshore
sediments are finer (~0.2–0.3 mm), dry beaches are narrower (~17 m) and more stable [44],
with smaller foredunes [10] than nearby areas without this protection. In the study area
north of Cancun, despite not presenting a barrier reef but with the protection of Isla Mujeres,
similar geomorphological characteristics have been found, mainly due to shallow and flat
nearshore, dominated by seagrasses. In these study cases, the characteristics of the profile
are related to coastal ecosystem development. However, despite the extensive mangrove
areas in Puerto Morelos, they seem not to be linked to hydro-sedimentary dynamics. This
is because they are basin forest mangroves, a very specific type of mangrove that are
not directly connected to the coastal zone [23,60]. For a better understanding of these
relationships and their influence on the morphodynamics of the beaches affected by the
ecosystems, the different values of bottom friction should be included in hydrodynamic
models, depending on the various bottom covers (reef, sediment, seagrass, algae), so
advanced models capable of making this type of evaluation are recommended.

On the other hand, beaches unprotected by seagrass and coral reefs, as found on
the barrier island of Cancun, have large grain sizes (D50~0.4 mm), wider beaches (~45 m)
and have high dunes. These conditions are associated with steep, deep coastal profiles
dominated by interspersed segments of sediment and macroalgae. Since macroalgae induce
little wave friction and turbulence, their effect on reducing sediment transport is limited,
as well as their capacity for sediment retention [43]. In these cases, the characteristics of
the beach profile basically depend on the characteristics of the available sediment and the
energy of the waves [64]. Foredunes are important ecosystems, especially on the exposed
beaches, as they act as a buffer to flooding and coastal erosion, as well as serving as a
sediment reservoir. However, the degradation of these ecosystems, seen most clearly
on the barrier island of Cancun, means that this environmental service has been lost.
Building on the dune area of exposed beaches interrupts the dynamic interaction between
the dunes, beach and foreshore. As a result, the coastal profile steepens, the sediment
coarsens, the habitat for seabed vegetation deteriorates, the wave attenuating effect of the
vegetation vanishes, the coast becomes more exposed, and vulnerability to extreme wave
climate events increases, developing into a vicious cycle of environmental deterioration
that directly impacts human activities and livelihoods.

The northern Mexican Caribbean coast is exposed to both natural and human dis-
turbances that affect the spatial distribution of sediments, hydrodynamics and ecosystem
health, which shape the coastal landscape. This area is predominantly urban, with anthro-
pogenic pressures on the environment, often fractioning subaerial ecosystems (e.g., coastal
dunes), submerged aquatic vegetation and coral reefs. Water pollution, infrastructure
development or water-based tourism activities are among the pressure drivers in the re-
gion [10,41,65]. These cause the coastal ecosystems to be unable to perform their primary
functions, reducing their resilience in episodic or chronic events, and thereby decreasing
their capacity to protect the coast, and increasing their vulnerability to extreme events
and climate change [66,67]. For example, the artificial beach nourishments in Cancun
have affected grain size distribution there. According to the analysis of the large sediment
samples collected, no changes to sedimentary or environmental features over time were
seen. However, the information presented might serve as a baseline for future comparisons.

Global and local changes in frequency, persistence and intensity of atmospheric and
marine conditions seem to be outpacing the adaptive capacity of ecosystems. A growing
storm number was identified for the northern Mexican Caribbean; therefore, further study
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is recommended to strengthen the analysis of wave conditions at locations near to the
region and indices that reflect anomalies in climate patterns. In tropical coastal zones, long
periods of calm allow ecosystems to establish, recover and mature, while extreme-event-
induced pulses allow species turnover and simultaneous hydrodynamic interconnection
of neighbouring ecosystem. Through the morphodynamic study of two beaches on the
Mexican Caribbean that are close geographically, but have very different environments, it
is possible to highlight the strong interrelationships between hydrodynamics, land use and
sedimentation processes.

Through the use of information associated with sediment characteristics and land
use (e.g., coastal ecosystems, human occupation data), spatial and cross-sectional repre-
sentations of the study area of these three-dimensional connections and anthropogenic
pressures have allowed us to identify trends in the coastal dynamics that may improve
the coastal management of the beaches studied. Continuous monitoring might provide
hard evidence of spatial and temporal changes in coastal dynamics, hydro-sedimentary
processes, and the effects of natural and human disturbances [68]. Long-term monitoring
of wave climate conditions, sediment and environmental changes is important, as seen
in Cancun, where changes in the grain size distribution testify to the human intervention
from beach nourishments following Hurricane Wilma in 2005.

Finally, tourism in the Caribbean is based on the sun, sea and sand concept. Its
sustainability is dependent on the health of the ecological environment and the balance
between anthropised areas and open beaches. Therefore, the use of green infrastructure for
adaptive coastal management must be based on an understanding and diagnosis of the
state of the interconnections of these ecosystems.
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Abstract: Capo Faro Promontory, located in Salina (Aeolian Islands, southern Italy), is a popular
summer destination due to its volcanic morphologies, seaside, and enogastronomy. A flat area,
right behind the scarp edge of a coastal cliff, hosts the Capo Faro Estate, one of the most renowned
vineyards and residences on Salina Island. The promontory has been characterised in terms of
geomorphological features. Remote sensing analysis, after nadir and off–nadir UAV flights, supports
the field activities to explore the hazard to which the area is subjected. In particular, the coastal
cliff turns out to be affected by a rapid retreat inducing landslides. Therefore, the cliff area has
been investigated through a detailed stratigraphic and structural field survey. Using the generated
high–resolution Digital Elevation Model, bathymetric–topographic profiles were extracted along the
coastline facing the cliff. The thickness of volcanic deposits was evaluated to obtain a geological
model of it. The main rock mass discontinuities have been characterised to define the structural
features affecting the stability of the rock wall. The obtained results prove the contribution of such
research fundamental in planning risk mitigation measures.

Keywords: hazard evaluation; coastal evolution; slope structural analysis; structure for motion;
Salina Island

1. Introduction

With approximately 2300 residents, Salina is the second–most populated island of
the Aeolian Archipelago (Sicily, southern Italy). It is overrun by mass tourism during the
summer, reaching up to 15,000 visitors a day (based on media information and personal
evaluation around the middle of August 2021). Tourists are interested in its worth for vol-
canic morphology, its three quaint coastal villages, and its enogastronomy, the reasons why
Salina and the other six islands of the Archipelago are included in the World Heritage List.
Being the most fertile of the Aeolian Islands, high–quality grapes are grown, from which
the renowned wine “Malvasia” is obtained and exported all over the world. Furthermore,
local people and visitors flock to the Salina beaches, often of limited width to manage all
the bathers. As with the other six “sister” islands, Salina presents a considerable number of
embayed pocket beaches [1–3], which are highly attractive due to the difficulty of access
that often offers more discretion. The pocket beaches are backed by vertical cliffs a dozen
metres high, as a consequence of the erosive process due to waves and weathering [4]. In
this context, the geomorphological evolution induces a rapid cliff retreat, which triggers
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rockfalls and topples exploiting the discontinuities network [5–7] in the volcanic rock mass
(e.g., joints and faults). Techniques in all fields of geology have been already explored in
similar cases in the southern Italian peninsula [8–13], to define the hazardous conditions
that could even provoke injuries or fatalities. Assessing these conditions, it is possible to
find the best solution to address the risk mitigation measures or to fix them where they
become ineffective, in a broad scenario of coastal management [14–16].

In this paper, the approach to this issue integrates geomorphology, morpho–stratigraphy,
and structural geology. It deals with the hazard assessment of a coastal cliff in Capo Faro
Promontory, in the north–eastern part of Salina Island, in the vicinity of Capo Faro Estate
residence and vineyard. The aim was to provide valid support to future risk mitigation
interventions, suggesting prevention tools to slow down the natural retreat process and to
simultaneously secure the beach from sudden gravitational phenomena.

2. Geological Setting

2.1. The Aeolian Geodynamics

Salina belongs to the Aeolian volcanic province, consisting of seven islands and
several seamounts. The volcanic arc extends for about two hundred kilometres, around
the seamount Marsili and the homonymous basin, with the concave part pointing towards
the centre of the Tyrrhenian Sea (Figure 1). This constitutes a key area to unravel the
geodynamic framework of this Mediterranean sector, the regional tectonic trends, and
Africa–Europa subduction–related processes. The subaerial zones of the eruptive complex
(the islands) have formed in the last 250,000 years, while the submerged parts are older:
the oldest, about 1.3 million years, is the submarine volcano Sisifo, to the northwest of
the island of Alicudi. Volcanism is still active at Stromboli and Vulcano and dormant at
Panarea and Lipari; in the other islands the volcanic activity ceased between 10,000 and
30,000 years ago [17,18].

The geodynamic interpretation of Aeolian volcanism is controversial and is still de-
bated today. According to some authors [19–22], the Aeolian islands represent a volcanic
arc in an advanced evolutionary stage due to the geochemical affinity and the presence
of very deep seismicity (>500 km) in the southern Tyrrhenian Sea. The arc is linked to
the active subduction of the Ionian plate under the Calabrian arc. Conversely, other au-
thors [23–26] state that the subduction stopped about 1 My ago, when both the Calabrian
arc and the Apennine chain were affected by extensional tectonics, which lead to the open-
ing of the Tyrrhenian back–arc basin, and by a general uplift. From this perspective, the
Aeolian Islands would represent volcanism linked to post–collisional extension processes
in a compressive margin. Three different sectors can be identified by different volcanic
age and structural domains [27]: (i) the Western sector (1.3 My–0.05 My) located near the
Sisifo–Alicudi Fault System (SA in Figure 1; WNW–ESE direction and transpressional
regime) [28]; (ii) the Central sector (0.4 My–current) around the Tindari–Letojanni Fault
System (TL in Figure 1; NNW–SSE direction and mixed regime, transpressional in its
north–western sector and transtensional in the south–eastern one; (iii) the Eastern sector
(0.8 My–current) characterised by a NE–SW fault system (extensional regime). The TL
crosscut the SA and the extensional NE–SW fault system. The Moho discontinuity is
shallower moving eastward, at depths greater than 25 km [17]. The distribution of the
earthquake hypocenters and, above all their depth, suggests the presence of a Benioff plane
inclined ~50–60◦ and dipping toward NW, located along the Ionic edge of Calabria. In
addition, tomographies performed in the southern Tyrrhenian Sea show the presence of a
cold lithosphere (anomalous positive velocities) diving towards NW [29]. Two domains can
be distinguished from the seismological point of view: one characterised by shallow and
deep seismicity (to the east) and one with exclusively shallow seismicity (to the west) [30].
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Figure 1. The geographical framework of the Aeolian Islands in the southern Italian peninsula in the
upper panel. Salina is in the Central sector of the archipelago and is the subaerial expression of a
mostly submerged volcanic system at the intersection between SA and TL fault systems. In the lower
panel, simplified geological map with the main synthems of Salina Island (modified from [31]).
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2.2. Salina Volcanological Evolution

The island, with a total surface area of 26.4 km2 and an altitude of 968 m a.s.l. (Monte
Fossa delle Felci), is the subaerial expression of a volcanic complex (80–85% of the entire
volume), situated in the Central sector (see Section 2.1), at the intersection between the arc–
shaped structure of the archipelago and the NNW–SSE elongated Salina–Lipari–Vulcano
volcanic belt, in correspondence with TL (Figure 1). The volcanic activity of Salina Island
is controlled by both the local and regional tectonic framework [17,27,32–36]. The domi-
nant geomorphological feature is represented by two twin stratocones, Monte dei Porri
(859 m a.s.l.), located in the western sector, and Monte Fossa delle Felci, located in the
south–eastern one, separated by a low–level area oriented N–S, with a rather complex struc-
ture. The two stratocones preserve a regular conical shape, similar in size and topography,
giving the island a peculiar morphology.

The subaerial activity has evolved through six eruptive epochs during the Middle–Late
Pleistocene [32], individuated by the identification and dating of marine terraces, erosional
surfaces, and chronostratigraphic guide levels, by means of which geological maps of the
island have been produced [31,37]. Five of the six periods belong to a central stratovolcano:
(I) Pizzo Corvo (n.d.), (I–II) Pizzo Capo (ca. 244–226 ky), in Capo Faro Promontory, and
(III) Monte Rivi (ca. 160–131 ky) which are barely recognisable from a morphological
point of view, while (IV) Monte Fossa delle Felci (ca. 147–121 ky) and (V) Monte dei Porri
(ca. 70–57 ky) are both almost perfectly preserved [38,39]. The most recent sixth eruption
occurred on the north–western corner of the island between 30 and 15.6 ky ago and formed
a semi–circular crater near the small village of Pollara. It represents an explosive large
crater of about 1.5 km in diameter [40,41], whose activity produced widespread pumice
deposits. Half of the tuff ring lies just above sea level. The only remains of the endogenic
activities are post–volcanic phenomena such as gurgling and thermal springs, caused by
the emission of underwater hydrogen sulphide and vapours. An uplift of the seafloor may
occur at the peak of their activity.

2.3. Capo Faro Promontory Structural Features and Stratigraphy

The study area is in the NE coastal sector of Salina, at the Capo Faro Promontory,
whose area is mostly covered by the lithological products of the Pizzo Capo and Monte dei
Porri eruptive periods. Among the earlier volcanic events affecting Salina Island, the Pizzo
Capo one originated from a NE–SW fissure belonging to the NE–SW extensional system,
that affected the entire eastern sector of the Aeolian archipelago (see Section 2.1) [17,27,32];
alternatively, other authors [42] considered the Pizzo Capo activity as an expression of a
radial dyke propagating from a central conduit. The Monte dei Porri activity developed in
a tectonic context compatible with the TL fault system [33,43]. Moreover, the position of the
later Pollara crater (NW of Salina) may suggest an NNW–SSE alignment with the Monte dei
Porri cone, thus enforcing the hypothesis of the tectonic influence of the TL in the volcanic
evolution (i.e., the westward shifting of the eruptive events; [32]). Furthermore, the fault
systems present in this area might have been the cause of several collapse events which
affected the Salina Island: (i) the collapse of the Salina Island from Monte Rivi to Pizzo
Capo along a NE–SW structural discontinuity causing an asymmetric morphology of the
edifice and (ii) the NW–dipping sector collapse of the NW flank of Monte dei Porri [42,43].
Specifically, in Capo Faro Promontory eleven units crop out, as described in [31,32] (Table 1).
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Table 1. Stratigraphy of Capo Faro Promontory (modified from [31]).

Eruptive
Epoch

Synthem Volcanic Vent Formation Description Age

VI – (Vulcano Island) Piano Grotte dei
Rossi

Ash tuffs in a massive brownish
shape up to 2 m of thickness n.d.

VI Serra di Pollara Pollara Punta di
Fontanelle

Pumiceous pyroclastic deposits
(30–40 m thick) 27.5 ky

V Valdichiesa Monte dei Porri Serra di Sciarato

Two members: (i) massive CA
basaltic andesite lava flow,

5–10 m thick; (ii) scoriaceous
deposits, up to several

metres thick

n.d.

V Valdichiesa Monte dei Porri Rocce di Barcone

Pyroclastic deposits
50–70 m–thick, made of two
facies: (i) massive proximal
with lots of lithics; (ii) distal
with stratified lapilli/tuffs in

thin layers and planar to
cross–stratified tuffs

72.7–67.9 ky

V – (Vulcano Island) Pianoconte
Distal fallout deposits made of

massive ash tuff, 5–7 m of
thickness

n.d.

Q.P. 1 Fontanelle – Punta Brigantino

Poorly sorted, a coarse
conglomerate with rounded
pebbles and boulders up to

1.5 m in size (3–4 m–thick). The
erosional basal contact is
referable to the marine

transgression of MIS 5c and 5a

100–81 ky

Q.P. Piano Milazzese – Serro dell’Acqua Volcanic re–worked debris
deposits up to 20 m–thick 110–105 ky

III Scoglio della
Fortuna Monte Rivi Vallone del

Castagno

Pyroclastic succession made up
of alternated thin layers of

incoherent, massive pyroclastic
breccias of reddish scoria, and

planar to cross–stratified
lapilli–tuff beds up to

50 m–thick. In Capo Faro
Promontory crops out as a

massive lava flow

ca. 168 ky

II Vallone Martello Pizzo Capo Portella

Up to 120 m–thick successions
of scoria with the alternation of

metre–thick layers with
planar–stratified
fallout deposits

ca. 240 ky

II Vallone Martello Pizzo Capo Piano del Serro del
Capo

Scoriaceous pyroclastic
succession up to 15 m–thick,

made by an alternation of
massive lithic–rich beds with
tuff–breccias and lava flows

n.d.

I Paleo–Salina Pizzo Capo Torricella

Poorly bedded fallout and
volcanic debris deposits with
discontinuous interbedded

massive lava flow

n.d.

1 Q.P.: quiescence period.
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3. Materials and Methods

An area of about 1.3 km2 in the north–eastern sector of Salina Island has been investi-
gated through a geomorphological survey flanked by UAV flights in a 0.31 km2 target area
in proximity of the coastal cliff. A morpho–stratigraphic characterization and a structural
analysis of discontinuities were performed to model the cliff. The collected data were
processed to understand the triggering conditions of geomorphological hazards.

3.1. Field Survey and UAV Flights

The field activities took place during the end of summer 2021 along the Capo Faro
Promontory based on the identification of the outcropping units according to [31]. The
geomorphological field survey has been conducted using the 1:10,000 topographic base
of CTR (Carta Tecnica Regionale, “Sezione n. 581020bis Isola di Salina, Regione Siciliana
1994”) coupled with a 10 m resolution DEM (Digital Elevation Model, TINITALY; [44] (and
references therein), from which the slope acclivity has been extracted in QGIS environment.
Gravitational phenomena affecting or that could potentially occur in the area have been
described by referring to the [45] classification.

After drawing a geomorphological map, the collection of information about morphol-
ogy and geology has been necessary for the proximity of the cliff to evaluate the hazard
affecting the rocky coastline. Hence, the stratigraphy of the outcropping units in terms of
lithologies and their resistance properties has been evaluated. Due to the difficulties to
investigate on the field a vertical cliff 40–60 metres high, nadir and off–nadir UAV flights
have been conducted with good light exposure to be sure to have the same parts of the
cliff in the shadow. The results of such stratigraphical investigations allow us to refine
the known–in–literature thickness of deposits to obtain a geological model of the cliff as
accurate as possible.

Structure–from–Motion (SfM) and Multi–View–Stereo (MVS) approaches have been
used to obtain a 3D reconstruction of the tip of the Capo Faro Promontory. The two methods
are based on combining photogrammetric notions and vision algorithms to compute 3D
images as better explained in [46]. A dataset of overlapping pictures of the study cliff
and its surface is necessary to run them. About seven hundred pictures have been shot
with a Drone, a Phantom 4 Pro equipped with a 20 M pixels camera, 1 CMOS sensor with
an 84◦ 8.8 mm/24 mm Field of View (FoV), from an altitude of 60 m and with a Ground
Sampling Distance of 1.60 cm/pixel (Figure 2a). The collected data has been post–processed
by Agisoft Metashape software. By using the SfM algorithm [47] 552 pictures have been
aligned producing (i) a dense point cloud of the investigated cliff (Figure 2b); (ii) the internal
calibration parameters [48] and (iii) the spatial distribution of the pictures. This procedure
allowed the building of the 50 cm/pixel resolution ortho–mosaic, the 12 cm cell resolution
Digital Elevation Model (DEM) and the textured 3D model.

From the high–resolution DEM, six profiles have been extracted through the QGIS
plug–in Profile Tool. They have been traced longitudinally to the coastline and are partly
topographic, partly bathymetric. For two of them, two geological cross–sections have been
drawn using the collected stratigraphic field data.

3.2. Structural Analysis

The structural analysis has been conducted starting from a structural field survey by
measuring the discontinuities orientations (i.e., dip direction and dip) on vertical coastal–cut
exposures. The dataset consists of 148 faults with various displacements. The structural
elements have been plotted on a lower hemisphere equal angle stereograph using the software
Dips® 6 (RocScience; University of Toronto, Canada) dividing the planes into different families,
each one named with the suffix K–. Moreover, with the above–mentioned software, the
Markland Test [49] on two different orientated sub–vertical cliff–exposures has been performed
to assess the influence of the measured discontinuities on gravitational phenomena triggering.
The Markland Test was aimed at the evaluation of rock–fast events such as planar and wedge
sliding, and toppling (both direct and oblique). These gravitational phenomena occur when
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an equilibrium condition is exceeded. Planar sliding is the failure of a rock mass along a plane,
while wedge sliding occurs along the intersection line between two discontinuities. All the
discontinuities and intersection lines between planes exceeding the frictional angle (ϕ′) are
potential causes of planar and wedge sliding. The toppling to occur needs: (i) discontinuity dip
direction parallel to the slope (20◦ of interval); (ii) discontinuity dipping toward the slope; (iii)
the poles of the discontinuities must have a dip minor than the dip slope minus the frictional
angle of the toppling planes [50,51]. This could be better explained by the overcoming of the
frictional angle (see the Appendix A for calculation details).

Figure 2. (a) The Phantom 4 Pro drone during its take–off in the flat courtyard of Capo Faro Estate;
(b) Dense point cloud of the flight area in RGB colour, processed with the Agisoft Metashape software.

4. Results

4.1. Geomorphological Features

The Capo Faro Promontory is characterised by a strip of flat surface where buildings, a
lighthouse and the Capo Faro Estate with its vineyard are located (Figure 3). This small plateau
is interrupted to the north–east and south–east by a 40–60 m–high coastal cliff (Figure 4a), and
to the south–west by the north–eastern slope of the Pizzo Capo stratovolcano.

The intensity of morphogenetic processes relates to the recent dynamic context of the
active volcanic area. The volcanic products are characterised by high erosion rates. The
water and the gravity are the prevalent morphogenetic agents, as testified by a high–energy
hydrographic network and by debris deposits widespread over the slope of Pizzo Capo. Both
the watercourses and the detrital accumulation zones feature a radial pattern around the Pizzo
Capo cone and reveal an accelerated erosion. Then, in the study area, the river pattern has
an extremely low drainage density, influenced by the high permeability of the outcropping
rocks. The watercourses are mostly characterised by narrow and elongated first–order talwegs
which converge to form short second–order creeks. The main basin areas are limited in size
(Figure 3). The incised deep gullies become less accentuated only in the proximity of the
plateau facing the cliff.

The gravitational phenomena, dominant on slope acclivity >35◦, are: (i) rockfalls in the
sub–vertical head of the narrow channels and along their sides; (ii) debris flows along the
channels with the associated debris cones in sub–aerial environment, often truncated by the
active coastal cliff; (iii) rockfalls, topplings (Figure 4b) and rock avalanches (Figure 4c) affecting
the frontal portion of the cliff (Figure 4b). The presence of detachment surfaces and cavities on
the cliff, in addition to the disseminated boulders of remarkable size standing on the beach
(Figure 4d), suggests the system is in retreat. On the other hand, the coastal area of the Capo
Faro Promontory is susceptible to storm surges from N–NW which generate a very etched
swash line 4–5 m above the foot of the escarpments (Figure 5). The speed of the phenomenon
of dismantling is evident in the rapid retreat of the drainage system (Figure 6a). In particular,
the morphological jumps of the riverbeds (hanging valleys) near the cliff edge (Figure 6b,c)
show how this process is sometimes faster than the incision of the ditches (Figure 6d). They
thus remain suspended.
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Figure 3. The geomorphological map focused on coastal rockfall/toppling talus, on the detrital cover
characterising the slope which shows the hydrography of Capo Faro Promontory. The boundaries
of the river basins that encompass the main creeks have been traced. The evolution of the coastline
between 1992 and 2003 has been shown with the estimate of its variation (taken from Piano Assetto
Idrogeologico (PAI), https://www.sitr.regione.sicilia.it/pai/, accessed on 26 June 2022). The red
arrows show the retreating next to Capo Faro cliff, the green ones show the prograding coastline in
correspondence with the mouth of a little impluvium. The stratigraphy has been taken from [31]. The
lower–left of the figure shows the slope gradient map.
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Figure 4. (a) The 3D model, generated after dense point cloud extraction by UAV photogrammetric
flight through Agisoft Metashape, shows the flat area on which vineyards and buildings are located. It
is bounded by an unstable coastal cliff with gravitational phenomena threatening the pocket beaches.
(b,c) shooting areas are indicated by red squares; the yellow circle shows the zoomed 3D of Figure 6a;
(b) Two large detachment surfaces and cavities of recent rockfalls characterising the cliff in question.
The boulders in the foreground have an estimated size (through the dense point cloud) of about
1000 m3; (c) The eastern part of the sea cliff from the boat shows the impressive rock avalanche with
the subsequent 30 m retreating at the tip of Capo Faro Promontory occurred in 2011. (d) shooting
area is indicated by a red square; (d) A projecting big boulder (dashed yellow line) on the top of the
scarp where a recent rockfall creates a detachment surface (dashed green line) parallel to the scarp. A
red line indicates an open fracture in pyroclastic deposits.
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Figure 5. The 2D orthophoto, generated by a 60 m altitude UAV flight, on which six topographic
profiles have been traced. As highlighted by profiles 4 and 5, the relief energy is higher in correspon-
dence with the Capo Faro vineyard and the Capo Faro Estate, respectively. Profiles 3, 4 and 5 show a
clear vertical cliff. Profiles 5 and 6 evidence the etched swash line at about 5 m a.s.l.
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Figure 6. (a) 3D textured model focused on the intense gully erosion affecting the flat land right
behind the edge of the coastal cliff. (b–d) shooting areas are indicated by red squares; (b) Hanging
valley at the outlet of a wide channel. The erosive action of water caused the alteration of the
pyroclastic deposits of the cliff; (c) The vineyard of Capo Faro Estate gently slopes into the hanging
valley of (b); (d) The deep groove of a gully caused by runoff water.
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4.2. Cliff Stratigraphy and Structural Assessment

The multidisciplinary approach allows to precisely model the cliff, investigating its
topographic, stratigraphical, and structural features. The local thickness of the outcrop-
ping formations has been evaluated for the construction of two geological cross–sections
(Figure 7a,b).

Overlapped pyroclastic layers referable to Portella Formation (po), emplaced during
the II eruptive epoch (c.a. 240 ky, Pizzo Capo volcanic vent; Table 1), crop out on the lower
part of the analysed cliff. These deposits, whose thickness in the study area ranges from
35.5 to 40 m show different degrees of cementation and are surmounted by the products of
the III and the V eruptive epoch (Monte Rivi and Monte dei Porri volcanic vents; Table 1).
Regarding the III epoch, a lenticular massive lava flow body, of basaltic–andesitic to
andesitic–dacitic composition, crops out only at the tip of Capo Faro Promontory. It is
associated with the Vallone del Castagno formation (vc) and has a thickness ranging from
2 to 7 m (Figure 7a). The marine conglomerate of Punta Brigantino Formation (pb) crops
out overlying the vc or the po Formations through an erosional depositional surface. Its
thickness ranges from 1.5 to 2 m (Figure 7a,b). As for the V epoch, the distal fallout deposits
of the Pianoconte Formation (pi), made of massive ash tuff, are 2 to 6.5 m–thick. The Rocce
di Barcone Formation (rb) are pyroclastic deposits whose thickness ranges from 9.5 to
5 m (Figure 7a,b). At the top, the eluvial deposits of the plateau (1.5 m–thick) close the
stratigraphic sequence.

Permeability, porosity, and rheological properties of the different deposits influence
the development of faults and fractures. Indeed, the permeability is different among
eluvial, pyroclastic deposits, and massive lavas. The eluvial and pyroclastic deposits are
characterised by high and medium–to–low primary permeability, respectively. On the
contrary, due to the presence of fractures, high secondary permeability affected massive
lavas. Eluvial deposits, made of clastic gravelly–sandy sediments and placed at the top of
the cliff stratigraphy, behave as an incoherent material. For this reason, only the friction
angle influences their rheological behaviour.

Figure 7. Cont.
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Figure 7. (a) Geological cross–section showing the main stratigraphic units (topographic profile 3 in
Figure 5); (b) Geological cross–section showing the main stratigraphic units (topographic profile 4 in
Figure 5).

Three main discontinuity systems have been measured on the field and divided into
five subsystems, considering the conjugated subfamilies. The systems have been projected
on equal area stereographs and all the intersections among the planes have been calculated
(Figure 8a,b). The K1 system has been subdivided into K1a and K1b, which are conjugate
faults dipping toward NW and SE, with dip angles ranging between 60 and 85◦. The
K2 discontinuity system has been also divided into K2a and K2b conjugated subfamilies,
respectively dipping toward N and S with dip angles ranging between 60 and 80◦. The
K3 system dips toward E–NE with dip angles ranging between 70–90◦ (Figure 8a). Based
on field observation (Figure 9a), K1 and K2 systems correspond to faults with a dip–slip
normal movement, which forms structures with a displacement between 1–10 cm, well
recognizable in the pyroclastic deposits of the po Formation. Its lithological elements are
characterised by a low degree of cementation and strong compositional and chromatic
variations between different layers (i.e., the scoria and the planar stratified fallout deposits),
which allow a reliable estimation of the cm–displacement produced by normal faulting
(Figure 9b,c). The K3 system corresponds to joints, without any displacement or filling.
These joints produce fractures with an opening of about 1 cm, which crosscut the faults of
the K1 and K2 systems (Figure 9e). The conjugated discontinuities of K1 and K2 systems
often intersect among them forming pluri–centimetric to decametric wedges, well visible in
the deposits of the po Formation (Figure 9b–d). The vc lava flow is a more competent and
massive formation and it is only affected by sub–vertical open joints (K3 system) fracturing
the rock mass in isolated metric blocks.
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Figure 8. (a) Equal angle projection (lower hemisphere) of the measured discontinuities (poles) and
contours. The blue lines are the mean planes of each recognized system; (b) Equal angle projection of
all the intersections among planes (blue dots).
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Figure 9. (a) 3D textured model focused on the vertical coastal cliff (red squares indicate the described
outcrops). (b–e) shooting areas are indicated by red squares; (b) Pyroclastic deposits of the po affected
by normal faulting of the K1 conjugated system (yellow arrow indicated the sense of displacement);
(c) Boat–view of the cliff affected by K2a and K2b conjugated faults, intersecting forming a wedge;
(d) K2a and K2b conjugated faults with a normal sense of displacement (indicated in yellow); (e) K3
discontinuity cutting the alternance of pyroclastic layers with different cementation degree of the po.
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4.3. Slope Stability Analysis

The slope stability assessment (i.e., Markland test) has been conducted near Capo Faro.
The two main exposures (Slope 1 and Slope 2) of the coastal cliff with different orientations
intersecting in correspondence with Capo Faro were analysed. Slope 1 orientation has been
approximated to 38/85◦ (dip direction, dip) and Slope 2 is oriented 104/85◦. The analysis
has been made with the Dips®6 software for planar, wedge sliding and toppling (both
direct and oblique). The thick black line is the slope orientation, and the red circle of 34◦
represents the friction angle (ϕ′) (see Appendix A) measured for pyroclastic deposits and
used as an input by the software for the test. The blue lines are the mean planes of the
different systems. Planar sliding for both slopes, as provided by the software, gave thirteen
critical poles (8.78% of the total) for Slope 1 and 19 (12.84% of the total) for Slope 2 (critical
poles are in red in Figure 10a,b). For wedge sliding and toppling, Dips® projected all the
intersections between the discontinuities (grey squares), marking with red and yellow areas
those critical for triggering gravitational phenomena. Regarding wedge sliding, 5550 over
10,868 intersections (50.61%) have been evaluated as critical (Slope 1), thus falling in the
reddish area, corresponding to the intersections between K1a and K3, K1b and K2a, K2a
and K3, K1a and K2a systems (Figure 10c). In correspondence to Slope 2, 3988 intersections
over 10,868 (36.69%) are critical for wedge sliding and correspond to K1b and K2a, K2b
and K3, K1b and K2b, K1b and K3 (Figure 10d). Concerning the toppling mechanism, a
number of 1159 intersections in Slope 1 (10.66% of the total) could be responsible for direct
toppling (20◦ of lateral limits with respect to the slope dip direction; red area in Figure 10e),
and 1778 (16.36%) for oblique toppling (yellow area; Figure 10e). The intersections critical
for toppling in Slope 1 are between K1a and K2b, K1b and K2b, K3 and K1b, K3 and K2b.
In Slope 2, 543 intersections (5.00%) are critical for direct toppling (red area with 20◦ of
lateral limits; Figure 10f) and 2666 (24.53%) for oblique toppling (yellow area; Figure 10e).
They correspond to the intersection between K1a and K2a, K1a and K2b, K1a and K3, K2a
and K3.

Figure 10. Cont.

38



Land 2022, 11, 1106

Figure 10. Stereographic equal angle plots (lower hemisphere) with the critical zones (red and yellow
areas) for failure mode. (a) Planar sliding for Slope 1; (b) Planar sliding for Slope 2; (c) Wedge sliding
for Slope 1; (d) Wedge sliding for Slope 2; (e) Direct and oblique toppling for Slope 1; (f) Direct and
oblique toppling for Slope 2.

5. Discussions

The evolution of the coast in the study area represents a constant hazard factor for the
buildings and the economy, linked to the high–quality vineyards upstream of the Capo
Faro cliff. The retreating of the coastline, around 50–80 cm/y (PAI between 1992 and 2003),
is directly caused by the succession of landslide events. It is still in progress nowadays, as
testified by the relevant rock avalanche event in 2011 (Figure 4c).

The clearest predisposing factor is the severe undercutting by water mass pressure
and debris of the sea waves, especially during the storms in winter, directly responsible
for the swash line at the basis of the coastal scarp (Figure 5). Erosion is also favoured by
the heterogeneous composition of the outcropping rocks (Figure 7a,b) and by the chemical
action of the saltwater infiltrating the fractures. Whenever the erosion deepens the swash
line, the overlying wall weakens and collapses. Debris produced by topplings (Figure 11a)
form a sort of reef that temporarily protects the cliff till it is dismantled by the constant
action of the wave motion. The nearby beaches are fed by the remodelled products deriving
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from the dismantling of the pyroclastic rocks of the po Formation (Figure 11b). This
lithotype constitutes about 60–70% of the sheer walls. This phenomenon could be limited
by reinforcing structures such as wire meshes or anti–erosion blankets, whose adhesion to
the walls is kept by soil nailing and steel rods. Furthermore, coastal works (e.g., brushes,
artificial reefs) must be positioned aiming at the dissipation of the energy of the waves.

Another mechanism that facilitates collapses triggering is the establishment of high–
tension forces due to the superposition of lithologies with different degrees of cementation,
deformability, and rigidity. That is the case of the lava flow (vc) superimposed on pyroclastic
rocks (po) in correspondence with the tip of Capo Faro Promontory (Figure 11c). The
consequence is the formation of vertical fractures (often quite deep tension cracks), parallel
to the slope (Figure 11d). The run–off water tends to infiltrate within these cracks, triggering
hydraulic thrusts and detensioning the rocks of the cliff causing rockfalls. Furthermore,
the run–off water flowing down the slopes leads to the formation of small hanging valleys.
The result is the ongoing erosion of the facing scarp which contributes to the retreating of
the cliff. To face this problem, a system for collecting, conveying, and draining the run–off
water should be realised upstream of the edge of the cliff and flanked by sub–horizontal
drains to prevent water infiltration in the tension cracks.

The series of discontinuities characterising the cliff, besides being a preferential path
for run–off water, could trigger planar and wedge slides and topple events. In particular,
the K3 system, as already observed in Slope 2 (and in minor amounts in Slope 1; Figure 9b,e)
and resulting from the Markland Test (Figure 10) is almost parallel to the analysed slopes
and therefore could potentially trigger planar slidings. The test highlighted that some
discontinuities of K2a and K2b systems in Slope 1 and K1a, K2b and K3 in Slope 2 could
trigger these types of gravitational events (Figure 9a,b and vc Formation block in Figure 11d).
Discontinuities in pyroclastic deposits of the po Formation both in slopes 1 and 2 intersect
each other (K1a with K1b and K2a with K2b), making wedges of different dimensions
(from metric– to decametric–scale). The Markland test (Figure 10c,d) confirms that these
intersections among discontinuities previously observed on the field (Figure 9b–d) may
trigger wedge sliding. Subvertical and horizontal discontinuities with a strike parallel to
the cliff intersect originating several plurimetric parallelepipedal blocks which could topple
(Figure 11d). This, again, has been confirmed by the Markland test for direct and oblique
toppling (K2a and K2b for Slope 1 and K1a, K1b and K3 for Slope 2; Figure 10e,f).

Figure 11. Cont.
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Figure 11. (a) The red arrow indicates the detachment cavity on the vertical cliff; (b) The deposits
of the rockfalls and topplings coming from the cliff feed the pocket beach in front; (c) The lava flow
referable to Vallone del Castagno Formation (vc) overlying the pyroclastic deposits of the Portella
Formation (po). The left red arrow indicates the detachment area of the rock avalanche, the right one
points to a fracture in the lava layer, warning of an incipient failure; (d) The cliff is retreating: the
dashed green line indicates the crown of the rock avalanche in the vertical cliff; the yellow one the
incipient detaching block, probably falling onto rock avalanche deposits. Detrital blocks maximum
dimensions are about 70 m3, assessed with the dense point cloud.

6. Conclusions

The Capo Faro Promontory in north–eastern Salina Island has been assessed from
a geomorphological, stratigraphical, and structural point of view. This volcanic area is
characterised by a steep slope and a flat plateau on the coastal strip around 40–60 m a.s.l.
The coast is rocky and includes a narrow beach backed by a sheer cliff, on which the volcanic
deposits succession outcrops. Economic activities of noteworthy importance for tourism
(the presence of the Capo Faro Estate, dedicated to summer housing and for Malvasia wine
production) are placed on the plateau, not so distant from the edge. Considering the area
in question as one of the riskiest in Salina, a detailed field survey has been performed to
comprehend the hazard factors. To model the cliff precisely, a drone flight has been carried
out. The fracturing conditions of the rock mass have been unravelled by a structural survey.
The first results were the redaction of a geomorphological map and the generation of a
DEM, with 12 cm spatial resolution, of a 50 cm/pixel resolution orthophoto and a textured
3D model. The area turned out to be characterised by recent gravitational phenomena such
as rock avalanches, rockfalls, and topplings. They represent the most dangerous types of
failure, both for triggering speed and for unforeseeable nature. The abrupt landslides can
stress the pocket beaches used by bathers and they directly cause the dismantling of the
cliff, with frequent, great magnitude events provoking up to 30 m retreating. All the field
observations on the rock walls have been validated by the Markland test, which confirms
the strong control exerted by different intersecting discontinuity patterns affecting the
coastal cliff. In particular, a total number of 148 discontinuities has been measured (i.e.,
their dip direction and dip) on two different exposures of the Capo Faro cliff. The measured
discontinuities have been grouped into three main systems and conjugated subsystems
(i.e., K1a and K1b, K2a and K2b and K3) to ease the slope stability analysis. The Markland
test analysed discontinuity poles orientation for planar sliding, and intersections among
planes for wedge sliding and toppling mechanisms. The test highlighted that: (i) the 8.78%
(Slope 1) and the 12.84% (Slope 2) of the total discontinuities could trigger planar sliding;
(ii) the 50.61% (Slope 1) and the 39.69% (Slope 2) of the total intersections cause wedge
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sliding; (iii) the 10.66% (Slope 1) and 5.00% (Slope 2) might cause direct toppling; (iv) the
16.36% (Slope 1) and 24.53% (Slope 2) might cause oblique toppling instead.

In essence, the buildings and economical facilities of the area undergo very high–risk
conditions with possible involvement of people during summer. Taking into account
the interaction between morpho–stratigraphical and structural features of the cliff, the
realisation of mitigation measures would be unavoidable to safeguard people’s safety, civil
buildings, Capo Faro Estate vineyards and residences.
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Appendix A

To obtain information on the rheological behaviour of the rock mass of Capo Faro
Promontory, geotechnical analysis has been carried out on 10 samples of pyroclastic materi-
als outcropping along the studied cliff.

The 10 samples have been sent to the MTR laboratory of Troina (Enna, Sicily, Italy), to
determine the Point Load resistivity, while on four of them the apparent density has been
calculated (Table A1).

Table A1. Determination of the apparent density.

Sample 1 Sample 2 Sample 3 Sample 4 Mean Value

Apparent density
(Mg/m3) 1.31 1.32 1.30 1.29 1.31

Apparent density
(kN/m3) 12.85 12.94 12.75 12.65 1.80

Point Load Measurements

The Point Load Test is widely used to determine the resistivity index of rocks due to
the easy and simple use of the instrument and the relatively low cost. The test measures the
uniaxial compressive resistivity of rock samples. The test measures the resistivity of rock
samples Is (50) to break them by adding a load concentrated in a point. Is varies depending
on the diameter of the sample and/or on the equivalent diameter if the samples have an
irregular shape. Hence, a correction is required to obtain a unique value for each rock type.
In fact, such value may be used to classify the rocks. The correct value of resistivity Is
(50) of a sample is defined as the Is values respect to a standard sample with a diameter

42



Land 2022, 11, 1106

D = 50 mm. If there are only irregular shape samples, as in our case, the shape correction is
given by ISRM (1972) formula:

Is(50) = F × Is (A1)

The correction factor may be obtained also through graphical method (Figure A1) or
from the following equation:

F = De ÷ 500.45 (A2)

Figure A1. Graphical method to derive k correction factor.

When the Is (50) has been calculated, the Uniaxial Compressive Strength (UCS) may
be expressed by the relationship:

UCS = k × Is(50) (A3)

where k is the transformation factor from the literature [52]. The results of the Point Load
Test are reported in Table A2.

Table A2. Point Load Test Results.

Sample Is (kPa) F Is (50) C0 (kPa) C0 (MPa) C0 (Kg/cm2)

1 9.35 1.39 12.97 269.78 0.27 2.75
2 12.06 1.31 15.8 328.64 0.33 3.35
3 13.33 1.4 18.7 388.96 0.39 3.97
4 19.8 1.23 23.48 488.38 0.49 4.98
5 9.06 1.33 12.03 250.22 0.25 2.55
6 9.44 1.38 130.6 271.65 0.27 2.77
7 11.66 1.26 14.63 304.3 0.3 3.1
8 12.38 1.38 17.09 355.47 0.36 3.62
9 9.39 1.28 12 249.6 0.25 2.55

10 8.27 1.22 10.09 209.87 0.21 2.14
Simple mean 15 311.7 0.3 3.2

Standard deviation 4 28.2 0.1 1.1
Corrected mean 14.5 302.3 0.3 3.1

Corrected standard deviation 2.5 51.4 0.1 0.5
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The UCS values have been used to calculate the shear strength. To do that, the non–
linear method proposed by [53] has been applied. In this case, the shear strength of a rock
mass, on the plane σ3–σ1, may be calculated from the following Equation (A4):

σ′
1 = σ′

3 +
√

mσcσ3 + mσ2
c (A4)

where:

σ′
1 = principal stress, maximum to break;

σ′
3 = principal stress, minimum to break;

σci = uniaxial compressive strength of the rock;
mb = rock mass parameter, in the case of intact rocks: mb = mi;
α = rock mass parameter, in the case of intact rocks: α = 0.5;
s = rock mass parameter, in the case of intact rocks s = 1;

After [54], such a method has been modified by the application of a regression pro-
cedure, which consists of overlapping the linear failure criterion of Mohr–Coulomb with
the curve generated from the previous formula when σ3

′ values are between σt and σ3max.
Finally, c′ and ϕ′ have been calculated (Table A3) from:

ϕ′ = sin−1

[
6αmb(s + mb σ′

3m)
α−1

2(1 + α)(2 + α) + 6αmb
(
s + mbσ′

3n
)α−1

]
(A5)

and

c′ =
σci[(1 + 2α)s + (1 − α)mbσ′

3n](s + mbσ′
3n)

α−1

(1 + α)(2 + α)

√
1+

[
6mb(s+mbσ′

3n)
α−1]

(1+α)(2+α)

(A6)

where: σ′
3n = σ′

3max/σci ([53] suggested for a general case, a σ3max value equal to 0.25 σci );

mb = mie
( GSI−100

28−14D ) (A7)

S = e(
GSI−100

9−3D ) (A8)

α =
1
2
+

1
6

(
e−( GSI

15 ) − e−( 20
3 )
)

(A9)

D is 0 in an undisturbed rock mass or 1 for a disturbed rock mass.

Table A3. Rock mass resistivity characterization.

Hoek Brown Classification

σci 5 Mpa
GSI * 61

mi 10
D 0
Ei 1375

Hoek Brown criterion

mb 2.484
s 0.013
a 0.503

Cover break range

σ3max 1.25 MPa
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Table A3. Cont.

Mohr–Coulomb overlap

c′ 0.3 MPa
ϕ′ 33.74 degrees

Rock mass parameters

σt −0.026 MPa
σc 0.566 MPa
σcm 1.118 MPa

* The GSI (Geological Strenght Index) value, used for the non–linear method [53], derives from the Bieniawsky
classification [55–57].

ϕ′ = 33.74 is the friction angle for pyroclastic deposits obtained from the Mohr–
Coulomb overlap. It has been approximated to 34 for the stability analysis calculation (i.e.,
the Markland test; Section 4.3).
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Abstract: Coastal areas are among the most biologically productive, dynamic and valued ecosystems
on Earth. They are subject to changes that greatly vary in scale, time and duration and to additional
pressures resulting from anthropogenic activities. The aim of this work was to investigate the
shoreline evolution and the main environmental changes of the coastal stretch between the towns of
Licata and Gela (in the Gulf of Gela, Sicily, Italy). The methodology used in this work included the
analysis of: (i) shoreline changes over the long- and medium-term periods (1955–2019 and 1989–2019,
respectively), (ii) dune system fragmentation and (iii) the impact of coastal structures (harbours and
breakwaters) on coastal evolution. The shoreline change analysis mainly showed a negative trend
both over the long- and medium-term periods, with a maximum retreat of 3.87 m/year detected
over the medium-term period down-drift of the Licata harbour. However, a few kilometres eastward
from the harbour, significant accretion was registered where a set of breakwaters was emplaced. The
Shoreline Change Envelope (SCE) showed that the main depositional phenomena occurred during
the decade between 1955 and 1966, whereas progressive and constant erosion was observed between
1966 and 1989 in response to the increasing coastal armouring.

Keywords: shoreline changes; DSAS; dune fragmentation; coastal armouring

1. Introduction

Natural coastal landscape modelling is an interactive complex phenomenon ruled
by several dynamic processes, all linked in a non-linear way. Shorelines are dynamic in
nature, and coastal behaviour is the result of natural and anthropic processes occurring
and interacting on a variety of time and spatial scales [1–3] The coastal sediment budget
can be altered both by such physical processes, including waves, currents, tides, storm
surges, seasonal fluctuations, aeolian transport and relative changes in sea level and
by human actuations, such as the construction of inland infrastructure (e.g., dams) and
coastal structures (e.g., protection structures and ports/harbours) [4]. However, decreased
sediment river load and altered longshore drift appear to be pivotal factors in sediment
coastal changes, and therefore manmade actuations can be the main causes of coastal
erosion [5,6].

Most of the world’s major cities are in coastal regions, and 40% of all people on the
planet live within 100 km of a coastal zone [5]. Coastal settlements are often planned with
insufficient attention to natural hazards such as coastal erosion and flooding, and often
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coastal structures built too close to eroding shorelines experience wave inundation and
damage [7,8]. In response, sea walls and revetments are often built to protect coastal homes,
hotels and infrastructure, but their emplacement can lead to the total loss of the existing
beaches [8].

As a result, numerous shoreline studies aim to quantify trends in shoreline change [8–13].
Shoreline studies are thus vital to the early stages of the decision-making process for
planned coastal developments to mitigate the potential loss of buildings and infrastructure
as well as to preserve natural environments such as beaches and dunes [14,15].

However, shoreline evolution studies can be challenging, and the computation of the
rates of change should consider the processes that have affected the coast over time [16].
Nowadays different and varied cartographic datasets (i.e., aerial photographs, orthophotos,
satellite imagery) provide useful tools to assess shoreline changes over the past decades,
but the chosen spatial and temporal scales must be planned in advance to enhance the
reliability of the data analysis. Indeed, long-term data (>60 years) produce more predictable
trends, filtering out variations ranging from days to seasons typical of short-term fluctu-
ations (<10 years) [16,17]. Consistency of the dataset and reliability of shoreline change
analysis should be the basis of forecasting future shoreline position and wisely planning
construction setbacks, especially in those areas of increasing economic growth [18].

About 20,000 km of coast, corresponding to 20% of the whole European coast length,
faced serious impacts in 2004, and 15,100 km were actively retreating at the time, some
of them despite the emplacement of coastal protection works [19]. Sicily (Southern Italy)
is one of the regions with the highest coastal urban development in Europe, and about
900,000 inhabitants live within that area; more than 27% of the Sicilian coast has been
still experiencing erosional phenomena, and more than 110 km of the coast have been
armoured [19].

This paper represents the first analysis of the coastal evolution of one of the most
human-impacted areas of Southern Sicily, i.e., the Gulf of Gela. This coast is highly valued
because of its recreational, ecological, economic and cultural aspects, which strongly
depend on its good status [20]. Therefore, investigation of local and regional coastal
changes is of high priority for local managers to adopt sound management strategies
to counteract erosion problems essentially related to inland human actuations and the
emplacement of hard protection structures on the coast. Thus, shoreline migration in
response to the coastal and inland changes was studied. Rate-of-change statistics were
computed on long- and medium-term periods by means of the ESRI ArcGIS© Digital
Shoreline Analysis System (DSAS), and coastal environmental variations were quantified
using the coastal armouring index [21] and the new dune fragmentation index proposed
for the first time by Molina et al. [5].

2. Study Area

The area investigated in this paper, located on the Southern coast of Sicily (Italy), plays
a key role in the economic strategies of the regional management. The area includes long
and wide sandy beaches that enhance the development of leisure activities and infrastruc-
tures; greenhouse-crop systems are quite widespread thanks to mild weather conditions;
on the coast of the Gela town stands one of the largest petrol-chemical poles in Europe that
has been recently converted into a biorefinery, and some of the coastal regional strategic
infrastructures insist on this wide coastal sector. Such strategic economic activities and
human settlements are significantly affected by coastal erosional phenomena [20,22–24].
Therefore it is mandatory to understand past and actual shoreline trends to adopt sound
management strategies to preserve coastal ecosystems and economic activities.

At a local scale, the Southern coast of Sicily is identified as a coastal sub-cell of I
order by the Regional Plan against Coastal Erosion [20]. This cell has been split into II-
and III-order sub-cells, and, in this paper, the shoreline evolution and the environmental
changes of the third-order coastal sub-cell no. 4.2.2 were studied. The coastal area under
study has a total length of 24.96 km, and it was subdivided into two sectors: sector no.
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1, from the Licata harbour to the Falconara Castle, and sector no. 2, from the Falconara
Castle to the Gela harbour (Figure 1). Sector no. 1 is ca. 10 km long, and the main coastal
human work insisting on it is the Licata harbour. The harbour, essentially devoted to
fishing activities, is considered a strategic infrastructure for the local economy. It has been
implemented several times since the 1940s, and last modifications were carried out in
1997. Sector no. 2 stretches between the Falconara Castle and the Gela harbour and is ca.
15 km long.

 

Figure 1. (A) The coastal sub-cell subdivision of Sicily in I- and II-order cells [20]; (B) The study area
and its subdivision into two sectors: sector no. 1, from the Licata harbour to the Falconara Castle,
and sector no. 2, from the Falconara Castle to the Gela harbour.

The Southern Imera River, set just a few metres east of the Licata harbour, is the main
watercourse outflowing within the study area, and its drainage basin is the second largest
one in Sicily (Figure 1) [25].

The river mouth profoundly changed during the past decades since it experienced
significant lateral migration, and, consequently, the small harbour entrance has been
repeatedly changed following the migration of the Southern Imera River mouth [23]. The
lateral migration of the river mouth can be mainly related to the climatic modifications
recorded between the 17th and 19th centuries and to the deforestation of the hinterland
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deriving from the expansion of croplands [22]. Over the 1940s, the harbour was significantly
expanded, and the first dikes (western and eastern) were emplaced.

The wind regime of the coastal area is dominated by winds blowing from the third
quadrant and partly from the fourth quadrant, both in terms of frequency and maximum
velocity [25,26]. The wave motion computed is mainly made of waves coming from the
west-south-west, and the most energetic waves come from the west [27,28]. The area is
characterized by a microtidal regime, as well-documented by the variations in levels at the
tide gauge station located at Porto Empedocle (Figure 2).

 

Figure 2. Southern Imera drainage basin, with tributaries and artificial reservoirs, location of the tide gauge station at
Porto Empedocle (yellow dot) and the Site of Community Importance (SCI) ITA 050011 “Manfria Tower” (green polygon).
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(A) Location of the present-day Southern Imera River mouth and the disused second river mouth, in correspondence
of Mollarella Bay, ca. 6 km from the Licata harbour. (B) Details of the Site of Community Importance (SCI) ITA 050011
“Manfria Tower”.

The coast is essentially composed of narrow sandy beaches; a few headlands of small
size are located east of the Falconara Castle promontory. Beach grain-size sediment ranges
between fine and medium classes, and beaches generally show intermediate to dissipative
morphodynamic states.

The Southern Imera crosses in the N–S direction the island of Sicily and until the
early 1900s split into two streams just 5 km from the coastline [23]: the first outflowed in
correspondence of the present mouth and the second towards the Mollarella Bay, 6 km
westward of the Licata town, which was abandoned over the 1950s (Figure 2) [23]. Fluvial
sediment inputs to the sub-cell are minimal, even though a high number of rivers and
torrents flow out within this area; most of those rivers pass through predominantly chalk
catchments, resulting in high solute but low sediment loads [23]. Three main artificial
reservoirs intercept the Southern Imera River course: the Villarosa reservoir that blocks
the Morello torrent, the Olivo reservoir, which blocks the Braemi torrent, and the Gibbesi
reservoir, which is still not in operation. The Villarosa reservoir has been built nearby
the town of Villarosa between 1969 and 1973, and it has a volume of 17.16 Mm3 and an
estimated silting volume of 5.00 × 106 m3. In 1989, a bathymetric survey recorded an
infilling volume of 1.37 × 106 m3. The Olivo reservoir has a total volume of 18 Mm3 and
an estimated volume of 2.00 × 106 m3 [25] (Figure 2). One Natura 2000 site falls within
the study area. Natura 2000 is an ecological network composed of sites designated under
the Birds Directive (Special Protection Areas, SPAs) and the Habitats Directive (Sites of
Community Importance, SCIs, and Special Areas of Conservation, SACs). The aim is to
create breeding and resting sites for rare and threatened species and to protect some rare
natural habitat types [29]. At 2 km eastward of the Falconara Castle, within sector no. 2,
the Site of Community Importance ITA 050011 “Manfria Tower” is set; it is considered a
biotope of high naturalistic and environmental interest, where a small dune ridge east of
the Manfria Tower is still well preserved [30,31].

3. Materials and Methods

The main constraining factor for diachronic analysis is the availability of data for
the specific study site [32]. The cartographic dataset covered a time span of 64 years,
from 1955 to 2019. The data included (i) IGMI (Istituto Geofrafico Militare Italiano) aerial
photographs (1955, 1966), (ii) orthophotographs (1989, 2000, 2006, 2012), available online
at the website http://www.pcn.minambiente.it/mattm (accessed on 16 July 2021) [33],
and (iii) Google images acquired by Google Earth (2016, 2019) [34]. Cartographic dataset
resolution ranged from 0.5 m (Google Earth images) to 3 m (IGMI aerial photographs).
Shorelines were acquired in ArcGIS 10.3 environment using as shoreline proxy the wet/dry
line [32], and common coordinate system was set (Gauss–Boaga, Monte Mario Italy 2). The
study area was split into two sectors limited by natural coastal physiographic or manmade
structures. For each sector, the shoreline change analysis was carried out on medium-term
period, covering a time span of 30 years (1989 to 2019) and on long-term period, between
1955 and 2019 [10]. The shoreline change analysis was based on the integration of remote
sensing and geographic information system techniques. Shorelines were traced from aerial
photographs, ortophotos and UAV image and analysed by the Digital Shoreline Analysis
System (DSAS), which is an extension to ESRI ArcGIS© that can calculate the shoreline
rate-of-change statistics starting from multiple historical shoreline positions [35]. The
reliability of the statistics computed by the system mainly depends on the uncertainty
value related to each shoreline dataset. In order to reduce the effect of short-term variability
on long-term analysis, the uncertainties were considered independent, uncorrelated and
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random, and, following [10,36–40], the total positional uncertainty of each dataset was
calculated with the following equation:

σt =
√

σ2
d + σ2

p + σ2
r + σ2

td + σ2
wr (1)

The Digitizing Error (σd) was obtained detecting several times the same feature
on the same image and calculating the error as the standard deviation of the residual
value for that feature. The Pixel Error (σp) was assumed to be equal to the pixel size.
For the Orthorectification Error (σr), the RMSE computed for the photogrammetric and
polynomial rectification process was used as error value. The Tidal Fluctuation Error
(σtd) was considered as the variations in levels at the tide gauge station located at Porto
Empedocle, 40 km NW from the study area. It is set in the harbour, and since 2010, the tide
level is measured by a new sensor with millimetre accuracy, the SIAP+MICROS TLR. The
min–max tidal range varied from 0.03 m to more than 1 m, but the average water level
fluctuation was 0.04 m. The Weighted Linear Regression (WLR) rate index was classified
following the methodology proposed by Molina et al. [12]. All values were normalized,
and the Gaussian distribution was used to set the class limits (Table 1). More than 40% of
all data ranged between ± 0.4 m, and it was assumed as the most recurrent smallest change
due to seasonal oscillations and thus classified as stability state. Values between −0.4 and
−0.7 m and between +0.4 and +0.7 m were considered as moderate erosion and moderate
accretion, respectively, corresponding to 25% of all datasets; the remaining 34% data were
grouped into 4 classes: high erosion (<−0.7 m; ≥−1.5 m), very high erosion (<−1.5 m),
high accretion (>0.7 m; ≤1.5 m) and very high accretion (>1.5 m). The percentage of each
beach evolution class was computed for each sector.

Table 1. Beach evolution classes defined for the present work following the methodology proposed
by Molina et al. [12].

Class m/yr

Very high erosion <−1.5

High erosion ≥−1.5; <−0.7

Moderate erosion ≥−0.7; <−0.4

Stability ≥−0.4; ≤+0.4

Moderate accretion >+0.4; ≤+0.7

High accretion >+0.7; ≤+1.5

Very high accretion +1.5

The coefficient of coastal armouring K [21] was used to assess the anthropogenic
structure impact on the coastal area. It was computed dividing the total length of all
emerged and visible submerged maritime structures (groins, moles, seawalls, revetments,
breakwaters, etc.) by the entire length (L) of the coast under study, which was subdi-
vided into subsectors of 500 m each. The extent of coastal armouring was “Minimal” at
K = 0.0001−0.1, “Average” when K = 0.11−0.5, “Maximal” at K = 0.51−1.0 and “Extreme”
if K > 1.0.

The dune fragmentation index (F) was proposed for the first time by Molina et al. [5].
It was used to assess how the dune systems have been impacted over time. The F index is
expressed as the ratio between the length of all breaks (l) identified within a dune system
and the whole dune toe length (L):

F =
l
L

(2)

Each shorefront dune system was divided into 100 m sectors, and the F index was
calculated for each. The F index can be grouped into three classes that were computed by us-
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ing the Natural Breaks Function [5]. The annual level of dune fragmentation was computed
as the average value for all sectors for each available photogrammetric flight. In the present
paper, five classes were used to depict dune fragmentation evolution over time—limits
between classes were calculated using the Natural Breaks Function applied to the total set
of values obtained. Dune fragmentation level was “Null” (F = 0), “Low” (0 < F ≤ 0.05),
“Medium” (0.05 < F ≤ 0.1), “High” and “Very High/Maximum” (0.1 < F ≤ 0.4, F > 0.4,
respectively).

4. Results

4.1. Shoreline Change Analysis

The long-term shoreline change analysis was carried out over a time span covering
64 years (1955–2019). Results show that within sector no. 1, covered by an amount of
380 transects (Figure 3), the area between the Licata harbour and the set of breakwaters
(first 40 transects) registered very high erosion with a maximum WLR negative value of
−6.25 m/year. The Southern Imera River mouth area has significantly eroded, and some
buildings have been damaged by the intense shoreline landward movement (Figure 4).

The 1000 m of the coast, corresponding to the area protected by eleven breakwaters,
experienced high (7%, 25 transects) to very high accretion (6%, 23 transects). A stable
trend was recorded just down-drift of the breakwaters and along with 9.5 km (58% and
222 transects). The Net Shoreline Movement index registered a huge shoreline erosion
between 1955 and 2019 close to the Southern Imera River mouth and a significant seaward
movement where the Licata breakwaters are today set. The Shoreline Change Envelope
index revealed that high accretional phenomena occurred between 1955 and 1966, but
intensive erosional phenomena took place after 1966, even though they have been partly
reduced by the trap action of the breakwaters.

Over the long-term time span, sector no. 2 experienced accretion that mainly occurred
between the SCI “Manfria Tower” and the Gela harbour (Figure 5). In total, 37% of the
data (205 transects) showed accretion, 32% recorded stability (181 transects), 13% of the
coast faced moderate erosion (71 transects) and 18% high erosion (101 transects). The Net
Shoreline Movement index registered the highest seaward migration east of the Licata
harbour, and the Shoreline Change Envelope confirmed that accretion occurred over the
1955–2019 period.
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Figure 3. Rates of change within sector no. 1 over the long-term period (1955–2019). In total, 58% of the data falls within the
stability state range, especially observed in the coastal area at a distance between 3 and 10 km from the harbour (highest
negative WLR = −6.25 m/year), but significant sediment deposition was recorded between 1955 and 1989 where a set of
breakwaters have been emplaced.
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Figure 4. The area east of the Southern Imera River mouth faced severe coastal erosion. In 1955,
the coastal area was undisturbed, but over the following decades, urbanization and anthropogenic
disturbance have significantly increased, despite the severe erosion observed within this area, and
(a–f) holidays houses have been seriously damaged and partly submerged, as shown by the white
square that frames a house partly swallowed up by the sea.
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Figure 5. Shoreline evolution expressed as weighted linear regression rate within sector no. 2 over the long-term period
(1955–2019). Stable trend (32%, 181 transects) was mainly recorded within sector no. 2, followed by moderate accretion
(31%, 174 transects). Significant retreat occurred along 31% (172 transects) of the sector.

The medium-term shoreline change analysis was performed for the 1989–2019 time
span. Within sector no. 1, 43% of the transects (165) fell within the stability state range,
and erosion classes reached 48% (182 transects) with a maximum negative WLR value
of 3.87 m/year registered nearby the Licata harbour. Lastly, the total accretion classes
percentage was 9% (33 transects) and was only recorded at the set of breakwaters close to
Licata (Figure 6).
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Figure 6. Shoreline changes over the mid-term period (1989–2019) within sector no. 1. Sector no. 1 is about 10 km long,
from the Licata harbour to the Falconara Castle, but the rate-of-change plot indicated that the highest variability was
detected within 4 km eastward of the Licata harbour. (A) The most severe erosion phenomena occurred right next to the
Southern Imera River mouth; (B) accretional classes have been recorded about 1.2 km eastward the Licata harbour where
11 breakwaters have been emplaced to block the intense sediment loss. Grey dashed lines are those transects cast by the
DSAS and delimit coastal areas that have recorded main changes.
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Within sector no. 2, stability state class represented 38% of the data (210 transects),
even though most of the stable transect values were recorded at the eastern part of the
coast, and moderate accretion values (18%) were mainly found along the coast falling
within the Site of Community Importance “Manfria Tower”. Shoreline erosion was mostly
observed at the western part of the sector, where the shoreline faced a maximum retreat of
1.73 m/year (Figure 7).

 

Figure 7. Shoreline evolution over the mid-term period (1989–2019) within sector no. 2. This sector mostly showed a stable
trend (38%, 210 transects). In total, 39% of the coast faced moderate to very high erosion (214 transects), and 24% ranged
between moderate and high accretion (133 transects). (A) Higher sediment deposition processes have been recorded in
correspondence of the Site of Community Importance ITA 050011 – Manfria Tower. Grey dashed lines are the transects at
6350 m and at 10,125 m from the westernmost edge of the sector.
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4.2. Dune Fragmentation Analysis

The dune system detected in the 1955 and 1966 aerial photographs presents a great
alongshore continuity. Therefore, the dune fragmentation index computed for those years
was null. Over time, continuity of dune system toe and associated vegetation line signifi-
cantly decreased (Figure 8).

 

Figure 8. Dune toe detected nearby the Licata port on the 1966 aerial photo and on the 1989
orthophoto. (a) The dune system in 1966 is several kilometres long and only interrupted by physio-
graphic or natural elements. (b) In 1989, the dune ridge significantly retreated (white square) and
was partly interrupted by manmade works. Green line is the dune toe proxy.

Over the period between 1989 and 2019, nine dune systems were detected along the
two sectors: two within sector no. 1 and seven within sector no. 2. The dune fragmentation
index was computed for each system. Dune system no. 1 totally disappeared over the time
span between 1989 and 2012 (F = 1 in 2012, “Very High/Maximum” class), but in 2016, dune
system no. 1 was naturally recovered. Two of the nine systems experienced an increase
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in dune fragmentation, and seven of them did not change their class. As such, 56% of the
dune systems were not fragmented at all in 1989, and 22% were scarcely fragmented (“Low”
fragmentation class). The tendency changed after 2006 when the “Very high/Maximum”
class appeared for the first time. The “Medium” class varied as well from 0% in 1989 to 22%
in 2016. In 2019, the “Very high/Maximum” class was not observed anymore; most of the
dune system fragmentation values fell within the range of the “Null” and “Low” classes
(55%, five dune systems), but 33% of the systems were still highly fragmented (Figure 9).

Figure 9. Percentage of F index classes per year. In 1989, the most frequent classes are the “Null” and the “Low”
fragmentation ones, “Medium” fragmentation class is not represented at all, the “High” one is 21%, and the “Very
High/Maximum” fragmentation class has not been found.

4.3. Coastal Armouring Analysis

The coefficient of coastal armouring (K) was computed to assess the maritime struc-
tures’ impact on the shoreline evolution. This coefficient represents the ratio between
the total length of all maritime hydraulic structures (groins, seawalls, dikes, jetties, etc.)
and total coastal length of the study area; the study area was, however, subdivided into
subsectors of 500 m each [21].

Table 2 shows the coefficient of coastal armouring (K), the total coastal length (L) per
year and the total length of coastal structures (l) per year. Over the 1950s and 1960s, the
Licata harbour was the only infrastructure insisting on the coast. The K value computed for
sector no. 1 did not appreciably vary over those years and fell within the “Maximal” range
class (0.5–0.8). A few coastal structures were detected in 1955 and 1966 within sector no. 2.
In 1989, the K value of sector no. 1 resulted to be significantly higher (1.2) reaching the
“Extreme” class. Sector no. 2 did not register any change. Between 1966 and 1989, the total
structure length significantly increased, mainly due to the Licata harbour implementation.
Eleven breakwaters were built eastward of the Licata harbour over those decades. Over
the 2000–2019 time span, the coefficient K slightly increased within sector no. 1, varying
from 1.3 to 1.6 (i.e., “Extreme” class). Within sector no. 2, no changes were detected.

Table 2. The coefficient of coastal armouring K computed for each sector per year. The Total Coastal
Length (L) and the Total Structure Length (l) per year are shown. All measures are expressed in
metres (m). Sector no. 1 experienced significant increase, with K passing from “Maximal” (K = 1.2
in 1989) to the “Extreme” class (K = 1.6 in 2019). Sector no. 2 did not face any changes over the
considered time span.

Year Sector Total Coastal Length (L) Total Structure Length (l) K

1955 1 9826 7706 0.8

1966 1 10,134 8443 0.8
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Table 2. Cont.

Year Sector Total Coastal Length (L) Total Structure Length (l) K

1989 1 10,216 11,969 1.2

2000 1 10,198 13,640 1.3

2006 1 9727 13,918 1.4

2012 1 9732 15,014 1.5

2019 1 9719 15,456 1.6

5. Discussion

In the following sections, the shoreline changes along the two sectors are discussed as
the main erosional/accretional/stable phenomena observed. The findings on the shore-
line evolution are interpreted in the light of the main environmental coastal variations,
considering the main river variations, the dune fragmentation level and the coastal armour-
ing impact.

The mid- and long-term period analyses showed that the coastal area under study
mainly experienced stability (43% and 58%, respectively). However, significant shoreline
changes were observed within the area of the Southern Imera River mouth, and 9% of
very high erosion phenomena were recorded down-drift of the Licata harbour, where
the highest WLR negative value was also detected (−6.25 m/year). Amore et al. [23]
showed that significant erosional phenomena were observed at the Southern Imera River
mouth earlier than the 1960s, and coastal progradation was mainly observed over the past
decades. The Shoreline Change Envelope index confirmed that high accretional phenomena
occurred between 1955 and 1966, and the shoreline significantly began retreating after
1966 (Figure 10). As already shown by Amore et al. and Amore and Randazzo [23,41],
the higher accretion rate detected over the decade 1950–1960 can be explained by the
increasing river sediment load caused by (i) the disuse of the secondary stream mouth
of the Southern Imera River and (ii) the deforestation of the drainage basin area to make
space for crops and cultivation [23]. Deforestation is considered as a triggered event for
coastal advancement, as shown by Pranzini [42] in the area of the Arno and Ombrone River
deltas in Italy and by Zengcui and Zeheng [43] in the area of the Qiantang estuary in China.
After the 1960s, the sediment supplies to the two studied sectors significantly decreased
due to the implementation of (i) the Villarosa, Olivo and Gibbesi artificial reservoirs,
which were built over the decade 1960–1970, and (ii) the Licata harbour. The reservoirs
blocked the Southern Imera River course to satisfy the huge increase in irrigation water
demands, forming sediment traps and reducing the peak flood flows, thereby decreasing
the sediment supply to the coast. The decrease of sediment river discharge caused by
the implementation of dams is a pivotal factor in beach retreating. Rosskopf et al. [44]
pointed out that the long-term shoreline retreat of the Molise coast (Italy) was primarily
related to channel adjustments of the Biferno and Trigno rivers, trapping most of the
rivers’ solid load, affecting the sediment budget of the river mouth areas and adjacent
beaches. The reduction in sediment discharge caused by the dams was also well studied
by Amrouni et al. [13], who considered the implementation of artificial reservoirs as the
main cause of the negative sediment budget leading to a shortage of sand sediment on the
Medjerda delta (Tunisia) and the dominant erosion of the coastline. The reduced flux of
sediment reaching the world’s coasts because of retention within reservoirs is also well
documented by Syvitski et al. [45], who estimated that over 100 billion metric tons of
sediment are sequestered in reservoirs constructed largely within the past 50 years.
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Figure 10. The shoreline evolution of the Southern Imera River mouth and the area east of the mouth.
The trend seemed to be negative between 1955 and 2016, but the Shoreline Change Envelope revealed
that (A) significant accretion has been recorded between 1955 and 1966, and very high erosion has
been registered between 1966 and 1989, as shown by the interpolated plot of the shoreline changes
(1 transect group = 100 m), but (B) shoreline moved seaward between 1989 and 2016 where a set of
eleven breakwaters was emplaced.
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Over the time between 1955 and 2019, the coastal area between Licata and Gela has
been modified following the increasing economic growth that occurred after the Second
World War. Between the 19th and the 20th centuries, the town of Licata became one
of the biggest industrial centres in Europe for the refinement of sulphur which led to
the implementation of a larger harbour accessible for larger ships served by a railway
line [23]. As a result, (i) the harbour impounded littoral material, partly interrupting the
W–E longshore sediment load [12,46,47], and (ii) the dune systems of the area nearby the
Licata town have been profoundly damaged due to the increase in urbanization, as largely
observed worldwide in areas of rapid economic growth [48–53].

However, the highest retreats were also recorded down-drift of coastal structures
(harbours and breakwaters), and sediment deposition was mainly found in correspondence
of structures (i.e., breakwaters) and along coastal areas where beaches are backed by well-
preserved dune systems and breakwater barriers (Figure 11). Indeed, east of the Licata
harbour, a set of eleven breakwaters was emplaced to face the huge landward migration of
the Southern Imera River mouth and of the proximal coastal area. Moderate to high erosion
phenomena were observed down-drift of the set of structures, whereas accretion was
recorded in correspondence and up-drift of them, with a maximum value of 2.22 m/year
(Figure 11). The same trend, i.e., significant accretion, was observed within sector no. 2,
up-drift of two breakwaters emplaced westward of the Gela harbour. A few kilometres
westward of the study area, at San Leone beach, Manno and Ciraolo [54] showed that
the maritime works (port, groins and breakwaters), which were emplaced to limit the
increasing shoreline retreat, changed the original coastal equilibrium, affecting the coastal
sediment transport and thus causing very high variability in shoreline position up-drift and
down-drift of the coastal structures. In nearby South-eastern Sicilian areas, Anfuso et al. [55]
confirmed as well the common tendency of accretion/erosion at up-drift/down-drift of
coastal structures, respectively. Coastline armouring is a very common engineering solution
against erosion [46,56], but there are a number of adverse influences, including disturbance
of cross- and long-shore sediment transport, associated with up-drift sedimentation but
down-drift beach reduction, accelerated bottom erosion in front of structures, restricted
public access to the beach, formation of dangerous currents for bathers and negative
impact on landscape value [8,46,57–61]. Worldwide examples of anthropogenic disturbance
(i.e., coastal armouring) on the coastal dynamic are well documented. Sousa et al. [61,62]
showed that coastal structures are the most applied short-term solutions to coastal erosion
in Massaguaçú Beach (Brazil) but not the most efficient ones, often changing the long-shore
transport, affecting the beach profile and the scenic beauty of the beach, and thus increasing
coastal vulnerability.

Moderate to high accretion classes were recorded in correspondence of the Site of
Community Importance ITA 050011 “Manfria Tower”, where the long and wide beach
is backed by a well-preserved dune ridge. Such accretion processes have been probably
active for several decades as it is reflected by the formation of such well-developed dune
systems. Within sector no. 2, the coastal land use has not significantly changed over time,
and the area did not face huge coastal changes both in terms of dune fragmentation and
of implementation of coastal structures. The Site of Community Importance ITA 050011
“Manfria Tower” acted as a constraining factor to human pressure on this area. As observed
in Australia, at places, recent human disturbance is the main cause of the increasing
sediment supply to dune systems, often resulting in foredune formation [63]. Moreover,
natural dunes often provide sediment reservoirs to the shore and act as barriers to erosion
and flooding processes, as showed by Manca et al. [64] in West Sardinia (Italy), where the
dune system at Maria Pia beach is still acting as a source of sand. Saye et al. [65] in the
UK demonstrated that dune morphology often reflects beach morphology (width, slope,
sediment grain size, etc.); indeed, high foredune ridges develop where the sediment budget
of the beach and dune is in balance. However, Saye et al. [65] also found that, within an
accreting coastal sector, new dune ridges can progressively form, and the maximum crest
height of each ridge is limited by the rate of beach accretion and shoreline progradation.
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(a) (b) 

Figure 11. Shoreline evolution plot of the average WLR values found in correspondence of transects placed at (a) natural
areas, subdivided into areas backed by dunes (93 transects) and areas without dunes (762 transects), and at (b) armoured
areas, considering the up-drift and down-drift zones and in correspondence of structures (48 transects).

6. Conclusions

The shoreline evolution and the environmental changes of the coastal strip between
the Licata harbour and the Gela harbour (Southern Sicily, Italy) were investigated over
mid- and long-term periods (1989–2019 and 1955–2019, respectively). This study showed
that (i) significant shoreline retreat occurred in correspondence of the Southern Imera
River mouth, where, on one hand, the construction of artificial reservoirs along the river
course caused the shortage of sediment river discharge and, on the other hand, coastal
environmental changes, as the progressive implementation of the Licata harbour and the
significant loss of the dune ecosystem, altered the coastal sediment dynamic; (ii) coastal
armouring affected longshore sediment transport, giving rise to sediment deposition in
correspondence and up-drift of structures (i.e., breakwaters), while relevant retreat is gen-
erally found down-drift of coastal structures (harbours and breakwaters); and (iii) beaches
backed by a well-preserved dune system experienced sedimentation or maintained a stable
trend as dunes likely provide sediment reservoirs to the shore and act as barriers to erosion
and flooding processes.

The lack of coastal management strategies and non-integrated decision-making pro-
cesses often triggered an increase in coastal zone vulnerability. Within sector no. 1, despite
the severe erosional phenomena recorded, improper land-use planning has been carried
out and buildings have been seriously damaged and progressively destroyed by wave
processes. As such, this study can be the starting point to forecast future shoreline trends
(taking also into consideration climate change processes) and can support the local coastal
management administrations to properly plan sustainable policies in a long-term scenario,
i.e., assess areas at high risk of erosion and flooding, evaluate the efficiency of coastal
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armouring and of natural protected coastal sectors and identify best resilience solutions to
stabilise and limit the impacts related to coastal erosion.
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Abstract: Landscape evolution over the last 8000 years in three areas located along Tuscany, Latium,
and Campania coasts (central Tyrrhenian) has been deduced through a morphological, stratigraphical,
and historical approach considering the physical evolution and human activity. Between 8000 and
6000 yr BP, the Sea Level Rise (SLR) dominated and, near the river mouths, inlets occurred. In the
Tuscany area, Mt. Argentario was an island and to SE of the Ansedonia promontory a lagoon occurred.
The areas were covered by a dense forest and the human influence was negligible. Between 6000 and
4000 yr BP, humans organized settlements and activities, and a general coastline progradation occurred.
A tombolo linked Mt. Argentario to the mainland. In the Tiber and Campania areas, coastal lakes and
a strand plain developed. Between 4000 and 3000 yr BP, near Mt. Argentario, two tombolos enclosed
a wide lagoon. At the SE of the Ansedonia promontory, the lagoon split into smaller water bodies. In
the Tiber and Campania areas, delta cusps developed. The anthropogenic presence was widespread
and forests decreased. During the last 3000 years, anthropic forcing increased when the Etruscans and
Romans changed the territory through towns, salt pans, and ports. After the Roman period, natural
forcing returned to dominate until the birth of the Italian State and technological evolution.

Keywords: coastal evolution; cultural and land use changes; anthropic impacts; Holocene;
Tyrrhenian Sea

1. Introduction

The physical coastal landscape is the most sensitive to changes in environmental
parameters. It is strongly influenced, also in a relatively short time, by glacioeustasy,
particularly in areas prone to load subsidence, tectonics, and/or volcanic activity [1–4]. The
landscape changes can be rapid along the coastal plains or deltas. These areas are vulnerable
to fast climatic change such as Bond Events or Rapid Climate Change (RCC) [5–10] that are
characterized by high variability in frequency and amplitude of storms [11–13] and fluvial
solid discharge [14–16]. In the historical period, anthropic forcing was added to the natural
one. In fact, human activities have been often settled in coastal areas for the available food
sources. Therefore, the landscape was modified over time by the construction of salt pans,
fishponds, landings, and ports, and more recently by the intense urbanization often linked
to tourist activity [13,17–21].

The central Tyrrhenian coast, between the Argentario promontory and the Garigliano
River (Figure 1), shows different morphologies. Rocky promontories (Mt. Argentario,
Ansedonia, Capo Linaro, Capo d’Anzio, Mt. Circeo, and Gaeta) and cliffs characterize
the coast. The sandy coast is more widespread; it consists of coastal plains characterized
by lakes and lagoons (i.e., Orbetello, Burano, Pontini Lakes), deltas (Tiber, Garigliano),
and extensive marshy areas, now reclaimed, such as the Pontina Plain. Much of the coast
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developed during the last million years on the western edge of a volcanic area (the Vulsino,
Cerite, Vicano, Sabatino, Albano, Roccamonfina systems), which today shows only late
volcanic signs. In this period, a general uplift affected the area [22]. However, since the
Late Pleistocene, the central northern part of this coastal stretch was tectonically stable
except for some areas such as the northern sector of the Versilia coast that showed a
slight uplift [1,23–26]. The southernmost sector of this coastal stretch (Pontina and Fondi
Plains) shows significant subsidence [26], while its southern portion is influenced by the
Phlegraean active volcanism.

 

Figure 1. Location of the studied areas. Tuscany area: (1) Talamone; (2) Albegna River mouth;
(3) Giannella Tombolo; (4) Orbetello; (5) Mt. Argentario; (6) Feniglia tombolo; (7) Ansedonia promontory;
(8) Burano Lake; (9) Fosso Chiarone mouth. Tiber delta area: (10) Fiumicino airport; (11) Portus and Trajan
Lake; (12) Minor Tiber River mouth; (13) Ostia; (14) Main Tiber River mouth; (15) Laurentum; (16) Ficana.
Campania area: (17) Mt. d’Argento; (18) Minturnae; (19) Garigliano River mouth; (20) Mt. Massico;
(21) Gaeta. (Image Landsat/Copernicus-Google Earth).

The current morphology is the result of severe changes since the Last Glacial Maximum
(LGM). They were due to the SLR, the sub-Milankovian climatic oscillations, the amount
of fluvial solid discharge and, partially, local tectonic events [1,2,9,13,14,16,21,22,27]. In
addition, during the last 3000 years, anthropic impact became particularly significant.
Near the LGM, the shoreline was located about 5–10 km west to its present position.
Thus, promontories and some small islands were reliefs on the mainland, which were
progressively isolated or submerged for the progressive SLR. At the quasi-still stand,
several inlets near each river mouth characterized the coast. In the last 6000 years, the fluvial
sediments, more or less abundant according to the sub-Milankovian climatic oscillations,
the anthropic activity, and the coastal drift, reconnected islands (i.e., Mt. Argentario),
generating lagoons (i.e., Orbetello, Maccarese, Ostia, Minturno), coastal lakes (Pontina
lakes), and delta (i.e., Tiber).
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During the Holocene, also the activity of humans conditioned the evolution of the
landscape. In the central Tyrrhenian coast, although Neanderthal settlements were al-
ready known, i.e., Mt. Argentario [28] and Mt. Circeo [29] from the Eneolithic pe-
riod [30] and mainly from the Bronze Age, the coast is dotted with more or less important
settlements [31–33]. Significant coastal settlements developed with the Etruscan civiliza-
tion north of the Tiber delta (i.e., Rusel, Tarcuna, Pyrgi) and the Latin one in the south (i.e.,
Lavinium), which exploited the lagoon areas as a harbor or salt works. The expansion of
Rome progressively affected the whole coast with settlements often equipped with ports,
increasing the areas devoted to salt extraction. Many coastal settlements were abandoned
after the fall of Rome, and marshy areas developed, favoring malaria spreading. This situa-
tion persisted during the Renaissance when the coast became dotted with watchtowers. The
coast returned to being an important economic and strategic resource only following the
reclamation of the area carried out between the end of the 19th century and the beginning
of the 20th.

The goal of this paper and the main novelty were to outline the evolution of the
landscape over the last 8000 years in three areas (Orbetello-Burano area, Tiber Delta,
Garigliano coastal plain; Figure 1) with a holistic perspective that considered, beyond the
physical evolution, the presence and anthropic activity from the Bronze Age.

2. Materials and Methods

The reconstruction of the landscape is partly based on the revision of data from
previous works by the authors, to which reference should be made for the lithological,
palynological, faunistical, and chronological details [34–37]. Some data from the literature
were also considered (recalled in the discussion of the three areas considered). A new
dating (see Table 1) and a new core were added the quotas of all the cores considered were
reviewed as well as the environmental interpretation of the different facies. The analysis of
the historical evolution of each area described was then added. The paleoenvironmental
reconstruction of the three areas was carried out by means of the following approach.

Table 1. The values of the 14C ages used to plot the sea level rise curves of Figures 4, 8 and 11 are reported.

Tuscany Area

Laboratory Number Core Altitude Material Age yr BP Age cal. yr BP

Lyon-14233(sacA-49741) LB3 −5.00 Peaty clay 6335 ± 35 7329–7180

Rome-2339 BU4 −2.05 Peat 3570 ± 40 4090–3920

Rome-2342 BU7 −1.35 Peat 3550 ± 40 3900–3720

Rome-2349 BU10 −1.30 Peat 2790 ± 40 2950–2840

Rome-2360 BU10 −1.80 Peat 4320 ± 40 4970–4830

Rome-2364 BU10 −2.30 Peat 4840 ± 40 5620–5480

Rome-2361 BU10 −2.80 Peat 5310 ± 40 6270–5990

Rome-2365 BU10 −3.30 Peat 5840 ± 40 6650–6560

Rome-2350 BU10 −3.80 Peat 6115 ± 40 7160–6820

Rome-2344 BU12 −0.50 Peat 3700 ± 40 4090–3930

Rome-2345 BU12 −1.00 Peat 4560 ± 45 5320–5050

73



Land 2022, 11, 344

Table 1. Cont.

Tiber delta area

Laboratory Number Core Altitude Material Age yr BP Age cal. yr BP

R-1198 α 150 −3.24 Peat 4710 ± 50 5575–5325

R-1198 150 −3.24 Peat 4750 ± 60 5585–5335

R-887A/α 150 −4.24 Peaty clay 4640 ± 80 5574–5090

R-888 150 −9.44 Peaty clay 7730 ± 80 8585–8420

R-889 150 −9.59 Peaty clay 7770 ± 60 8590–8455

R-890 150 −9.74 Peaty clay 7930 ± 70 8990–8605

LTL-461 a new −1.20 Peat 1140 ± 40 1170–975

Rome-2066 S3 −2.93 Peat 2720 ± 50 2860–2770

Rome-2067 S3 −4.03 Peat 3465 ± 55 3830–3640

Rome-2069 S5 −2.95 Peat 2555 ± 50 2760–2490

Rome-2070 S5 −4.15 Peat 3375 ± 55 3690–3480

Campania area

Laboratory Number Core Altitude Material Age yr BP Age cal. yr BP

Rome-2151 P1 −2.65 Peat 2905 ± 40 3170–2990

Rome-2153 P1 −3.40 Peat 3710 ± 50 4150–3930

Rome-2154 P1 −3.95 Peat 5110 ± 55 5920–5730

Rome-2158 P2 −2.50 Peat 4355 ± 50 4980–4850

Rome-2160 P2 −4.00 Peat 5740 ± 65 6640–6450

Rome-2162 P2 −5.50 Peat 6835 ± 70 7730–7580

Rome-2164 P2 −7.05 Peat 7375 ± 70 8330–8040

Rome-2165 P3 −1.45 Peat 3250 ± 45 3560–3390

Rome-2167 P3 −4.35 Peat 6220 ± 60 7250–7020

Rome-2168 P3 −5.10 Peat 7330 ± 55 8180–8030

Rome-2257 P4 −2.00 Peat 4650 ± 50 5440–5050

Rome-2258 P4 −2.90 Peat 4710 ± 45 5580–5200

Rome-2260 P5 −1.80 Peat 4975 ± 55 5850–5610

Rome-2262 P5 −3.70 Peat 5615 ± 65 6450–6300

Rome-2261 P5 −5.20 Peat 6705 ± 65 7660–7300

Not declared CL1 −1.50 Peat 2503 ± 40 2742–2456

Not declared CL1 −4.30 Peat 6802 ± 45 7704–7575

Geomorphological analysis. Historical maps available for some areas since the Re-
naissance were considered including aerial photos starting from the Royal Air Force
1943 surveys, satellite images (Google Earth 2005–2019); LiDAR survey (only for Tiber
delta), and field surveys over the last 30 years.

Stratigraphical analysis. Several drillings (by manual, rotary, and percussion mechani-
cal system) and, locally, geophysical surveys were considered. For each sampled sediment,
cores were defined as:

• Lithology. Grain-size analysis was performed for the clastic sediments (by sieving
and laser diffractometry on fractions > and <62 microns, respectively). Sediments
were classified according to [38]. In addition, the main sedimentary structures were
considered.

• Faunistic content. Qualitative and quantitative analyses were conducted on samples
where the microfaunal content (foraminifera and locally ostracoda) was recorded
following the standard procedure.

• Palynology. Although the analyses were carried out by different laboratories for the
different areas, they all utilized the same standard procedure for palynological processing.
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• Geochronology. The 14C calibrated ages were calculated using peat and wood samples
and, less frequently, shell and bones. Liquid Scintillation Counting (LSC) measurement
technique was normally used; but, for materials very low in organic C, Accelerator
Mass Spectrometry (AMS) was also used. The conventional ages were calculated
according to [39] and reported as yr BP. To take into account the reservoir effect and the
past fluctuations of the tropospheric 14CO2, the conventional ages were calibrated [40]
and given as calendar yr BP time spans. The uncertainty on both conventional and
calibrated ages was at the level of ±1σ (68.2% of probability). Only for the Tuscany
area we utilized also the Optical Stimulated Luminescence (OSL) dating of quartz
extracts followed standard preparation techniques. Table 1 shows the dates of only
the lagoon peaty level used for tracing the SRL curves inserted in Figures 4, 8, and 11.

The historical frame was essentially based on historical sources and on the analysis of
data deriving from surveys and archaeological excavations. By comparing the formal and
quantitative characteristics of the main productions and settlement traces and correlating
the available data, the anthropization patterns resulting from the relationship between the
communities and the ecosystem over the centuries under consideration was reconstructed.
Table 2 shows the chronology of the historical ages from the Eneolithic to the Renaissance
and the life span of the settlements mentioned in the text.
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3. Local Results and Discussion

3.1. Tuscany Area (Orbetello-Burano)

Two lagoon systems, (Orbetello Lagoon and Burano paleolagoon separated by Anse-
donia promontory) characterize the Tuscan coast between the mouths of the Albegna River
and the Fosso Chiarone (Figure 2).

 

Figure 2. Morphological scheme of the Tuscany area. The yellow lines indicate the trend of the
Holocene beach/dune ridges. The red line indicates the outline of the Burano paleolagoon. The
labels in the white rectangles indicate the location of the boreholes, shown in Figure 3 (Image
Landsat/Copernicus-Google Earth).

3.1.1. Morphological Setting

The first system (Orbetello Lagoon) is a submerged area, about 27 km2 wide with a
maximum depth of 2 meters, enclosed between two sandy tombolos that connect Mt. Argentario
with the coastal plain between the Albegna river mouth and the Ansedonia promontory.

The northern tombolo (Giannella) is a spit 6 km long with a width ranging from about
800 m near the Albegna river mouth and about 300 m near the Argentario where it is
interrupted by the only natural inlet of the lagoon (Nassa channel). It is marked by a series
of locally discontinuous beach/dune ridges and the inner edge shows washover fans. The
southern tombolo (Feniglia), 6 km long, is more regular, has a width close to 1 km, a more
organized system of beach/dune ridges dissected by numerous blowouts, and it is rooted
landwards at the Ansedonia promontory. Its inner border shows several irregularities
related to washover events, which occurred in an initial phase of its formation. Two artificial
canals, placed near the roots landwards of the two tombolos, connect the lagoon with the
sea and the Albegna River. A third, uncomplete tombolo (Orbetello tombolo), artificially
connected to Mt. Argentario, separates the lagoon into two hydraulically connected
parts. Several outcrops of rocks and sediments attributable to fluvial, marshy, and paralic
latu sensu facies characterize the coastal plain. The oldest deposits belong to the upper
Pleistocene and are part of the Orbetello Syntema [41]. The Albegna River migrated during
the Holocene, leaving meandering paleochannels and alluvial deposits. On the inner edge
of the lagoon, a series of beach ridges between the Giannella and Orbetello tombolos mark
two little paleodelta cusps connected to the aforementioned paleochannels [41]. Between
the Orbetello and Feniglia tombolos only a limited development of the beach ridges occurs.
Near the Orbetello tombolo and at the edge of the western lagoon there are limited marshy
areas. In the western lagoon, some emerged flat areas and limited sandbanks occur.
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The second system consists of a 1-km-wide depression, parallel to the coast with a
WNW–ESE trend, limited landward by Pleistocene sandstone deposits and seaward by
two parallel Holocene dune ridges. Before the 19th century reclamation, the depression
was a wetland periodically submerged into which the Fosso Melone and the Fosso del
Chiarone flowed. Currently, the depression is almost flat and at some decimeters below
sea level. The depression includes the Burano Lake, the only submerged area after the
wetland reclamation, 3.5 km long, 0.5 km wide, with a maximum depth of about 1 m. An
inlet, located at the center of the outer side, connects the lake to the sea. Washover fans are
particularly evident in the northwestern area of the lake.

3.1.2. Vegetation Frame

Between 8000 and 4000 yr BP, the coastal plain landscape was dominated by ther-
mophilous deciduous forest composed of Quercus cerris, Quercus pubescens, Quercus suber,
Carpinus orientalis/Ostrya, and Corylus. Quercus ilex is abundant in the surrounding hills
followed by Ericaceae, Olea, Phillyrea, and Pistacia. Plants growing under greater control
of local edaphic conditions include prevalently herbaceous taxa such as Amaranthaceae
and Cyperaceae particularly developed in the perilacustrine areas. A strong increase in
herbaceous taxa occurred after 4000 yr BP. Pollen analyses carried out in some lake basins
in Tuscany and northern Latium indicated that the variations in vegetation cover in the
Neolithic are related more to climatic fluctuations than to anthropic activity [33,42,43].
Only starting from the Bronze Age, the anthropogenic effect on the vegetation appears
significant; in the Roman period, the arboreal cover was characterized, similarly to today,
by the Mediterranean scrub mixed with oak wood [44].

Figure 3. Lithological/environmental scheme of boreholes reported in Figure 2 regarding the Tuscany
area. AL and LB3 are rotary boreholes; BU1 and BU10 are percussion boreholes. AL is modified
after [44], while LB3, BU1, and BU10 are modified after [36].

3.1.3. Facies

Six different facies are recognized in this area (Figure 3).
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Facies 1. In the subsoil of the Albegna coastal plain, this facies is present between
−17 and −10 m. It consists of silty clay and silt with sandy, level intercalations and
local thin peat lens. It contains brackish and marine mollusks (Acanthocardia spp. and
Rissoidae) and meso-polyhaline ostracods (Cyprideis torosa, Loxochonca elliptica, Cyprideis
fischeri, Leptocythere lagunae, and Xestoleberis communis). In the Burano area, the facies occurs
at the bottom of the Holocene succession.

Interpretation: Towards the top, the fauna indicates a decrease in salinity (Cerastoderma
lamarcki), and the presence of sand and fine gravel levels testifies to a greater contribution
of fluvial sediment [45]. The facies is attributed to a lagoon/estuary environment.

Facies 2. This facies is well developed in the area of the Burano paleolagoon, which
occurs everywhere between the Pleistocene sandstone deposits and the Holocene dune
ridges. The facies consists of soft peats, sandy-silty mud, mud with abundant organic
matter, and some thin, locally bioturbated silty levels with shell debris. The remains of
Posidonia and undecomposed vegetal matter, occasional bivalve fragments, and thin-
shell gastropods are present. Ostracods are mainly composed of both brackish (C. torosa
and L. elliptica) and lagoon/coastal (Xestoleberis dispar) taxa with variable proportions.
They are occasionally associated with a few phytal coastal (Aurila spp. and Leptocythere
spp.) and/or freshwater to low brackish specimens (Candona angulata and Darwinula
stevensoni). A brackish, lagoonal assemblage containing an oligospecific foraminiferal fauna
is characterized by the high dominance of Ammonia tepida followed by Haynesina germanica
and Porosononion granosum mainly. Locally, in the lower part, more marine taxa (Nonion spp.,
Triloculina spp., and Quinqueloculina spp.) are present. On the contrary, towards the top, a
decrease in foraminiferal content associated with abundant gastropods such as Hydrobia
spp. and Planorbis spp. is recorded. In the lower part, marine dinocysts are also commonly
present (including Spiniferites mirabilis and Lingulodinium machaerophorum), which tend
to decrease upward until they are completely absent at the top. Moreover, in the lower
part, Botryococcus (Chlorophyceae, Chlorococcales/Tetrasporales), a fresh–brackish water
colonial green algae, and Terrestrial Fungi are quite abundant. Fungi spores, Pseudoschizaea,
Botryococcus, and especially Cosmarium algae, decrease upward but, unlike the dinocysts,
they are still present at the top.

Interpretation: The facies is attributable to an organic coastal lake with a transition
from brackish to freshwater conditions.

Facies 3. This facies was intercepted only in the upper part of the cores drilled in the
central sector of the Burano paleolagoon. It shows a maximum thickness of 2 m. Whitish
CaCO3 (with subordinate gypsum)-enriched silt and scarce fine sand characterize the
sediment of this facies only locally interbedded with thin, blackish, peaty levels. Freshwater
gastropods (Hydrobia spp. and Planorbis spp.) and freshwater/low brackish ostracods
(C. torosa, C. angulata, D. stevensoni, Limnocythere inopinata) are the components of the
bioclastic fraction.

Interpretation: The data indicate a carbonatic coastal lake environment where the main
components of the NPPs’ assemblages are Cosmarium, indicative of prevalent freshwater
conditions, and Botryococcus, which thrives in fresh–brackish waters. Evidence permits
us to define a freshwater depositional basin with clear and oligotrophic waters in which
peculiar chemical–physical conditions induced an abundant precipitation of CaCO3. The
development of this facies started after 6000 yr BP and ended at about 4000 yr BP.

Facies 4. The facies is present between the Albegna River and the Orbetello tombolo
both in the subsoil at 3–5-m depth and in the current coastal ponds such as Lo Stagnino. It
consists of clayey silt locally with organic matter and a scarce bioclastic fraction. The latter
is composed of freshwater and oligohaline ostracofauna (Cyprideis neglecta and Ilyocypris
bradyi with a subordinate presence of C. torosa and Heterocypris salina) and freshwater
mollusks (Valvata piscinalis, Gyraulus laevis, and Bithynia leachi) [45].

Interpretation: The facies is attributable to coastal pond.
Facies 5. Medium-fine sand with marine taxa (Cardium spp., Glycimeris spp., Venus

spp., tellinids, Quinqueloculina spp., Triloculina spp., Elphidium spp., and Rosalina spp.)

79



Land 2022, 11, 344

characterizes this facies. In the northern sector, it forms the Giannella and Feniglia tombolos,
whose mineralogical compositions differ in the greater presence of amphiboles in the
Giannella site [46].

Interpretation: The facies is attributable to a strand plain and constitutes the beach
ridges of some small delta cusps, no longer active, and of the incomplete Orbetello
tombolo [41]. Between Ansedonia and the Fosso Chiarone, the facies represents the
beach/dune ridges that isolate the Burano depression from the sea.

Facies 6. It is essentially present behind the strand plain between the Albegna River
and Orbetello. It shows thicknesses of about 3 m near the river that taper towards the
tombolo. It consists of silty clay with an interbedded sandy silt level and lens. Lo-
cally calcareous concretions and oxidation tracks are present. Freshwater mollusks (as
Bithynia leachi and Lymnaea truncatula) are rarely recorded.

Interpretation: The described characters permit us to define a fluvial facies.

3.1.4. Diachronic Physical Landscape Change

The physical and cultural landscape change is schematized in Figures 4 and 5. Between
7500 and 5000 yr BP, in the northern sector, the SLR interrupted the connection between
Mt. Argentario and the mainland [47], leaving only a narrow and incomplete isthmus.
The sea, penetrating the Albegna River paleovalley, gave rise to a bay. Around 6000 yr
BP, the decrease in the SLR rate allowed for a greater fluvial sedimentary supply to the
coast. The bay filled up and the Albegna River began to wander into the coastal plain that
was forming. At the end of the period, the river formed a wave-dominated delta cusp
north of the incomplete isthmus. To the south of the Ansedonia promontory, a Holocene
beach developed in the first phase, separating the Pleistocene coastal deposits from the sea.
Further southeast, a narrow lagoon bordered by a thin and discontinuous sandy barrier
occurred. The longshore current coming from the southeast carrying the Fiora, Arrone, and
Marta rivers’ sediments fed the beach and the barrier. As the SLR progressed, the lagoon
extended until Ansedonia, the sandy barrier became less thin and discontinuous, and an
organic coastal lake sedimentation occurred.

 

Figure 4. (a–e). Two-dimensional evolutionary patterns of the Tuscany area inferred from under-
ground and historical/archaeological data. The single images illustrate the coastal landscape relating
to the period shown on the abscissae of the sea level rise curve. The curve was plotted based on 14C
dating from Burano paleolagoon peat levels.
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Figure 5. Legend for Figures 4, 8, and 11.

Between 5000 and 3500 yr BP, after the quasi-still stand, the sea level rose with minor
rates. In the northern sector, the development of the cusp continued and the Feniglia
developed completely while the Orbetello tombolo remained incomplete. Southeast of
the Ansedonia, the lagoon reached its maximum width (500–700 m) and, along most of
its central axis, the sedimentation of a carbonate coastal lake occurred. About 4000 yr BP,
the SRL did not change the planimetric features of the lagoon; however, the carbonate
sedimentation showed a more discontinuous distribution and progressively disappeared.

Between 3500 and 1000 yr BP, the Feniglia connected Mt. Argentario with the coastal
plain, preventing further development of the Orbetello tombolo. The Albegna River
migrated northwards on the trace of the current course. It is not clear whether this event
was natural or favored by human work [41,48]. The new position of the mouth favored the
development of the Giannella that reached Mt. Argentario, giving the Orbetello lagoon its
current morphological setting.

In the southern sector, a large part of the lagoon rapidly dried up, or, at least, turned
into a wetland locally and periodically submerged so that part of the organic sediments
was subject to pedogenesis, forming a thin brown soil. The area of the Burano Lake and a
small area close to the Ansedonia promontory remained submerged.

Between 1000 yr BP and the present, south to Ansedonia, there were no substantial
changes until the hydraulic reclamation (first part of the 20th century), which definitively
dried up the entire area except for the Burano Lake whose depth is currently not over 1 m.

3.1.5. Diachronic Cultural Landscape Change

The morphological and ecosystemic evolutions of the coast between Talamone and
Burano Lake marked it up to the entire pre-protohistoric transition. The landscape, today
characterized by the presence of the Giannella and Feniglia tombolos, displays a concen-
tration of functional characteristics for anthropization partially comparable to those of the
Tiber and Garigliano deltas.

On the basis of the archaeological research, the population appears to be very fluc-
tuating at least up to the end of Ancient Bronze Age, both due to the demographic and
environmental evolutions. Some funerary sites, such as the Grottino di Ansedonia [49–51],
and some findings of commonly used ceramics, such as Poggio Terrarossa [52,53], are
recorded. On the base of limited documentation, the presence of small settlements, scat-
tered around the lagoon, is hypothesized. These settlements were mainly linked to a
subsistence based on the consumption of wild plants and shellfish. Therefore, up to this
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stage, a low impact on the ecosystem was outlined, due to the presence of small and sparse
communities with a predominantly subsistence economy. However, the proliferation and
the affirmation of the small perilagunar sites, attributed to the first phase of the Bronze Age,
testify to a demographic increase. These sites were probably small, seasonal settlements
linked to transhumance [54] and pastoral activities that periodically offered adequate
pastures and water.

As in other Italian areas, the Middle Bronze Age for the perilagunar settlements
increased and the discovery of new founded settlements represented an important de-
mographic and cultural crossing point. Both the Albegna and Fiora rivers show new,
long-lasting settlements located on heights and river terraces, testifying to the first evidence
of a territorial system. These will be generalized to characterize the Late Bronze and Iron
ages. In this period, the islands of the Tuscan archipelago were also perceived as a territorial
segment coherent and functional to the coastal one, beginning maritime activity and routes
to Corsica. The exploitation of the islands persisted at least until the first Roman era.

Except for the phase of the Recent Bronze, when a decrease in housing and cultic
attestations is evidenced, during the first half of the third millennium BP transition between
the Late Bronze and the Iron ages, human presence in the lagoon area was strengthened.
A prime example was the settlement of Punta degli Stretti at the junction between the
Argentario and Giannella tombolos [51,55–58]. This returned a large amount of evidence of
a vital and full-bodied settlement. In this context of cultural change on the Tuscan coast,
the first cremation graves characterizing the Villanovan were recorded. The exploitation
of the lagoon’s food resources and salt and the extraction of metals from the Argentario
represented signs of a territorial restructuring persisting until the beginning of the Etruscan
era. The Iron Age marked a generalized demographic, cultural, and political change
highlighted by the diffusion in most of Italy of Villanovan evidence and a territorial
reorganization, which in Etruria was related to the development of Velch (Vulci), Kaisra
(Cerveteri), Tarcuna (Tarquinia), and Vatluna (Vetulonia) cities. Although the Orbetello coast
was also affected by a change in settlements and in the productive–cultural context, it did
not suffer a noticeable decline in population. Although the settlement of Punta degli Stretti
was ending, the area in question, mainly in the Feniglia tombolo sector [51–53,59–62] of
Burano [51], was characterized by various settlements always focused on the exploitation
of fish resources, salt, landings, and metals.

From the mid-eighth century BC until the sixth century BC, Velch, the hegemonic city
of the area, controlled and exploited the territory in a capillary and differentiated way.
Moreover, even if some important centers arose, a first network of solitary settlements
spread, probably the first agricultural network based on farms.

Among the centers, such as Saturnia or Marsiliana (both along the Albegna River),
Orbetello [63] stood out for the exploitation of the natural resources typical of the Argentario
area. Orbetello, a fortified town, maintained its importance even beyond the crisis that
Etruria went through in the fifth century BC and appeared to be an important reference also
after the definitive conquest of the volcanic territory by Rome at the beginning of the third
century BC. In the new territorial organization, Rome established Cosa, a maritime colony,
located near the current Ansedonia, whose ager interacted with the Orbetello structures.
This condition ended with the Roman conquest of Sardinia that changed the maritime
horizons of Rome. Cosa played an essential role since the second half of the third century BC:
The building of two ports (hydraulically connected by a canal carved into the promontory
limestone), south of the Ansedonia promontory and north (Portus Fenilie) between the
Feniglia and the promontory itself, played a significant role for its logistic and mercantile
development. Moreover, its proximity to the Via Aurelia [64] and all the local branches made
it a reference point for land transport. Alongside the maritime vocation, the agricultural one
was increasingly growing. Following the centuriations, a profitable network of villae rusticae
developed throughout the Republican age, which could exploit both the good coastal soils
and the dense and advantageous viability in the mercantile environment. At least until the
passage between the Republic and the Empire, the integration between the port structures
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was widespread also throughout the Feniglia, dedicated to the export of local wine and
oil, and the agricultural area, increasingly organized in rich and well-structured funds.
Consistent with this economic framework, it is noted that the population, even up to the
beginning of the second century, was distributed in small vici, even if Cosa maintained an
administrative role. From demographic and social points of view, it did not have significant
growth [65]. Especially after the Trajan age, the scenario changed significantly, and the
Empire incorporated wide and varied territories and markets. The amalgamation of various
funds led to latifundia formation, characterized by high but scarce productivity. At this
time, the activities of the Portus Fenilie continued, while the patrician villas destined for
otium populated the coastal strip. Cosa definitely lost its attractiveness, as evidenced by
some building collapses [66].

During the Middle Empire, therefore, there was a significant change in the landscape
due to new economic choices and more favorable social conditions for a small number of
patrician families. In addition, at the same time, the arrival of malaria, as reported by Pliny
(Ep. V, 6.2), “gravis et pestifer ora Tuscorum quae per litus extenditur”, affected the coastal strip.
The new agricultural structure with grain estates or pastures was preferred to the previous
one, also due to less organization difficulty and less capillary control. All this led to an
inefficient management of the waters, which began to invade some areas. The first signs of
swamping appeared in this period.

The generalized crisis of the third century AD strengthened the negative economic
trend and the demographic decline of the area that was less and less under control. Between
the Caracalla and Aureliano periods, it was established Res Publica Cosanorum [67], which
probably managed the food supply by means of the army.

The fourth and fifth centuries AD marked a definitive decline of the area. The first was
characterized by a sharp contraction of the productive and port structures, around which
the remaining population gathered, followed by a substantial abandonment. Between
the fall of the Western Roman Empire and the Greek-Gothic war, there is no longer any
evidence of an institutionalized structure. In fact, only due to the war context of the
sixth century AD, the evidence shows an exploitation of some ancient centers for military
purposes. The coast at the beginning of the Middle Ages was a sparsely inhabited area, wild
and malarial, controlled by the Roman Church, and divided among the main families of
princely and bishopric rank. Between the late Middle Ages and the Renaissance, the coast
from Talamone to Burano Lake was directly controlled by the Kingdom of Spain, which
built a series of fortifications against Ottoman attacks. Subsequently, the war interest for
the area decayed, and the zone remained substantially underutilized until the unification
of Italy.

3.2. Tiber Delta Area

A NE–SW fault system [23,68] characterized the Latium Tyrrhenian margin. This
structural configuration determined a lowered and articulated area between Palo and
Lavinio, where the Pliocene deposits outcrop. In this area, 100 meters more of Pleistocene
sediments and the Holocene Tiber delta were deposited [69]. The delta is the result of
a complex evolution starting after the LGM. The reconstruction of the delta evolution
was mainly possible by several cores, located along the emerged sector of the delta, and
geophysical surveys carried out mainly in its submerged portion [34,69–76]. The Tiber
delta shoreline stretches for about 35 km, but the Tiber River sediments affect completely
the central coast of Latium.

3.2.1. Morphological Setting

The Tiber delta is a cuspate, wave-dominated delta with a strand plain (outer delta
plain) and extended land–sea up to 4 km, characterized by beach/dune ridges locally
5 m high (Figure 6). In the strand plain at Capo due Rami, the Tiber River splits into two
distributaries. The subordinate one (Fiumicino channel), flowing almost perpendicular to
the coast, is the evolution of a Roman canal dredged in the 1st–2nd centuries AD. The main
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distributary (Fiumara Grande) at first is parallel to the coast over about 1.5 km, then turns
to the WSW with a sharp, elbow-shaped curve and reaches the sea. Until September 1557,
Fiumara Grande formed a wide meander directly landward before reverting seaward.
Landward, a flat area (inner delta plain), crossed by the Tiber River channel, develops.
Here, on the sides of the Tiber there are two ponds now reclaimed.

 

Figure 6. Morphological scheme of the Tiber delta area. The yellow lines indicate the trend of the
Holocene beach/dune ridges. The red line indicates the outline of the marshes/ponds reclaimed
between the 19th and 20th centuries. The labels in the white rectangles indicate the location of the
boreholes, shown in Figure 7 (Image Landsat/Copernicus–Google Earth).

Figure 7. Lithological/environmental scheme of some boreholes executed in the Tiber delta area. PL and
150 are rotating boreholes; S3 is percussion boreholes. PL is modified after [68]; S3 is modified after [34].

3.2.2. Vegetation Frame

Between about 8300 and 5400 yr BP, the regional vegetation was characterized by
dense forests dominated by oaks with a scarce presence of Olea, Phillyrea, Pistacia, Pinus,
and Juniperus, testifying to a limited development of beach/dune ridges. Successively in
the northern part, a wide diffusion of riparian trees (in particular, Alnus and Salix) and
a significant presence of Quercus evergreen, Quercus deciduous, and Fraxinus occur up
to 2900 yr BP [77]. In the southern part [35], up to 2600 yr BP, a mixed oak-dominated
woodland with evergreen elements characterizes the regional context. Around 2400 yr BP,
a significant amount of cultivated and anthropochore plants is recorded, including a clear
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increase in Olea, Vitis, and Cannabaceae, along with a progressive appearance of cereals,
Mercurialis, Juglans, and Castanea.

3.2.3. Facies

Five facies characterize the architecture of the sediments deposited in the last
8000 years (Figure 7).

Facies 1. Two subfacies constitute facies 1. The first one occurs in the inner delta
plain between 5 and 15 m below the ground surface. It constitutes a ribbon-shaped body
elongated from land to sea up to the limit with the strand plain. Medium-fine sands,
barren in fauna and muddy intercalations with plant remains, mainly characterize it. This
lithofacies is embedded in estuary/lagoon deposits (see below). The second unit crops out
throughout the inner delta plain, mainly near the modern river channel, with thicknesses
between 1 and 5 m. It constitutes a sheet layer of gray-green to brown mud with scarce
freshwater fauna, diatomites, and altered volcanic material. In the lower part, there are
peaty intercalations with thin shell levels.

Interpretation: The first subfacies is attributed to a bayhead delta body, while the
second one is attributed to alluvial plain deposits.

Facies 2. It is present in the subsoil, both in the inner delta plain, below the river
sediments, and under the strand plain sediments. It consists of gray-blue mud with thin
layers of fine sand often with bioclastic debris or with Cerastoderma and Ostrea valves
interbedded. Plant remains as well as more or less wide peaty lenses are present at different
depths. The herbaceous vegetation was mostly composed of sedges and herbs with the
presence of Myriophyllum spicatum. After 5400 yr BP, Poaceae dominated followed by
Cyperaceae and other herbaceous taxa. A peak of micro-charcoal and the presence of
cereal-type pollen characterized the northern zone.

Interpretation: The fauna indicates an environment with variable salinity both in
time and in space. However, a general trend towards lower salinity is evident both land-
wards and upwards. The presence of Myriophyllum spicatum suggests a large development
of areas with fresh waters certainly related to the influence of the Tiber River. After
5400 yr BP, taxa suggest a lowering of the water table probably induced by changes in the
sedimentation dynamics of coastal areas [77]. The pollen record from the northern zone pro-
vides clear evidence of human impact. These sediments are attributed to deposition in an
estuary/lagoon that developed from the beginning of the Holocene up to 5000–6000 yr BP
when a further and progressive decrease in marine influence caused a large coastal lake.

Facies 3. In the inner delta plain, above the estuary–lagoon sediments, lies an almost
continuous layer of peat, rich in plant remains and barren in fauna. The peat layer has a
thickness ranging from 0.5 to over 4 m with the top lying between 2 and 5 m below the
ground level and largely settled between 5000 and 2600 yr BP. Pollen data in the northern
part [77] indicate, between 5000 and 2900 yr BP, the scarce presence of herbaceous taxa.
An important drop of Arboreal Pollen (AP) percentage values, a progressive expansion of
Cyperaceae, and an increase in aquatics, mainly Sparganium/Typha, Typha latifolia, Alisma, and
Nymphaeaceae, were recorded after 2900 yr BP. A slight increase in Chenopodiaceae around
2600 yr BP occurred. Few are anthropogenic markers indicating cultivation or pastures. In the
southern part [35], up to 2600 yr BP, sedge vegetation characterized the environment.

Interpretation: This facies is attributable to an organic coastal lake where the presence
of Nymphaeaceae, Lythraceae, Callitriche, and Myriophyllum highlight a freshwater lake
that locally, around 3100 yr BP, showed drying phases (peaks of Asteroideae, Apiaceae,
and ferns). Around 2600 yr BP, the definitive disappearance of freshwater hydrophytes,
an increase in Chenopodiaceae, and the appearance of Ruppia indicate a salinity increase.
Anthropogenic markers are negligible.

Facies 4. This facies, 1–3 m thick, developed in the most depressed areas around
2800–2600 yr BP and lies locally on the coastal lake deposits. It consists of sandy, gray
to brown, or locally organic muds [78], containing small valves of Cerastoderma glaucum,
Hydrobia ventrosa, and Abra segmentum and some foraminifera (e.g., Ammonia tepida, Ammonia
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parkinsoniana, Elphidium crispum). Locally, there are freshwater mollusks (Armiger crista,
Valva cristata, Lymnea peregra). Among the pollens, the Chenopodiaceae are abundant and
Ruppia appears.

Interpretation: The sediments, which were deposited up to the end of the 19th cen-
tury, are attributed to a sea-connected marsh/coastal pond locally and sporadically were
subjected to freshwater inputs.

Facies 5. Present in the outer delta plain, it consists of well-sorted, fine to medium sand,
rich in femic minerals. It is about 20 m thick along the shoreline and closes wedge-shaped
towards the inner delta plain. In the central area of the delta, it extends for about 5 km in a
land–sea direction, decreasing a few hundred meters towards the delta wings. Towards the
sea, it lies on neritic sediments and, landwards, on the lagoon/estuary sediments, above
described. Shallow, benthic foraminifera (Ammonia tepida, Elphidium crispum, Lobatula,
Ammonia beccarii) associated with rare reworked planktonic taxa (e.g., Globigerina falconensis,
Globigerina pachyderma, Globigerinoides ruber) represent the faunal content. Some gastropods,
such as Theba pisana and Colchicella barbara, appear at the top.

Interpretation: This facies, developing mostly in the last 6000 years, highlights a strand
plain with sandbars, beach ridges, and coastal dunes.

3.2.4. Diachronic Physical Landscape Change

The different physical and cultural landscapes that have occurred over the last
8000 years (Figure 8) can be outlined as follows.

Between 8000 and 7000 yr BP, during the last phase of the postglacial transgression, a
wide estuary/lagoon, partially closed seawards by sandy bars, in which the Tiber, slowly
prograding, built a bayhead delta, characterized the area. About 8000 years ago, the sea–
lagoon limit ran to the east of Ostia Antica, near Capo due Rami, continuing northwards
about halfway through the current Fiumicino airport. The described landscape was main-
tained at least up to 7000 years ago when the SLR rate rapidly dropped, allowing a rapid
Tiber River mouth progradation towards the sandbars.

Between 7000 and 5500 yr BP, a significant landscape change took place. The bayhead
delta reached the sandbars, and the waves began to rework the river sediment, making the
sandbars more continuous. The lagoon progressively was isolated from the sea, giving rise
to two lakes separated by the river course.

Between 5500 and 2900 yr BP, in the first 400 years of this interval, the lake’s level
decreased. This event could be correlated to a change in the sedimentary dynamics, after
the closure of the old lagoon, with consequent overflow of the fluvial sediment in the lakes.
In this way, organic sedimentation progressively increased in the lakes, until the end of
this interval. An evaporitic level, found in Le Cerquete-Fianello and datable to around
4000 yr BP [79], could be correlated with the 4.2 dry event, which would have temporarily
reduced the width of these lakes. The Tiber mouth was probably just north of the current
position [35,80,81].
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Figure 8. (a–f). Two-dimensional evolutionary patterns of the Tiber delta area inferred from under-
ground and historical/archaeological data. The individual images illustrate the coastal landscape
relating to the period shown on the abscissa of the sea level rise curve. The Tiber delta was an area
locally subject to repeated changes (excavation of canals and ports and abandonment of meanders)
so as to make it difficult to trace a single sea level rise curve [81]. It was, therefore, decided to draw
the curve based on only 14C datings coming from the peat levels of Maccarese Lake. However, those
of the Ostia Lake, which are positioned below the traced curve, are also shown in red on the graph.

Between 2900 and 2600 yr BP, a significant change occurred in this period. It is still
possible today to observe the river coming from the alluvial valley, instead of heading
seawards, and bending landwards, in an anomalous way, before pointing towards the
Tyrrhenian Sea with a last elbow. Following this, a meander lapping the southern lake
(henceforth Ostia Lake) developed from the Roman period until the 16th century. It is
assumed that around 2900–2800 yr BP a break of the left bank, due to a flood or the weak but
active local tectonics (the red data of the SLR curves in Figure 8 could indicate a lowering of
the left wing of the delta) induced the avulsion southwards of the river. The event caused a
local destruction of the beach ridges that isolated the lake from the sea, so that the waters
became brackish and silts replaced peat. The abandonment of the previous mouth had
to cause a partial erosion of the beach ridges that isolated the northern lake (henceforth
Maccarese Lake), which also became brackish with clastic sedimentation.

Between 2600 and 1900 yr BP, in this period the human presence became progressively
significant. Starting from 2400 yr BP, the increase in cultivated and anthropochore plants
testifies to a progressive increase in the human presence. The new Tiber mouth triggered
the progradation of a delta cusp in the position of the current branch of Fiumara Grande.
The cusp development was very rapid in the initial phase and, in the fourth century BC,
on the left riverbank, between the meander and the mouth, as well there occurred the
development of the first Roman settlement in the area (the Ostia town). The town developed
among the sea, the river, and the Ostia Lake, certainly connected with the sea by means of
an inlet located about 3 km south of the Tiber channel. The growth of the cusp was almost
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continuous, albeit at different rates, due both to climatic periods and the Roman river basin
management [74].

Between 1900 and 1400 yr BP, the territorial setting changed during the Imperial Period
mainly due to anthropic activity. In the third century AD, a moderate erosive phase was
triggered especially south of the Tiber mouth. This seems to have been caused both by
the end of the Roman Warm Period (first BC—second AD centuries) and the cutting of a
canal (Fossa Traiana), which opened a second and smaller river mouth, moving part of the
river sediment further toward the north. However, the erosion did not affect the distal part
of the southern wing, where, near Laurentum, a limited progradation occurred [82] during
the shoreline rectification phases. In addition to the Fossa Traiana, several canals were dug to
serve a complex port system (Claudius and Trajan harbor, 1st–2nd centuries AD, respectively),
which interacted with the longshore current modifying the shoreline. In the first century AD,
the evolution of the meander interrupted near Ostia the Ostiense road [83].

Between 1400 and 600 yr BP, this period largely coincides with the Middle Ages during
which two different climatic periods followed. The cold–humid period (5th–8th centuries;
Dark Age Cold Period) with the progressive depopulation occurring after the fall of Rome
produced a little progradation and an expansion of the marshy areas in the delta. Subse-
quently, during the Medieval Warm Period (10th–12th centuries), the shoreline was not
subject to significant changes and periodically the minor mouth was obstructed, making
the Fossa Traiana impracticable. Significant changes also affected the imperial ports. The
docks of the Claudius port were partially destroyed, and the basin was partially infilled.
Even the hexagonal Trajan basin, no longer connected to the sea, became unusable. The
Maccarese and Ostia lakes changed into coastal ponds.

Between 600 yr BP and the present, a new, marked environmental change occurred
in coincidence with the cold–humid phase (Little Ice Age), developed above all in the
15th–17th centuries, and ended in the mid-19th century. The major historical floods of the
Tiber River were concentrated between 1495 and 1606 AD. The increased energy of the
river made both mouths constantly active and conveyed a lot of sediment to the mouths,
causing a significant and rapid delta progradation, which assumed a particularly cuspid
shape. Several dune ridges developed, facilitating the change of the two coastal lakes into
ponds (known as Stagno di Maccarese and Stagno di Ostia). The flood of 1557 AD cut the
Ostia meander, which, after 1562 AD, was isolated from the river, assuming the toponym
of Fiume Morto. The Claudius port was completely infilled, and the Trajan port became a
hexagonal lake. The whole area became malarial until the second half of the 19th century
when the reclamation of the two ponds began. The emerged delta reached the maximum
expansion at the beginning of the 20th century. In the second half of the century, an erosive
phase, largely determined by the construction of hydroelectric basins in the Tiber River
catchment, started.

3.2.5. Diachronic Cultural Landscape Change

The anthropization of the Tiber delta area was deep and widespread in all the historical
phases examined, thanks to both the environmental benefits and the geographical setting.
Moreover, the Tiber delta represented the main outlet on the Tyrrhenian coast, as well as
a point of contact among Etruria, Apennines, and southern Latium. The Eneolithic and
Ancient Bronze ages’ human activities were centered on the right bank of the river, whereas
the left side, the Ostiense one, was deeply re-elaborated, affecting significantly the state of
preservation the archaeological data.

The area surrounding the Tiber River mouth and the Maccarese and Ostia lakes was
mainly characterized by fertile land and easy access to fishing areas as well as to springs [84].
In this context, the settlement of Le Cerquete-Fianello [85] developed. The site, located on
an offshoot of land that extended towards the Maccarese Lake, gave back important traces
of housing structures, hotbeds, material of common use, and a ritual burial of a horse. The
stratigraphy of this and nearby sites testifies substantially to a stable presence from the
Eneolithic to at least the entire Middle Bronze Age. The territory offered a rich and favorable
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ecosystem for both the inhabited area and productive activities, widely exploited during
these centuries. The housing model underwent some changes during the Middle and Final
Bronze Ages. The site of Le Vignole dates back to this period [86–91] and it testifies to the
development of productive activities with seasonal timing. The housing structures were
positioned on small artificial mounds composed of sandy fill soil and wooden intertwining
that constituted a drainage substrate of the hut walkway. These bumps were periodically
renewed, as can be deduced from the succession of sandy layers and the discharge of
materials. The anthropic impact had a dual effect due to the optimal access to resources
for gathering, fishing, and hunting during the Eneolithic, and the optimal availability of
resources suitable for both crafts and sheep farming during the Bronze Age.

The territorial system of the mouth during the whole Middle and Final Bronze Ages,
characterized by mostly seasonal and productive settlements, had to be widespread along
the Italian peninsula during the whole period. Other environmental conditions displayed
other settlement choices. Going up to the hills closest to the coast is where we have evidence
of an important settlement, Ficana, on the top of Mt. Cugno, a naturally easily defensible
area, positioned near a possible ford of the Tiber. Ficana [92–96] was a settlement with
a stable presence from the end of the Middle Bronze Age up to the Roman conquest in
the royal era and which has returned a substantial series of structural evidence, tombs,
ceramics, and other objects. Moreover, the delta plain and the surrounding area were
characterized by a set of seasonal sites located near the freshwater stretches, on moist
and silty–clayey soils. Coinciding with the beginning of the Iron Age, around the 9th–
8th centuries BC, the Maccarese Lake changed into a brackish basin making possible the
installation of the Etruscan salt pans, and, at the same time, other important anthropic
changes marked the entire area (e.g., the foundation of Veii, north to the Rome, in the 10th
century BC). The change from a freshwater into brackish basin caused human abandonment
along the Maccarese Lake border and the demographic increase along the alluvial fan near
the confluence of the Rio Galeria in the Tiber River [97–99]. Here, a small settlement with a
rural structure developed. Between the eighth and sixth centuries BC, this characterized
the hills near the north bank of the Tiber, between Veii and the salt pans, sustaining the
economy until the clash with Rome.

The wars, which Rome waged between the eighth and fourth centuries BC, turned out
to be a real battle for salt, the main resource of the area. The Roman strategies for territorial
control led to the foundation of Ostia and the occupation of Ficana. According to ancient
historiography, both events would be ascribed to Anco Marzio, in the seventh century BC;
however, it should be pointed out that the archaeological evidence of a destructive event in
Ficana dates to the seventh century BC, while the most ancient traces of Ostia appear to be
those of the castrum related to the fourth century BC.

It is important to note that the area surrounding the Tiber delta began to play a
primary role in dominating the salt pans (Campus Salinarum Romanarum) and access to
the sea, basic elements in the economy of Rome. In fact, starting from the Republican
era, Ostia played a central role in the logistics and economy of the city, as evidenced by
the deep and systematic anthropization of the entire coastal strip that today is included
in the Municipality of Fiumicino and Rome (Municipality X). Simultaneously with the
enlargement of the urban portion, which already in the Republican era relied on logistics,
transport, and commerce, there was a progressive expansion in the southern portion of
the countryside, as well as eastern along Via Ostiense, which connected Ostia to Rome
in continuity with the Via Salaria [100]. The ager that separated the coast from the lake
during the first century BC, and a portion of the stretch along the Ostiense road, was a very
structured rural area with a network of roads and paths and a diversified productive area,
including, among others, orchards and farmyard animals (Varrone, De re rustica, Book III)
and elements suitable for the drainage of the most humid areas [101]. In addition, in the
Republican era context, it is necessary to emphasize that Ostia was equipped with landings
located along the river stretch, which served the city’s horrea and served as a hub for Rome.
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Moreover, there was a pier located in the wide meander just upstream of today’s village of
Ostia Antica.

A significant increase in commercial and military traffic characterized the first and
second centuries AD. The Tiber delta became one of the main hubs of the Empire and this
needed an expansion of the structures toward the north. The port of Claudius was built and
later it was expanded and improved with the structure of the Trajan basin. The new harbor
center (Portus) was surrounded by logistic structures and connected to Ostia by canals and
roads such as the Via Flavia, a northern continuation of the Via Severiana [102]. The wide
and populous economic pole consisting of Portus and Ostia changed the area, which was
also strongly tested by the clashes of the last phase of the republic age as well as the use
of some of its parts. The rustic area, widely structured in the Republican era, was more
and more a place of the patrician life. In the strip closest to the coast, some purely peasant
spaces were transformed into rich and decorated villae maritimae. From the first to the third
centuries AD, the territory no longer considered rural was occupied by a necropolis, as
well as to the north, today’s Isola Sacra.

The generalized crisis of the third century AD caused a contraction of economic
activities and a partial abandonment of the areas, evidenced by the substantial closure of
the Ostiense necropolis. With a progressive economic stagnation during the fourth century
AD, the work activities were increasingly limited to the district of the Claudius and Trajan
ports, while Ostia underwent a further sharp demographic decrease.

The area of the Tiber delta, therefore, was characterized by a slowed economy, with
building limited to the reuse of materials and the remodeling of ancient spaces and use
starting as a burial area from the fifth century AD (commercial buildings). The few inno-
vations included the building of Christian basilicas either along the peri-urban roads or
along Via Severiana near the so-called Villa di Plinio [103], on a connecting axis with the
other streets of the Laurentian quadrant, between fourth and fifth centuries AD.

Germanic raids, the end of the Western Roman Empire, the birth of the Roman-
Barbarian kingdoms, and the bloody Greek-Gothic war characterized the troubled period
between the fourth and sixth centuries AD. All these factors pushed the inhabitants of the
Ostia area to take refuge around the primitive church of S. Aurea. In the ninth century
AD, Pope Gregory IV formalized this settlement by defining the new, fortified inhabited
area, hence called Gregoriopoli. This new village stood near the last meander of the Tiber,
a prominent position on the coast, determining the Saracen attacks in 846 AD. After the
success of the Christian league (sea battle of Ostia 849 AD), the Saracens’ raids stopped.
The new settlement found stability, becoming more and more a reference center both for
the management of the salt pans (moved from Maccarese to Ostia Lake) and for the control
of river navigation.

Throughout the Middle Ages, the imperial ports became unusable. Archaeological
evidence was rather scarce and mainly referred to the remodeling of the fortifications
of Gregoriopoli. However, the Tiber delta is reported in different historical sources and
archeological proof (i.e., Torre Boacciana) evidenced of stripping of the decorative materials
of the ancient city repeated up to at least the 15th century. From the mid-1400s to the
mid-1500s, the Ostiense side returned to be the political center. From the archaeological
data and, above all, from the study of documents and topographical maps, a first expansion
of the village emerged from both the ecclesiastical structures and the defensive ones.

This new impulse also included the reconstruction of the river pier right near the
village and the fortress. All these structures represented the papal custom and the trans-
shipment point of goods, which, by mean of boats, were sent toward Rome. In 1557,
the Tiber changed course by cutting the meander, which gradually became silted up and
swamped; the pier became unusable, and customs was moved first to Torre Boacciana and,
successively, to Torre San Michele.

The meander, later called the dead river, and the ancient coastal lakes became malarial areas,
and the residual population was directly linked to the salt pans; the reversal trend occurred only
after the unification of Italy through the reclamation and elimination of salt pans.
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3.3. Campania Area (the Garigliano Coastal Plain)

The Garigliano delta plain developed, between Latium and Campania, within a wide
Quaternary extensional basin belt that stretched from the Tyrrhenian margin to the Central–
Southern Apennine chain [3,104,105]. The coastal plain was characterized by the terminal
stretch of the Garigliano River that built its delta on Plio-Pleistocene sediments and tephra
(from Campanian and Roccamonfina volcanic centers). These deposits infilled a graben
developed during a time interval ranging from the Miocene to about 125,000 yr BP [106–109].

3.3.1. Morphological Setting

The Garigliano River separates two strand plains, trending NW–SE, characterized
by wet and depressed areas (Figure 9). The inner strand plain is referred to as the
Eutyrrhenian [110], and the outer one is part of the present (Holocene) Garigliano River
delta. The northern triangular depression is locally up to 1.5 m b.s.l. Its shorter side
parallels the river through about 800 m, and, in turn, the longer one stretches about 1.4 km
along the Holocene strand plain. The trapezoid shape of the southern depression is up
to 1.2 km wide, extends about 4 km parallel to the coast, and it is locally deepening to
2.5 m b.s.l. Historical maps show that up to the 18th century both depressions were partially
submerged, whereas today, after the land reclamation, they are totally dry. Based on aerial
photographs, paleochannel traces, recording the past wandering of the Garigliano River,
were recognized in the northern depression between the present river channel and the
southern depression and along the eastern side of the Eutyrrhenian strand plain. However,
the numerous Roman witnesses along the river prove that the river course has not changed
at least since Roman Times. The Holocene strand plain shows beach/dune ridges 2–3 m
high to the north of the Garigliano River and up to 9 m high to the south.

 

Figure 9. Morphological scheme of the Campania area. The yellow lines indicate the trend of
the Holocene beach/dune ridges. The red line indicates the outline of the marshes/ponds, today
reclaimed. The labels in the white rectangles indicate the location of the boreholes, shown in Figure 10
(Image Landsat/Copernicus—Google Earth).

91



Land 2022, 11, 344

Figure 10. Lithological/environmental diagram of some boreholes carried out in the Campania area.
P2 and P3 are percussion boreholes; CL1 is rotating boreholes. P2 and P3 are modified after [36]; CL1
is modified after [111].

3.3.2. Vegetation Frame

The appearance of vegetation and its evolution in the Garigliano area are discussed in
detail in [36,111,112]. Between 8200 and 5800 yr BP, in a coastal plain, a large forest cover,
mainly consisting of Quercus deciduous, Alnus, Salix, Populus, and Juniperus, occurred. The
presence, in the first phase, of abundant Alnus closest to the current river mouth suggests a
riparian forest. Subsequently, oak woods expanded, and the Mediterranean taxa increased.
Towards the end of this period in the innermost areas, a mosaic of freshwater and brackish
water environments coexisted with open environments and mixed woods located far from
the site. Between 5800 and 3100 yr BP, forest cover was more present with considerable
incidence of hygrophilous trees (Alnus and Salix), which also extended into the southernmost
portion of the coastal plain, and an increasing of the Mediterranean taxa such as Olea and
Castanea and coprophilous fungal spores occurred. Between 3100 and 2700 yr BP, the forest
cover decreased with minor incidence of Salix and Juniperus types and the Mediterranean taxa.
In contrast, Populus as well as several freshwater aquatics’ plants spread. The Olea, Juglans,
and Castanea (OJC group) included all the three trees, and cereals occurred.

During the Roman and post-Roman time, Alnus and Myrtus increased, while Salix and
Quercus deciduous decreased. In the OJC group, Juglans was absent and Castanea increased.
In the modern age, forest cover dropped notably, owing to the decline of riparian trees and
the Mediterranean taxa. Broadleaved trees remained steady and the complete OJC group
was maximized.

3.3.3. Facies

Five different facies developed in the last 8000 years (Figure 10).
Facies 1 developed between the end of the postglacial sea level rise and the early

stage of the subsequent quasi-still stand. Near the Garigliano River, it consists of dark-gray
mud levels with brackish and marine fauna (Ecrobia ventrosa, Cerastoderma glaucum, Abra
segmentum, Mytilus galloprovincialis, Parvicardium exiguum, A. tepida, Haynesina germanica,
H. depressula, and Porosononion granosum), wood debris, peat, and gray silt intercalations.
Farther from the river channel are present mud and silt with local peaty levels or mollusk
fragments and sandy bed with parallel lamination with Bittium reticulatum, Loripes lucinalis,
Abra segmentum, and C. glaucum, in addition to A. beccarii, A. tepida, A. parkinsoniana,
L. lobatula, H. germanica, and Cyperaceae, Poaceae, and Salicornia pollens. Dinoflagel-
lates are in the southernmost part of the coastal plain [112], where this facies lies on the
“Campanian Ignimbrite” volcanic deposits [111].

Interpretation: The facies highlights a lagoon/estuary rich in hygrophilous woody
vegetation with probable fluvial inputs. In the southern part, fauna and pollens reflect an
ongoing lagoon infilling under variable marine and fluvial inputs.
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Facies 2. It consists of a homogeneous peat suite, devoid of fauna but with well-
preserved vegetal remnants (Alnus, Salix) that witnessed the spreading trend in hygrophilous
woods. Furthermore, gray-greenish silts, sometimes peaty and locally with pumice grains,
and gray medium-fine sand with parallel laminations occur.

Interpretation: The sediments reveal an organic coastal lake in which clastic levels
locally break the organic sedimentation and, according to the fauna remnants, witness
washover or crevasse events. This facies largely developed between 5500 and 3500 yr BP.

Facies 3. It is characterized by dark-gray or brown mud with local peat levels and
rare intercalations of gray-ochre silt levels with occasional laminations and pumice grains.
The fauna only includes rare freshwater gastropods such as Acroloxus lacustris, Bithynia
tentaculata, Gyraulus laevis, Planorbis planorbis, and Valvata cristata. The pollen content
mainly consists of Callitriche, Nymphaea alba type, Potamogeton, and Myriophyllum.

Interpretation: The facies is attributable to a freshwater basin (marsh/coastal pond)
governed by decantation and occasional flooding inputs. It is believed that drying phases
alternated with shallow, limpid ephemeral ponds prior to the final drying up. The develop-
ment of this facies began around 4000 yr BP and tended to shrink after the Roman period
until it disappeared following the land reclamation in the 19th century.

Facies 4. It spread mainly near the present Garigliano River. It includes gray-greenish
mud levels with thin, reddish silt laminae. Locally, calcrete nodules, small and rounded
pebbles, pumice, subfossil tree roots, and rare brick fragments occur.

Interpretation: This is a fluvial facies.
Facies 5. The sediments are characterized by coarse sand with polygenic pebbles and

marine bivalves changing upwards in medium-fine sand containing subrounded or bladed
carbonate and volcanic clasts. Sand is interbedded with a decimetric, dark mud level with
altered plant remains. Locally, marine shells and low-angle parallel lamination occur. At
the top, there is well-sorted, fine-medium ochre sand locally exhibiting cross lamination.

Interpretation: The sediments mark the Holocene strand plain.

3.3.4. Diachronic Physical Landscape Change

The stratigraphical data allow us to reconstruct the evolution of the local physical and
cultural landscape for the past 8000 years (Figure 11).

 

Figure 11. (a–f). Two-dimensional evolutionary schemes of the Campania area inferred from under-
ground and historical/archaeological data. The individual images illustrate the coastal landscape
relating to the period reported on the abscissa of the sea level rise curve drawn mainly based on 14C
dating of marsh/pond peat levels [36].
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Between 8000 and 7000 yr BP, a partially emerged wet zone, with a riparian wood, was
present in the northern zone. On the contrary, proceeding south, a sheltered, narrow lagoon,
locally well connected with the sea, developed. Only landward, a continental environment
influenced by alluvial deposition occurred.

Between 7000 and 5500 yr BP, during the final transgression stage and the beginning
of the sea level still stand, the lagoon migrated landward. In the northern zone, a coastal
barrier bordered a freshwater coastal lake with organic sedimentation. In the southern
zone, the lagoon, less and less connected with the sea for the expansion of the coastal bars,
progressively extended, enriching itself in organic sediment and producing a local mosaic
of fresh and brackish water environments.

Between 5500 and 2600 yr BP, at the beginning, a delta cusp developed in the northern
zone, turning the coastal bars into a strand plain throughout the area, and a freshwater
coastal lake developed in the southern part. Brackish environments progressively dis-
appeared, and the river wandered between the twin lakes. Perhaps due to the end of
the 4.2 yr BP dry event, a greater input of alluvial sediments progressively changed the
coastal lakes in coastal ponds/marshes, with prevailing clastic sedimentation. Woodlands
declined, and the pollen records reveal an early anthropic impact.

Between 2600 yr BP and the present, two ponds/marshes separated by the river
course and by a partially eroded delta cusp characterized the early landscape. Some
hundred meters wide, a strand plain bordered the ponds. Human impact on the territory
increased but the pollen and fauna data do not show the use of the ponds as salt works.
The significant presence of Myriophyllum alterniflorum suggests that clear and oligotrophic
water filled the ponds, probably because of the proper water management in Roman times.
The subsequent lack of maintenance of the drainage system in the Middle Age resulted
in enhanced solid inputs to the ponds, with consequential phases of partial drying. The
ponds were never filled in, and the areas now must be kept dry by ongoing reclamation.
Forest cover decreased contemporary to the reduction of the wetlands and the expansion
of agrarian systems. Similarly to other deltas of the Tyrrhenian coast [113,114] from the
Roman period, progradational and erosive phases followed one another, and currently the
delta cusp is missing.

3.3.5. Diachronic Cultural Landscape Change

Over the millennia, the area of the plain of the Garigliano delta has maintained a set
of natural characteristics suitable for human settlement and different types of exploitation.

Throughout the period from the Neolithic to the Middle Bronze Ages, this area had
scarce signs of population but was set in an interesting context, as exemplified by the
Neolithic sites in the Mt. Massico area, attributable to the Laterza culture [115], and by the
later ceramic material discovered on the marine side of the same mountain.

During the Middle Bronze Age, the inhabited areas on the fertile plain disappeared,
whereas those on the slopes were scarce. In some centuries (first half of Middle Bronze),
the small settlements located preferentially on the dune ridges or on land with pozzolana,
always near water pools, became more numerous. A flora useful for feeding, craft, construc-
tion, and potentially phytotherapeutic fields (plants with tannins and salicin are included)
characterized this habitat. The availability of terrestrial and lake fauna must also be con-
sidered, as well as the possibility of exploiting for housing purposes the highly draining
soils, sand and pozzolana, and, for the clay production, the more humid areas with clayey
silts. At the end of Middle Bronze Age there was a gradual increase in settlements on
elevated zones’ ground, among the first were the areas surrounding Mt. Massico. In this
period and in the following centuries, the exploitation of the area changed in a stable and
widespread manner. In addition, the increasing population led to a cultural and social
impulse determining a political, economic, and territorial control of the area. The data for
the Recent and Late Bronze Ages show an increase in small sites located in a humid coastal
habitat. The accumulation of commonly used materials in small stratifications and without
particular traces of structures leads us to consider these sites as productive with periodic
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attendance. The proto-urban centers exploited the different environmental and geomor-
phological characteristics of the entire area. The socio-political balance in the Late Bronze
Age involved the appearance of small agricultural and pastoral settlements on fertile land
without natural defenses. As in other contexts (for example, Punta degli Stretti, see Tuscany
area), parallel to the above-described structure, autonomous centers located along the coast
arose. This was the case of the town on the top of Mt. d’Argento [31,116,117], which was
built close to the sea and, at the same time, in an elevated position. The coastal stretch
had an increasingly important role, as a point of contact with the Mycenaean world. Many
demographic variations were associated with the constant exploitation of the area, similarly
to Mt. Massico, a site that characterized the transition to the first Iron Age. Between the
ninth and seventh centuries BC, there was also important cultural evidence [117]. Starting
from the eight century BC, the archaeological data show varied typology of settlements,
which, nevertheless, seemed to remain in the wake of the territorial management described
above. From the seventh century BC, well-defended centers developed on topographically
high areas, becoming a reference for the scattered settlements in the productive plain. In
the sixth century BC, attendance, already attested to on Mt. d’Argento, was stable and
large. The presence of areas fortified by polygonal walls suggests a capillary military
control by means of communication (routes and passes). These oppida, extending along
the entire stretch of the Garigliano River, seem to have had control and defense roles of
the population [118]. This function, known since the sixth century BC, was strengthened
up to the end of the third century BC, when the area was involved in the Samnite wars.
The historical sources report that the population, the Aurunci, settled in the three main
urbes: Minturnae, Vescia (south of Mt. Massico), and Ausona (near today’s Ausonia). These
urbes were probably the afferent centers of oppida, vici, and farms, as indicated by Tito Livio.
In continuity with previous centuries, the coastal area played an important sacral role, as
testified to by the first monumental temple dedicated to the goddess Marica [119–126] that
was an important sacral structure for all Mediterranean populations [120]. This temple was
close to the dune ridges and oriented towards the lake.

From the sixth century BC, significant changes occurred in Italy. The Aurunca pop-
ulation was exposed to the growing Roman power, which determined the conquest and
Romanization of the Garigliano coastal plain by the third century BC. After the suppression
of the revolt at 314 BC and the destruction of Ausona, Vescia, and Minturnae, the territorial
structure was redesigned on the basis of a new foundation of the city, roads (i.e., Appia road,
a consular road that partially followed pre-existing paths near the coast), and centuriation.

In 296 BC, the reorganization process was completed by the establishment of two
further colonies of a castrum type, defined coloniae maritimae (Lev. XXVII, 38, 3-5), under
Roman law: Minturnae and Sinuessa (near today’s Sessa Aurunca). Minturnae was located
on the Pleistocene dune on the right bank of the Garigliano River about 2 kilometers from
the coastline, and Sinuessa, near the coast south of Mt. Massico. Their locations show the
clear intent to occupy spaces to acquire the maximum control, and, so, to guarantee stability
to the Romanization policies. This led to a widespread population and exploitation of
rural potential, as indicated by Corpus Agrimensorum Romanorum of Igino (Hyg. De Lim.
Const., 178, 6–9) and confirmed by the analysis of aerial photos. Throughout the middle
and late republics, for the proliferation of rustic and patrician villas along the coast and
the hinterland, the area began a vital and populous territory. The urban areas started an
evident monumentalization while the rural one was terraced to facilitate both building and
farming. The coast of Minturnae became the reference point for all the main agricultural
production of the Garigliano basin. Particularly the wine production assumed international
significance, as testified to by the Minturnae remains along the routes to Gaul, Spain, and
the Middle East [127]. The recovery of various logistics and shipbuilding structures and
a pier suggests that the fulcrum of this flourishing activity was the harbor. This scenario
grew and settled, down to the whole of the first century AD, including even the perilagunar
area, as evidenced by the presence of many villae maritimae, remains of structures related
to fishing, fish farming, and garum production. In addition, epigraphs for the salinatores
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members certified the salt production is in the urban area [128]. Similarly to other equally
prosperous agri, the territory gradually was structured in wide estates managed by the
exponents of the main Roman families. The turbulent centuries of the second half of
the republic saw Minturnae at the center of many events, among which were the servile
revolt and the flight of Gaius Marius. Successively, the colony and its territory suffered
considerable and repeated damage. Between the first BC and first AD centuries, there
was a substantial reorganization, as reported by Igino in the De Limitibus Constituendis
(Hyg. De Lim. Const., 177, 8–15; 178, 1–9). In the first century AD, a new territorial
parceling in the south of the river ensured new prosperity, so much so that many of the
villae turned into real patrician residences. Until the whole second century AD, Minturnae
was undergoing a major overhaul. In addition to the improvement of the recreational,
cultural, and worship structures, there was also a modernization of the harbor and the
mouth. In fact, probably logistical structures from the first century AD were identified.
The strong mercantile characterization of the area led us to suppose the existence of a
harbor also in the lagoon area [129–134], although there is no archaeological evidence. The
second century AD, as in most of Italy, marked a moment of less imperial control, and a
progressive impoverishment of economic and building activities ensued.

Additionally attributable to this phase was the new reconstruction of the ancient
temple of Marica [119], now oriented towards the river and, therefore, disconnected from
the pond. The center of commerce and wealth that moved all this building fervor, and
perhaps the arrival of new cults, such as that of Isis [119], had to play a more heartfelt role
than the tradition.

In the third century AD, the crisis of the Empire reached its peak and the economy
underwent a general contraction; consequently, Minturnae suffered a significant impov-
erishment. The sepulchral reuse of the commercial area was an eloquent testimony of
the situation until the fourth and fifth centuries AD. The demographic collapse and the
Greek-Gothic war marked the end of Minturnae, which, in a few decades, lost all economic
or political importance. The last traces are those relating to the lime production centers
through the recycling of building material. In 590 AD, a letter from Pope Gregory the Great
attested to the passage of the town church to the diocese of Formia, an evident sign of
depopulation. Italy, since the sixth century AD, was under Lombard dominion, with the
exception almost exclusively of the territory governed by the pope. The Garigliano River
was its border [135]. The alluvial plain was depopulated; the few inhabitants looked for
safe areas suitable for a subsistence economy. The Minturnese ager was dotted with small
settlements, often grown around the ancient villae rusticae or positioned on the plateaus
already exploited in protohistoric times. Until the 10th century, the only vital centers were
Gaeta and Sessa Aurunca.

A discontinuity with respect to the set of small towns under the direct influence of the
papacy was the settlement witnessed by some historiographical, toponymical, and partly
archaeological traces of a Saracen group. In the last two decades of the ninth century AD,
historical sources mention Mons Garelianus [136] as the town exploited for the control of the
coast and piracy carried out by the Saracens. The ancient port structures were exploited,
suitable for the seafaring activity that scourged the entire Tyrrhenian coast. The grip of
Christian cities allied under the aegis of the Pope, which since the mid-ninth century AD
clashed with the Saracen forces, suffocated the base of the Garigliano that was abandoned
following the battle of 915 AD [137]. It followed that the coast acquired an important
military control role; the first watchtowers were built in the aftermath of the Christian
victory at Garigliano. Turris Gariliani [137,138], on the right bank of the river, already erected
at the end of the ninth century AD reusing Roman structures, was repaired following the
battle, and Turris ad mare [138] was erected on the left bank between 961 and 981 AD. With
a progressively more stable political situation, the towers took on a role of control of the
mouth of the river, which, being still navigable, connected the coast with the inland centers;
this made them a point of interest for part of the population (i.e., Mt. d’Argento, Castrum
Argenti) [139,140]. Some fortified structures agglomerated inhabitants around them. From
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the 12th century AD, for about two centuries, there was a wall, a church, and some houses,
as well as a road connecting the fortified plateau and the town of Traetto.

These settlements remained isolated throughout the Middle Ages, and the water
management was very difficult under the Little Ice Age meteorological worsening. The
progressive swamping pushed the resident communities to abandonment. Until the unity
of Italy, the area was uninhabited, acquiring agricultural and tourist interests only after the
reclamation of the coastal ponds.

4. General Discussion

The evolution of the coastal landscape of the three studied areas shows both common
elements and significant diversities. The latter are due to both the peculiar geological and
morphological characteristics of each area (presence of islands, headlands, river mouths)
and the different anthropogenic activities (socio-political and commercial), which the areas
acquired during the historical times.

In the period between 8000 and 6000 yr BP, the SRL rate, although decreased with
respect to the previous period, limited the sedimentary supply to the coastal belt. A dense
forest dominated by deciduous oaks with a local presence of riparian tree covered the three
areas (Figures 4a, 8a and 11a). The population was scarce and the human influence on
the environment was negligible. Near the river mouths (Albegna, Tiber, Garigliano), the
coastline inflected, generating more or less wide inlets/estuary that were slowly being
filled. In the Tuscany area, Mt. Argentario was an island close to the coast, and to the SE
of the Ansedonia promontory the shoreline migrated landwards and formed a long and
narrow lagoon locally well connected with the sea (Figure 4a). In the Tiber area, the wide
estuary, bordered by barrier islands partially migrating to the land, contained the bayhead
Tiber delta (Figure 8a). In the Campania area, to the north of the Garigliano, a small
freshwater lake was forming; in the southern part, a barrier, partially discontinuous and
slowly migrating to the land, bordered a lagoon locally connected to the sea (Figure 11a).

Between 6000 and 4000 years ago, the SLR rate, stabilized at values close to 1 mm/yr,
was no longer a limit to the sedimentary supply of the coastal area. The river sediments,
reworked by the longshore currents, produced a general progradation of the coastlines that
caused changes of the landscape in each three areas. In the Tuscany area, the pollen content
indicates that the variations in vegetation cover in the Neolithic are related more to climatic
fluctuations than to anthropic activity [33,42,43]. The Feniglia developed and in the SE of
the Ansedonia promontory, and the long lagoon become wider (Figure 4b). A carbonate
sedimentation, probably linked to the rise of hydrothermal fluids, partly characterized
the well protected from the sea lagoon [37]. The territory, still covered by a dense forest
with the development of herbaceous plants in the perilagoon areas, was inhabited by small
and sparse communities with a mainly subsistence economy, which settled, scattered close
to the lagoon areas; in this regard, a comparison was proposed [33] with the site of Le
Cerquete-Fianello of Maccarese. In the Tiber area, the bayhead delta reached the barrier
islands, causing their coalescence and the transformation of the wide inlet into two coastal
lakes (Figure 8b). The river separated the lakes, characterized by fresh water, mainly
towards the inner margin.

The progradation of the Tiber mouth gave rise to a delta cusp. The area was vegetated
by a dense forest of oaks and riparian trees and subordinately by a dune vegetation. The
evolution of the physical landscape brought an environment favorable to human stable
settlements. The development of the Eneolithic Le Cerquete-Fianello site on the northern lake
is evidence of that for its long stability and for the activities that well exceeded the subsistence
economy. In the area of Campania, the sediments of Garigliano allowed the development of
an almost continuous barrier that separated a long coastal lake from the sea.

The river wandered between the lakes and progressively produced a weakly cuspate
strand plain (Figure 11b). In the oak forest, the hygrophilous plants and Mediterranean
taxa increased. The small population produced only minimal settlements in the plain.
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Between 4000 and 3000 years ago, the physical evolution of the territory was de-
termined by the sedimentary contribution to the coast. Although some areas changed
significantly, a more widespread anthropic presence occurred. In the Tuscany area, the
dune systems developed, and Mt. Argentario was permanently connected to the coastal
plain by two tombolos that enclosed a wide lagoon. At the SE of the Ansedonia promontory,
the long coastal lake progressively filled up, splitting into smaller water bodies (Figure 4c).

The vegetation was enriched with herbaceous plants and dune vegetation. The de-
mographic increase was evidenced by some stable settlements developed on the fluvial
terraces and in proximity of the coast for the control of the new marine routes. Considering
the Punta degli Stretti site, which displayed settlement similarities with the Puntata di
Fonteblanda site near Talamone, we can hypothesize a well-defined management method,
in which these centers controlled the main resources and the maritime communication
routes. Moreover, small, mostly seasonal, perilagoon settlements proliferated, exploiting
the water and meadows’ supply. The physical landscape of the Tiber area had no great
variations other than an extension of the delta cusp and a limited reduction of the coastal
lakes. The vegetation was enriched with riparian trees, especially in the northern part, and
dune vegetation. For some centuries, the Le Cerquete-Fianello site was active but, towards
the middle of the period, the use of the territory was characterized by small, seasonal
peri-lacustrine settlements, not exclusive of the northern lake, which devolved essentially
to farming and handicrafts (Figure 8b). At the same time, in a dominant position on the hill
between the Tiber and a southern lake, a new stable site began to develop. In the Campania
area, the variation of the physical landscape consisted of an increase in the strand plain and
a partial burial of the coastal lakes (Figure 11c). Forest cover and water plants decreased
while some cereals extended. Mostly seasonal settlements developed in the plain close
to the lakes and the river that represented productive sites suitable for grazing [141]. In
the second half of the period, stable settlements rose on the elevated areas at the edge
of the plain even though they continued to control and use the seasonal productive sites.
The proto-urban root of Lazio can be identified in the agglomeration of the population in
well-defined and well-defended areas, testifying to a persisting territorial attraction from
productive and economic points of view.

The coastal landscape showed both significant physical and anthropic evolutions
starting from 3000 yr BP. Social and political changes had the first important effects on
human–environmental interaction. In the Tuscany area (Figure 4c,d), the physical landscape
began as very similar to the current one: Mt. Argentario, well connected to the coastal
plain by the two tombolos and the Albegna River mouth, permanently had a position at
the eastern root of the Giannella. At the SE of the Ansedonia promontory, the ancient
coastal lake evolved in a wet zone well isolated from the sea by a continuous dune ridge.
Starting from the Bronze Age, the anthropogenic effect on the vegetation appears significant,
and, in the Roman period, the arboreal cover was characterized, similarly to today, by
the Mediterranean scrub mixed with oak wood [44]. The demographic increase involved
the growth of small settlements located mainly both around the Burano Lake, for the
production of salt, and Feniglia, now dotted with landing places. In this period, Etruscans
organized the territory. On the central tombolo, Orbetello, the first fortified urban center,
developed. In its surroundings, an organized agricultural system and the use of the lagoon
were undertaken. In the second part of the millennium, the Roman control extended on
the territory. On the Ansedonia promontory, Cosa town was founded. The city provided
landings along the entire Feniglia by means of ports located on both sides of the promontory
that were connected by a canal carved into the mountain. Centuriation, road networks, and
agriculture, characterized by well-structured funds, developed. In the Tiber area (Figure 8c),
the river moved the mouth further south where a new delta cusp developed, while the
previous one was partially eroded and the two lakes became brackish. At first, the Latin
center of Ficana and the northern one by the Etruscan center of Veii, which implanted
the salt pans in the Maccarese Lake, controlled the southern part of the delta. With the
expansion of Rome, the salt pans remained, Veii and Ficana disappeared, and Ostia with its

98



Land 2022, 11, 344

river port was born near the Tiber mouth. A road network developed as well as a series
of villae for agricultural production and breeding. In the Campania area (Figure 11c,d),
there were no significant variations in the physical landscape. The northern lake took on
an important cultic function and some fortified centers were built in the area. Towards the
end of the period, the Roman conquest modified the landscape through the centuriation,
road development, and the foundation of Minturnae. This urban center provided a river
port from which the agricultural products departed.

In the first millennium of the Common Era, two distinct phases of coastal landscape
evolution followed one another. In the first half of the period, anthropic action was an
important forcing, but it was significantly reduced in the next phase. In the Tuscany area
(Figure 4d), at first the coast became home to patrician villas and the agricultural structure
evolved towards latifundium. However, this pattern did not favor territorial management,
and, in the central centuries of the period, a phase of swamping began, causing a decrease
in the population and port activity. For the rest of the time the area was marshy, malarial,
and sparsely populated. The Tiber area was deeply affected by human impact in the early
part of the period (Figure 8d). On the northern part, salt pans were active and ports were
built. All these activities involved commercial structures and roads, as well as the building
of canals that determined a double-mouth delta, partially modifying the coastal dynamics.

On the southern part, the agricultural organization displayed large villas that followed
one another along the coastal road. These villas represented both productive and leisure
centers for the rich owners. After the third century, the population slowly decreased,
shrinking strongly at the end of the empire. In the early Middle Ages, the great salt
pans were no longer productive and the ports were partly buried. The territory, not
carefully managed, became marshy, and a small town, close to oldest Ostia, gathered a
small number of inhabitants. In the Campania area (Figure 11d,e), in the first period, Pagus
and vici created the political pattern to manage the first agricultural production structures,
already conceivable as real farms. Commercial, maritime, agricultural, and salt production
continued. It is believed that the salt pans were located at the mouth of the Garigliano [142],
but in a freshwater context of problematic localization. The trace, detectable in an aerial
photo of a narrow channel extending from the northern lake towards the river, as well as
for the medieval salt pans of Ostia, could suggest the presence of a small salt pan. As with
the other areas, the coast hosted the patrician villas that replaced the rustic villas. However,
after the third century, as the result of a demographic decline and the fall of the Roman
Empire, Minturnae disappeared. In the early Middle Ages, a subsistence economy was
established again and the few inhabitants settled in small, elevated centers abandoning
almost completely the plain, subject to swamping and river floods.

In the first part of the last millennium (late Middle Ages), the natural change in
physical landscape was limited and human influence poorly affected the coastal landscape.
In the second part of the last millennium, some areas showed a remarkable change in
the physical landscape due to a significant human–environment interference occurring
mainly in the last two centuries. In the Tuscany area, slight variations were related at the
edge of the Orbetello lagoon. The sparsely populated area was dotted with towers and
coastal defenses in the middle of the millennium. Only in the last century (Figure 4e) was
the Burano area reclaimed, determining an agricultural increase, whereas, in Orbetello,
ichthyoculture and tourism were on the rise. The history of the Tiber area was different
(Figure 8e,f). Here, already in the first centuries, salt production began and continued until
the 18th century, no longer in the Maccarese Lake but in the Ostia Lake. The imperial ports
disappeared, but, as with the lake, the Trajan dock remained. Starting from the 15th century, the
rapid progradation of the Tiber mouths, associated with a final modification of the main channel,
expanded the strand plain that was enriched with towers guarding the mouths. The scarce
population used the territory mainly for pasture. At the end of the 19th century, reclamation
drained the ponds, the population increased, and agriculture extended; in the 20th century,
tourism and urbanization strongly developed. The area that represented, during the Roman
period, the connection between Rome and the world through the port structures returned to
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have the same function in the 20th century by the Fiumicino airport. In the Campania area
(Figure 11e,f), the situation occurring quo ante persisted until the middle of the millennium, until,
because of the worsening climate, a phase of progradation occurred.

This fact produced an extension of the strand plain and a further hydraulic disorder.
The whole area was almost abandoned and used for grazing. At the beginning of the
20th century, the reclamation of the coastal ponds [143] and the Garigliano damming
allowed agricultural use and a limited tourism development.

5. Conclusions

In the final analysis, different forcings caused the evolution of the coastal landscape in
the considered areas over the last 8000 years. They effected differently in time and space.
The natural forcing was closely linked to the Milankovian and sub-Milankovian climatic
variations to which, during certain periods, anthropic activity overlapped. If the SLR domi-
nated in the first two millennia, the amount of sediment, coming to the coast, dominated
over the next two millennia when, locally, humans began to organize settlements and activ-
ities using the resources of the territory. Human impact progressively increased, mainly in
the Tuscany and partially in the Tiber areas, when the social and political structure of the
Etruscans deeply modified the territory mainly through the salt pans and the organization
of the ports. During the Roman period, the anthropic influence increased, highlighting
firmly the relationship between landscape change and socio-political organization of the
population that inhabited it. The landscape of the Tiber area, close to the center of power,
resulted as the most impacted. The degradation of that organization caused the renewed
dominance of natural forcing. Only the restoration of the socio-political organization of the
new Italian State, together with the technological evolution of the last two centuries, has
allowed limiting the effect of natural forcing.
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Abstract: For more than four decades, the Gulf of Guinea’s coasts have been undergoing a significant
phenomenon of erosion, resulting from the pressures of both anthropogenic and marine weather
forcings. From the coasts of West Africa (Senegal, Ivory Coast, Ghana, Benin, Togo, and Nigeria)
to those of Central Africa (Gabon, Equatorial Guinea, and Cameroon), the phenomenon has been
growing for more than four decades. The southern Cameroonian coastline from Kribi to Campo has
become the scene of significant environmental dynamics that render it vulnerable to coastal erosion,
which appears to be the major hazard of this coastal territory and causes a gradual degradation
of the vegetative cover, thereby leading to the degradation of the coast’s land/ground cover and
human-made infrastructure. The objective of this work is to analyze the kinematics of the Kribian
coastline between 1973 and 2020; to quantify the levels of retreat, accretion, and stability; and finally,
to discuss the factors influencing the evolution of the coastline. The methodological approach is based
on the large-scale processing of Landsat images with a spatial resolution of 30 m. Then, small-scale
processing is carried out around the autonomous port of Kribi using Pléiades and Google Earth images
from the years 2013, 2018, and 2020 with a 0.5 m spatial resolution. The Digital Shoreline Analysis
System (DSAS) version 5 and ArcMap 10.5® tool are used to model coastal kinematics. In addition, the
dynamics of the agro-industrial plantations are assessed via satellite images and landscape perception.
Environmental degradation is measured with respect to the entire Cameroonian coastline through
the supervised classification of Landsat images (1986–2020). The results show that erosion is in its
initial phase in Kribi because significant retreats of the coastline are noticeable over the period from
2015–2020. Thus, between 1973 and 2020, the linear data present a certain stability. In total, +72.32% of
the line remained stable, with values of +1.3% for accretion and +26.33% for erosion—obtained from
Landsat images of 30 m resolution—with an average retreat of +1.3 m/year and an average accretion
of 0.9 m/year between 1973–2020. Based on high-resolution images, between 2013 and 2019, the
average retreat of the coastline on the Kribian coast was −8.5 m/year and the average accretion
was about 7 m/year. Agro-industrial plantations are responsible for environmental degradation.
Thus, at SOCAPALM in Apouh, there has been a clear growth in plantations, which has fallen from
53% in 1990 to 78% in 2020, i.e., an increase of 25% of its baseline area. This is linked to the fact that
plantations are growing significantly, with increases of 16% in 1990, 28% in 2000, and 29% in 2020, for
old plantations.

Keywords: coastal erosion; coastline; Gulf of Guinea; Kribi; fragilization

1. Introduction and Background of the Study

The African continent is currently experiencing galloping demographic growth. Coastal
areas, especially urban centers, concentrate most of this population. The increase in the
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urban population in West Africa grew from 16% of the total population in 1961 to 47% in
2014 and it is expected to reach 66% in 2050 [1]. This significant growth of the urban popu-
lation in Africa is linked to the migratory phenomenon as its main driver [2]. Population
projections in Sub-Saharan Africa predict 1.8 billion inhabitants in 2050 and 2.6 billion
in 2100 and do not envisage any stabilization before 2100 [3,4]. This population growth
is dazzling in coastal areas, and it is accompanied by developments that contribute to
the weakening (fragilization) of these areas [5–7]. In most cases, this worrying situation
results in hazards including floods [8], pollution [9], and coastal erosion [10,11] with vari-
ous consequences. Coastal erosion is the primary concern of the present study. It affects
coasts around the world, with disproportionate repercussions, often dependent on the
level of consideration of its management in the public policies of the related countries.
Thus, it is shown that 70% of the coasts are experiencing coastal erosion, 20% are stable,
and only 10% are enriching [12]. All the coasts of the world are concerned, and the entire
international scientific community is being challenged.

The coasts of the Gulf of Guinea also experience various natural hazards, among
which coastal erosion is the most important on African coasts [13–17]. From Mauritania
to Nigeria, West African coasts are threatened [18,19]. In Central Africa, rapid erosion
has been observed for the Pointe-Noire (Congo) and Libreville (Gabon) shorelines [20–22].
Issues directly affecting the African coastal zone include population growth and poverty
and the loss of habitat and land through coastal erosion [22].

Throughout the world, several authors have dealt with the issue of coastal erosion
using approaches specific to the geographical areas concerned. Thus, some of them have
addressed this issue in the context of climate change [23]. In a mangrove context, authors
have characterized coastal erosion and its impacts on this ecosystem in southern Thai-
land [24]. As an example of the role of human activities in exacerbating coastal erosion,
one study reported the construction of the Akosombo dam in Ghana in West Africa, which
led to the erosion of the Togolese coast [25]. The situation is similar on the coasts of Sene-
gal and Benin [26]. The management of this hazard is complex. For over eight decades,
the National Research Council [27] has presented some management strategies based on
integrated approaches.

On the Cameroonian coasts, erosion significantly destroys the coast by depositing
mudflats and sand along the coastline [28,29]. This mechanism is orchestrated by the rip
currents or flood currents that strike the coastline, undermining the loose substrate. The
deposited sediments (sand) are collected and marketed by the coastal populations. The
effects of interior erosion on roads, houses, agricultural fields in ruins, and the destruction
of landing sites for boats—and for canoes in the northern section of the Cameroonian coast,
particularly in Isangele, Bamusso, Kombo Itindi, and Kombo Abedimo—can be observed.
On the southern Cameroonian coast, from the Wouri estuary [11] to Campo, there are
visible signs of coastal erosion around Cap Cameroun, Yoyo I and II, Kribi, and Campo.
The markers of this erosion are, among others, the presence of falling trees, destroyed
houses, and damaged dykes.

Additionally, the Kribi-Campo coastal section is currently experiencing a recent shore-
line adjustment, resulting in a loss of sediment, fattening, and stability. Indeed, of the
135 km of the south Cameroon shoreline, 88% of this land is experiencing erosion and 22% is
experiencing accretion, while 0.24% remains stable [30]. This explains the vulnerability of
the Kribi coastline to natural hazards (erosion), and particularly this coastal area around
the Kribi Sea Port and above Campo [31]. Recent data [8] show that these coastal areas
around Kribi experienced sediment enrichment between 1973 and 2007 with an average
surface area of 4,081,400 m2 representing 45% of the total dynamics, while the recorded
regressive dynamic corresponding to the linear coastal retreat of the concave sectors of the
coast represents 55% (i.e., 4,949,550 m2) of the total dynamics [8].

The causes mentioned above are likely related to a sediment deficit caused by both
anthropogenic and meteo-marine forcings [32]. The breaking of the waves feeding the
tides, the rise in the sea level, and the action of marine currents and waves [19] can also be
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conducive factors. The noted anthropogenic forcings involve the multiple impacts of man
on the coastal environment. Indeed, the strong anthropogenic pressure on the mangrove
ecosystems of Campo is the main factor of coastal erosion [33]. The construction of the Kribi
Sea Port (between 2007 and 2018) has orchestrated a notorious thinning of this section of
the southern Cameroonian coast that is likely to aggravate erosion. The population growth
of Kribi city and the resulting needs are also the basis of the weakening of the coastline.
Other anthropogenic factors are significant, such as the construction of dams as in the case
of the Memve’ele hydroelectric dam (15 km from Kribi) built on the Ntem River, which
traps a large part of the sediments in transit towards the Kribi coasts. However, additional
factors include the port facilities, the cutting of mangroves, and the extraction of sand.

These observations allow us to address the main objective of this paper, which is
to analyze the kinematics of the Kribian coastline between 1973 and 2020. This analysis
includes the quantification of the levels of retreat, accretion, and stability and finally a
discussion of the factors influencing the evolution of the coastline. Thus, the dynamic
observed creates environmental upheavals at the coastal level, with repercussions on
ecosystems and populations. To better study this phenomenon, the coastlines of the years
1973, 2000, 2015, and 2020 were analyzed using Landsat sensors since the objective is to
quantify the rate of retreat of the coastline.

2. Geographical and Geomorphological Settings

2.1. Geographical and Administrative Situation of the Kribian Coast

The Kribi coast is located in the South Administrative Region and at the Head of the
Ocean Division. The coastal section observed in this study extends over three municipali-
ties: Kribi 1, Kribi 2, and Campo (which is the largest). It extends between 2◦10′3” N and
9◦10′10” E (Figure 1). Kribi is the second economic pole in Cameroon and is therefore
booming. It is a seaside town with a cosmopolitan population of approximately 104,000 in-
habitants [34]. Originally, Kribi was inhabited by the Pygmies from the Bagyeli tribe, later
followed by the Batanga and Mabi tribes [35].

Figure 1. Location map of the study area.
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2.2. Geological Context of the Kribian Coast

Geologically, the Kribian coast is not only composed of sedimentary rocks but also
of crystallophyllian rocks from the basic metamorphic complex composed of gneiss, mica-
schists, quartzites, etc. [36]. The Kribian coastline spreads over a low-altitude coastal plain
that is less than 100 m in elevation. This coast is sandy or rocky in places, with soils
resulting from the weathering of rocks and that are suitable for agriculture.

Sandstone formations have also been recorded for this coastal section, which are linked
to the phenomenon of progression both toward the north and the south of the ocean. These
sandstones range from the Upper Aptian at Campo to the Albian with a thickness that
varies from 500 to 600 m [37]. The presence of an Archean and Paleoproterozoic greenstone
belt, Archean charnockites and granitoids, gneiss, a mobile granitic zone, a sedimentary
basin, and an overlap zone can also be noticed (Figure 2) [38].

Figure 2. Geological structure of the Kribian coast (Source: adapted from Oslisly [38]). Caption:
(1) yellow ferralitic soils showing a high level of acidity, with a degree of saturation varying from
15 to 20% at the surface and less than 10% at depth. (2) Soils on gneiss and lateritic schists, composed
of highly leached humus sand and red sandy clay on lateritic schists. (3) Hydromorphic soils rich in
organic matter, which generally lie alongside the banks of rivers and marshy and mangrove areas
(mouth of the Ntem). (4) Mobile granite zones; (5) sedimentary basin; (C) overlaps; (D) dolerites;
(F) main faults.

From a pedological point of view, the Kribian coast mainly presents: (1) yellow
ferralitic soils showing a high level of acidity, with a degree of saturation that varies
from 15 to 20% on the surface and less than 10% in depth [39]; (2) soils on gneiss and
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lateritic schists, composed of highly leached humus sand and red sandy clay on lateritic
schists; (3) and hydromorphic soils rich in organic matter generally located near rivers, area
swamps, and mangroves (mouth of the Ntem) (Figure 2) [40].

The 2014 Global Baseline for Soil Resources updated in 2015 ([41]) classifies tropical
African countries, such as Kenya, the DR Congo, and Cameroon, as containing Nitisols,
Plinthosols (soils with a high pisolite content up to 80%), and Andosols (derived from
parent materials other than glass-rich volcanic products that are located in humid regions).

This physical setting influences the erosion of the Kribi coasts and needs to be analyzed
to better understand the processes underway in this area.

2.3. Hydrogeomorphological Characterization of the Kribi-Campo Area
2.3.1. Geomorphology of the Kribian Coast

The Cameroonian coastal sedimentary basin, located on the edge of the Gulf of Guinea,
covers an area of 7000 km2 [42]. It corresponds to a subsiding trench formed during the
Cretaceous that is gradually deepening towards the ocean where it reaches thicknesses of
4000 m at 40 km and 8000 m further offshore. Globally, the Kribian coast is less than 5 m in
altitude with respect to areas that are very close to the sea; however, after the coastline, the
altitude can reach 15 to 50 m in some areas (Figure 3).

Figure 3. Kribi elevation profile, generated from the Digital Terrain Model (DTM).

The Kribian coasts’ main geological formations are black marls and clays as well as sand-
stone sands. These formations develop on a varied typology of the coast, including—among
other things—low loose coasts, rocky coasts, concave coasts, etc.

(1) A low coast
This is the most developed type of coastline, spanning from the Wouri estuary and

extending to Kribi for more than 150 km, with an average altitude varying from 0 to 30 m.
Its slopes are gently in contact with the ocean and vary from 0 to 6%. The low coast in
the Campo area, for example, has a flat morphotype typical of large beaches [42], with
a generally uniform profile with no break in the slope. These profiles are characterized
by the area’s flattest swash and surf zones. In the area of the town of Kribi, there are
some marine terraces corresponding to the moderately concave morphotype, presenting a
moderate slope.

(2) The rocky coasts
These coasts are rough and made up of rocky areas with narrow beaches, which

run from Kribi to Campo over nearly 80 km. These beaches were shaped on crystalline
schist fragmenting into large blocks. These shales give a particular aspect to the coastal
landscape of Kribi, which is renowned for its fine sandy beaches. According to Hegge’s [43]
classification of coastal morphotypes, this rocky coast has a very narrow beach and a
relatively steep intertidal zone, sometimes not exceeding 2 m. It is characterized by a strong
step-like break in the subtidal zone. From north to south, the first break in the slope is
located towards the Lobé Falls. It increases from almost 2% to almost 5%. Another break is
present to the north of the Kribi seaport. The coastline profiles shown in Figure 4 illustrate
the complex configuration of the Kribi coast.
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Figure 4. Kribian types and morphotypes of the coast. These figures show an alternation between
sandy low coast (flat and concave morphotype profiles) and rocky coast (stepped profile).

Profile 1 characterizes these relatively small beaches, with a forebeach of less than 10 m
and a swash zone of less than 5 m, and moderate slope breaks along the profile. Profile
2 corresponds to the staircase morphotype. This is a very narrow beach with a relatively
steep intertidal zone. It is characterized by a strong break in the slope in the subtidal zone.
This type of profile can be found at the Lobé Falls in Kribi. Finally, the third profile presents
a flat morphotype characteristic of wide beaches, with a uniform profile with no break
in the slope. These profiles are characterized by the flattest swash and surf zones. The
flattening extends into the submerged area.

2.3.2. The Kienké River and Its Hydrogeomorphological Characteristics

The Kienké is a small river in southern Cameroon that flows into the Atlantic Ocean
near Kribi. With a 190 km length, the Kienké River occupies a catchment area of more than
1435 km2 in Kribi, with a flow rate of around 40.5 m3/s [44]. A report [45] characterized the
basins of several rivers on the Kribian coast (with respect to land use, slope, geology, etc.).
It appears that the Kienké is divided into four geomorphological units: altitudes >176 m,
between 177–361 m and 362–595 m, and a last high unit situated between 596–1172 m.
Upstream, the waters of the Kienké flow over a unit with a fairly high average slope (1‰)
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and 1.6‰ upstream, which gradually decreases as the river approaches the ocean. The
geology mainly consists of upper and lower gneiss. It is a watershed dominated by a vast
Atlantic Forest, which degrades as one approaches the town of Kribi due to the presence
of the rubber and palm agro-industries. The dominant tree species are Sterculiaceae and
Ulmaceae [46]. The waters of the Kienké, as in the other catchments, have a diffuse flow
upstream on the Kienké massif, with several tributaries, before forming a single channel at
the outlet to the Atlantic Ocean. The flow of this river has a strong seasonal variation. The
former and first Kribi Sea Port was built at its mouth. The city of Kribi spread towards its
two eastern and western banks. There is no element to assess the solid inflows of sediments
by the Kienké River, but the examination of the sounding plans of the Kribi Sea Port seems
to show that the inflows of sand must be relatively low. By analogy with other rivers
in Cameroon, notably the Wouri River in particular, the sand inputs should not exceed
10,000 to 20,000 t/year, i.e., 5000 to 10,000 m3 of the materials in place. On the other
hand, the silt inputs could be much greater without having values in kind to quantify
them (10 times more, perhaps). However, the current Kienké transport capacity has been
estimated at 1200 m3/month [47], and this value is only reached during the rainy season.

2.3.3. The Lobé River and Its Hydrogeomorphological Characteristics

More than 130 km long, the Lobé River has its source in the Ntem massif in the center
of the Campo-Ma’an National Park and joins the ocean through the equatorial forest. Its
mouth, a few kilometers south of Kribi, forms a kind of delta with many small arms that
spread out over 1 km before emerging into the Atlantic Ocean through a series of waterfalls,
the highest of which measures around 15 m (Figure 5). Its watershed is 1940 km2 wide
with an estimated flow of 105 m3/s [48], which varies from 20 m3/s (February) to 300 m3/s
(October) [47]. Sediment transport for the Lobe River is estimated at 11.1 m3/year, with a
strong seasonal variation [47]. The Lobé runs its course on a granite-gneissic base, which
is more or less lateralized, with a maximum altitude of the catchment area of 500 m and
regular forest cover [47].

Figure 5. The Lobé waterfalls, Kribi coast, and the Kienké flowing to the sea by small waterfalls
under the bridge at the Kribi landing stage (Credit: Mbevo, August 2018 and Tchindjang, July 2017).

2.3.4. The Ntem River and Its Hydrogeomorphological Characteristic

The Ntem is a river that serves as a natural border between three states of Central
Africa, namely, Gabon, Equatorial Guinea, and Cameroon. It has its source in the Gabonese
Province of Woleu-Ntem, and it then flows into the Atlantic Ocean in the extreme south
of Cameroon at Campo. Its catchment area is 31,000 km2, with a length of 460 km. Its
average flow rate is 195.3 m3/s [48]. The Ntem watershed has an altimetry that varies
between 524–613 m, and the waters flow on an average slope unit of 0.5‰, with very small
areas of breakage [49]. The Ntem sub-basin covers nearly 70% of the waters of the region
that feeds the Atlantic basin, while that of the Lobé covers just 30% [50]. The Ntem River
runs through an ancient crystalline basement whose formation is marked by a significant
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folding phase (Liberian orogeny), which led to the creation of the Ntem Complex. Today,
its extension is limited to southern Cameroon and constitutes the northern borders of the
Congo craton (Archean) [40]. There are granite deposits whose age refers to Precambrian D
(2.7–3 billion years) or Precambrian C (2 to 2.3 Ma.) [50].

2.4. Vegetation on the Kribi Coast

The Kribi coast’s vegetation essentially consists of dense forest and is highly dependent
on paleoclimatic variations. The botanist Letouzey [46] reports the omnipresence of the
Lophira alata species that he linked to past anthropic clearings. There is a certain number
of woody species of great importance such as Okoumé (Aukoumea klaineana) or Azobé
(Lophira alata), which are highly dependent on ancient human occupations. The most
beautiful stands of these two species are once again located around cleared areas or former
occupations [48]. Finally, there are also small pockets of mangroves located in the mouths
of the Kienké, Lobé, and Ntem rivers.

A supervised classification of Landsat images from the years 2000, 2015, and 2020
allowed us to see the evolution of the vegetation cover on the Kribian coast (Figure 6).

Figure 6. Evolution of land use on the Kribi-Campo coast between 2000 and 2020.

There is a clear degradation of the vegetation cover and an increase in agro-industrial
plantations and built-up areas. Between 2000 and 2010, the Atlantic Forest declined. This
decline will be consolidated between 2010 and 2020. Urbanization and agro-industrial
activity are therefore the main factors of degradation affecting the Kribian coast (Figure 7).
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Figure 7. Dynamics of the different land use classes between 2000–2020.

2.5. Climate of the Kribi Coast

The Kribian climate is equatorial, humid, and subject to the typical monsoons of
coastal areas [51]. The annual rainfall is about 2900 mm in Kribi. December, January,
and February constitute the long dry season, with an average rainfall of 262 mm, while
September, October, and November belong to the long rainy season, with a more than
1183 mm average rainfall [52]. The area’s temperatures are relatively high: the diurnal
thermal amplitude is 2.42 in Kribi, the maximum temperatures are between 26 to 31 ◦C,
and the peaks are generally observed in the dry season (December, January, February,
and March). Minimum temperatures fluctuate between 23 and 25 ◦C) during the rainy
season (April, May, September, and October) (Figure 8). On the Kribian coast, rainfall
has little effect on soil erosion. Indeed, it is a forested area, and the soils are sufficiently
protected. The only places where rainfall has an effect are the areas that have suffered
from degradation/deforestation. With approximately 2900 mm of rain per year, the Kribi
coastline remains one of the least watered, compared to Douala, which receives between
3500 and 4000 mm of rain per year, and Debunscha with approximately 13,000 mm per
year. For this reason, the main factors that amplify coastal erosion on the Kribi coast are
anthropogenic forcings.
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Figure 8. Onbrothermal diagram of Kribi.

2.6. Tide and Sediment Transit on the Kribi Coast

There is evidence that waves and tides are significant factors with respect to the
modeling and reshaping of the coastline. However, the Kribi coastline has one of the lowest
tides compared to other areas such as the Wouri estuary. The average height is 1.2 m [52],
with some variation between the Kribi Sea Port (Mboro) and Lolabé.

The sediment transit for the Kribi coast, according to the Kribi Sea Port data on
four sections, presents a maximum of 140,000 m3/year north of the current Kribi Sea Port
and a minimum of 80,000 m3/year to the south from this port. At the port site, the sediment
transport is estimated at 50,000 m3/year (Figure 5).

2.7. Wind on the Kribian Coast

The analysis of the annual and seasonal boreal wind rose for the continental shelf
region of the Cameroon coast (2–3◦ N & 5–10◦ E) from 1960 to 2001 [53], which made it
possible to understand the directions and wind speeds of the Kribi coast. Old data (until
1978) on the winds (month, speed, and direction) around Kribi showed that the highest
speeds are recorded in December, with a value of 20 m/s (Figure 9). The sediment transport
is more influenced by winds blowing from the ocean to the coast, since winds blowing
from the interior to the coast are blocked by the Atlantic Forest. These winds give speed
to the littoral drift and the swell that affect the coast. In the soft coast, the erosion is more
important than in the rocky one.
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Figure 9. Coastal drift and sediment transport on a portion of the Kribi coast (Source: [54]).

Recent wind data around Kribi [55] confirm this influence of seasonality. Between De-
cember, January, and February, the prevailing winds were from the SW direction (24 km/h),
S (16 km/h), and SSW (14 km/h), respectively. The same trend continued in March, April,
and May, with the only difference that the W winds (16 km/h) appeared and those from
the S decreased in intensity (8 km/h). Between June and August, SW (24 km/h) and SSW
(24 km/h) winds were dominant, followed by SWS and S winds. In September, October,
and November, SW winds regained the upper hand, with a greater force of 24 km/h,
followed by WSW (16 km/h) and SSW (16 km/h) winds. An annual summary shows that
the SW winds are dominant [56].

These winds correspond to the trade winds (regular winds in the intertropical regions
between 23–27◦ N and 23–27◦ S). They regularly blow from east to west, from the subtropi-
cal high pressures (subtropical ridge) to the equatorial low pressures (convergence zone
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intertropical), and they are very active in the Gulf of Guinea [55]. They mainly take place
from December to March (dry season).

2.8. Marine Currents around the Kribi Coastline

The main current at work on the Cameroonian coast is the coastal drift. Its orientation is
South–North for the entire Cameroonian coast and it is essentially conditioned by the waves
generated by the local SW-oriented wind and by the swells of long periods, which affect the
whole West African coast and originate in southern latitudes (45–60◦) [56,57]. Two types of
swells are identified [58]. The one oriented NNW is generated by the easterly winds in the
region of western Namibia. The other is generated by the westerly winds in the southern
Atlantic Ocean around latitudes 50◦ S [56]. The height of the swell varies significantly, with
a maximum from June–August and a minimum from December–February [56]. On the
Kribi coast specifically, these currents are relatively weak, with variations depending on
the site. A series of three measurements was made around the Kribi port site (1st, 2nd,
3rd). The results obtained show little variation in the speed of the currents: from 0.3 m/s to
0.6 m/s. (Figure 10). It can be concluded from the third measurement that the shape of the
Kribi coastline influences the direction and speed of the currents.

Figure 10. Speed of currents affecting the Kribi coastline (Source: [54]).

All in all, this coastal area is subject to the action of large swells, and the materials
brought by the rivers (sands and kaolin clays, etc.) are taken up by the south–north coastal
drift and by a west–west coastal current (swell) [55]. (Data from the Kribi Sea Port [54].)
Sediment transport on the coastal section of Kribi was significant between 1992 and 2008
(Figure 11). From 1992–1993, the rate of sediment transit was around 100,000 m3/year,
which fell slightly to about 90,000 m3/year between 1994–1996. A peak was observed in
1997, with a sediment transit of 140,000 m3/year (Figure 11).
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Figure 11. Sediment transport by littoral drift on the Kribi coast (Source: Kribi sea port [54]).

The above data reveal that the sedimentation of the Kribi coast is taking place and is
exacerbated by the implementation of the Kribi Sea Port (we will use the French acronym
PAK). Indeed, sedimentation was generally present on the Kribian and Cameroonian
coastline [53]. However, since the beginning of the port’s construction in 2007, this sedi-
mentation seems to have increased, given the hydro-sedimentary disturbances observed in
situ. Thus, there is a high accumulation of sediment to the south of the harbor due to the
presence of the harbor’s protection dam. This should be confirmed through the analysis
of the bathymetric configuration of the Cameroonian coast to understand its influence on
marine processes.

2.9. Bathymetric Configuration in the Kribi Area

Characteristic of coasts with a straight profile and rocky structures, the Kribi coastline
presents a consistent bathymetric variation from the open sea towards the coast. The lowest
values can be recorded at the mouth of the Kienké River (Figure 12), which is more than
8 m in depth and about 3 km in width. The depths on the shore increase when moving
longitudinally to the south. From the mouth of the Lobé to the PAK site, the dominant
bathymetric values are between 10, 14, and 16 m, with a more than 2.5 km width at the
mouth of the Lobé, 5 km at Mahale, 9 km at Eboundja II, and 3 km at the PAK site. These
values increase when moving offshore to more than 30 m depth (Figure 12).
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Figure 12. Bathymetric configuration of the Kribi coastline (Source: DEM and digitized navionic
bathymetric map).

These natural forcing factors are determinants of the current observed dynamics of the
Cameroonian coast and have a great influence on the sedimentary load and coastal erosion.

3. Materials and Methods

3.1. Land Cover Mapping

The land cover mapping was based on supervised classification of Landsat images
from 2000, 2010, and 2020. After importing and assembling the bands in the Erdas Imagine®

2014 software (sold by Intergraph (Madison, AL, USA) in the United States), radiometric
corrections were applied to the different images. Supervised classification was performed
following the maximum likelihood algorithm. Table 1 shows the characteristics of the
images used.

Table 1. Characteristics of processed Landsat images.

Date Path and Row Resolution Radiometry Sensor Season Purpose

1973/11/27 LM03_L1TP_201 057 30 m 8 bits Mss Dry Extraction of the coastline

2000/11/6 LE7 186 057 30 m 8 bits ETM Dry Extraction of the coastline and
Land use classification

2015/02/01 LE7 186 056 30 m 8 bits ETM Dry Extraction of the coastline and
Land use classification

2020/02/21 LC08 187 057 30/15 m 16 bits L8/OLI Dry Extraction of the coastline and
Land use classification

3.2. Mapping of the Coastal Kinematics of Kribi

The mapping of coastal kinematics was performed at large and small scales. The first
mapping procedure one considered the entire Kribian coastline, from the north of the city
of Kribi to the south at Campo, using Landsat images (Table 1). The second focused on the
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northern and southern parts of the Kribi seaport. Therefore, two sources of remote-sensing
data were used. The first source consisted of Landsat images with an average spatial
resolution of 30 m.

The latter used Google Earth aerial photos (0.5 m) and Pleiades very high-resolution
images (0.5 m) (Table 2). Both data sources aided in detecting and mapping coastline
variations and erosion on the Kribi coast—at different spatial resolutions—in order to more
accurately compare and draw conclusions. The types of software used for these processing
operations were Erdas Imagine v14, ARCMAP v10.5 under ARCGIS v10.5, and Digital
Shoreline Analysis Systems (DSAS v5), made by ESRI (Redlands, CA, USA).

Table 2. Characteristics of the processed Pleiades images.

Properties Characteristics

Area Kribi Pleiades Images 1

Image capture date 15 June 2013

Spatial Resolution 0.5 m

Sensor Pleiades

ID DS_PHR1B_201306150956399_SE1_PX_E009N02_1118_01728

Area Kribi Pleiades Images 2

Image capture date 12 March 2016

Spatial Resolution 0.5 m

Sensor Pleiades

ID DS_PHR1A_201603120955019_FR1_PX_E009N02_1120_03618

Area Kribi Pleiades Images 3

Image capture date 23 February 2019

Spatial Resolution 0.5 m

Sensor Pleiades

ID DS_PHR1A_201902231003214_FR1_PX_E009N02_1015_03204

Kribi Google Earth Images 1 and 2

Image capture date 23/11/2015 and 03/05/2017

Spatial Resolution 0.5 m

3.2.1. Pretreatments under Erdas Imagine

Preprocessing under Erdas Imagine v14
The preprocessing scheme under Erdas consisted in making radiometric corrections

of the selected Landsat images. These corrections had several purposes: resampling, haze
reduction, and periodic noise elimination.
Resampling (Resolution Merge)

This process was applied to the 1973 Landsat images to reduce the spatial resolu-
tion from 60 m to 30 m in order to make this image compatible with other images from
different sensors.
Correction of Atmospheric Noise (Haze Reduction)

This operation made it possible to reduce atmospheric errors of Landsat images as
much as possible, without degrading the pixels. Such errors include mist, clouds, etc.
For multispectral images, this method was based on a transformation that produces a
component correlated with the haze.
Periodic Noise Elimination

It is this form of correction that eliminates tide-related errors in an image. The input
image is first divided into overlapping blocks of 128 by 128 pixels. The Fourier transform
of each block is calculated and the logarithms of each block are averaged.
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3.2.2. Processing under ArcMap/DSAS

Coastline Extraction under ArcMap 10.5
Coastline definition is not an easy task because confusion appears between this notion

and the shoreline [59]. The coastline is simply defined as the dividing line between sea and
land [60]. Depending on the type of coast considered and as soon as we seek to draw this
“limit”, the notion of coastline becomes more complex and can be characterized in different
ways, using several markers, and depending on the data available such as: (1) the limit of
vegetation and (2) intersection line of the topographic surface with the level of the highest
astronomical seas [61,62].

In the context of this study, it appears that the Kribi coast has a contrasting morphology
as illustrated above (Figure 4). It alternates between rocky and soft coasts, with a straight
profile; therefore, the coastline has varied in the linear analysis (Figure 4). We opted for
the wet sand boundary, as did a similar study based on Landsat images by the authors
of [63]. The rectilinear nature of the Kribi coastal profile allows for this boundary line to be
remarkably visualized on the images, whether at high or low spatial resolutions.
Treatment Operations under DSAS v5

There are four main operations under DSAS v5 (made by United States Geological
Survey, Reston, VA, USA) [64,65]: (1) Parameterization of the baseline and the shoreline,
(2) Definition of transects, (3) Statistical analysis, and (4) Calculation of uncertainties
and errors.

To succeed in these operations, we first defined transects’ length (1000 m) and spacing
between them (200 m) and set the shoreline [64,65], which were generated automatically.
These transects are equidistant and perpendicular to the baseline. A pixel error corre-
sponding to the resolution of each image was defined (30 m for Landsat images and 0.5 for
Pleiades and Google Earth images). Regarding statistical analysis, DSAS uses several
statistical techniques known as end point rate (EPR) method to compare the positions of
the coastline over time to estimate the evolution of the coastline [64,65]. As shown by
Equation (1), it is the distance on the transect between the two most recent and oldest
coastlines divided by the number of years separating these coastlines [64].

R = D/Te (1)

R is the speed in meters per year (m/year), D is the distance in meters, and Te is the time
elapsed between the oldest and the most recent coastline (years). The EPR still works even
though only two coastlines are used to analyze the evolution [64].

Uncertainties and errors calculated can be grouped into four types: pixel errors (Ep),
those related to the extraction of coastlines, digitizing (Ed), and planimetric (EP) [11]. These
types of errors seem random and cannot appear automatically on all images. Their sum
is determined by the total value of the errors (Et), which is equal to the square root of the
different errors (Equation (2) from [64]).

ET = ±
√

Ep2 + ERMs2 + Ed2 + EP2 (2)

The total error was estimated from three sources (Table 3): (i) the total shoreline
position error was calculated for three periods; (ii) the measured transect error (Em) and
annualized error (Ea) associated with the rate of shoreline change at a given transect, which
was calculated over three time periods (1973–2000; 2000–2016; 2016–2020); and over a
period, the annualized error was calculated using the following equation [66–68]:

Ea =

√
Et12 + Et22 + Et32

Total period (years)
(3)
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Table 3. Errors related to the erosion model on the Kribi coast.

Years 1973–2000 2000–2015 2015–2020 1973–2020

Pixel error (Ep) 2 5 / /

RMS ortho-rectification (ERMs) 15 22 12 11

Digitalization error (Ed) 7 15 / /

Planimetric error (EP) / 23 23 /

Total error (Et) 15 38 10 14

Measured errors (Em) (m) 42 56 30 29

Annual error (Ea) (m/45 years) / 0.65 / 0.65

Uncertainties in Calculations (ECI)
(m/year) 2 7.2 0.52 0.43

Source: Statistical calculations in DSAS.

Figure 13 combines all the technical tools and methodological steps used to achieve
the results that will be the subject of the following paragraphs.

Figure 13. Flow Chart of tools and techniques used in assessing the Kribian coastal dynamic.

4. Main Findings and Interpretations

4.1. Modeling Coastal Erosion on the Kribi Coast
4.1.1. Large-Scale Modeling Using Landsat Images from 1973–2020

This modeling revolves around three major moments: before, during, and after the
installation of the Kribi Sea Port (KSP). Retreat and accretion values between −5 m and 5 m
are considered stable for observing erosion [65]. Diagrams showing the coastline dynamics
were designed and are associated with the different figures.
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Coastline Dynamics before the Construction of the PAK (1973–2000, i.e., 27 Years)
Prior to the establishment of the PAK, the analysis of the Landsat images from the

period from 1973 to 2000 shows that the Kribi coastline had virtually no erosion sectors. It
recorded an accretion on a significant slice of its linear dimension. Even the current PAK
site was stable. The coastline is largely marked by stability (Figure 14).

Figure 14. Rate of change (meters per year) in Kribi coastal erosion between 1973–2000. The figure
was obtained with DSAS, from the linear extracted from Landsat images. The coastlines are divided
into 1909 transects separated by 50 m. The cartographic representation is on the left. The graphic
representation is on the right, with the number of transects on the ordinate axis, and the EPR in
m/year on the abscissa axis.

An average accretion rate of +0.4 m/year and an accretion rate of 1.5 was determined.
The accretion peak is situated in the area where the PAK is located, at about 5 m/year,
followed by the Lolabé area (3.5 m/year) and Ebodjé (2.6 m/year). The erosion marks are
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disparate. At Etondéfon, we observe a decline rate of 2.1 m/year. In Eboundja, the retreat
speeds are 1.8 m/year. Conclusively, all these values are less than −5, which implies the
absence of real erosion. This coastline’s stability during this 27-year period may be due
to several factors. Firstly, the lack of urbanization allows the area to maintain its natural
character. Secondly, the presence of the forest constitutes a natural barrier to any erosion.
Thirdly, the main rivers (Kienké and Lobé) feeding the littoral drift (from the South to the
North) do not experience wide sedimentary hindrances such as dams.
Coastline Dynamics during the Construction of the PAK (2000–2015, i.e., 15 Years)

During the period from 2000–2015, there was a regressive coastline dynamic, unlike in
previous years. This took place at three essential points: towards the Lobé falls, around the
PAK, and towards the locality of Etondé Fang (Figure 15).

Figure 15. Coastal erosion on the Kribi coast in EPR (m/year) between 2000 and 2015 obtained with
DSAS, through linear data extracted from Landsat images.
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An average retreat of 0.9 m/year was calculated for this period with an accretion rate
of 0.2. There was a decline of about 7 m/year at the level of the Lobé falls and a significant
retreat of the coastline at the PAK site, with a regression of more than 35 m. Finally, the
locality of Etondé Fang experienced a decline of −6 m/year (Figure 15). The other declines
seem less significant: Doum Essimendjang (−3 m/year), Ebodjé (−1 m/year), south of
Mboro (−4 m/year), and north of the urban center (−2 m/year). Accretion marks were also
observed from the linear data, from North to South. A slight accretion was observed near
Campo (13 m/year) and at Tondéfon (6 m/year). Other, less significant accretions were
observed towards the South of Campo (approximately +2 m/year), Malabe (+2 m/year),
Mboro (+4 m/year), and further north towards the town of Kribi (+3 m/year) and Ebomé
(+4 m/year).
Coastline Dynamics under the PAK Implantation and Management (2015–2020)

An almost generalized erosion on the Kribi coast also marks this period, characterized
by the beginning of the activities of the Kribi Sea Port. It is accentuated upstream and down-
stream of the PAK because of the second phase of Kribi Sea Port’s developments marked
by deforestation in many areas such as Lolabé, Lohendje, and up to Ebodjé (Figure 16).

Figure 16. Coastal erosion on the Kribi coast with respect to speed (meters per year) between 2015
and 2020 obtained with DSAS, from linear data extracted from Landsat images.
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This output image shows that coastal erosion has intensified on the Kribi coastline. An
average retreat of −2 m/year was quantified, against an average accretion of 1 m/year. The
Campo area in the South records a decline of 15 m/year. The peak of regression is around
the Lobé falls, with a decline of about −32 m/year. Indeed, in this area, there is a spit before
the Lobé falls, which would trap sediments coming from the south. This probably explains
why there is an accretion peak of +30 m/year in the same place. In addition, a significant
accretion was visible south of Kribi city, with about +15 m/year. Between the PAK and
Lolabé village, an accretion of more than 15 m/year was measured, corresponding to the
coastal dyke protecting the seaport. This zone constitutes a place for the accumulation of
the sediments trapped by the aforementioned dyke. Conclusively, the Kribian coastline
evolved in a saw-toothed manner between 2015 and 2020. The sections of erosion succeed
those of accretion and stability. This is due to the very nature of the Kribi coastline, which
alternates between soft and rocky coasts.

These results obtained from Landsat images with a 30 m resolution show the effective-
ness of coastal erosion on the Kribian coastline, with an average retreat of −1.3 m/year and
an average accretion of +0.9 m/year between 1973 and 2020. These retreat and accretion
values (+1.3 m/year and +0.9 m/year) obtained from the Landsat images’ processing are
reliable insofar as they are above the total error value which is +0.65 (Table 3). A previous
study [11] has used the same methods. Globally, 72.32% of the coastline remained stable,
+1.3% is experiencing accretion, and −26.33% is experiencing erosion. However, the spatial
resolution of the Landsat images is low; for this reason, we used very high-resolution
images (the Pleiades and Google Earth) to refine these results. Given that these images
are not available for the entire Kribi coastline, these in-depth analyses will focus on the
northern and southern parts of the Kribi seaport.

4.1.2. Modeling of Small-Scale Coastal Erosion in Kribi, Using Pleiades Images and Google
Earth Aerial Photos

Pleiades images and Google Earth aerial photos with a 0.5 m resolution have made it
possible to refine the mapping of coastal erosion on the Kribi coast, specifically in the areas
upstream and downstream of the PAK.
Coastline Dynamics in EPR (m/year) from Google Earth Aerial Photos (2015) and Pleiades Images
(2013–2016, i.e., 3 Years)

This small-scale and very high-resolution processing confirms the ongoing erosion
of the Kribi coast, previously highlighted by Landsat images. Between 2013 and 2016, the
pockets of erosion remained concentrated in the southern part of the PAK and its northern
end, towards the Lobé falls. Accreting and stable sections dominate the northern part of the
PAK and a weak southern part. Overall, 61% of the linear data are experiencing accretion,
28% are experiencing erosion, and only 11% is stable (Figure 17).

In this three-year period, the erosion peak was about 6 km north of the PAK site, with
a decline of −25 m/year. The average decline was estimated at ±4 m/year over the entire
area, with an accretion rate of +3.16 m/year. In terms of accretion, the peak was south of
the Lolabé village, with a value of about +17 m/year.

Thus, coastal erosion is active on the Kribi coast. It has intensified since the imple-
mentation of the Kribi industrial-port complex (CIPK) project, of which the PAK is a major
component. High-spatial resolution mapping has made it possible to better visualize this
erosion and to correct as much as possible the imperfections of the mapping carried out
with low-resolution Landsat images.
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Figure 17. Coastline dynamics in Kribi between 2013 and 2016, obtained with DSAS from linear
extracts of Pleiades images. Coastlines were divided into 463 transects separated by 50 m each; on
the left, there is a cartographic representation, and a graphic representation is on the right, with the
number of transects on the ordinate and the EPR in m/year on the abscissa.

Coastline Dynamics in EPR (m/year) from Google Earth Image (2017) and Pleiades Images
(2016–2019, i.e.)

This temporal space, which saw the entry into the function of the PAK, is marked by a
stabilization of the coastline in the southern part of the PAK, and an accentuation of coastal
erosion in the northern part. From north to south, erosion is present but at a low rate of
retreat. The accretion situations are isolated. They are located to the north before the Lobé
falls and to the south around Lolabé and Lohendje. On the other hand, the stable zones are
dominant (Figure 18). The output image shows that more than 71% of the Kribian coastline
is stable, 25% is experiencing erosion, and only 4% is experiencing accretion.
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Figure 18. Coastline dynamics in Kribi between 2016 and 2019 from Pleiades images (2016–2019) and
a Google Earth aerial photo (2017) (the Southern part corresponds to transect 1).

From south to north, the greatest decline was estimated at −35 m/year and −75 m/year
south of Lohendje village. An average retreat of −13.8 m/year was calculated for this
period with an accretion rate of +11 m/an. To the south and north of Lolabé, the regression
reaches −70 m/year and −45 m/year, respectively. This area corresponds to the first PAK
extension site currently being developed. Close to the current site of the PAK, the erosion
of a small spatial extent was evaluated at −10 m/year. This also corresponds to the site
being developed for the phase two extension of the Kribi seaport. In the South of Nlendé
Dibé, the decline is estimated at −10 m/year.

The accretion peak is located in the northern part of Nlendé Dibé village, just before the
Lobé falls, with a record value of around +80 m/year. Such accretion is due to the presence
of a small spit that has trapped sediments in transit towards the north. The Boussibélika
village is experiencing a +10 m/year accretion corresponding to the accumulation site
of rock fragments and other sediments linked to the development of the current PAK
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since 2007. The southern part of the PAK site also presents an accretion of +15 m/year
downstream of the protection dyke and this can be explained by the deposit of sediments
trapped by the protection of the PAK.

Based on very high-resolution images, between 2013 and 2019, the average retreat of
the Kribian coastline is −8.5 m/year, and the average accretion is about 7 m/year. However,
there is a wide disparity in terms of recession and accretion. The Landsat images, due to
their spatial resolution, tend to minimize the values of recession and accretion although the
spatial repair of accretion, erosion, and stability areas are almost similar between the two
data sources.

For the entire coastline, three main areas present worrying levels of erosion and require
priority intervention due to anthropogenic forcings.

• Londji beach, because of coastal tourism and a high human population density up
to the seafront, which is itself reduced, thereby implying a great exposure to human,
societal, economic, and environmental issues.

• The Kribi Plaza bridge facing the Kribi Bilingual High School, where erosion is linked
to high-density housing and equipment (high school) as well as infrastructure (national
road N◦7). With a poor management system, the collapse of the national N◦7 will
impact the mobility of goods and people.

• Bongadoué and Tara Beach are areas with extensive hotel facilities and an uncontrolled
exploitation of sand.

4.2. Sustainable Management of Coastal Erosion on the Kribi Coast: Current Status and Prospects

The coastal erosion data show the weakening of the Kribian coastline since the con-
struction and implementation of the Kribi Sea Port. The observations made raise the
problems of the sustainable management of the coastal space for which there have been
various initiatives taken by different actors to mitigate or solve this worrying situation.

4.2.1. Current Status of Coastal Erosion Management on the Kribi Coastline

The Cameroonian government, non-governmental organizations (NGOs), and local
populations have taken initiatives to combat coastal erosion on the Kribi coast.
Measures Undertaken by the State: Construction of Buildings to Protect Against Coastal Erosion
in Kribi

Sustainably managing natural risks in Kribi city certainly entails considering measures
likely to curb their harmful effects. These measures range from tested and approved
accommodations to the operationalization of existing laws in the field. In 2012, a dyke was
built to protect the Lobé Falls against coastal erosion (Figure 19). Indeed, the erosion at
the level of the soft shore of the Lobé falls originates from the upwelling of sea currents
resulting from the construction of the PAK. This initiative was salutary although limited
given the interest in the Lobé Waterfalls coveted by UNESCO as a World Heritage site.

Figure 19. Construction of a protective dyke at the Lobé waterfalls in Kribi. (Credit: Mbevo, 2017;
Tchindjang, 2013).
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Unfortunately, the dyke did not resist erosion by upwelling currents. The dyke was
dismantled in 2017 by the phenomenon it was supposed to fight against. Such a situation
raised a question: why do protective measures and structures that are so expensive have
such a short lifespan in Cameroon?
Pursue the Ngoye-Kribi Beach Development and Electrification Project

Kribi would benefit from promoting the sustainable city initiative. Tourist develop-
ment will simultaneously preserve the natural assets of this city while promoting economic
profitability. It could also increase the competitiveness of the tourism sector (seaside) in
Cameroon through international-type attractions, which are very popular with Western
tourists. In order to preserve the environment and the rights of local populations, a Re-
gional Environmental assessment (REA) was developed in 2008 by Royal Haskoning and
the Environmental and Social Impact Assessment (ESIA). Many more projects were realized
later (between 2012 and 2016).
Local Response Strategies

The local populations of the Kribi coast, faced with the aggressive nature of the sea,
have taken action to deal with the phenomenon. These initiatives, far from being the most
appropriate and effective, at least make it possible to maintain security around their wealth
and assets. They can be summarized by the arrangement of a stony cordon (Figure 20).

Figure 20. Coastal Erosion at work on the Kribi coastline and ineffective local response measures
(Source: CUK 2015).

Non-Governmental Organizations (NGOs) Measures
In the Kribi-Campo area, the Organization for the Environment and Sustainable Devel-

opment (OPED), funded by the African Development Bank (AfDB), has conducted studies
on reducing the rate of mangrove degradation by improving fish-smoking technologies.
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This action led to a reduction of around 60% of cut mangrove wood, with the construction
of 185 improved smokehouses [33]. In the Rio Ntem estuary (South Cameroon), the FAO
launched a project called “sustainable community management and conservation of man-
grove ecosystems”. This project has allowed for the reforestation of more than 1000 hectares
of mangroves. Overall, these initiatives seem to be ineffective, hence the need to consider
other more appropriate measures capable of significantly reducing the harmful impacts of
coastal erosion on the Kribi coast.

4.2.2. What Measures Should Be Considered on the Coastline?

The Study Mission for Ocean Planning (MEAO) organized a brainstorming work-
shop on sustainable coastal erosion management strategies in Kribi, bringing together
Cameroonian experts in the field, and the following measures have been adopted.

• Limit the sand extraction from the beach. For this measure, it is necessary (i) to
sensitize the mining actors and the consumers of sand with respect to the question of
coastal erosion (its harmful effects); (ii) and to inform such actors and consumers of the
nature of the sea sand, which is not suitable for construction. This sensitization needs
to be accompanied by alternative activities, either through association or through
technical, financial, and material support.

• Promote a policy on the regeneration of coastal mangroves. There is already an
experimental phase in Londji and Ebodje that has succeeded. It would be interesting
to replicate it elsewhere in a participatory and integrated grassroots approach. Such
an approach seems appropriate for areas of low vulnerability.

• Execute the territorial restructuring and relocation of populations occupying the seafront.
• Implement the rockfill approach, which requires the availability of supply points for

rock material. This will promote the establishment of sediment accumulation zones.

5. Discussion

5.1. Coastline Dynamic

Finally, it should be noted that the recoil values put forward in this work remain to be
put into perspective. The coastline extraction, which was based on a semi-automatic and
manual method, based on Landsat images, took wet sand as the limit [66]. That assumes
that the action of the tide constantly influences the coastal line. Consequently, to obtain a
more plausible idea, the use of Pleiades images with a finer spatial resolution was beneficial,
as confirmed by a recent report [69].

In Kribi, in addition to the results of the 2007 research [8], the measurements from
studies commissioned by the PAK [70] also show very strong coastal dynamics, with
migrations of the coastline of the order of several tens of meters (10–30 m on average) in
5–7 years (2003–2010), with accretion dominating the period from 2003–2010 and erosion
dominating the period from 2010–2015/16. These studies, based on the analysis of Quicbird,
Ikonos, Worldview, and GeoEye images (0.35 to 1 m spatial resolution), confirm our
observations between 2003 and 2010. These erosions lead to significant sedimentary
reworking, which can rapidly remodel (in less than 5 years) sandy forms in the estuaries.

In some African coastal countries, there are works dealing with the kinematics of the
cost but performed with field measurements or at least low-resolution images.

Thus, in the southwest of the Ivory Coast, the coastal perimeter of San-Pédro and the
beach segment of Assouindé Valtour are experiencing critical natural regressive evolutions
of the shoreline and are subject to the impact of developments. Thus, they were subjected
to a morpho-sedimentary study [71]. The assessment of the morpho-dynamic follow-up
in the medium and long term (2008–2012 and 1985–2012) showed an estimated decline of
0.5–1 m/year over the long term and more than 4 m/year over the short term. The same
phenomenon was observed in Senegal at the De Guédiawaye and Malika beaches in 2021,
with an estimate of −0.15 m/year from 1942 to 2011 from Landsat images using DSAS [72].

Aerial photos (1979–1989) and field data (2007–2009) also show that the rate of erosion
of the bay of Port-Bouet and the beaches of Assinie, which generally does not exceed
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1.5 m/year [73], is exacerbated for short periods by violent swells that originate in the
South Atlantic Ocean (2.3–18 m in a tidal cycle). In Mauritania, the coastline varied from
−20.91 m/year to 22.95 m/year between 1978–1988 and 1988–1999 according to Landsat
image processing [74].

In Libreville, the measurement of erosion phenomena on the northern coast and the
monitoring of the morpho-sedimentary dynamics of intertidal sandy beaches has been
the subject of a thesis carried out with in situ measurements [75]. The results show that
between 1977 and 2013, the shoreline motion reveals variation rates from −2.07 m/year to
+1.78 m/year. These rates correspond to 83% eroded beaches against 17% that are accreted.
The results show declines between −2 and −12 m between 2012 and 2015, evidence of
accelerated erosion due to anthropogenic forcing over short periods, as in San Pedro
and Kribi.

Other authors [76] have analyzed the evolution of the Kribi shoreline and have been
able to establish that this coastline is undergoing undeniable changes due to the phenomena
of the fattening and thinning of the beach. This dynamic is manifested by changes in the
coastal morphology, with the main consequence being “the shrinking of tourist recreational
areas and the erosion of the coconut grove at the top of the beach”. The rate of erosion at
these locations is estimated at 13.9 cm per year. The average displacement of the shoreline
over all the zones is around 17 cm/year on the Kribi shore.

Unlike the Wouri estuary, which has benefited from earlier more detailed work, the
Kribi coastline has not yet been the subject of an in-depth study on coastal erosion. There-
fore, the results provided by this study constitute the current basis for observing erosion on
this coastal strip in the midst of spatial change.

The erosion phenomenon on the Cameroonian coast can be explained by several factors.
Each section of the coastline has its explanatory factors. Indeed, the hydro-sedimentary
transit is disturbed by human installations and some physical parameters. The findings
that emerge from the previous analyses concern the distribution of erosion on almost the
entire Kribi coastline in 2020, although the rate of decline is low. Field observations made
in 2014, 2015, and very recently in May 2019 during the internship carried out at the Study
Mission for Ocean Planning (MEAO)—the testimony of people who have lived for a long
time in the intertidal space—further support these findings.

5.2. The Construction of Kribi Sea Port (PAK) and the Rise of Coastal Erosion

The Kribi Sea Port (PAK) project consists of the development of an Industrial-Port
complex in Kribi (CIPK), including the construction of a seaport, the fitting out and devel-
opment of industrial and logistics areas, and the new town, which could house more than
100,000 people when the commercial port has reached full activity. In this gigantic project,
the portion of coastal land to be stripped is 26,000 ha. Similarly, the previous channel,
which was 600 m long and 200 m wide with a coast 15 m deep, experienced an extension
of the south dyke to the north with new characteristics: it was 1200 m long, 200 m wide,
and 15 m deep, while maintaining the same orientation of 125◦ at the entrance and 305◦
at the exit [54]. In addition to this, the construction of the main protective dyke with a
length of 1850 m constitutes a real sediment trap and is therefore an amplifying factor of
coastal erosion.

The building of this dyke thus influences sediment transit. Indeed, the sediments
mobilized by the coastal drift (in a south–north orientation) are trapped downstream of
the PAK by its dyke. The visualization of aerial photos posted on Google Earth makes it
possible to observe the phenomenon described (Figure 21).
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Figure 21. Google Earth aerial photo of the PAK in 2017 showing fattening south of the port and
thinning to the north, where the beach has disappeared, and the forest has begun to be attacked
by waves at high tide. The littoral drift runs from south to north and is interrupted by the dyke,
generating this situation.

Finally, the construction of the port of Kribi also generated changes in land use.
Two Landsat images from 2004 and 2020 reflecting the state of the environment and the
territorial dynamics induced by the construction of the PAK (Figure 22) have been shown.
The destruction of the vegetation cover that serves as a natural barrier weakens the coastline
and exposes it to coastal erosion.

Figure 22. Landsat satellite images from 2004 on the left and from 2020 on the right show the
deforestation induced by the construction of the PAK on the Kribi coastal environment.
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5.3. Sand Mining and Coastal Erosion

Despite the denunciations and catastrophic situations observed in the Caribbean [77];
in West Africa in Togo [13,78], Sierra Leone [79], and Senegal [80]; and in Central Africa/
Cameroon [81,82], the extraction of sea sand continues to weigh on African and Cameroo-
nian beaches in particular. The extraction of sand induces a thinning of the beaches, a
deepening of the water column, and therefore the greater erosive action of the waves.
This is the case on the Kribi coasts where the exploitation of sand beaches for economic
purposes (Figure 23) contributes to the aggravation of erosion despite the prohibition of
this activity [8,80].

Even if the erosion of the Cameroonian shore is largely due to the activities of the
PAK, elsewhere in Senegal, on the other hand, the observations made in situ in recent years
(1990–2003) by the owners of tourist camps show a withdrawal of the line of coast of the
order of 15 m/year [83] (linked to sand mining), which was calculated in relation to the
property limits or the position of the well. The establishment of sand mining at Pointe
Sarène beach has therefore significantly modified the sediment balance of the area, causing
an increase in erosion throughout the sector.

Figure 23. Artisanal and industrial sand extraction on the Kribi coast. (Credit: Mbevo, May
2019, Tchindjang, March 2013). This photo board confirms the significant extraction of sand on
the Kribi coast.

5.4. Deforestation and Coastal Erosion

Traditionally, it is thought that only mangroves protect these coasts [84,85]. However,
the coastal forest also plays a decisive role [86,87]. On the Kribian coast, the reduction of
small pockets of mangroves on the littoral zone has affected the stabilization of this zone.
Similarly, the destruction of the littoral forest, linked to development projects, significantly
exposes the Kribi littoral zone to erosion. This is particularly well demonstrated on the
first site chosen for the establishment of the Douala Sea Port, where complete deforestation
was carried out. Significant erosion is underway at this site. At the current site of the
Kribi Sea Port, despite the construction of a dyke, erosion is still locally threatening. These
inappropriate human interventions currently constitute a worrying and significant threat
to the environment [82,88].
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5.5. Urbanization, Population Growth, and Coastal Erosion

Kribi city is experiencing significant spatial and demographic growth, which impacts
the dynamics of the environment. The high demand for housing leads to the extraction of
sand, while the supply of river sediment is low on this coastal portion. This removal of
sand from the beaches will induce an increase in their slope and therefore an increase in
the erosive action of the waves during breaking, which leads to a reduction in the beaches’
area. This is amplified by the construction on the beach; the erosion by the waves increases,
and the sediment transit between the back beach and the beach is reduced. Authors
documenting the coast of Algiers [89,90] also mention that erosion related to urbanization
will have consequences on the retreat of the coastline.

5.6. Hotel Activity Impact on the Sea and Coastal Erosion

Douala Metropolis, the largest coastal city in Cameroon, is experiencing accelerated
urbanization. As Kribi (a medium-sized city) is concerned, its spatial extension has been
developed to the detriment of the mangroves and another Atlantic Forest that constitutes a
form of natural protection against erosion [91]. This urban development correlates with
tourist activity, which is booming in this area as evidenced by the arrival of many national
and international tourists. The walls and dams built to protect hotels—far from stopping
it—accentuate erosion [85]. This situation will be amplified with the implementation of
the project to electrify and develop Ngoye beach for tourist purposes [86]. Moreover, Kribi
already occupies the second place on the chessboard regarding the stay of the customers [92].
The Lobé falls are the main point of attraction [93].

Hotel activities also lead to strong land speculation on the Kribi coast. Such a situation
explains why the land belonging to the private domain of the state is sold and transformed
into a hotel establishment. Foundation pillars can be observed hugging the shore and
disturbing the hydro-sedimentary dynamics in situ (Figure 24).

Figure 24. Land pressure on the coast in Kribi. The photo on the left shows the foundation of a private
hotel in Kribi, directly built on the coastline (titled land—feet in the water—for sale). The photo on
the right was taken −10 m from the shoreline. Indeed, since the entry into office of the PAK, there
has been a major land race in this city, which has become the new growth pole of Cameroon. Land
sales are multiplying, even in the private domain of the state, and advertisements are multiplying on
the internet. The 2008 state law prohibiting the occupation of land 50 m from the coastline has thus
been flouted.

5.7. Changes in Fluvial Inputs and Coastal Erosion

As said before, The Ntem is the largest river on the Kribian coast. Its watershed is
31,000 km2 wide and 460 km long. It has a relatively low sediment transport (10.6 t/km2)
because its watershed is covered by forest [44,94–96]. The construction of the Memve’ele
dam (2◦24′09” N, 10◦23′37” E) on the Ntem has a significant impact on the Kribi coast. This
building traps a significant part of the sediment transport of this river, thereby reducing
its sediment supply to the coast. This is the main explanatory factor. In addition, recent
climate changes that have impacted the Sanaga River must also play a role and participate
in the reduction of inputs on the coast.
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5.8. Climate Change and Coastal Erosion

In both developed and developing countries, climate change is having an impact on
coastal erosion [97]. Sea level rise, increased swell speeds, and rising sea surface temper-
atures are all climate drivers that exacerbate coastal erosion [98,99]. In Kribi, the relative
effects of climate change are exacerbated by anthropogenic forcings because the climate
seems more stable in Kribi than in Douala or the West Cameroonian coast (i.e., Limbe, Ide-
nau, and Debunscha). In certain regions of the world, a radical change in the morphology
of coastlines has been underlined by some authors [100].

6. Conclusions

The analysis and description of the physical framework in order to assess the coastal
kinematics or even the weakening of the Kribi coast between 1973 and 2020 were the
objectives of this work. The evaluation of the dynamics of the coastline was performed with
Landsat images over three periods: 1973–2000, 2000–2015, and 2015–2020. Regarding the
Pleiades images, two three-year periods, namely, 2013–2016 and 2016–2019, were analyzed
using geostatistical methods implemented by the Digital Shoreline Analysis System (DSAS)
software. The results obtained show an increase in time and space of the eroding areas on
the Kribi coast. The period from 1973–2000 shows the clear stability of the coastline, with
an average accretion rate of +0.4 m/year. The period from 2000–2015, which corresponds
to the construction period of the Kribi Sea Port, coincided with limited erosion, with an
average decline of −0.9 m/year. Finally, the period from 2015–2020, which marks the entry
into service of the seaport, is also the period when erosion increased considerably, i.e., at an
average decline of −2 m/year. The explanatory factors are linked—to the greatest extent
possible—to marine weather forcings and to anthropogenic forcings, which appear to be
more significant. Therefore, everything suggests that the installation of seaport equipment
in Kribi constitutes the amplificatory element of coastal erosion in the area. As in most coasts
in the Gulf of Guinea, unsuitable human interventions constitute internal weakening factors.
Global climate change is not an exception. The kinematics dynamic that has been analyzed
is influenced by the combined effects of the natural forcings and anthropogenic factors
mainly linked to the Kribi seaport’s establishment (constituting great human influences on
coastal processes) on the studied area. Finally, an improved knowledge of coastal dynamics
provides policy makers with tools for integrated coastal management.
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Abstract: A methodology for monitoring the behaviour and size of sand after a beach nourishment
process is presented herein. Four sampling campaigns (before and just after the nourishment, after
six months and one year later) were performed on four beaches of the Gulf of Cadiz (Spain). D50 and
sorting size parameters were analysed. Among the results, it should be noted that differences of up
to 20% between native and nourished sand values disappear only one year after the nourishment.

Keywords: beach nourishment; coastal zone management; beach erosion

1. Introduction

Beach nourishment is a common process conducted when the coastline is being sub-
jected to erosion because of natural or anthropogenic causes, as it replaces sediments within
a littoral system and allows natural forces to continue their operation [1,2]. This process
involves the placement of large volumes of sand along the beach profile [3]. Nourish-
ments are also often associated with exposed coasts with intensive levels of development
or great recreational value [4]. Due to their response to different forms of energy, such
as wind, storms, waves, or modifications of the sea level, beaches are undergo a flux of
erosion-accretion [5]. This is not different in the Gulf of Cadiz zone, where this study
was centred. For example, during the 2000s, more than 47 restoration operations were
carried out on several beaches in the area [6,7]. The importance of the nourishments is
rising, mostly because of the growth of the population living in coastal areas, which is
increasing the budget destined to these proceedings [8]. For example, in the U.S., 53% of the
population live in coastal states (having increased by 33 million between 1980–2003). In fact,
houses built in non-nourishing zones tend to be significantly smaller than those located in
nourishing zones [9]. In areas where there is potential for tourist or urban development
and erosion problems are detected, scientifically based engineering solutions are expected
to control or mitigate these phenomena [10]. Additionally, a great number of residents of
coastal areas are aware of coastal erosion/beach loss, which is important to raise a better
understanding of coastal risks and hazards [11]. On the contrary, some studies have even
suggested that beach nourishment and other hazard mitigation measures could encourage
coastal development, thus increasing risk [12].

Although the effects of erosion in populated areas present a major problem, it is worth
noting that these nourishments are not only performed on urban beaches, but also in
places where there is a lower economic impact but a significant ecological value (for more
information about these processes, see nourishments of that kind in [13]). Additionally,
there have been reports suggesting that not every nourishment has a positive environmental
effect if performed incorrectly, or in the wrong place. For instance, the formation of rip
currents attributable to sandbars caused by the modification of the original state of the
beach have been described [14]. The addition of new sediment to beaches requires a sound
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understanding of form–process continuums in order to achieve the desired response of
morphodynamic systems [15]. Moreover, as nourished sand does not last forever, the
periodicity of maintenance work must be established or at least foreseen. That is why the
Shore Protection Manual [16] featured in 1984 the James’ renourishment factor (RJ) [17]
is trying to answer the basic question of how often renourishment is required when the
borrow source is different from the native beach sand. Unfortunately, due to the lack of
accuracy in the prediction, this abacus was removed from the new version, the Coastal
Engineering Manual [18]. Thus, afterwards, new attempts to address the problem have
been presented by other researchers, e.g., [19,20]. Moreover, some statistical studies have
been performed where renourishment rates for U.S. projects are typically in the range of
5% per year (or less) of the initial nourishment volume [21].

Due to these maintenance cost and safety problems, it is important to investigate the
evolution over time of the borrow sand dumped on the beach. A crucial question appears:
is it possible that the granulometric characteristics of the borrow sand evolve towards the
original ones of the native sand and, if so, when?

Thus, the objective of this study was to analyse the behaviour of the sand after beach
nourishment. A methodology to study the evolution of the two most representative values,
D50 (mean diameter of the grain) and sorting (standard deviation with respect to the mean
grain), generalisable to any other site, was applied.

2. Study Area

Samples were taken from four beaches located in the Gulf of Cadiz: Santa María del
Mar (SMM), Victoria (VB), Camposoto (CB), and La Barrosa (BB) (Figure 1). SMM has the
particularity that it is embedded between two lateral groynes that confine it.

 

Figure 1. Location of the study area (A), the four beaches analysed in the Gulf of Cadiz and the wave
buoy (B).

An aerial view of these four beaches and their monitored profiles, as well as an
indicative wave rose diagram, is shown in Figure 2.

SMM (Figure 2A) is a pocket beach enclosed between two groynes [22]: the northern
one has dimensions of about 240 linear metres, while the southern is about 212 linear
metres long. The length of the beach measured between the starting points of the two
groynes is 600 m and about 400 m between the heads. It is influenced by rip currents and
undertows, corresponding to the characteristic outflow pulses of the incoming water mass.
This phenomenon causes a loss of sand that is impossible to recover, due to the bathymetric
conditions consisting of the existence of a small rocky step [23].
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Figure 2. Location of the profiles monitored in the four different beaches: SMM (A), Victoria (B),
Camposoto (C), and Barrosa (D). A wind rose diagram (E) is also presented. The orientation of the
beaches is approximately NNW in all of them.

Victoria Beach (Figure 2B) is a three-km-long beach located, like SMM, in the city
of Cadiz. Some submerged rocky shoals in front of its shoreline furnish it with a certain
amount of heterogeneity [24].

Camposoto Beach (Figure 2C) is located in the south, also facing the Atlantic Ocean,
in a littoral spit which consists of quartz-rich sand beaches, dune ridges (locally showing
washover fans), and salt marshes [25].

Barrosa Beach (Figure 2D) is the southernmost beach in this study, with a general
northwest/southeast orientation. Its total length is 3 km and it has both a promenade with
a high urban development (northward) and a dune ridge with lower human occupation
(southward) [26]. Nourishment was performed in the urbanised northern sector.

Victoria and Camposoto are part of the same physiographic unit. They are also large
beaches that naturally recover most of the sediment. Therefore, annual nourishments for
tourist purposes are not necessary.

On the other hand, Santa María and Barrosa are urban beaches with larger sand
grain sizes and, subsequently, a shorter intertidal zone. Anthropic actions like scrapping
accelerate the natural process of recovery in those beaches.

Climate and Morphologic Characteristics

The climate in the study area is Mediterranean, with a regime of sea surface temper-
atures of a semi-warm subtropical type (mean value of 16.6 ◦C) [27]. Rains are within a
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Humid Mediterranean regime, with October/November and March/April being the most
intense months, but not surpassing 600 mm of water annually [28].

Wave regimes in the area are highly seasonally dependent, with a mean significant
height (Hs) of 0.84 m and a mean period (Tz) of 7 s [29]. Sea waves are responsible for
28.5% of the wave energy while swell waves comprise remaining 71.5% [30,31]. For a more
detailed description of the wave data, www.puertos.es (15 August 2021) can be consulted.
The position of the local buoy (6.33◦ W, 36.50◦ N) is located in Figure 1.

Wave runup is important to coastal managers, nearshore oceanographers, and coastal
engineers because it delivers much of the energy responsible for beach erosion [32,33].

The tidal range has a mean amplitude of 2.2 m (meso-tidal) [30,31], with the highest
amplitude being of about 4 m. The effect of wind and atmospheric pressure on sea
level variations is not negligible on this stretch of coast [34]. The sand from the four
beaches studied here consists of fine-medium sediment. The average D50 is about 0.25 mm,
consisting of 90–95% quartz and 5–10% bioclasts [35].

For a proper comprehension, visual data of Hs, peak period (Tp), and wave direction
are shown in Figure 3.

Figure 3. Wave data during the monitoring time between March 2015 and June 2016: Hs (in meters,
(top)), Tp (in seconds, (centre)), and wave direction (being 0◦ and 360◦ in the north, 90◦ in the east,
180◦ in the south, and 270◦ in the west, (bottom)). The survey dates used in the analysis are marked
vertically. Source: own elaboration with data from the Spanish port administration www.puertos.es
(15 August 2021).
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3. Materials and Methods

This analysis was carried out with samples taken from the SMM, Victoria, Camposoto,
and Barrosa beaches during the 2015–2016 period. Dredging and beach nourishment works
began and were finished in May–June 2015. A sampling of sand before nourishment, at
the end of April, was performed to determine the natural configuration of every beach
and, therefore, its native sand parameters. Afterward, three additional samplings of sand
were performed semi-annually after the nourishment to monitor their evolution. D50 was
measured in mm, while sorting was calculated in phi units, a logarithmic scale, following
the research of Damveld et al. [36]. The dates of these four campaigns are shown in Table 1.

Table 1. Dates of the monitoring campaigns when samples were taken.

State Date

Native April 2015
Just after nourishment May–June 2015

six months later November–December 2015
one year later May–June 2016

This section is separated in two parts: first, a description of how these samples were
taken from the beaches, and after that the procedure followed at the laboratory.

3.1. Beach Sand Sampling

Samples were taken from a profile located at the centre of each beach. These profiles,
as shown in Figure 2, are perpendicular to the coastline.

Sampling was carried out for four different levels in each transverse profile (Figure 4).
The elevations of these levels were: −1 m (submerged), 0 m (the Lowest Low Water Level,
LLWL or datum), 2 m (intertidal zone), and 4 m (over Highest High Water Level, HHWL
or dry beach).

 

Figure 4. Different levels surveyed in each beach profile.

Once these profiles were defined, the next step involved taking the samples following
the procedure of [37], established according to the recommendations proposed in [38].

Subsequently, the process of extracting the sand from the different points (carried out
manually) began. This whole procedure is shown in Figure 5, offering a visual description
of the different steps of the sampling at the different levels (Figure 5A).

The first step involved the elimination of a first layer, the most superficial one where
bioclasts (pieces of shells) were found (Figure 5B). Then, a 20 × 20-centimetre square was
made (Figure 5C). Excavation began with a small shovel to a depth of 20 centimetres to
collect the sand taken in a small mound (Figure 5D). Next, one part of that (about 300 g)
collected sand was deposited in small plastic bags (Figure 5E). Finally, the identifying data
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(place and date) of each of the points sampled was labelled on each of the plastic bags
using a permanent ink marker (Figure 5F)

A Van Veen grab can typically be used to collect submerged samples by throwing it
into the sea at a depth of −1 m. Sand accumulates inside it, and the rope is later hoisted to
lift the bucket. This procedure can also be done by hand if the conditions are favourable,
i.e., at a shallow depth (~1 m) and under slow-current conditions. In our case, samples
were collected directly by hand, because fines tend to escape from the Van Veen grab.

 

Figure 5. Methodology proposed by [37] for beach sand sampling. (A): profile with different levels;
(B): elimination of the first layer because of bioclasts; (C): drawing of the 20 cm square for extraction;
(D): excavation and production of a pile adjacent to the sampling pit; (E): mixing and sampling;
(F): labelling.

3.2. Laboratory Analysis

Grain size is one of the most important sediment particle properties. Sieve analysis
is known to be an essential technique for classifying materials and sedimentary environ-
ments. It is, therefore, a widely used method in fields such as marine geology or coastal
engineering [39].

Grain size is related to the tendency of the sediments to remain in suspension [40].
That is, the greater the D50, the more difficult its removal is. In this case, the labora-
tory procedures for the granulometry and statistical studies followed the methodologies
of [37,39].
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According to the usual requirements of the Spanish Coastal Department, the sieves
used in the laboratory had the following mesh openings:

• 2 mm
• 1 mm
• 500 μm
• 355 μm
• 250 μm
• 125 μm
• 75 μm

The process was the identical for every sample:
The sample (about 100 gr) was placed on top of the sieve column (i.e., the 2 mm mesh)

and, for the filtration process, we placed the sieves into a machine which shook them for
10 min. The fractions for each mash were determined by weighting with a digital scale
which was accurate to within 0.1 gr. Two different 100 g samples from each bag were tested
and the rest reserved. The differences found were never greater than 0.1 gr (0.1%).

Subsequently, the results were analysed with specific software (Gradistat, a Microsoft
Excel add-on [41], was used here).

4. Results and Discussion

4.1. D50

The D50 data results were compiled for each of the beaches (see Table 2). To facilitate
the observation of temporal patterns, these data are also plotted in Figure 6. Moreover,
total variations in D50 (between the sand one year later and the native sand) were also
compiled and a percentage difference (Dif %) was calculated according to Equation (1) and
shown in Table 3 to facilitate the understanding of the sediment’s size evolution.

Di f % =
D50Native − D50Final

D50Native
∗ 100 (1)

Table 2. Values of D50 at SMM, VB, CB, and BB for each monitoring campaign.

D50 (mm) in Each Zone

Beach Time Submerged LLWL Intertidal HHWL

Santa Maria
(SMM)

Native (N) 0.2 0.18 0.18 0.23
After nourishment (AN) 0.21 0.21 0.25 0.27

six months later (6M) 0.27 0.28 0.29 0.23
one year later 0.2 0.2 0.2 0.23

Victoria (VB)

Native 0.16 0.18 0.28 0.26
After nourishment 0.25 0.22 0.24 0.24

six months later 0.3 0.28 0.29 0.21
one year later 0.21 0.2 0.28 0.26

Camposoto
(CB)

Native 0.18 0.22 0.24 0.23
After nourishment 0.33 0.28 0.28 0.24

six months later 0.34 0.32 0.33 0.22
one year later 0.21 0.22 0.24 0.23

Barrosa (BB)

Native 0.23 0.26 0.38 0.21
After nourishment 0.27 0.25 0.33 0.24

six months later 0.32 0.31 0.33 0.21
one year later 0.22 0.26 0.34 0.21

Evolution of D50 values during the different stages of the study:
In general, sands of medium-fine size with a characteristic golden colour and with

little variability along the entire beach were observed [42]. However, Figure 6 shows D50
values equal to or greater than native sand after the nourishment of the beach. Values
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between 0.25 and 0.30 mm were maintained in all the analysis, with this being of vital
importance for the stability of the beach. This larger size resulted from the larger grain size
of the sand used for nourishment relative to the native sand (see the D50 values reached
just after nourishment in Table 2). For instance, we can see how the grain size of the native
sand was less than that of the borrowed sand at SMM. The largest D50 values within the
nourished sand were found in the upper area of the beach, given that sand was dumped
almost entirely in the upper area of the beach due to the pumping system, to reach a settling
of the sand [43] as shown in Figure 7.

 

Figure 6. Results of D50 (in mm) obtained at the four beaches (Santa Maria del Mar, Victoria,
Camposoto, and Barrosa) during one year of monitoring.

Table 3. Total variation of D50 (between native sand and nourished sand after one year) at SMM, VB,
CB, and BB at the different levels of the profile (Submerged, LLWL, Intertidal, and HHWL).

Total Variation in mm and Dif% of D50 in Each Zone

Beach Submerged LLWL Intertidal HHWL

Variation (in mm
and in %)

Santa María
0.00 mm −0.02 mm −0.02 mm 0.00 mm

0.00% −10.10% −10.10% 0.00%

Victoria
−0.05 mm −0.02 mm 0.00 mm 0.00 mm
−31.30% −10.10% 0.00% 0.00%

Camposoto −0.03 mm 0.00 mm 0.00 mm 0.00 mm
−16.70% 0.00%) 0.00% 0.00%

Barrosa
0.01 mm 0.00 mm 0.04 mm 0.00 mm

4.30% 0.00% 10.50% 0.00%

150



Land 2021, 10, 914

 

Figure 7. Sand pumping system in a photo (A) and schematised diagram (B). The pipe is brought
to the beach and placed within an artificial ridge. This pipe releases a mixture of sand and water
(approximately in a 1/5 proportion) that, thanks to the ridge, settles most of the sediment before
reaching the shore.

To understand the behaviour over time of the data shown in Figure 6, it is worth
noting that the erosion season (sea waves) ends by May while the sand accretion season
(swell waves) lasts until October (see Hs in Figure 3). Summer conditions or a warm
climatic season started just after nourishment helping to maintain this structure of the
profile. Thus, the migration of fines from the submerged to the emerged zone explains why
the D50 values decreased slightly during the months immediately after nourishment on the
emerged beach but increased on the submerged beach (Figure 6). This is consistent with
the variable morphological impacts (depending on the forcing factors, such as storm surge
intensity, magnitude, and duration) observed by other authors such as Monteruil et al. [44].
Reeve and Spevack [45] also stated that storm events can lead to large but often transient
deformations of the beach, with the effects being smoothed over a period of months.

In the transit between both moments, i.e., six months after the nourishment, great
differences (up to 0.07 mm) could be observed between the different points (levels) of the
profile: the D50 decreased in HHWL (e.g., from 0.27 to 0.23 in SMM) while D50 increased in
the rest of the profile (e.g., D50 increased by 20% in the submerged zone in VB, Table 3).
This change is produced by the summer waves (swell) that the beach receives during this
period, transporting fine material from the submerged area and low tide to the upper part
of the beach [22]. Obviously, the process is reversed during the stormy season [46].
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In summary, nourishment (anthropic process) ended in May, at the moment when
swell waves (a natural process) started transporting fines from submerged zones to the dry
beach, as shown in Figure 8.

 

Figure 8. Sketch showing the upwards movement of the fine fraction of the sand by swell waves during the summer season
(top) and downwards due to sea waves during the winter season (bottom).

After one year, the new D50 values matched those of the native sand D50 in HWWL
on all the beaches (Table 3); variations in D50 (between native and nourished sand) ranged
from 0% to 10% at most in the rest of the points on the profile. Thus, sand size distribution
was practically the same as before the nourishment except for the case of the submerged
zones of VB and CB where D50 was still larger than before (0.05 and 0.03 mm, respectively).
These beaches only differ in that their slope is milder than that of SMM and BB. Thus, a
clear explanation for this anomaly has not been found and, therefore, further investigations
are needed. However, a worthy conclusion is that the old fashioned renourishment factor
RJ becomes 1 just one year after the nourishment work and, thus, the erosion rate becomes
the same that previously.

The success of the beach nourishment has been verified through the homogeneity of
D50 values, which were very similar to the native values, achieved just one year after the
nourishment works. However, the irreversible loss of sand is also still the same because
the hydrodynamics have not changed, with estimates of erosion in some areas of the Gulf
of Cadiz of more than 1 m/year [47].
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4.2. Sorting

In the same way as was carried out for the D50 values, the sorting results were
compiled for each of the beaches (see Table 4). To facilitate the observation of temporal
patterns, the evolution over time of sorting values is shown in Figure 9. Moreover, since
the sorting values are expressed in phi units (not as easy to interpret as mm), the sorting
values were interpreted by using the indications given in Table 5 adapted from Roman-
Sierra et al. [37]. We must remember that the mathematical expression of the phi scale (ϕ)
is given in Equation (2) by:

D (ϕ) = −log2 D(mm) (2)

where D is the grain diameter in phi units and d is the grain diameter in millimetres.

Table 4. Sorting values for every beach and surveying campaign.

Sorting (ϕ Units) in Each Zone

Beach Time Submerged LLWL Intertidal HHWL

Santa María

Native 0.68 0.6 0.73 0.57
After nourishment 0.47 0.46 0.98 1.2

six months later 1.62 1.15 1 0.64
one year later 0.72 1.09 0.63 0.7

Victoria

Native 0.61 0.5 0.63 0.58
After nourishment 0.66 0.51 0.58 0.52

six months later 1.26 1.06 0.62 0.47
one year later 0.61 0.59 0.74 0.55

Camposoto

Native 0.66 0.82 1.03 0.57
After nourishment 0.81 0.45 0.58 0.61

six months later 1.31 0.98 0.64 0.56
one year later 0.72 0.93 0.84 0.67

Barrosa

Native 0.88 0.55 0.62 0.59
After nourishment 1.08 0.46 0.61 0.55

six months later 1.17 1.01 0.65 0.5
one year later 0.73 0.64 0.67 0.57

Table 5. Classification of sorting values, adapted from Roman-Sierra et al. [37].

Phi Range Standard Deviation (Sorting)

<0.35 Very well-sorted
0.35–0.50 Well-sorted
0.50–0.71 Moderately well-sorted
0.71–1.00 Moderately sorted
1.00–2.00 Poorly sorted
2.00–4.00 Very poorly sorted

>4.00 Extremely poorly sorted

Native sorting values ranged from 0.50 to 1.03 for the four beaches, therefore classify-
ing these as having moderately well-sorted sands with some scarce locations of moderately
sorted material (Table 5). Some of the beaches, such as SMM and VB, seemed to have
almost negligible variations in their grain sizes of less than 0.2 ø.
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Figure 9. Results of sorting (ϕ units) obtained for the established elevations (submerged, LLWL,
intertidal and HHWL) in the four monitored beaches.

Because nourishment was carried out with sand whose sorting is similar to the native
sand’s values and because of the sand being poured on the upper beach (Figure 7), there
was not a big difference in the sorting at any level except for the intertidal and HHWL
at SMM (Figure 9) just after the nourishment. Some changes were observed six months
later in the lower (LLWL) and submerged parts of the beach profile, probably due to the
movement of the finer sand grains. After one year, the sorting values decreased, becoming
very close to the previous native values, being less than 0.75 ø (moderately well sorted) at
all levels except at the LLWL at SMM and CB, where slightly higher values were observed
(1.09 and 0.93 ø, respectively). Thus, we can state that there was not a significant difference
between the sorting of native and nourished sand after one year.
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5. Conclusions

The study aimed to identify and explain the behaviour of sand size after a beach
nourishment. A generalisable methodology to study the evolution of the D50 and the
sorting was presented. For this purpose, samples were taken from four different beaches,
at different levels (submerged, LLWL, intertidal zone, and HHWL) over time. These
campaigns were carried out before and just after the nourishment (in May at the end of the
eroding season), six months later (after the swell or accretion season), and finally, one year
after the nourishment.

Thus, a decrease of D50 (up to 20%) was observed in HHWL six months after the
nourishment, whereas D50 increased in the rest of the profile. This phenomenon coincided
with the summer season during which swell waves moved upwards the fine fraction of
the sand from the submerged area. The process was reversed during the winter or stormy
season and, eventually, D50 became almost identical to the native values one year after
the nourishment.

Regarding sorting, the four beaches had native sorting values ranging between 0.50
to 1.03 and, therefore, were classified as having moderately well-sorted sands with some
scarce locations of moderately sorted sands. No sorting differences were detected just after
the nourishment except in the upper part of the beach where the sand was poured. Six
months later, some changes were observed in the LLWL and the submerged zone, probably
due to the upward movement of the finer fraction of the sand. Nevertheless, one year after
the nourishment and similarly to the D50, sorting values became very close to the original
native sand’s ones.
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Abstract: While many coastal areas are affected by coastal squeeze, quantitative estimations of this
phenomenon are still limited. Ambiguity concerning the degree of coastal squeeze, combined with a
lack of knowledge on its interaction with human activities may lead to inadequate and unsuccessful
management responses. The objective of the present research was to quantify the degree of coastal
squeeze on the highly urbanized coast of Mazatlan, Mexico, and to investigate the relationship
between the development of tourism and coastal squeeze from various time perspectives. The
Drivers, Exchanges, States of the environment, Consequences, and Responses (DESCR) framework
was applied to identify the chronic, negative consequences of dense tourism in the area, together
with the assessment of coastal squeeze. A Tourism Load Capacity (TLC) estimation was made and
correlated with the DESCR results, showing that coastal squeeze is inversely correlated with tourism
load in Mazatlan. The medium-intensity coastal squeeze currently experienced in Mazatlan requires
interventions to avoid severe degradation of the ecosystem on which the local tourism industry relies,
for which immediate, long-term, and administrative recommendations are given.

Keywords: coastal squeeze; tourism carrying capacity; coastal management; DESCR; urbanized coasts

1. Introduction

Loss of coastal territory as a result of natural or human activities is a situation faced
by most countries with ocean boundaries (Silva et al.) [1]. This threat is the subject of
much ongoing research, since it affects both ecosystems and human activities. The intrinsic
vulnerability of any coastal zone is undeniable, as these are the most dynamic environments
on Earth—the only places where the terrestrial environment, atmosphere, seawater, and
freshwater all interact (Silva et al.) [2]. The coastal zone can be delimited as the area
between the oceanic boundary of the continental shelf and the first significant topographic
change above the maximum storm surge elevation (USACE) [3]. The adaptability of coastal
areas, together with the dynamics of the ecosystems they host (wetlands, dunes, and
beaches), allow them to control the energy of marine hydrometeorological events and thus,
one of the primary services they provide is protection (Silva et al.) [1].

Coastal areas in Europe have always struggled against the loss of territory, particularly
in England, where the term coastal squeeze was born (Doody, Tros de Ilarduya) [4–6].
This term was initially used to describe the loss of coastline and habitats to sea defences
(Pontee et al.) [7]. In general, coastal squeeze has been understood as the process in
which hydrometeorological hazards threaten coastal ecosystems through the combination
of sea-level rise (SLR) and the presence of rigid barriers which prevent the ecosystems’
adaptation, such as human infrastructure. This situation impedes the terrestrial migration
of ecosystems and species as the coast moves inland, and thus they are exposed to local
extinction (Martinez et al.) [8]. Natural processes that trigger coastal squeeze include the
natural variability in sea level, extreme cyclical events (e.g., storm surges and flooding),
and inland landscape morphology, which can function as a static ecological barrier to
species migration (Doody) [5]. Known factors contributing to coastal squeeze include
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global and local climate change and local effects of poorly planned coastal infrastructure
(Doody, Pontee et al.) [4,5,7]. The present research considers coastal squeeze as a process
in which rising sea levels and other factors, such as hard infrastructure, cause a loss of
space in land and sea, and where the ecosystems no longer have the necessary conditions
to maintain their essential functions (Silva et al.) [2].

Given its importance and impact on the coasts of many countries, the evaluation
of coastal squeeze has been the subject of numerous research efforts. Notable works in-
clude those by Jackson et al., Mazaris et al., and Schleupner et al. [9–11], who developed
methodologies and spatial models to quantify habitat loss. They explained the responses
of coastal ecosystems in different study sites (wetlands, mangroves, sea turtle populations,
and intertidal organisms). Another example is Torio et al. [12], who developed a coastal
squeeze index from a spatial model that can be used along the boundaries of a single
wetland and ranks threats faced by multiple wetlands. Coastal squeeze in the state of
Veracruz, Mexico, was investigated by Martinez et al. [8]. They considered urban expansion
along the coast, an analysis of coastal geodynamics, and a projection of the potential effects
of sea-level rise and the distribution of two focal plant species that are endemic to the
coastal dunes in Mexico. Using systematic spatial planning, Mills et al. [13] assessed the
optimal configuration and the trade-offs involved in SLR adaptation, incorporating spatial
models of inundation, urban growth, and ecosystem migration. None of these works
included efforts to forecast coastal squeeze, apart from considering some sea-level-rise
scenarios. Hildinger and Braun [14] proposed a methodology that considers three main
aspects determining the dynamics of coastal squeeze: the geosphere, the biosphere, and the
anthropogenic impact. They conducted a small- and large-scale risk analysis to regulate
land use, but did not present any quantification or forecast. Luo et al. [15] combined the
coastal squeeze index (CSI) and the assessment method proposed by Torio et al. [12] to
evaluate the coastal squeeze potential of the Yellow River Delta coastal wetlands in future
SLR scenarios. They focused on the effects of slope and impervious surfaces on adjacent
uplands with regard to potential wetland migration. This study was applied to a wetland
area but not to urbanized coasts. Luo et al. and Ramirez-Vargas et al. [15,16] developed
fuzzy-logic-based coastal squeeze indexes to quantify coastal squeeze intensity. They
included ecological, geomorphological, and socioeconomic variables. Silva et al. [2] devel-
oped the DESCR (Drivers, Exchanges, States, Consequences, and Responses) framework,
which examines the relationships between drivers, exchanges, and environmental states to
subsequently assess chronic and negative consequences and determine potential responses
to combat coastal squeeze. A recurrent gap in all of the cited work is the assessment of
coastal squeeze along with possible response actions, including an evaluation of tourism
carrying capacity (Cifuentes) [17].

Three main aspects have increased the rise in consciousness regarding coastal erosion:
(a) the continuous growth of human coastal settlements, (b) the lack of knowledge on
coastline behavior in the short and medium term and (c) the inefficient regulation of coastal
urbanization (Silva et al.) [1]. In Mexico, the federal government has expressed interest
in developing a strategy to manage all coastal zones and solve the problems faced there.
Unfortunately, they have not yet successfully implemented integrated management, so
the issues have been addressed individually: that is, in response to the specific needs, or
emergencies, of owners or concessionaires (Cortes-Macías et al., Escofet) [18,19]. For the last
50 years, the Mexican coast, particularly along the Caribbean and the Central Pacific, has
hosted tourism, residential, and industrial developments. In this time, countless structures
have been built with inappropriate designs and with severe impacts on coastal dynamics.
The lack of specific regulatory criteria has meant it is impossible to stop or improve poorly
planned developments (Silva et al.) [1]. Unfortunately, most anthropic activities affect the
coast, directly or indirectly, causing negative consequences on it (Petrişor et al., Senouci
and Taibi)) [20,21]. The transcendence of the phenomenon means it is a critical issue; it
is induced by the lack of public policies and specific programs to protect and sustain the
coastal zone (Huang et al.) [22]. There is an urgent need to establish programs to control,
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monitor, and predict the behavior of coasts, in order to minimize the physical, ecological,
and socioeconomic consequences of their deterioration under different scenarios (natural
and anthropogenic).

Given predictions of current and future climate change scenarios and the continuous
modification of coastal ecosystems (urbanization), there has been a growing interest in
the study of coastal squeeze assessment (Lithgow et al.) [23]. This paper evaluates and
quantifies the degree of coastal squeeze occurring at Mazatlan, Mexico. The initial approach
to a coastal squeeze intensity forecast was conducted using available historical data and
linear models. Next, the tourist carrying capacity was estimated, and a forecast is provided
to correlate its evolution with that of the intensity of coastal squeeze. The study site was
modeled under different scenarios (past, present, and future) to seek alternatives to reverse
the negative trends found. Recommendations for coastal tourism management to avoid
increasing coastal squeeze in Mazatlan are proposed.

In Section 2 the methods used are presented, including the study site description and
the data sources; Section 3 shows the results of coastline evolution, estimation of maximum
water elevation, and the assessment of coastal squeeze and tourism carrying capacity in
Mazatlan. The discussion and conclusions of our findings are given in Section 4.

2. Methods

2.1. Study Site Description

The coastal unit of Mazatlan, a municipality in Sinaloa, Mexico, is bordered to the
north by San Ignacio Municipality and the state of Durango, to the east by Concordia
Municipality, to the south by Rosario Municipality, and to the west by the Pacific Ocean
(Figure 1). Mazatlan is located between the coordinates 105◦46′23′′, and 106◦30′51′′ W and
23◦04′25′′ and 23◦50′22′′ N. According to the 2010 census by INEGI [24], Mazatlan has a
population of 500,000 and an area of 3068 km2 [25].

Figure 1. Geographic location of Mazatlan in Sinaloa, Mexico.

Mazatlan is one of the chief ports on the Mexican Pacific due to its maritime conditions,
celebrated fishing activity, and tourist activities (it was the sixth national “sun and sea”
destination in 2014 according to DATATUR [26]). In 2015, Mazatlan received more than
2,177,000 visitors, an 8% growth compared to 2014. The economic revenue from tourism
increased 9% from 2014 to 2015, with over 1 billion USD in revenue from domestic and
international tourism and the cruise-ship sector [26]. Apart from the direct economic
benefits of the Mazatlan coast (i.e., recreational and tourism activities), port activities and
transportation, resource extraction (fishing and aquaculture), education, and scientific
research can also be considered local economic drivers.
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The Mazatlan coastline is 80 km long and features coastal lagoons, rivers, and streams,
with gently rolling hills (formed by wind and marine deposits) with elevations scarcely
higher than 50 m above mean sea level. There are no deltas or alluvial plains, but there
are sand dunes on the backshore area. According to Fredrickson [27], the coastal strip of
Mazatlan is formed by a combination of igneous and volcanic rocks from the Miocene.
These rocks underlie a wide layer of alluvial fine and coarse sand. The climate is warm,
ranging from 10 to 40 ◦C (50 to 104 ◦F) with an annual precipitation average of 722 mm.
The monthly average wind speed ranges from 1.4 m/s to 6.6 m/s, with the overall average
being 3.5 m/s. The prevailing wind directions along the year are WNW, N, and NNW
(Mexican CONAGUA) [28].

The main problems found on the coast of Mazatlan are related to human interventions.
Arguably, the most detrimental actions were expanding the boardwalk on the seafront and
the modernization of some sections of the area known as the Golden Zone. The former,
carried out between Rafael Buelna Avenue and Gutierrez Najera Avenue (see Figure 2),
destabilized the beach and destroyed 80% of the coastal dunes. The modernization con-
sisted of dredging and the construction of breakwaters to keep the mouth of the marina
open and navigable all year round (see Figure 2). This interrupted the sedimentary long-
shore balance, producing deficits in some areas and accumulations in others (Oyedutun
et al.) [29].

Figure 2. Locations with severe erosion problems on the coast of Mazatlan.

Other actions with negative consequences were the construction of apartments and
a shopping center on the shrimp lagoon (a wetland) and the dredging and expansion of
Jabalines Creek, for which many mangroves were cut down. In addition, in some parts
of the Golden Zone, the construction of buildings very close to the sea has also altered
the natural dynamics of the beaches, in most cases narrowing them. To recover the beach
width, the owners of the buildings constructed breakwaters and walls without carrying out
sufficient studies. The result was inadequate designs and construction work that affected
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the landscape and caused erosion in nearby areas (Oyedutun et al.) [30]. Figure 2 contains
images of some areas in a critical state along the coast of Mazatlan.

2.1.1. Characterization of Marine Climate

Wave data were obtained from the ERA5 reanalysis [31]. The model output contains
hourly data of significant wave height (Hs), mean period (Tm), and wave direction for 1979–
2020. The data were downloaded for the point located at 23◦ N 106.5◦ W (approximately
120 m depth). Figure 3 shows the annual average rose diagrams for significant wave height
and mean period. Waves from the SSW clearly govern the marine climate.

Figure 3. Significant wave height and mean period annual rose diagrams for Mazatlan (1979–2020).

The tidal regime at Mazatlan is microtidal, with a range of 0.44 m at neap tide and
0.55 m at spring tide. These values and the tide levels shown in Table 1 were taken from
the Mexican Servicio Mareográfico Nacional [32].

Table 1. Tide levels at Mazatlan [32].

Elevation Meters above the Mean Sea Level

Maximum registered height 1.462
Highest astronomical tide 1.127
Mean higher high water 0.528

Mean high water 0.455
Mean sea level 0.000

Mean low water −0.444
Mean lower low water −0.616

Lowest astronomical tide −1.250
Minimum registered height −1.342

Together with human activity, the Mazatlan coast is threatened by sea-level rise (SLR).
In this work, SLR was characterized for four scenarios: 1999, 2019, 2059, and 2100. The
past and future mean sea levels were estimated by linearly adjusting the IPCC 2014 [33]
prediction of a 0.98 m rise for 2100. To estimate the highest water elevations in front of
the coast, the Delft 3D model was run for each SLR scenario. The numerical domain was
generated by combining a Digital Elevation Model (DEM) of 20 m resolution, the Nautical
Chart 363.3 from the Mexican Secretaria de Marina and a topo-bathymetric survey from
2019. The digitizing was carried out with Autodesk Civil 3D software, and the processing
and interpolation were performed with Surfer®software to a maximum depth of 85 m. A
regular mesh of 272 × 227 nodes in the X and Y directions was set. The mesh contained
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61,744 squared cells of 36 m in length. Figure 4 shows the bathymetry obtained for Mazatlan
Bay, where a very regular seafloor can be seen, except for some islands.

Figure 4. Bathymetry of the study area, soundings in meters.

2.1.2. Coastline Evolution

The Mazatlan coastline has been reported to be rapidly retreating landward in recent
years [29]. The analysis presented here was conducted using the Digital Shoreline Analysis
System (DSAS), version 4.3 [34] and satellite images available on Google Earth PRO. The
shoreline studied comprises the upper limit of the swash zone seen in the available satellite
images. The area is delimited by Punta Cerritos and Punta Tiburon (see Figure 5).

The digitized shorelines (the wet/dry lines of the images were manually extracted)
and a fixed landward baseline were the inputs to the DSAS. The domain was divided into
278 transects, 50 m apart. The DSAS outputs considered in this research were the Net
Shoreline Movement (NSM) and the End Point Rate (EPR). The NSM gives the distance
between the oldest and most recent shorelines, regardless of whether they coincide with
the positions of the most erosional or cumulative shorelines. The EPR is the NSM value
divided by the number of years in each period, giving an annual rate of movement in
m/year.

2.1.3. Urban Growth

Urbanization of the Mazatlan coast has increased rapidly since 1999. To characterize
this and quantify its growth over time, the urban area of Mazatlan was extracted from
Google Earth PRO images for 1999, 2004, 2010, 2015, and 2019. The area was obtained
using the semi-automatic classification plugin for QGIS following Chapa et al. [35]
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Figure 5. Aerial views of the shoreline in 2004 and 2019, showing the locations of transects 1–2 and
275–278.

2.1.4. Extreme Events

For the present work, the extreme events considered included all categories of tropical
storms. According to Hernández et al. [36], 21 tropical storms made landfall close to the
Mazatlan area between 1921 and 1999. Hurricanes induce human and material losses, while
the rains accompanying these natural phenomena generally cause flooding and the strong
winds, intense waves, and storm surge can produce temporal or permanent coastal erosion.
The information on extreme weather events was obtained by combining data from a variety
of sources: IMPLAN [37], the Mexican National Centre for Disaster Prevention [38] and
the National Weather Service and NOAA [39]. On average, 1.7 events occur near Mazatlan
per year, and the year with most events was 1981, with 5 (Hernández et al.) [36]. The full
list of hurricanes that affected Mazatlan from 1950 to 2019 is shown in Appendix A.

2.1.5. Storm Surge

The water elevation due to storm surge was computed following Villatoro et al. [40],
who developed a parametric model of sea surface elevation in front of the coast as a
function of wind fields (intensity and direction), given by Equation (1).

ηs = αV + βV
with

α = a + bθ+ cθ2

β = d + eθ+ fθ2

(1)

where ηs is the maximum storm surge, V is the wind velocity in km/h, θ is the wind
direction (0◦ coming from the west and increasing positively, counterclockwise), and α
and β are best fit parameters, for which the coefficients a, b, c, d, e and f were obtained
and validated by Villatoro et al. [40] from hydrodynamic modeling with MATO [41]. The
values of coefficients a–f for Mazatlan are shown in Table 2.
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Table 2. Values of the coefficients for storm surge estimation in Mazatlan.

a b c d e f

−0.027 0.00025 −0.00000049 −0.00037 0.0000035 −0.000000007

Wind data for the calculation of the storm surge was obtained from the NCEP/NCAR [42]
database. The wind intensity time series covered 1949 to 2009. Figure 6 shows the annual
rose diagram of wind velocity and direction (incoming) for Mazatlán.

Figure 6. Wind rose diagram for Mazatlan from 1949 to 2009 with data from NCEP/NCAR [42].

Figure 7 shows the yearly maximum values for storm surge (water elevation in front
of the coast) obtained from Equation (1).

Figure 7. Yearly maximum values of storm surge obtained from Equation (1).
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As shown by the data in Figure 7, the mean of the yearly maximum values was 0.39 m
and the standard deviation was 0.23 m. The Gumbel probability distribution for a 61-point
data sample is

x = − ln(− ln( f (x)))× α + μ
α = Sx/1.1759
μ = x − (0.5524 × α)

(2)

where x is the value to be exceeded, f (x) the probability (inverse of the return period), Sx
the standard deviation, and x the mean of the sample. From Equation (2), the storm surge
values for return periods of 50 and 91 years (i.e., the storm surge elevations for 2059 and
2100) yielded 1.04 m and 1.16 m, respectively.

2.2. Coastal Squeeze Assessment

The coastal squeeze assessment presented by Schleupner et al. [11] was used in this
work. The variables were ranked and organized following Saaty [43]. This methodology,
known as AHP, solves complex problems with multiple criteria in the following way:
the problem is classified according to its causes and solved separately; the solutions are
evaluated and ordered in a hierarchical model; and finally, the values are homogenized in
order to compute a single value for each scenario (past, present, and future).

The normalization and hierarchization process begins with the construction of a
parallel comparison matrix, A. This is a squared matrix in which the variables inducing
coastal squeeze are placed in a row and in a column. The elements of A correspond to a
comparative relevance value between variables, following the scale shown in Table 3.

Table 3. Comparative relevance scale [43].

Comparative Relevance Value

Equal importance 1
Moderate importance 3

Strong importance 5
Very strong, demonstrated importance 7

Extremely strong importance 9

The comparative relevance values are placed in the upper diagonals of A, and the
bottom diagonals are filled with the multiplicative inverses of the comparative values,
yielding

A =

⎡
⎢⎢⎢⎣

1 a1,2 . . . a1,n
1/a1,2 1 . . . a2,n

...
...

...
...

1/a1,n 1/a2,n . . . 1

⎤
⎥⎥⎥⎦ (3)

The second step is the construction of a normalized matrix M, for which the elements
of A are added, column by column, and then each element is divided by the sum of its
corresponding column, that is

M =

⎡
⎢⎢⎢⎢⎢⎣

1
S1

a1,2
S2

. . . a1,n
Sn

1/a1,2
S1

1
S2

. . . a2,n
Sn

...
...

...
...

1/a1,n
S1

1/a2,n
S2

. . . 1
Sn

⎤
⎥⎥⎥⎥⎥⎦

Sj =
n
∑

i=1
ai,j

(4)
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The AHP ends with computation of the weight vector, W, the elements of which are
the average of the rows of matrix M as seen in Equation (5).

W =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1
n

n
∑

j=1
m1,j

1
n

n
∑

j=1
m2,j

...
1
n

n
∑

j=1
mNn,j

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(5)

Given that the weights obtained from AHP are already hierarchized and homogenized,
the intensity of coastal squeeze (ICS) can be obtained as the sum of the value of each
particular variable (in its native units), multiplied by its corresponding AHP weight, that is

ICS =
n

∑
i=1

wiCi (6)

where w is the weight and C the characteristic value of each variable inducing coastal
squeeze. The result of Equation (4) can be divided by 100 to provide the ICS as a percentage.

2.3. Tourist Load Capacity

Tourism is the main economic activity in Mazatlan; thus, its environmental impact
should be systematically monitored. As stated by Fisher et al. [44], a method to quantify
whether a tourist resort is negatively impacting the coast is by estimating the Tourist Load
Capacity (TLC). The TLC is the maximum number of visitors that an area can accommodate
without exceeding the maximum environmental stress, while at the same time maintaining
the quality of their experience (Dias et al.) [45]. If the TLC is consistently exceeded, both
the tourism industry and the environment begin to degrade.

The methodology used in this work to assess the TLC was that of Cifuentes [17], which
consists of calculating the physical carrying capacity (PCC) as

PPC =
Sv
A

(7)

where S is the beach area available, v is the average time a tourist stays on the beach, and A
is the beach area occupied by a visitor (~2 to 4 m2).

The current carrying capacity (CCC) is calculated by applying a local factor (TCF) to
the PPC. The correction coefficients include environmental, social, and economic aspects
that may prevent tourists from staying on the beach for the expected time or even from
visiting it.

CCC = PPC × TCF

TCF =
n
∏
i=1

FCi
(8)

where FC is the correction coefficient, expressed as a percentage, due to aspect i.
The TLC of effective carrying capacity is obtained by multiplying the CCC by a

management capacity coefficient (MC). The management capacity is defined as the best
state or conditions that the administration of a protected area can maintain, if it is to
carry out its activities and achieve its objectives. Personnel, infrastructure, and equipment
variables are used to measure management capacity.

TLC = CCC × MC (9)

MC is expressed as a percentage of functionality, with the value being set according to
the experience of the administrators of the tourist resort.
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3. Results

In this section, the characterization of drivers (SLR, extreme events, and urban growth)
is presented. In turn, the exchanges through hydrodynamics and coastline evolution are
assessed and the consequences, understood as the intensity of coastal squeeze and impact
of tourism, are evaluated.

3.1. Highest Water Elevation in Front of the Coast
3.1.1. Astronomical Tide Level

The input data for each numerical scenario are summarized in Table 4. The wave
data taken from ERA5 did not show any increasing trend, so the same conditions were
used for all the scenarios. Given that the only bathymetric survey available was for 2019,
the mean sea level for this year was taken as a reference, i.e., MSL = 0. The conditions
selected coincided with those producing the highest water levels (spring tide and large
wave periods) throughout the year.

Table 4. Inputs per numerical simulation scenario.

1999
MSL = −0.064 m

2019
MSL = 0.0 m

2059
MSL = 0.45 m

2100
MSL = 0.98 m

Astronomical tide October 18 to 25 October 18 to 25 October 18 to 25 October 18 to 25

Wind
Speed: 4.72 m/s Speed: 4.72 m/s Speed: 4.72 m/s Speed: 4.72 m/s
Direction: 315◦ Direction: 315◦ Direction: 315◦ Direction: 315◦

Wave
Hs: 0.92 m Hs: 0.92 m Hs: 0.92 m Hs: 0.92 m
Tp: 14.3 s Tp: 14.3 s Tp: 14.3 s Tp: 14.3 s

Direction: 225◦ Direction: 225◦ Direction: 225◦ Direction: 225◦

Figure 8 shows the free surface elevation results of the two-dimensional (vertically
averaged) numerical modeling. The modeled time for the coupled tide–wave–wind simula-
tion was 7 days for each scenario, with a calculation time step of 1 min and results recorded
every 15 min. The moments of maximum water elevations for the years 1999, 2019, 2059,
and 2100 are shown in Figure 6.

Figure 8. Numerical results for free surface elevations at high tide for 1999 (top left), 2019 (top right), 2059 (bottom left),
and 2100 (bottom right).
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Table 5 summarizes the elevations at high tide and the maximum water elevations for
each scenario, obtained from the numerical modeling (Figure 8).

Table 5. Maximum elevation in front of the coast for the predicted SLR scenarios.

1999 2004 2010 2015 2019 2059 2100

MSL (m) −0.064 −0.048 −0.029 −0.013 0.000 0.450 0.980
High tide (m) 0.97 1.09 1.05 1.01 0.82 1.07 1.19

Max elevation (m) 1.034 1.138 1.079 1.022 0.820 1.520 2.170

3.1.2. Storm Surge Water Level

The storm surge elevations for the years of interest in this study are summarized in
Table 6. The years after 2009 were estimated by Gumbel fit to maximum yearly storm surge
values, which gives a worst-case prediction.

Table 6. Storm surges for the years of interest.

1999 2004 2010 2015 2019 2059 2100

Storm surge (m) 0.28 0.28 0.39 0.61 0.72 1.04 1.15

The total maximum water elevation considers the worst case possible: that is, the
simultaneous occurrence of a storm and high tide during the highest spring tides of the
year. This is summarized in Table 7.

Table 7. Total maximum water elevation.

1999 2004 2010 2015 2019 2059 2100

Total maximum water elevation (m) 1.314 1.418 1.469 1.632 1.54 2.56 3.32

3.2. Coastline Evolution

Transects 177 and 179 had the greatest beach retreats, as shown in Figure 9.

Figure 9. Locations of the transects with greatest retreats on the beach in the Golden Zone.
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Figure 10 shows the results of the NSM and the EPR in the left and right panels,
respectively. Positive values represent coastline displacement seawards and negative
values represent displacement landwards. It can be seen that although the general trend is
one of erosion, a small area, near the central part of the beach, was found to be accumulative.
Analysis of its evolution from 2004 to 2019 showed an average retreat (erosion) of 23.5 m,
with the greatest loss being 2.5 m per year.

Figure 10. Evolution of the coastline between 2004 and 2019, showing the net shoreline movement (NSM) and the end point
rate (EPR) (left and right panels, respectively).

In this work, the average NSM along the Mazatlan coast was considered as the variable
representing the coastal squeeze process. From the DSAS results and fitting of a linear
model for the future scenarios, Table 8 shows the values of shore movement for the years
considered.

Table 8. Evolution of the Mazatlan coastline.

1999 2004 2010 2015 2019 2059 2100

Average net shoreline movement (m) 1.1 6.7 13.4 19.0 23.5 68.3 114.2

3.3. Urban Growth

Figure 11 shows the urban area obtained from the satellite images available. With the
four available areas, a linear model was fitted to get the areas for 1999, 2059, and 2100. The
results are shown in Table 9, where it can be seen that the average urban growth rate is 1.82
km2 per year.

Table 9. Evolution of the Mazatlan urban area.

1999 2004 2010 2015 2019 2059 2100

Urban area (km2) 40.4 48.6 58.4 65.1 73.2 133.1 195.5
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Figure 11. Digitization of satellite images to quantify urbanization in Mazatlan, 2004–2019. The dark gray indicates urban area.

3.4. Coastal Squeeze Assessment

Table 10 shows the hierarchical ranking and weighting of the elements that cause
coastal squeeze in Mazatlan. The comparative relevance values were obtained using the
authors’ experience and personal communication with other experts. The normalized
matrix was obtained from Equation (4) and the weight vector from Equation (5).
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Table 10. Results of hierarchical analysis and weighting of drivers causing coastal squeeze.

Drivers Urban Area Water Elevation NSM Extreme Events Normalized Matrix W

Urban area 1 7 5 9 0.69 0.84 0.45 0.38 0.59
Water elevation 1/7 1 5 7 0.10 0.12 0.45 0.29 0.24

NSM 1/5 1/5 1 7 0.14 0.02 0.09 0.29 0.13
Extreme events 1/9 1/7 1/7 1 0.08 0.02 0.01 0.04 0.04

Total 1.45 8.34 11.14 24

The result was a total coastal squeeze value for each scenario. Table 11 shows the
results obtained for each driver and the final coastal squeeze value for 1999, 2004, 2010,
2015, 2019, 2059, and 2100.

Table 11. Degree of coastal squeeze for each scenario.

Scenario
1999 2004 2010 2015 2019 2059 2100

Urbanization of the coast 40.4 48.6 58.4 65.1 73.2 133.1 195.5
Maximum water elevation 1.314 1.418 1.469 1.632 1.54 2.56 3.32

Coastline evolution 1.1 6.7 13.4 19.0 23.5 68.3 114.2
Extreme events 1 0 0 1 2 1 1

Coastal squeeze intensity 0.24 0.30 0.37 0.41 0.47 0.88 1.31

The values shown in Table 11 for the urbanization of the coast were taken from Table 9.
The maximum water elevation is that reported in Table 7, and the coastline evolution is
that from Table 8. The number of extreme events was set using the average number in
the period 1950–2019, one event every two years. We used this average as there was no
evidence of an increase or decrease in the local historical data. The coastal squeeze intensity
was obtained by substituting the values of the upper rows into Equation (6).

The degree of coastal squeeze was determined using the scale by Ramírez-Vargas
et al. [17], modified by the authors. The final scale is shown in Table 12.

Table 12. Degree of coastal squeeze, taken and modified from [17].

Degree of Coastal Squeeze Value

No coastal squeeze 0
Very low 0.00–0.20

Low 0.20–0.40
Medium 0.40–0.60

High 0.60–0.80
Very high 0.80–1.00

As can be seen in Tables 11 and 12, up to 2010 Mazatlan had low-intensity coastal
squeeze; since then, up to the current scenario for 2019, the degree of coastal squeeze has
been medium, and for 2059 and beyond, the intensity is forecast to be very high.

3.5. Tourist Load Capacity

Table 13 shows the results obtained for Mazatlan for each of the years considered
in this study. The beach area was obtained by digitizing the satellite images available in
Google Earth PRO and fitting a linear model as done for the urban area. Using survey data
from other Mexican beaches, the time per visitor was set to 1.66 h and the area used per
person to 4 m2 (Quijano) [46]; using these values and Equation (7), the PCC was obtained.
TLC was determined using Equation (9).
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Table 13. The tourist load capacity for Mazatlan.

Scenario (year)
1999 2004 2010 2015 2019 2059 2100

Beach area (m2) 644,722 602,103 550,960 478,871 442,008 5418 0
Physical carrying capacity (PCC) 267,560 249,873 228,648 198,731 183,433 2248 0

Correction coefficient (TCF) 0.16 0.16 0.16 0.16 0.16 0.16 0.16
Current carrying capacity (CCC) 42,810 39,980 36,584 31,797 29,349 360 0

Management capacity (MC) 0.59 0.59 0.59 0.59 0.59 0.59 0.59
Tourist load capacity (TLC) 25,258 23,588 21,584 18,760 17,316 212 0

The linear model for the beach area gave null values for 2100 as this reflects the
“do-nothing” scenario. The present research seeks to motivate actions that will avoid
this scenario. The values of TCF and MC were 0.143 and 0.6, respectively, as detailed in
Appendix B. In the absence of historical information and data to perform any forecast, TCF
and MC were considered constant in time.

It was observed that the TLC in Mazatlan decreased, to the extent that by 2019 it had a
value of 9841 people, compared to 13,829 people in 1999. For the 2059 scenario, there was
a TLC forecast of only 1573 people, and for 2100, the tourist load capacity was null. This
does not mean that no people will visit the resort, but that offering a high-quality tourist
experience will not be possible.

Table 14 compares coastal squeeze and TLC, showing that as coastal squeeze increases,
the TLC decreases. The main trigger for the fall in TLC is the loss of beach area.

Table 14. Comparison of coastal squeeze and tourist load capacity in different scenarios.

Scenario (year)
19999 2004 2010 2015 2019 2059 2100

Coastal squeeze 0.24 0.30 0.37 0.41 0.47 0.88 1.31
Tourist load capacity 22,957 21,439 19,618 17,051 15,739 193 0

In order to avoid the gloomy future predicted for Mazatlan and shown in Table 10,
immediate, long-term actions are needed. These are detailed in the following section.

4. Discussion

The methodology to assess coastal squeeze applied in this work was based on the
works by Martinez et al., Schleupner et al., and Ramírez-Vargas et al. [8,11,16], who
considered qualitative and quantitative variables. The main differences between this
research and the above are the multicriteria evaluation and decision method, and the
Hierarchical Analysis Process developed by Saaty [43], which was used to hierarchize and
homogenize the values of the drivers that induce coastal squeeze. The DESCR framework
was used (Drivers, Exchanges, and States of the environment to subsequently evaluate
the chronic, negative Consequences and determine possible Responses), following Silva
et al. [2]. Finally, a Tourist Load Capacity (TLC) assessment (Cifuentes) [17] was carried out
to verify the results. The Tourist Load Capacity evaluation took into account environmental,
social, and economic aspects; therefore, the work presented here is a step closer to the
development of an integrated management framework, rather than only an assessment of
coastal squeeze.

In the last decade, it has been recognized that some coasts are subject to the phe-
nomenon of coastal squeeze (Schlacher et al.) [47]. With increasing urbanization and
human-induced modifications of the coastal zone, the capacity of beaches to change shape
and extent in response to storms and SLR is hindered (Nordstrom) [48]. Although studies
on coastal squeeze abound, they have rarely been related to increased coastal tourism
activity (Lithgow et al.) [23].
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In the municipality of Mazatlan, there is no legal framework to regulate and protect
the use of the beaches, nor is there any program for their recovery and restoration. For this
reason, technical elements are needed to develop criteria for the regulation and sustainable
management of new developments. As the oceanographic and topographic data obtained
in the field were not available in sufficient quality or quantity, this research also highlights
the need for systematic and permanent monitoring of the Mazatlan coast.

The results indicate that this coast is experiencing a coastal squeeze process of 0.47
(medium degree). This means that the sea and land space are already being reduced, and
so the beaches and associated ecosystems may disappear if no action is taken. While it is
true that the growth in urbanization and the intense expansion of the tourism industry
have had positive impacts on the Mazatlan economy, the cost in terms of environmental
degradation may be unacceptably high. These developments pose a risk to many coastal
and marine recreational activities, and may reduce the attractiveness of the area for tourists.

It was also seen that there is a close link between tourism development and coastal
squeeze along the Mazatlan coast, as shown in Table 14, where tourism load capacity and
coastal squeeze were found to be inversely correlated.

4.1. Possible Responses

Natural processes that affect coastal stress in Mazatlán include the natural variability
in sea level, extreme cyclical events (storm surges and flooding), and inland landscape
morphology. Anthropogenic factors causing coastal squeeze include the effects of global
and local climate change (sea-level rise and increased frequency and intensity of storms)
and the local effects of poorly planned coastal infrastructure. The combination of all the
drivers mentioned above has caused a loss of sea and land space (coastal squeeze) to
a medium degree, but worsening with time, degrading both the tourism industry and
the remaining coastal ecosystems. However, there is still time to halt this trend. From
the knowledge gained in this research and following Martínez-López et al. and Chávez
et al. [49,50], we offer some recommendations to tackle the coastal squeeze identified in
Mazatlan.

4.1.1. Immediate Actions

• Design a permanent coastal unit surveillance program. Continuous monitoring of
the coastal zone will produce reliable information, reduce uncertainties, and ensure
appropriate actions are taken.

• Make an inventory of urban and coastal areas that are suitable as territorial reserves
for coastal protection and, most importantly, stop constructions being built on the
beach.

• Carry out an immediate urban densification plan to promote the reuse of lost or
forgotten spaces. Given that urbanization is expanding towards the periphery, or the
coast, appropriate urban rearrangement may mean Mazatlan is better prepared to face
climate change and the challenges of coastal squeeze that will very soon affect the
tourism industry there.

• Maintain an updated municipal risk atlas with the detailed information needed for a
vulnerable coastal zone.

4.1.2. Long-Term Actions

• Plan new tourist developments and regulations, taking into consideration the dy-
namics expected, based on the results obtained in the present research regarding
SLR.

• Alter or remove infrastructure where necessary; some buildings, roads, etc. were
designed without taking environmental sustainability into account. In other cases,
infrastructure can be altered, for example by lifting structures off the ground on stilts
or pillars.
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• Control human migration into the area to reduce urban growth. Proper, long-term
planning will enable the authorities to provide tourist services of good quality.

4.1.3. Management and Administration Actions

• Any intervention or construction in the coastal area must demonstrate how it synchro-
nizes with local natural cycles.

• Update land use regulations, to include climate change and SLR information, and
review them periodically.

• Implement mitigation plans to address coastal squeeze and establish strategies that
respond quickly and effectively to these emerging issues.

• Develop building regulations for the municipality and adapt building codes and urban
and coastal infrastructure for safety and sustainability.

5. Conclusions

The methodology developed in this work for measuring the degree of coastal squeeze
can be easily applied on a large scale and in other sites. For the case of Mazatlan, it will
support municipal, state, and national coastal resource managers in making decisions. The
main goal was to provide sufficient technical elements for the development of regulations
and sustainable management criteria to design and implement regeneration and restoration
projects. It is essential to mention that it is a valuable tool in implementing integrated
coastal zone management at a low cost. Likewise, recommendations for coastal tourism
management were conceptualized in order to mitigate coastal squeeze, as it has been found
to be a direct risk for the tourism industry.

The definition of coastal squeeze has permeated coastal managers’ decision-making
and disaster risk reduction strategies. Therefore, further work is needed to improve
methodologies and disseminate them on a large scale. Policy and decision makers at all
levels of government should act together to promote the improvement and care of coastal
zones worldwide.
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Appendix A

Table A1 presents the most extreme meteorological events that impacted Mazatlan
from 1950 to 2019, giving the name, date, and the maximum sustained wind speed for
each event.
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Table A1. Extreme weather events from 1950 to 2019.

Name Date
Max Wind Speed

(km/h)
Name Date

Max Wind Speed
(km/h)

(No name) 19 June 1950 139 Naomi 29 October 1976 56
(No name) 4 July 1950 139 Paul 26 September 1978 61
(No name) 13 September 1951 83 Irwin 29 August 1981 65
(No name) 30 November 1951 83 Knut 21 September 1981 69
(No name) 16 September 1953 139 Lidia 7 October 1981 69
(No name) 2 October 1955 83 Norma 12 October 1981 167
(No name) 21 September 1957 83 Otis 30 October 1981 83
(No name) 20 October 1957 139 Paul 29 September 1982 176
(No name) 22 October 1957 154 Adolph 28 May 1983 65
(No name) 15 June 1958 54 Tico 19 October 1983 111
(No name) 11 September 1958 83 Waldo 9 October 1985 56
(No name) 30 October 1958 46 Newton 22 September 1986 120
(No name) 12 June 1959 83 Paine 2 October 1986 148
(No name) 9 September 1959 139 Roslyn 22 October 1986 78
(No name) 21 October 1959 83 Eugene 26 July 1987 37

Bonny 25 June 1960 83 Kiko 25 August 1989 80
Diana 19 August 1960 139 Douglas 23 June 1990 65

Hyacinth 23 October 1960 120 Rachel 2 October 1990 94
Valerie 25 June 1962 124 Calvin 8 July 1993 89
Doreen 4 October 1962 139 Lidia 13 September 1993 157
Lillian 28 September 1963 83 Rosa 14 October 1994 144
Mona 18 October 1963 70 Henrietta 4 September 1995 139

Natalie 7 July 1964 83 Ismael 14 September 1995 130
Hazel 26 September 1965 83 Isis 2 September 1998 119

Annette 22 June 1968 46 Madeline 19 October 1998 83
Hyacinth 18 August 1968 83 Greg 8 September 1999 102

Naomi 13 September 1968 139 Norman 22 August 2000 46
Emily 23 August 1969 93 Nora 9 October2003 46

Glenda 10 September 1969 117 Lane 16 September 2006 185
Jennifer 11 October 1969 102 Rick 21 October 2009 91
Eileen 29 June 1970 59 Norman 28 September 2012 95
Helga 19 July 1970 56 Manuel 17 September 2013 75
Ione1 25 July 1970 65 Vance 5 November 2014 65

Katrina 11 August 1971 91 Sandra 28 November2015 75
Nanette 7 September 1971 137 Javier 8 August 2016 100
Priscilla 12 October 1971 93 Pilar 25 September 2017 75
Orlene 23 September 1974 135 Willa 23 October 2018 240
Olivia 25 October 1975 185 Lorena 19 September 2019 140
Liza 30 September 1976 222 Narda 30 September 2019 95

Appendix B

This section shows the procedure for the estimation of the TCF and MC factors used
in Table 9.

Appendix B.1. Correction Coefficient (TCF)

Following Cifuentes [17], TCF is a limiting coefficient which includes three categories
of possible limitations to optimal tourist operation regarding environmental, social, and
economic issues. TCF is defined as

TCF = EF × SF × EC (A1)

where EF, SF, and EC are the environmental, social, and economic factors, respectively.
Each factor is formed by the product of the local limiting subfactors and each subfactor is
defined as
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SFi = 1 − Mli
Mti

(A2)

where Sf is the subfactor, Ml the limited value, and Mt the unconstrained value of element
i. The second term of the left-hand side of Equation (A2) is called the comparative ratio.
Each factor in TCF is expressed as a percentage that reduces the physical tourism capacity.

Appendix B.1.1. Environmental Factors

Erodibility

This is the limitation for tourism activities due to beach erosion. Erodibility can be
assessed as a function of beach slope and soil texture. Table A2 summarizes the erodibility
evaluation in terms of risk levels.

Table A2. Erodibility risk levels.

Sediment
Beach Slope

<10% 10–20% >20%

Sand or gravel Low Medium High
Silt Low High High

Clay Low Medium High

To assess erodibility, the comparative ratio is the sum of medium- and high-risk beach
areas by the total available area. In the case of Mazatlan, given that the mean beach slope is
less than 10%, the erodibility subfactor is 1.0.

Accessibility

This is a measure of the ease of transit along the beach. Beach slopes of less than
10% are classified as low difficulty, 10–20% as medium difficulty, and above 20% as high
difficulty. Given that Mazatlan beaches have a slope of 5%, the accessibility subfactor value
is 1.0.

Rain

Rain may prevent visitors spending the average length of time on the beach or even
from visiting it at all. In Mazatlan, the rainy season is from July to September (90 days).
Considering 6 h of rain as limiting beach visits, the rain subfactor is

SFr = 1 − 540 (limiting hours)
4380 (available hours)

= 0.88 (A3)

Note that the total available hours consider only 12 h a day that visitors will go to the
beach.

Perturbation to Fauna

Under optimal beach management for Mazatlan, the reproductive season of the
Golfina turtle (Lepidochelys olivacea) should be considered for a low-tourism season. This
season is from July to November; so, the corresponding subfactor is

SFf = 1 − 5 (limiting months)
12 (total months)

= 0.58 (A4)

From Equations (A3) and (A4), the environmental factor is

EF = 0.88 × 0.58 = 0.51 (A5)

178



Land 2021, 10, 900

Appendix B.1.2. Social Factors

Visitor Satisfaction

This is addressed via survey results and is a measure of the overall quality of the
tourist resort. The information used in this work was obtained from [51,52]. In this survey,
the visitors were asked to evaluate several characteristics of the tourist experience, using
the following scale: 1 = Bad, 2 = Regular, 3 = Good, 4 = Excellent. The survey data are
shown in Table A3.

Table A3. Visitor perception survey in Mazatlan [51,52].

Survey

1 2 3 4 5 6 7 8 9 10 Avg. %
Transport in general 4 3 2 4 4 1 4 3 4 2 3.1 77

Attention from personnel 3 4 3 3 2 1 4 3 3 2 2.8 70
Quality of food and drink 4 3 2 4 4 1 4 3 4 3 3.2 80

Quality of service 4 3 2 4 2 1 4 3 3 2 2.8 70
Quality of facilities and infrastructure 3 2 2 3 3 2 4 3 4 2 2.8 70

Services and activities offered 3 4 3 3 2 1 4 3 4 2 2.9 73
73

The visitor satisfaction subfactor is 0.73.

Resident Satisfaction

This was also obtained via surveys, and measures the perception of local inhabitants
with respect to the tourist resort. In this work, the data was taken from [51,52]. The
inhabitants of Mazatlan were asked to evaluate using the following scale: 1 = Deficient,
2 = Bad, 3 = Regular, 4 = Good, 5 = Excellent. The survey data are shown in Table A4.

Table A4. Residents’ perception survey of Mazatlan [51,52].

Survey

1 2 3 4 5 6 7 8 9 10 Avg. %
General opinion of the resort 5 4 3 1 5 5 3 5 3 1 3.5 87

The tourism industry helps preserve local culture? 5 3 1 1 5 3 3 4 4 2 3.1 78
The arrival of tourists for your community is: 5 5 3 1 5 1 3 5 4 5 3.7 92

The tourist industry provides jobs and wellbeing? 5 5 4 1 5 2 3 5 2 3 3.5 88
How is the relationship between tourists and local

inhabitants? 5 3 1 2 5 2 3 5 3 3 3.2 80

85

The resident satisfaction subfactor is 0.85.
From the above:

SF = 0.73 × 0.85 = 0.62 (A6)

Appendix B.1.3. Economic Factors

Tourist Expense Perception

This is a measure of the perceived cost–benefit of the resort. For this work, we took
the data from [51,52], where the tourists were asked to evaluate using the following scale:
1 = prices are too high or too low; 2 = prices are high or low; 3 = prices are fair. The survey
data are shown in Table A5.
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Table A5. Tourists’ price perception survey in Mazatlan [51,52].

Survey

1 2 3 4 5 6 7 8 9 10 Avg. %
Evaluate prices according to service quality 3 3 3 1 2 1 3 3 3 3 2.5 63

The tourist expense perception subfactor is 0.63.

Resident Income Perception

This is the perception of the local inhabitants regarding the income they receive
from the tourist industry. In this case, [51,52] used the following scale: 1 = bad income;
2 = moderate income; 3 = good income; 4 = very good income. The survey data are shown
in Table A6.

Table A6. Residents’ income perception survey in Mazatlan [51,52].

Survey

1 2 3 4 5 6 7 8 9 10 Avg. %
Evaluate income related to tourism 4 3 4 2 2 3 3 3 4 4 3.2 80

The residents’ income perception subfactor is 0.80.
From the above:

EC = 0.63 × 0.80 = 0.50 (A7)

Substituting the factors (Equations (A5)–(A7)) into Equation (A1):

TCF = 0.51 × 0.62 × 0.50 = 0.16 (A8)

Appendix B.2. Management Capacity (MC)

The management capacity is the ability of the administration of the resort to offer
visitors an optimal experience. Management capacity is measured by the availability of
staff, equipment, and infrastructure. For this work, a survey by [51,52] was used and
the percentages of functionality regarding the most relevant facilities were gathered. The
survey data are shown in Table A7.

Table A7. Functionality of facilities in Mazatlan [51,52].

Equipment Functionality (%)

Hotel and restaurant facilities available for all economic levels 80
Efficient distribution of services and travel agencies 60
Coordinated intervention of civil protection institutions 68
Existence of a tourist police corporation 55
Lifesavers and aquatic security 45
Dressing rooms and showers on beaches 20
Zoning, signs and regulations 40
Sufficient normative tools for proper administration 40
International airport 70
Maritime terminal 55
Marinas and leisure ports 70
Terrestrial communication 80
Urban transport 80
Health services 68
Average 59

The management capacity factor is 0.59.
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Abstract: Gold mining in Ecuador has been present in the country since Inca times; over the years
interest in the mineral has increased, leading to the creation of legislation to control the mining
sector in a safe manner. The Litoral region consists of seven provinces, six of which have registered
gold concessions; the most affected provinces are El Oro and Esmeraldas. The objective of this
study was to analyze the historical and current situation of artisanal and industrial gold mining
in the Litoral region of Ecuador. Different methodologies were used for the elaboration of this
study, including bibliographic review, grey literature, field interviews and a validation of expert
judgment. The main results indicate that El Oro and Esmeraldas are essentially the most conflictive
areas in the region, as they have sometimes had to establish precautionary measures due to the risks
caused by illegal mining. In addition, in both areas there is a great socioeconomic impact ranging
from lack of opportunities, forgetfulness, migration, emigration, and violation of rights, among
others. With respect to environmental impacts, the study highlights the contamination of water
sources (which leads to a lack of drinking water for people), and damage to aquatic and terrestrial
ecosystems. Finally, the study concludes that the authorities should control the mining sector more
by implementing more laws and carrying out inspections to put an end to illegal gold mining, in
order to improve the situation in the areas.

Keywords: mercury; gold; socioeconomic impacts; political management; environmental management

1. Introduction

Gold mining and extraction dates back to ancient times, during the primitive era
approximately 4000 years ago [1]. This economic activity has been transformed globally
over the last two decades to such an extent that investment in developing countries has
increased [2]. This event is of great significance, as millions of people depend on industrial,
artisanal and small-scale gold mining for their survival [3]. In the context of world gold
production, it is estimated that there will be a 5% reduction to a five-year low of 3359 t; an
event related to the interruption of mining activities during the COVID-19 pandemic. On
the other hand, the countries that have positioned themselves as the largest gold producers
in recent years are China, Russia, Australia, United States, Canada, Peru, Ghana, South
Africa, Mexico, and Brazil, among others [4].

In Ecuador, gold mining makes a great contribution to the country’s economy, and
in recent years laws and policies have been implemented to maintain a lower impact
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on the environment. In Ecuador there are four types of mining according to the Mining
Law: artisanal mining, small-scale mining, medium-scale mining and large-scale mining.
This categorization has made it possible to maintain better control over mining, as these
activities increase over the years [5]. Likewise, there has been an increase in illegality and
informality in the gold mining sector, which is considered an obstacle to the development
of an accurate record of all the gold produced and exported in the territory [6]. However,
the Agency for Regulation and Control of Energy and Non-Renewable Natural Resources
(ARCERNNR, for its acronym in Spanish) keeps a record of the economic aspects in the
context of the mining activity of companies that exploit the mineral [7].

Mining activities can have a transformative effect on socio-economic development in
the areas where it is carried out. It can produce compliance with high social, environmental
and safety standards by offering employment opportunities. However, it can also give rise
to false hopes of wealth and cause armed conflict [8]. In addition, it may include social
conflicts such as lack of gender inclusion, labor exploitation and discrimination due to
migratory status, lack of organization, child exploitation, alcoholism, citizen insecurity,
and violence associated with illicit activity groups, among other things [9]. In recent
years, measures have been proposed to promote mining investment, as it is believed that
it can support the dollarization policy and move towards promoting a larger and more
responsible mining sector [10].

Gold mining can cause serious environmental impacts. This is mainly related to
illegal mining, since no technified methods are used to extract the mineral [5]. As a result,
chemical pollution is produced on the banks of the water bodies that flow through the
mining areas by processes that release substances such as mercury, cyanide, nitric acid,
zinc, lead, arsenic, cadmium and manganese [11–14]. They can also affect aquatic diversity,
terrestrial ecosystems and even people [15–18].

Five strategic mining projects and six second-generation projects are currently un-
derway in Ecuadorian territory [19]. However, it is essential to bear in mind that mining
exploitation always has repercussions in the socioeconomic and environmental spheres,
generating serious impacts. In this sense, few studies have focused on analyzing these
areas from a historical and current perspective with regard to gold mining in the coastal
region of Ecuador. This has prevented a better understanding of the real situation of the
sector, generating the urgent need to offer a real and updated vision. Based on the above,
this study was based on the hypothesis that Ecuador does not currently have studies that
provide decision-makers, local government administrators and scientists with updated
information related to gold mining in the coastal region, which has prevented adequate so-
cialization, technical and scientific assistance on the processes of formalization, regulation
and environmental management of these activities.

Based on this hypothesis, the purpose of this research was to analyze the historical
and current situation and the challenges of artisanal and industrial gold mining in the
coastal region of Ecuador. The study focused mainly on the political sphere (laws applied),
socioeconomic aspects (referring to population displacement, loss of livelihoods, changes
in population dynamics, cost of living, water scarcity and health impacts) and finally
environmental impacts (biotic and abiotic environments). For the development of this
research, different methodologies were used: with respect to the historical context and
the current situation, bibliographic and grey literature review techniques were used. In
addition, field interviews were conducted for the current situation and, finally, expert
judgment was used to establish the challenges of gold mining in the coastal zone.

2. Materials and Methods

2.1. Study Area

The Republic of Ecuador has a geographical area of 283,561 km2 and is located on the
equator in South America [5]. Its strategic location provides it with a privileged climate that
benefits the development of economic activities in general, including mining [20]. Ecuador
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is divided into four regions: Insular, Litoral, Andean and Amazonian [21]. However, the
present investigation focuses on the Litoral region of the country (Figure 1).

Figure 1. Study area. (A) Geographic location of Ecuador; (B) Litoral region of Ecuador; (C) provinces belonging to the
Litoral region.

The Litoral or Coastal region is located between the coastal profile and the Andes
mountain range [22]. The study area corresponds to a total of 70,647 km2, covering the
provinces of Guayas, Santa Elena, Manabí, El Oro, Los Ríos, Santo Domingo de los Tsáchilas
and Esmeraldas (Figure 1) [23]. From a geomorphological point of view, the coastal region
is characterized by a variety of reliefs, plains and large types of coasts (high cliffs with
small bays; medium and low cliffs with small cliffs and large beaches; low, adeltaic type
with an anastomosing network) [24]. On the other hand, it also has a privileged diversity
in soil structure, which can vary depending on the province. The soils that can be observed
are: vertisols, alfisols, entisols, aridisols, molisols, andisols, inceptisols and inceptisols [25].

There are currently a large number of gold mines spread along the coastal region,
both legal and illegal. However, Table 1 only shows the gold mining concessions that are
registered, according to the Mining Cadastre Web Geoportal of the Mining Regulation and
Control Agency (ARCOM).
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Table 1. Gold mining concessions in the Litoral region.

N◦ Province Canton

Concession Regime

Artisanal
Mining

Small
Mining

Medium
Mining

Large
Mining

General
Regime

Total
Concessions
by Canton

1 Esmeraldas

Esmeraldas — — — 1 — 1

Atacames 1 — — — — 1

Eloy Alfaro 2 1 — — — 3

Muisne — — — — 1 1

Quinindé — — 4 2 — 6

San Lorenzo 1 — — 3 — 4

Total concessions according to
regime in Esmeraldas 4 1 4 6 1 —

2

Santo
Domingo de
los Tsáchilas

Santo
Domingo 4 — — — — 4

Total concessions according to
regime in Santo Domingo 4 — — — — —

3
Manabí

Jama 1 — — — — 1

Pedernales 1 — — — — 1

Total concessions according to
regime in Manabí 2 — — — — —

4
Los Ríos

Babahoyo — — — — 2 2

Montalvo — — — — 1 1

Urdaneta — — — 2 — 2

Total concessions according to
regime in Los Ríos — — — 2 3 —

5

Guayas

Guayaquil 15 — — — — 15

Balzar — 1 — — — 1

General
Antonio
Elizalde

— — — — 2 2

Naranjal — 3 — — — 3

Balao 3 — — — — 3

Total concessions according to
regime in Guayas 18 4 — — 2 —

6
Santa Elena — — — — — — —

Total concessions according to
regime in Santa Elena — — — — — —

7 El Oro

Pasaje 29 3 — — 3 35

Chilla 3 — — — 3 6

El Guabo 4 7 — — — 11

Santa Rosa 62 16 — — 2 80

Atahualpa 36 2 — — 4 42

Zaruma 6 10 — — 5 21

Marcabeli 3 — — — — 3

Portovelo 8 2 — — 2 12

Piñas — 2 — — 1 3

Total concessions according to
regime in El Oro 151 42 — — 20 —

Total mining concessions in the Litoral region 264

2.2. Methods

For a better understanding of this study, the methodology was divided into three
sections. The first was based on the analysis and interpretation of the historical situation of
artisanal and industrial gold mining in the Litoral region of Ecuador. The second section
consisted of analyzing and describing the current situation of artisanal and industrial gold
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mining. Finally, the political, socioeconomic and environmental challenges of gold mining
in the Ecuadorian Litoral territory were established.

The development of the first and second sections was carried out using two methods.
On the one hand, a systematic literature review focused on the analysis of different docu-
ments published in high impact scientific databases such as Scopus and Web of Science. In
the search process, filters were applied to establish the years of the publications (pre-Inca
era–2018 for history and 2019–2021 for the current situation) and certain search parameters,
also known as keywords, were also established (Table 2). Once the search results were ob-
tained with their respective filters, the titles, related terms and abstracts of each publication
were analyzed in order to carry out a selection process that would allow the extraction of
the information necessary for the research. Twelve documents were obtained on the history
of gold mining with respect to the political, socioeconomic and environmental situation,
and five documents on the current situation in the area; see Table 2.

Table 2. Methodological process for the bibliographic review.

Subject Keywords Period
Scopus/Web of

Science

History of gold
mining in the Litoral

Region “Gold” and “mining”
and “Ecuador”.

Inca period–2018 12
[26–37]

Current situation of
gold mining in the

Litoral Region
2019–2021 5

[14,38–41]

The second method consisted of a review and analysis of grey literature (Table 3).
Grey literature refers to a set of documents of various kinds, which have not undergone
review or editing processes and which are not usually disseminated through publication
but rather through limited (non-conventional) channels.

Table 3. Grey literature methodological process.

Grey Literature Registration

Foreign investment and mining policy in
Ecuador June 2017

Ecuador’s current mining legislation, including
the Mining Code 1986

Mining Code Reform Law 1982

National Mining Sector Development Plan July 2016

Organic Reformatory Law to the Mining Law,
the Reformatory Law for Tax Equity in

Ecuador and the Organic Law of the Internal
Tax Regime.

Official Gazette 037, 16-VII-2013

Integrated environmental management in the
Puyango river basin 2013

In relation to the second section, field visits were made to the different provinces,
cantons and parishes belonging to the coastal region, where gold mining concessions
were present. During the visits to the gold mines, interviews were conducted using semi-
structured questions, that is, open-ended questions directed to local miners, environmental
directors of the Ministry of Environment, Water and Ecological Transition of Ecuador
(MAATE, for its acronym in Spanish), environmental directors of the Autonomous De-
centralized Provincial Governments (GADP, for its acronym in Spanish), Autonomous
Decentralized Municipal Governments (GADM, for its acronym in Spanish), presidents
of the parish councils (PJP), and inhabitants where the mining concessions are located
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(Table 4). The issues addressed in the interviews were: displacement of people, loss of
livelihoods, changes in population dynamics, cost of living, water scarcity and health
impacts.

Table 4. Questions established to analyze the current situation of gold mining.

Participant Questions

Local miner
(26 interviewees, mining concession owner)

What type of mining is developed?
Has a permit to carry out mining activities?

What type of technique is used for gold
extraction, amalgamation or cyanidation?

Wastewater in the extraction process is
subjected to some treatment process, prior to

its environmental discharge?
Do you as a miner use any procedures to

mitigate the impacts of gold mining?
State three elements/components of the
environment that are most affected by

pollution?

Local authority
(26 interviewees, political leaders in the mining

area)

In its jurisdiction, ordinances have been created
to control and monitor mining activities?

Do you know if there is illegal gold mining in
your canton and/or parishes?

Do you know if the inhabitants of your canton
and/or parishes have had health problems

associated with gold mining?

MAAE
(6 interviewees, government representatives

per province)

Do you know if gold mining is developed in
your province?

Do you know if illegal gold mining is taking
place in your province?

There have been reports of contamination from
gold mining?

How has the Environmental Authority
developed audits of gold mining concessions

(rights)?
How has the Environmental Authority

developed water monitoring in the water
bodies in the mining influence zone?

During the visits and/or audits, has the
accumulation of mining waste been evidenced?

Do you consider that leaching occurs in the
residual accumulations?

Mining town residents
(26 interviewees, community representatives

per canton)

Do you consider that gold mining has
improved the quality of life in the area?

Your monthly income covers all monthly
expenses?

Has gold mining caused population
displacement for any reason?

Has gold mining resulted in the loss of
livelihoods?

Has the cost of living changed since the advent
of gold mining?

Do you consider that with gold mining activity
there is a shortage of water for daily activities?

Have any family members or acquaintances
experienced health problems or death due to

gold mining contamination?

Finally, in the third section, we proceeded to establish the political, socioeconomic
and environmental challenges present in gold mining in the Litoral region. For this, an
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expert judgment validation method was used, which consists of a set of opinions provided
by professional experts on a topic, in order to verify the reliability of a research. Likewise,
a brainstorming session and a round table were carried out with the participation of
researchers who gave different perspectives to integrate the challenges of gold mining in
the coastal region.

3. Results

The results that respond to the objectives of this study are presented below. The first
section describes the history of gold mining in the coastal region of Ecuador in relation
to mining policy, the socioeconomic sector and the environmental aspect, based on an
exhaustive bibliographic review. The second section analyzes the current situation of gold
mining in the coastal region with respect to the displacement of people, loss of livelihoods,
changes in population dynamics, cost of living, water scarcity and health impacts, based
on interviews conducted during field visits to the mining areas. Finally, the challenges
present in gold mining in the coastal region in terms of mining policy, the socioeconomic
sector and the environmental aspect are presented.

3.1. History

Pre-Hispanic cultures were the ones that developed the most mining activities in the
Republic of Ecuador. For example, the people belonging to the Tolita Culture worked with
gold and platinum between 500 B.C. and 500 A.D.; while the Cañaris worked with gold and
silver [26–31]. There is no certainty about the tools used in pre-Columbian times to exploit
gold in shallow mines and in the arid material of the Pindo-Puyango rivers. However, it is
known that tools such as the wedge, the combo, the pick, the barreta, the shovel and the
wheelbarrow were used in colonial times, causing a low yield in the exploitation of gold
quartz [32].

Later, in the mid-sixteenth century, the discovery of gold particles motivated prospec-
tors to go through rivers and mountains until they finally found the “golden nuggets”,
which belonged to the areas of Zaruma and Portovelo. The South American Development
Company (SADCO) was in charge of exploiting the Portovelo mining area at the end of
the 19th century until the middle of the 20th century. Once SADCO’s activities concluded,
the Industrial Mining Associated Company (CIMA) was established and worked until the
1970s, giving way to exploitation by small miners and artisans [26].

3.1.1. Mining Policy

At the beginning, mining did not have regulations or legal bases to control the activities
carried out, which caused repudiation and misinformation among the population due to
the lack of mining policies [33–41]. Over the years, the mining industry expanded, and
was contemporary with the processes of formation of the Ecuadorian State. Around the
year 1830, a great interest was generated in the consecration of property rights and the
attraction of foreign investment, which led to the development of the Mining Promotion
Law. The purpose of this law was to reactivate the productive sector of the country with
the help of the alternating mining activity in the southern zone of Ecuador [27]. In 1886,
the Mining Code of Ecuador was enacted; this law was intended to awaken the interest of
foreign investors in the discovery, prospecting and exploitation of mines, in addition to
providing legal certainty for mining concessionaires. This legislation turned around the
forms and conditions of appropriation and exploitation of the deposits; it also influenced
the transformation of the norms that regulated the subsoil domain [27]. It is important to
note that this legislation recognized precious stones (such as gold, silver, etc.) as the object
of the same and, upon a reform in 1982 (Reformatory Law of the Mining Code), petroleum
was added to the list. This reform also allowed the owners of the properties to dispose of
the minerals as owners of the property [42,43].

In 1937, the Mining Law was enacted; this law was in charge of determining that
the minerals found in the subsoil belonged to the State’s domain. One year later, the
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Codification of the Mining Law was issued [41]. By 1991, a new Mining Law, also known
as Law 126, was presented. This law incorporated the principles of State ownership of both
mines and deposits and categorically involved the rights of miners. It also incorporated the
perception that the Ecuadorian State should legalize mining activities that had complied
with the requirements set forth in the law [34]. In 2001, some reforms were incorporated
into the Mining Law, which were responsible for qualifying mining management as a
national interest, a priority and fundamental for development, including regulations on
environmental protection [41]. By 2008, the Constitution of the Republic established a range
of environmental principles providing rights to native and indigenous peoples as new
values of the State [10]. A year later, in January 2009, the Mining Law and its Regulations
were approved in order to generate an effective model of economic progress focused on
responsible and organized mining. This law was in charge of administering, regulating,
controlling and managing the strategic mining sector, in accordance with the principles of
sustainability, precaution, prevention and efficiency [9]. Finally, in 2013, an amendment
to the Mining Law was made, called the Organic Reformatory Law to the Mining Law,
the Reformatory Law for Equity in Ecuador and the Organic Law of the Internal Tax
Regime [44].

It is essential to highlight that there are unique legislative measures that are applied in
some areas of the country depending on the mining situation in order to avoid catastrophes.
A clear example of this, applied in the province of Esmeraldas on 24 March 2011, is an
injunction issued by a judge prohibiting mining exploitation, whether legal or illegal, in
the San Lorenzo and Eloy Alfaro cantons. This injunction was ratified in 2018; however,
in consecutive years the established measure was ignored. In the past, ancestral mining
was carried out in the province (without consequences for the environment due to the
use of nets and pans), but in recent years it has been practiced in the form of small- and
medium-scale mining (with machinery and mercury in the open air), which is harmful
to the ecosystem, which is why the precautionary measure was established—in order to
minimize the contamination of rivers and the inhabitants of communities that consume
the affected water [45,46]. A similar situation occurred in the city of Zaruma, where the
Government of the Republic declared a state of emergency for sixty days on 14 September
2017 due to the fact that excavations were being carried out in soil declared to be the
cultural heritage of the country. According to investigations carried out, there were areas
exploited for gold mining that represented a risk for the inhabitants, which is why the State
took the decision to intervene by taking preventive measures [14].

3.1.2. Socioeconomic Sector

At the end of the 1990s, Ecuador was going through a financial crisis. To remedy
the situation, the government (during the period 2000–2006) developed processes to offer
the country’s mining resources to foreign investors interested in carrying out this activity.
Thus, with the intention of achieving the country’s development, and together with pro-
extractivist reforms, the Ecuadorian territory moved towards an authoritarian political
system known as “political domination”. As a consequence, a social resentment of the
people towards the political institutions originated, which has been increasing over the
years due to several factors [30].

On several occasions, there have been social, political, economic and environmental
confrontations in communities due to mining projects. In some cases, the inhabitants of
the mining areas say that they are not convinced by the land negotiation agreements and
that they are often pressured to sell. In addition, there have been reports of destruction of
the inhabitants’ buildings by the companies in charge of the megaprojects [31]. Likewise,
there have been evictions of families without any relocation agreement to make way for the
mining companies [47]. In addition, indigenous movements have been unleashed against
mining companies, causing clashes with the military that have resulted in injuries and even
the death of leaders [35,36].

190



Land 2021, 10, 1220

Esmeraldas is one of the most conflictive areas, and is also considered one of the most
excluded and poorest regions in Ecuador, due to the lack of opportunities in the area for
22 years. At that time, there was a shortage of labor, so gold mining emerged as a job
option for people because timber and palm oil activities did not require more labor. Social
conflicts caused by gold mining include lack of access to water, distrust between families,
and broken social relations. Armed conflicts have also occurred in the province over the
last 50 years, mainly due to the illegal appropriation of gold material, resulting in the death
of people due to confrontations [37]. Economic consequences include chronic poverty, in
addition to illicit activities such as tax evasion, smuggling of mining inputs, capital flight
and money laundering, import of unregistered machinery, etc. [45].

3.1.3. Environmental Impacts

In general, the most significant impact caused by gold mining is the contamination of
soil and water resources. This can occur due to improper dumping or infiltration of toxic
substances used in mining [28]. Sometimes, no remediation measures are applied after
the mineral extraction process, leaving the pools of contaminated water exposed to the
open air (Figure 2a). As a result, there is evidence of enormous extensions of brick-colored
soil, fish and macroinvertebrates affected by the accumulation of heavy metals such as
mercury, cyanide and arsenic [46,47]. These contaminants can also cause respiratory, skin
and carcinogenic diseases that affect people’s wellbeing. The debris generated by mining
waste (Figure 2b) is also a problem, because it can cause the death of aquatic species and
even humans [29]. Another impact related to gold mining is the change in the geographic
landscape, as it implies changes in land use such as degradation and erosion, modifications
to the relief, and large-scale deforestation to make way for the machinery used in mining
activities [28].

  
(a) (b) 

Figure 2. Gold mining impacts. (a) Pools of contaminated water exposed in the open pit; (b) debris generated by the
extraction of material for gold.

The Puyango-Tumbes watershed serves as a border between northern Peru and the
provinces of Loja and El Oro in southeastern Ecuador, covering a total area of
5494.57 km2 [48]. According to studies carried out since the beginning of the 20th century
in the upper part of the Puyango River, high concentrations of contaminants from mining
have been found in Portovelo-Zaruma, which has had an impact on the Peruvian territory.
In 2001, a study was carried out in the area; the results showed that gold mining activities
were affecting the ecosystem because of the tailings in the rivers, which subsequently
released cyanide, mercury and other metals that exceeded the established quality criteria.
The effects consisted of: reduced aquatic diversity, elevated levels of metals in larvae,
large amounts of metals bound to suspended sediments at ambient pH conditions, and
the levels of metals in carnivorous fish were low, with the exception of mercury [33]. In
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2010, another was carried out, which showed the presence of about 1.5 tons of mercury
being released per year in the city, of which 70% evaporated and 30% was released with
tailings [49]. Later, in 2017, another investigation was conducted to analyze heavy metal
contamination; the results indicated that the concentrations of Pb and As exceeded the
permissible limits for metals in soils. In addition, biological samples (blood, urine and
hair) were collected and, the results determined that inhabitants residing near the Puyango
River contained small amounts of Hg and Pb inside their organism [32]. As a consequence
of all the contamination that the river receives, no aquatic life forms develop; in addition,
water consumption, and the use of water for agriculture and livestock were disabled.
Due to all of these effects, in 2018, the Federation of Farmers of Tumbes filed a petition
for a lawsuit against the government of Ecuador for the alleged contamination of the
Tumbes River.

In 2010, an analysis was conducted in water bodies in Esmeraldas, in the Mario
Unión and Sabaleta estuaries, and in the Santiago and Sabaleta rivers. Abnormalities were
identified in the fish, such as deformities, as well as the presence of heavy metals inside the
fish due to illegal gold mining. Later, in 2013, the Catholic University of Ecuador conducted
a study that showed that the Maria estuary contained exaggerated amounts of aluminum,
which exceeded the limits established in the regulations by 580 times, as well as exceeding
the standard of copper by 2.4 times, the standard of iron by 33 times, and the standard
of manganese by 1.3 times. It was determined that all these substances were the result of
illegal mining carried out in these zones [45].

3.2. Current Situation

There is currently a total of 264 legally registered gold mines in the Litoral region,
including artisanal mining, small-scale mining, medium-scale mining, large-scale mining
and general regime (Table 1). The province with the highest number of concessions is
El Oro, with a total of 213 gold mines, followed by Guayas, with 24 mines, Esmeraldas,
with 16 mines, Los Ríos, with 5 mines, Santo Domingo de los Tsáchilas, with 4 mines, and
Manabí, with 2 mines. Unlike the other provinces mentioned, Santa Elena does not have
any registered gold mines, so there are no problems related to gold mining in the area.

3.2.1. Mining Policy

In recent months, the Ministry of Energy and the National Police have registered an
alarming increase in illegal mining throughout Ecuadorian territory due to the lack of
regularization of the extractive activity of gold mining during the COVID-19 pandemic.
Among the provinces with clear evidence of illegal mining is El Oro, specifically in the
San Lorenzo canton; this indicates that measures established in the canton in 2011, which
prohibit any type of extraction in the area, are being disregarded. As a consequence of the
activities carried out in the sector, on 18 November 2020 there was a landslide in an illegal
mine that resulted in the death of several people [46].

With respect to political issues, the Organization of American States (OAS) in 2020
admitted the petition filed by the Federation of Farmers of Tumbes (Peru) against the gov-
ernment of the Republic of Ecuador for the alleged contamination of the Tumbes River from
mining activity in the Portovelo-Zaruma district. Likewise, farmers and environmentalists
from the neighboring country carried out a peaceful protest on 25 January 2021 in order
to demand a pronouncement from the Inter-American Court of Human Rights, since the
presence of heavy metals in the river continues despite the lawsuit filed, and there is a risk
to the flora, fauna and health of approximately 200,000 people [50].

3.2.2. Socio-Economic Sector

In Ecuador, cantons such as Zaruma, Portovelo, and Camilo Ponce Enríquez extract
86% of the gold exported in the country through small-scale mining; however, only 0.38% of
the territory’s population resides in these areas. Despite the large exports generated by the
cantons, they have average poverty rates for unsatisfied basic needs, 62% in Zaruma and
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58% in Portovelo, according to data from the 2010 Population and Housing Census [51]. On
the other hand, 84.6% of the inhabitants of San Lorenzo canton live in poverty, a percentage
that exceeds 60% nationally and 51% in the province of Esmeraldas; only 23% of households
have basic services in the canton [38,52].

In the interviews conducted, some miners stated that, due to the Mining Agreement
decreed in 2009, many people were displaced to make way for large mining concessions.
For this reason, many opted to engage in illegal mining (inside and outside the canton),
and with all this came violence and poverty in the exclusion zones. Faced with the various
problems and conflicts caused by illegal activity, they preferred to sell their land and move
away from the concentration zones in search of a better way of life, leaving behind the
place that had been their home for a long time. On the other hand, interviewees also stated
that there are people constantly joining the mining areas from other regions of Ecuador
and Peru who are willing to work for lower wages due to the lack of job opportunities
and offers.

In the country, informal miners are known as “sableros”. They are generally trapped
between poverty and violence, which is why they risk their lives performing dangerous
activities to obtain gold and thus earn an income to sustain themselves. In Zaruma and
Portovelo, the sableros often enter subway mines that do not have oxygen, so they use
long hoses to breathe while searching for gold veins. Some say that they only know how
to “sabre” because they have worked in the mines since they were teenagers and that
they have often broken into legal and illegal concessions to steal gold material. They also
comment that sometimes they apply for jobs in formal companies, and once inside, they
ingest small pieces of gold to later process them in their bodies and keep the material to
make a profit by selling it.

Regarding the cost of living, some residents living near the mining concessions said
that they have benefited from the job opportunities in the gold mines, but that salaries
are minimal. While residents who own commercial establishments (stores) stated that
mining activities do not influence their economy, because sales have not increased in their
establishments and, in addition, government agencies are very strict in the regulation of
prices implemented in sales.

One of the main reasons why people resort to informal and illegal gold mining
activities is related to poverty and lack of job opportunities. According to a report by the
National Institute of Statistics and Census of Ecuador (INEC), the province of Esmeraldas
is one of the poorest and most excluded provinces in the country. Thus, three of its cantons
have the highest poverty rate, Rio Verde (63%), Eloy Alfaro (64%) and Muisne (65%) of the
coastal region. Meanwhile, in the province of Manabí, two cantons, Pichincha and Olmedo
have a 63 and 61 percent poverty rate. It is important to note that these two provinces have
the highest poverty rates in terms of multidimensional aspects, unsatisfied basic needs
and access to basic services. These are incentives for the population of these cantons to
migrate and go to develop gold mining activities in a precarious and unsafe way in areas
with a high gold content, such as Alto Tambo in the province of Esmeraldas, and in the
neighboring province of Imbabura in the area of Buenos Aires. Thus, after the province
of El Oro in terms of mining history, the province of Esmeraldas in the last 10 years has
shown an exponential increase in gold mining activities in the coastal region.

3.2.3. Environmental Impacts

In Ecuador, the use of mercury for gold amalgamation is prohibited; however, its
use is still very frequent in the country, such that the substance is spread by rivers and
ravines [17]. In this regard, activist Nathalia Bonilla stated in 2020 that due to the increase
in illegal mining activities during the pandemic, the water sources of San Lorenzo and
Eloy Alfaro have become contaminated. She also added that 80% of the rivers are polluted,
but people do not have good water, so they have to continue using water resources with
toxic substances [53]. On the other hand, 19.45% of the water in the province of El Oro is
contaminated due to the activities carried out in Zaruma and Portovelo [14]. All these data
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are of great concern, since they show that most of the populations settled on the banks
of the rivers in the gold ore mining areas do not have adequate drinking water systems,
which represents a serious risk to the health of the people.

Exposure of people to water contaminated with toxic substances such as mercury
can cause illnesses, as reported by gold mining workers in the province of Esmeraldas.
Some of the diseases they reported contracting included: skin diseases, intestinal disorders,
infections, vaginal problems (in the case of women), stomach diseases, and respiratory
problems, among others. In addition, they mentioned knowing people who acquired
long-term diseases such as Alzheimer’s and cancer.

In 2020, a study was conducted in the Portovelo-Zaruma area, specifically in the
Puyango-Tumbes river. The results showed that there was cyanide contamination at
concentrations 9088 times higher than the established CCME standard of 5 g/L, and
1136 times higher than the 24-h LC 50 concentration of 40 g/L free of CN- for some species.
The levels of affectation arose due to mining malpractice and environmental management
in 87 gold processing centers, which used mercury tailings to obtain the ore in the river [39].
Another effect that could be seen in the city of Zaruma was large deformations due to
land subsidence generated mainly by illegal subway gold mines [40]. The impact of these
mining activities was so great that on 2 July 2021, a sinkhole was created (Figure 3a), which
reached a diameter of 20 m and a depth of 30 m, putting at risk 50 homes located near the
affected area (Figure 3b).

  
(a) (b) 

Figure 3. Sinkhole in the province of El Oro, city of Zaruma. (a) Sinkhole formation; (b) houses at risk due to sinkhole
formation.

In the Los Ajos sector of the San Lorenzo canton, illegal mining activities were regis-
tered in January 2021, despite the fact that the measures imposed prohibit it. As a result, the
Ecuadorian Chocó (one of the areas with the highest endemism of species in the country) is
being affected by indiscriminate deforestation to make way for roads for illegal mining
machinery [54–56]. Inhabitants of the area state that not even the COVID-19 situation
has stopped the “sableros”, because there are 52 active mining camps in the area that are
causing great damage to the area, while also creating insecurity, so they demand that the
authorities control the permits granted for these activities. The Alto Tambo sector was
also affected, because after inspections carried out by the authorities in May, illegal miners
invaded the area and destroyed a large part of the zone, putting the Awá Nationality that
resides in the surrounding area at high risk (Figure 4a,b).
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(a) (b) 

Figure 4. Invasion by illegal miners. (a) Machinery used for gold extraction; (b) deforestation of the affected area.

3.3. Challenges

The findings suggest that Ecuador faces many challenges, both in the political sphere
and in socioeconomic and environmental respects. On the one hand, it is evident that
the country lacks policies that direct the mining sector towards more responsible and
environmentally friendly activities. There is also a need for greater control of illegal mining
due to its exponential increase as a result of the COVID-19 pandemic and the lack of job
offers, causing various forms of damage to the ecosystem. The provinces belonging to the
Litoral region with the most conflict are Esmeraldas and El Oro, which, according to a
systematization developed by the Ombudsman’s Office and the Colectivo de Geografía
Crítica, occupy the first place with respect to the violation of human rights and nature at
the national level [38]. Considering the problems that have arisen in the two provinces,
it should be considered a priority to establish laws in order to improve the situation in
the two zones and avoid conflicts with neighboring countries due to the contamination
generated by the zones.

Since the exploration and extraction of gold ore in the country began, there have been
socioeconomic conflicts that have harmed workers and residents in the gold mining areas.
The Ecuadorian State should give priority to the people involved in gold mining activities
in the country, implementing controls on the remuneration of mining workers, because, as
has been stated, they do not receive a fair salary despite the risk they run when carrying out
extraction activities. Strict plans should also be implemented to prevent mining concessions
from using mercury to extract gold, as the contamination of water sources means that the
local population has no water for drinking or other activities. It would also be advisable to
offer jobs and invest in education, given the lack of opportunities in conflict zones such as
Esmeraldas and El Oro.

Mining sector regulators should socialize with all the social actors involved in the
mining processes about the lack of knowledge of the mining formalization and regulation
processes. This will help to ensure that these processes are carried out in accordance
with the law and comply with environmental regularization processes. In addition, the
Ecuadorian government should promote specialized technical assistance programs on
issues related to environmental management, mining safety and professional training for
ASM; to achieve this, academia should provide support in the education and training
of miners, making them aware of the risk of using prohibited substances such as Hg, as
well as providing instruction on the implementation of more environmentally friendly
extraction strategies. On the other hand, it is essential to establish incentives focused on
environmental protection and entrepreneurship generation. These alternatives could be
an option that would allow the adoption of better environmental practices in the gold
extraction process and improve the local economy of the miners.

Perhaps the most serious challenge faced in gold mining concentration zones is the
lack of awareness and knowledge regarding exposure to heavy metals such as mercury, as
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people are often unaware of the effects they can cause to the environment. This process,
together with the lack of control and monitoring in mining areas, as well as the lack of
management of mining waste generated in the extraction areas and the lack of legal regula-
tions for the management of mercury, have a significant influence on the environmental
aspect. An effective measure for minimizing environmental impacts could be to carry
out government supervision to ensure that gold mining concessions mitigate the damage
caused by their extractions, thus ensuring that they remediate (or at least minimize) the
damage caused to the ecosystem.

4. Discussion

In recent decades, Ecuador has made great efforts to implement legislation to regulate
the activities developed by the mining sector. However, it is evident that in recent years,
there has been a loss of interest in the political aspect of mining, since the same law has
been in force in the country since 2009, without taking into account the effects that have
been generated over the years. It is also clear that there is a lack of rigorous control in the
application of the laws; this was evidenced by informal talks with the gold mine workers
(outside the interview questions), since on several occasions they mentioned that the visits
by the authorities were scarce, which indicates the lack of monitoring to verify whether the
mines comply or not with the established regulations and, most importantly, to verify that
they do not use mercury to extract the mineral. According to [54], Ecuadorian legislation
has its own dynamics in situ, and it is naïve to believe that the laws of the country can
control the sector [54]. Other authors, such as [55], mention that legislation often involves
two factors that generate negotiations in the legal framework of the mining sector: national
laws and socio-normative agreements, which in this case are those that are applied in the
country, although not in a recognized manner [56].

At this point, it is important to note that legislation should require the implementation
of mitigation measures. However, this could mean a loss, since there is a great controversy
in controlling and regulating gold mining practices, because if mitigation measures are
applied, the potential to placate marginalized groups will be reduced, while if restoration
measures are not used, environmental contamination impacts will also be present, as
mentioned in [57]. To maintain greater control over gold mining in Ecuador, mining
activities should be formalized. However, ref. [58] state that attempts to formalize the
mining sector are generally unsuccessful, and as a consequence, pollution levels increase.
According to the authors, in order to carry out an effective formalization process, education
must first be implemented to prevent the continuation of incorrect extraction methods, and
thus reduce environmental damage [58].

The perspective has not changed much in the historical and current situation regarding
environmental impacts in gold mining areas in the coastal region of Ecuador, since the
same aspects are present: contamination of rivers, water scarcity for people, reduction or
lack of aquatic diversity and people with the presence of mercury in their bodies. The most
worrisome aspect is that, according to the analyses carried out, all of these impacts have
been occurring in the Puyango River since 2000, which is indicative of the lack of control
in the Portovelo-Zaruma areas and the lack of awareness on the part of the illegal miners.
However, ref. [15] mentions that studies conducted on ASM show that mining has not
caused water contamination. Furthermore, he adds that in cities such as Portovelo, Zaruma,
Nabija, Ponce Enriquez and Santa Rosa, metallic substances and metalloids have been
detected at well below the limits established in the regulations [15]. Although the studies
carried out show low levels of mercury, it must be taken into account that in general, the
laboratories responsible for the analyses only have the capacity to measure 0.005 ppm,
while the maximum permissible parameters in the country are established at 0.0002 ppm.
There is a great difference between these two levels, so the probability of detecting high
levels of mercury is very low, not because it is not present, but because of the lack of
specialized equipment able to provide concrete results.
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Although Ecuador has major shortcomings in the mining sector due to poor extraction
practices or illegality, it is not the only country of which this is the case. In other countries
around the world, these situations are also present. Such is the case in Colombia, where
there have also been cases of mercury contamination of rivers due to the amalgamation
processes used to extract gold, the introduction of solid loads, metals and waste used in
mining, and the use of mercury in the mining industry [58]. On the other hand, in Ghana,
there are cases of soil contamination with averages of 0.024 mg kg−1, which is a very low
concentration, well below the established criteria for human health [59–62].

5. Conclusions

Ecuador has had the same law regulating the mining sector since 2009, which indicates
that new legislation is needed to adapt to the current situation with COVID-19. There is a
major conflict regarding the preventive norms applied to the San Lorenzo canton in the
province of El Oro, since, despite the fact that gold mining (legal or illegal) is prohibited in
the area, there are still cases of environmental impacts caused by the influence of mining
activities. Therefore, the authorities should carry out more frequent inspections to detect
illegal gold mines in order to dismantle them and reduce pollution, especially of water
resources, especially in the provinces of El Oro and Esmeraldas, which have proven to be
the areas with the most conflict in the Litoral region.

Due to the decrease in employment in the provinces of El Oro and Esmeraldas, illegal
mining activities have emerged as an option for survival and daily sustenance. However,
these activities cause major conflicts that lead to the insecurity of the people living in the
extraction zones. In the first instance, there is the violation of people’s rights due to their
eviction from their homes in order to make way for the megaprojects; there are also reports
of armed conflicts, labor exploitation associated with minimum wages, lack of access to
water, and high risk of diseases related to direct contact with heavy metals.

The analysis of the environmental aspect suggests that mercury is present in some
areas of the Litoral region, specifically in El Oro and Esmeraldas. These contamination
problems are not a recent issue, as illegal mining has been evident in these areas for
several years. As a consequence, water resources, aquatic and terrestrial ecosystems are
affected due to gold mining activities which, although they are small-scale in most cases,
the contamination is due to the malpractice of the activities at the time of processing the
mineral through the tailings in which mercury is used.
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Abstract: Beach management is a complex process that demands a multidisciplinary approach,
as beaches display a large variety of functions, e.g., protection, recreation and associated biodiversity
conservation. Frequently, conflicts of interest arise, since management approaches are usually focused
on recreation, preferring short-term benefits over sustainable development strategies; meanwhile,
coastal areas have to adapt and face a changing environment under the effects of long-term climate
change. Based on a “Sea, Sun and Sand (3S)” market, coastal tourism has become a major economic
sector that depends completely on the coastal ecosystem quality, whilst strongly contributing to its
deterioration by putting at risk its sustainability. Among beach users’ preferences, five parameters
stand out: safety, facilities, water quality, litter and scenery (the “Big Five”), and the latter is the focus
of this paper. Bulgaria has impressive scenic diversity and uniqueness, presenting real challenges
and opportunities as an emerging tourist destination in terms of sustainable development. However,
most developing countries tend to ignore mistakes made previously by developed ones. In this paper,
scenic beauty at 16 coastal sites was field-tested by using a well-known methodology, i.e., the Coastal
Scenic Evaluation System (CSES), which enables the calculation of an Evaluation Index “D” based
on 26 physical and human parameters, utilizing fuzzy logic matrices. An assessment was made of
these high-quality sites located in Burgas (8), Varna (3) and Dobrich (4) provinces. Their sensitivity
to natural processes (in a climate change context) and human pressure (considering tourist trends
and population increases at the municipality scale) were quantified via the Coastal Scenic Sensitivity
Indexes (CSSIs) method. The CSES and CSSI methods allowed us to conduct site classification within
different scenic categories, reflecting their attractiveness (Classes I–V; CSES) and level of sensitivity
(Groups I–III; CSSI). Their relationship made it possible to identify management priorities: the main
scenic impacts and sensitivity issues were analyzed in detail and characterized, and judicious
measures were proposed for the scenic preservation and enhancement of the investigated sites.
Seven sites were classified as extremely attractive (Class I; CSES), but with slight management efforts;
several Class II sites could be upgraded as top scenic sites, e.g., by cleaning and monitoring beach
litter. This paper also reveals that investigated sectors were more sensitive to environmental impacts
than human pressure; for example, eight were categorized as being very sensitive to natural processes
(Group III; CSSI).

Keywords: landscape; beach; management; climate change; erosion; tourism pressure; sustainability;
developing country
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1. Introduction

Coastal areas host relevant aquatic and terrestrial ecosystems located at the interface
between water and land [1] and have an intrinsic environmental value due to their great
biodiversity that supports the provision of several ecosystem services and related functions
essential for human subsistence [2,3]. Recreational and cultural activities are also relevant
in coastal areas from several decades [4]. Such sensible and valuable environments are often
threatened by natural processes and, in past decades, by an increasing level of population
and human pressure [5–9].

Natural processes, such as coastal erosion and flooding, are often exacerbated by
human-related activities [10] and linked to chronic erosion processes [11] and/or the im-
pact of very energetic events, such as storms and hurricanes [12,13]. They constitute a
rising issue enhanced by sea-level rise and other climatic-change-related processes, such as
the increasing height of extreme waves, or a change in wave tracks, the intensity/frequency
of storms and hurricanes [13–16]. Coastal sensitivity is the susceptibility of coastal en-
vironments to be affected by either inundation or erosion processes, and many studies
have shown that over 70% of global shorelines are currently retreating because of climate
change’s processes [17]. This is a relevant problem that affects the majority of global coastal
areas and is reflected in the reduction or complete loss of beach and dune systems and other
relevant coastal environments, such as salt marshes and mangrove swamps [18,19]. Lincke
and Hinkel [20] projected that, by 2100, there will be a global coastal land loss of around
60,000–415,000 km2 and associated migration of 17–72 million people. The total or partial
degradation of such environments would involve a loss of associated tourist, aesthetic and
natural values [21–24]. Such a trend is emphasized when landward migration of coastal
ecosystems is impeded because of the presence of seawalls or human settlements [25], a
process known as “coastal squeeze” [26,27].

The population is expected to rise, and projections postulate an increase from 625 million
(in 2000) up to 949 and 1388 million people in 2030 and 2060, respectively [28]. Infras-
tructure and activities related to human developments (tourist, fishing, industrial, etc.)
therefore represent a worrying and increasing threat to coastal environments [28,29]. Land
alteration is one of the most critical issues to manage, contributing to coastal erosion; land
fragmentation; loss of habitats, biodiversity and ecosystem services; and landscape degra-
dation. As an example, benefits derived from ecosystem services for the Mediterranean Sea,
which represents 0.82% of the global ocean surface, are estimated to be over €26 billion a
year [30]. Despite the coastal population carrying out a broad range of economic and envi-
ronmental activities, in past decades, the increase of population and development has been
greatly related to tourism, which is one of the fastest-growing industries worldwide: in
2019, it generated 10.3% of global Gross Domestic Product (GDP) and supported 330 million
jobs [31], with coastal and marine tourism being the largest segment of this industry [32].
This is mainly due to the attraction of the “Sea, Sun and Sand” (“3S”) tourism [33,34],
which mostly characterized by peaks of visits limited to the summer season, due to a
strong dependence on local weather conditions and partially to the coincidence of long
breaks in schools, firms, etc. [8]. This can lead to overcrowded scenarios, a situation par-
ticularly affecting a site’s scenic attractiveness and its associated prestige and positive
image. Commonly, conflicts and adverse effects on the environment are caused by a lack of
knowledge and weak management strategies, which frequently are non-existent. Coastal
visitors are especially interested in beaches, a market that annually involves billions of US
dollars [35]. This raised the following question: what are the visitors’ preferences on beach
choice? Research indicated five main parameters, the “Big Five”, i.e., safety, no litter, water
quality, facilities and scenery [33], and the latter, which is the main concern of this paper, is
described as “an area, as perceived by people, whose character is the result of the action
and interaction of natural and/or human factors” [36].

In this paper, the most attractive scenic sites of the Black Sea Bulgarian coast have been
characterized and their sensitivity to climate-change-related processes and human pressure
analyzed according to the methodology proposed by Mooser et al. [37,38]. The Coastal
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Scenery Evaluation System (CSES) [39–41] was used to characterize the most attractive
coastal scenic sites along the investigated area, together with the Coastal Scenic Sensitivity
Index (CSSI) [37] to determine present and future coastal scenic sites’ sensitivity to both
natural processes and human interventions. Both are linked to the increasing coastal
development associated with tourist demand in Bulgaria, where tourist arrivals grew in
2018 at a rate of 8% [42]. The results obtained in this paper constitute a useful tool for the
preservation and enhancement of coastal beauty of the investigated areas and provide a
basis for any sound foreseeable development plan devoted to landscape conservation.

2. Study Area

Bulgaria, which covers an area of 110,842 km2, is situated on the Balkan Peninsula
in Southeast Europe and has a 432 km in length microtidal coastline, which faces the
western part of the Black Sea between Cape Rezovo to the south (at the border with Turkey)
and Cape Sivriburun to the north (at the border with Romania) [43]. Most rivers flowing
into the Black Sea along the Bulgarian coast are small, except for the Kamchia River. The
coast comprises a variety of geomorphological features, showing a wide variety of coastal
scenery: rock cliffs, sandy beaches, low-lying areas with estuaries and lagoons. The location
of the investigated sites is presented in Figure 1.

Figure 1. Location map of the 16 investigated sites: (1) Silistar, (2) Lipite, (3) Lipite Pocket Beach (PB),
(4) Veleka, (5) Koral, (6) Ropotamo, (7) Arkutino, (8) Irakli, (9) Vaya PB, (10) Karadere, (11) Kamchia,
(12) Rakitnika, (13) Cape Shabla Shore Platform (SP), (14) Shabla–Ezerets Lakes, (15) Durankulak
Lake and (16) Durankulak North.

Cliffs are the most common feature, covering 49.3%, or 213 km, of the whole shoreline.
Sand beaches constitute 34.5% (149 km) of the coast and the armored/engineered coast
occupies 16.2% (70 km) [43]. Beach erosion and cliff retreat, both natural and human-
induced, are the main hazards affecting the coastline [44]. Such retreat is partially linked
to sea-level rise that, along the Bulgarian Black Sea coast, varies from 1.5 to 3 mm/y [45].
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Around 20% of the Bulgarian coast has been identified as vulnerable to inundation at given
scenarios of sea-level rise (0–5 m) [46]. Coastal storms, which acquire great relevance in
coastal erosion, are extreme meteorological events that mainly occur in winter and are
associated with severe N and NE winds.

In the recent past, the Bulgarian coast was covered by large dune systems that, despite
being protected environmental areas, have experienced relevant reductions because of
human activities and development; today, they occupy only 10% of the entire country’s
coastline [47]. The existing diversity of coastline features/landscapes makes the Bulgarian
coast a popular destination for both homes of local people and accommodation for domestic
and foreign tourists. Further, the coast shows favorable natural conditions for the seaside
tourism development, as a result of a temperate climate and wide beaches with fine-grained
sand. In the southern part of the country, pocket beaches are quite common, while in the
central and northern parts, large sand beaches are common.

There are 14 (out of 264) coastal municipalities occupying an area of 5770 km2, corre-
sponding to 5.2% of the entire country’s territory, that accommodates 726,923 residents, i.e.,
9.8% of the national population according to the 2011 Census data [48].

Heavily concentrated in the Black Sea coast, tourism is a central pillar of the Bulgarian
economy: in 2018, it formed 10.4% of the GDP (€6.46 billion) and provided a total of
346,800 jobs. Coastal tourism is today the most significant subsector and the fastest-growing
part of the local economy involving almost 2/3 of the tourist infrastructure and tourists
who mostly relate to beach-based activities, as in the “3S” tourism [49]. It contributed 66%
to the Blue economy jobs (48,300 persons employed) and 55% to the Gross Value Added (or
€399 million) in 2017 [50]. The first large sea resorts were established during the 1950s and
1960s. The most significant influence from coastal tourism development began at the end of
the 1990s and has been expanding steadily since 2005 [47]. In 2018, Bulgaria accommodated
more than 12 million international visitors, which increased by over one million during
the 2012–2018 period, with half originating from the EU. Tourism is essential to many local
economies, but to preserve such economic benefits, it is mandatory to soundly manage
destinations and to conserve the natural aspects in which tourists are interested: this is the
challenge for coastal managers in the 21st century [33,49].

Finally, cultural heritage is intrinsically connected to Bulgaria as a Black Sea country.
It is part of its history, daily life, culture and tourism. Eleven Bulgarian sites are included
in the UNESCO list of tangible and intangible world cultural and natural heritage. The
coast is also an archaeology important area, where numerous underwater and coastal
archaeological sites from different periods have been discovered—Prehistory, Antiquity
(ancient Greek, Hellenistic and Roman), Mediaeval (Early Byzantium and Bulgarian). This
rich concentration of submerged sites provides a worldwide unique archive of data to
investigate social and economic aspects of ancient civilizations and cultures, but today
such remains are at risk because of intensive human activities, e.g., fishing, hydrocarbon
exploration, dredging of ports, etc. [51,52].

3. Methods

Along the Black Sea Bulgarian coast, 16 of the most attractive coastal scenic sites were
evaluated by using the Coastal Scenic Evaluation System (CSES) [39–41] and the Coastal
Scenic Sensitivity Index (CSSI) [37,38], as sites can potentially be affected in future decades
by climate-change-related processes and increased tourist pressure. The key aspects of both
methods, as stated in Mooser et al. [37,38], are presented in Figure 2.
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Figure 2. Summary of methods: indexes, scenic classes (Coastal Scenic Evaluation System; CSES) and
sensitive groups (Coastal Scenic Sensitivity Indexes, CSSI).

Scenic beauty assessment. The focus of this paper is the research of Class I and II,
sites and, secondary, Class III sites (Figure 2), that are accessible for beach users by a walk
<1.5 h from the nearest car parking. The selection process was realized according to the
same standard applied in the Balearic Islands and Andalusia, Spain [38,53], as detailed in
the following lines:

(i) A first approximation on the location of the most attractive coastal areas was obtained
via land-cover viewers and satellite images, e.g., Google Earth, Copernicus land
viewer, etc. The images were used to eliminate urban and village areas, and preselect
areas that appeared of great scenic values conforming to the 26 physical and human
parameters (Table 1; CSES), e.g., a site which shoreline consists of cliff formations,
extensive dunes system and/or shows high vegetation cover and, at the same time,
records a low visual impact of human activities. If doubts arose relating the access
difficulty or attractiveness, locations were automatically preselected.

(ii) Consequently, 26 sites respectively located in remote areas (17) and rural areas (9),
were initially chosen after image viewing, irrespective as to whether they were located
or not in protected areas.

(iii) After discussion with local coastal experts and detailed investigation of preselected
areas, e.g., by consulting official webs of tourism and location of protected areas,
review of published papers and grey literature, etc., a total of 21 locations were
selected for field surveying. It should be noted that the criteria used to determine
the distribution of preselected sites ranged according to the scenic variety of the
shoreline investigated. Selected sites presented the greatest spatial density along
heterogeneous scenic shorelines, such as Burgas province (points 1–4, Figure 1), whilst
the opposite was true for homogenous scenic shorelines, e.g., Kamchia or Durankulak
(points 11 and 15, Figure 1).

(iv) Field surveys were carried out in June 2021 between 10 a.m. and 6 p.m., during
normal weather conditions, when stable conditions ruled (e.g., a storm affects water
color, point 16 in Table 1) and over beach sectors 400–500 m in length; that is, when a
long shoreline is assessed, it can be divided into different 400–500 m sectors. A few
preselected sites such as Butamyata (Sinemorets) or Blatoto Alepu (also known as
drivers’ beach; Primorsko) were visited but, finally, not chosen, because of their low
scenic quality. Cape Emine was finally not assessed because of the very regrettable
condition of the access pathway, which required a walk estimated > 1.5 h. When
constant alongshore scenic conditions were observed, adjacent sectors were joined
together [54,55], giving finally a total of 16 coastal sites with different coastal lengths,
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from a 62 m in length pocket beach, i.e., Lipite PB (point 2, Figure 1), to a 6770 m long
beach, i.e., Durankulak (point 15, Figure 1), and covering a total of c. 32 km, i.e., 8% of
the total coastal length of Bulgaria.

Table 1. Coastal Scenic Evaluation System (CSES) parameters with their corresponding weight
and attribute scale. * Cliff special features: indentation, banding, folding, screes and irregular
profile. ** Coastal landscape features: Peninsulas, rock ridges, irregular headlands, arches, windows,
caves, waterfalls, deltas, lagoons, islands, stacks, estuaries, reefs, fauna, embayment, tombola, etc.
*** Utilities: power lines, pipelines, street lamps, groins, seawalls, revetments, restaurants, etc.

No. Physical Parameters Weight
Rating

1 2 3 4 5

1 Height (m) 0.02 Absent 5 ≤ H < 30 30 ≤ H < 60 60 ≤ H < 90 H ≥ 90

2
CLIFF

Slope 0.02 <45◦ 45–60◦ 60–75◦ 75–85◦ circa vertical

3 Features * 0.03 Absent 1 2 3 Many (>3)

4 Type 0.03 Absent Mud Cobble/Boulder Pebble/Gravel Sand

5 BEACH
FACE Width (m) 0.03 Absent W < 5 or

W > 100 5 ≤ W < 25 25 ≤ W < 50 50 ≤ W ≤ 100

6 Color 0.02 Absent Dark Dark tan Light tan/bleached White/gold

7 Slope 0.01 Absent <5◦ 5–10◦ 10–20◦ 20–45◦

8 ROCKY
SHORE Extent 0.01 Absent <5 m 5–10 m 10–20 m >20 m

9 Roughness 0.02 Absent Distinctly jagged Deeply pitted
and/or irregular Shallow pitted Smooth

10 DUNES 0.04 Absent Remnants Fore-dune Secondary ridge Several

11 VALLEY 0.08 Absent Dry valley (<1 m) Stream (1–4 m) Stream River/limestone
gorge

12 SKYLINE LANDFORM 0.08 Not visible Flat Undulating Highly undulating Mountainous

13 TIDES 0.04 Macro (>4 m) Meso (2–4 m) Micro (<2 m)

14 COASTAL LANDSCAPE
FEATURES ** 0.12 None 1 2 3 >3

15 VISTAS 0.09 Open on one side Open on two
sides

Open on three
sides Open on four sides

16 WATER COLOR and
CLARITY 0.14 Muddy

brown/grey
Milky

blue/green Green/grey/blue Clear/dark blue Very clear turquoise

17 NATURAL VEGETATION
COVER 0.12 Bare (<10%

vegetation)
Scrub/garigue

(marram, gorse) Wetlands/meadow Coppices, maquis
(±mature trees)

Variety of mature
trees

18 VEGETATION DEBRIS 0.09 Continuous
(>50 cm high) Full strand line Single

accumulation
Few scattered

items None

Human Parameters

19 NOISE DISTURBANCE 0.14 Intolerable Tolerable Little None

20 LITTER 0.15 Continuous
accumulations Full strand line Single

accumulation
Few scattered

items Virtually absent

21 SEWAGE DISCHARGE
EVIDENCE 0.15 Sewage evidence Same evidence (1–3

items)
No evidence of

sewage

22 NON-BUILT
ENVIRONMENT 0.06 None Hedgerow/terracing/

monoculture
mixed cultivation ±

trees/natural

23 BUILT ENVIRONMENT 0.14 Heavy Industry Heavy tourism
and/or urban

Light tourism
and/or urban

Sensitive tourism
and/or urban Historic and/or none

24 ACCESS TYPE 0.09 No buffer
zone/heavy traffic

No buffer
zone/light traffic

Parking lot visible
from coastal area

Parking lot not visible
from coastal area

25 SKYLINE 0.14 Very unattractive Sensitively
designed high/low

Very sensitively
designed

Natural/historic
features

26 UTILITIES *** 0.14 >3 3 2 1 None

As previously stated, the Coastal Scenic Evaluation System (CSES) [39–41] is a method
based on the evaluation of 26 parameters, 18 of which are physical and eight are human
(Table 1). Such parameters were selected according to the results of numerous interviews of
beach visitors in Turkey, Malta, Croatia, Portugal and the UK [39–41], and after discussion

206



Land 2022, 11, 70

between coastal experts, rated on a five-point attribute scale, with 1 indicating “absence”
or “poor” quality and 5 “excellent/outstanding” quality (Table 1). Each parameter had a
different weight (Table 1); that is, not all parameters are the same, but the weighting of all
physical components is equal to that of the human parameters. The method is based on
fuzzy logic mathematics and parameter weighting matrices, which allow one “to overcome
subjectivity and quantify uncertainties” [39]. Fuzzy Logic Assessment (FLA) [56] is a
scientific approach used to limit any mistake that the scenic value assessor makes. The
assessor must tick one box for each parameter on the checklist (Table 1) and could tick the
wrong attribute box (see corrections coefficients in Table 1). After fieldwork, results were
presented as follows:

(i) Histograms, which provided a visual summary of both physical and human parame-
ters obtained from Table 1 scores;

(ii) A weighted average of attributes, which delineated relative comparison of physical
and human parameters;

(iii) Membership degree of attributes, which represented overall scenic assessment over
the attributes.

All the above allow for the calculation of a scenic evaluation value “D” for each
site that, according to the “D” value obtained, is categorized into five distinct classes
(Figure 2), from Class I, i.e., extremely attractive natural sites with very high landscape
values (D ≥ 0.85), to Class V, i.e., very unattractive urban sites with intensive development
(D ≤ 0.0; see Anfuso et al. [57] for a detailed description and > 1000 study cases around
the world).

Scenic sensitivity assessment. Present and future coastal scenic sites’ sensitivity to
natural processes and human interventions were obtained by using the Coastal Scenic
Sensitivity Index (CSSI) [37,38] (Figures 2 and 3). The method allows for the determination
of the intrinsic sensitivity of coastal scenic parameters as follows:

(i) Erosion/flooding processes in a climate change context,
(ii) Unsustainable coastal population and level of development—very often linked to the

tourism industry and the lack of management.

Figure 3. CSSI method: an overview of steps and parameters used for Natural Sensitivity Index (NSI),
Human Sensitivity Index (HSI) and Total Sensitivity Index (TSI) assessment.

Concerning physical parameter sensitivity, Mooser et al. [37] considered that “Beach
face” and “Dune” parameters (Table 2) were the most sensitive natural features to ero-
sion/flooding processes that favor beach width reduction, i.e., low score at point 5 in
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Table 1, sediment coarsening and darkening (points 4 and 6, Table 1) and dune ero-
sion/disappearance (point 10, Table 1). Thereafter, the investigated areas were assessed
according to the following standard (Figure 3):

(i) During the first phase, sites were classified within three categories according to the
presence/absence of the abovementioned parameters (Figure 3);

(ii) In a second phase, the level of sensitivity of each site was determined by utilizing the
Erodibility Index (EI) [37], which considers beach face and dune characteristics on a
1–5 scale (Table 2);

(iii) In a third phase, forcing variables and predicted changes of sea-level rise and storm
surge were used to calculate a Correction Factor (CF, Table 2), since the effects of
forcing factors on coastal environments are affected by future variations of those
two variables;

(iv) In a fourth phase, the final sensitivity of natural parameters, i.e., the Natural Sensitivity
Index (NSI), was obtained by considering all the above in a 0–1 range of values
(Table 2 and Figure 3), allowing for the categorization of the sites into three sensitive
groups (Table 2).

Table 2. Erodibility Index (EI) parameters and Correction Factors (CFs) used for NSI assessment.
* Only for Category III sites. ** Imminent Collapse Zone. *** Estimation expected by the end of the
21st century.

Indexes
and
CF

Parameter Null/Very Low (1)
Low
(2)

Medium
(3)

High
(4)

Very High
(5)

N
at

ur
al

Se
ns

it
iv

it
y

In
de

x

Er
od

ib
ili

ty
In

de
x

Be
ac

h
fa

ce

Dry beach as a multiple of the
ICZ **

Accretion/
>5 times ICZ 4 times ICZ 3 times ICZ 2 times ICZ ≤ ICZ

Sediment grain size Gravel/pebbles
Medium/

coarse sand or
mixed

Fine sand

Rocky shore Width >80 80–60 60–40 40–20 <20

Location Nearshore Foreshore Absent

D
un

es
*

Dune height (m) ≥6 ≥3 ≥2 ≥1 <1 or absent

Dune width (m) >100 >75 >50 >25 <25

Vegetation cover Complete with
fixed dune (forest)

Complete with
fixed dune (shrub)

Semi-complete
(without fixed

dune)

Semi-completed
(without embryo

dune)

Incomplete or
absent

Washovers (%) 0 ≤5 ≤25 ≤50 ≥50

C
or

re
ct

io
n

Fa
ct

or

Fo
rc

in
g

Significant wave height (m) <0.75 0.75–1.5 >1.5

Angle of approach 10◦–45◦ (Oblique) 0◦–10◦
(Sub-parallel) 0◦ (Parallel)

Tidal range Macro tidal Meso tidal Micro tidal

Tr
en

ds Sea level rise (cm) *** <0 0–40 >40

Storm surge (m) *** <1.5 1.5–3 >3

Concerning the sensitivity of human parameters, Mooser et al. [37] suggested that
“Noise disturbance”, “Litter” and “Sewage discharge evidence” (points 19–21, Table 1) were
essentially linked to the influence of beach visitors; meanwhile, parameters such as “Non-
built environment”, “Built environment”, “Access type” and “Utilities” (points 22–24 and 26,
Table 1) were principally related to the site protection feature (if any); and “Skyline”
(point 25, Table 1) was used to the urbanization level of the surrounding areas. All the
above essentially depend on land use and beach typology [37]. Therefore, we employed
the following:

(i) In a first phase, according to the level and typology of human pressure, each site was
classified within one of the three pre-established categories (Figure 3);

(ii) In a second phase, “Visitors pressure” and “Beach typology” (Table 3) were de-
termined on a 1–5 scale, and the Human Impact Index (HI, Table 3 and Figure 3)
was calculated;
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(iii) In a third phase, a Correction Factor (CF, Table 3) for human pressure was established
considering trends of tourists and locals at municipality scale;

(iv) In a fourth phase, the Human Sensitivity Index (HSI) (Figure 3) was determined and
places investigated were categorized into three sensitive groups, on a 0–1 range of
values, according to the same standard previously established for the sensitivity to
natural processes (Figure 2).

Table 3. Human Impact Index (HI) parameters and Correction Factors used for HSI assessment.
* Values used in Mooser et al. [38]. ** Values used for this parameter were slightly modified from the
original method [37]. *** New parameter considered for this study.

Indexes and
CF

Parameter
Null/Very

Low (1)
Low
(2)

Medium
(3)

High
(4)

Very High
(5)

H
um

an
Se

ns
it

iv
it

y
In

de
x

H
um

an
Im

pa
ct

In
de

x

V
is

it
or

pr
es

su
re

Access difficulty (min)
>45 or only
accessible

by sea
25–45 10–25 5–10 <5

Protected Area Management
Category Ia & Ib II & III IV, V & VI Only local

designation No

Tourism
Intensity Rate

and
Population

density *

TIR: tourist
beds per 1000
inhabitants **

<150 150–300 300–600 600–1000 >1000

PD: persons
per km2 <70 70–150 150–300 300–700 >700

Beach typology ** Remote Rural Village or
Resort

C
or

re
ct

io
n

Fa
ct

or Evolution of the number of beds in
tourist establishments (%) ** Decrease Minor

increase
Increase
15–50% 50—100% >100%

Evolution of the number of inhabitant
(%) ***

Major
decrease

>25%

Decrease
5–25%

Stable
±5%

Increase
5–25%

Major
increase

>25%

Finally, the combination of scores previously calculated for Natural and Human
Sensitivity Indexes (NSI and HSI) allowed a Total Sensitivity Index (TSI) to be obtained
enabling sites to be classified within corresponding sensitive groups (Figures 2 and 3).
Equations employed for the assessment of the indexes, namely EI, NSI, HI, HSI, and TSI
and Correction Factors (natural and human) are presented in Appendix A Table A1, and a
detailed description of concepts and parameters used can be found in Mooser et al. [37].

4. Results and Discussion

4.1. Coastal Scenic Beauty (CSES Method)

In total, 16 sites respectively located in Burgas (9), Varna (3) and Dobrich (4) provinces
were field-tested during June (2021). The Evaluation Index scores (D) and site scenic char-
acteristics (relating physical and human parameters) are presented in Figure 4 and Table 4.
Most sites showed very high values of “D”: seven belonged to Class I, corresponding to
extremely attractive scenic sites (D ≥ 0.85); eight to Class II (0.65 ≤ D < 0.85); and a single
one to Class III (0.40 ≤ D < 0.65), i.e., Vaya PB (Figures 2 and 4). It is noteworthy to mention
that most Class II sites could be upgraded to Class I just by applying a few judicious
measures (further detailed). Regarding the Vaya PB site, it could easily be upgraded to
Class II by reducing beach litter amounts.
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Figure 4. Site scores obtained for the Coastal Scenic Beauty Index (“D”), along with the corresponding
location map number.

Bulgaria exhibits a splendid variety of scenery from vast plains with many coastal lakes
(point 14, Tables 1 and 4; e.g., at Durankulak, Shabla), extensive sand coastlines surrounded
by remarkable developed dune systems (point 10; e.g., Ropotamo and Arkutino), shore
platform (points 7–9; e.g., Cape Shabla) and high cliff systems (points 1–3; e.g., Rakitnika),
to impressive oak pristine forests located in the southern coast of Burgas (point 17; e.g.,
Silistar, Lipite). Such diversity makes Bulgaria an ideal place to assess coastal scenic beauty.
Some sites clearly stand out from the rest with very high scenic values such as Ropotamo
(D: 1.12), Lipite (1.04), Rakitnika (1.00), Kamchia (0.99) or Karadere (0.98) (Figure 4). Others
showed medium or poor scores for human aspects and were consequently ranged in Class
II or III, e.g., Koral (D: 0.67; Class II). General physical and human characteristics were
analyzed on the following lines.

4.1.1. Physical Parameters

Excellent scenic values are often linked to the geomorphological setting, e.g., beach
type/color and presence of developed dune systems, and the varied coastal physiography.
Three basic physiographic systems run from east to west, splitting the whole country
into three different regions, including the Danubian plain in the north, undulating and
mountain plateaus in the southern part with a transitional area between them. Thus,
good scores for “Skyline Landform” (point 12; Tables 1 and 4) were obtained for the
Southern Burgas province, i.e., Silistar, Veleka, Arkutino and Ropotamo, whilst the Dobrich
province (in the northern part of the coast) was characterized by low values related to flat
landforms. Coastal relief along the southern coast of Varna also favored high ratings for
“Cliff” parameters at Karadere, Vaya PB and Rakitnika (Figure 5A).
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Figure 5. Scenic diversity of the Bulgarian coastline: clay cliffs of Karadere, Varna (A); river mouth
at Silistar, Burgas (B); nearshore platform of Lipite PB, Burgas (C); Kamchia, the longest Bulgarian
beach, Varna (D); dune system of Arkutino bordering the famous Ropotamo river, Burgas (E); Oak
trees reaching the backshore in Lipite, Burgas (F); crystal water (G) and brackish lake of Sabla–Ezerets,
Dobrich (H).

Top grades for “Vegetation cover” were particularly observed along the Burgas coast-
line. The Strandzha Nature Park offers a unique opportunity to see an extremely extensive
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oak forest very close to the beach that has been in existence since the end of the Tertiary
period (2 million years ago) and is the only example of its kind in Europe. Considered
as a “Tertiary living museum”, Strandzha is one of the most relevant protected areas in
the whole continent in terms of biodiversity (in all biological groups) [58]. The mouths
of the Silistar and Veleka rivers are also considered as the most picturesque geotopes on
the Bulgarian Black Sea coast [58], and this is reflected by top attribute rates for “Valley”
(Figure 5B). The impressive sand spit (around 500 m in length) formed at the Veleka River’s
mouth was classified under “Special features”. At places, rock sectors and headlands give
rise to pocket beaches, i.e., at Lipite PB (Figure 5C).

Bulgaria also manifests a wide variety of dune systems. Their distribution commonly
depends on the existence of strong onshore winds, coastline orientation, mineralogy and
sediment grain size composition. The northern and southern dune systems are situated
within the coastal sector of Kamchia and composed of gray dunes with wet dune slacks
and forested dunes [58] (Figure 5D). Large dune systems are visible in the northern part of
the country, e.g., at Durankulak and Shabla, but the most numerous systems are mainly
located along the southern coast, e.g., at Ropotamo, Lipite or Arkutino (Figure 5E). The
latter system reaches a maximum height of 50 m, as a result of abundant sediment supplies
moving landward under the prevailing NE winds. In Lipite, the striking oaks reach the
backshore (Figure 5F). North to Cape Shabla, fore-dunes, dune ridges and fixed stable
dunes can be observed and reach 4 m in height at Shabla–Ezerets Lakes. A very detailed
description of the Bulgarian dune systems can be found in Stancheva [59] and Stancheva
et al. [60].

Most sites showed good scores for “Beach”, since the coastline is predominantly
composed of fine/medium-grained sand. In the northernmost area occur sand beaches
consisting of organic medium-sized sands with high (93%) carbonate contents [61] because
of the large mussel fields found in the nearshore. Beaches here have a low heavy mineral
content, reflected by a top rating for “Beach color”, e.g., Rakitnika or Karadere (white/gold
color; Tables 1 and 4). Within the central coast, sand beach sediment input is basically from
landslides and small rivers. Generally, beach sands are coarse to medium grain-sized, with
low carbonate content consisting predominantly of quartz. At the southernmost section,
beaches are composed of medium and fine grain sized magnetite–titanite sands, with a
high content of heavy minerals (up to 75%) due to volcanic rocks [62], e.g., Ropotamo (dark
tan color; rated 3, Table 4). Just one place had a large rock shore platform, i.e., Cape Shabla,
and clear or crystal water was observed for “Water color and clarity” (point 16, Table 1) at
almost all investigated sites (Figure 5G).

Finally, close to the border with Romania, coastal lakes were observed at Durankulak
and Shabla–Ezerets sites (Dobrich) (Figure 5H). These brackish lakes are surrounded by
fields, shrubs and separated from the Black Sea by narrow sand bars. In the case of Shabla,
a connection between two lakes was made with a thin artificial canal. Situated on the Via
Pontica, the second largest bird migratory route in Europe, they constitute an essential
stopover or wintering refuge for many bird species and host a large variety of endemic
plants, being both Ramsar sites. From a scenic perspective, these elements were reflected
by good scores at “Coastal landscape features” (point 14, Table 1).

4.1.2. Anthropogenic Parameters

Scores obtained for human parameters (CSES method) [39–41] are presented in
Figure 6. Located in remote (13) and rural areas (3), sites frequently showed top ratings
for “Noise”, “Sewage”, “Built” and “Non-Built environment”. However, some significant
variances were observed for “Litter”, “Skyline”, “Utilities” and, to a lesser extent, “Access
type” (Figure 6). The discussion is focused on these parameter scores and on the proposal
of judicious interventions for their improvement.
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Figure 6. Scores obtained for human parameters by the CSES method (values ≤3 are in red).

4.1.3. Analysis and Suggestion Measures

(a) General analysis of Classes I and II

All investigated sites (apart from Koral) are located in protected areas belonging to
different and complementary designations types, at regional, national (e.g., Nature Parks),
European (e.g., SCI and SPA; Natura 2000) and/or international levels (e.g., Ramsar).
The Strandzha Nature Park (Burgas) located along the southern coast, was the area most
represented in this study with three sites, i.e., Silistar, Lipite and Lipite PB. Burgas was also
the province that contained most sites (nine; Figure 1).

As stated previously, seven sites (out of 16) corresponded to Class I, eight to Class II
and only one to Class III. Below, two distinctive examples of Class I and Class II, respectively
Ropotamo and Veleka, were selected to characterize both classes. Their ratings, membership
degree curves and weighted averages can give an immediate visual state of the scores
obtained by relating the physical and anthropogenic parameters (Figures 7 and 8). Examples
of Class III are not presented, because only one site was found, i.e., Vaya PB.
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Figure 7. Ropotamo beach (A) and corresponding CSES ratings (B); membership degree vs. attributes
(C) and weighted averages vs. attributes (D).

 

Figure 8. Veleka beach (A) and corresponding CSES ratings (B); membership degree vs. attributes
(C) and weighted averages vs. attributes (D).

Class I sites are extremely attractive with outstanding features represented by physical
and anthropogenic parameters (D ≥ 0.85). Located in a Strict Nature Reserve, Ropotamo
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(D: 1.12) is the perfect illustration of a wild and remote area with restricted access, where
human impact is almost non-existent (Figure 7A–C). Testing this place involved climbing
the Arkutino’ dune system, the crossing of a dense riparian forest of oak, ash, elm, etc., and
the skirting of the eponymous river (entailing a 75-min walk). All human scores showed
top grades, except for “Litter” and “Skyline”, both rated 4. With regard to physical aspects,
very good scores were observed for “Beach type” (sand), “Dunes”, “Valley” (the river
mouth is around 30 m in width), “Landform”, “Vistas”, “Water color” and “Vegetation
cover” (Figure 7A,B). General physical and human ratings (Figure 7C,D) led to a very
high “D” value (1.12). A few sites belonged to State Game Husbandries, e.g., Arkutino, a
very common protection feature in Bulgaria that offers less protection than the previously
cited features.

Class II refers to attractive natural sites with a low intrusion of human impact with
“D” values 0.85 > D ≥ 0.65. These sites frequently rated lower than Class I due to a lower
scoring of the physical parameters, e.g., Irakli (low scores for “Special Features”, “Dunes”,
“Vegetation debris”), or because of the influence of human activities, e.g., Veleka. Chosen
as an example in Figure 8, the latter showed top ratings for “Beach” (type and color),
“Valley”, “Coastal landscape features” (among them an impressive sand spit), “Vistas”
and “Vegetation cover“. However, low scores linked to the skyline quality and to very
intrusive “Utilities” (Figure 8A–D) significantly downgraded the environmental richness.
The same happened at Silistar, Koral, Shabla–Ezerets Lakes or Durankulak North, where
human related activities critically lowered their natural attractiveness, downgrading them
to Class II.

Finally, it is interesting to highlight which human impacts are observed in Class I and
Class II (Figure 9A,B). Results clearly reflect how litter adversely affects the scenic beauty
of investigated sites. Likewise, critical attention should be paid to any improvement in
“Utilities”, since low scores observed of this parameter enables a potential upgrade of sites
with high physical values (Figure 9C) to Class I, e.g., Veleka or Silistar.

Figure 9. Human scenic impact observed in Class I and Class II (lowest scores in red) (A,B); sites’
scenic beauty without considering human parameters (C).
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Parameter values and suggestions for scenic enhancement of physical components,
e.g., dune strengthening, rehabilitation and restoration, or beach nourishment. This is
why emphasis should be placed on coastal managers to work out ways of upgrading
anthropogenic parameter scores. Turning the clock back is not feasible, and certain scenic
impacts, such as skyline quality, are virtually irreversible. However, several small and
judicious interventions with high effectiveness may be achieved to upgrade any sites’
attractiveness within determined areas, e.g., by reducing litter or utilities. Scores of human
parameters were analyzed, and suggestions to managers are presented.

(1) Noise disturbance was non-existent at all investigated sites during field-work ob-
servations. However, it should be noted that scores obtained at Veleka (D: 0.79) and
Silistar (0.83) could substantially vary during the peak tourist season. Indeed, both
sites tend to considerably increase their number of visitors, as they are easily accessible
by a <10-min walk and allow for the presence of several beach bars, together with a
large number of sunbeds. Many tourists could decrease both sites’ attractiveness to
0.73 and 0.79, respectively.

(2) Litter, linked to discharged items proceeding from different sources, was mainly
characterized by single accumulations (rated 3; Table 1 and Figures 6 and 9) and a
few scattered items (rated 4). Litter items observed along the study area were mainly
stranded by sea currents and rivers, and they were usually composed of plastic
items (bottles, bags and cups), glass drinks bottles, fast-food packaging, cans, foamed
polystyrene and ship waste (e.g., shipping rope) (Figure 10A–D). Their presence
critically lowered a site’s rating. As observed in Andalusia or the Balearic Islands,
the absence of periodic cleaning operations is probably due to the difficult access for
cleanup machines [38,53]. However, the fact that most items have been lying on the
beach for several years constitutes stark evidence of the low interest of competent
authorities and managers. Litter has a very large impact on coastal tourism and
recreation [63]. As a way of illustrating the relationship between beach litter and its
scenic impact, if the current litter rating (3) observed at Lipite PB (D:0.71), Koral (0.67),
Vaya PB (0.60), Shabla–Ezerets Lakes (0.75) and Durankulak North (0.72) is upgraded
+1, the “D” value of these sites will respectively jump to 0.86, 0.80, 0.74, 0.89 and 0.88.
These interventions would upgrade Lipite PB and the two latter to Class I, as well as
Vaya PB to Class II. Only at Cap Shabla SP was litter virtually absent.

(3) Sewage was not evident at the sites investigated. Its presence is frequently visible in
urban or village beach typologies [57], but hardly ever in remote areas.

(4) Non-Built Environment is the environment as perceived minus its buildings. In the
case of Dobrich district, a very agricultural region located in the Northern Bulgaria,
fields were relatively close but not visible from the beach, e.g., Durankulak North. All
sites gave top scores (5) (Figure 6).

(5) Built Environment refers to surrounding anthropogenic structures, buildings, etc.
Sites obtained top values (5), as they were located in the natural environment, except
at Koral, where several bungalows are found around the beach (in its northern sector);
this was characterized as “sensitive tourism” (rated 4).

(6) Access type usually showed good scores (≥4). Site lower scoring was principally
due to four-wheel-drive vehicles that illegally crossed dune systems to get as close as
possible to the beach to carry out recreational or fishing activities, among others, i.e.,
Kamchia, Rakitnika, Durankulak Lakes and Durankulak North. Beyond the scenic
impact, this bad practice raises concerns about dunes and beach users’ protection;
this critical point is further discussed (cf. sensitivity section). Another curious case
is Karadere, where the presence of motor homes and caravans were noticed in the
backbeach, due to a lack of camping restrictions (Figure 10E). At Veleka, “Access type”
was ticked attribute 4, since an unpaved road was visible from the beach.

(7) Skyline alludes to buildings’ silhouettes not in harmony with the environment. Top
grades are frequently related to sites having restricted views, e.g., Vaya and Lipite
pocket beaches. Large coastal sectors, as Durankulak Lake, Shabla–Ezerets Lakes
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or Irakli, located close to sensitively designed human settlements (without high
buildings), obtained good scores (4). Kamchia rating (4) was linked to the presence of
a 200 m pier emplaced in Shkorpilovtsi village. The worst scores (3) were noticed at
Veleka, Arkutino and Koral (Figure 10F,G). The first two are located near the borders
of protected areas, while the latter is out of any protected area. In the case of Veleka
(D: 0.79; Class II), if the municipality would have not allowed the construction of a
few elevated buildings (4 or 5 floors) near the beach rather than traditional houses
(with low heights), the “D” value would reach 0.93 (Class I). At Arkutino (D: 0.89),
a polemic unfinished resort complex whose construction was abandoned in the late
1980s remains relatively close to the beach (northern sector); without it, Arkutino
would be one of the top Bulgarian scenic sites (D: 1.03; without skyline impact).

(8) Utilities is the parameter that covers a large variety of human items, e.g., power
lines, lighting, pipelines, seawalls, revetments or temporary leisure facilities, amongst
others. Most sites had good scores (4 or 5), except for Silistar and Veleka (rated 1;
Figure 6). In both cases, their scenic impact was associated with intrusive structures
devoted to seasonal use, i.e., several beach bars, beach umbrellas, first-aid stations
and hundreds of sun beds (Figure 10G). This is the perfect illustration of one of the
major issues that coastal managers must resolve in “3S” destinations where conflicts
arise between scenic preservation and short-term benefits. Such a dilemma was also
observed in Andalusia or Balearic Islands, among many other destinations [38,53]. If
the administration of Strandzha Nature Park (both sites are in the Strandzha Nature
Park) was not so permissive in relation to leisure facilities (but allowing first aid
stations), the attractiveness of Silistar (0.83) and Veleka (0.79) could respectively jump
to 0.97 and 0.92, upgrading both sites to Class I. At numerous places, lifeguard stations
are certainly indispensable because of rip currents, but beach bars and other utilities
(sun beds, beach umbrellas, beach kiosk, etc.) should be reduced and/or moved
away from the beach, preserving the essence of natural sceneries. Beaches have to
be managed according to their typologies and not as a whole. From a management
approach, it is not rational that some remotes sites provide the same services as
carried out on resort or urban beaches. Finally, at Koral, the presence of two old fallen
lifeguard towers gave an attribute rating of 4 (Figure 10H); at Rakitnika, gas pipelines
(linked to the offshore Galata Platform) were not considered, as they were not visible
from the beach (covered by sand).
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Figure 10. Human impact on scenery and examples of “Litter”, ”Access”, ”Skyline” and ”Utilities”:
glass bottle (from Turkish producer) stranded by sea currents (A); cans, plastic bottles and foam
polystyrene dropped off at the shoreline Shabla–Ezerets Lakes, Dobrich (B); discarded ship rope
and can of adhesive paint probably dropped from a Turkish ship, Dobrich (C); inspiring good
practices observed at Arkutino, Burgas (D); cars and motorhomes setting up camp near the beach of
Karadere, Varna (E); detailed view of skyline impact caused by unfinished constructions at Arkutino
(F); seasonal utilities at Silistar, Burgas (G); abandoned lifeguard tower and building construction in
the background at Koral, Burgas (H).
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4.2. Coastal Scenic Sensitivity (CSSI Method)

As mentioned above, scenic sensitivity to natural processes and human pressure
was quantified by using the CSSI method [37,38]. General site characteristics and scores
obtained for the Natural Sensitivity Index (NSI), Human Sensitivity Index (HSI) and Total
Sensitivity Index (TSI) are presented in Table 5. The results can be useful to prevent and
limit future environmental degradation linked to natural processes, in a climate-change
context, and human activities in coastal areas of great scenic values, as well as to suggest
measures to improve their resilience.

Table 5. Main site characteristics: provinces (Pr.), typologies, beach length, protected areas types
(National, Natura 2000 and Ramsar) with corresponding IUCN categories, Scenic Sensitivity Indexes
(CSSIs) and “D” values (CSES). * Acronyms: pocket beach (PB); shore platform (SP). ** Acronyms:
Nature Park (NP); Site of Community Importance (SCI); Special Protection Area for Birds (SPA).

Site * Pr. Typology Length (m)
Protected Areas and
IUCN Category **

NSI HSI TSI D

1.Silistar

Bu
rg

as

Remote 462 Strandzha NP (V)
SPA and SCI 0.84 0.59 0.72 0.83

2. Lipite Remote 380 Strandzha NP (V)
Silistar Protected Area (VI)

SPA and SCI

0.77 0.47 0.62 1.04

3. Lipite PB Remote 62 0.59 0.53 0.56 0.71

4. Veleka Rural 838
Strandzha NP (V)

Veleka Protected Area (VI)
SPA and SCI

0.81 0.58 0.70 0.79

5. Koral Rural 765 None terrestrial (only SCI marine) 0.58 0.67 0.63 0.67

6. Ropotamo Remote 547

Ropotamo Strict Nature Reserve (Ia)
SCI and SPA

Ramsar Estuary of the Ropotamo River
Ropotamo State Game Husbandries

0.64 0 0.32 1.12

7. Arkutino Remote 1005 Ropotamo State Game Husbandries
SCI and SPA 0.66 0.63 0.65 0.89

8. Irakli Remote 3829
Irakli Protected Site (VI; southern sector)

Nessebar State Game Husbandries
SCI and SPA

0.66 0.69 0.68 0.83

9. Vaya PB Remote 328 Nessebar State Game Husbandries
SCI and SPA 0.89 0.63 0.76 0.60

10. Karadere

V
ar

na

Remote 3771 SCI and SPA
Natural Monuments (III, southern sector) 0.92 0.63 0.78 0.98

11. Kamchia Remote 6140
SPA and SCI

Strict Nature Reserve (Ia, Kamchia River outlet)
Protected Site (VI, Kamchia River outlet)

0.58 0.56 0.57 0.99

12. Rakitnika Remote 1349

Rakitnika Protected Site (VI; northern sector)
Liman Protected Site (VI; southern sector)

SCI (northern sector)
SPA

0.66 0.56 0.61 1.00

13. Cape Shabla
SP

D
ob

ri
ch

Rural 1738 Balchik State Game Husbandries
SPA 0 0.59 0.30 0.76

14.
Shabla–Ezerets

Lakes
Remote 2820

Shablensko Ezero Protected Site (VI)
SCI and SPA

Ramsar Lake Shabla
Balchik State Game Husbandries

0.50 0.38 0.44 0.72

15. Durankulak
Lake Remote 6770

Ezero Durankulak Protected Site (VI)
SCI and SPA

Ramsar Lake Durankulak
Balchik State Game Husbandries

0.53 0.38 0.46 0.85

16. Durankulak
North Remote 1915 Balchik State Game Husbandries

SCI and SPA 0.59 0.50 0.55 0.72

4.2.1. Sensitivity to Natural Processes

This index aims to determine the intrinsic scenic sensitivity of most attractive coastal
sectors to erosion and/or flooding processes by considering their scenic characteristics, the
level of potential stress caused by forcing variables and, finally, the predictions of Relative
Sea-Level Rise (RSLR) and Storm Surge (SS) by 2100. The location, length and values
obtained for NSI are presented in Figure 11. The sectors considered are characterized by
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homogeneous scenic values relating the physical and human aspects. For example, in
the Kamchia study case, the most extensive Bulgarian beach (12.4 km), “only” 6.1 km of
length was considered in this study (from the eponymous river mouth to the beginning of
Shkorpilovski village), since its northern and southern sectors are surrounded by resorts
and settlements linked to nearby villages, e.g., houses and a pier impacting on scenic beauty.

 

Figure 11. Investigated sectors, global view on the left map and zooms of (A–D) zones, with NSI
values and the corresponding sensitive group.

First, the sites were divided into three categories according to their physical char-
acteristics and scores previously obtained via the CSES method (Figure 3). Only Cape
Shabla SP, characterized by a large shore platform, was considered as not sensitive and
therefore included in Category I and not further investigated (Figure 11). A few sites that
showed “Beach face” but no “Dunes” (≤2; CSES) were ranked in Category II (3), i.e., Lipite
PB, Vaya PB and Karadere, whilst most of them belonged to Category III (12), as they
presented good scores for both parameters (Tables 2 and 6). Next, the following parameters
related to “Beach face” and “Dunes” were assessed, enabling an Erodibility Index (EI)
for locations classified in Categories II and III (Table 6). All parameters were rated on a
five-point attribute scale, with 1 indicating a great contribution of a specific key variable to
site resilience and 5 indicating a low contribution/a high sensitivity.
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(1) Dry beach width as a multiple of the ICZ was calculated comparing shorelines for
the period 1972–2011, using topographic maps (1:5000) and orthophotos (images
from 2019 were only available for Dobrich province). Half of the sites were rated 5,
since high recorded erosion rates indicated significant beach width loss (“Dry beach”,
Table 6). Sectors such Silistar, Karadere or Vaya PB lost respectively 8.47 m (i.e., a beach
width of 40 m), 8.36 m (21.5 m) and 14.48 m (4 m) during the investigated period. Only
five, mainly located in the central–northern part of the country, manifested stability
or accretion rates (rated 1), i.e., Irakli, Kamchia, Rakitnika, Shabla–Ezerets Lakes and
Durankulak Lake (Table 6). The last two abovementioned sites increased their width
by 8.62 m and 6.72 m respectively. Two sites, Koral and Durankulak North, gave a
rating of 2, as they presented slight erosion rates coupled with values of “Dry beach”
>4 times the ICZ (Table 6).

(2) Sediment grain size showed high ratings, since most sites (11) were composed of
fine-grained sand (rated 5, Table 6). Four mixed beaches, mainly consisting of sand
and, to a lesser extent, pebbles, gravel and/or broken shells, obtained intermediate
scores (3) (Table 6). Curious cases were noticed in the northern sectors of Shabla and
Durankulak where very impressive accumulations of black shell mussels remained
on the beach shoreline (Figure 12A). At these places, reefs constitute the main source
of beach material, providing over 90% of sediments [61].

Figure 12. Fragmented shells at Shabla–Ezerets Lakes (A), mixed-beach and nearshore platform
dissipating wave energy at Lipite PB (B) and illustration of adverse effects linked to vehicle circulation
on the dune system at Kamchia (C).

(3) Rocky shore width and location—only Lipite PB exhibited a large and emerged
nearshore platform dissipating wave energy that provided a natural defense to erosion
processes (Figure 12B). This was reflected by good scores for both parameters (Table 6).

(4) Dune parameters, including dune height, width, vegetation cover and washovers,
were considered for sites belonging to Category III. Very strong and healthy dune sys-
tems that are highly resilient to potential stressing events were recorded at Arkutino
and Ropotamo, giving the lowest values (1) for each parameter (Table 6). Low grades
were also observed at Kamchia and Koral. However, in the case of Kamchia (and the
rest of the northern and central part of the country), the illegal use of vehicles and their
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associated adverse effects, e.g., fragmentation, loss of vegetation and biodiversity, dis-
placement, compaction, etc., is a very serious issue that beach managers must resolve.
For example, at Kamchia and Rakitnika, washover fans, whose formation was favored
by this bad practice, broke the dune ridge continuity forming sensitive hot spots to
coastal erosion (Figure 12C). At many sites, dune width was also considerably reduced
or fragmented by trails parallel to the coast that are mainly used by off-road vehicles,
i.e., Kamchia, Shabla–Ezerets Lakes, Durankulak Lake and Durankulak North. To give
an instance of effective dune management, a place such as Rakitnika (NSI: 0.66) could
improve its general NSI to 0.61 only by reducing washovers <25% and increasing
dune width up to 50 m. In the southern part of the country, Veleka’s (NSI: 0.81) and
Silistar’s (NSI: 0.84) high scorings were partially associated with the high level of
recreational activities and related impacts forming critical gaps in the dune ridge,
leading to a loss of vegetation cover and dune width. By mitigating the cumulative
effects of pedestrians and beach bars presence, both sites could respectively decrease
their sensitivity to 0.75 and 0.77. The real effectiveness of these measures is relative
(and probably undervalued), as it is hard to predict how they could influence/reduce
the rates of shoreline erosion in future decades. The lowering of the current scores
recorded in the first parameter, “Dry Beach as multiple of the ICZ” (rated 5 for both
sites, Table 6), would greatly increase the resilience of such coastal features.

Finally, a Correction Factor (CF) was estimated by taking into account forcing variables
and regional predictions of RSLR and SS by the end of the century [37].

(1) Forcing variables include “Wave characteristics” and “Tidal range” parameters. The
second was characterized by the highest grade (5) (Table 6), since microtidal coasts
are most exposed to potential storm events, as they are always near high tide—a
large amount of the literature supports this viewpoint [64–66]. Results for “Significant
wave height” (Hs) and “Angle of wave approach” were extracted from the Bulgarian
National Oceanographic Data Centre [67]. Only three virtual buoys, respectively
located in Burgas, Shkorpilovski and Varna, were analyzed during the winter period
from October 2020 to March 2021—due to the lack of long time series and scarcity
of virtual buoys along the study area—leading to the following values: Varna (Hs:
1.01 m; 90–95◦), Shkorpilovski (Hs: 1.14 m; 80–90◦) and Burgas (Hs: 0.97 m; 75–85◦).
Given this context, all sites obtained a rating of 3 for Hs (0.75–1.5 m) (Table 6), whilst
the “Angle of wave approach” was judged relating to each site location, varying from
1 to 5, e.g., Ropotamo (1; oblique 40◦), Silistar (5; parallel 0◦) (Table 6). It should be
noted that the Shkorpilovski buoy recorded the highest energy event, with waves
reaching around 5.70 m in height in March 2021.

(2) Ongoing changes in RSLR and SS are due to anthropogenic climate change and other
factors, and they present a global challenge to coastal managers. It is acknowledged
that the Black Sea and its coastal zones are one of the most sensitive areas in Europe at
risk for coastal erosion and saltwater intrusion [68]. For European countries, Mean Sea
Level (MSL) is expected to reach around 53 cm and 77 cm, under the Representative
Concentration Pathways 4.5 and 8.5 (RCP), while projections for the Black Sea give
around 59 cm and 80 cm by 2100 [69]. According to Volkov and Landerer [70], the
forcing of sea level in the Black Sea is dominated by the basin freshwater budget and
water exchange through the Bosporus Strait, as well as depth-integrated changes in
seawater density. Many studies have reported that MSL reaches the highest levels
during the May–June period [68,70]. RSLR predictions obtained from the LISCOAT
database [71] gave a rating of 5 for all investigated sites (Table 6), with values varying
from 0.44 (RCP 4.5) to 0.71 (RCP 8.5). Data gaps in tide gauge stations did not allow
for estimates of a reliable trend for potential local subsidence effect [68,72]. The storm
surge level, defined as the difference between the pure tide and the total water-level
simulations, was estimated by using the Copernicus dataset of “Sea level indicators for
the European coast from 1977 to 2100” [73]. Based upon past observational data and
future climate projections at any regional scale, predictions around 35 cm (for 2100)
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were recorded for the entire Bulgarian coast; this was reflected by a low scoring (1)
(Table 6).

Combining the EI and the CF values as specified by Mooser et al. [37], we obtained the
following NSI values for the 16 investigated sites (Figures 12 and 13 and Table 6), enabling
their classification into one of the three sensitive groups (Figure 3).

Figure 13. NSI values recorded at sites investigated, along with corresponding sensitive group.

4.2.2. Sensitivity to Human Pressure

In a global scenario of coastal unsustainable growth, this section aims to determine
a sites scenic sensitivity to visitor pressure and their perception to scenery and human
settlements [74], considering, as Correction Factors, local trends at the municipality scale of
tourists and locals. The above enabled the calculation of a Human Sensitivity Index (HSI)
presented in Figure 14 with their corresponding location and sensitive group.

Sites were firstly included in one of the three scenic categories detailed by Mooser
et al. [37], in agreement with their location and ratings previously obtained for human param-
eters by the CSES method. Only Ropotamo belonged to Category I (Table 7 and Figure 14),
as it is the only place located in a very remote area (a walk of around 1-h walking) and
under a strong protection category, i.e., Strict Natural Reserve—its sensitivity to human
factors was not investigated. Almost all locations were considered as Category II (12),
showing low scoring for human impact, mainly associated with “Litter” and “Utilities”
(Table 7 and Figure 14). Only three fell into Category III, due to a major scenic impact at
“Skyline”, “Built Environment” or “Access type”, principally linked to their typology, i.e.,
Veleka, Koral and Cape Shabla SP (Table 7 and Figure 14). The following parameters were
evaluated for all investigated sectors (except Ropotamo), allowing for the calculation of a
Human Impact Index (HI) (Table 7).
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Figure 14. HSI values along with corresponding sensitive group. Global view on the left map and
zooms of (A–D) zones.

Table 7. Site scores for HSI parameters. * Site belonging to a Strict Nature Reserve (IUCN; Ia) and
accessible by a walk >45 min (Category I site; no further investigation is required). ** For sites located
in two municipalities, the highest value of HSI was considered.

Site Province Municipality Category Access PAMC TIR PD
Beach

Typology
HI Beds Population HSI Group

1. Silistar

Burgas

Tsarevo II 4 3 5 1 0.58 4 3 0.59 II

2. Lipite Tsarevo II 2 3 5 1 0.42 4 3 0.47 II

3. Lipite PB Tsarevo II 3 3 5 1 0.50 4 3 0.53 II

4. Veleka Tsarevo III 4 3 5 1 3 0.58 4 3 0.58 II

5. Koral Tsarevo III 3 5 5 1 3 0.67 4 3 0.67 III

6. Ropotamo * Primorsko I I

7. Arkutino Primorsko II 3 4 5 1 0.58 5 3 0.63 II

8. Irakli Nesebar II 3 4 5 2 0.63 4 5 0.69 III

9. Vaya PB Nesebar II 3 4 5 2 0.63 4 5 0.63 II

10. Karadere

Varna

Byala II 3 4 5 1 0.58 5 3 0.63 II

11. Kamchia ** Dolni
Chiflik II 3 4 2 3 0.54 3 2 0.50 II

Avren II 3 1 0.50 4 4 0.56 II

12. Rakitnika ** Avren II 4 3 3 1 0.50 4 4 0.56 II

Varna II 2 5 0.63 1 4 0.56 II

13. Shabla–Ezerets
SP

Dobrich

Shabla III 5 4 3 1 3 0.67 5 1 0.59 II

14. Shabla–Ezerets
Lakes Shabla II 2 3 3 1 0.33 5 1 0.38 II

15. Durankulak
Lake Shabla II 2 3 3 1 0.33 5 1 0.38 II

16. Durankulak
North Shabla II 3 4 3 1 0.50 5 1 0.50 II
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(1) Access difficulty is an essential component of management approaches to regulate
and protect sites from too many tourists. Among the 16 investigated sectors, only
three sites were easily accessible by a <10-min walk from the nearest car park, i.e.,
Cape Shabla SP (rated 5, Table 7), Rakitnika and Veleka (both rated 4), and eight
required a 10–25 min promenade (rated 3). Lower scoring was noticed for Lipite,
Irakli, Shabla Ezerets Lakes and Durankulak Lake, which demanded at least 25 min
of walking (rated 2, Table 7).

(2) Protected Area Management Category was assessed accordingly to the standard method-
ology provided by the International Union for Conservation of Nature (IUCN) [75], rang-
ing from protected areas very strictly managed, e.g., Ropotamo Strict Nature Reserve
(Ia), to ones managed in a relatively permissive way, e.g., Silistar Protected Area (VI).
As shown in Table 5, sectors were partially or completely covered by several national
and international designations, e.g., Nature Parks, Natura 2000, apart from Koral
beach (rated 5, Table 7). All sites belonged to the Natura 2000 network characterized by
26 Marine Protected Areas (MPAs), with most including a coastal land area with only
a narrow strip protruding into the sea, 11 SPAs (under the Birds Directive), 13 SCIs
(under Habitats Directives) and two SCI–SPAs under both directives [51]. However,
the practical application of Natura 2000 still poses major problems, since its process
of implementation is coordinated and managed by the Ministry of Environment and
Water, while CDDA (Nationally designated areas) is managed by different Institutions.
Today, there is still a lack of approved and operational management plans for coastal
protected areas and MPAs [51]. Because of a lower grade of protection, sites located
within State Game Husbandries combined with MPAs obtained a rating of 4, i.e., Vaya
PB, Arkutino or Cape Shabla (Table 7), whilst sites within a Nature Park (Category V,
IUCN), i.e., Strandzha, Protected Area/Site (VI), e.g., Silistar, Veleka and Shablensko
Ezero, gave intermediated values (3) (Table 7). At Kamchia (rated 4), the eponymous
Protected Site (VI) and Strict Nature Reserve (Ia) (Table 5), were not considered, as
they only related to the river outlet and not the beach. Irakli is a similar case, as a
Natural Monument area (III) situated along the southern sector was not reflected in
its rating (3), since it only represents a minor part of the total beach length.

(3) Tourism Intensity Rate (TIR) and Population Density (PD) were evaluated by us-
ing the dataset provided by the Ministry of Tourism [76] and the National Statistical
Institute [77] (2021), both at municipality scale (Nomenclature of Territorial Units
for Statistics, NUTS 5), given that provincial averages bear the risk of misleading
disparities. Top grades for TIR (5) were registered at several municipalities (Table 7),
suggesting that tourist capacity is superior to that of the permanent population. High-
est values were noticed at Primorsko, i.e., 4346 tourist beds per 1000 inhabitants
(2020), Nessebar (3216 beds per 1000 inhabitants), Tsarevo (1757 beds) and Byala
(1088 beds), whilst Avren and Varna showed the lowest ratings (<30% beds per inhab-
itants; rated 2, Table 7). However, an opposite trend was recorded for PD. Bulgaria
is experiencing a decline in population, which began at the beginning of the 1990s,
and currently is losing roughly around 50,000 citizens per year [78], this being one
of the major issues/challenges that the governing authority has to deal with. With
regard to coastal municipalities, low values were commonly observed (≤2), except at
Varna (1438 inhabitants/km2; rated 5, Table 7) and, to a lesser extent, at Dolni Chiflik,
with 152 inhabitants per km2 (rated 3, Table 7). Lastly, in the case of Kamchia and
Rakitnika, since both sectors belonged to two different municipalities, the highest
values obtained for the TIR and PD were chosen for the HI assessment.

A Correction Factor value (CF) was then calculated for each site by considering the
following variables, once again, at NUTS 5.

(1) Evolution of tourist beds, obtained from the Ministry of Tourism [76], was generally
characterized by high values (≥4) for most sites (Table 7). Only two municipalities
presented lower scores, respectively, Dolni Chiflik (rated 3, Table 7), with an increase
of 44% during the period 2006–2021, and Varna, which stands out from the rest with a
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10% decrease (rated 1, Table 7). Opposite results were noticed at Shabla and Byala,
both rated 5, with, respectively, an increase of 588% (538 in 2006, and 3702 in 2021)
and 434% (from 292 to 1561).

(2) Evolution of the resident population was also considered to complement the latter
variable, since a decrease/increase of the resident population can also have a sig-
nificant impact on coastal areas. In this case, and considering the current Bulgarian
situation, a stable evolution was reflected by intermediate scores (3), whereas an
increase >25% obtained the top rating (5), and vice versa, for a decrease >25% (1)
(Table 7). The municipality of Nessebar (rated 5) recorded a 42% rise in inhabitants
from 2005 (20,938) to 2020 (29,814) [77]. A slight increase was also registered at Varna
(rated 4, Table 7). The lowest rate corresponded to Shabla, which showed a 27%
decrease, with 5959 inhabitants in 2005 and 4337 in 2020. Finally, Tsarevo, Primorsko
and Byala municipalities maintained a stable population in the last 15 years (rated 3,
Table 7).

As stated for natural systems, a Human Sensitivity Index (HSI) was obtained by linking
values obtained for HI and CF established by Mooser et al. [37] (Table 7 and Figure 15).

Figure 15. Site scores obtained for the Human Sensitivity Index (HSI).

Finally, a Total Sensitivity Index (TSI) was estimated by associating the values formerly
achieved for NSI and HSI. Scores are presented in Table 5 and Figure 16. High values of
TSI enabled us to identify/highlight sites that are very sensitive to both natural processes
and human impacts. Only two sectors were included in the Group I, i.e., Ropotamo and
Cap Shabla SP (both 0.32). The sites mostly belonged to Group II (9), but five fell within
Group III, being broadly exposed to both factors: Silistar (0.72), Veleka (0.70), Irakli (0.68),
Vaya PB (0.76) and Karadere (0.78).

4.3. Beauty versus Sensitivity: Priorities in Terms of Management

The above lead to the following question: which scenarios are the most sensitive to
human and/or natural processes among the top scenic sites? To answer this, the relationship
between NSI/HSI (CSSI) and “D” value (CSES) was analyzed below, with the aim of making
data easier to read and interpret in order to identify priorities in terms of management
(Figure 16). Our comparison of NSI and HSI clearly shows that investigated sectors were
substantially much more exposed to natural processes than human pressure (Figure 16A).
This is because investigated beach typologies were predominantly remote, and their overall
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assessment was considerably lowered by the “Population Density” parameter. Limits of
Class I (D: 0.85; CSES) and Group III (SI: 0.66) were signaled in Figure 16B–D to identify
the most attractive and sensitive sites.

 

Figure 16. CSES versus CSSI: Natural Sensitivity Index (NSI) versus Human Sensitivity Index (HSI)
(A), NSI versus “D” value (CSES) (B), HSI versus “D” value (C) and Total Sensitivity Index (TSI)
versus “D” value (D), with corresponding location map number for highly sensitive sites of great
scenic value.

4.3.1. NSI versus “D” Value

Only one site belonged to Group I (Cape Shabla SP; Category I) and seven to Group II,
whilst half (8) were considered as very sensitive to natural processes (NSI ≥ 0.66; Group III).
The most sensitive sceneries were Karadere (NSI: 0.92) and Vaya PB (NSI: 0.89), as both
recorded the highest values for EI parameters: dry beach < ICZ (5), fine sand (5) and
absence of shore platform (5) (Table 6). For either, very few sustainable measures could be
carried out, since both are predominantly surrounded by cliff formations.

Four sites belonged to Class I and Group III and, thus, require specific attention from
managers (Figure 16B): Arkutino (point 7, Figure 16B), Rakitnika (12), Karadere (10) and
Lipite (2). With regard to Rakinika (12), one of the most attractive places (D: 1.00), it
would be essential to control illegal access of vehicles, mainly four-wheel-drive vehicles,
to preserve the dune system, together with beach users’ security. From a scenic approach,
the beach of Arkutino was divided into two different sectors during the field surveys: a
recreational one (not investigated because of its low scenic value) and a “natural” one, 1 km
in length (Table 5). The natural sector, despite showing a strong and resilient dune complex
(rated 1; Table 6), recorded very high erosion rates (≤ICZ; rated 5) associated with the
presence of a breakwater in its northern limit. Regarding Lipite, apart from artificial beach
nourishment, very few effective measures could be carried out to reduce its sensitivity, as
Lipite and Karadere are not able to migrate landward because they are backed by cliffs
and bluffs.

However, a few places included in Group III and close to the limits of Class I could
upgrade/strengthen their attractiveness and resilience by limiting or avoiding human tram-
pling on dunes and recreational activities on the beach (e.g., bars, etc.), i.e., Silistar (1) and
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Veleka (4). With these interventions, both sites could be upgraded to Class I, accomplishing,
in this way, two objectives with one action.

4.3.2. HSI versus “D” Value

Most investigated sectors belonged to Group II (13), and no sites apart from Ropotamo, ini-
tially included in Category I, were considered as “not sensitive” (Group I) (Figures 14 and 15).
Within Group II, the lowest values were found at Durankulak and Shabla–Ezerets Lakes
(both 0.38; Table 7 and Figures 14 and 15), because of their restrictive access (2), intermedi-
ate values for PAMC (3), very weak density of population (1) and a decline of this latter
counterbalancing a significant increase of tourist beds (5) (Table 7). In a similar case, Lipite
showed low scores for HI parameters but higher values related to CF, slightly raising the
final HSI value to 0.47. Regarding the most sensitive sceneries, two places stood out from
the rest: Koral and Irakli (Group III), both located in Burgas province (Figures 14 and 15).
At Koral, high grades observed for PAMC (rated 5) and TIR, corresponding to the munici-
pality of Tsarevo (1757 beds/1000 inhabitants; rated 5, Table 7), lead the site to Group III,
with a HSI value of 0.67. The Koral HSI value could be reduced to 0.58, thus downgrading
it to Group II, by securing this sector within an adequate PAMC.

No site belonged to Class I and Group III, but three sites seemed to need more
management involvement: Arkutino (point 7, Figure 16C), Irakli (8) and Karadere (10).
For the first two abovementioned sites, management interventions should be required to
improve their Protected Area Management Category, as they only belong to State Game
Husbandries and Natura 2000 SCI and SPA. Furthermore, it would be interesting to extend
the current Irakli Protected Area (VI) toward the northern coastal sector, thereby including
most of the beach. Nessebar municipality (where belongs Irakli) also recorded the highest
increase of locals and registered an increase in tourist beds of 57% (period 2005–2020),
which corresponded to a capacity three times above the permanent population. Concerning
Karadere, high scores were also recorded for CF parameters, and particularly at tourist
beds, i.e., an increase of 434% in the last 15 years corresponding to the municipality of
Byala (rated 5; Table 7). Karadere is also the only place with a TSI and “D” value falling
into both categories (Figure 16D).

Likewise, it would be convenient to determine the tourism carrying capacity of sev-
eral destinations, i.e., Tsarevo, Nessebar, Primorsko and Byala (Table 7), which present a
tourism flux widely superior to the number of its resident population. Local management
systems are generally not prepared to manage the associated environmental stress, e.g., the
insufficiency of wastewater treatment plants, etc., resulting in even greater damages for
nearby ecosystems [49]. Local municipalities need to understand the carrying capacity of
each site and ways to spread tourists over a greater area, e.g., by introducing marketing
strategies to promote “Local jewels” to reach a large public and attract new types of tourists.
This can be performed by using coastal scenic beauty as a qualitative resource, i.e., Class
I sites (CSES), within the aims of the ECOTOUR-NET project framework (Development
of the ecotourism network in the Black Sea region) [79] funded by the “Joint Operational
Program Black Sea region 2014–2020”. Some countries have already proved how important
it is to use labels as a marketing brand that indicates quality, e.g., in the UK, with the
eco-label “Areas of Outstanding Natural Beauty” (AONB) [80].

5. Conclusions

This paper is a contribution focused on the preservation/enhancement of the natural
scenic beauty of investigated coastal areas by providing the following:

(i) The characterization of most attractive coastal scenic sites and associated weakness
and sensitivity to natural and human induced factors,

(ii) The promotion of their potential development under ecotourism principles.

Bulgaria offers an impressive scenic diversity along a limited coastline length (432 km),
having unique places, such as Strandzha, with a remarkable oak forest dating from the
Tertiary. Seven sites were classified as “extremely attractive with outstanding features”

230



Land 2022, 11, 70

(Class I), but with slight management efforts, several Class II sites could efficiently improve
their attractiveness and be upgraded to Class I. The results showed how litter generally
downgraded the scenic value of sites. Emphasis should be also devoted to reducing
intrusive “Utilities”, essentially linked to recreational activities, as observed at Silistar and
Veleka. Further, it is fundamental to manage each beach according to its typology, bearing
in mind that scenic quality has to prevail over recreational services in remote areas.

This paper also reveals that investigated sites were generally more sensitive to en-
vironmental impacts than human pressure, and half were categorized as very sensitive
to natural processes (NSI; Group III). In this regard, special attention should be paid to
protect dune systems by reducing the illegal circulation of vehicles that leads to the loss
of biodiversity, dune erosion and fragmentation at places linked to the enhancement of
existing washover fans. By mitigating bad human practices and uses, lots of coastal areas
would jointly increase their resilience to erosion in a climate-change context with critical
predictions of RSLR in order to ensure the safety of beach users and improve their scenic
attractiveness. Therefore, it is of the utmost importance to strengthen areas with low (or no)
grades of protection by extending existing protected areas, e.g., Irakli, Karadere, Kamchia,
or by creating new ones, i.e., Koral. Another concern is the inability to implant management
plans to ensure the sustainable conservation of Natura 2000 sites. The growing tourist ca-
pacities of Byala, Primorsko and Nessebar should be also controlled in order to avoid future
scenarios of overcrowding and related adverse effects, e.g., landscape and environmental
degradation, uncontrolled mass tourism, loss of quality in services provided to visitors and
loss of its positive image as a pleasant tourist destination.

Finally, the results obtained in this paper could be used as a baseline for the establish-
ment of a novelty “coastal scenic award” to (i) promote extremely attractive sites along
the Bulgarian coast under the umbrella of sustainable tourism, e.g., Class I sites; and
(ii) increase the interest of local managers in landscape preservation, within the scope of
the ECOTOUR-NET project.
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Appendix A

Table A1. Equations used for the assessment of EI, NSI, HI, HSI, TSI and Correction Factors (natural
and human; CSSI method).

Indexes and Categories Equations Parameters

Erodibility Index (1) for Category II sites
(EIC2) EIC2 = EBF =

Pn1+Pn2+
Pn3a+Pn3b

2
nPn

−1
A−1

EBF: erodibility of beach face parameters
Pn : natural parameter

Pn1 : dry beach evolution
Pn2 : sediment grain size
Pn3a: rocky shore width

Pn3b: rocky shore location
nPn: number of natural parameters (3)

A: maximum attribute value (5)

Erodibility Index (2) for Category III sites
(EIC3) EIC3 = EBF × 2

3 + EDS × 1
3

EDS: erodibility of dune system
parameters

Erodibility of dune system (3) (EDS) EDS =
Pn4+Pn5+Pn6+Pn7

nPn
−1

A−1

Pn4: dune height
Pn5 : dune width

Pn6: vegetation cover
Pn7: washovers

Natural Correction Factor (4) (CFN) CFN =

c1a c1b
2 +c2+c3+c4

nC
−1

A−1

c1a: significant wave height
c1b: angle of wave approach

c2: tidal range
c3: sea-level rise
c4: storm surge

Natural Sensitivity Index (5)
(NSI) NSI = EI × 3

4 + CFN × 1
4

Human Impact Index (6) for Category II
sites (HIC2) HIC2 =

Ph1+Ph2+
Ph3a+Ph3b

2
nPh

−1
A−1

Ph: human parameter
Ph1: access difficulty

Ph2: protected area management category
Ph3a: tourism intensity rate

Ph3b: population density
nPh: number of human parameters

A: maximum attribute value (5)

Human Impact Index (7) for Category III
sites (HIC3) HIC3 =

Ph1+Ph2+
Ph3a+Ph3b

2 +Ph4
nPh

−1
A−1

Ph4: beach typology

Human Correction Factor (8) (CFH) CFH =
c1+c2

nC
−1

A−1

c1: tourism trend
c2: population trend

Human Sensitivity Index (9)
(HSI) HSI = HI × 3

4 + CFH × 1
4

Total Sensitivity Index (10)
(TSI) TSI = NSI+HSI

2

References

1. Carter, R.W.G. Coastal Environments; Academic Press: Cambridge, MA, USA, 1988; p. 617.
2. Reid, W.V.; Mooney, H.A.; Cropper, A.; Capistrano, D.; Carpenter, S.R.; Chopra, K.; Dasgupta, P.; Dietz, T.; Duraiappah, A.K.;

Hassan, R.; et al. Ecosystems and Human Well–Being—Synthesis: A Report of the Millennium Ecosystem Assessment; Island Press:
Washington, DC, USA, 2005.

3. Maes, J.; Teller, A.; Erhard, M.; Liquete, C.; Braat, L.; Berry, P.; Egoh, B.; Puydarrieux, P.; Fiorina, C.; Santos, F.; et al. Mapping
and Assessment of Ecosystems and Their Services. In An Analytical Framework for Ecosystem Assessments under Action 5 of the EU
Biodiversity Strategy to 2020; Publications Office of the European Union: Luxembourg, 2013; pp. 1–58.

4. Fabbri, P. (Ed.) Recreational Uses of Coastal Areas: A Research Project of the Commission on the Coastal Environment, International
Geographical Union; The GeoJournal Library; Springer: Dordrecht, The Netherlands, 1990; Volume 12, p. 287. [CrossRef]

5. Hughes, Z.; Duchain, H. Tourism and climate impact on the North American Eastern sea-board. In Disappearing Destinations:
Climate Change and Future Challenges for Coastal Tourism; Jones, A., Phillips, M.R., Eds.; CABI: Oxford, UK, 2011; pp. 161–176.

232



Land 2022, 11, 70

6. Pranzini, E.; Wetzel, L.; Williams, A.T. Conclusions. In Coastal Erosion and Protection in Europe; Pranzini, E., Williams, A.T., Eds.;
Routledge/Earthscan: London, UK, 2013; pp. 427–445.

7. Pilkey, O.H.; Cooper, J.A. The Last Beach; Duke University Press: Durham, UK, 2014.
8. EC (European Commission). Study on Specific Challenges for a Sustainable Development of Coastal and Maritime Tourism in Europe;

Final Report; EC (European Commission): Luxembourg, 2016.
9. Williams, A.T.; Rangel-Buitrago, N.; Pranzini, E.; Anfuso, G. The management of coastal erosion. Ocean Coast. Manag. 2018, 156,

4–20. [CrossRef]
10. Molina, R.; Anfuso, G.; Manno, G.; Gracia, F.J. The Mediterranean Coast of Andalusia (Spain): Medium-Term Evolution and

Impacts of Coastal Structures. Sustainability 2019, 11, 3539. [CrossRef]
11. Anthony, E.; Sabatier, F. Coastal Stabilization Practice in France. In Pitfalls of Shoreline Stabilization; Coastal Research Library;

Cooper, J., Pilkey, O., Eds.; Springer: Dordrecht, The Netherlands, 2012; Volume 3, pp. 303–321.
12. Santos, V.M.; Haigh, I.D.; Wahl, T. Spatial and Temporal Clustering Analysis of Extreme Wave Events around the UK Coastline.

J. Mar. Sci. Eng. 2017, 5, 28. [CrossRef]
13. Anfuso, G.; Loureiro, C.; Taaouati, M.; Smyth, T.; Jackson, D. Spatial Variability of Beach Impact from Post-Tropical Cyclone Katia

(2011) on Northern Ireland’s North Coast. Water 2020, 12, 1380. [CrossRef]
14. Lozano, I.; Devoy, R.; May, W.; Andersen, U. Storminess and vulnerability along the Atlantic coastlines of Europe: Analysis of

storm records and of a greenhouse gases induced climate scenario. Mar. Geol. 2004, 210, 205–225. [CrossRef]
15. Komar, P.D.; Allan, J.C. Increasing hurricane-generated wave heights along the US East Coast and their climate controls.

J. Coast. Res. 2008, 24, 479–488. [CrossRef]
16. Beudin, A.; Ganju, N.K.; Defne, Z.; Aretxabaleta, A. Physical response of a back-barrier estuary to a post-tropical cyclone.

J. Geophys. Res. Ocean. 2017, 122, 5888–5904. [CrossRef]
17. Bird, E. Coastal Geomorphology: An Introduction; John Wiley & Sons: Hoboken, NJ, USA, 2011.
18. Nicholls, R.J.; Hoozemans, F.M.; Marchand, M. Increasing flood risk and wetland losses due to global sea-level rise: Regional and

global analyses. Glob. Environ. Chang. 1999, 9, S69–S87. [CrossRef]
19. Kulp, S.A.; Strauss, B.H. New elevation data triple estimates of global vulnerability to sea-level rise and coastal flooding.

Nat. Commun. 2019, 10, 1–12.
20. Lincke, D.; Hinkel, J. Coastal Migration due to 21st Century Sea-Level Rise. Earth’s Future 2021, 9, e2020EF001965. [CrossRef]
21. Mir Gual, M.; Pons, G.X.; Martín Prieto, J.A.; Rodríguez Perea, A. A critical view of the blue flag beaches in Spain using

environmental variables. Ocean Coast. Manag. 2015, 105, 106–115. [CrossRef]
22. Semeoshenkova, V.; Newton, A. Overview of erosion and beach quality issues in three southern European countries: Portugal,

Spain and Italy. Ocean Coast. Manag. 2016, 118, 12–21. [CrossRef]
23. Anfuso, G.; Williams, A.T.; Martínez, G.C.; Botero, C.; Hernández, J.C.; Pranzini, E. Evaluation of the scenic value of 100 beaches

in Cuba: Implications for coastal tourism management. Ocean Coast. Manag. 2017, 142, 173–185. [CrossRef]
24. European Environement Agency. The Millennium Ecosystem Assessment. Available online: https://www.eea.europa.eu/policy-

documents/the-millennium-ecosystem-assessment (accessed on 22 July 2020).
25. Cinelli, I.; Anfuso, G.; Privitera, S.; Pranzini, E. An Overview on Railway Impacts on Coastal Environment and Beach Tourism in

Sicily (Italy). Sustainability 2021, 13, 7068. [CrossRef]
26. Doody, J.P. “Coastal squeeze” an historical perspective. J. Coast. Conserv. 2004, 10, 129–138. [CrossRef]
27. Martínez, M.L.; Mendoza-Gonzalez, G.; Silva, R.; Mendoza, E. Land use changes and sea level rise may induce a “coastal squeeze”

on the coasts of Veracruz, Mexico. Glob. Environ. Chang. 2014, 29, 180–188. [CrossRef]
28. Neumann, B.; Vafeidis, A.T.; Zimmermann, J.; Nicholls, R.J. Future coastal population growth and exposure to sea-level rise and

coastal flooding-a global assessment. PLoS ONE 2015, 10, e0118571. [CrossRef] [PubMed]
29. European Environmental Agency. The Changing Faces of Europe’s Coastal Areas; Office for Official Publications of the European

Communities: Bruxelles, Belgium, 2006.
30. Claudet, J.; Fraschetti, S. Human-driven impacts on marine habitats: A regional meta-analysis in the Mediterranean Sea.

Biol. Conserv. 2010, 143, 2195–2206. [CrossRef]
31. UNWTO (United Nations World Tourism Organization). UNWTO World Tourism Barometer and Statistical Annex, Jan 2020.

Barom 2020, 18, 1–6.
32. Honey, M.; Krantz, D. Global Trends in Coastal Tourism; Center on Ecotourism and Sustainable Development: Washington, DC,

USA, 2007.
33. Williams, A.T.; Micallef, A. Beach Management: Principles and Practices; Earthscan: London, UK, 2009; p. 480.
34. Williams, A.T. Definitions and typologies of coastal tourism beach destinations. In Disappearing Destinations: Climate Change and

Future Challenges for Coastal Tourism; Jones, A., Phillips, M., Eds.; CABI: Wallingford, UK, 2011; p. 296.
35. Houston, J.R. The Economic Value of Beaches a 2013 Update. Available online: https://www.researchgate.net/publication/2847

72036_The_economic_value_of_beaches_a_2013_update (accessed on 1 December 2021).
36. Council of Europe. European Landscape Convention; Council of Europe: Florence, Italy, 2000.
37. Mooser, A.; Anfuso, G.; Williams, A.T.; Molina, R.; Aucelli, P.P.C. An Innovative Approach to Determine Coastal Scenic Beauty

and Sensitivity in a Scenario of Increasing Human Pressure and Natural Impacts due to Climate Change. Water 2021, 13, 49.
[CrossRef]

233



Land 2022, 11, 70

38. Mooser, A.; Anfuso, G.; Gómez-Pujol, L.; Rizzo, A.; Williams, A.T.; Aucelli, P.P.C. Coastal Scenic Beauty and Sensitivity at the
Balearic Islands, Spain: Implication of Natural and Human Factors. Land 2021, 10, 456. [CrossRef]

39. Ergin, A.; Karaesmen, E.; Micallef, A.; Williams, A.T. A new methodology for evaluating coastal scenery: Fuzzy logic systems.
Area 2004, 36, 367–386. [CrossRef]

40. Ergin, A.; Williams, A.T.; Micallef, A. Coastal scenery: Appreciation and evaluation. J. Coast. Res. 2006, 22, 958–964. [CrossRef]
41. Ergin, A. Coastal Scenery Assessment by Means of a Fuzzy Logic Approach. In Coastal Scenery: Evaluation and Management;

Rangel-Buitrago, N., Ed.; Springer: Dordrecht, The Netherlands, 2019; pp. 67–106.
42. UNWTO (United Nations World Tourism Organization). Tourism Highlights; UNWTO: Madrid, Spain, 2019.
43. Stanchev, H.; Young, R.; Stancheva, M. Integrating GIS and high-resolution orthophoto images for the development of a geomor-

phic shoreline classification and risk assessment—A case study of cliff/bluff erosion along the Bulgarian coast. J. Coast. Conserv.
2013, 17, 719–728. [CrossRef]

44. Stancheva, M. Bulgaria. In Coastal Erosion and Protection in Europe; Pranzini, E., Williams, A., Eds.; Routledge: Abingdon, UK,
2013; pp. 378–395.

45. Pashova, L.; Yovev, I. Geodetic studies of the influence of climate change on the Black Sea level trend. J. Environ. Prot. Ecol. 2010,
11, 791–801.

46. Palazov, A.; Stanchev, H. Risk for the population along the Bulgarian Back Sea Coast from Flooding caused by Extreme Rise of
Sea Level. Inf. Secur. Int. J. 2009, 24, 65–75.

47. Stancheva, M.; Ratas, U.; Orviku, K.; Palazov, A.; Rivis, R.; Kont, A.; Peychev, V.; Tonisson, H.; Stanchev, H. Sand dune destruction
due to increased human impacts along the Bulgarian Black Sea coasts. J. Coast. Res. 2011, 64, 324–328.

48. National Statistical Institute (NSI). Regions, Districts and Municipalities in the Republic of Bulgaria 2011 (in Bulgarian). Available
online: www.nsi.bg (accessed on 16 November 2021).

49. Stanchev, H.; Stancheva, M.; Young, R. Implications of population and tourism development growth for Bulgarian coastal zone.
J. Coast. Conserv. 2015, 19, 59–72. [CrossRef]

50. EC (European Commission). The EU Blue Economy Report 2019; Publications Office of the European Union: Luxembourg, 2019.
51. Stancheva, M.; Stanchev, H.; Peev, P.; Anfuso, G.; Williams, A.T. Coastal protected areas and historical sites in North—Challenges,

mismanagement and future perspectives. Ocean Coast. Manag. 2016, 130, 340–354. [CrossRef]
52. Peev, P.; Farr, R.H.; Slavchev, V.; Grant, M.J.; Adams, J.; Bailey, G. Bulgaria: Sea-Level Change and Submerged Settlements on the

Black Sea. In The Archaeology of Europe’s Drowned Landscapes; Bailey, G., Galanidou, N., Peeters, H., Jöns, H., Mennenga, M., Eds.;
Coastal Research Library, Springer: Cham, Switzerland, 2020; Volume 35. [CrossRef]

53. Mooser, A.; Anfuso, G.; Mestanza, C.; Williams, A.T. Management Implications for the Most Attractive Scenic Sites along the
Andalusia Coast (SW Spain). Sustainability 2018, 10, 1328. [CrossRef]

54. Cristiano, S.; Rockett, G.; Portz, L.; Anfuso, G.; Gruber, N.; Williams, A.T. Evaluation of coastal scenery in urban beaches: Torres,
Rio Grande do Sul, Brazil. JICZM 2016, 16, 71–78.

55. Alcérreca-Huerta, J.C.; Montiel-Hernández, J.R.; Callejas-Jiménez, M.E.; Hernández-Avilés, D.A.; Anfuso, G.; Silva, R. Vulnerabil-
ity of Subaerial and Submarine Landscapes: The Sand Falls in Cabo San Lucas, Mexico. Land 2021, 10, 27. [CrossRef]

56. Patel, A. Analytical structures and analysis of fuzzy PD controllers with multifuzzy sets having variable cross-point level.
Fuzzy Sets Syst. 2002, 129, 311–334. [CrossRef]

57. Anfuso, G.; Williams, A.T.; Rangel-Buitrago, N. Examples of Class Divisions and Country Synopsis for Coastal Scenic Evaluations.
In Coastal Scenery; Springer: Berlin/Heidelberg, Germany, 2019; pp. 143–210.

58. Ministry of Environment and Waters. Strandja Nature Park. Available online: https://www.strandja.bg/en/info/40
-organizacionna-struktura-i-administracia-en (accessed on 24 November 2021).

59. Stancheva, M. Sand dunes along the Bulgarian Black Sea coast. Compt. Rend. Acad. Bulg. Sci. 2010, 63, 1037–1048.
60. Stancheva, M.; Stanchev, H.; Palazov, A.; Young, R. Coastal dune changes under natural/human hazards. In Proceedings of the

12th International Conference on the Mediterranean Coastal Environment, MEDCOAST 15, Varna, Bulgaria, 6–10 October 2015.
61. Dachev, V.Z.; Trifonova, E.V.; Stancheva, M. Monitoring of the Bulgarian Black Sea Beaches. In Maritime Transportation and

Exploitation of Ocean and Coastal Resources; Soares, C.G., Garbatov, Y., Fonseca, N., Eds.; Taylor & Francis Group/Balkema: Leiden,
The Netherlands, 2005; pp. 1411–1416.

62. Sotirov, A. Division of the Bulgarian Black Sea coast according the type of the beach sands and their supplying provinces.
Rev. Bulg. Geol. Soc. 2003, 64, 39–43.

63. Botero, C.M.; Anfuso, G.; Milanes, C.; Cabrera, A.; Casas, G.; Pranzini, E.; Williams, A.T. Litter assessment on 99 Cuban beaches:
A baseline to identify sources of pollution and impacts for tourism and recreation. Mar. Pollut. Bull. 2017, 122, 47–64. [CrossRef]
[PubMed]

64. Thieler, E.R.; Hammar-Klose, E.S. National Assessment of Coastal Vulnerability to Future Sea-Level Rise: Preliminary Results for
the U.S. Pacific Coast. USGS. 2000; Fact Sheet 076-00. Available online: https://pubs.usgs.gov/dds/dds68/reports/westrep.pdf
(accessed on 28 December 2020).

65. Pendleton, E.A.; Thieler, E.R.; Williams, S.J.; Beavers, R.S. Coastal Vulnerability Assessment of Padre Island National Seashore
(PAIS) to Sea-Level Rise. USGS Rep. 2004; Open File Report 2004–1090. Available online: https://pubs.usgs.gov/of/2004/1090/
(accessed on 15 November 2020). [CrossRef]

234



Land 2022, 11, 70

66. McLaughlin, S.; Cooper, J. A multi-scale coastal vulnerability index: A tool for coastal managers? Environ. Hazards 2010, 9,
233–248. [CrossRef]

67. Bulgarian National Oceanographic Data Centre. Available online: http://bgodc.io-bas.bg/ (accessed on 24 November 2021).
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Abstract: A spatial analysis was carried out to evaluate the compatibility of human activities and
biophysical characteristics in the Mexican Caribbean Sea, in order to identify the most viable areas for
energy generation from ocean currents and the areas where the population would most benefit from
such energy projects. Of the study area, 82% have some form of protection legislation. Tourism is the
main economic activity in the area and this is reflected in a wide range of activities and services that
often overlap within the same spatial area. In the case study, the use of renewable ocean energies is
seen as an important innovation to reduce fossil fuel dependency. These energies have the potential
to meet the demands of the region. However, it is vital to seek for potential areas for this type of
energy harvesting where the social, economic and environmental impacts would be minimal. The
lack of marine policies and land-use planning processes in Mexico is a major obstacle in avoiding
land use conflicts.

Keywords: ocean energy harvesting; marine spatial planning; environmental impact; mitigation strategies

1. Introduction

In Mexico, oil and natural gas reserves are decreasing, from peak production in 2004;
the oil era is in its final stage [1]. Figures from the Ministry of Energy [2] show that at the
beginning of 2019 the proven reserves, of 6.66 billion barrels of oil and 9.7 trillion cubic
feet (tcf) of gas, would last for approximately 9 and 5 years, respectively if the current rate
of extraction continued (oil: 1.833 mb/day; gas: 4.847 bcf/day in 2018) [1]. An energy
transition is thus needed in Mexico, from fossil fuels to sustainable energy. This would
contribute significantly to achieving the climate goals set out in the General Law on Climate
Change, reduce the looming energy poverty and facilitate access to energy in the region
studied [3]. Renewable sources of energy from the ocean are an innovative source of great
importance, thanks to their magnitude and the fact that they are found in all latitudes,
that that would allow us to reduce fossil fuel consumption and meet increasing energy
demands [4–6]. According to estimates, ocean currents and tidal energy have an annual
global potential of 800 TWh and 300 TWh, respectively [4]. However, only 1TWh of energy
is currently generated from the ocean globally [7]. Marine renewable energies are generally
considered to have a low environmental impact, thanks to their low or zero greenhouse gas
emissions [8]. However, some fundamental questions arise, including the formulation of
standards for this industry [9], economic aspects, and environmental consequences of any
mass deployment of energy generation from these sources.
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Due to their inherent reliability, predictability and sustainability, ocean currents are
an attractive option within marine renewables. In locations where flow acceleration is
exacerbated as a consequence of the geomorphology and topography of the seabed, such as
straits and channels, there is greater potential for exploitation [4,10]. The marine currents
that flow through the Cozumel Channel in the Mexican Caribbean Sea have been the
subject of a study by the Mexican Centre for Ocean Energy Innovation (CEMIE-Océano),
defining it as a key site and pilot area for the installation of an energy harvesting device
of this type. [11] examined areas, where it is possible to harvest energy for low-current
hydrokinetics for approximately 50% of the time, finding that near-permanent energy
extraction of ~32–215 W/m2 would be possible in the Mexican Caribbean Sea. Fossil fuels
are the main energy source in this area (59%), mostly coming from natural gas, and mainly
used in the transport sector, and have a very negative impact on the environment [12,13].

Our oceans are spaces where there is great diversity of economic activities, such as
tourism, fishing and transport. The lack of adequate regulations and the absence of marine
policies in land-use planning in Mexico may generate local conflicts, with the result that
changes or adaptations are needed in some of these activities so that they can continue
to thrive [14].

Marine Spatial Planning (MSP) is a tool that is widely used to carry out a diagnosis of
an area to define and analyse existing and future conditions [14]. For the deployment and
operation of current energy projects in the Mexican Caribbean Sea, MSP can be very useful
in identifying the areas most feasible for renewable energy conversion [14]. As they take
into account the integrity of marine-coastal ecosystems as well as human activities, MSP
help to avoid many antagonistic conflicts.

As part of the strategy for energy transition, this study describes a geospatial anal-
ysis, using MSP, carried out in the Mexican Caribbean Sea, in order to foresee possible
environmental, social and economic impacts in areas where harnessing of energy from
ocean currents is most feasible. With this information, more harmonious, sustainable and
integrated decision-making is possible.

2. Materials and Methods

The study area (Figure 1) is in the northwest of Quintana Roo state, Mexico, encom-
passing parts of six municipalities which vary considerably in size, economic development
and social characteristics. As any energy generation devices must be connected to the
mainland to transfer the electricity to the national grid, a 10 km strip, along the coast was
chosen, from the town of Holbox, in the north, to the town of Tulum, in the south, 895 km
in all [15]. The marine area was delimited by the Cozumel Channel, and the boundary
of the Caribbean Sea Ecoregion, as established by the Commission for Environmental
Cooperation (CEC), which is roughly 55 km off the coast (http://www.cec.org/ accessed
on 1 May 2020).

2.1. Biophysical Characteristics for Marine Energy Extraction

The Mexican Caribbean is a region of great environmental interest, with a range of sensi-
tive coastal and marine ecosystems that are vulnerable to changes in the environment. These
are of importance, both economically and socially, due to their biological productivity and
the human activities that take place here [16]. These ecosystems include coral reefs, seagrass
meadows, coastal beaches and dunes, coastal lagoons and mangroves. They are intercon-
nected and act as habitats for a wide range of marine and terrestrial flora and fauna. Some of
these species are at risk, according to NOM-059-SEMARNAT-2010, including the four species
of sea turtles that nest in the area (Eretmochelys imbricata, Caretta caretta, Chelonia mydas and
Dermochelys coriacea), and four of the six mangrove species found here (Rhizophora mangle,
Laguncularia racemosa, Avicennia germinans and Conocarpus erectus) [15,17,18].

The study area harbors significant biodiversity, particularly on the coral reefs that
belong to the Mesoamerican Reef System (MAR), and stretch 300 km, from Cabo Catoche
in the north to Xcalak in the south. Mangroves, seagrass beds and deep-sea flora and
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fauna communities are also plentiful [19–21]. Several legal instruments currently exist
which aim to protect areas of Mexico, like this, that are rich in significant ecosystems and
biodiversity characteristics.

Figure 1. Study Area.

The terrestrial part of the study area is low lying, flat land, and includes three islands:
Cozumel, Mujeres and Contoy. There are diverse geographical features including bays,
dune systems, coves, cays, coastal reef lagoons, islands and sea cliffs [16].

In the study area, land use consists mainly of human settlements, natural ecosystems
and secondary vegetation (Figure 2). Land use is important in relation to the need to
connect the marine energy produced to the electricity grid. The characteristics of the area
near to the plant must be considered when the installation of the electrical infrastructure
required is being planned. It is also important to identify the areas of urban development
that require electricity. In areas that already have an environmental impact, it is easier to
plan the infrastructure needed to connect the plant to the existing electricity grid, thus
avoiding more environmentally sensitive areas that can be preserved in better condition,
and areas of potential socio-environmental conflict.

The bathymetry of the marine area helps identify currents and their power [4]. In the
marine part of the study area the continental shelf covers approximately 6% of the ecoregion;
20 km wide near Cancun and less than 3 km in the Sian Ka’an region. The continental slope
has depths of up to 3000 m (36%); and an abyssal plain over 3000 m deep [21].

Within the Caribbean Sea ecoregion there are two important channels: the Cozumel
channel, approximately 50 km long and 18 km wide (Alcérreca-Huerta et al., 2019), with
a depth of ~400 m; and the channel to the east of Cozumel Island, ~1000 m deep (Figure 2).
The Yucatan Current flows through both channels, with an oceanic transport of 23 Sv and
an average velocity of 1.5 m s−1 [22]. A part of this current flows eastward from the island
of Cozumel, while ~5 Sv and 20% of the mean transport of the current flows through
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the Cozumel Channel [23]. The channels merge eastward at a depth of 2040 m, to form
the Yucatan Channel (196 km wide), where velocities increase to 2.5 m s−1 [4,24]. This
zone is the connection between the Caribbean Sea and the Gulf of Mexico, with a water
flux of 23.8 ± 1 Sv [25] and depths of over 3500 m [26]. The widths of the channels are
50 and 100 km, respectively, and the currents recorded in both are semi-permanent and
intense, always greater than 0.6 m s−1, with maximum speeds near the surface. The
speed and variability of these currents mean this area has potential for energy generation
and has therefore been identified as a suitable area for energy harvesting [22,26]. Silva
et al. [27] identified potential sites in the study area for the harvesting of marine renewable
energies from five potential energy sources: thermal gradients (Ocean Thermal Energy
Conversion, OTEC), winds (Nearshore Wind Power Converters, NSWPC), waves (Wave
Energy Converters, WEC), salinity gradient (Pressure Retarded Osmosis, PRO), and marine
currents (Marine Current Energy Converters, MCEC) (Figure 3). This last was calculated
for 2 to 7 km off the coastline, at 50 m depth.

Figure 2. Biophysical characteristics.

The study area has a warm humid climate, with an average annual temperature of
26 ◦C, with summer rainfall, occasionally accompanied by extreme weather events such
as tropical storms and hurricanes (June to September) [28,29]. The risk level for hurricane
formation in the region is classified as very high, making this a potential threat to the
operation of some ocean energy technologies [30]. The average annual surface water
temperature is 27 ◦C and 7.7 ◦C at a depth of 700 m [30].

240



Land 2022, 11, 665

Figure 3. Suitable locations for energy in the study area for five potential energy sources from [27].
Sites for Marine Current Energy Converters (MCEC) are shown by yellow asterisks.

2.2. Marine Spatial Planning

The methodology of this work was based on the UNESCO [31] guide for Marine
Spatial Planning (MSP), in which a spatial diagnosis is developed to plan integrated
management in a given marine area. This consists of a definition and analysis of existing
conditions in the Mexican Caribbean Sea and a compatibility analysis between existing
characteristics/activities and energy needs.

2.2.1. Analysis of Existing Conditions in the Mexican Caribbean Sea

The various activities that take place in the region were defined, as well as the physical
or social characteristics that could be related to the potential ocean energy harvesting. Sci-
entific literature, Governmental databases (CONAPESCA, CONANP, INEGI, CONABIO),
and websites of regional, local hotels, companies and NGOs were consulted to compile
information in three key categories, as shown in Table 1:
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Table 1. Characteristics/activities assessed for compatibility in the Caribbean Sea.

Category ID Characteristics/Activities Objectives

(1) Protected areas and areas
of environmental importance

1 Federal NPAs

Conservation of ecosystems
and biodiversity

2 State NPAs
3 Voluntary NPAs
4 Fisheries refuge zones
5 Wildlife refuge areas

6 Protected beach
(turtle nesting)

7 RAMSAR Sites
8 IBAs
9 Priority Marine Sites

(2) Human activities

10 Selected Tourist
Destinations Economic use/recreation

11 Tourist beaches

12 Certified tourist
beaches

Economic
use/recreation/conservation

13 Dive sites
Economic use/recreation14 Sport Fishing

15 Archaeological sites
Economic use/preservation

of cultural
heritage/recreation

16 Permitted Fishing
Economic use17 Lobster concessions

18 Mining

(3) Port and
urban infrastructure

19 Decks
Berthing/transport20 Marinas

21 Port infrastructure
NPA: Natural protected area; IBA: Important Bird Area.

Category (1) includes the protected areas and areas of environmental importance,
significant for their biodiversity, richness, abundance, endemism, etc. (Table 2). In Mexico,
Natural Protected Areas (NPA) are used as a conservation tool to protect marine and terres-
trial ecosystems that shelter wild flora and fauna, natural landscapes, ecological processes,
recreation opportunities, etc. as goods and ecosystem services that provide benefits for
local inhabitants, for the region, and for the country. In the Mexican Caribbean, all these
protected areas are important support instruments for the integrated management of coastal
zones, and are designed to stimulate good practices in fisheries management, tourism,
governance, etc. A considerable part of these areas has some kind of protection policy. They
may be legally protected or categorised as environmentally important (although they have
significant environmental characteristics, they do not have official regulations governing
them). The specific objectives of each protected area depend on the goals proposed for each.
Their administration is the responsibility of three governmental agencies: The National
Commission on Natural Protected Areas (CONANP), Ministry of Ecology and the Environ-
ment of Quintana Roo (SEMAQRoo) and The National Commission of Aquaculture and
Fisheries (Conapesca), each of which has its own respective legislation, as well as of civil
organisations, whose practices are aligned to the legal and regulatory framework (Table 2).

Category (2) concerning human activities, economic activities, activities that concern
the preservation of cultural heritage, and recreational activities are shown. Tourism and
fishing are the most important activities, because of the economic and social benefits they
generate. In 2018, Quintana Roo received 16,675 million visitors, (top ranking, nationally),
generating almost 9 billion USD [32]. About half of the employed population in Quin-
tana Roo work in tourism [33]. With respect to fishing, the state ranks 21st nationally,
producing 3571 tonnes in 2018, generating over $181 million Mexican pesos. Its share of
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national production was 0.17% in 2018, with octopus, grouper and lobster being the main
commercial species [34].

Table 2. Types of Protected Areas.

Environmental
Protection Instrument

Number of Sites in
the Study Area

Area (km2) Administrative Body Legislation Applicable

Federal NPAs 12 14,317.09
National Commission

of Natural
Protected Areas

General Law on Ecological Balance
and Environmental Protection.

Regulation of the General Law of
Ecological Balance and

Environmental Protection of
Natural Protected Areas.

State NPAs 7 234.91 SEMAQRoo

General Law of Ecological Balance
and Environmental Protection of

Quintana Roo.
Regulation of the General Law of

Ecological Equilibrium and
Environmental Protection of
Natural Protected Areas of

Quintana Roo.

Voluntary NPAs 3 3.42 Owners

General Law on Ecological Balance
and Environmental Protection.

Regulation of the General Law of
Ecological Balance and

Environmental Protection of
Natural Protected Areas.

Fisheries Refuge
Zones (FRZ) 2 9.96

National Fisheries
Commission

(CONAPESCA)

Law on Sustainable Fisheries
and Aquaculture.

NOM-049-SAG/PESC-2014.

Refuge areas (RA) 2 5728.31
National Commission

of Natural
Protected Areas

General Wildlife Law.

Protected Beaches 51 3.31

National Commission
of Natural

Protected Areas
Sea Turtle Protection

and Conservation
Centres (MTSPCs)
Committee for the
Protection of Sea

Turtles in Quintana Roo

General Wildlife Law.
NOM-059-SEMARNAT-2010.

Category (3) contains port and urban infrastructure, important in both the installation
of marine energy harvesting devices, which requires the transport of technical personnel
and supplies, as well as the existing port and urban infrastructure, such as access roads,
dock facilities or the feasibility of building a dock, and proximity to services.

The information available was downloaded in vector and raster format and integrated
with processed information to generate maps for geospatial analysis to calculate delimited
areas and generate assessment categories through ArcMap 10.4 software. The informa-
tion without a spatial format was processed and edited in spreadsheets for subsequent
conversion to vector data in the Mexico_ITRF2008_UTM_Zone_16N coordinate system.
The location software Google Earth was used to rectify the maps or to obtain specific
coordinates for specific locations.

2.2.2. Analysis of Existing Characteristics/Activities in the Mexican Caribbean Sea

From the overlaid vector layers, new maps were generated to show the degree of com-
patibility between the 21 characteristics/activities described (Table 1). This information was
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organised and analysed by means of three matrices: compatibility between objectives, spa-
tial intersection and objectives compatibility special intersection, in three consecutive steps:

1. The compatibility between the objectives of the characteristics/activities was analysed
by first constructing a compatibility matrix (Table 3). Three degrees of compatibility
were considered: (a) compatible objectives, when the two characteristics/activities
evaluated can be developed in the same time and space, represented by green cells;
(b) poorly compatible objectives, when there may be conflicts when developing both
characteristics/activities in the same time and space, yellow cells, and; (c) incompati-
ble objectives, when the characteristics/activities cannot, or should not, be developed
in the same time and space, red cells. The frequency, or number of cells, with which
each degree of compatibility occurred was also calculated.

2. The spatial information was analysed to construct a second intersection matrix, in
which the number of spatial intersections between the types of characteristics/activities
with the same and other types, was calculated to determine the number of coinci-
dences (Figure 4, letter “a”). For this, the “Selection by location” tool of ArcGis 10.4
was used. With this information, the percentage of spatial intersections between each
of the features/activities presented in the area was counted.

3. Finally, a third matrix was obtained calculating the frequency of cells with 0% and
100% intersection percentages, and then the frequency of cells for each percentage of
the compatibility degree matrix (Compatible, Poorly compatible and Incompatible)
was calculated. Subsequently, the percentages of intersection 0, 100 and >0 to 100
were calculated, for all the characteristics/activities found in the area, for each degree
of compatibility of objectives (compatible, poorly compatible and not compatible)
(Figure 4, letters “b” and “c”). These results were then summarised in a table of
compatibility degree percentages identifying two types: the percentage of intersection
(>0–100%) and the percentage of non-intersection (0%) of characteristics/activities.

Table 3. Compatibility matrix between the objectives of the characteristics/activities.

Objectives Conservation Economic Use Recreation
Preservation of

Cultural Heritage
Berth/

Transport

Conservation Compatible Poorly or
Incompatible

Compatible or
poorly compatible Compatible Poorly or

Incompatible

Economic use Poorly or
Incompatible Compatible Compatible or

poorly compatible
Compatible or

poorly compatible
Compatible or

poorly compatible

Recreation Compatible or
poorly compatible

Compatible or
poorly compatible Compatible Compatible or

poorly compatible Compatible

Preservation of
cultural heritage Compatible Compatible or

poorly compatible
Compatible or

poorly compatible Compatible Incompatible

Berth/transport Poorly or
Incompatible

Compatible or
poorly compatible Compatible Incompatible Compatible

In order to identify areas with potential for energy harvesting from ocean currents
with respect to all the activities in the study area, a map was generated to spatialize the
information obtained in the compatibility matrix. The same colour code (green, potential
areas; yellow, little potential; and red, no potential) was used to indicate the respective
areas. Then the “merge” polygon tool was used to construct a single layer for each degree of
compatibility obtained in the matrix. Since it is not possible to merge points and polygons
with the tool used, the characteristics/activities were assigned the specific colour according
to the compatibility matrix.

2.2.3. Energy Supply Needs of Communities

For this analysis, government databases for the study area [35–37] and a civil orga-
nization [38] were consulted. Information on access to electricity, the degree of social
marginalization, and features of the electricity infrastructure (power plants, electricity
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substations, electricity grid) were compiled. Using the INEGI Catalogue of localities [39]
settlements were identified that are less than 10 km from the coast, at less than 100 m
above sea level and with more than 100 inhabitants. These socio-economic criteria have
previously been used for the deployment of marine energy harvesting devices [30,40].

Figure 4. Summary of matrices that show the degree of compatibility between the characteris-
tics/activities objectives in the Mexican Caribbean represented by colors: green for compatible,
orange for poorly compatible and red for incompatible objectives (matrix 1). Number of spatial
intersections (matrix 2), and number of cells with intersection percentages of 0 and 100% (matrix 3 in
Supplementary materials).

The information was organized into databases in.cvs format for specialization in a GIS,
by category and by municipality, using ArcMap 10.4 software. Subsequently, a digital map
of the study area was produced showing the spatial distribution of electricity needs (% of
dwellings without electricity) and the degree of social marginalization of the municipalities.
Regarding settlements, 34 were found to be less than 10 km from the coast, with more
than 100 inhabitants, where the implementation of ocean energy technologies would
be beneficial.

3. Results

3.1. Analysis of Existing Conditions in the Mexican Caribbean
3.1.1. Protected Areas and Areas of Environmental Importance

(a) Protected Areas

82% of the study area is under legal protection, 77% is marine territory and 5%
terrestrial. There are six types of protected areas: federal Natural Protected Areas (NPAs),
state NPAs, Voluntary NPAs, fisheries refuge zones (FRZs), refuge areas for the protection
of aquatic species (RAs) and protected beaches (Figure 5). In total, 77 protected areas were
recorded in the area (Table 2). Some of these overlap, so that in the same location more than
one legal regulation is applicable, as is the case of refuge areas that are in federal NPAs
or FRZs.
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Figure 5. Protected Areas.

81% of the study area is part of a federal NPA, protecting 92% of the marine territory;
the rest of the territory is administered by the Law of National Waters and other laws, such
as the General Law of Ecological Balance and Environmental Protection (Ley General de
Equilibrio Ecologico y Protección al Ambiente, LGEEPA). Refuge Areas (RA) cover 32% of
the area, with their objectives focused on one or more species. There are two marine RAs in
the study area: one for the protection of the Whale Shark (north) and one for the protection
of Akumal Bay marine species (south). Both are located within a Federal NPA, and so their
protection programme is governed by the corresponding NPA Management Plan; Article
68 of the General Wildlife Law. The rest of the areas (state and voluntary NPAs; PRZs and
protected beaches) make up less than 2% of the study area, for example, state NPAs cover
1.32%, with the largest covering the forests and wetlands of Cozumel.

The objectives of the Fisheries Refuge Zones (FRZ) are to conserve and promote the
reproduction, growth and recruitment of fishery resources [41]. In the north these are:
(1) the FRZ Canal Nizuc, in the municipality of Benito Juárez and (2) the FRZ Akumal, off
the coast of Tulum. In the first, no commercial, didactic, promotional, sport-recreational or
fishing for self-consumption is allowed of any species or aquatic flora and fauna. In the
second, fishing is allowed periodically, with specific fishing gear for commercial, sport-
recreational fishing, or for self-consumption.

Finally, voluntary NPAs and protected beaches together represent only 0.04% of the
study area. NPAs of this type are private properties, where the owners are interested in
conservation. In accordance with the law established by SEMARNAT, they are granted
a certificate. In the study area, these NPAs are terrestrial and owned by community
landowners, or “ejidatarios”. Protected beaches, on the other hand, are nesting sites for sea
turtles and are coordinated by a turtle camp, generally managed by CONANP or a civil
organization, under NOM-059-SEMARNAT-2010. They are guarded and monitored during
the nesting season (if they are not within an NPA).

(b) Areas of Environmental Importance

These are defined following studies involving national and international agencies,
with the aim of conserving and maintaining the connectivity of sites considered a priority
for hosting ecosystems and wildlife under threat. In the study site, three types of environ-
mentally important areas were identified: Sites of Marine Priority (SMP), Important Bird
Areas (IBAs) and RAMSAR sites (Figure 6). These cover 28.5% of the study area, mainly
marine territory (Figure 5).

246



Land 2022, 11, 665

Figure 6. Areas of environmental importance.

The SMPs were defined in 2005, based on the Priority Marine Regions (PMRs) [42,43].
They are the result of collaborative work between various governmental organisations and
civil associations (CONABIO, CONANP, Pronatura and TNC), and aim to conserve sites of
coastal and marine biodiversity in Mexico. There are 11 SMPs in the study area, of which
two are entirely marine and nine are coastal, covering 24% of the study area. The “Coastal
Wetlands and the Continental Shelf of Cabo Catoche”, SMP 68, is the largest in the area
located in the municipalities of Lázaro Cárdenas and Isla Mujeres (continental zone).

IBAs are part of an internationally initiated project that aims to create a regional
network of important areas for bird conservation [44]. Some are the result of collaboration
between governmental bodies and civil organisations (CIPAMEX, CONABIO and SEO
Birdlife). Seven IBAs are located in the study area, and it is worth noting that nearly half of
the bird species recorded in Mexico (483) have been recorded in Quintana Roo [45]. The
seven IBAs cover 9.7% of the study area, mostly terrestrial (60%). The entire islands of
Cozumel and Contoy are IBAs (Figure 6).

The RAMSAR sites are recognised internationally by the “RAMSAR Convention” as
being of international importance, and their objective is the conservation and wise use
of wetlands. All RAMSAR sites in the country have been designated as federal NPAs,
which is why they were considered as sites of environmental importance (since there is no
exclusive legislation for wetlands in the country). Eight RAMSAR sites are located in the
study area (Figure 6).

As with the protected areas, some of the sites of environmental importance overlap
spatially, which is why these areas could be considered to be more important, such as
the islands of Cozumel and Contoy, declared SMPs, IBAs and RAMSAR sites. 82% of the
surface area of environmentally important sites is a protected area.

3.1.2. Human Activities

(a) Tourist activities

Tourism is the activity that generates most employment and income in the state. It
is the core of the Mexican Caribbean economy and demand for energy here is high. The
region is known as the “Riviera Maya”, and has fourteen established tourist destinations on
the coast of Quintana Roo, of which six are located in the study area. These include Cancun,
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Mexico’s main “sun and beach” destination, and are known as Selected Tourist Centres
(STCs). They each have one, or more, of the following conditions: (1) over 2000 hotel rooms,
(2) permanent or periodically significant tourist inflows, (3) participation in the “Mundo
Maya” or “Centros de Playa” development programmes, and (4) are part of a tourist
complex planned by the Fondo Nacional de Fomento al Turismo (Fonatur). In 2018, the
six STCs in the study area received over 12 million tourists, 70% to Cancun [46] (Figure 7).

Figure 7. Human Activities.

The STCs are also classified as “Beach Centres”, as the “sun and beach binomial” is
the fundamental feature of recreation and leisure in the study area [47]. The coastline of
the study area varies from solitary beaches to modern architectural complexes, including
hotels and marinas, where a range of leisure and recreational activities take place [48].

Beaches with and without certification were considered. In the study area, there are
23 certified beaches. Of these there are two types of certification: Blue Flag, an interna-
tional distinction awarded to beaches for their environmental education and information,
water quality, environmental management, safety and services; and secondly, the “Playa
Limpia Sustentable” certification, of the Mexican government, NMX-120, which defines the
environmental quality, health, safety and services for beach sustainability.

There are also 10 beaches without certification that are registered as “sites of tourist
interest” by the Mexican Institute of Transport in its National Road Network. (http://189.
254.204.50:83/ accessed on 1 November 2020). These are mostly in the south of the study
area, between Akumal and Playa del Carmen (Figure 7). Of the certified beaches, 43% are
located in Cancun, and 87% coincide with one of the six STS within the study area.

Diving in the study area is a high value activity that is growing in popularity. It
is closely related to the Mesoamerican Barrier Reef System. One of the dive magazines
most internationally circulated, “Scuba Diving Mag”, describes the Mayan Riviera as
a world-class diving destination, with Isla Mujeres and Cozumel defined as “Best Diving
Destinations” in the categories l arge animals and advanced diving, respectively [48–50].
Most dive sites are found off the coasts of Cozumel (34%), Solidaridad (19%) (mainly off
Playa del Carmen), Akumal (13%), Benito Juárez (13%), Isla Mujeres (11%) and Puerto
Morelos (7%) (Figure 7). Since there is no official repository of dive sites, the maps provided
by diving companies in the study area were used to identify 90 dive sites. All of these are
located within an ANP, so although the dive service is private, it is regulated by CONANP.

Sport fishing is a very important activity in the region and is regulated by CONAPESCA
and SEMARNAT. In 2017, 3373 permits were granted in Quintana Roo, representing just
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over half a million Mexican pesos as revenue for the state. The state was ranked nationally
in seco nd and fif th place, respectively, for number of permits and amount of money
collected [34]. Annually, Quintana Roo hosts at least 25 tournaments, 21 of which are of
international stature. According to the 2020 calendar published by CONAPESCA, 26 tour-
naments were planned in the state, of which 58% would be within the study area [32,51].
The study site has 13 of the 15 sport fishing locations reported in the state.

Finally, there are nine archaeological zones (A.Z.) in the study area, of which Tulum
is by far the most visited; in fact it is the third most important A.Z. in Mexico. the Na-
tional Institute of Anthropology and History (INAH) records the number of visitors to
archaeological sites, and figures for seven of the nine sites in 2018 are seen in Table 4.

Table 4. Number of visitors to archaeological sites 2018.

Rank Archaeological Zone Municipality Number of Visitors

1 Tulum Tulum 2,189,536
2 San Gervasio Cozumel 203,042

3 Mayan Museum of
Cancun and Z. A Benito Juarez 72,302

4 El Rey Benito Juarez 20,975
5 El Meco Benito Juarez 15,074
6 Xelhá Tulum 2949
7 Xcaret Solidarity 134 *
8 Calica 0 *
9 Playa del Carmen 0 *

* Lack of registration of tourists at the site (Pers. Comm., 2021).

(b) Fishing

In the study area, fishing is both coastal and oceanic. In 2017, in Quintana Roo,
3800 tones were fished, with grouper being the species with the highest volume reported,
530 tones, followed by lobster, 490 tones. The total value of the production that year was
almost 200 million Mexican pesos. There are 2910 fishermen, 889 coastal vessels, 29 larger
vessels, and 10 fishing plants registered in the state [34].

In Quintana Roo there are nine areas where fishing is permitted and all of them
converge in the authorized environmental buffer zones of a natural protected area, so
they must comply with the provisions of the LGEEPA and the Management Plan of the
respective NPAs. There are 24 permitted fishing zones in force in the study area, 92% are
based in Puerto Juárez, 4% at the dock in Cozumel, and 4% at the dock in Isla Mujeres. 67%
of these permits are for fishing. 67% of permitted fishing is for deep-sea shrimp, 13% for
Caribbean lobster and sea scales, 4% for lobster and 4% for octopus.

CONAPESCA has extended the concessions for fishing cooperatives to carry out
commercial lobster fishing, which has become a growing market in Quintana Roo.

3.1.3. Infrastructure

(a) Port infrastructure

In the study area there are 20 ports for tourist, industrial, fishing, military and ferry
terminals, as well as 39 piers and 11 marinas. In 2018, Quintana Roo had eight registered
tourist marinas, with facilities for pleasure boats or yachts, both public and private (SCT
2014) and twelve berths for tourist cruise ships and ferries [46]. Six ports have cruise ship
docking infrastructure, three of which are on the island of Cozumel, the most important
tourist port in Mexico in terms of the number of ships that dock. In 2019 1366 cruisers
arrived, carrying 4,569,853 tourists [52]. Puerto Morelos is deemed a tourist destination
with port infrastructure, but it is exclusively for cargo, although there are plans to expand
it, to receive cruise ships.

Connections between the islands and the mainland are needed for the transport
of people, both tourists and workers. 10 ferry terminals exist, among which the most
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important routes are: Chiquilá-Holbox; Cancún-Isla Mujeres; Isla Mujeres-Isla Contoy; and
Playa del Carmen–Cozumel (Figure 8). According to estimates from the port administration
agency [53], approximately 11 million passengers, tourists and local inhabitants [52], used
these ferries (Table 5). Given the uneven economic activity associated with COVID-19
mobility restrictions, the data for 2020 is poorly representative of normal maritime mobility
in the study area.

Figure 8. Urban infrastructure.

Table 5. Maritime passenger movement.

2015 2016 2017 2018 2019 2020 2021

Cruises
Cozumel

Passengers 3,403,414 3,645,576 4,106,849 4,299,871 4,578,142 1,132,101 652,007
Arrivals 1079 1116 1243 1298 1366 371 354

Playa del
Carmen

Passengers 1471 NA NA NA NA NA NA
Arrivals 1 NA NA NA NA NA NA

Ferry
Cozumel 1,755,906 2,041,156 2,472,927 2,510,352 2,510,461 164,888 177,019
Isla Mujeres 2,020,530 2,296,185 2,496,192 2,831,118 2,935,381 85,181 147,950
Playa del
Carmen 1,580,271 1,822,305 2,249,636 2,241,087 2,185,722 NA NA

Puerto Juarez 1,912,346 2,184,002 2,319,399 2,707,187 2,757,898 NA NA
Punta Sam 111,770 123,651 166,582 133,431 239,030 71,434 135,287
Punta
Venado 128,514 138,072 153,380 160,612 202,440 NA NA

Source: CruisSource: Cruise and Ferry Data from 2015 to 2019 own elaboration with information obtained
from [52,54,55]. Cruise and Ferry data for 2020 to 2021 were obtained from [53,55]. NOTE: worldwide, cruise
activity was paralysed from January to May 2021, due to the Covid-19 pandemic [55].

(b) Urban Infrastructure

The study area contains 917 localities, with 1.4 million inhabitants, only nine of which
are urban: Cancun, Playa del Carmen, Cozumel, Tulum, Puerto Aventuras, Alfredo V.
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Bonfil, Puerto Morelos, Isla Mujeres and Zona Urbana Ejido Isla Mujeres. However, 98.7%
of the state population live in these centres. Similarly, of the total number of inhabited
private dwellings, 90% are in these areas (Table 6) [39].

Table 6. Rural and urban localities within the study area.

No. of Locations Total Population Homes

Rural 908 20,533 5948
Urban 9 1,393,346 443,546
Total 917 1,413,379 449,494

Source: own elaboration with information obtained from [39].

A motorway runs along the coastline in the study area, with occasional intersecting
roads giving access to the sea and inland. The main roads connect Cancun, Playa del
Carmen and Cozumel, where the major tourist developments are found. From the end
of the 19th century to the middle of the 20th century, railway lines were built mainly for
commercial transport, but they are all abandoned nowadays. Currently the “Tren Maya”
a railway line linking Cancun and Chetumal, and these two cities with neighbouring states,
is under construction, due to be completed in 2023.

3.2. Compatibility Analysis of Existing Activities in the Caribbean Sea

The results of the analysis showing compatibility and the number of spatial inter-
sections between the objectives of the 21 activities which currently occur in the study
area are shown in Table 7. Activities related to protected areas/areas of environmental
importance have objectives which are compatible with those in archaeological sites and
certified beaches. These are shown in green.

Poorly compatible objectives (yellow) are seen between the activities of protected
areas/areas of environmental importance with those of socio-economic activities, such as
tourism and fishing (Figure 9).

Figure 9. Compatibility Map.
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Objectives that are non-compatible (red) are related to protected areas/areas of envi-
ronmental importance with activities of tourist destinations, tourist beaches, marinas and
other port infrastructure (Figure 9). Incompatibility of objectives was also found between
tourist beaches and protected beaches (sea turtle nesting), as well as between port infras-
tructure, even piers and marinas, with other marine activities, such as diving and both
commercial and sport fishing.

With geospatial analysis, intersections between the types of activity and land uses in
a given area can be identified (Table 7, Figure 9). Table 8 summarises the percentage of
spatial intersections between characteristics and activities into two types: no intersection
(=0% intersections) or to some degree (>0% intersections), according to the degree of
compatibility of the land use objectives.

Table 8. Summary of the results of the interaction between compatibility and spatial intersection
(Table 7 and Supplementary Materials).

Degree of Compatibility

Type of Intersection
Compatible

Objectives
Poorly Compatible

Objectives
Non-Compatible

Objectives

No intersection 42.4% 33.1% 49.5%
Intersection

(>0 to 100) 57.6% 66.9% 50.5%

Total 100% 100% 100%

There are two wildlife refuge areas in the study area that intersect completely with
the federal NPAs, the SMPs, the tourist destinations and the areas with lobster concessions.
The objectives and activities of the first two are compatible, but of the third and fourth the
objectives and activities are contradictory, and poorly compatible, respectively.

Regarding the port and urban infrastructure, there are 19 decks and 20 marinas for the
berthing of maritime transport in the study area. For decks, 15 coincide with federal NAPs,
11 are in SMPs, 12 in tourist destinations, and 16 in areas with fishing permits. 66.9% (see
Figure S1, Table 8) of the characteristics/activities of poor compatibility intersect in one or
more occasions. Tourist destinations and fishing zones are highly compatible with port and
urban infrastructure.

All Fishing Refuge Zones and Wildlife Refuge Areas intersect with Lobster Concession
sites, whose management objectives are poorly compatible (2 and 3 times respectively, see
Figure S1). The same is true for Permitted Fishing and Lobster Concessions (seven times,
Figure S1), which intersect in their entirety with Federal NPAs, which they have poorly
compatible management objectives.

50.5% of activities with non-compatible management objectives intersect on one or
more occasions. For example, the total number of Fisheries Refuge Zones (2) were found
to intersect with Selected Tourism Destinations (2), with which they have non-compatible
management objectives (Figure S1).

It was also found that some characteristics/activities which are seen in large land and
marine areas, such as federal NPAs, RAMSAR Sites and Marine Protected Sites have up to
100% intersections with other characteristics/activities in the categories: (1) protected areas
and areas of environmental importance and (2) human activities (Figure S1). However, these
intersections occurred with characteristics/activities with compatible conservation objectives.

3.3. Energy Needs of the Population

The municipality of Isla Mujeres is that with the highest percentage of households
without electricity (6.05%) in the study area, followed by the Lázaro Cárdenas (3.58%) and
Tulum (2.35%) municipalities [36]. The spatial relationship of energy needs with social
marginalization shows that there is a high degree of marginalization in Lázaro Cárdenas,
while the other municipalities have Low, or Very Low, degrees of marginalization [35]
(Figure 10, Table 9).
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Figure 10. Percentage of households without electricity.

Table 9. Municipalities in Quintana Roo with the highest percentage of inhabited private dwellings
without electricity and their degrees of marginalisation. Own elaboration with information ob-
tained from [35,36,39].

Municipalities
Inhabited

Private
Dwellings

Homes without
Electricity

(%)

Degree of
Marginalisation

Number of
Localities

<10 km from the
Coast with >100

Inhabitants

Isla Mujeres 5889 6.05 Low 6
Lázaro Cárdenas 6991 3.58 High 2
Tulum 9385 2.35 Low 5
Solidarity 68,501 0.78 Very Low 11
Benito Juarez 221,950 0.78 Very Low 3
Cozumel 24,146 0.32 Very Low 7

The highest concentration of transmission grids, substations and power plants was
found in the municipality of Benito Juárez, followed by Solidaridad and Cozumel. Isla
Mujeres and Lázaro Cárdenas are the municipalities with fewest of these features.

Analysis of the criteria of priority (greatest social benefit) and proximity (close to the
ocean) shows that in the three municipalities with greatest energy needs, Isla Mujeres,
Lázaro Cárdenas and Tulum, there are 13 coastal localities with over 100 inhabitants that
are less than 10 km from the coastline (Figure 10, Table 9).

4. Discussion

There is ample evidence of a future crisis in energy based on fossil fuels [1,56]. Added
to this, greenhouse gas emissions, global warming and environmental contamination,
increase the need to develop alternative technologies that allow us to harness energy from
the ocean [3,56]. Energy from ocean currents is a promising option, given the widespread
availability of the resource, worldwide [5,6]. In Mexico today, large coastal areas are still
without electric energy supply, causing great socioeconomic inequalities [4,57].
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There are many types of devices being developed to harness ocean energy [56], and the
exploration of potential areas for energy harvesting must also be prioritised [27]. The ocean
currents in the Mexican Caribbean were analysed to find the areas where conditions are
most favourable for energy generation [4,57,58]. A subsequent geospatial analysis shows
the great diversity in terms of human development and biodiversity in the study area. In
82% of the study area, 77 NPAs and areas of environmental importance exist, overlapping
with each other. Legal regulatory instruments exist within these areas that establish the
activities that drive economic development and the generation of services. In some cases,
the objectives of the various activities that take place there are compatible, but in others
this is not so and can mean that environmental degradation is likely in protected areas.

In regard to human activities, tourist activities in the region are very diverse, from
beach visits to sport fishing and visits to archaeological sites. Limestone extraction, in
one specific area, near Playa del Carmen, in the municipality of Solidaridad is a special
case. Since 1986 the renovation of local, state and federal authorization has meant the
mining activities were expanded every 15 years. However, since 2016 these permits have
not been renewed, as the activity is incompatible with local regulations and with the 2009
ecological zoning policy of the municipality. In 2017 the environmental authorities partially
closed down a coastal rock mining following inspections of the site after an application for
a renovation of the permit was turned down. The main environmental damage caused by
the mining is the complete removal of vegetation.

Regarding existing infrastructure, it is important that any infrastructure related to
a marine energy generation project does not affect existing transport routes, nor put at risk
the activities currently taking place in the area.

Section 5 of the “Tren Maya”, the new rail line presently under construction, runs
through the study area, connecting Tulum, Playa del Carmen, Puerto Morelos and Cancún.
The infrastructure associated with the construction of the railway is severely modifying
subsurface water flows that are of utmost importance for the preservation of coastal wetlands.

Socio-environmental conflicts are defined as “mobilizations of local communities, so-
cial movements, which may include support for national or international networks against
particular economic activities, infrastructure construction or waste disposal/pollution,
whereby environmental impact is a key element of their claims” [59]. In the study area
there are several hotspots where there is already dissatisfaction with public policies associ-
ated with national level projects. Tourism and fishing depend on healthy ecosystems, as
scenic beauty and biodiversity are the main factors in the development of these activities.
On the other hand, these activities can produce negative environmental impacts if they are
not properly regulated. As an example, the Atlas of Environmental Justice [59] describes the
“recreational tourism” on Holbox Island, related to the “La Ensenada” project as a cause for
concern. A luxury tourism development was planned which would entail 70 community
landowners, or “ejidatarios” being dispossessed of their land with a payment of less than 5%
of the value of the land. Although the project has been stopped and the conflict is reported
to have ended in 2016, this area is vulnerable to this type of conflict due to its status as
a tourist attraction [60].

The second area of conflict is related to the “extraction of minerals and construction
materials”, classified as medium intensity, described earlier. The extraction of limestone
near Playa del Carmen from previously undeveloped areas of jungle has exceeding the
limits authorised and affected the communities living in the region. The main impacts are
pollution, loss of biodiversity, landscape degradation, water contamination [61].

As marine currents influence the distribution of commercially important species
and impact on the marine and coastal environment, a current energy project could only
be successful in an area where there are no repercussions for fishing, commercial and
recreational. Bárcenas et al. [58] analysed the areas where marine energy harnessing would
be feasible in part of our study area, considering environmental conditions and a range of
floating and fixed devices. Their work, in front of Cozumel island suggests that the areas
with greatest potential are at 30–50 metres depth. They also examined the NPAs, land use
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policies of the area (one regional, for the Gulf of Mexico and the Caribbean, and the other
at local scale), shipping routes, infrastructure, tourist areas, military facilities, academic
and research institutions, concluding that restrictions are needed in these areas and that
it is important to take into consideration information from maps and internet pages for
decision making regarding possible marine energy projects.

In Mexico the environmental impact assessment of marine energy power generation
projects is still in process [62]. This work should be carried out prior to the installation of
any marine energy project to minimize anthropogenic impacts. The areas with greatest
need of electricity in the study area are in the north, Isla Mujeres, followed by locations in
the interior and centre of Lázaro Cárdenas, and finally in Tulum, in the south (Figure 10,
Table 9). Any project focused on improving socioeconomic change needs the participation
of local actors for its acceptance, development and success. If it does not have this, socio-
environmental conflicts may arise which limit the possible benefits of the project.

5. Conclusions

With geo-visualization tools, a diagnosis was made of areas in which marine energy
generation is feasible as a way of ensuring environmental friendliness and economic
viability. The extraction of marine energy through currents, would require a stable, safe
physical space. Power generation projects must be able to be properly integrated into
existing socio-environmental processes, for example, in the case of diving and sport fishing
activities where safety must be guaranteed.

The development of human activities in the study area should be achieved by seeking
a positive impact on the populations with the greatest need for electricity. The generation
of electricity through ocean energy will have to coexist with economic activities both in the
marine and terrestrial space.

The results of the present work provide a tool for spatial and marine planning that
would enable the development and installation of such projects, that considers the needs
of all, without forgetting that a potential energy generation project can be seen as an
opportunity for socioeconomic development. This can serve as a basis for similar studies
in other parts of the world, and to enable decision-makers and stakeholders in Mexico to
make better use of the Mexican Caribbean’s biological resources for a fairer society and a
less polluted world.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/land11050665/s1. Figure S1: Matrix 3 for the calculation of in-
tersection percentages of 0% and 100%, related to the frequency of intersections between the charac-
teristics/activities objectives.

Author Contributions: Conceptualization, I.B.-O. and G.M.-G.; methodology, I.B.-O.; software,
I.B.-O.; validation, R.S., formal analysis, I.B.-O., G.M.-G. and L.M.-P.; investigation, I.B.-O., G.M.-G.,
L.M.-P. and R.S.; resources, G.M.-G. and R.S.; data curation, I.B.-O. and L.M.-P.; writing—original
draft preparation, I.B.-O. and G.M.-G.; writing—review and editing, I.B.-O., G.M.-G., L.M.-P. and R.S.;
visualization, I.B.-O. and G.M.-G.; supervision, G.M.-G.; project administration, G.M.-G. and R.S.;
funding acquisition, G.M.-G. and R.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Mexican Centre for Innovation in Ocean Energy (CEMIE-
Océano, CONACYT project 249795).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This study was supported by CEMIE-Océano. We also thank Maribel Badillo
Alemán and Alfredo Gallardo Torres for the technical support in the Biological Conservation Laboratory.

Conflicts of Interest: The authors declare no conflict of interest.

256



Land 2022, 11, 665

References

1. Kühne, K.; Sanchez, L.; Roth, J.; Tornel, C.; Ivetta, G. Beyond Fossil Fuels: Fiscal Transition in Mexico; International Institute for
Sustainable Development (IISD): Winnipeg, MB, Canada, 2019; p. 38.

2. Sener. Reporte de Avance De Energías Limpias Primer Semestre 2018; Secretaría de Energía del Gobierno de México: Ciudad de
México, México, 2018; p. 21. Available online: https://www.gob.mx/cms/uploads/attachment/file/418391/RAEL_Primer_
Semestre_2018.pdf (accessed on 18 March 2021).

3. Congreso de la Unión. Ley General de Cambio Climático (LGCC). In Diario Oficial de la Federación-06-2012, ú ltima reforma DOF-06-
11-2020; Congreso de la Unión: Ciudad de México, México. Available online: https://www.diputados.gob.mx/LeyesBiblio/pdf/
LGCC_061120.pdf (accessed on 19 March 2021).

4. Alcérreca-Huerta, J.C.; Encarnacion, J.I.; Ordoñez-Sánchez, S.; Callejas-Jiménez, M.; Barroso, G.G.D.; Allmark, M.;
Mariño-Tapia, I.; Casarín, R.S.; O’Doherty, T.; Johnstone, C.; et al. Energy yield assessment from ocean currents in the
insular shelf of Cozumel Island. J. Mar. Sci. Eng. 2019, 7, 147. [CrossRef]

5. Calero, R.; Viteri, D. Energía Undimotriz, alternativa para la producción de Energía Eléctrica en la Provincia de Santa Elena.
Rev. Cient. Tecnol. UPSE 2013, 1–12. [CrossRef]

6. Hucherby, J.; Jeffrey, H.; de Andres, A.; Finlay, L. An International Vision for Ocean Energy, Version III: February 2017; Ocean Energy
Systems Technology Collaboration Programme: Paris, France, 2011; Volume 7, p. 28. Available online: www.ocean-energy-
systems.org (accessed on 20 March 2021).

7. International Renewable Energy Agency. Renewable Energy Highlights—July 2020. Available online: https://www.irena.org/-/
media/Files/IRENA/Agency/Publication/2021/Apr/IRENA_-RE_Capacity_Highlights_2021 (accessed on 21 May 2021).

8. Pérez, H.B.; Ramírez, J.C.C.; Andrade, M.Á.G.; Pulido, E.P.O. Evaluación de una política de sustitución de energías fósiles para
reducir las emisiones de carbono. Trimest. Econ. 2017, 84, 137–164. [CrossRef]

9. Noble, D.R.; O’shea, M.; Judge, F.; Robles, E.; Martinez, R.; Khalid, F.; Thies, P.R.; Johanning, L.; Corlay, Y.; Gabl, R.; et al.
Standardising marine renewable energy testing: Gap analysis and recommendations for development of standards. J. Mar.
Sci. Eng. 2021, 9, 971. [CrossRef]

10. Yang, X.; Haas, K.A.; Fritz, H.M. Theoretical assessment of ocean current energy potential for the Gulf Stream system. Mar. Technol.
Soc. J. 2013, 47, 101–112. [CrossRef]

11. Hernández-Fontes, J.V.; Felix, A.; Mendoza, E.; Cueto, Y.R.; Silva, R. On the marine energy resources of Mexico. J. Mar. Sci. Eng.
2019, 7, 191. [CrossRef]

12. Hernández-Rodríguez, J.; Acosta-Olea, R.; Barbosa-Pool, G.R.; Aguilar-Aguilar, J.O.; Chargoy-Rosas, M.A.; Quinto-Diez, P.
Indicadores de Desarrollo Energético Sustentable. Caso: Quintana Roo, México. Quivera Univ. Autónoma Estado México 2016, 18,
111–129.

13. Lozano, L.; 3 desafíos del sector eléctrico de la Península de Yucatán y cómo superarlos. El Financiero Península Home Page
(Mérida, Yucatán, México). 28 de enero de 2019. Available online: https://www.elfinanciero.com.mx/peninsula/3-desafios-del-
sector-electrico-de-la-peninsula-de-yucatan-y-como-superarlos/ (accessed on 15 May 2019).

14. Aldana, O.; Hernández, A. La Planificación Espacial Marina: Marco Operativo Para Conservar la Diversidad Biológica Marina y
Promover el Uso Sostenible del Potencial Económico de los Recursos Marinos en el Caribe. In Adaptación Basada en Ecosistemas:
Alternativa para la Gestión Sostenible de los Recursos Marinos y Costeros del Caribe; Instituto de Oceanología: La Habana, Cuba, 2016;
pp. 1–15. ISBN 978-959-298-036-5.

15. Comisión Nacional para el Conocimiento y Uso de la Biodiversidad (Conabio). Geoportal del Sistema Nacional de Información
sobre Biodiversidad Home Page. In Subdirección de Sistemas de Información Geográfica.. Available online: http://www.conabio.gob.
mx/informacion/gis/ (accessed on 15 May 2021).

16. Rioja-Nieto, R.; Garza-Pérez, R.; Álvarez-Filip, L.; Mariño-Tapia, I.; Enríquez, C. The Mexican Caribbean: From Xcalak to Holbox.
In World Seas: An Environmental Evaluation, 2nd ed.; Elsevier: Warwick, UK, 2018; Volume I: Europe, the Americas and West
Africa, pp. 637–653. [CrossRef]

17. Comisión Nacional de Áreas Naturales Protegida (Conanp). Programa de Manejo de la Reserva de la Biosfera Caribe Mexicano;
Comisión Nacional de Áreas Naturales Protegidas, Secretaría de Medio Ambiente y Recursos Naturales del Gobierno de México:
Ciudad de México, México, 2018; p. 375. Available online: https://simec.conanp.gob.mx/pdf_libro_pm/191_libro_pm.pdf
(accessed on 20 March 2022).

18. Sandoval Herazo, E.J.; Lizardi Jiménez, M.A. Hydrocarbons: Pollution at the Mexican Caribbean. Rev. Digit. Univ. 2019, 20,
1–10. [CrossRef]

19. Ardisson, P.L.; May-Kú, M.A.; Herrera-Dorantes, M.T.; Arellano-Guillermo, A. El Sistema Arrecifal Mesoamericano-México:
Consideraciones para su designación como Zona Marítima Especialmente Sensible. Hidrobiologica 2011, 21, 261–280.

20. Comisión Nacional para el Conocimiento y Uso de la Biodiversidad (Conabio). Mares Mexicanos. Available online: https://
www.gob.mx/semarnat/articulos/mares-mexicanos; http://www.biodiversidad.gob.mx/pais/mares/Nuestros; (accessed
on 19 March 2021).

21. Wilkinson, T.; Wiken, E.; Bezaury Creel, J.; Hourigan, T.F.; Agardy, T.; Herrmmann, H.; Janishevsji, L.; Madden, C.; Morgan, L.;
Moreno, P. Ecorregiones Marinas de América del Norte; Comisión para la Cooperación Ambiental: Montreal, QC, Canada, 2009;
p. 200. ISBN 978-2-923358-72-7.

257



Land 2022, 11, 665

22. Badan, A.; Candela, J.; Sheinbaum, J.; Ochoa, J. Upper-layer circulation in the approaches to Yucatan channel. In Circulation in
the Gulf of Mexico: Observations and Models; American Geophysical Union: Washington, DC, USA, 2005; Volume 161, pp. 57–69.
Available online: https://ui.adsabs.harvard.edu/abs/2005GMS...161...57B/abstract (accessed on 20 March 2022). [CrossRef]

23. Chávez, G.; Candela, J.; Ochoa, J. Subinertial flows and transports in Cozumel Channel. J. Geophys. Res. Ocean. 2003, 108,
1–11. [CrossRef]

24. Abascal, A.J.; Sheinbaum, J.; Candela, J.; Ochoa, J.; Badan, A. Analysis of flow variability in the Yucatan Channel. J. Geophys.
Res. Ocean. 2003, 108, 11. [CrossRef]

25. Sheinbaum, J.; Candela, J.; Badan, A.; Ochoa, J. Flow structure and transport in the Yucatan Channel. Geophys. Res. Lett. 2002, 29,
10-11–10-14. [CrossRef]

26. Athié, G.; Candela, J.; Sheinbaum, J.; Badan, A.; Ochoa, J. Yucatan Current variability through the Cozumel and Yucatan channels.
Cienc. Mar. 2011, 37, 471–492. [CrossRef]

27. Silva, R.; Zúñiga, A.; Guimarais, M.; Barcenas, J.F.; Chávez, V.; Martínez, M.L.; Wojtarowski, A. Marine energy in the Mexican
Caribbean: Needs and resources. In Proceedings of the SEEP2021, Boku, Vienna, Austria, 13–16 September 2021; pp. 600–605.

28. Hernández, M.L. Evaluación Del Riesgo y Vulnerabilidad Ante la Amenaza de Huracanes en Zonas Costeras del Caribe
Mexicano: Chetumal y Mahahual. Ph.D. Thesis, Universidad de Quintana Roo, Chetumal, México, 2014; p. 398. Available online:
http://repobiblio.cuc.uqroo.mx/handle/20.500.12249/98 (accessed on 20 March 2022).

29. Instituto Nacional de Estadística y Geografía (Inegi). Inegi Home Page. Climatología; Mapas Climatológicos. Available online:
https://www.inegi.org.mx/temas/climatologia/ (accessed on 20 May 2021).

30. Garduño-Ruiz, E.P.; Silva, R.; Rodríguez-Cueto, Y.; García-Huante, A.; Olmedo-González, J.; Martínez, M.L.; Wojtarowski, A.;
Martell-Dubois, R.; Cerdeira-Estrada, S. Criteria for optimal site selection for ocean thermal energy conversion (Otec) plants in
Mexico. Energies 2021, 14, 2121. [CrossRef]

31. Intergovernmental Oceanographic Commission; Directorate General for Fisheries and Maritime, Affairs. MSPglobal: International
Guide on Marine/Maritime Spatial Planning. 2021. Available online: https://unesdoc.unesco.org/ark:/48223/pf0000379196
(accessed on 4 April 2021).

32. Secretaría de Desarrollo Agropecuario Rural y Peasa. PESCA DEPORTIVA. 2018. Available online: https://qroo.gob.mx/
sedarpe/pesca-deportiva/ (accessed on 1 December 2020).

33. Inegi. Censos Económicos 2014. 2014. Available online: https://www.inegi.org.mx/programas/ce/2014/ (accessed on
20 October 2020).

34. Conapesca. Anuario Estadístico de Acuacultura y Pesca. 2018. Available online: https://nube.conapesca.gob.mx/sites/cona/
dgppe/2018/ANUARIO_2018.pdf (accessed on 23 November 2020).

35. Conapo. Índice de Marginación por Entidad Federativa y municipio 2015|Consejo Nacional de Población|Gobierno|gob.mx.
2015. Available online: https://www.gob.mx/conapo/articulos/indice-de-marginacion-por-entidad-federativa-y-municipio-
2020-271404?idiom=es (accessed on 9 November 2020).

36. Instituto Nacional de Estadística y Geografía. Encuesta Intercensal 2015. Available online: https://www.inegi.org.mx/
programas/intercensal/2015/ (accessed on 20 March 2022).

37. Sener. Programa Nacional para el Aprovechamiento Sustentable de la Energía 2014–2018. Avances y Resultados 2018, 42.
38. Geocomunes, C. Geovisualizador-Alumbrar las Contradicciones del Sistema Eléctrico Nacional y de la Transición En-

ergética|Geocomunes. Available online: http://geocomunes.org/Visualizadores/SistemaElectricoMexico/ (accessed on 6
November 2020).

39. Inegi. Catálogo Único de Claves de Áreas Geoestadísticas Estatales, Municipales y Localidades. 2020, pp. 1–8. Available online:
https://www.inegi.org.mx/app/ageeml/ (accessed on 6 February 2021).

40. Hernández-Fontes, J.V.; Martínez, M.L.; Wojtarowski, A.; González-Mendoza, J.L.; Landgrave, R.; Silva, R. Is ocean energy an
alternative in developing regions? A case study in Michoacan, Mexico. J. Clean. Prod. 2020, 266, 121984. [CrossRef]

41. Conapesca. Zonas de Refugio Pesquero Vigentes en México al 11 de Diciembre de 2019. 2019; pp. 1–5. Available online:
https://www.gob.mx/cms/uploads/attachment/file/516926/ZRP_VIGENTES_191211__2_.pdf (accessed on 17 January 2021).

42. Conabio, The Nature Conservancy-Programa México, Pronatura. Sitios Prioritarios Marinos Para la Conservación de la Bio-
diversidad. 2007. Available online: http://geoportal.conabio.gob.mx/metadatos/doc/html/spm1mgw.html (accessed on
20 November 2020).

43. Semarnat. Regiones Marinas Prioritarias. 1998. Available online: http://dgeiawf.semarnat.gob.mx:8080/ibi_apps/WFServlet?
IBIF_ex=D3_BIODIV01_14&IBIC_user=dgeia_mce&IBIC_pass=dgeia_mce (accessed on 20 June 2021).

44. Conabio. Regionalización. Áreas de Importancia para la Conservación de las Aves (AICAS). 2004. Available online: http:
//conabioweb.conabio.gob.mx/aicas/doctos/aicas.html (accessed on 20 April 2021).

45. Pozo, C.; Armijo, N.; Calmé, S. Mexico. Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. Riqueza Biológica de
Quintana Roo: Un Análisis Para su Conservación; Comisión Nacional Para el Conocimiento y Uso de la Biodiversidad (Conabio):
Mexico City, Mexico, 2011; p. 2.

46. Sectur. Compendio Estadistico del Turismo en México. 2018. Available online: https://www.datatur.sectur.gob.mx/SitePages/
CompendioEstadistico.aspx (accessed on 23 December 2020).

47. Sectur. Centros de Playa. 2014. Available online: https://www.sectur.gob.mx/programas/programas-regionales/centros-de-
playa/ (accessed on 23 April 2021).

258



Land 2022, 11, 665

48. Uqroo. Tourism Competitiveness Study of the Riviera Maya destination. 2013; p. 548. Available online: https://www.sectur.gob.
mx/wp-content/uploads/2015/02/PDF-Riviera-Maya.pdf (accessed on 15 June 2021).

49. Gobierno de Quintana, R. Quintana Roo, Mejor Destino de Buceo del Mundo. 2019. Available online: qroo.gob.mx (accessed on
17 November 2020).

50. Santander, L.C.; Propín, E. Impacto ambiental del turismo de buceo en arrecifes de coral. Cuadernos Turismo 2009, 24, 207–227.
51. Conapesca. Calendar of the Mexican Caribbean Sport Fishing Tournaments 2020. 2020. Available online: https://www.

pescandoenelcaribe.com/torneos.html (accessed on 5 November 2020).
52. Sct. Movimiento Marítimo de Pasajeros por Tipo de Embarcación, Litoral y Puerto, Serie Anual de 2015 a 2019. 2019,

p. 240. Available online: www.sct.gob.mx/fileadmin/DireccionesGrales/DGP/PDF/DEC-PDF/Anuario_2019.pdf (accessed on
2 March 2021).

53. Apiqroo. Postal de estadísticas. 2017. Available online: http://servicios.apiqroo.com.mx/estadistica/index.php (accessed on
2 April 2021).

54. Sectur. Movimiento de Cruceros en los Principales Puertos del país: Anual. 2021. Available online: https://www.datatur.sectur.
gob.mx/SitePages/CompendioEstadistico.aspx (accessed on 14 April 2021).

55. Semar. Actividades en Crucero 2021–2022. 2022. Available online: https://www.datatur.sectur.gob.mx/SitePages/Actividades%
20En%20Crucero.aspx (accessed on 15 April 2021).

56. Ibrahim, W.I.; Mohamed, M.R.; Ismail, R.M.T.R.; Leung, P.K.; Xing, W.W.; Shah, A.A. Hydrokinetic energy harnessing technologies:
A review. Energy Reports. 2021, 7, 2021–2042. [CrossRef]

57. Garcia-Reyes, L.A.; Beltrán-Telles, A.; Bañuelos-Ruedas, F.; Reta-Hernández, M.; Ramírez-Arredondo, J.M.; Silva-Casarín, R.
Level-Shift PWM Control of a Single-Phase Full H-Bridge Inverter for Grid Interconnection, Applied to Ocean Current Power
Generation. Energies 2022, 15, 1644. [CrossRef]

58. Bárcenas Graniel, J.F.; Fontes, J.V.H.; Gomez Garcia, H.F.; Silva, R. Assessing hydrokinetic energy in the mexican caribbean: A case
study in the cozumel channel. Energies 2021, 14, 4411. [CrossRef]

59. Ejatlas. Atlas de Justicia Ambiental. 2021. Available online: https://ejatlas.org/?translate=es (accessed on 24 March 2021).
60. Ejatlas. Proyecto la Ensenada en Holbox, México | EJAtlas. 2018. Available online: https://ejatlas.org/conflict/proyecto-la-

ensenada-en-holbox-mexico?translate=es (accessed on 24 March 2021).
61. Ejatlas. MINA CALICA DE VULCAN Materiales Empresa EN PAPAA DEL CARMEN, MÉXICO | EJAtlas. 2020. Available online:

https://ejatlas.org/conflict/devastacion-mina-calica-de-vulcan-materials-company-en-playa-del-carmen?translate=es (accessed
on 24 March 2021).

62. IMP. Gaceta IMP. Available online: https://backend.aprende.sep.gob.mx/media/uploads/proedit/resources/gaceta_instituto_
mex_7bdb5f2f.pdf (accessed on 18 March 2021).

259





Citation: Kankam, S.; Osman, A.;

Inkoom, J.N.; Fürst, C. Implications

of Spatio-Temporal Land Use/Cover

Changes for Ecosystem Services

Supply in the Coastal Landscapes of

Southwestern Ghana, West Africa.

Land 2022, 11, 1408. https://doi.org/

10.3390/land11091408

Academic Editors: Pietro Aucelli,

Angela Rizzo, Rodolfo Silva Casarín

and Giorgio Anfuso

Received: 3 August 2022

Accepted: 22 August 2022

Published: 27 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Implications of Spatio-Temporal Land Use/Cover Changes for
Ecosystem Services Supply in the Coastal Landscapes of
Southwestern Ghana, West Africa

Stephen Kankam 1,2,*, Adams Osman 3, Justice Nana Inkoom 1 and Christine Fürst 1,4

1 Department of Sustainable Landscape Development, Institute for Geosciences and Geography,
Martin Luther University Halle-Wittenberg, Von-Seckendorff-Platz 4, 06120 Halle, Germany

2 Hen Mpoano (Our Coast), 38. J Cross Cole Street, Windy Ridge Extension, Takoradi P.O. Box AX 296, Ghana
3 Department of Geography Education, University of Education, Winneba P.O. Box 25, Ghana
4 German Centre for Integrative Biodiversity Research (iDiv) Halle-Jena-Leipzig, Puschstraße 4,

04103 Leipzig, Germany
* Correspondence: stephen.kankam@student.uni-halle.de

Abstract: Land use/land cover change (LULCC) is an important driver of ecosystem changes in
coastal areas. Despite being pervasive in coastal Ghana, LULCC has not been investigated to
understand its effects on the potential for coastal landscapes to supply ecosystem services (ES). In this
study, the impacts of LULCC on the potential supply of ES by coastal landscapes in Southwestern
Ghana was assessed for the years 2008 and 2018 by using remote sensing and benefit transfer
approaches. Based on available data, relevant provisioning and regulating ES were selected for
the assessment while indicators to aid the quantification of the ES were obtained from literature.
Supervised classification methods and maximum likelihood algorithms were used to prepare land
use/land cover (LULC) maps and the derived LULC categories were assigned according to the
descriptions of the Land Cover Classification System (LCCS). Potential supply of provisioning (food,
fuelwood) and regulating (carbon storage) services was quantified and the spatial and temporal
distributions of these ES illustrated using maps. The results show variations in food and fuelwood
supply and carbon storage potentials over the study period and across different locations on the
landscape. Potentials for fuelwood supply and carbon storage in mangrove forests indicated declining
trends between 2008 and 2018. On the other hand, food-crop supply and carbon storage potential
in rubber plantations depicted increasing patterns over the same period. Population, slope and
elevation exhibited strong effects on LULC conversions to food crop and rubber plantations whereas
these factors were less important determinants of mangrove forest conversions. The findings of the
study have implications for identifying and addressing tradeoffs between land uses for agriculture,
industrial development and conservation of critical coastal ES within the context of rapid land system
transformations in the study region.

Keywords: ecosystem services; land use/land cover change; benefit transfer; coastal landscapes;
quantification; spatio-temporal; West Africa; Ghana

1. Introduction

During the past half century, coastal zones have witnessed unprecedented transfor-
mation, due in part to the increasing impacts of human activities in these regions [1–3].
Urbanization patterns, natural resources exploitation, infrastructure development, indus-
trial and commercial activities are concentrated on a narrow strip of land in the coastal
zone [3]. In West Africa, rapid land use/land cover changes (LULCC) have gained promi-
nence in the coastal zone as associated demographic, socioeconomic, technological and
political drivers of change interact within the coastal socioecological system [4–6]. The ac-
celerating pace of land use change coupled with the resulting impacts on coastal ecosystems
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has heightened concerns among planners, policy-makers and scientists about the sustain-
ability of coastlines and associated ecosystem services (ES). Research on land use/land
cover dynamics and related impacts on coastal ES is therefore gaining traction in scientific
discourse (e.g., [6–9]). Global-scale assessments estimate annual ES losses due to land use
changes at approximately $20.2 trillion [10,11]. Increasingly, individuals and societies re-
spond to opportunities created by globalization processes, including market conditions by
altering land uses [12,13]. These changes trigger degradation and conversion of high-value
ecosystems such as forests, cropland, water and grasslands to low-value land uses [10,13].
Over the last two decades, ecosystem degradation have heightened due to an exponential
increase in population and doubling of economic activities with attendant increase in the
demand for ecosystem goods and services [2,4]. In many developing countries, weak
or absent land use regulatory institutions are critical among the conditions giving rise
to rapid modifications of ecosystems and landscapes [12]. While focusing assessments
on Africa, the Intergovernmental Science-Policy Platform on Ecosystem Services (IPBES)
identifies significant risks of ES and biodiversity losses in the face of poorly regulated and
unregulated LULCC in the continent [14].

Nevertheless, there is also universal recognition that impacts of LULCC on ES are not
always negative as society–nature interactions are integral to the processes of ES coproduc-
tion [15,16]. Indeed, landscapes’ potential to supply food, fiber and fodder, and perform
other functions such as climate regulation are inexorably linked to LULCC [17]. Thus,
availability of land use/land cover data and related ES information underpin landscape
planning and land use decision-making to sustain ES [18]. Decisions to protect ecosystems
are taken expeditiously and aided by the availability of low-cost information [19]. However,
application of field-based measurements for biophysical data acquisition and information
gathering on ES is expensive and time consuming. Additionally, while field measurements
are conducted at the local scale, land use decisions to protect ES are made at relatively
larger scales [19]. In West Africa, challenges associated with lack of data at the appropriate
planning scale and resolution hinder the conduct of ES studies and also their integration
into land use decisions [20–22]. Where there is a paucity of data on specific ES, proxies have
been utilized for mapping broad-scale trends in ES supply [23,24]. Applications of such
proxy-based techniques for quantifying and mapping ES involve benefits transfer [25,26].
In benefits transfer, biophysical measures or economic estimates from a previously esti-
mated site are extrapolated to another site with similar conditions [27–29]. A key element
of benefit transfer applications is homogeneity in land cover characteristics between the
site from where data is transferred and the site to which the transfer data is applied [18,19].
Thus, the existence of homogenous land cover types between sites facilitates the transfer
of data to aid ES quantification [30]. Yet, such proxy-based data transfers result in error
propagation from the transfer site [24,31]. Relatedly, benefit transfer applications enable
the use of single point estimates or average values as a basis to transfer empirical data from
one site in order to estimate ES values for another site [18,20]. Provisioning ES is amenable
to quantification using benefits transfer as they represent long-standing economic sectors
and traditional research areas such as agriculture, fisheries and forestry, for which a large
body of datasets are available [19]. Similarly, “carbon sequestration”, as a regulating ES,
provides opportunities for quantification using biophysical units.

Quantification of ES is a useful process for raising awareness and providing insights
about critical ecosystems in land use and spatial planning systems. However, in coastal
areas, land use and spatial planning systems are challenged by complex and interrelated
drivers of ecosystem changes. Particularly in the coastal landscapes of Southwestern Ghana,
LULCC are consequences of an evolving oil and gas industry in the marine and coastal
zones, population growth, urbanization and plantation agriculture development [32,33].
Increasingly, land losses from oil palm, cropland and shrubland favor gains in rubber
plantation [34]. Nonetheless, rubber plantations are fragmented over the landscape as
their establishment on few acres of land are determined by individual land owners in the
context of an outgrower scheme [34]. Over the past decade, the region has been the focus
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of spatial planning and ecosystem-based management initiatives due to its importance for
conservation and maintenance of a healthy small-scale fishery. Furthermore, the area is
being explored for its potential contribution toward national climate change mitigation
strategies such as REDD+ and other voluntary carbon offset programs [35]. However,
with the advent of offshore oil and gas discovery in 2007, competition among land uses in
Southwestern Ghana has intensified [33,36].

Recent impact assessments of LULCC in this region have focused analysis on the ca-
pacity for landscapes to supply cultural ES using participatory land use scenarios (e.g., [37]).
Similar studies in the region also explored the provision of fisheries-related ES in support of
decisions to establish marine protected areas (e.g., [38]). Nevertheless, the potential supply
of provisioning and regulating ES by the coastal landscapes remains poorly understood.
Meanwhile, such understandings are necessary to improve land use actors’ awareness of
potential critical losses of ES and of opportunities to sustain them or even increase the
landscapes’ potential to supply ES without producing tradeoffs. Potential ES supply is the
maximum biophysically possible supply of a given ES in the absence of societal demand for,
or benefits derived from, such services [39,40]. Coastal landscape boundaries are defined
as the areas between 50 m below mean sea level and 50 m above the high tide level, or
extending landward to a distance 100 km from shore [2].

To fill the aforementioned knowledge gap, this study investigates how LULCC in
the coastal landscapes influence the quantities of provisioning and regulating ES supply
and their spatial and temporal distribution over the landscape. It also explores how
social and environmental drivers of LULCC affect ES supply potentials of the landscape.
The implications of changes in ES supply potentials for land use planning in the region
are discussed.

2. Materials and Methods

2.1. Study Area

This study was carried out in the Greater Amanzule Landscape located in Southwest-
ern Ghana. This landscape falls within Ghana’s Wet Evergreen Forest zone, which lies in
the Upper Guinean Forest Ecosystem of West Africa. Covering approximately 60,000 ha, the
landscape extends from the Ankobra River estuary, stretching to the Tano basin on Ghana’s
southwestern boundary with Cote d’Ivoire (Figure 1) [41]. The area is characterized by a
bimodal rainfall regime, with peak rainfall occurring in May to June and October to Novem-
ber each year. Mean annual rainfall is 1600 mm with a relative humidity of 87.5% [42].
It encompasses a relatively pristine and vast expanse of coastal ecosystems comprising
swamp forests, freshwater lagoons, rivers, mangrove forests, terrestrial forests, agricultural
lands and grasslands. It is associated with a relatively high diversity of flora and fauna
(237 species of plants, 27 species of mammals and 26 species of demersal fish) and known
to be inhabited by most of Ghana’s forest primate species [42,43]. The landscape traverses
three district boundaries. It is a community-protected area and awaits official government
designation as a conservation area. Farming is largely subsistence and a source of nutrition
for the growing population. Increasingly, plantation agriculture, notably rubber and oil
palm, are becoming attractive land use options for land owners and the agro-based private
sector. Culturally, mangrove wood is the preferred fuelwood for smoking fish in traditional
ovens [42]. The discovery of oil and gas in commercial quantities off the continental shelf in
Southwestern Ghana ushered the region into a new wave of competition between industrial,
residential and agricultural land uses [36]. This is manifested by the losses of farmland and
forests in favor of built-up areas in the region’s urban core and peripheries [36,44]. It is
noteworthy that onshore oil and gas infrastructure is expanding into ecologically sensitive
areas of this landscape, thereby causing further habitat fragmentation and threatening
wildlife [45]. The population has doubled over the last decade and is increasing above the
national average due to the region being a focal point for in-migration [44]. Historically,
economic development in this area was driven by a vibrant fishing industry, but more
recently the fisheries sector has suffered decline [46]. Similar to other coastal regions in
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Ghana, the well-being of the local population is inexorably linked to natural resources
which underpin their contentment with ES [47].

 
Figure 1. Map of the coastal landscapes of Southwestern Ghana showing the study area.

2.2. Methodological Framework

A stepwise and iterative process was utilized, as illustrated in the methodological
framework to assess land use impacts on coastal ES (Figure 2). In the first step, we identified
and selected relevant provisioning and regulating ES on the basis of available data and
relevance to spatial planning in Southwestern Ghana. In the second step, we conducted
land cover classification for the study landscape through application of remote sensing
techniques. Thirdly, land use/land cover types were matched with ES, and finally, using
benefit transfer approaches, the landscape’s potential to supply provisioning and regulating
ES was quantified. Results of the ES supply potential for the study landscape were spatially
represented using 2000 and 2018 as temporal reference points.

2.3. Data Types and Sources

To enable assessment of land use impacts on ES supply potentials, a representative
landscape of 362 km2 was delineated on the basis of the following criteria: (a) repre-
sentativeness of regional ecological (critical watersheds) and sociocultural characteristics
(different land use intensities), and (b) availability of cloud-free satellite images for the as-
sessment timeframe. We used two temporal reference points to depict important milestones
in regional land uses in the study area, which in turn provided the basis for comparing
land use impacts on the landscape potential to supply ES over time.

The study utilized two main remote sensing datasets (Landsat Thematic Mapper (TM)
and Landsat Operational Land Imager (OLI)), which were acquired from the United States
Geological Survey (USGS) web data repository. Landsat OLI was acquired for December
2016 and January 2018 and combined into a single image. The Landsat TM was acquired
for February 2000 and January 2002. All images from Landsat sources had 30 m spatial
resolution. Orthorectified images (at 5 m spatial resolution) were acquired for 2005 from
the Ghana Geological Survey. Google Earth images were used for data verification. The
study also relied on nonspatial data collected from published sources, gray literature
and agricultural statistics. Assessment of the landscapes’ potential to supply food-crop
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provisioning services was based on agricultural data collated by the Ministry of Food and
Agriculture (MOFA) at the regional level. For estimating the landscapes’ potential to supply
fuelwood and sequester carbon, data from ecological surveys conducted in the study region
and comparable ecosystems along Ghana’s coast were utilized.

 

Figure 2. Methodological framework for assessing land use impacts on coastal ES in Southwestern Ghana.

2.3.1. Remote Sensing Data Processing and Analysis

Landsat 5 TM (Thematic Mapper) data from 2000/2002 and Landsat 8 OLI (Operational
Land Imager) data from 2016/2018 provided by the United States Geological Survey (USGS)
Earth Explorer database system were used for generating land use/land cover maps. All
of the raw images were taken in the same season and nearly free of clouds. For each of
these periods, tiles from 2 dates were selected and combined to provide a single image for
the study area. All the processing and post-classification steps were completed using the
software packages Erdas Imagine 2015 and ArcGIS 17.1. Prior to interpretation, image pre-
processing including geometric and radiometric corrections was performed for each of the
images. All of the data were geometrically corrected and projected to Universal Transverse
Mercator (UTM) zone 30 N. After image pre-processing, supervised classification methods
and maximum likelihood algorithms were used for preparing land use/land cover maps for
two temporal reference points. The land use/land cover categories were assigned according
to the descriptions of the Land Cover Classification System (LCCS), which is a hierarchical a
priori classification scheme providing a flexible framework for identifying land use classes
in highly heterogeneous landscapes such as those found in the study region [48]. Ten land
cover classes were derived to match available data for ES quantification. Change analysis
was conducted using the Land Change Modeler embedded in the IDRISI TerrSet software.
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2.3.2. Selection of Provisioning and Regulating ES

Ecosystem services were selected from the list of land-cover-based proxies compiled in
the literature and for mapping ES [17,49]. The types and sources of data and corresponding
proxy indicators for ES quantification are presented in Table 1. The derived land cover
classes (see Section 3.1) were the basis for representing ES supply with land cover types
occurring in the study region [17]. Our proxy measures for carbon storage were based on
data from primary ecological studies, which estimated aboveground carbon in multiple
mangrove stands along Ghana’s coast and also in rubber plantations [50–52]. Similarly,
primary ecological studies that estimated aboveground tree biomass across mangrove
stands were utilized as proxies for fuelwood supply. Food supply was based on land cover
data combined with official agricultural statistics. Mangrove fuelwood was selected as
it is a dominant source of fuelwood utilized in the local fishing industry, while plantain
and cassava are the major staple food supply from cropland in the region. Additionally,
mangroves store large quantities of carbon, and are increasingly receiving attention cur-
rently in Ghana’s climate change mitigation strategies. In addition to latex production,
rubber plantation development is arguably presented as a significant opportunity requiring
inclusion in Ghana’s climate change mitigation programs [53].

Table 1. Types and sources of data utilized for assessing ES in the coastal landscapes of Southwestern
Ghana. LULC = land use/land cover types; USGS = United States Geological Survey; TM = Thematic
Mapper; OLI = Operational Land Imager; MoFA = Ministry of Food and Agriculture; ES = ecosystem
services; P = provisioning services; R = regulating services; Mg Corg = quantities of organic carbon
stored in vegetation; - = not applicable.

Type of Data Period Sources of Data
Relevant LULC

Types/ES
Proxy Indicator Unit References

Remote sensing

February
2000/2002 USGS Landsat

TM/Landsat OLI
Mangrove,

Rubber, Cropland
- -

https://earthexplorer.
usgs.gov/ (accessed on

12 August 2022)December 2016;
January 2018

Annual cassava
and

plantain yield
2000–2016

MoFA regional
agricultural

statistics
Food—P Total crop yield Tons -

Mangrove forest
stand biomass 2015, 2016

Ecological survey Fuelwood—P Total
growing stock Tons [50,51,54]

Ecological survey Carbon
storage—R

Carbon stored in
aboveground

vegetation
Mg Corg [50,51,54]

Aboveground
carbon in rubber

tree stands
2017 Ecological survey Carbon

storage—R

Carbon stored in
aboveground

vegetation
Mg Corg [52]

2.4. Benefit Transfer

Benefit transfer involves extrapolation of either biophysical measures or economic
estimates from a previously estimated site to a study area of interest [27,28]. This is based
on the assumption that spatial units are homogenous; hence, estimates from one area is
transferable to the other [31]. We compiled biophysical values from ecological studies
conducted in mangrove forests and rubber plantations along with crop yield estimates
from regional agricultural statistics (Supplementary Table S1). Extrapolated mean values
from the ecological studies and agricultural statistics were assigned to the corresponding
land use/land cover types in GIS. This ensured that generalization errors were minimized
and better correspondence was achieved in the biophysical characteristics between the
previously estimated sites and the study landscape [55]. Using the image resampling tool
in ArcGIS Pro, we resampled the 30 m × 30 m land cover data to hectares. In estimating
the landscapes’ potential to supply ES, we multiplied the mean values computed from the
ecological studies and agricultural statistics by the resampled land cover data.

266



Land 2022, 11, 1408

2.4.1. Quantification of Provisioning Services Supply Potentials
Mangrove Fuelwood

Mangrove forests are adapted to tropical and subtropical coastal environments [38,39].
There is widespread harvesting and utilization of mangroves as sources of fuelwood for
fish smoking in the coastal areas of Ghana. Mangrove fuelwood is hereby defined as
wood harvested from live trees and standing dead wood. The dominant mangrove species
found in the study region are Rhizophora mangle, Avicennia germinans and Laguncularia
racemosa [50,51]. Adotey [50] and Nortey et al. [51] utilized allometric equations derived
from diameter at breast height (DBH) and height (H) to estimate aboveground (standing
dead wood and live trees) biomass of mangroves found along four river estuaries (Whin,
Amanzule, Kakum and Nyan) located on Ghana’s western and central coasts. In this study,
we estimated the potential of the landscape to supply mangrove fuelwood by calculating
the mean aboveground biomass across all the four sites sampled by Adotey [50] and
Nortey et al. [51] according to the formula:

MABG = BS1 + BS2 + BS3 + BS4/Ns, (1)

where MABG = mean aboveground biomass, BS1 = biomass at site 1, BS2 = biomass at site 2,
biomass at site 3, BS3 = biomass at site 4 and Ns = number of sites. The mangrove fuelwood
supply potential of the landscape was mapped in GIS and the results compared over the
two temporal reference points.

Food Production

Staple food crops in Southwestern Ghana comprise cassava, yam, cocoyam, rice,
maize and plantain. At the regional level, the Ministry of Food and Agriculture (MOFA)
maintains a database of crop production, crop yield and area cultivated. Cassava and
plantain comprise over 80% of total food-crop production in the region. In assessing the
food-crop supply potential of the landscape, we extracted the staple crop yield statistics of
the three districts—Ellembelle, Nzema East and Jomoro—that span the study landscape.
The mean yield of cassava and plantain was estimated for the period 2000 to 2018 according
to the formula:

MCyield = [Y1 + . . . . . . Yn]/Nyprod, (2)

MPlyield = [Y1 + . . . . . . Yn]/Nyprod, (3)

where MCyield = mean cassava crop yield in tons−ha, Y1 = yield in the first year of produc-
tion in tons−ha, Yn = yield in last year of production in tons−ha, MPlyield = mean plantain
crop yield in tons−ha and Ny = number of years of staple food-crop production.

The estimated mean yield of the major staple crops was multiplied by the area of
rainfed cropland in the land use/land cover map to estimate the potential food supply in
tons, as per the formula:

Pfs = Myield × Acropland (4)

where Pfs = potential food-crop supply and Acropland = area of cropland. The food-crop
production potential of the landscape was mapped using GIS and the results compared
over the two temporal reference points.

2.4.2. Quantification of Regulating Services Supply Potentials
Mangrove Carbon Storage

Mangrove ecosystems are globally recognized for their significant contribution to carbon
cycling and sequestration [56–58]. Mangrove ecosystem carbon pools are stored in aboveground
biomass, belowground biomass, litter and soil organic matter components [43,45]. While pro-
tection of mangroves contributes to attainment of climate change mitigation objectives, their
conversion to other land cover types is a significant source of carbon emissions into the at-
mosphere. Carbon quantity stored in mangroves is estimated using allometric equations that

267



Land 2022, 11, 1408

relate biomass with parameters such as diameter at breast height, height and density of man-
grove trees [59]. Adotey [50] and Nortey et al. [51] utilized species and site-specific allometric
equations to quantify mangrove carbon stocks across sample plots established in mangrove
ecosystems found in the Amanzule, Kakum, Nyan and Whin river estuaries located along the
coast of Ghana. In this study, we derived proxy data from Adotey [50] and Nortey et al. [51] to
quantify aboveground carbon stored in mangrove ecosystems found in the study landscape.
We narrowed and focused on aboveground carbon pools as these are better reflected in the
mangrove vegetation captured using satellite data. Per hectare aboveground mangrove biomass
estimates from the abovementioned sample sites were summed and multiplied by a conversion
factor [50] and the average determined according to the formula:

MAGC = [BS1 + BS2 + BS3 + BS4] × 0.46/Ns, (5)

where MAGC = Mean aboveground carbon; BS1 = biomass at site 1; BS2 = biomass at site 2;
BS3 = biomass at site 3; BS4 = biomass at site 4; Ns = number of sites; 0.46 = conversion
factor for tropical mangroves. The mangrove carbon storage potential of the landscape was
quantified by multiplying the estimated mean aboveground carbon stored in mangroves
(MAGC) by the mangrove extent in the land use/land cover map using the formula;

Pcs = MAGC × Amangrove (6)

where Pcs = landscape potential to store carbon and Amangrove = area of mangrove. The
mangrove carbon storage potential of the landscape was mapped using GIS and the results
compared over the two temporal reference points.

Rubber Carbon Storage

Growing market demand for natural rubber on the international market is partly
driving expansion of rubber plantations in the tropics [60]. Because of land use competition
between rubber plantation and tropical forestry, the potential role of rubber plantations
in ecosystem services provisioning is gaining scholarly attention (e.g., [46,47]). Carbon
in a rubber plantation is stored in aboveground and belowground biomass and in latex
and soil [52]. The quantity of carbon stored in rubber varies with the age of trees in a
plantation. Site specific allometric equations have been developed for estimating carbon
sequestered in rubber plantations [53]. Using data collected from 25 sample plots in rubber
plantations located in Ghana’s western region, Tawiah et al. [52] integrated data on the
age of rubber plantations, field-measured diameter at breast height and latex production
in allometric equations to estimate aboveground, belowground and latex carbon. In this
study, we utilized proxy values from Tawiah et al. [52] to estimate aboveground carbon for
the study landscape according to the formula:

MAGC = MF + MS + ML (7)

where MAGC = mean aboveground carbon, MF = mean foliage carbon, MS = mean stem
carbon and ML = mean latex carbon. Potential carbon storage in rubber plantation was
estimated by multiplying the estimated mean aboveground carbon by the extent of rubber
in the land use/land cover map using the formula;

Pcs = MAGC × Arubber (8)

where Pcs = landscape potential to store rubber carbon and Arubber = area of rubber.

2.5. Social and Environmental Drivers of LULCC

We utilized the Exploratory Regression tool in Arc GIS Pro to explore the relationships
between pre-selected independent variables (elevation, slope, rainfall, fishing population,
farming population, community population, distance from gas pipeline, distance from oil
processing plant, distance from rubber processing facility, distance from river and distance
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from sea) and the dependent variables (land use/land cover transitions) in the study region.
Pre-selection of independent variables was informed by literature on driving forces of
LULCC in tropical regions [61]. The dependent variables were conversions to cropland,
rubber plantations and mangroves since they constitute land use/land cover classes for
the supply of relevant ES. Rapid landscape transformations emanating from industrial
activities provided an additional basis for exploring the effects of the independent variables
on conversions to artificial/bare areas [34].

Subsequently, we ran geographically weighted regression (GWR) to predict the effect
of changes in the high-performing independent variables on land use/land cover outcomes.
The model parameters for transitions to artificial/bare areas were elevation, slope, distance
from road, fishing population, farming population and total resident population. Param-
eters for transitions to rubber plantation were elevation, slope, distance from road, total
resident population and farming population. Parameters for transitions to cropland were
elevation, slope and distance from road. The aim of the GWR was to explain the spatial
variations in the relationships between the independent variables and the dependent land
use/land cover transitions.

3. Results

3.1. Land Use/Land Cover Changes in 2000 and 2018

The land use/land cover maps shown in Figure 3 and the extent of changes in the land
use/land cover classes depicted in Table 2 were generated as inputs for assessment of the
selected ES. Next to wetlands, cropland dominated the land use/land cover situation in the
study area, representing approximately 24 and 35% coverage in 2000 and 2018, respectively.
Within the cropland category are cassava and plantain, which are the major staple crops in
the region and “others” subclasses. Cassava dominated the cropland category, increasing
from 10 to 15% of total land use/land cover in 2000 and 2018, respectively. This was
followed by the “others” subclass, which occupied 9% of the area in 2000 and increased to
12% in 2018. Plantain occupied 5% and increased to 8% of total land use/land cover in 2000
and 2018, respectively. Grassland decreased markedly, from 11 to 4%, and shrubland/sparse
vegetation reduced from 19 to 8% in 2000 and 2018, respectively. Artificial/bare areas and
rubber plantation showed sharp increases from 7 to 11% and from 1 to 5%, respectively, in
2000 and 2018. However, mangrove cover remained relatively stable at approximately 1%
in 2000 and 2018.

3.2. Quantities, Spatial and Temporal Distribution of ES Supply Potentials
3.2.1. Mangrove Fuelwood Supply

The landscape’s potential to supply mangrove fuelwood ranged from a minimum
of 0.01 tons to a maximum of 87.19 tons, as shown in Figure 4. For the two temporal
reference points, marked differences in the spatial distribution of mangrove fuelwood
supply potential were also observed across the landscape (Figure 4). The potential man-
grove fuelwood supply was concentrated along the intertidal areas extending eastward
from Sanzule and Essiama. Similarly, between 2000 and 2018, mangrove fuelwood supply
potential was relatively high on the coastlines stretching eastward from Sanzule, while the
supply remained relatively stable over these two temporal horizons for the same location,
as depicted in Figure 4A. Comparatively, mangrove fuelwood supply potential sharply
decreased along the coastal stretches westward and eastward from Essiama, as shown in
Figure 4C. At these locations, the decrease in mangrove fuelwood supply potential was
even more pronounced between 2000 and 2018, as illustrated by Figure 4B,C.
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Figure 3. Land use/land cover types in the study area.

Table 2. Main land use/land cover types, their extent and description.

LULC Types Extent (%) Description

2000 2018

Mangroves 1.18 1.02 Coastal forests of stilted shrubs or trees bordering the ocean or coastal
estuaries, composed of one or several mangrove species.

Wetlands 34.92 34.15 Herbaceous or aquatic vegetation in permanent or
semipermanent swamps.

Rubber plantation 1.49 5.38 Regular stands of trees planted for the purpose of producing materials
for industry.
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Table 2. Cont.

LULC Types Extent (%) Description

Artificial areas/bare areas 7.02 11.27
Cover resulting from human activities such as urban development,
extraction or deposition of materials. It comprises areas that are not

covered by vegetation, such as rocky or sandy areas.

Grassland 10.71 4.04 Mixed mapping unit that consists of 50–70% grassland.

Shrubland/sparse vegetation 19.38 8.34 A class representing a mapping unit which contains 20–10% to 1%
vegetative cover.

Water bodies 1.39 0.46 Areas covered by natural water bodies such as ocean, lakes, ponds, rivers
or streams.

Cropland_Cassava 9.55 15.44 Mix crops and nonforest vegetation with cassava representing more than
90% of the cover.

Cropland_Plantain 4.94 7.62 Mix crops and nonforest vegetation with plantain representing more than
90% of the cover.

Cropland_Others 9.40 12.27 Mix crops and nonforest vegetation with croplands representing more than
50% of the cover.

Figure 4. Quantities of mangrove fuelwood supply and distribution across the landscape in 2000 and
2018; (A–C) compares the spatial and temporal distribution of mangrove fuelwood supply potential
in segments of the landscape.
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3.2.2. Food-Crop Supply
Cassava Supply

The minimum and maximum potentials of the landscape to supply cassava food
crop ranged from 1.7 to 23.4 Gt, as shown in Figure 5. Generally, the spatial distribution
patterns of potential cassava food-crop supply showed skewness toward the southeastern,
northeastern and northwestern portions of the landscape. Comparison of cassava food-
crop supply potential between the two temporal reference points also showed higher
potential supply in 2018 than 2000, as depicted in Figure 5A–D. Furthermore, during 2018,
cassava supply potential was more spatially concentrated within the northern sections of
the landscape and in areas within close proximity to road networks and major towns such
as Tikobo, Nkroful, Alabokazo and Essiama.

Figure 5. Quantities and distribution of food supply from cassava across the landscape in 2000 and
2018; (A–D) compares the spatial and temporal distribution of cassava food-crop supply potential for
segments of the landscape.

Plantain Supply

The potential of the landscape to supply plantain food crop is depicted in Figure 6.
While the minimum and maximum potential supply ranged from 0.001 to 3.3 Gt for the two
temporal reference points, potential supply was found to be higher during 2018 than 2000.
However, as shown in Figure 6D, the distribution patterns of potential plantain supply in
Nkroful and Essiama was less in 2018 compared to 2000.
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Figure 6. Quantities and distribution of food supply from plantain across the landscape in 2000 and
2018; (A–D) compares the spatial and temporal distribution of plantain food-crop supply potential
for segments of the landscape.

3.2.3. Carbon Storage
Mangrove Carbon

The aboveground carbon storage potential of mangrove forests in the study landscape
ranged from a minimum of 6.6 Mg C to a maximum of 87,196 Mg C, as shown in Figure 7.
Spatial and temporal patterns of mangrove carbon storage potential remained relatively
unchanged across the landscapes. However, the spatial distribution pattern of aboveground
mangrove carbon storage potential showed variations along the coast. Potential for man-
grove carbon storage was concentrated in the southeastern portions of the landscape: along
the coastal stretch between Sanzule and Essiama, eastward from Essiama and along the
lower Ankobra riparian areas (Figure 7A–C), whereas the landscape showed no potential
for mangrove carbon storage along the southwestern side of the coast.

Rubber Carbon

The aboveground rubber carbon storage potential of the landscape is shown in Figure 8.
This ranged from a minimum of 0.05 Mg C to a maximum of 429 Mg C. Nonetheless, as
indicated in Figure 8, rubber carbon storage potential skewed toward the lower limit,
between 0.05 to 257.40 Mg C. The distribution pattern of rubber carbon storage potential
also showed clustering on the central and northern portions of the landscape. Additionally,
this potential increased markedly in 2018 compared to the situation in 2000 (Figure 8A–D).
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Figure 7. Quantities and distribution of aboveground carbon stored in mangrove forest across the
landscape in 2000 and 2018; (A–C) compares the spatial and temporal distribution of aboveground
carbon storage potential of sections of the landscape.

3.3. Predictors of LULCC

Geographically weighted regression models showing predictors of transitions to
artificial/bare areas, rubber plantation and cropland are depicted in Figures 9–11, re-
spectively. The predictors—farming population, total resident population, elevation and
slope—exhibited spatial variations in their relationships with transitions to artificial/bare
areas. Within the major towns such as Atuabo, Beyin and Krisan, there were strong spa-
tial effects between farming population (β = 3.09–16.31, R2 = 0.6–0.9) and transitions to
artificial/bare areas. Similarly, as shown in Figure 9, resident population and slope posi-
tively affected transitions to artificial/bare areas. These effects were strong in Awiebo and
surrounding towns. On the other hand, elevation, total resident population and farming
population showed strong effects with land use/land cover transitions to rubber planta-
tion. These effects were exhibited at the northwestern and northeastern portions of the
landscape (Figure 10). Elevation exhibited strong effects with transitions to cropland at
Tikobo No. 1, Mpataba and Awiebo. Similarly, slope showed strong spatial effects with
transitions to cropland within the foregoing locations and around Nkroful, Esiama and
Asanta (Figure 11).
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Figure 8. Quantities and distribution of aboveground carbon stored in rubber plantation across the
landscape in 2000 and 2018; (A–D) compares the spatial and temporal distribution of aboveground
rubber carbon storage potential of segments of the landscape.

Figure 9. Cont.
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Figure 9. Results of geographically weighted regression showing spatial variations in the relation-
ships between elevation, slope, distance from road, fishing population, farming population, total
resident population and land use/land cover transitions to artificial/bare areas. Positive coefficients
indicate the magnitude of spatial variation. Negative coefficients indicate no spatial correlations
between the factor and transitions to artificial/bare areas.

Figure 10. Cont.
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Figure 10. Results of geographically weighted regression showing spatial variations in the relation-
ships between elevation, slope, distance from road, farming population, total resident population
and land use/land cover transitions to rubber plantation. Positive coefficients indicate the magnitude
of spatial variation. Negative coefficients indicate no spatial correlations between the factor and
transitions to rubber plantation.

Figure 11. Cont.
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Figure 11. Results of geographically weighted regression showing spatial variations in the relation-
ships between elevation, slope, distance from road and land use/land cover transitions to cropland.
Positive coefficients indicate the magnitude of spatial variation. Negative coefficients indicate no
spatial correlations between the factor and transitions to cropland.

4. Discussion

4.1. Land Use/Land Cover Changes and ES Supply Potentials

Coastal areas are rich in biodiversity and provide a variety of ES that are the basis
for human well-being and sustainable development in most West African countries. The
potential of coastal landscapes to sustainably supply provisioning services such as food and
fuelwood are fundamental to livelihood improvement for the majority of coastal dwellers
in the subregion. However, the growing conflicts between uses and among users of coastal
resources require a better understanding of the impacts of human modification of coastal
environments on the supply of ES [62]. In the coastal landscapes of Southwestern Ghana,
land systems transformation is rapid and characterized by degradation of mangrove forests,
rapid expansion of rubber plantation and infrastructure projects related to oil and gas activ-
ities [63,64]. Despite the potential negative impacts of such land conversions on ES, our
findings point to increasing landscape potential to supply food. Increase in food production
is inevitable, considering the food requirements of the growing population in the study
region. Expansion of the area under cultivation and adoption of sustainable agricultural
intensification practices while reducing land degradation are probable pathways for en-
hancing food production. Cropland constitutes the largest share of LULC type in the region,
and this share has increased during the study period. Expansion in the area utilized for
crop cultivation is a major contributing factor to the increase in food supply. This finding is
congruent with similar studies that reported consistent increases in the value of ecosystem
services for food production due to agricultural land expansion [13,65]. We narrowed and
focused assessments to determine the relative potential to supply cassava and plantain,
since they constitute the major staple crops in the study region. Our findings showed
that food supply potential of the landscape was higher for cassava compared to plantain.
Maximum cassava supply potential was seven times greater than the maximum plantain
supply. The higher landscape potential to supply cassava is likely the result of expansion
in the area of land under cassava cultivation between the different time periods. In the
study region, land use for the purposes of agriculture is unregulated as the present land
use system fails to allocate areas for specific crop types. Land allocation for arable crop
production needs to consider biophysical constraints such as slope, elevation and soil
suitability [66,67]. The absence of such land use guidelines increases the probability for
conversion of fertile agricultural lands for food production in favor of industrial develop-
ment, thereby risking food insecurity. Findings of a study conducted in adjacent coastal
landscapes of Southwestern Ghana suggest that rapid spatial transformations characterized
by rubber plantation and settlement expansion into traditional food-crop lands threatens
local food production [34].

Mangroves provide wood and nonwood products, and are also critical for conservation
of biological diversity while providing habitats and spawning grounds for a variety of fish
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and shellfish [68]. Similar to many coastal areas in West Africa, coastal dwellers in the study
region rely heavily on mangrove fuelwood for fish smoking [42,69]. However, we found
that the landscapes’ potential to supply mangrove fuelwood in the region is decreasing
through time. Threats to mangrove forests vary across locations on the study landscape.
For mangrove forest stands within proximity to small-scale fish markets, a supply chain for
mangrove fuelwood is enabled by localized exploitation for fish processing. This supply
chain is characterized by harvesting from the Ankobra riparian system, over relatively
short distances by river and road transport to small scale fish processing destinations. Such
mangrove fuelwood supply chains offer short-term economic returns to harvesters, thereby
incentivizing further exploitation. Studies conducted in the eastern coast of Ghana also
found that well-developed, local fuelwood markets motivates mangrove harvesters to
prioritize short-term economic gains over long-term ecological benefits from mangrove
protection [70]. Similarly, evidence from the Cameroon estuary indicates that growing
wood markets in nearby cities is a major cause of mangrove forest overexploitation, as
the sale of mangrove wood is a major source of household incomes [69]. In the study
region, urbanization was evidenced by population changes between Essiama and Atuabo
and related land use/land cover conversions to artificial/bare areas. Such changes were
also influenced by elevation. The aforementioned locations are the centers for oil and gas
infrastructure development. Urbanization trends in this area also account for mangrove
forest losses.

Mangrove ecosystems store large quantities of carbon in below- and aboveground
components, hence, if disturbed, will result in the release of high levels of greenhouse gas
emissions [57]. In Ghana, mangroves are of interest for inclusion in climate mitigation
strategies. The mean aboveground carbon storage potential of the coastal landscapes in
Southwestern Ghana was estimated at 114.66 Mg C ha−1 (Supplementary Table S2). This
lies within the reported range from 5.2 to 312 Mg C ha−1 aboveground carbon pools for
mangroves in West-Central Africa [71]. Considering the total extent of the landscape,
the aboveground mangrove carbon storage potential ranged from 6.6 to 87,196.2 Mg C.
This potential showed a decreasing trend over the study period (Supplementary Table S2).
Additionally, there were spatial variations in the distribution patterns of potential carbon
storage in the study landscape. Generally, areas along the estuaries of the Ankobra and
Amanzule rivers recorded relatively higher potential carbon storage compared to areas
farther away. Global studies reporting on sites in West Africa found direct correlations
between spatial variations in mangrove carbon storage potential and the geomorphic
positions of mangrove stands [59]. Other environmental factors such as soil properties,
salinity and precipitation also influence mangrove carbon storage [71].

Contrary to mangroves, aboveground rubber carbon storage potential showed in-
creasing temporal trends and ranged from 0.05 to 429 Mg C. Despite the increasing carbon
storage potential and the relatively large extent of rubber plantations, mangrove carbon
storage potential was two hundred-fold greater than rubber carbon storage during the
study period. This finding reinforces the evidence for investments in mangrove blue car-
bon as a viable option for achieving climate change mitigation targets in tropical coastal
landscapes [72].

4.2. Implications for Land Use Planning

Within the context of Ghana’s three-tiered land use planning approach, spatial devel-
opment frameworks are prepared at the strategic level, which in turn guide the preparation
of structure and local plans at lower tiers [73,74]. This approach to land use planning hinges
on setting goals and objectives and developing future scenarios as a basis for expression
and implementation of spatial social, environmental and economic policies. The spatial
development framework for the coastal subregion of Ghana’s western region identifies the
need to reconcile industrial development and conservation of sensitive coastal habitats.
Yet this spatial plan falls short of identifying areas within the landscape for the supply
of critical ES as a basis for conservation decisions. Tradeoffs between land use for agri-
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culture, industrial development and conservation of coastal ecosystems will likely arise
with the current pace of land transformation dominated by market-oriented drivers such
as increasing monoculture of rubber plantations, mining activities and oil and gas infras-
tructure development [63,64]. Moreover, tradeoffs in the supply of relevant ES will also
emerge and therefore require prioritization of ES supply. In the study region, tradeoffs exist
between mangrove conservation as a regulating service and mangrove fuelwood supply
as provisioning services. Similarly, understanding the carbon storage potential of rubber
plantation versus mangrove forests will support prioritization of land use investments
for implementation of climate mitigation strategies. Understanding and addressing these
tradeoffs in a rapidly transforming land system requires integration of ES perspectives
into the planning process [21]. Comparative analysis of the quantities of ES supply will
support pragmatic objectives and decisions regarding areas where critical ES supply require
maintenance and also areas where tradeoffs can be minimized. Prime areas for agriculture
can be maintained considering biophysical attributes supporting food production. This
will also strengthen biophysical justifications for land use scenarios presented during the
planning process while proactively supporting decisions to protect ecosystems.

Additionally, development of zoning regulations as part of structure plan preparation
processes will benefit from landscape scale estimations of ES. Areas of high biodiversity and
ES will be apparent, leading to their protection through the use of appropriate regulatory
instruments. Areas where there are risks due to tensions between conservation and coastal
development can be identified and mitigated.

4.3. Study Limitations

Despite the similarities between the ecosystems from which data were transferred and
that of the study area, the application of benefit transfer in this study risked introduction
of errors due to landscape heterogeneity. This implies that transfer sites were not truly
representative of the corresponding sites in the study landscape. This is because within each
broad land cover class there are subclasses with different attributes. Thus, implementation
of benefit transfer in this study assumed that all land cover units within a broad land cover
class are the same. Moreover, key variations in ES supply were not evident due to the
coarse temporal resolution of ten-year intervals of the remote sensing datasets. Finally,
results of the study were not validated to confirm or not confirm, the estimates of ES values
in the study region. Despite these challenges, the applied methodology provides a quick
first step toward quantifying, mapping and including information on ES into coastal land
use planning in the study region.

4.4. Conclusions and Future Outlook

Mapping and assessing ES require data at the appropriate scale and spatial and tempo-
ral resolutions [19]. In data-poor regions, such as Southwestern Ghana, the absence of such
datasets hinders ES mapping and valuation. However, availability of data collected using
primary studies and agricultural production statistics compiled by government institu-
tions presents opportunities for mapping, especially, relevant regulating and provisioning
ES. This study demonstrated the use of remote sensing data, cassava and plantain yield
statistics and estimates of mangrove forest stand biomass and aboveground carbon in
rubber plantation to quantify the landscapes’ potential to supply ES. Relevant ES supply
potentials quantified were food supply, fuelwood supply and carbon storage, and their
spatial distribution patterns. The mean aboveground carbon storage potential of the coastal
landscapes in Southwestern Ghana was estimated at 114.66 Mg C ha−1. However, consider-
ing the total extent of the landscape, the aboveground mangrove carbon storage potential
ranged from 6.6 to 87,196.2 Mg C with spatial and temporal variations in the distribution of
mangrove carbon storage potential. Relatedly, mangrove fuelwood supply potential ranged
from 0.01 to 87.19 tons and varied over the study period and across different locations on
the landscape. Overall, potential to supply mangrove fuelwood and also aboveground
carbon storage in mangrove ecosystems depicted decreasing trends. The potential for
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food supply from cropland and carbon storage in rubber plantation increased during the
study period. Cassava supply ranged from 1.7 to 23.4 gigatons and plantain supply ranged
from 0.001 to 3.3 gigatons. Rubber carbon storage potential ranged from 0.05 to 429 Mg
C. Population, slope and elevation exhibited strong effects on LULC conversions to food
crop and rubber plantations, whereas these factors were less important in determining
mangrove forest conversions.

Rapid transformation of the land system in the study region is a major risk to sus-
tainable supply of ES and to the minimization of tradeoffs in land use decision-making.
Integration of ES perspectives will strengthen the biophysical basis of land use planning
and decision-making in the region. Future ES mapping should take into account estimation
of regional balance in food supply, as this will be necessary for optimal allocation of land
for food production and conservation of critical coastal ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https://
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Abstract: Despite its remarkable geomorphological, ecological, and touristic value, the coastal sector
of the Apulia region (Southern Italy) hosts three of the main contaminated Italian sites (Sites of
National Interest, or SINs), for which urgent environmental remediation and reclamation actions
are required. These sites are affected by intense coastal modification and diffuse environmental
pollution due to the strong industrialisation and urbanisation processes that have been taking place
since the second half of the XIX century. The Apulian coastal SINs, established by the National Law
426/1998 and delimited by the Ministerial Decree of 10 January 2000, include large coastal sectors and
marine areas, which have been deeply investigated by the National Institution for the Environmental
Research and Protection (ISPRA) and the Regional Agency for the Prevention and Protection of
the Environment (ARPA) with the aim of obtaining a deep environmental characterisation of the
marine matrices (sediments, water, and biota). More recently, high-resolution and multidisciplinary
investigations focused on the geo-environmental characterisation of the coastal basins in the SIN
Taranto site have been funded by the “Special Commissioner for the urgent measures of reclamation,
environmental improvements, and redevelopment of Taranto”. In this review, we propose an overview of
the investigations carried out in the Apulian SINs for the environmental characterisation of the marine
matrices, with special reference to the sea bottom and sediments. Based on the experience gained
in the previous characterisation activities, further research is aimed at defying a specific protocol
of analysis for supporting the identification of priority actions for an effective and efficient geo-
morphodynamic and environmental characterisation of the contaminated coastal areas, with special
reference to geomorphological, sedimentological, and geo-dynamic features for which innovative
and high-resolution investigations are required.

Keywords: coastal contaminated sites; geo-morphodynamic model; reclamation activities; Apulia
region; Taranto

1. Introduction

The sustainable management of industrial and high-urbanised coasts is a significant
issue globally. The U.S. Government Accounting Office [1] identified that approximately
60% of most contaminated sites are located along the coastal areas. Manzoor et al. [2]
highlighted how the rapid economic development and industrialisation have caused an
increase in metal concentrations in marine sediments in all the coastal regions of China.
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High concentrations of pollutants were also found in the Don River estuarine region [3].
Currently, only less than 1% of the Mediterranean coasts remain relatively unaffected by
human activities [4] and almost 200 petrochemical plants and energy systems are located
along the Mediterranean coastal sectors [5]. A similar condition is experienced in the
northern European countries, whose relatively long coastlines are negatively influenced
by anthropogenic activities [6]. In England, more than 1200 landfills are located in coastal
areas [7], while in Italy, 77,733 ha of marine and coastal areas are included in the perimeters
of the Sites of National Interest (SINs) that, according to the national legislation (Legislative
Decree 152/2006 and subsequent amendments and additions), represent “a large portions
of the national territory, which include all the different environmental matrices and entail a high
health and ecological risk due to the density of the population or the extent of the site itself, as well
as a significant socio-economic impact and a high risk to assets of historical and cultural interest.”

SINs management is entrusted to the Italian Ministry of Environment, Land and Sea
(now Ministry for the Ecological Transition—MiTE), which uses the National Network
System for Environmental Protection (SNPA, Rome, Italy) and the National Institute of
Health (ISS, Rome, Italy), as well as other qualified public or private entities, for the
technical investigation (Article 252-Legislative Decree 152/2006). The identification of
the SINs and the definition of their boundaries started in 1998 in the frame of previ-
ous national regulations (MiTE, 2022—https://bonifichesiticontaminati.mite.gov.it/sin/
istituzione-perimetrazione/, accessed on 3 May 2022 [8]). In 2012, 57 SINs were identified.
With the entry into force of the Law 134/2012, which changed the criteria and parameters
for the identification of SINs, the number of SINs decreased from 57 to 39. Then, a number
of specific laws added further areas to the list. To date, the current number of SINs is 42
(Figure 1). With a total of 171,211 ha on land, SINs surface represents 0.57% of the Italian
territory [9].

Figure 1. Italian Sites of National Interest (SINs). Last update: 2021 [9]. The numbers identify SIN_ID.
The extent of the SINs coastal area is shown in the circles: the orange circles represent SINs whose
perimeters do not include marine and coastal area.

As shown in Table 1, the environmental status of the marine and coastal areas in
SINs is deeply affected by the direct and indirect impacts of different anthropogenic activi-
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ties, including industrial plants (chemical, petrochemical, metallurgical, steel, mechanical,
pharmaceutical, cement, thermal), uncontrolled landfills, military arsenals, shipyards, and
harbour areas with high maritime traffic. To include all the potentially contaminated
coastal matrices in the SINs, the boundaries of the marine areas were defined by extending
the perimeters up to 3 km from the coastline, as seaward limit of the potential impact of
anthropogenic activities [10,11].

Table 1. Main anthropogenic activities located in the Italian Sites of National Interest whose perime-
ters include marine areas [8].

Coastal SIN Main Anthropogenic Activities

SIN_2 “Napoli” Petrochemical, mechanical, and transport industries; manufacturing companies; mechanical
office; disused thermoelectric power station and sewage treatment plant.

SIN_3 “Gela” Industrial pole (petrochemical, hydrocarbons treatment and production).
SIN_4 “Priolo” Refineries; petrochemical and cement industries; Landfills; Ex-Eternit plant.

SIN_5 “Manfredonia” Fertiliser industry; urban and industrial waste landfill; agricultural land.

SIN_6 “Brindisi” Petrochemical and electrical industries; agricultural land; areas belonging to the
Harbour Authority.

SIN_7 “Taranto” Iron and steel, petrochemical, and cement industries; Military shipyard; areas belonging to
the Harbour Authority.

SIN_9 “Piombino” Industrial pole; industrial waste landfill; areas with backfill material.
SIN_17 “Bagnoli” Iron and steel industries; Ex-Eternit plant. All the activities are disused.

SIN_21 “Crotone” Wide industrial pole, including disused plants to produce Zinc, phosphoric acid, complex
fertilisers (nitrogen and phosphate), nitric acid, and sulphuric acid.

SIN_24 “Trieste” Harbour zone; industrial pole; cast-iron industry.

SIN_27 “Cogoleto” Industrial plant devoted to the production of sodium dichromate and other chromium
derivatives. All the activities are disused.

SIN_34 “Sulcis-Iglesiente” Mining and industrial activities related to the processing of extracted minerals; oil refining
and petrochemical industries.

SIN_36 “Livorno” Refinery and related facilities; thermoelectric power plant; areas belonging to the
Harbour Authority.

SIN_44 “Falconara Marittima” Refining and storage of petroleum products.

SIN_47 “Orbetello” Mining; chemical plants to produce chemicals, glue, and fertilisers; dynamite and
explosives factories; waste accumulation area. Mining and industrial activities are disused.

SIN_49 “Porto Torres” Disused petrochemical plant; thermoelectric power station; active and disused chemical and
mechanical industries; landfill.

SIN_53 “Milazzo” Refining and storage of petroleum products; electricity power plant; asbestos processing
(disused) industrial waste dumps.

In order to obtain a comprehensive environmental characterisation and to define
tailored reclamation projects for the risk reduction, between the years 2004 and 2014, the
Italian Institute for the Environmental Research and Protection (ISPRA, Rome, Italy), com-
missioned by the Italian Ministry of Environment (now MiTE) in the framework of the
National Programme for Land Reclamation and Environmental Restoration (Ministerial
Decree 468/2001), carried out large-scale investigation plans aiming to define the concentra-
tion, distribution, and potential pathways of organic and inorganic pollutants. During these
activities, particular attention was paid to the characterisation of marine sediments, since
they represent the final sink for a wide variety of chemicals [12]. At the same time, several
natural factors, such as bioturbation and resuspension by waves, storms, and tidal currents,
and different anthropic activities (e.g., dredging, trawling, and navigation activities) may
cause contaminants to become mobilised and released from sediments, which therefore
play a fundamental role as a secondary source of pollution for the aquatic environment
and marine fauna [13–16]. In addition, sediments represent the most suitable matrix for the
assessment and monitoring of the marine environmental quality because the concentration
of contaminants is less variable in time and space than in seawater [17]. A detailed descrip-
tion of the methodological approach applied by ISPRA to characterise the environmental
status of the marine areas included in the SINs is shown in Ausili et al. [10]. The strategy
was defined accounting for the main European legislation in force in the early 2000s.
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Based on the distribution and related concentrations of contaminants, Ausili et al. [10]
highlighted similarities among SINs where the same type of anthropogenic activities was
established. In fact, SINs characterised by the presence of large iron and steel plants (SIN_17,
SIN_09, SIN_13, SIN_21, and SIN_07) were mainly contaminated by metals (Cd, Pb, Zn, As,
Cu, and Hg), PAHs, TPHs, and TBTs, which show an almost homogeneous distribution
and higher concentrations in the sediments sampled close to the plants. Metals and TPHs
resulted to be the main contaminants in the SINs were both industrial and petrochemical
activities were carried out (SIN_06, SIN_03, SIN_36, SIN_02, and SIN_04). According to the
results of this characterisation, the SINs numbered SIN_27, SIN_05, SIN_47, and SIN_34
showed a single source of pollution, being characterised by the presence of factories related
to the production of Cr compounds (SIN_27), nitrogenous fertilisers (SIN_5), and mining
activities (SIN_47 and SIN_34). Finally, for the SINs numbered SIN_44, SIN_48, and SIN_10,
the concentrations of chemical pollutants were lower than in the other sites (the last two
ones are currently excluded from the national lists). Furthermore, with Ministerial Decree
n. 222 of 22 November 2021, the MiTE identified, on the proposal of the regions, the list of
“orphan sites” to be reclaimed and which can be redeveloped thanks to the investments
provided for in the National Recovery and Resilience Plan. As indicated by Ministerial
Decree n. 269 of 29 December 2020, the “orphan site” represents a potentially contaminated
area for which the person responsible for the pollution is not identifiable. In fact, the sites
are abandoned industrial or mining areas, illegal landfills, former incinerators or refineries.
These areas are often covered with waste, polluted by various toxic substances, which pose
a threat to human health as well as have a strong environmental impact, in particular on
soil, water and air.

The Apulian coastal (southern Italy) sector extends along the Adriatic and Ionian Sea
for approximately 900 km, which corresponds to 12% of the Italian littorals. It is charac-
terised by a remarkable scenic and environmental value due to the high geomorphological
and ecological diversity [18–20]. Its coastal environments host species and habitats of great
importance and protected at the international level, for the protection and safeguarding of
which, three marine protected areas and a number of coastal sites included in the Natura
2000 framework have been established. The presence of numerous scenic coastal sites
has turned the Apulian region into a highly attractive tourist destination [21], leading
to an increasing tourism demand that contributes significantly to the regional economy,
in terms of job activities, facilities development, and foreign exchange. In contrast to
the high natural, ecological, and tourist importance, the Apulian coasts host three sites
included in the SINs list, being characterised by a high environmental risk [22–26] and
requiring priority importance for their complex reclamation. The Apulian coastal SINs
(SIN_05 “Manfredonia”, SIN_06 “Brindisi”, and SIN_07 “Taranto”) were established by the
National Law 426/1998 and delimited by the Ministerial Decree of 10 January 2000. They
occupy a total land surface of 10,450 ha and 13,458 ha of sea surface. The marine-coastal
and brackish areas included in the perimeters of the Apulian SINs were characterised
following the standard procedure defined by ISPRA. The SIN in Taranto, due to the high
environmental complexity that characterises its coastal sectors, has been object of further
cognitive investigations promoted by the “Special Commissioner for the urgent measures of
reclamation, environmental improvements, and redevelopment of Taranto” for gathering new
insight into the origin, distribution, and mobility of the contaminants within the Taranto
coastal basins (“Mar Piccolo” (Little Sea), and “Mar Grande”(Big Sea) basins). In particular,
in a first phase (2013–2014), the Regional Environmental Agency (ARPA Puglia, Bari, Italy),
in collaboration with different scientific partners, developed a technical-scientific program
of activities aimed at deepening the knowledge of environmental status of the Mar Piccolo
basin [22,23,25–32]. In the second phase (2015–2017), new multidisciplinary surveys were
funded by the Special Commissioner with the aim of collecting data for the definition of
geological, sedimentological, mineralogical, chemical, and geotechnical features of both
coastal basins included in the SIN area [33–39]. Collected data support the understand-
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ing of the interactions between contaminants and environmental matrices, which are of
paramount importance in the definition of the conceptual model of the site [37,40].

Starting from the analysis of experience gained in the previous characterisation ac-
tivities, ongoing research actions are aimed at developing a protocol of integrated investi-
gations for the definition of priority analyses to support the effective geo-environmental
characterisation of contaminated coastal areas, for which innovative and high-resolution
investigation methodologies are required. The suggested investigations will allow the
geological model of the investigated site to be obtained, as well as its stratigraphic, sedi-
mentological, and geochemical features. This set of information, integrated with chemical
and geochemical analysis, will represent the scientific basis for defining the most suit-
able remediation and protection strategies for reducing health and environmental risks.
The characterisation surveys are also needed to define tailored actions for monitoring the
long-term effects after remediation operations. In addition, harmonised guidelines for the
management of contaminated sites would be beneficial for exchange of knowledge between
national administrators and the international community [6].

2. Overview of Reports Concerning the Characterisation of the Contaminated Sites
in Italy

At the national level, ISPRA has made available a number of manuals and reports to
support the preliminary characterisation of potentially contaminated sites, which is defined
as “the set of activities that allow to reconstruct the contamination of environmental matrices,
in order to obtain basic information on which to make decisions feasible and sustainable for the
safety and/or remediation of the site itself ” (Annex 2 to Title V, Part Four of Legislative Decree
152/2006). The report 146/2017 [41] defines tools to guide the elaboration of characteri-
sation plan (art. 239 paragraph 3 of Legislative Decree 152/2006) relating to remediation
and management of areas characterised by diffuse pollution whose management is com-
mitted to regional authorities. This document also provides a summary of the technical
documentation available to support the chemical, microbiological and ecotoxicological
characterisation of contaminated sites.

Report 146/2017 updated a previous manual [42] that for the first time has addressed
the issues related to contaminated sites, paying particular attention to the investigations
needed for the characterisation of soil, subsoil, and groundwater. In 2018, SNAP published a
document to collect the experiences developed by the regional environmental agencies with
regard to the methodological aspects and procedures for the determination of background
values for pollutants present in soils and groundwater [43]. This report complements the
information of previous documents published by other national and regional authorities
with regard to the determination of background values in different environmental matrices,
such as agricultural lands included in contaminated sites, groundwater, and underground
water bodies. With regard to the technical procedures for handling marine sediments, a
specific manual was published by APAT/ICRAM in 2007 [44] to summarise actions to
address issues related to the handling of sediments in the marine-coastal environment with
particular reference to harbour dredging, beach nourishment, and immersion in the sea of
excavated material. On the basis of the re-organisation of the Italian legislation regulating
the handling of sediments in SINs (Ministerial Decree 172/2016) and the immersion in the
sea of excavation materials (Ministerial Decree 173/2016), ISPRA has published a technical
manual [45] (ISPRA, Manuals and Guidelines 169/2017) to support the use of mathematical
models for the prediction and assessment of environmental effects related to the transport
of sediments during the handling activities. However, the document does not address the
aspects related to the analysis of the effects of the mobilisation of contaminants that may
be present in the handled sediments. Finally, in 2021, ISPRA released a report in which
reliable, homogeneous, and comprehensive data on the management of contaminated sites
are provided [46]. The collection, systematisation, and analysis of a common dataset on the
administrative procedures relating to the contaminated sites allowed both the management
progress and the state of environmental contamination to be adequately described. The
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results of this analysis show that the total number of contaminated sites is 34.478 (updated
to December 2019) and that, at the national level, there is a substantial balance between
sites waiting for preliminary investigations (contamination not known; 35%), potentially
contaminated sites (screening values exceeded; 33%) and contaminated sites (unacceptable
risks; 29%). Nevertheless, the current version of this report does not include data related to
the sites under the direct care of the MiTE (SINs).

3. Study Area

3.1. Physical and Environmental Setting of the Apulian Coastal SINs

The Apulian coastal SINs are located both on the Adriatic and the Ionian side of the
Apulia region (Figure 2). From the geo-morphological point of view, the Apulia region
presents varied characters that allow different districts characterised by specific physical
features to be identified.

 

Figure 2. Study area location and Apulian coastal SINs perimeters. (a) Geographical location of
the Apulia region, whose regional boundary is shown in red; (b) SIN “Taranto” (SIN_07); (c) SIN
“Manfredonia” (SIN_05); (d) SIN “Brindisi” (SIN_06). The inland limit of each SIN is identified in
red, while the blue lines show the perimeters of the marine areas included in the SIN. (b–d) were
provided by the Italian Ministry of Ecological Transition (MiTE).

The SIN “Taranto” (SIN_07) is located on the northern Ionian coast of the Apulia
region, between the south-western sector of the Apulian Foreland and the eastern Bradanic
Trough, which represents the Pliocene-Pleistocene foredeep of the South Apennines oro-
genic system [47,48]. The Taranto coastal area is divided into two basins, called Mar Grande
(“Big Sea”) and Mar Piccolo (“Little Sea”). The latter is divided by the N–S Punta Penne
promontory in two connected embayments: the First Bay and the Second Bay; see Figure 3a.
The Mar Piccolo is connected with the Mar Grande by two channels: the shallow natural
one (“Porta Napoli” channel, showed in Figure 3a) and the artificial one (“Navigabile”
channel, Figure 3a), excavated during the XIX century in the Pleistocene calcarenite [49].
The stratigraphy of the area consists of Mesozoic limestone (Calcare di Altamura Fm.),
and Upper Pliocene–Lower Pleistocene calcarenite (Calcarenite di Gravina Fm.) passing
upwards and laterally to the interfingered argille subappennine informal unit. Marine, tran-
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sitional, and continental terraced deposits occur in the surrounding foreland and foredeep
sectors [50,51] and reference therein.

 

Figure 3. Taranto area. (a) Identification of the Mar Piccolo and Mar Grande with the channels who
connecting the two basins (1, Porta Napoli channel; 2, Navigable channel). The main industrial sites
are also indicated in red, while green and orange circles identify the areas pertaining to the Navy and
ex-Tosi shipyards, respectively. (b) SCI IT9130004 “Mar Piccolo” perimeter. SCI area also includes
the Regional Reserve “Palude la Vela”. (c) Citri. (d) Cliff in the Mar Piccolo basin in which it was
possible to recognise the argille subappennine unit and the overlying MIS 5 calcarenites.

The current landscape is dominated by a series of marine terraces, slightly dipping
toward the sea whose deposits unconformably overlay the argille subappennine informal
unit [48,50,52] (Figure 3b) forming quasi-flat surfaces consisting of marine terraces crossed
by a fluvial network. The marine terraced deposits are located at different elevations
(ranging from 2 m to 24 m above sea level (asl)) and show different lithostratigraphic
features [49,53]. According to radiometric data [50], these marine terraces are connected
to the sea-level highstand that occurred during the Last Interglacial (MIS 5) and they host
a well-preserved marine record represented by a marly sandy unit with specimens of
Thetystrombus latus (=Strombus bubonius, Gmelin, 1791) and other warm-water indicators
such as Cladocora caespitosa (Linnaeus, 1767). Updated version of the geological and ge-
omorphological map of the Taranto area have been proposed in Lisco et al. [54] at the
1:15,000 scale.

Due to its semi-enclosed features, the Taranto coastal area is characterised by a limited
sea water circulation. Nevertheless, the presence of several submarine springs (Figure 3c),
locally known as “Citri”, recharge the basins with freshwater. These submarine springs
are characterised by a deep and steep inverted cone surface and by a high groundwater
velocity determining an outflow visible on the seawater surface [55,56]. The outflows are
characterised by high pressure and come from a karst aquifer developed into Mesozoic
limestones. Citri are mainly located in the Mar Piccolo and are associated with subcir-
cular depressions with variable depth up to 50 m in the Mar Grande and 30 m in the
Mar Piccolo [57]. The peculiar hydrogeological characteristics of the Taranto coastal area
have determined typical lagoonal features, which have favoured the distribution of transi-
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tional habitats and a very high biodiversity [34] for whose conservation and protection a
Site of Community Importance (SCI-IT9130004 “Mar Piccolo”) of about 14 km2 has been
established (Figure 3d).

The SIN “Brindisi” (SIN_06) is located on the eastern part of the Apulian region,
on the Adriatic side. The marine coastal area included in the SIN_06 is constituted by a
coastal stretch delimited to the North by Punta del Serrone and to the South by Cerano
municipality; the area includes the Harbour of Brindisi and extends offshore up to 3 km.
The Brindisi Harbour, one of the largest ports in the Mediterranean Sea, is divided into
three main areas: Inner Harbour, Middle Harbour and Outer Harbour (Figure 4a). The
Inner Harbour is formed by two long arms that encircle the city to the North and to the
East, which are known, respectively, as “Seno di Ponente” and “Seno di Levante”, with a
surface of approximately 727,000 m2. The seabed, with a depth varying between 2 and 7 m,
is characterised by fine sediments. The Middle Harbour has an extension of 1,200,000 m2

and overlooks the areas devoted to shipbuilding. Finally, the Outer Harbour occupies
approximately 3,000,000 m2. From a geological–structural point of view, the area represents
a distensive tectonic depression, filled by the deposits of the “Bradanic Trough Cycle” and
by subsequent “terraced marine deposits” [58]. In detail, starting from the most ancient
unit, the following successions can be defined as follows: stratified Mesozoic limestone
(Upper Cretaceous); sandy calcarenites (Upper Pliocene–Lower Pleistocene); blue-grey
clays and sandy silty clays (Lower-Middle Pleistocene); yellowish sands with varying
degrees of cementation or locally, organogenic calcarenites of a lithoid character (Upper
Pleistocene); marine sands and sandy clays, marsh and lagoon silts (Holocene) [59]. In the
area of Brindisi, calcarenitic facies belonging to the fourth lithostratigraphic unit outcrop.
This unit is indicated in literature with the denomination of “terraced marine deposits”.
The morphological features of Brindisi area is determined by a deep ria located at the
mouth of Pigonati river and by the swamps on the backdune areas [59]. The main reference
related to the geological setting of the area is represented by the Geological Map “Foglio
204–Lecce” at the scale 1:100,000 and its related illustrative notes [60]. In the southernmost
sector of the SIN “Brindisi”, near the municipality of Cerano, a wide wetland area has
been identified as a protected area (SCI/ZPS IT9140003 “Ponds and salt marshes of Punta
Contessa”; see Figure 4a) due to its ecological value as a nesting and resting site of the
migratory aquatic avifauna.

The SIN “Manfredonia” (SIN_05) is located in the Manfredonia Gulf (Adriatic Sea)
on the southern part of the Gargano Promontory (Figure 2a,b). The marine coastal area
in the SIN perimeter extends north of the Manfredoina industrial harbour and has an
extension of about 4 km along the coast, for a total area of 860 ha (Figure 5, Table 2).
Past geophysical surveys carried out by the Harbour Authority of Manfredonia allowed
four lithological units to be identified, represented by: fine and homogeneous sediments
(silts and clays) with a thickness up to 15 m; sands, silty sands, and gravelly sands (with
limestone fragments) with a thickness varying from 10 to 15 m; intercalations of lenticular
levels of clayey sands and gravels with compactness and resistance higher of the previous
levels; limestones (Lower Cretaceous) covered by a cemented breccias of varying thickness.
The depths at which the bedrock is reached increase towards the open sea. The main
reference for the geological setting of the area is represented by the Geological Map “Foglio
164-Foggia” at the scale 1:100,000 and its related illustrative notes [61].
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Figure 4. Brindisi area. (a) Localisation of the inner, middle and outer parts of the Brindisi Harbour.
The perimeter of the SIC/ZPS IT9140003 “Ponds and salt marshes of Punta Contessa” is indicated in
green. (b) Industrial plants included in the SIN “Brindisi” (Image credits: L’ora di Brindisi, available
at: https://www.loradibrindisi.it/2020/09/on-gava-eliminati-33-mln-destinati-alle-bonifiche-del-
sin-di-brindisi/, accessed on 3 May 2022).

 

Figure 5. Manfredonia area. Industrial plants included in the SIN “Manfredonia” (Image cred-
its: Manfredonia news, available at: https://www.manfredonianews.it/2020/09/13/quali-le-sorti-
dellarea-sin-ex-enichem/, accessed on 3 May 2022).

Table 2. Land and marine surface in the Apulian coastal SINs.

SIN Land Surface (ha) Marine Surface (ha) Coastal Stretch (km)

Taranto (SIN_07) 4383 7005 approx. 40
Brindisi (SIN_06) 5851 5600 approx. 30

Manfredonia (SIN_05) 216 860 approx. 4

3.2. History of the Contamination and Status of Characterisation Procedures in the Apulian
Coastal SINs

The area of Taranto has been affected by intensive environmental changes due to
the strong industrialisation that has been taking place since the second half of the XIX
century. The zone is characterised by a high concentration of industrial districts that have a
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high environmental impact, including the largest steelworks in Europe (Acciaierie d’Italia
S.p.a.-ex-ILVA) inaugurated in 1965, the ENI refinery completed in 1964 and operative
since 1967, the Taranto thermoelectric power plant (ex-Enipower S.p.A.), the Cemitaly plant
(ex-Cementir), various landfills and numerous small and medium-sized manufacturing
industries. Taranto also hosts one of the Italian Navy’s most important and historic bases,
with the related arsenal and shipyards (Figure 3a). In addition, the coastal basins of Taranto
are significantly impacted by intensive mussel aquaculture activities [62,63]. The presence
of numerous industrial plants has led to serious environmental problems, which affect all
environmental matrices (soil, air, water and marine sediments) and, for this reason, Taranto
is considered one of the most polluted cities in the western Europe [40,64].

The area included in the SIN_06 “Brindisi” is characterised by different industrial
settlements mainly consisting of chemical and energy plants, including the thermoelectric
power plant of Brindisi. The northern part of the SIN_06 also includes a craft-industrial
agglomerate (Figure 4b), while, in the central and southern part, the site is occupied by agri-
cultural areas, with intensive cultivations and vineyards. Finally, the ENEL thermoelectric
plant of Cerano (built in the 1980s and at present the second largest thermoelectric plant in
Italy) is located in the southernmost sector of the site and it is connected to the harbour for
fuel supplies. The agricultural areas, located in the central part of the site, are characterised
by intensive cultivation and vineyards and by a complex system of drainage channels
that intersect the services connecting the thermoelectric power plant to the industrial area
and representing, therefore, potential critical points of surface contamination, as well as
discharge pathways for chemicals used in agricultural activities. The agricultural land has
been included in the SIN perimeter since it is considered highly prone to be affected by
pollutants produced by the surrounding industrial sites.

The area included in the SIN_05 “Manfredonia” covers 216 ha, of which about 96 ha
are private areas consisting of the Polo Chimico (ex Agricoltura S.p.A. ex Enichem), cur-
rently owned by Eni Rewind S.p.A (ex Syndial). The industrial plants are devoted to the
production of nitrogenous fertilisers, various chemical products, and by the petrochemical
pole. Private areas located adjacently to Eni Rewind S.p.A plants are devoted to agri-
cultural uses (Figure 5). In addition, the site includes public areas consisting of landfills
built in calcarenite quarries used in the 1970s as storage sites for unauthorised solid urban
waste. The main environmental problem in SIN_05 is due to the past activities aimed at the
production of nitrogenous fertilisers for agricultural use, chemical products for artificial
fibres, technopolymers and/or aromatic intermediates. In addition, in 1976, an explosion
in the industrial plant resulted in a large arsenic leak. Since 1999, Agricoltura S.p.A. has
suspended all production activities.

Regarding the state of the procedures for the reclamation of the land and groundwater
in the SINs, the MiTE periodically publishes an updated document in which all the data
available for the national sites are synthetised. In Figure 6, the most updated maps relating
to the status of the reclamation of the Apulian coastal SINs are shown [8].

With reference to the SIN_07 “Taranto” (Figure 6a), the most updated data, which are
refereed to May 2021, show that the characterisation plan was implemented for an area
of 1997 ha; the soil reclamation project has been approved for an area of 329 ha while the
reclamation of the water table has been approved for a surface of 341 ha. The data show that
surfaces of 355 ha (0.18% of the characterised area) and 325 ha (0.16% of the characterised
area) do not show contaminated soils water, respectively. Regarding the SIN_06 “Brindisi”
(Figure 6b), the data, referring to May 2021, show that the characterisation plan has been
concluded and approved for 5206 ha (0.89% of the total SIN land surface). The reclamation
plan has been approved for a 689 ha of contaminated soil and 915 ha of contaminated
ground water. According to these data, a surface of 386 ha (corresponding to the 0.07% of
the characterised SIN land surface) contained uncontaminated soil and a surface of 486
ha (0.09%) contained uncontaminated groundwater. Finally, accounting for the SIN_05
“Manfredonia” (Figure 6c), whose data were updated in June 2020, the characterisation plan
has been approved for the total surface included in the perimeter while the reclamation
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plan has been approved for 73 ha for the soil and 168 ha for the groundwater/aquifer.
According to these data, a surface of 38 ha (corresponding to the 17.6% of the SIN land
surface) presents uncontaminated soil while the whole groundwater surface resulted to be
affected by pollution.

 
Figure 6. Areas in the Apulian coastal SINs for which characterisation plans and remediation projects
have been approved. Pictures on the left panel are referred to soil while pictures on the right panel
refers to the groundwater in (a) SIN “Taranto”, (b) SIN “Brindisi”, (c) SIN “Manfredonia”. The red
line identifies the SINs perimeters. Percentage data are provided in the main text. Images have
been downloaded from MiTE website (https://bonifichesiticontaminati.mite.gov.it/sin/stato-delle-
bonifiche/, last update: 5 June 2022).

4. Overview about the Results from the Characterisation Activities Carried out in the
Apulian Coastal SINs

In 2001, the Italian Institute for the Marine Research (ICRAM, now ISPRA) was
commissioned by the Ministry of Environment (now MiTE) to define a methodological
approach for the integrated environmental characterisation of the marine and coastal areas
included the SINs. ISPRA proposed a flexible and large-scale monitoring program that
was applied in the period 2004–2014 for the analysis of almost all the coastal marine areas
in the SINs [10]. In detail, the proposed investigation strategy envisaged a sampling
scheme with coastal grids varying in size (from 50 × 50 m to 450 × 450 m) according
to the type, extension, and complexity of the investigated area. In each grid, a sediment
core was executed (with a depth from 2 to 5 m) and a number of superficial samples
were planned along transects covering the areas not included in the grid. A physical,
chemical, and ecotoxicological analysis was carried out in standardised levels defined for
the sediment cores. In order to evaluate the contamination level, the concentrations of the
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investigated pollutants were compared with the site-specific reference values determined in
2004 by ICRAM for the SINs and with the “CSC—Concentrazioni Soglia di Contaminazione”,
which translates as “Contamination Threshold Concentrations” established by the national
legislation (Legislative Decree 152/2006) for all the Italian industrial sites (Table 3).

Table 3. Threshold limit values identified at the national level (expressed in terms of CSC–cf. Legisla-
tive Decree 152/2006) and at the site-specific level for the SINs “Taranto” and “Brindisi”. Concentra-
tion limits are in ppm (mg/kg dw). (*) refers to sediments with a silt distribution < 20% while (**)
refers to sample with silt distribution > 20%. The site-specific threshold limits are not available for
the SIN “Manfredonia”.

Limit Values OSn PAHs PCB TPH As Cd Cr Hg Ni Pb V Cu Zn

National thresholds
(CSC) - 100 5 750 50 15 800 5.0 500 1000 250 600 1500

Taranto site-specific
action levels 0.07 4 0.19 - 20 1 70 */160 ** 0.8 40 */100 ** 50 - 45 110

Brindisi site-specific
action levels 0.07 4 0.19 - 20 1 100 0.4 50 50 - 45 110

The characterisation plans proposed for the Apulian coastal SINs were tailored ac-
cordingly to the site-specific geo-morphological characteristics and to the potential extent
of the contaminated areas. The characterisation plan proposed for the SIN_06 “Brindisi”
was released by ISPRA in 2011 [65]. Due to its large extent, the marine and coastal area
included in the perimeters was divided in “Harbour Area”, which included the Inner,
Middle, and Outer harbour, and “Coastal Area”, which included marine and coastal ar-
eas external to the Harbour up to the offshore limit of the SIN. The characterisation plan
envisages the following activities: (i) preliminary investigations aimed at the detection of
weapons; (ii) geophysical analysis aimed at calibrating the sampling grid; (iii) sediments
cores and extractions of samples for the chemical analysis. The characterisation plan of
the Harbour Area consisted of a 150 × 150 m sampling grid corresponding to 252 cores
with a length ranging from 2 m to 3 m. The characterisation of the coastal area external
to the Brindisi Harbour up to 500 m from the coastline was based on a sampling grid
of 150 × 150 m and 206 sampling stations. Furthermore, in the marine area over 500 m
from the coastline, samples were collected along 700 m-long transects; along each transect,
several sampling stations spaced 500 m apart were identified (49 cores with a depth of 2 m
and 64 superficial samples). Finally, along the beaches, the characterisation plan consisted
of 67 linear transects spaced 150 m apart, along which a single core was to be extracted
with a depth of 2–3 m. In total, the proposed characterisation activity consisted of the
collection of 322 cores and 64 superficial samples. In addition, a tailored characterisation
plan was defined for the Sant’Apollinare area, located in the Outer Harbour, in the frame of
a specific agreement signed between ISPRA and Brindisi Harbour Authority [66]. In this
case, the characterisation plan consisted of 65 sediment sampling stations within a regular
grid measuring 50 × 50 m.

Due to the lack of previous environmental characterisations for the coastal and marine
area included in the SIN_05 “Manfredonia”, no data for the identification of critical areas
were available. For this reason, in 2004, ICRAM investigated the entire marine area
included in the SIN [67]. The proposed characterisation plan consisted of a sampling grid of
150 × 150 m for the analysis of the marine area from the shoreline up to a distance of 600 m.
In each cell, a sample core with a depth ranging from 2 m to 4 m was extracted. In the
remaining marine area (from the distance of 600 m to the offshore SIN limit) eight sample
transects perpendicular to the shoreline were defined with a spatial distance of 450 m.
Along each transect, three or four sample stations (core and/or superficial sediments) were
identified. In total, the characterisation activity consisted of the collection of 100 cores and
15 superficial samples.

The results of the characterisation plan proposed for the SIN_07 “Taranto” were
released by ISPRA in 2011 [68] and was aimed at the characterisation of the entire marine
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and coastal area in the SIN perimeter which, due to its large area, was divided into four
different sectors (i.e., “Punta Rondinella west area”, “Mar Grande–I Lotto”, “Mar Grande–II
Lotto”, “Mar Piccolo”). The plan consisted of a total of 507 cores with variable length and
40 superficial sediment samples.

5. The Case Study of SIN_07 “Taranto”

5.1. Summary of the Characterisation Activities Performed from 2004 to 2015

The activities for the preliminary characterisation of marine and coastal area in the
SIN_07 “Taranto” were conducted by ISPRA in the period July 2009–May 2010 [68]. The
investigated area includes both the Mar Grande basin and the Mar Piccolo basin. Nev-
ertheless, the southernmost sector of the First Bay in the Mar Piccolo basin (known as
“Area 170 ha”) was not investigated. The geophysical activities executed in the frame of
the characterisation plan included morpho-bathymetric (MultiBeam EchoSounder (MBES)
and Side Scan Sonar (SSS)) and seismic surveys (Sub Bottom Profiler (SBP)). In the shallow
water areas and in the zone where the navigation was not possible due to the presence of
anthropogenic obstacles (i.e., mussel farms), the MBES survey was replaced by a Single-
beam survey. In addition, a magnetometric survey was also carried out to identify war
devices on the seafloor. Regarding the sediment quality characterisation, 238 cores in the
Mar Grande and 269 in the Mar Piccolo basin with variable length were extracted through
a manual core barrel in the mussel farm areas and through a vibrocorer in remain areas. In
addition, 40 superficial samples were extracted by a bucket. Approximately 2000 sediment
samples from cores and bucket were used to carried out chemical–physical analysis. In
particular, particle size, water content, specific weight, pH, redox potential, metals and
trace elements, Polychlorobiphenyls (PCB), Organic pesticides, Lead, Copper, Zinc, Vana-
dium), Organochlorine pesticides, PAHs, Total Hydrocarbons (TPH), Light Hydrocarbons
C ≤ 12, Heavy Hydrocarbons C > 12, Total Nitrogen, Total Phosphorus, Cyanides, and
Organic Carbon (TOC) were analysed for almost all the samples in both the Mar Grande
and Mar Piccolo. For a lower number of samples, further analyses were also performed
(Chromium VI, Phenols, Aromatic solvents, Organotin compounds, Dioxins and Furans in
part of the samples). In addition, microbiological parameters and ecotoxicological analysis
were carried out on representative samples. To evaluate the contamination level, the con-
centrations of the investigated pollutants were compared with the site-specific reference
values and with the “CSC” valid for all the Italian industrial sites (Table 3). The results
of the integrated characterisation activities were provided as maps showing the spatial
distribution of each parameter elaborated by means of geostatistical methods (Block kriging
and Block Co-kriging). Data were interpolated up to the sediment thickness of 2 m in the
areas not included in the mussel farm zones and up to 0.50 m for the samples in the mussel
farm zones. Results showed that sediments in the Mar Grande are silty sands, sandy silts,
and sands, while in the Mar Piccolo basin sediments are mostly silt and sandy silt. The
chemical characterisation showed that the contamination in the Mar Grande basin was
mostly due to metals and trace elements (Hg and Zn) and Cu, Pb, and As, the presence of
which affected at least the first meter of sediment. High concentration levels of Hg were
identified in the surface samples (with values even above the national limit in the first
0.50 m) and in the 0.50–1 m layer. In the central part of the basin, a high concentration of
Hg was found, even at depths over 1 m. Contamination due to organic compounds was
much less evident, both in terms of the extent of the affected area and depth, and this was
mainly due to polycyclic aromatic hydrocarbons (PAHs), whose concentration exceeds the
site-specific action level, and to TPH, whose concentration, in the same specific areas of the
basin in proximity to the coastline, exceeded the value of 1000 mg/kg. In both cases, the
contamination affected the first meter of sediment thickness.

The Mar Piccolo environmental state resulted to be very complex due to the presence
of a high concentration of both inorganic and organic compounds, with special reference
to the First Bay of the basin. The results of the chemical characterisation showed that Hg
concentrations exceeded both the site-specific and the national limit in all the analysed
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surface sediment samples (0–0.50 m) of the First Bay. In the Second Bay, even though
the site-specific limit was exceeded in a wide portion of the area, the results were lower
in its central part and the easternmost sector. With regard to other metals and traces
elements (Zn, Cu, Pb), their concentrations exceeded the site-specific action values both in
the First Bay and in the Second Bay up to the 1 m sediment thickness. In the case of Zn,
higher concentrations were found even in samples from deeper sediment layers (up to 2 m,
when available). Nevertheless, national limits were not exceeded. Contamination from As
affected sediment quality only in the First Bay. Considering the organic compounds, PCB
concentration exceeded the site-specific action level in the northern sector of the First Bay,
where in the shipyard area the contamination also affected the deeper sediment layers, and
in the western sector of the Second Bay. National limit was exceeded only in the superficial
sediment samples from the First Bay. Even if the TPH contamination affected only some
areas mainly in the first bay, their concentration resulted to be higher than the threshold
value up to deeper sediment layers (1.5 m). Finally, IPA exceeded the site-specific threshold
in the First Bay mainly in the upper layer but, in some limited areas, they reached even the
deeper layers. Maps showing the spatial and vertical distribution of organic and inorganic
compounds in the Mar Piccolo basin can be consulted in Labianca et al. [40].

The analyses performed by ISPRA in the Mar Piccolo basin were further updated and
integrated by the Regional Agency for the Prevention and Protection of the Environment
(ARPA Puglia) who has defined and implemented (from May 2013 to April 2014) a technical–
scientific programme of activities aimed at supporting the outline a conceptual model of
contamination [27]. These analyses allowed the southernmost portion of the First Bay to be
characterised; it was excluded from the characterisation performed by ISPRA. The results of
program have led to a high number of interdisciplinary papers, which represent a scientific
reference for the characterisation of the Mar Piccolo basin ([26] and reference there in).

5.2. Summary of the Characterisation Activities Founded by the Special Commissioner for Urgent
Measures of Reclamation, Environmental Improvements, and Redevelopment of Taranto from 2015

The awareness of a widespread environmental risk [24–26], the epidemiological data
indicating values above the national average for every type of cause of death [69], and the
need to protect a territory characterised by a high socio-economic and geo-environmental
relevance led, in 2014, to the definition of the Special Commissioner for the area of Taranto,
who promoted an interdisciplinary study for the integrated characterisation of the coastal
system in the SIN_07 perimeter. In this framework, new surveys were envisaged to obtain
both direct and indirect data necessary for the geological, sedimentological, mineralogical,
geochemical, and biological characterisation of the area.

Specifically, in the first phase of the study, started in 2016, the Mar Piccolo basin
was investigated, while in the second phase (started in 2017), the survey activities were
carried out in the Mar Grande basin. In Figure 7, the navigation lines defined for the
acquisition of the geophysical data (Side Scan Sonar-SSS, MultiBeam-MBES, Sub Bottom
Profiles-SBP, Sparker-SPK, Magnetometric-MG) are indicated (Figure 7). In the Mar Piccolo
area, marine, coastal (land–sea interface), and terrestrial geoelectric surveys were also
conducted (Figure 7). The profiles’ total length was 6675 m, with an interelectrode spacing
of, respectively, 20 m and 5 m for the coastal and terrestrial profiles.
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Figure 7. Navigation lines followed for the geophysical and geoelectric surveys carried out in the
frame of the activities funded by the Special Commissioner. The positions of the 24 sediment cores
carried out in the Mar Piccolo are also indicated.

Regarding the direct analysis, in the period from September 2016 to March 2017,
24 sediment vibrocores were extracted in the Mar Piccolo basin using 1.5 m-long cores
(Figure 7) at different sampling depths up to the limit of the argille subappennine informal
nit. Each liner was appropriately sectioned so that it could be used for both sedimen-
tological and chemical analyses. Once the cores were transported to the laboratories, a
preliminary visual core description was carried out, taking into consideration the following
parameters: degree of the drilling process disturbance, colour, lithological and granulo-
metric characteristics, sedimentary structures, accessories (shells type, organic material,
presence of glauconite or other minerals, concretions and nodules, archaeological findings)
(Figure 8). Extensive physical and chemical analysis in the sediment samples from the First
Bay basin were carried out. These activities included the determination of the following
parameters: sediment granulometry, redox potential, organic matter, water content, organic
and inorganic pollutants (PCBs, PAHs, TPH, TBT, DTB, MBT), metals (Pb, Cd, V, Ni, Cu,
Zn, Hg, Cr, Fe, Al, Mn, As and Sn), and Dioxins and Furans. For the definition of the degree
of contamination, the concentrations of the pollutants resulting from the chemical analyses
were compared with the site-specific action levels established for the SIN_07 “Taranto” and
with the national thresholds (CSC) (cf. Table 2).

Detailed description of the technical specifications of the geophysical survey as well as
of the analytical procedures for the chemical analyses are reported in Valenzano et al. [33]
and Cotecchia et al. [37], respectively. In order to obtain more details on the mineralog-
ical composition of the sediment samples, further analyses were also carried out. These
included the acquisition of magnetic susceptibility profiles, the detection of heavy metals in
very small concentrations, the X-ray Fluorescence (XRF), X-ray Powder Diffraction (XRPD),
and Trasmission Electron Microscope (TEM). Further analysis, such as liquid limit, plastic-
ity index, activity index, soil solid-specific gravity, organic matter, void ratio, water content,
and liquidity index, allowed estimate chemo-mechanical proprieties of the sediments.
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Figure 8. Phase of preliminary description of sediment liners from the Mar Piccolo basin.

The integrated interpretation of the geophysical data acquired in the Mar Piccolo with
chronostratigraphic information derived from direct cores and 14C dating [35] allowed
the geometrical relationships between sedimentary bodies to be defined, as well as their
lateral continuity, thickness, and depth providing scientific support to the definition of the
Holocene morpho-sedimentary evolution of basin [33]. In addition, through the qualitative
description of the sediment samples, the main facies were identified and correlated with the
seismic units obtained from the analysis and interpretation of the high-resolution single-
channel seismic data (SBP and SPK). Specifically, through the interpretation of the SPK
profiles, the upper limit of the carbonate substrate (Calcare di Altamura Fm.) was identified
(Figure 9), on which, in discordance, it was possible to recognise a thick clayey succession
referable to the informal stratigraphic unit of the argille subappennine (Pliocene–Middle
Pleistocene) in heteropia with the Gravina Calcarenite Fm. (Pliocene). The digital model of
the carbonate-top surface shown in Figure 9 has been obtained by interpolating available
data from SPK interpretation and already available core data [33]. On the other hand, the
interpretation of the SBP profiles had highlighted the thicknesses and geometries of the
post-Last Glacial Maximum (LGM) units, which develop in the incised-valley morpho-
stratigraphic system. As shown in Figure 10, this structure can be followed with good
continuity from the Mar Piccolo basin to the Mar Grande basin [33,70].

The interpretation of the acoustic data (MBES and SSS) allowed the high resolution
morpho-bathymetric setting of the coastal area to be defined, highlighting the morpho-
logical features that can be ascribed to local natural assets (i.e., Citri, [57]). In addition,
these data represented a useful support for the identification and mapping of elements and
traces from anthropogenic activities, providing, therefore, an indirect assessment of the
human footprint in the seafloor. The analysis of the most recent acoustic data will certainly
update the indirect and direct surveys already carried out in the past for the Mar Piccolo
area [28,34], integrating the same analysis for the Mar Grande basin (Figure 11).
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Figure 9. Digital model of the upper limit of the carbonate substrate (Calcare di Altamura Fm.)
identified through the analysis and interpolation of SPK data (for the submerged area) and core data.
Isolines are referred to local mean sea level.

 

Figure 10. Digital model of the upper limit of the argille subappennine informal unit identified by
the analysis of the SBP, SPK data and cores.
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Figure 11. Distribution of anthropogenic traces detected on the seafloor of the Mar Piccolo (first Bay)
and Mar Grande basins through the interpretation of SSS and MBES data.

As far as the results obtained from the analysis of chemical parameters are concerned,
they showed a substantial environmental criticality in the southern sector of the First Bay
(i.e., the area defined as “Area 170 ha”). As regards the distribution of pollutants along the
vertical profile of the sediments, it emerged that the highest concentrations characterise
the first sediment layer (0–0.50 m). The concentrations of the analysed metals in the first
sediment layer are indicated in Table 4.

As can be seen from the analysis of these data, most of the sediment samples present
concentration of the inorganic compound higher than the site-specific action values. In sur-
face samples relative to cores S02, S03, S04, S05, S06, S16, there are at least six concentrations
of inorganic pollutant higher than the limit values. In sediments from core S03 and S06
the CSC limit value for the Hg is exceed. In Figure 12, the results of the chemical analysis
performed on superficial sediments are summarised. Sediment cores are indicated with
circles, whose sizes depend on the number of inorganic and organic pollutants exceeding
site-specific thresholds.

However, the presence of some pollutants at higher depths, with concentrations
even exceeding the threshold limits, infer the occurrence of local mixing phenomena in
the more superficial and unconsolidated sediments. In particular, as highlighted by the
authors of [71], who analysed and mapped the Organotin compounds concentrations in
sediment samples up to 3 m, the greatest thickenings of reworked sediments were detected
mostly in the southern and northwestern areas of the First Bay, where the bathymetric
data showed a remarkable perturbation of the seafloor mainly ascribed to anthropogenic
activities (e.g., dredging and wrecks). Cotecchia et al. [37] provided the analytical results for
chemical, geotechnical, and mechanical proprieties evaluated for sediment sampled from
six selected cores (S01, S02, S03, S04, S06, S07) from the sea-floor interface up to a depth
of approximately 30 m. The results obtained from the analysis of chemical parameters
updated the knowledge on contamination level in the Mar Piccolo basin. Nevertheless, no
analysis has been carried out for the chemical characterisation of the sediment from the
Mar Grande basin.
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Table 4. Concentration values calculated for inorganic compounds. (*) indicates the pollutants
for which site-specific and national limits are available (cf. Table 2). Values exceeding site-specific
action limits are indicated in bold, while values also exceeding the national limits are underlined.
Concentrations are expressed in mg/kg dw.

Core Hg * Cd * Pb * As * Cr * Cu * Ni * Zn * Fe Mn Sn Al V

S01 0.46 0.18 36.38 7.40 44.96 21.97 38.31 49.89 11,857 297 2.58 26,353 48.94
S02 4.70 0.57 150.38 23.42 60.45 87.92 60.83 293.45 28,402 484 19.60 36,235 89
S03 8.33 1.16 261.63 21.91 71.06 76.61 56.13 311.43 24,079 437 15.25 28,950 83.81
S04 4.10 0.63 129.03 18.51 90.63 75.17 74.27 276.63 34,969 561 15.63 65,743 100.15
S05 3.94 0.69 213.58 21.64 115 54.82 82.50 218.14 48,868 732 13.08 102,065 113
S06 15.36 0.90 229.29 44.75 82.85 83.75 61.70 402.90 25,414 446 18.55 55,449 88.52
S07 0.31 0.28 35.96 10.13 83.17 14.83 68.75 79.68 32,397 540 2.54 51,116 99.32
S08 0.35 0.26 30.10 15.74 123 27.05 80 102 38,635 671 3.02 85,917 125
S09 <LOQ 0.13 21.67 9.54 103 17.16 64 59 31,776 671 2.31 53,183 84
S10 0.05 0.23 21.60 5.54 74 16.82 50.56 52.58 19,473 372 2.19 34,269 79
S11 0.95 0.24 46.60 15.91 150 28.75 83.41 121.82 44,018 655 4.24 88,392 121
S12 0.09 0.17 26.78 11.73 100 17.27 64.47 72.77 28,658 730 2.82 50,796 93
S13 0.11 0.20 23.37 6.57 95 20.76 67.13 71.92 23,178 415 2.66 40,148 93
S14 0.23 0.20 46.75 14.39 99 23.07 77.17 90.92 21,952 852 3.23 48,145 131
S15 2.77 0.05 78.78 17.44 81 35.91 73.22 125.10 18,456 547 6.05 45,200 129
S16 3.42 0.62 147.91 23.18 100 117.00 68.78 337.85 33,974 545 88.05 69,798 105
S17 2.35 0.25 100.34 15.70 124 37.37 79.47 133.27 31,413 543 6.38 68,534 138
S18 2.54 0.23 79.10 15.54 95.62 37.08 67.08 134.62 34,745 595 9.67 50,086 100
S19 1.07 0.28 37.92 11.36 151 36.22 92.24 107.70 39,844 593 4.57 60,226 118

 

Figure 12. Sediment cores in the First Bay of the Mar Piccolo basin. The size and the colour of
the circles are proportional to the number of heavy metals whose concentration in the first layer
of sediment (0–0.50 m) has resulted to be above the site-specific action values. S01 does not show
any concertation above the site-specific limit, while in the samples from cores S03 and S06, the Hg
concentration exceeds the national limit (CSC value).

Comparing the analytical results obtained during the characterisation activities funded
by the Special Commissioner with the international sediment quality guidelines ERM and
ERL (effects range medium and effects range low), it emerged that the concentrations of
As, Cr, Hg, Ni, Pb, Cu, and Zn exceed the ERL values at least in one sample; furthermore,
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Hg, Ni and Pb concentrations also exceed the ERM values (Table 5). Specifically, Ni
concentrations exceed the ERL values in all the 19 samples, As and Hg concentrations
exceed the ERL values in 16 samples (S02, S03, S04, S05, S06, S07, S08, S09, S11, S12, S14,
S15, S16, S17, S18, S19 and S01, S02, S03, S04, S05, S06, S07, S08, S09, S11, S14, S15, S16, S17,
S18, S19, respectively), Cr concentrations exceed the ERL values in 15 samples (S04, S05,
S06, S07, S08, S09, S11, S12, S13, S14, S15, S16, S17, S18, S19), Pb and Cu concentrations
exceed the ERL values in 10 samples (S02, S03, S04, S05, S06, S15, S16, S17, S18 and S02,
S03, S04, S05, S06, S15, S16, S17, S18, S19, respectively). Finally, Zn concentrations exceed
the ERL values in six samples (S02, S03, S04, S05, S06, S16). Considering the ERM values,
Hg concentrations are higher in 11 samples (S02, S03, S04, S05, S06, S11, S15, S16, S17,
S18, S19), Ni concentrations are higher in all the samples excluding S10 and S10, and Pb
concentrations are higher in samples S3 and S6. Nevertheless, it is worth noting that the
use of indicators such as ERL and ERM can be considered as a first attempt to link the bulk
chemistry with toxicity [72–75]. Chemical concentrations below the ERL value represent a
range below which adverse biological effect would rarely be observed; similarity, the ERM
values represent a potential range above which adverse effects on biological systems would
frequently occur [72].

Table 5. International sediment quality guidelines (ERL and ERM) for some trace elements. All the
concentrations are expressed in mg/kg dw. * Reference values provided in [72].

SQGs As Cd Cr Hg Ni Pb Cu Zn

ERL * 8.2 1.2 81 0.15 20.09 46.7 34 150
ERM * 70 9.6 370 0.71 51.06 218 270 410

Samples from the First Bay of
the Mar Piccolo

(min and max values)

5.54
44.75

0.05
1.16

44.96
150

0.05
15.36

38.31
92.24

21.60
261.63

14.83
117.00

49.89
402.90

6. Discussion on Methodological Procedures Available for the Integrated Characteri-
sation of the Coastal Contaminated Sites

As shown in the review of scientific papers available at the national and regional
scale [25,28,76–85], the different types of analysis generally envisaged to perform the geo-
environmental characterisation of contaminated coastal sites represent a starting point for
the assessment of the level of anthropogenic impact on marine environmental matrices.
Nevertheless, many of these analyses may support the definition of a geo-morphodynamic
model of the investigated area. Based on the review of the achievements of previous analysis
carried out in the Taranto area and by the support of expert-based judgments provided by
who were involved in the multidisciplinary activities funded by the Special Commissioner,
a specific suitability level in the definition of geological model and/or anthropogenic
impact has been assigned to each investigation performed for the characterisation of the
area in the SIN_07 “Taranto”. The suitability has been ranked in three classes, as follows:

• “High suitability” level has been assigned to the investigations that allow reliable data
to be obtained, the interpretation of which can be considered independent from other
analyses.

• “Medium suitability” has been assigned to those investigations that require the in-
tegration of further analysis to be to be properly interpreted. Medium suitability
analyses should be coupled with high suitability analyses.

• “Low suitability” has been assigned to investigations that give a minor contribution to
the achievement of the main goal of the analysis. Low suitability analyses should be
coupled with medium and high suitability analyses.

In Table 6, the suitability levels are indicated considering the definition of the geo-
morphodynamic model and anthropogenic impact as main outcomes. The investigation
activities have been grouped as it follows: geophysical and geoelectrical surveys, chemical
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analysis on sediment samples at different depths from the sea–floor interface, and physical,
geo-chemical, and bio-chemical analyses on sediments and biota eventually found in them.

Table 6. Different typologies of analyses generally envisaged for the geo-environmental characterisa-
tion of contaminated coastal sites. For each of them, the suitability level in supporting the definition
of the geological model and the assessment of the anthropogenic impact has been evaluated as high,
medium, and low ( : high suitability; : medium suitability; : low suitability).

Investigations
Geological

Model
Anthropogenic

Impact

Geophysical surveys

Multi/Single Beam
Side Scan Sonar

Sub Bottom Profile
Sparker

Magnetometric

Geoelectric surveys

Marine geoelectric
Coastal geoelectric

Terrestrial geoelectric

Chemical analyses on sediments
(layer 0–0.5 m)

Inorganic compounds
Organic compounds

Additional compounds

Chemical analyses on sediments
(layer 0.5–3 m)

Inorganic compounds
Organic compounds

Additional compounds

Chemical analyses on sediments
(deeper layers)

Inorganic compounds
Organic compounds

Additional compounds

Physical analyses on sediments

Organic matter
Grain size

Water content
Geo-chemical analyses on sediments

Magnetic susceptibility
X Ray Fluorescence–XRF

X Ray Powder Diffraction–XRPD
SEM
TEM

Bio-chemical analyses on biological
elements in sediments

Palynological analysis
Qualitative assessment of macrobenthos

Radiocarbon dating-14C
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From this evaluation, it is evident that several surveys (e.g., acoustic surveys, SBP sur-
veys, concertation of inorganic compounds) allow the acquisition of informative layers that
may support both the assessment of site-specific geological features and the environmental
characterisation of the investigated site. Furthermore, the indirect geophysical surveys play
a significant role in terms of featuring the sediment variability and therefore for orienting
the definition of the most suitable sampling grids, which should be tailored according to
the site-specific lithological and sedimentological peculiarities. For this reason, they may be
considered as priority in the definition of a cost-efficient characterisation program. Several
investigations need to be coupled with other surveys to obtain high informative data. By
way of example, SBP data, coupled with punctual information on the contaminants’ con-
centrations, allow the spatial correlation among sediments samples and sedimentary units
to be defined. Some investigations (e.g., SPK surveys, radiocarbon dating, palynological
analysis) are considered to be very useful for the identification of geological, stratigraphical,
and paleo-environmental features, but their usefulness in supporting the evaluation of
the anthropogenic impacts on marine matrices is considered low. On the other hand, the
analysis of the organic compounds is of paramount importance in the definition of the
environmental status, but it does not provide any relevant details useful for the analysis of
the geo-morph dynamics of the investigated areas.

Furthermore, taking into consideration the Driver-Pressure-State-Impact-Response
(DPSIR) model, which represents a “causal framework for describing the interactions between
society and the environment” (EEA, 1999), the analyses envisaged for the geo-environmental
characterisation of coastal contaminated sites may be considered as key factors for the
definition of the parameter “State”, which identifies the physical, chemical, and biological
conditions of the environment and its related matrices.

This aspect can be highlighted in the review paper published by Labianca et al. [40],
who have proposed a specific DPSIR model for the Mar Piccolo basin (Figure 13). In their
site-specific DPSIR scheme, the authors identified key elements for each parameter of the
model, as follows:

• Driving forces: demography, agriculture, industry, landfills and treatment plants;
• Pressures: discharge of nutrients and contaminants, pollution in groundwater,

air pollution;
• States: marine sediment characterisation, sea water characterisation, biodiversity

monitoring, anthropisation of sea bottom assessment, marine litter identification;
• Impacts: contaminants mobility, effects of contaminants on marine organisms, effect

of pollution on human health, eutrophication;
• Responses: political approaches, remediation strategies.

 

Figure 13. DPSIR framework. The model allows the relationships between the main anthropogenic
drivers to be defined, as well as the environmental pressures that they cause and the states of the
environmental matrices.

According to the proposed model, operational (short-term) and strategic (medium-
and long-term) management responses can interact with forces, pressures, and states.
Specifically, while structural and political measures may influence the driving factors,
remediation strategies help to reduce environmental degradation and to restore higher
environmental quality. Accounting for the above-mentioned parameters, it appears to
be clear that the results achieved through the characterisation activities carried out by
national and regional scientific entities (ISPRA, ARPA, Special Commissioner, Universities,
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CNR) are preparatory for the definition of the current environment state as well as for
the identification of the main geomorphological and sedimentological factors that may
contribute to the pollutants’ accumulation and redistribution. From this perspective, it is
considered worthwhile to define a scheme of priority actions to be undertaken in a cost-
and operative-effective way.

From the review of the manuals and guidelines drawn up at the national level
(cf. Section 2), it emerged that, at present, there are no nationally recognised operative
guidelines to refer to for the characterisation of geo-morphodynamic aspects and processes
that can induce changes in the coastal environments in the SINs. Therefore, the need
to define a scientific protocol of investigations has led to funding a three-year research
project supported under a special fund of the Apulia Region financed by the European
Union. Activities envisaged under the ongoing research project include: (i) integrated data
analysis for the identification of the potential correlation factors between the site-specific
geological setting and contamination features; (ii) analysis of geo-morphodynamic factors
that may induce changes in the coastal environment resulting in redistribution of the pollu-
tants; (iii) definition of potential environmental risk scenarios. A synthesis of the activities
scheduled in the project is reported in Figure 14. The main outcomes of the project will
be represented by a set of guidelines specifically defined to address the characterisation
activities towards the definition of the geo-morphodynamic model of the investigated area
and to support the assessment of environmental and coastal risk scenarios. The project is
based on the set of data and information already available for the Taranto area that, at the
regional scale, results to be the site for which a higher number of scientific references on its
integrated characterisation area available. Nevertheless, to support the definition of the geo-
morphological, stratigraphical, and sedimentological features of the Taranto area, new geo-
physical surveys aimed at the realisation of morpho-topographic and morpho-bathymetric
models with high spatial resolution having started and are still in progress (funded by
ISPRA in the frame of the national project “CARG” for the realisation of the Geological Map
of Italy at the scale 1:50,000 https://www.isprambiente.gov.it/Media/carg/puglia.html,
accessed on 3 May 2022).

 

Figure 14. Activities envisaged under the ongoing research project funded by the Apulia Region.
Icons are freely downloaded from Freepik platform (freepik.com).

Although the site-specific characteristics (type of coastal system, type of industrial
activity) should be considered, it is worth noting that the definition of guidelines should
comply with a set of general criteria valid for all types of contaminated coastal sites [10].
Among these, physical parameters such as sediments size and organic content must be
accounted for the definition of pollutants accumulation processes. In addition, the geo-
chemical sediment characterisation should include both the surface sediments and the
deeper layers to define the vertical distribution of the contaminants. To this aim, it is con-
sidered necessary to carry out both in situ cores to support the direct analyses on sediments
at different depths and the acquisition of geophysical data to support the spatial correlation
among data derived from cores (point data). The storage, processing, and representation of
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a huge amount of data required for the characterisation of highly contaminated sites cannot
disregard the creation of specific geographical multidisciplinary geodatabase which en-
ables the reconstruct of the evolution of the contamination status over time for the different
environmental matrices [86].

Furthermore, the definition of a site-specific geo-morphodynamic model cannot disre-
gard the evaluation of physical processes that may induce variations in the coastal setting
and enhance the distribution of pollutants. These processes should include both superficial
surface processes (e.g., water and solid discharge from river systems) and marine and
coastal processes [87–89] (e.g., coastal erosion, coastal flooding, sea level rise). Final consid-
erations about this last aspect are related to the potential effect of climate change on spatial
and temporal occurrence of weather-related extreme events (e.g., heavy rainfall, storm
surge) that may enhance the magnitude of already occurring processes. As highlighted
by [90,91], coastal changes induced by climate and marine processes may undermine reme-
diation and risk management strategies implemented in the contaminated sites and reduce
the effectiveness of the original site remediation design.

7. Conclusions

The activities carried out in recent years for the characterisation of marine and coastal
areas in the Apulian SINs provided in-depth knowledge of their environmental status.
With regard to the SIN_07 “Taranto”, the results obtained from the analysis of chemical
parameters show a remarkable environmental criticality in the southern sector of the
First Bay (in the Mar Piccolo basin), in the area defined as “Area 170 ha”. Accounting
for the distribution of pollutants along the vertical profile of the sediments, the highest
pollutant concentrations characterise the first 50 cm of the samples. Referring to the
national limits, Ni and Cr concentrations exceed the site-specific values in 95% and 90%
of the sample, respectively, while Zn concentration exceeds the site-specific values in 58%.
The concentration of Hg exceeds both the site-specific value (in 47% of the samples) and
the national CSC value (11% of the samples). Taking into consideration the international
guidelines, 84% of the samples exceed the ERL values for As and Hg, 79% for Cr, 53%
for Pb and Cu, and 32% for Zn. Finally, 100% of the samples exceed the ERL value for
Ni. Furthermore, the interpretation of the acoustic data acquired during the geophysical
surveys has allowed traces of direct and indirect impacts of anthropogenic activities on the
seafloor to be identified, which are widely distributed both in the Mar Grande and in the
Mar Piccolo.

In this review, based on a critical analysis of the surveys performed in the Apulian
SINs, with particular reference to SIN_07 “Taranto”, a suitability level has been assigned to
each of the performed survey, taking into consideration their usefulness in supporting the
definition of the site-specific geo-morphodynamic model and the anthropogenic impact on
the environmental matrices. This kind of expert-based evaluation represents the starting
point for the definition of a protocol of investigations to be proposed as an operational tool
for the selection of the analysis, direct and indirect, to be carried out for a comprehensive
characterisation of the geo-morfodynamic setting and environmental state of the coastal
contaminated sites. The protocol will support stakeholders in the definition of the concep-
tual model of the contaminated sites and it will be a useful tool for their environmental
restoration. At the regional scale, the guidelines can support the characterisation the five
orphan sites approved by MiTE. Furthermore, the National Recovery and Resilience Plan
within the Next Generation EU could represent a great opportunity for the definition and
implementation of safety measures of the sites to be reclaimed. This last aspect could
promote the use of the investigation protocol on a national and international scale.
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Abstract: As coastal land use intensifies and sea levels rise, the fate of coastal forests becomes
increasingly uncertain. Synergistic anthropogenic and natural pressures affect the extent and func-
tion of coastal forests, threatening valuable ecosystem services such as carbon sequestration and
storage. Quantifying the drivers of coastal forest degradation is requisite to effective and targeted
adaptation and management. However, disentangling the drivers and their relative contributions
at a landscape scale is difficult, due to spatial dependencies and nonstationarity in the socio-spatial
processes causing degradation. We used nonspatial and spatial regression approaches to quantify the
relative contributions of sea level rise, natural disturbances, and land use activities on coastal forest
degradation, as measured by decadal aboveground carbon declines. We measured aboveground
carbon declines using time-series analysis of satellite and light detection and ranging (LiDAR) im-
agery between 2001 and 2014 in a low-lying coastal region experiencing synergistic natural and
anthropogenic pressures. We used nonspatial (ordinary least squares regression–OLS) and spatial
(geographically weighted regression–GWR) models to quantify relationships between drivers and
aboveground carbon declines. Using locally specific parameter estimates from GWR, we predicted
potential future carbon declines under sea level rise inundation scenarios. From both the spatial
and nonspatial regression models, we found that land use activities and natural disturbances had
the highest measures of relative importance (together representing 94% of the model’s explanatory
power), explaining more variation in carbon declines than sea level rise metrics such as salinity and
distance to the estuarine shoreline. However, through the spatial regression approach, we found
spatial heterogeneity in the relative contributions to carbon declines, with sea level rise metrics con-
tributing more to carbon declines closer to the shore. Overlaying our aboveground carbon maps with
sea level rise inundation models we found associated losses in total aboveground carbon, measured
in teragrams of carbon (TgC), ranged from 2.9 ± 0.1 TgC (for a 0.3 m rise in sea level) to 8.6 ± 0.3 TgC
(1.8 m rise). Our predictions indicated that on the remaining non-inundated landscape, potential
carbon declines increased from 29% to 32% between a 0.3 and 1.8 m rise in sea level. By accounting
for spatial nonstationarity in our drivers, we provide information on site-specific relationships at a
regional scale, allowing for more targeted management planning and intervention. Accordingly, our
regional-scale assessment can inform policy, planning, and adaptation solutions for more effective
and targeted management of valuable coastal forests.

Keywords: aboveground carbon storage; coastal forests; light detection and ranging (LiDAR); remote
sensing; satellite imagery; sea level rise
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1. Introduction

Coastal forests cover less than 3% of the Earth’s surface yet sequester and store as
much carbon (C) as their terrestrial counterparts [1,2]. By storing carbon in vegetation and
sediments, coastal forests play important roles in biogeochemical carbon (C) cycling and
mitigating climate change [3,4]. Coastal forests provide a suite of additional ecosystem ser-
vices, including storm surge protection, wildlife habitat, water filtration, and recreational
opportunities [3,5]. At the terrestrial–ocean interface, coastal forests are disproportionately
impacted by pressures from human land use modifications and sea level rise, altering the
structure and function of these valuable ecosystems [6]. Sea level rise rates are accelerating,
outpacing the average 20th century rates, and leading to increased flooding and erosion,
saltwater intrusion, and coastal forest loss [7]. At the same time, rapid population growth,
demand for food and fiber, and unconstrained coastal development have caused rapid
declines in the health and extent of coastal forests [4]. The interactive effects of sea level
rise, land use, and other disturbances (e.g., wildfires) impact the quantity and quality of
ecosystem services supplied by coastal forests [8], but regional assessments that account for
these effects together are limited [9], and few account for spatial dependencies and nonsta-
tionarity in the socio-spatial processes driving ecosystem change. Declines in coastal forest
health highlight the need for targeted human interventions. More comprehensive regional
assessments that explicitly account for socio-spatial processes are critical to understand
how and where different adaptation and management strategies will be most effective.

The exposure of freshwater-dependent coastal forests to saltwater from accelerating
rates of sea level rise alters freshwater and terrestrial biota and biogeochemical cycling,
subsequently altering the carbon storage potential of coastal forests [10–12]. Coastal forests
generally share characteristics of both wetlands and uplands, and thus sequester and store
carbon in both aboveground biomass (e.g., vegetation) and in hydric soils that provide
significant long-term stores of carbon [13]. Though C burial rates are highly variable,
global rates for tropical mangrove forests, for example, are approximately 31–34 TgC y−1

compared to 78 TgC y−1 in tropical upland forests, despite covering less than 1% of the area
covered by tropical forests [13]. These soils are often peat, water-saturated soils that make
conditions favorable for anaerobic decomposition and subsequent carbon storage [11].
Wetland drainage and disturbances such as storm surge inundation can cause the rapid
collapse of freshwater peats, particularly after vegetation dies off [14]. However, these
dynamics and the associated impacts on carbon storage remain poorly understood. The
large C stocks stored in coastal forests’ vegetation and soils highlight the important, yet
largely unexamined, role in the global sequestration and storage of carbon that would
otherwise remain as atmospheric CO2 and exacerbate climate change [13,15–17].

As sea levels rise and storm surge events increase in frequency and severity, saltwater
intrusion, the inland movement of seawater via natural and manmade conduits (e.g.,
streams and irrigation canals), will become increasingly commonplace. Though freshwater-
dependent forests can withstand brief periods of inundation and associated saltwater
exposure, prolonged periods result in tree mortality and limited regeneration [18–20].
More salt-tolerant herbaceous species move into these areas, altering species composition
and ecological function [21,22]. The process is often referred to as marsh migration, and
the stands of dead or dying trees that remain are known as ‘ghost forests’, marking
the landward reach of sea level rise impacts [23]. Along the North American Atlantic
and Gulf Coasts, this phenomenon is particularly prevalent because sea level rise rates
here are three times the global average of ~0.6 mm yr−1 [24], due in part to rapid land
subsidence [25,26]. Coastal forests will continue to retreat landward, provided barriers
such as roads, other infrastructure, or incompatible land uses do not exist [6]. Targeted
adaptation and management activities can enhance forest resilience or facilitate marsh
migration, but this requires knowledge of the environmental and land use conditions
affecting site suitability and disturbance regimes.

While coastal forests are particularly vulnerable to sea level rise long term, land use
activities, resource management (e.g., water use) and other disturbances (e.g., wildfires)
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are near-term threats. Land use change, and the interactive effects between land use
change and sea level rise, will largely determine where and how much carbon is stored in
coastal forests [27]. Land ownership in coastal landscapes involves private landowners
and operators as well as local, regional, state, and federal agencies [23,28]. The land
use decisions of individuals and organizations have regional impacts and necessitate
approaches that account for socio-spatial processes in coastal planning, adaptation, and
management. These processes often give rise to spatial heterogeneity in the relationships
between environmental, land use, and disturbance drivers and coastal forest change. For
example, if the relationship between coastal forest health and canal density changes across
the study area, we might infer that the relationship exhibits spatial nonstationarity and
that there are unmeasured social processes driving these variations. To understand where
and when specific planning and management activities will be most successful, it is critical
to not only quantify the relationships between coastal forest change and associated drivers
of change [29] but also evaluate how these relationships might vary across space.

To date, research on carbon flux (e.g., the driving processes and controls of C dynamics)
in temperate coastal forests has focused on findings from field studies [2,4,30]. These studies
are requisite to an understanding of the fine scale processes driving coastal forest carbon
change, but their applicability at regional scales is limited. They can be used, however,
in conjunction with other data to scale up C cycling estimates for regional and landscape
scale assessments. The use of remote sensing data in aboveground carbon estimation, with
its broad coverage and moderate-to-high spectral, spatial, and temporal resolutions has
become an important field of research in recent years [31]. Carbon has been successfully
estimated using derived spectral metrics from multispectral satellite imagery [32–34],
structural metrics from light detection and ranging (LiDAR) data [35–38], or a combination
of the two [39–41] in correlative models linking these metrics with field data and has
become a common source for carbon estimation at regional scales. Access to multitemporal
remote sensing data provides additional opportunities to measure change in carbon stocks
over time; however regional analyses assessing carbon dynamics have focused on upland
forests (e.g., [42–45]), herbaceous marsh (e.g., [46]), and mangrove forests (e.g., [47,48]) and
not temperate coastal forests (however, see [49]). These studies also do not quantify the
combined effects of the natural and anthropogenic factors driving carbon variability and
change at regional scales, nor do they account for the spatial heterogeneity in the strength
of the relationships between drivers and aboveground carbon stocks by implementing
appropriate spatial modeling approaches. Traditional nonspatial regression models cannot
capture local variation (in geographic space) in relationships between drivers and responses
(referred to as spatial non-stationarity) [50]. Local spatial regression methods, however,
can account for variation resulting from the location (non-stationarity) or the spatial scale
considered (grain size, sampling interval, or spatial extent) and are well suited to quantify
the relationships between drivers of carbon change and the change itself [51]. All of these
are requisite to cost effective adaptation, conservation, and management [13,52].

To address these knowledge gaps, we quantified spatiotemporal patterns of above-
ground carbon change over a decade (2001–2014) across one of the largest, most vulnerable
regions of coastal forest in North America using a combination of field measurements,
multispectral satellite imagery, and LiDAR data. We developed a suite of sea level rise, land
use, and disturbance drivers and applied global and local spatial regression approaches to
model relationships between these drivers and aboveground carbon change. We address
the following questions: (1) How do the relationships between aboveground carbon decline
and sea level rise, land use, and natural disturbance drivers vary across the landscape?
(2) What are the relative contributions of land use, natural disturbance, and sea level rise
drivers to carbon decline? (3) Using the spatial regression models developed, what are the
future potential aboveground carbon declines as sea levels rise? Our results strengthen
the case for the value of coastal forests’ role in the global carbon cycle and highlight the
need for similar research on other carbon pools in coastal forests (e.g., soils). Additionally,
understanding the drivers of variability in coastal forests’ carbon stores can help managers
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allocate resources effectively and implement appropriate conservation, adaptation, and
management strategies with the potential to address regional carbon management and
climate mitigation needs.

2. Materials and Methods

2.1. Study System

The study area is a 4000 km2 coastal region located west of the Albemarle-Pamlico
Estuary in Eastern North Carolina and buffered from the Atlantic Ocean by a chain of
barrier islands (Figure 1). Forested and herbaceous wetlands, together, cover more than
50 percent of the Albemarle-Pamlico Peninsula. Almost half (47%) of the study area lies
below 1 m in elevation, making it particularly vulnerable to sea level rise impacts. Forty
percent of the peninsula is publicly owned, most of which can be considered ‘public-
non extractive’ land or areas without extractive activities but that may still be managed
for biodiversity (e.g., mimicking disturbance events through prescribed fires). ‘Public
extractive’ lands are those lands subject to extractive uses (e.g., logging or mining). Private
property (60% of the study area) is a mix of natural forest, agricultural lands, and forestry
uses. Agriculture and forestry are two main economic drivers, contributing to the state
approximately $367 million in agriculture cash receipts and $342.8 million from forest
output per year [53]. Industrial forests and agricultural lands occur in low-elevation areas
and are thus highly managed with canals, water control structures, and impoundments.

Figure 1. The Albemarle-Pamlico Peninsula is an approximately 4000 km2 region in Eastern North Carolina, USA. It is
bounded by the Albemarle and Pamlico Sounds, which are separated from the Atlantic Ocean by a chain of barrier islands.
Almost half (47%) of the peninsula lies below 1 m in elevation exposing agricultural lands, forestry operations, and natural
coastal forests to impacts from sea level rise.

2.2. Mapping Coastal Forest Carbon Declines

We mapped aboveground biomass change between 2001 and 2014 using a combination
of field measurements, repeat light detection and ranging (LiDAR) surveys (see Table S1
for specifications) [54,55], and Landsat imagery (see Table S2 for specifications) [49,56]. We
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quantified vegetation structure and composition with metrics derived from LiDAR and
Landsat data for 2001 and 2014 (see Tables S3 and S4 for complete lists of satellite-derived
and LiDAR-derived variables). To relate the remote sensing metrics to aboveground
biomass, we inventoried the size and density of woody vegetation in 98 plots of 12 m
radius [57] across a vegetation gradient from forest to marsh [49]. We calculated total
(e.g., woody and herbaceous species) aboveground biomass in megagrams per hectare
(Mg ha−1), from these field measurements using established allometric equations [58–60]
relating diameter at breast height (dbh) or percent cover to total aboveground biomass. We
applied the random forest machine learning algorithm (RF; [61]) to quantify relationships
between aboveground biomass field measurements and remotely sensed metrics and pre-
dict aboveground biomass across the entire study area for 2001 and 2014. RF is an ensemble
learning method for classification and regression that functions by constructing many deci-
sion trees for model training and then generating mean predictions or the mode of classes
across the individual trees. The algorithm corrects for decision trees’ tendency to overfit
their training datasets through the bootstrap approach [61]. Using 1000 permutations of the
final fitted RF model, we tested model significance, performed validation withholding 30%
of the training data, and generated metrics of predictor variable importance. We used the
model improvement ratio (MIR) function to select the best predictor variables among the
suite of candidate variables, following the methods found in [42]. We then quantified above-
ground biomass change by comparing the output maps of aboveground biomass for 2001
and 2014 (Figures 2a and 3a). The RF models performed well (2014 biomass: R2

adj. = 0.78,
RMSE = 15.0 Mg ha−1, % RMSE = 9.5; 2001 biomass: R2

adj. = 0.75, RMSE = 18.3 Mg ha−1,
% RMSE = 12.6) [49] (Figure S1). Metrics that contributed most to overall predictive power
included mean and median vegetation height, highlighting the importance of vegetation
structure for estimating aboveground biomass (Figure S2). We converted aboveground
biomass change to carbon loads assuming a carbon concentration of 0.5 [62]. We developed
a binary 30-m resolution map of carbon declines, where a value of 1.0 represented any cell
with a decrease in carbon over the 13-year period, and a value of 0.0 was assigned to any
cell with either no change or an increase in carbon storage. We excluded from the binary
map non-vegetated cells and cells classified as developed or agriculture in 2001 or 2014.

Using variogram analysis, we identified 450 m as an appropriate level of aggregation
for the response variable (Figure S3). We overlaid the binary carbon decline maps with a
450 × 450-m regular grid and calculated the fraction of the percentage of vegetated area
within each modeling unit experiencing carbon declines (Figure 3b).

2.3. Selecting and Mapping Driver Variables

We developed a suite of variables that we expected to be drivers of carbon declines
and classified them into different representative classes—land use, natural disturbance,
and sea level rise drivers (for complete list, see Table 1).

2.3.1. Land Use Drivers

Land use activities and modifications, such as farming, forestry, and even land aban-
donment, influence carbon storage and flux on the landscape. Agricultural and forestry
pressures (as quantified by agricultural pressure and harvest intensity described below)
can alter soil properties, increase nutrient runoff, and change vegetation composition, all of
which influence carbon pools both in the areas actively managed and on spatially adjacent
or nearby lands [4,9]. Land abandonment (e.g., fallow lands) can also change carbon pools
by allowing for natural regeneration, providing buffers from storms for nearby lands, and
increasing productivity on site or nearby [51]. Because of their potential to influence carbon
fluxes, we included several land use-related variables, derived from spatial datasets, as
described in more detail below.
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Table 1. Suite of spatially explicit predictor variables explored within the land use, natural disturbance, and sea level rise
categories. All variables were developed as 30-m resolution raster datasets and aggregated using a 450 × 450-m grid.

Description Base Data Year Data Source

Land Use Drivers

Agricultural pressure
Gravity model, number of neighboring

agriculture cells within a search distance
and weighted by distance

CDL, Cropscape 2001, 2014 NASS

Fallow pressure
Gravity model, number of neighboring

fallow cells within a search distance and
weighted by distance

CDL, Cropscape 2001, 2014 NASS

Harvest intensity
Threshold applied to between-year mean
NDVI change to create binary outputs of

harvest/acute event, summed across years
NDVI 2001–2014 Google Earth

Engine

Natural Disturbance Drivers

Time since fire
Using fire perimeters and year of fire,

assigned number of years since fire across
the landscape

Vector file Current MTBS

Sea Level Rise Drivers

Connected canal density
Line density of only those canals connected
to open water in study area, with influence

at 1000 m distance
NHD Current USGS

Distance to estuarine
shoreline

Euclidean distance (km) to estuarine
shoreline NHD Current USGS

Fast storm surge Fast storm surge categories Vector file Current NC Onemap
Flow accumulation Flow accumulation DEM 2014 Derived

Flow direction Flow direction DEM 2014 Derived

Salinity Inverse distance weighting interpolation of
average salinity (ppt) from 2001 to 2014 STORET 2001–2014 EPA

Mean precipitation deviation
Yearly (2001–2014) average precipitation

difference (mm) from historical norm
(1990–2000)

2001–2014 Google Earth
Engine

MHHW adjusted elevation * Elevation (m) adjusted by current mean
higher high water (MHHW) MHHW, DEM 2014 Derived

Minimum temperature
deviation

Yearly (2001–2014) minimum temperature
difference (degrees Celsius) from historical

norm (1990–2000)
2001–2014 Google Earth

Engine

Slow storm surge Slow storm surge categories Vector file Current NC Onemap

Note: Monitoring Trends in Burn Severity Program (MTBS), National Agricultural Statistics Service (NASS), US Environmental Protection
Agency (EPA), US Geological Survey (USGS) digital elevation model (DEM), National Hydrography Dataset (NHD), normalized difference
vegetation index (NDVI). * Mean higher high water (MHHW) is the average of the higher high water height of each tidal day over the
National Tidal Datum Epoch. The station on Duck Pier in North Carolina, USA, was used as our reference and for the current National
Tidal Datum Epoch (1983–2001); their MHHW is 1.24 m [63].

Agricultural and Fallow Pressure.
To account for pressures from agriculture or land abandonment that might influence

carbon, we extracted all agricultural lands from the 30-m resolution 2001 National Land
Cover Dataset [64] raster and applied a gravity modeling technique, computing for each
cell the number of neighboring agricultural cells within a search distance, weighted by
a distance decay function [65,66]. This variable accounts for the effect of agricultural
lands on nearby forest carbon changes, with more proximate agricultural lands having a
stronger influence, as controlled by a coefficient for the distance decay function. For land
abandonment, we applied the same methods, extracting instead the fallow land use class
from the USDA National Agricultural Statistics Service’s Cropscape dataset [67].
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Figure 2. Schematic describing the three main analyses that include (a) mapping aboveground
biomass (AGB) change and calculating fractional carbon decline (Section 2.2; for more details on
methods [49]); (b) exploratory data analysis to select uncorrelated predictor variables and modeling
fractional carbon decline as a function of sea level rise (slr), land-use, or a combination of drivers
using nonspatial (ordinary least squares; OLS) and spatial (geographically weighted regression;
GWR) regression models (Sections 2.3 and 2.4); and (c) using the locally specific parameter estimates
established from the GWR model to predict future fractional carbon declines by holding all other
variables constant and updating the distance to estuarine shoreline variable (Section 2.5).

Harvest Intensity.
To identify possible forestry-related land use modifications, we developed a ‘harvest

intensity’ metric to quantify changes related to industrial timber harvesting and clearing.
We selected the pre-processed annual average Landsat-based Enhanced Vegetation Index
(EVI) for every year between 2001 and 2014 from Google Earth Engine [68]. We calculated
year-to-year EVI differences and applied a threshold to the average change values to
differentiate acute or harvest events from normal variability in EVI based on approximately
one standard deviation from the average change values across all year-to-year differences
(+/−0.12). We created the ‘harvest intensity index’ by summing all binary rasters created
after threshold application; each value in the raster represented the number of times that a
cell experienced an acute event during the study period. We removed acute events due
to wildfires from the harvest intensity metric because wildfires were accounted for in a
separate predictor variable.
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Figure 3. (a) Aboveground biomass change, measured as Mg ha −1, between 2001 and 2014, for the
Albemarle-Pamlico study area in Eastern North Carolina. Areas excluded from the model are in
light grey. Water bodies and the Albemarle and Pamlico Sounds are dark blue. (b) Fractional carbon
decline, calculated from (a) by converting 30-m grid cells to carbon loads, developing a binary 30-m
resolution map by assigning carbon declines values of 1, and aggregating data to 450 × 450-m grid.
Fractional carbon decline is the fraction (see inset schematic; purple cells divided by green cells; 0.33)
of the percentage of vegetation area (colored cells divided by total number of cells; 0.67) within each
450 × 450-m modeling unit experiencing decline.

2.3.2. Sea Level Rise Drivers

Sea level rise and associated climatic factors can drive changes in carbon storage and
flux through a variety of mechanisms [13,14]. To capture general trends or changes in
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climate, we included climatic variables such as mean precipitation and temperature devia-
tions over the last decade. As climate changes, extreme weather events, such as flooding
and hurricanes, are expected to become more frequent and severe [7,25]. Though acute,
these events can have lasting impacts on coastal carbon storage—both aboveground and in
soils—by altering vegetation and soil composition. These impacts can be compounded by
accelerating rates of sea level rise [19,20,29]. To address the potential for these factors to
influence carbon flux, we included drivers related to where hurricane storm surges occur
(e.g., slow and fast storm surge variables), where water flows and accumulates on the
landscape (e.g., elevation, flow direction and accumulation), and proximity to bodies of
water (e.g., distance to estuarine shoreline).

Saltwater intrusion, resulting from a combination of both acute events and gradual
sea level rise, facilitates changes in vegetation composition and subsequent carbon storage.
Long term saltwater exposure in freshwater-dependent forests leads to osmotic stress
and eventual mortality [14,20,21]. More salt-tolerant herbaceous species will replace tree
species, changing carbon storage capacity, particularly aboveground. Hurricanes and even
droughts (by shifting the freshwater–saltwater interface landward) can bring saltwater
inland into areas not adapted to saltwater exposure [10,12]. Drainage networks, comprised
of canals and ditches, though built to keep water off coastal lands, can serve as conduits
during storms, to move water inland [51]. Because salt influences aboveground and soil
carbon storage, we included spatial data representing the likelihood of salt impacts by
accounting for potential pathways (e.g., the density of canals connected to the estuarine
shoreline) and overall salinity values in the adjacent estuary (interpolated from water
quality monitoring stations across the landscape). Other factors such as elevation, hurricane
storm surge extents, and distance to the estuarine shoreline also indirectly influence where
saltwater exposure occurs on the landscape.

Connected Canal Density.
We incorporated hydrological connectivity between coastal forests and the adjacent

estuary by extracting artificial drainage features from the US Geological Survey’s National
Hydrography Dataset [69]. We removed any isolated canals not connected by other canals
or natural water features to the estuarine shoreline. We then calculated the density of
linear canal features surrounding each 30-m raster cell using multiple search radii values,
ultimately selecting a 1000-m search radius for the final predictor variable.

Salinity.
We used the US Environmental Protection Agency’s STOrage and RETrieval (STORET)

database to extract average salinity values (in parts per thousand; ppt) for 3500+ observa-
tions from 40 water quality monitoring sites in the Albemarle and Pamlico Sounds between
2001 and 2014 [70]. To interpolate a surface from these point data, we performed an inverse
distance weighting interpolation at 30 m resolution [71].

2.3.3. Natural Disturbance Drivers

Frequent, low intensity fires have historically maintained these landscapes [72]. How-
ever, catastrophic fires can alter carbon pools by burning the rich organic soils in addition
to the vegetation. Though regeneration occurs naturally and rapidly post-fire, interactions
between fire, extreme weather events, and climate change can alter carbon storage and flux
in unanticipated ways. We included a variable that measures the length of time since a
wildfire for the study period to capture these changes in carbon storage and flux.

Time Since Fire.
We used the spatially explicit fire perimeters developed by the Monitoring Trends in

Burn Severity Program (MTBS; [73]) and extracted the year of fire attribute to assign the
number of years since fire for every fire polygon across the study area.

2.4. Statistical Modeling Approach

We mapped all predictor variables at a 30-m spatial resolution and then aggregated
cell values to the spatial modeling unit (450 × 450-m grid cells) via majority (for nominal
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data) or mean (for continuous data) aggregation methods and derived values for each
grid cell. Prior to model fitting, we evaluated predictor variables for multicollinearity and
selected a set of uncorrelated (r < 0.5) variables from our initial list (Figure S4). We scaled all
variables to values between 0.0 and 1.0 using a minimum–maximum normalization, which
retained the original distribution spread but allowed us to evaluate relative contributions
of different drivers.

We modeled the relationships between fractional carbon declines and predictor vari-
ables using ordinary least squares regression (OLS), a conventional global regression
technique, and geographically weighted regression (GWR), a local regression method
(Figure 2b). GWR detects heterogeneity in data relationships across geographic space via
the fitting of individual localized ordinary least squares regressions [74]. This allows for
local variations in rates of change. Coefficients in the model are not global estimates but
are specific to a particular location and based on observations taken at sample points near
that location [51,75]. The regression equation is then:

yi = αi0 + ∑
k=1, m

αikxik + εi (1)

where yi is the ith observation of the dependent variable, xik is the ith observation of the
kth independent variable, εi is the error term, and αik is the value of the kth parameter
at location 1. Estimates of are then based on observations taken at sample points close
to i. A weighting function is then employed so that for each point i there is a bump of
influence around i in such a way that those observations near i have more influence in the
estimation of parameters than those farther away. In ordinary least squares, the sum of the
squared differences of predicted and observed yi is minimized in the coefficient estimates.
In weighted least squares, a weighting factor is applied to each squared difference before
minimizing so that the inaccuracy of some predictions carries more of a penalty than others.
In weighted regression models the values of the weighting factor are constant so that only
one calibration is carried out. In geographically weighted regression, the weighting factor
varies with location i so that a different calibration exists for every point in the study area.
The geographical weighting is implemented through a spatial kernel function. Common
choices for weighting function include Gaussian, bisquare, or tricubic [52]. In addition
to the weighting function, a bandwidth is needed that determines the rate of distance
decay for each of the data weightings. A large bandwidth smooths parameter estimates,
approaching the estimates provided by the global regression, and a small bandwidth tends
to sharpen them. The bandwidth can be user-defined or determined using cross-validation
(CV) or Akaike’s information criterion (AIC) and can be either a fixed distance or a set
number of nearest neighbors (adaptive bandwidth). To minimize potential edge effects, we
used an adaptive Gaussian kernel function with an optimal bandwidth selected based on
a least squares CV that minimized the squared error. All statistical analyses were carried
out using R statistical software and the GWR analyses were performed using the ‘spgwr’
package for R [76,77].

We examined the variance explained by the global and local regression models,
Moran’s I tests of model residuals, and the statistical significance and relative impor-
tance of predictor variables. We also quantified spatial dependencies and nonstationarity
in the relationships between the response and predictor variables by mapping residuals
and testing the interquartile ranges of the local coefficient estimates provided by GWR.
Additionally, we used the studentized Breusch–Pagan test for heteroscedasticity to identify
non-constant variance in the errors. We derived a pseudo-significance test for predictor
variables by calculating t-values for each local regression and mapping t-values spatially to
identify locations that are statistically significant at alpha = 0.05 [51].

2.5. Predicting Future Coastal Forest Carbon Declines from Sea Level Rise

We used spatial models of future sea level rise inundation from the National Oceanic
and Atmospheric Administration (NOAA) to forecast future forest carbon decline [78].
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The data depict the potential inundation of coastal areas resulting from a projected 0.3
to 1.8 m sea level rise above current mean higher high water (MHHW) conditions. The
values represent the projections for the intermediate to high global mean sea level (GMSL)
scenario, which predicts sea levels under Representative Concentration Pathway (RCP)
8.5 from the Intergovernmental Panel on Climate Change (IPCC). This is considered the
high-emissions scenario and is referred to as the business-as-usual scenario, which suggests
that it is a likely outcome if society does not make concerted efforts to cut greenhouse
gas emissions. The model is a function of static elevation and hydrologic connectivity
but does not account for other factors such as vertical accretion or subsidence rates, nor
does it account for storm surge potential. We calculated total coastal forest carbon loss,
measured in teragrams of carbon (TgC), through 2100 by combining our 2014 aboveground
carbon maps and the GMSL inundation models. To predict future coastal forest declines in
areas not inundated, we updated the distance to the estuarine shoreline predictor variable
used in our GWR model using the new estuarine shoreline extent under inundation levels
between 0.3 and 1.8 m. Holding all other predictor variables constant, we re-ran the GWR
model and examined the resulting predicted fractional carbon declines on the remaining
study area (Figure 2c).

3. Results

3.1. Statistical Modeling of Coastal Forest Declines

The global regression model explained 39% of the variation in fractional aboveground
carbon declines. Statistically significant predictor variables included in the final model were
agricultural pressure, connected canal density, time since fire, harvest intensity, distance
to shoreline, and salinity (p < 0.05). We found negative relationships between fractional
aboveground carbon declines and agricultural pressure, time since fire, and distance to
estuarine shoreline. We found positive relationships between fractional aboveground
carbon declines and canal density, harvest intensity, and salinity (Table 2).

Table 2. (a) Coefficient and standard errors for predictor variables used in the global ordinary least squares (OLS) regression
model. (b) Coefficient mean (and range) and standard error mean (and range) for the local geographically weighted
regression (GWR) model. + denotes nonstationarity in the relationship between predictor variable and response in the GWR
model as calculated by the Breusch–Pagan statistic.

(a) OLS (b) GWR

Coefficient Standard Error Coefficient Mean (Range) Standard Error Mean (Range)

Intercept ***+ 0.891 0.009 0.825
(0.120, 1.765)

0.054
(0.026, 0.273)

Agricultural pressure ***+ −0.431 0.006 −0.387
(−1.140, −0.075)

0.029
(0.015, 0.232)

Connected canal density ***+ 0.084 0.013 0.168
(−1.308, 1.629)

0.075
(0.026, 0.198)

Time since fire ***+ −0.471 0.007 −0.398
(−1.250, 0.507)

0.048
(0.014, 0.311)

Harvest intensity ***+ 0.160 0.012 0.186
(−0.225, 2.573)

0.058
(0.028, 0.238)

Distance to shoreline *+ −0.015 0.008 −0.119
(−1.872, 0.895)

0.101
(0.030, 0.375)

Salinity ***+ −0.049 0.008 0.003
(−5.128, 5.210)

0.117
(0.017, 1.000)

OLS: R2 = 0.39, AIC = −2413.6| GWR R2 = 0.56, AIC = −9981.7, RSS = 952.1. * Statistically significant at p < 0.05; *** Statistically significant
at p < 0.001.
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Land use and disturbance metrics were the most important predictors of variation in
fractional carbon decline within the global model, with agricultural pressure explaining the
most variation, followed by the time-since-fire variable (Figure 4). Moran’s I tests indicated
autocorrelation in the response variable, even at the aggregated 450-m resolution (Moran’s
I = 0.75, z-score = 167.77, p-value < 0.0001). The relationship between the predictor vari-
ables and the response variable exhibited nonstationarity (Breusch–Pagan statistic = 4092.4,
p-value < 0001).

Figure 4. Relative importance for each predictor variable used in the final model (R2 = 0.39) with
95% bootstrap confidence intervals using the method from [79]. Metrics are normalized to sum to
100%. Inset shows the relative importance of predictor variables for a model that includes only the
sea level rise drivers (R2 = 0.05).

Predictive performance improved with the local regression model, with a lower AIC
and higher quasi-global R2. The GWR model explained 52% of the variance, and quasi-
global R2 values ranged from 0.08 to 0.79, with more than 50% of the landscape having a
local R2 value greater than the global R2 of 0.39 (Figure 5a). Standard errors ranged from a
low of 0.006 to a high of 0.06 (Figure 5b). Coefficients for all predictor variables exhibited
patterns of spatial non-stationarity according to tests for spatial dependencies (Figure 6).

We found a statistically significant negative relationship between fractional carbon
decline and agricultural pressure, canal density, and distance to the estuarine shoreline
in the GWR. The range of local coefficient values and statistical significance varied across
space, indicating spatial dependencies in the data. On average, we found statistically
significant positive relationships between fractional carbon declines and harvest intensity,
time since fire, and salinity with spatial heterogeneity in local regression coefficients and
statistical significance.

For 52% of the study area, land use and disturbance drivers had the strongest re-
gression coefficients (13% of the total landscape for agricultural pressure, 13% for harvest
intensity, and 26% for time since fire), and for 48% of the study area the sea level rise
variables had the largest regression coefficients (2% of the total landscape for canal density,
20% for distance to estuarine shoreline, and 27% for salinity). In the southeast portion of
the study area, the sea level rise drivers best explained variation in carbon declines (e.g.,
Figure 6c,d). In the northeast portion of the study area, both land use/disturbance drivers
and sea level rise drivers contribute to declines (Figure 6). To the interior, relationships

326



Land 2021, 10, 752

were mixed, with land use drivers most important in areas dominated by agricultural and
forestry operations and sea level rise drivers generally most important in interior areas
connected to the estuary via canals (e.g., Figure 6b–f).

 
Figure 5. (a) Quasi-global R2 from geographically weighted regression (GWR) model for the
Albemarle-Pamlico study area in Eastern North Carolina, USA. Areas excluded from the model are
in light grey. Water bodies and the Albemarle and Pamlico Sounds are dark blue. (b) Quasi-global R2

standard error values from the GWR model.
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Figure 6. (a–g) Coefficients for intercept and predictor variables used in the final geographically weighted regression
model for the Albemarle-Pamlico study area in Eastern North Carolina, USA. Areas excluded from the model are in light
grey. Water bodies and the Albemarle and Pamlico Sounds are dark blue. Red diagonal lines indicate locations where the
predictor variables were not statistically significant in the local regression models according to the pseudo-significance tests.
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3.2. Future Coastal Forest Declines

We estimated a minimum inundation extent of 1094 km2 for a 0.3 m rise in sea level
and a maximum extent of 2914 km2 for a 1.8 m rise in sea level (Figure 7). Associated losses
in total aboveground carbon ranged from 2.9 ± 0.1 TgC (0.3 m rise) to 8.6 ± 0.3 TgC (1.8 m
rise). On the remaining landscape, we calculated potential declines increasing from 29% to
32% between a 0.3 and 1.8 m rise in sea level. The greatest changes in carbon declines are
visible in each scenario adjacent to the shoreline and surrounding the lakes in the study
area’s interior (Figure 8).

Figure 7. Total area (km2) inundated (grey line; right axis) and total aboveground carbon, measured in teragrams of carbon
(TgC), lost (black line; left axis) and associated standard errors from sea level rise inundation. The sea level rise inundation
model, from the National Oceanic and Atmospheric Administration, represents inundation under the intermediate–high
sea level rise (slr) scenario (ranging from 0.3 to 1.8 m) or Representative Concentration Pathway 8.5.
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Figure 8. Fractional carbon declines associated with sea level rise inundation using the National Oceanic and Atmospheric
Administration’s Sea level rise (slr) inundation models for the intermediate–high sea level rise inundation scenario (values
range from 0.3 to 1.8 m). Fractional carbon declines estimated using the geographically weighted regression model with
distance to estuarine shoreline predictor variable updated with incremental inundation between 0.3 and 1.8 m.

4. Discussion

Sea level rise, land use activities, and disturbances act synergistically in low-lying
coastal forests to alter their structure and function, affecting the ecosystem services they
provide. A regional scale understanding of where and how these forests have changed
and where to expect future change is critical for prioritizing funding for management
and establishing resilient coastal communities. Spatial heterogeneity in the drivers of
coastal forest degradation, however, make quantification at regional scales difficult. To
address this challenge, we examined the drivers of coastal forest degradation using a
local regression approach that accounts for these spatial processes. Using geographically
weighted regression (GWR), we examined the relationship between coastal forest fractional
carbon declines and land use, disturbance, and sea level rise drivers. We found the patterns
of influence to be spatially heterogeneous, providing local insights at regional scales,
highlighting the benefit of using a local regression approach to inform management and
resource allocation activities more effectively [50,80].

In a low-lying coastal region highly exposed to impacts from sea level rise, we ob-
served that land use and disturbance metrics were the strongest drivers of fractional carbon
declines. Agricultural pressure, harvest intensity, and time since fire explained most of
the variation in the global model. Interestingly we found a negative relationship between
agricultural pressure and fractional carbon declines. Because agricultural lands are gen-
erally located at higher elevations in the interior of the study area, the adjacent coastal
forests are likely less susceptible to the effects of saltwater intrusion and sea level rise than
lower elevation coastal forests near the shore. Alternatively, water control structures, tide
gates, and other measures intended to protect the productivity of large-scale agricultural
operations may also benefit the coastal forests in these higher elevation areas. In addition
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to agriculture, approximately 13% of the study area’s inland coastal forests are managed
as loblolly pine (Pinus taeda) plantations for timber harvest revenues, which removes a
significant amount of aboveground carbon [81]. Though stand-replacing disturbances (e.g.,
harvests) lead to a net forest C loss, replanting as part of the rotational cycle will eventually
replace the lost carbon. However, if trees do not reach maturity and peak primary pro-
ductivity before subsequent harvests [4,9], increased harvest intensity could result in net
carbon losses as was demonstrated in the positive relationship between harvest intensity
and aboveground carbon declines in our results.

Natural disturbance events play an important role in coastal forest carbon dynam-
ics. Both the local and global regression models indicated that the time-since-fire metric
contributed significantly to the explanatory power of the model, explaining 36% of the
model variation. The more recent the fire event, the higher the fractional carbon declines.
Despite a low prevalence of prescribed fire and wildfire in our study area compared to
historical estimates, fire remains one of the most important drivers of carbon dynamics
on the APP [80]. During the study period, several catastrophic wildfires occurred on the
Albemarle-Pamlico Peninsula. Though severe wildfires result in aboveground carbon
declines, many of the region’s tree species are adapted to fire and regenerate rapidly after
fire disturbances [72]. However, if saltwater exposure occurs post-fire, regeneration may be
limited by salinity intolerance of the saplings. Accordingly, fire disturbances and saltwater
exposure can act synergistically to accelerate forest retreat and facilitate marsh migration
of salt-tolerant herbaceous species into the area [19,20].

Although our global regression model indicated sea level rise metrics contributed
minimally to the overall explanatory power of the model (explaining only 6.8% of model
variation), our local regression model identified places on the landscape where these
metrics played a strong and significant role in fractional carbon declines. Distance to the
estuarine shoreline, salinity, and connected canal density were important predictors of
fractional carbon declines in the northeast and eastern portions of our study area. That
there are high levels of spatial heterogeneity in these relationships reinforces the need to
consider local spatial regression approaches in dynamic coastal systems. Sea level rise
factors are a critical and significant driver of fractional carbon declines, but only near the
shoreline and in areas predicted to have high salinities. Unlike the global regression model,
our local spatial regression approach can be used to identify the extent and strength of
influence for each of these sea level rise drivers in a spatially explicit way. Because the
changes associated with saltwater intrusion and sea level rise are likely to be permanent,
our approach can be used to identify areas unlikely to recover or return to coastal forest,
particularly as sea level rise accelerates. This information can then be used to make more
informed decisions about policy, mitigation, and the prioritization of limited resources.

Our results indicate that by 2090, the study area could lose approximately 8.6 TgC
of aboveground carbon because of inundation from sea level rise, with the remaining
landscape experiencing, on average, 32% fractional declines in carbon. These estimates,
however, do not account for future vegetation growth or succession, nor do they consider
a potential shift in carbon storage, from aboveground to belowground [2]. This highlights
the need to consider impacts on other carbon pools in coastal forests (e.g., soils) and
landscape context because shifts in carbon storage in one location alter the amount of
carbon stored in another location. Considering these aspects and incorporating potential
non-linear relationships, feedbacks, and interactions between natural and anthropogenic
drivers via mechanistic or process-based models would provide additional support for
targeted adaptation and management activities.

Our study underscores the importance of human interventions in determining future
coastal forest resilience. The spatial variation in driving forces of coastal forest degra-
dation has significant implications for prioritizing management activities. Our results
indicate that along the shoreline and in the eastern portion of the study area the best
management decision might be to facilitate marsh migration, whereas inland there may
be more opportunities to work with landowners in conserving or restoring coastal forests.
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Management of drainage networks, originally built to drain wetlands and lower water
tables for agricultural and forestry operations, is another important consideration [81,82].
In the near term these features help mitigate flooding; however, our results from lower
elevation coastal forests adjacent to the estuaries suggest that without effective canal and
ditch management, these networks act as conduits for saltwater intrusion from extreme
weather events and gradual sea level rise [81]. In addition to water management, proactive
coastal forest management activities such as lengthened harvest cycles, restricted harvests,
and selective harvesting have the potential to enhance the carbon storage and coastal
resilience [9]. Selective harvesting and tree species diversification on plantations will also
play an important role as sea levels rise and saltwater intrusion increasingly affects forestry
operations. Timber harvest revenues can be sustained by harvesting the most at-risk timber
(e.g., timber most affected by inundation and saltwater exposure). The common practice
of planting a single timber species on plantations increases the likelihood of widespread
mortality during extreme storm and flooding events, particularly if that single species is
salt-intolerant. Planting a more diverse set of species with a range of salinity tolerances will
decrease the severity of impact from extreme storm events and produce added co-benefits
associated with increased diversity [83].

5. Conclusions

Our analysis illustrates several key points. First, in a low-lying coastal region highly
exposed to impacts from sea level rise, we observed that land use (explaining more than
50% of model variation) and disturbance metrics (explaining 36% of model variation) were
the strongest drivers of fractional carbon declines. Second, although our global regression
model indicated sea level rise metrics contributed minimally to the overall explanatory
power of the model (explaining only 6.8% of model variation), our local regression model
identified places on the landscape where these metrics played a strong and significant
role in fractional carbon declines. Finally, our results indicate that by 2090, the study area
could lose approximately 8.6 TgC of aboveground carbon because of inundation from sea
level rise, with the remaining landscape experiencing, on average, 32% fractional declines
in carbon. By measuring coastal forest degradation via aboveground carbon storage, we
provide an important link to ecosystem services. Because communities may have diverse
values for coastal forests, understanding when, where, and how ecosystem services in
coastal forests are changing helps managers prioritize resources for management, adap-
tation, and restoration of coastal ecosystems [84]. Management decisions must consider
these trade-offs among ecosystem services as well as current and future susceptibility to
land use modifications and sea level rise.

Our approach quantified drivers of coastal forest decline in a spatially explicit way,
highlighting the ways that human land use activities, climate, and natural disturbances can
act synergistically to alter coastal forest structure and function. By mapping the spatially
varying relationships between drivers and carbon declines, we identified geographic
locations best suited for targeted management activities. However, to fully understand
how these management activities will be implemented, and through what mechanisms,
we need a greater understanding of landowner preferences, their evaluation of trade-offs
among ecosystem services, their behaviors, and risk perceptions. These are requisite for
reducing the uncertainty in coastal forest persistence as sea levels rise.
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