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Habitat 1120* (Posidonia oceanica meadows), endemic
to the Mediterranean Sea, represents an ecosystem
of outstanding ecological importance. In addition to
its high primary productivity, this habitat acts as an
important nursery ground, supporting many species
of fish, crustaceans, molluscs, bryozoans and algae.
Through photosynthetic activity, Posidonia oceanica
meadows produce large quantities of oxygen
and organic matter, thereby sustaining marine
communities by providing both habitat structure and
trophic resources (Hemminga & Duarte, 2000).

The organic matter produced constitutes both a direct
and indirect food source for numerous organisms
and supports a complex trophic network (Mazzella
& Zupo, 1992). Moreover, due to their high primary
productivity, P. oceanica meadows play an important
rolein carbon fixation and sequestration, storinglarge
amounts of carbon, commonly referred to as “blue
carbon”, and thereby removing significant quantities
of carbon dioxide from the atmosphere (Duarte et al.,
2005; Kennedy & Bjork, 2009; Kennedy et al., 2010;
Mcleod et al., 2011; Abadie et al., 2016; Monnier et
al., 2020, 2021, 2022; COM/2025/3 EU), oxygenating
coastal waters and helping to reduce the risks due
to climate change (Fourqurean et al., 2012; Signa et
al., 2024). Approximately 50% of the carbon buried
in marine sediments worldwide is stored within the
matte, a characteristic terrace-like structure formed
by the intertwining of rhizomes, roots and sediment
trapped between them (Duarte et al., 2005). Posidonia
oceanica meadows are characterised by high oxygen
production (1 m? of meadow can produce between
4 and 20 litres of oxygen per day; Bay, 1978) and
high organic matter production (approximately
20 tonnes per hectare per year; Boudouresque &
Meinesz, 1982). According to Mateo and Serrano
(2011), approximately 24-44% of total plant biomass
production is remineralised or recycled through
ecological processes. A variable percentage between
6% and 50% is exported outside the meadow, while
6-20% of the biomass is consumed by herbivorous
organisms. The remaining 11-47% represents an
indirect estimate of the carbon flow available for
sequestration in both the short and long term. Long-
term carbon sequestration through metabolic and
ecological processes in P. oceanica meadows has
been estimated to account for approximately 10-25%
of total production (Mateo & Serrano, 2011).
Posidonia meadows also represent important
reproductive and nursery habitats for numerous
organisms, including species of high economic
relevance. The large availability of plant biomass
supports the development of both plant and
animal communities associated with the meadow
and contributes to the establishment of a complex
and highly productive trophic network capable of

exporting energy also towards other ecosystems.
It is estimated that approximately 20% of all
Mediterranean species occur within Posidonia
oceanica meadows (Boudouresque, 2004).

Despite the importance of its numerous ecosystem
services (Monnier et al. 2020), this habitat is declining
at a rate four times higher than that of terrestrial
forests (van Katwijk et al., 2016), mainly due to
uncontrolled anchoring, fishing activities and water
quality (Ceccherelli et al., 2007; Montefalcone et al.,
2008; Boudouresque et al., 2009, 2012; Telesca et al.,
2015; Abadie et al., 2016; Pergent-Martini et al., 2022).
Over the last two decades, P. oceanica meadows have
declined by between 13% and 50%. Consequently,
this regression is expected to significantly reduce the
carbon storage capacity of the Mediterranean Sea
(Monnier et al., 2020; De Luca et al., 2025).

This growing awareness has led to the definition
of conservation instruments aimed to protect this
habitat, including national laws, European directives
and international conventions. Posidonia oceanica
meadows are listed among the priority habitats in
Annex | of the Habitats Directive (92/43/EEC) on the
conservation of natural habitats and of wild fauna
and flora. The directive defines these priority habitats
as Sites of Community Importance (SCls), whose
conservation requires the designation of Special
Areas of Conservation (SACs). In addition to the
Habitats Directive, other European policy instruments
refer to P. oceanica. The Marine Strategy Framework
Directive (MSFD-2008/56/EC) includes P. oceanica
among the habitats considered in the assessment
of Good Environmental Status (GES). The Maritime
Spatial Planning Directive (MSP-2014/89/EU), which
aims to improve the management and sustainable
use of maritime space through ecosystem-based
planning, also represents an important regulatory
framework through which Posidonia meadows are
indirectly protected. The Water Framework Directive
(WFD-2000/60/EC) refers in Annex V to marine
phanerogams, including P. oceanica, as Biological
Quality Elements (BQE) used to assess the ecological
status of coastal waters.

The Environmental Impact Assessment Directive
(2014/52/EU), although not specifically addressing
Posidonia, also establishes that activities that may
have significant impacts on marine ecosystems
(including Posidonia meadows) must undergo
environmental assessment to prevent environmental
damage and ensure sustainability.

The degradation of Posidonia meadows affects
many Mediterranean countries, making a regional
approach necessary for their protection; this
approach has been implemented through the
Specially Protected Areas Regional Activity Centre
(SPA/RAC) of the Mediterranean Action Plan (United
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Nations Environment Programme/Mediterranean
Action Plan-UNEP/MAP), which assists the contracting
parties to the Barcelona Convention in fulfilling
their obligations under the SPA/BD Protocol and
the regional action plans dedicated to threatened
habitats and species. This approach has recently
been strengthened through the Mediterranean
Posidonia Network (MPN), an initiative launched
following the Natura 2000 biogeographical process
networking event organised by the Hellenic Centre
for Marine Research and supported by the European
Commission in 2019. The network aims to prevent
vessels from anchoring on Posidonia meadows,
promoting actions to safeguard these habitats. The
objective is to protect 100% of threatened Posidonia
meadows by 2030 (Salomidi et al., 2020; Pergent-
Martini et al., 2024).

The European Green Deal (2020)focuses on protecting
and restoring nature, stating that the European
Commission will identify measures, including
regulatory ones, to help Member States improve
and restore damaged and carbon-rich ecosystems,
bringing them back to a good ecological status. The
Green Deal also emphasised that all EU actions and
policies should converge to enable the Union to
achieve a just transition towards a sustainable future.
At the same time, it highlights that protection alone
is not sufficient: reversing biodiversity loss requires
stronger efforts to restore nature across the EU, both
inside and outside protected areas (Pansini et al.,
2024). The Commission has therefore committed to
proposing legally binding targets for the restoration
of degraded ecosystems within the EU, particularly
those with the greatest potential for carbon removal
and storage, as well as measures aimed at preventing
and reducing the impacts of natural disasters.

These objectives have led to the publication of the EU
Nature Restoration Law (Regulation (EU) 2024/1991 of
the European Parliament and of the Council of 24 June
2024 on nature restoration and amending Regulation
(EU) 2022/869, which establishes as its overall
objective the long-term and sustained recovery of
biodiversity and the resilience of nature across both
terrestrial and marine areas of the European Union
through ecosystem restoration. By promoting the
restoration of degraded ecosystems, the regulation
also contributes to the achievement of the Union’s
climate mitigation and adaptation objectives and to
fulfilling its international commitments. To achieve
these goals, the regulation introduces a set of legally
binding restoration targets and obligations covering
a wide range of ecosystems. These measures
should cover at least 20% of the EU's terrestrial
and marine areas by 2030 and all ecosystems in
need of restoration by 2050. The proposal is also
supported by an implementation framework aimed
at translating these objectives into concrete actions
through the preparation and implementation of
national restoration plans.

To this end, the Italian National Recovery and
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Resilience Plan (PNRR), within the MER (Marine
Ecosystem Restoration) project, implemented large-
scale interventions to restore and protect seabed and
marine habitats in national waters, with the objective
of reversing the degradation of Mediterranean
ecosystems and enhancing their resilience to climate
change. The PNRR MER project includes both passive
restoration measures through the installation of
mooring fields, and active restoration interventions
through large-scale restoration of P. oceanica
meadows (Habitat 1120), coralligenous habitats
(Habitat 1170 Reef) and Cystoseira habitats (Habitat
1170).

Despite the conservation measures described so far,
the Mediterranean Sea has experienced a significant
decline in the extent of P. oceanica meadows over the
last50years, estimated at approximately 34% (Telesca
et al, 2015). In the north-western Mediterranean the
decline has been estimated at up to 56% (Oprandi et
al., 2021; Robello et al., 2024; De Luca et al., 2025).
This decline is mainly attributed to cumulative effects
of multiple local stressors, although anchoring and
recreational boating appear to be the main causes
(Boudouresque et al.,, 2009; Telesca et al., 2015).
Anchoring impacts affect P. oceanica both at the
individual and meadow level. At the individual level,
anchoring directly causes the uprooting of leaves
and rhizomes (Montefalcone et al., 2008), whereas
at the meadow scale repeated disturbance leads
to reductions in shoot density and seagrass cover
(Francour et al., 1999).

Consequently, actions and projects aimed at the
protection and restoration of P. oceanica meadows
have increased significantly over the past two
decades, reflecting the growing attention paid to this
important habitat (van Katwijk et al., 2016; Signa et
al, 2024; UNEP/MAP-SPA/RAC, 2024; De Luca et al.,
2025). Furthermore, restoration efforts aimed at
mitigating or compensating for seagrass losses have
also enhanced the ecosystem services provided by
these habitats (Paling et al., 2009; Mancini et al., 2019;
Monnier et al., 2020; Montefalcone, 2024).

The aim of the “Operational protocol for the
restoration of Posidonia oceanica meadows (Habitat
1120%):techniquesand procedures”, developed within
the framework of Action C.5 of the LIFE SeaForest
Project, is to provide sector operators (operators of
Marine Protected Areas, National Parks, etc.) and
stakeholders with detailed indications and practical
guidelines onthe main restoration techniques applied
during the project. In this document, restoration
refers to activities aimed at re-establishing meadow
continuity through a “mending approach”, based on
the insertion of P. oceanica patches within mosaics of
degraded meadow and dead matte. In recent years, in
fact, several studies have highlighted that restoration
activities in Posidonia oceanica meadows based on
a mending approach may prove more effective and
easier to manage than other restoration methods,
such as transplanting shoots from donor meadows

(La Porta & Bacci, 2022; Pergent-Martini et al., 2024).
The approach adopted in the project did not require
the removal of shoots from donor meadows, thus
avoiding disturbance to healthy meadows and
indirectly contributing to their conservation. As
in transplant-based approaches, the successful
implementation of this approach requires a rigorous
protocol, including accurate site characterisation and
site selection, as well as the identification of suitable
environmental conditions for restoration success.
Measures must be adopted to reduce or eliminate
any pressures and impacts that could compromise
restoration outcomes (van Katwijk et al., 2016; Pansini
etal., 2024).

This protocol not only describes the methodologies
and techniques applied during the SeaForest Project
activities but also builds upon the experience gained
to provide specific recommendations, useful for
optimising future restoration activities in P. oceanica
meadows.

The LIFE SeaForest Project

The LIFE SeaForest Project “Posidonia meadows as
carbon sinks of the Mediterranean” (LIFE17 CCM/
IT/000121), approved and funded under the LIFE
Programme, Sub-programme ‘Climate Action 2017,
within the priority area of climate change mitigation,
aimed to enhance the carbon sequestration capacity
of Posidonia oceanica meadows through a series of
actions designed to strengthen and protect this key
habitat. To this end, carbon stocks were quantified
and rates of change associated with degradation
caused by boat anchoring and mooring activities
were estimated in the different project areas (Santa
Maria di Castellabate Marine Protected Area, Costa
degli Infreschi e della Masseta Marine Protected
Area - Cilento, Vallo di Diano e Alburni National
Park; Asinara Island Marine Protected Area - Asinara
National Park; La Maddalena Archipelago National
Park). The project also included the implementation
of actions aimed at reducing habitat degradation
caused by anchoring activities, including the
development of mooring management plans, the
installation of environmentally sustainable mooring
systems, and the removal of obsolete moorings
system which, in addition to directly damaging
the meadow, also compromise the associated
biodiversity. Furthermore, one of the project
objectives was the enhancement of degraded
meadows through restoration activities targeting
dead matte areas within degraded Posidonia beds.
In addition to meadow protection, the project also
aimed to quantify the economic benefits associated
with conservation actions, with the aim of creating a
carbon credit market.

The conservation and restoration of Posidonia
oceanica meadows therefore represented central
themes ofthe project. The interventionsimplemented
are expected to actively contribute to restoring the
structure and functionality of the habitat, promoting

meadow regeneration and the restoration of its
ecological functions within a Nature-based Solutions
(NBS) perspective.

The project implemented two complementary types
of restoration, defined as “the process of actively or
passively assisting the recovery of an ecosystem to
improve its structure and functions, with the aim of
conserving or enhancing biodiversity and ecosystem
resilience. Thisincludes improving an area of a habitat
type to good condition, re-establishing a favourable
reference area, enhancing habitat quality and
extent for species, and meeting relevant targets and
obligations, including achieving satisfactory levels for
associated indicators” (Nature Restoration Law, 2024).
The interventions carried out comprised both active
and passive approaches. Active restoration involved
the “mending” of Posidonia oceanica matte damaged
by anchoring activities, whereas passive restoration
was achieved through the installation of mooring
fields to reduce vessel-induced impacts. Anchoring is
widely recognised as a major source of disturbance
to Posidonia meadows, as it can cause the physical
removal of rhizomes and shoots and uprooting of
the matte, reducing habitat complexity (Bianchi et al.,
2004; Luff et al., 2019). One of the main consequences
of anchoring-related disturbance is the formation
of bare patches consisting of dead matte or sand,
which promote meadow fragmentation, increase
habitat heterogeneity, and threaten the integrity of
associated ecosystems (Duarte et al., 2006). These
impacts lead to a reduction in shoot density and
increased habitat fragmentation, often associated
with the formation of blowouts and erosive channels.
Repeated anchoring can drive meadow regression,
resulting in habitat loss and a decline in ecosystem
services, including reduced oxygen production,
decline in nursery function, decreased biodiversity
and increased coastal erosion risk (Bianchi et al.,
2004; Duarte et al., 2006; Rovere et al., 2011; Luff et
al., 2019). To mitigate these impacts, the installation
of environmentally sustainable mooring systems has
become common practice in many areas, allowing
vessels to moor without damaging the meadows
(Francour et al., 2006; Luff et al., 2019).

71

Within the framework of the project, in addition to the
implementation of the above-mentioned passive and
active habitat restoration actions, a training course on
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P. oceanica meadow restoration techniques based
on matte “mending” was held in 2023. The course,
designed for staff from the protected areas involved
in the project, combined theoretical and practical
modules. Participants were trained in the collection
and use of P. oceanica cuttings, originating from
natural detachment or anthropogenic disturbance,
as well as stranded seeds. The operators identified
suitable collection sites and prepared the recovered
material for subsequent restoration activities.
Participants were then trained in the correct
placement of support structures for restoration
activities and were directly involved in matte
mending operations. These activities were carried
out both during the training phase and later applied
in selected areas within Asinara National Park
and La Maddalena Archipelago National Park. The
demonstration activities were performed by experts
from the University of Sassari in collaboration with
the Italian Institute for Environmental Protection
and Research (ISPRA). During these activities, four
different techniques for Posidonia oceanica matte
restoration were applied:

@ cuttings anchored to the substrate using metal
stakes;

cuttings anchored to the substrate by insertion
into natural fibre mats;

a8

@ cuttings anchored through insertion into natural
fibre mats reinforced with a metal mesh;

a8

cuttings anchored through insertion into
biodegradable mats.

[ 8 W SeaForest LIFE

Following the training, operators applied these
techniques in the selected areas, carrying out
restoration activities based on matte mending.

At the end of the planned restoration activities, the
present operational protocol was developed, with
the aim of providing clear guidelines for continuing
the activities even after the end of the project. This
protocol represents an extension of the “Manual
of good practices for the reuse of stranded seeds,
seedlings and Posidonia oceanica cuttings removed
by storms events and anchoring activities” (Maltese
etal., 2021), published in 2021 within the framework
of the project. The manual, defined on the basis
of existing studies and other projects outcomes,
aimed to provide practical guidance for the proper
management and reuse of stranded seeds, seedlings
and cuttings of Posidonia oceanica, suggesting
flexible solutions adapted to site-specific conditions.
Initially developed to support operators, it has
now been expanded and updated, based on direct
field experience and best practices emerging from
the implementation of restoration activities, also
considering recent technological developments.
The protocol is designed to provide both local
and non-local operators with a comprehensive
set of technical, methodological, and practical
recommendations, enabling the autonomous
implementation of restoration activities. It is
grounded in a long-term perspective focused on
sustainability and replicability, with the aim of
facilitating the transfer of these techniques to
other areas and ensuring lasting positive outcomes
beyond the end of the project.

1. Planning Posidonia oceanica meadow

restoration

Growing awareness of the ecological, economic,
and social benefits provided by Posidonia oceanica
meadows, together with increasing concern over their
widespread degradation, has led to the development
of a range of approaches aimed at minimising
human impacts on this habitat and strengthening
conservation and management efforts (Alagna et
al., 2019). However, conservation alone may not be
sufficient to promote meadow recovery. In many
cases, active restoration is required to accelerate the
natural recovery processes of seagrass meadows
(Meinesz et al.,, 1990, 1991; Molenaar & Meinesz,
1992; Calumpong & Fonseca, 2001; Boudouresque et
al., 2006; Alagna et al., 2019; Pergent-Martini et al.,
2024).

Posidonia oceanica meadow mending, understood
as small-scale restoration activities involving
the use of cuttings, seeds, and seedlings within
degraded patches of the meadow (Calvo et al., 2021;
Pansini et al., 2024), is increasingly recognised as a
promising strategy to enhance ecosystem recovery
and resilience. These activities represent practical,
small-scale restoration actions, and recent studies
report encouraging outcomes in terms of restoration
success (Borum et al., 2004; Diaz-Almela & Duarte,
2008; Carannante, 2011; La Porta & Bacci, 2022).

Planning restoration activities relies on two key
aspects: the identification and characterisation
of suitable sites, and the selection of appropriate
techniques and materials. In addition, achieving
successful outcomes requires the elimination, or at
least a substantial reduction, of the pressures that
have led to meadow degradation, thereby ensuring
favourable conditions for natural recovery processes
(Pergent-Martini et al., 2024).
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Decision-making for restoration

A priori knowledge

. Legal and ethical
Replicate or Reinforce ISSUeS

Figure 1.1- Diagram showing different aspects of the restoration of marine phanerogams (image taken from Pazzaglia et al., 2021
(https://www.mdpi.com/water/water-13-00829/article_deploy/html/images/water-13-00829-g001.png).

The identification and characterisation of areas
suitable for restoration represent a fundamental
step in the implementation of restoration activities.
Site selection is widely recognised as a critical factor
influencing the success of seagrass restoration efforts
(Pirrotta et al. 2015; Pergent-Martini et al., 2024;
UNEP/MAP-SPA/RAC, 2024). Site characterisation
involves several key steps (La Porta & Bacci, 2022; De
Luca et al., 2025):

@ preliminary screening based on existing data;

0 remote investigations, including satellite imagery,
biocenotic mapping, and, where available,
geophysical acquisitions;

@ assessment of hydrological and hydrodynamic
conditions, sedimentation rates and water
quality;

0 evaluation of environmental and anthropogenic
pressures, together with the identification of
mitigation measures;

(0 preliminary in situ surveys before the restoration
activities.

The selection of restoration techniques and materials
is strongly influenced by the characteristics of
the area, particularly the presence of dead matte,
water depth, the extent of the area and its spatial
configuration. In addition, the availability and type of
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plant material can also play a key role in determining
the most appropriate approach. Many techniques
commonly used in large-scale mitigation projects,
such as the translocation of seagrass sods (Bacci &
La Porta, 2022), are not suitable for matte mending
activities, which require methods adapted to small-
scale applications, as in the case of the LIFE SeaForest
Project.

Preliminary screening based on existing data
Areas selected for matte mending activities should
be identified among impacted areas, degraded
by anthropogenic pressures, such as anchoring
and fishing activities. To exclude unsuitable areas,
it is necessary to acquire data from scientific
literature, grey literature and open-access data
sources, including data on habitat distribution,
bathymetry, and the structural, functional and
ecological descriptors of the meadow (La Porta &
Bacci, 2022). Restoration should be carried out in
sites where the pre-existing presence of P. oceanica
meadows has been documented (Pergent-Martini et
al., 2024), as well as in areas close to well-preserved
meadows or within degraded patches embedded
in otherwise healthy systems. Furthermore, all
available information should be carefully verified, as
restoration efforts are unlikely to be effective if the
causes of meadow loss are not clearly understood
(Pergent-Martini et al., 2024).

Remote investigations

Mapping and characterisation of the target area
should rely on an integrated approach combining
multiple methods, ranging from satellite imagery to
acoustic surveys (e.g. single- and multi-beam echo
sounders, side scan sonar), as well as the use of
remotely operated vehicles (ROVs) or cameras, up
to direct observations by scuba-diving operators (La
Porta & Bacci, 2022). Where available, time-series
satellite imagery can be used to assess the temporal
dynamics of the meadow and, consequently, the
suitability of the site for plant growth.

Benthic communities, with particular attention to
habitats and species of conservation interest, should
be clearly identified and mapped. In the case of P.
oceanica meadows, surveys should allow for the
differentiation of substrate types and meadow
condition. Themainstructural descriptor of P. oceanica
meadow is shoot density, defined as the number of
shoots per unit area (shoots/m?). As this parameter
varies with depth and environmental conditions (e.g.
light availability and substrate), it represents a good
indicator for long-term assessments of meadow
vitality, as it shows limited seasonal variability
and remains relatively stable throughout the year
(Pergent et al., 1995).

Hydrological and hydrodynamic conditions,
sedimentation rates and water quality

For the characterisation of suitable sites for matte
mending, hydrological, hydrodynamic and water
quality assessments are essential (La Porta & Bacci,
2022). Hydrological investigations provide key
information on environmental conditions relevant to

plant growth and survival, including depth, salinity,
and temperature. Hydrodynamic assessments
are crucial for understanding sediment transport
processes, underwater environmental dynamics,
and the presence of bottom currents. Water quality
assessments should ensure the absence of any
contamination that could negatively affect plant
growth. The use of sediment traps can support
the evaluation of site suitability by quantifying
sedimentation rates, which are critical for plant
survival (De Luca et al., 2025).

Evaluation of environmental and anthropogenic
pressures

The evaluation of environmental and anthropogenic
critical issues (e.g. fishing, boating, contamination,
infrastructure construction) is a key step, as it
allows the identification of the main factors that
have affected, or continue to affect, the condition
of this habitat. The development of appropriate
management and mitigation measures involves the
implementation of targeted actions, such as reducing
uncontrolled anchoring through the installation of
single mooring buoys and, where necessary, larger-
scale solutions such as mooring fields, the protection
of selected meadow areas, and the application of
restoration techniques, including matte mending.
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2. Recovery, preparation and temporary
storage of biological material for
Posidonia oceanica meadow restoration

Collection of plant material

Plant material of Posidonia oceanica used for matte
mending should be collected without causing
damage to natural meadows. Suitable material
includes stranded or floating fruits (Fig. 2.1) as well
as rhizome fragments.

Rhizome fragments may be orthotropic or
plagiotropic and can be collected from drifting
material on the seabed (Piazzi et al., 2021; Acunto
et al., 2023; Frau et al, 2023), resulting from
storm events or human activities. Once cut to a
predefined size, these fragments are referred to
as “cuttings” and may include one, two, three or
more leaf shoots (Piazzi et al., 2021). The collection
of naturally uprooted rhizome fragments requires
the preliminary identification of accumulation
areas (Balestri et al., 2011) (Fig. 2.2), which can be
visited following storm events to retrieve suitable
material (Fig. 2.3). Seeds can be obtained from
fruits collected on beaches and then transported
manually to the seabed.

Figure 2.1.a

Figare2.2, = Vi

Figure 2.3

Transport and preparation of plant material
The transport and preparation of collected plant
material are critical steps for plant survival,
as particular care must be taken to prevent
deterioration, especially due to desiccation. To
preserve its integrity, the material should be kept
in containers filled with seawater, which should be
regularly replaced to maintain suitable temperature
conditions for the cuttings (Fig. 2.4).

Alternatively, during transport, the material may be
covered with sheets or stored in jute bags (Fig. 2.5).
In both cases, it is essential to maintain adequate
moisture levels by regularly wetting the covering
materials with seawater or keeping them in contact
with seawater. During the preparation phase, the
material should also be kept in seawater as much
as possible (Fig. 2.6).

Cuttings can be prepared in different ways
depending on the selected fixation technique. For
instance, insertion into nets or mats is not suitable

Figure 2.1. Stranded Posidonia oceanica fruits (2.1.a; M. Pulcini) and stranded fruit with seed (2.1.b; S. Acunto).
Figure 2.2. Accumulation area of P. oceanica rhizome fragments uprooted by storms (M.F. Cinti).

Figure 2.3. Collection of P.oceanica cuttings (S. Acunto).

W12 SeaForest LIFE

for large and highly branched cuttings, which may
instead be more appropriate for fixation using
stakes or metal supports. There is therefore no
single optimal cutting structure; however, some
general recommendations can be provided:

@ alength of 10-20 cm for both plagiotropic and
orthotropic cuttings; optimal material consists
of plagiotropic rhizomes 10-30 cm long, each

IFigure 2.4

Figure 2.5

Figure 27': S P r ;

Figure 2.8. Metal mesh incubator for seeds and seedlings.

bearing 2-4 shoots, preferably with roots in
good condition, although orthotropic shoots
may also be used;

@ trimming of roots to facilitate anchorage to the
substrate;

(0 clean cutting using scissors to minimise the cut
surface area and reduce the risk of infections.

Temporary storage of plant material

Both cuttings and seeds/seedlings can be
maintained in temporary storage for a certain
period before being used in matte mending
activities.

For example, cages fixed to the seabed can be used
(Fig. 2.7). These structures should have appropriate
dimensions and mesh sizes to allow exposure to
light and water movement, while ensuring stable
anchorage to the substrate (e.g. using stakes).
Seeds and seedlings can also be maintained in
smaller incubators made of metal mesh (Fig. 2.8).

Figure 2.7. Cages used for the temporary storage of cuttings (M.F. Cinti).

Figure 2.4. Posidonia rhizome fragments kept in seawater after col-
lection (M. Pulcini).

Figure 2.5. Tank and jute bag used for transport and storage.
Figure 2.6. Preparation of plant material for restoration

(M. Pulcini).

Figure 2.8
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3. Restoration using metal stakes

Brief description of the technique
The technique involves the use of metal stakes of
varyingsize and shape to anchorindividual cuttings
to dead matte substrates. It was first applied in
transplantation of Zostera marina (Fonseca et al.,
1982). Subsequently, it has been widely used for
restoration of Posidonia oceanica on dead matte,
as well in experimental studies aimed at assessing
the effectiveness of metal stakes as an anchoring
system (Mancini et al., 2022).
The main advantages of this technique include
its ease and speed of implementation by divers,
its environmental sustainability, since the metal
stakes undergo natural corrosion over time
and the high survival rates achieved (Bacci & La
Porta, 2022). It is particularly suitable for areas
characterised by high
fragmentation and
heterogeneity of dead
matte surfaces (Frau
et al., 2024). In most
applications, U-shaped
stakes measuring
15-20 cm in length

have been used (Fig.
Figure3.1 3 1)

Cuttings are anchored to the matte using one or
two stakes (Fig. 3.2). Each cutting may consist of an
orthotropic rhizome or, preferably, a plagiotropic
rhizome fragment bearing 2-3 shoots (Fig. 3.3).

Divers manually place each cutting, fixing it to the
substrate using one or two stakes, depending on
the length of the cutting. The stake is inserted by
hand as far as possible. This operation must be
carried out with great care to avoid damaging or
breaking the rhizome during anchoring.

Cuttings are arranged randomly while maintaining
relatively uniform spacing, and are grouped into
planting units (referred to as “plots” in previous
studies; Piazzi et al.,, 2021), hereafter termed
clusters, with approximately 10-12 cuttings per
m2.

Results obtained to date with this method are
encouraging and suggest that this approach
represents a viable solution for restoring the
integrity of highly fragmented meadows within
relatively short timeframes and without the need
for expensive equipment. In addition, restored
areas appear comparable to natural ones (Fig. 3.4),
and the possibility of removing the stakes after
successful rooting ensures a substrate free of
artificial materials, highlighting the sustainability
of this technique compared to others.

However, stake removal should be carefully
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evaluated on case-by-case basis and avoided
where it may cause damage to the cuttings.
Ardizzone et al. (2022) reported that, after 4
years, the metal stakes exhibited a reduction in
thickness of approximately 20%, reaching up to a
50% in the most exposed sections. It is therefore
estimated that complete degradation may occur
within 8-24 years, resulting in a limited long-term
environmental impact (Bacci & La Porta, 2022).

Figure 3.3

.

Fig. 3.1. Example of stake used to anchor P. oceanica cuttings on
dead matte.

Fig. 3.2. Anchoring of a cutting to the seabed (M.F. Cinti).

Fig. 3.3. Cuttings anchored to the matte using metal stakes (M.F.
Cinti).

Fig. 3.4. Restored P. oceanica patch (M.F. Cinti).

4. Restoration using biodegradable

geocomposites

Brief description of the technique
The technique involves the use of “R.E.C.S.® - Cocco”
geocomposites (Reinforced Erosion Control System)
as anchoring support for cuttings, seeds and/or
shoots of Posidonia oceanica. The system consists of
a metal reinforcing element made of double-twisted
hexagonal mesh (8 x 10 cm; wire diameter: 2.70 mm)
coupled, during the manufacturing process, with a
natural coconut-fibre mesh (biomat).
The latter has an aerial mass (mass per unit surface
area) of 700 g/m2 and exhibits good mechanical
resistance to longitudinal tensile stress (= 20 kN/m).
Geocomposites are typically supplied in rolls
measuring 50 x 2 m (Fig. 4.1) and can be easily cut
to obtain mats of different sizes according to specific
requirements. Mats ranging from 5 m to 12.5 m in
length and 2 m in width have shown high stability
and anchoring performance.
200 @@ The mats, which act
S Bl s support for the
% plants, are laid on the
B seabed, preferably
Y consisting of dead matte,
®\ land anchored to the
4 substrate using simple
' stakes made of metal
= rods (ribbed reinforcing
steel bars), 100-120 cm
long. One end of each
< rod is bent into an “L"
1 shape to ensure that the
mat remains firmly in contact with the seabed.

Figure 4.1

Installation procedure

The first step involves the dry preparation of the
biomats, which are cut to the required dimensions
(Fig. 4.2).

Once prepared, the mats can be handled without
the need for specialised loading equipment and
transported, together with the anchoring stakes,
even on small vessels less than 10 m in length. At
the deployment site, all materials are lowered to the

Figure 4.3

Figure 4.5

Figure 4.6

Figure 4.1. Roll of “R.E.C.S.® - Cocco” geocomposite (M. Pulcini).
Figure 4.2. R.E.C.5.® - Cocco” geocomposites ready for instal-
lation (S. Acunto); Figure 4.3. R.E.C.S.® - Cocco” geocomposites
fixed to the seabed (S. Acunto); Figure 4.4. linsertion of cuttings
into the biomats (S. Acunto); Figure 4.5. Recolonisation clusters
of Posidonia oceanica cuttings (S. Acunto); Figure 4.6. P. oceanica
seedlings inserted into the biomats (V. Paoletti).
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seabed, where they can be easily handled by divers,
who proceed to lay the mats and anchor them to
the substrate using stakes (Fig. 4.3). The stakes are
driven into the substrate using 5 kg hammers. To
ensure adequate stability, approximately one stake
per square metre of biomat is required.

Once collected, the plant material is selected based
on its vitality and prepared to facilitate underwater
insertion into the meshes of the coconut-fibre mats.
Plagiotropic cuttings (bearing two or more shoots), as
well as seeds and/or seedlings are preferred.

The plant material is then inserted underwater into
the biomats (Fig. 4.4), forming recolonisation clusters
of at least 20-30 cuttings/m? (Fig. 4.5). The centre
of each cluster should be spaced at least 1T m from
adjacent clusters, resulting in a regular grid-like
(checkerboard) arrangement corresponding to the
area of the installed mats (Fig. 4.6).

All underwater operations must be carried out
by qualified personnel: commercial divers for the

2y
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installation of the biomats, and certified scientific
divers for all activities involving the handling of plant
material.

Use of coconut-fibre mats without metal
reinforcement

Coconut-fibre mats can also be used without metal
reinforcement. Itis typically supplied inrolls 1 mwide,
which can be cut to the desired length depending on
specific requirements. However, strips shorter than
3 m are not recommended, as they may be prone to
fraying, while lengths exceeding 10 m may be more
difficult to handle during transport and installation.
The mats can be anchored to the seabed using the
same stakes used for “R.E.C.S."” geocomposites. In the
absence of metal reinforcement, a higher number of
stakes is recommended to ensure proper adhesion
of the coconut-fibore mesh to the dead moatte.
Specifically, the use of one stake per metre along the
edges, in addition to one stake per square metre at
the centre of the mat, is suggested.

This technique has shown good performance, with
high ease of installation. In this case, deployment

does not require commercial divers but can be
carried out by appropriately trained divers, while still
ensuring effective anchorage of the cuttings (Fig. 4.7).
Furthermore, the technique is highly versatile and
particularly suitable for small, scattered patches of
dead matte within seagrass meadows, such as those
resulting from frequent and widespread anchoring
disturbances.

Advantages and environmental sustainability

The use of geocomposites reflects an innovative
approach derived from ecological engineering
principles. This approach is based on mimicking
emergent properties of the plant that can promote
self-facilitation processes (Temmink et al., 2020).
Many marine organisms can reduce physical stress
through emergent properties that enable them
to survive under otherwise adverse conditions.
Posidonia oceanica, for instance, can form a secondary
substrate, known as matte, which allows the plant to
modify the physical properties of the surrounding
environment and colonise otherwise unsuitable
substrates. Biomats mimic this emergent property

Figure 4.8

of P. oceanica, promoting not only the anchoring of
cuttings and seedlings, but also sediment trapping,
substrate stabilisation and development of algal
assemblages like those associated with natural matte
(Fig. 4.8). This is particularly relevant as it supports
the recovery of both the structure and functions
of ecosystems comparable to natural seagrass
meadows, contributing to the restoration of degraded
habitats (Valdez et al., 2020).

Figure. 4.7. P. oceanica clusters fixed to seabed using coconut-fi-
bre mats (M.F. Cinti).
Figure. 4.8. Restored area one year after restoration (S. Acunto).




5. Restoration using bioplastic mats

Bioplastic mats are made of poly(butylene succinate-
co-adipate) (PBSA). The developments achieved so far
result from a collaboration between the Department
of Civil and Industrial Engineering of the University
of Pisa and ASA Azienda Servizi Ambientali S.p.A.
(Livorno), which led, after several years of research,
to the production of a mesh with good mechanical
resistance (Fig. 5.1).

The aim of the study was to identify a bioplastic
material capable of supporting the establishment
of P. oceanica cuttings, allowing them to root and
remain  stable  on
the seabed over an
adequate period. The
selected bioplastic
derives from a research
launched in 2019, which
. evaluated different
bioplastics and their
biocomposites in terms
of biodegradation
rates and the decay of
mechanical properties
| overtime. Experimental
~ trials were conducted in
an open-circuit tank at
the Livorno Aquarium
- 3§ (Figure 5.2) (Strangis et
" al, 2023).

The study led to

: l-' a,u the selection of
B = \%%%ﬂ;&t‘-' two commercially

‘Figure 5‘& 11“'!-:‘,11:*\;%%1 available  bioplastics,
Lo E 5‘.;5,}'!1'5%7*1 0 poly(butylene

succinate-co-adipate) (PBSA) and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBHV),
both widely used in various applications but not
previously employed to produce nets for marine
restoration purposes.

Between the two materials, PBSA was preferred due
to its greater flexibility and improved processability.
Through a coating extrusion process, a thin glass
fibre was coated with this thermoplastic polymer.

The resulting product shows high performance and
versatility, with potential applications across multiple
sectors. The selected biopolymer exhibited excellent
biodegradability in different environments compared

Figure 5.1. Bioplastic mat used for restoration.

Figure 5.2. Experimental setup for biodegradation testing (from
Strangis et al, 2023).

Figure 5.3. Bioplastic mat positioned on dead matte (M.F. Cinti).
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.. to other biodegradable
polymers, while
providing sufficient
- mechanical resistance
to wave action and the
flexibility required to
~ support the proper
growth of cuttings.
The net degrades
in seawater over a
timeframe compatible
with the rooting of
Posidonia oceanica,
typically ranging from
12 to 24 months,
depending on the
. thickness of the coating.
~* " The bioplastic net can
“° . be used in strips 1 m
wide and of variable
length depending
on site-specific
requirements; however,
a maximum length of 10
m is recommended. The
| strips are anchored to
the seabed using metal
stakes, approximately
1 m in length and bent
into an “L" shape, like
those used for coconut-
fibre mats (Fig. 5.3).
Dead matte of P.
" oceanica has proven to
be the most suitable
substrate for this technique, although good results
have also been obtained on sandy substrates.
However, it is essential to avoid areas characterised
by high hydrodynamic conditions, as the lower weight
of the material may lead to its displacement from the
seabed.
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6. Restoration using bioplastic

anchoring modules

Description of the anchoring system

Bioplastic anchoring modules, designed as support
systems for the anchoring of plant material in
marine environments, represent an innovative
product patented by Biosurvey S.r.l. (patent no.
0001400800/2013; European Design no. 003000686-
0001/2016; patent no. 102015000081824/2018). The
system was first tested in 2011-2012 on a sandy
seabed within the Capo Gallo - Isola delle Femmine
Marine Protected Area at a depth of 12 m, and on
a Cymodocea nodosa and dead matte seabed in
Mondello (Palermo) at a depth of 6 m (Calvo et al.,
2014).

The anchoring system consists of a radial structure
entirely made of naturally derived bioplastic material
(Mater-Bi®), which can be anchored to the seabed
using a quick-fixing stake (Fig. 6.1). Depending on the
substrate type (dead matte, sand or mixed), stakes of
different lengths can be used.

Cuttings are fixed to the arms using hook-and-
loop ties, while the connections between the arms,
the central node, and the stake are based on a
bayonet coupling system. Given that Posidonia
oceanica rhizomes have an elliptical cross-section,
the cutting holder within each arm is designed with
an oval shape to improve retention and enhance
anchorage efficiency. This configuration, inspired by
natural geometries (Marba & Duarte, 1998), mimics
the natural colonisation patterns of P. oceanica.
The system also allows the attachment of seedlings
through appropriately sized fastening elements.

The bioplastic material used to manufacture
the anchoring modules (MaterBi®) showed no
toxic effects on marine organisms and exhibited

Figure 6.1. Details of the anchoring module made
of biodegradable material (Mater-Bi®) (patent no.
102015000081824/2018 Biosurvey S.r.l.; European Design
no. 003000686-0001/2016).
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biodegradation times compatible with those required
for the rooting and stable anchorage of cuttings to
the substrate at the restoration site (Campani et al.,
2020). Marine biodegradation performance was also
verified by Certiquality within the Environmental
Technology Verification (ETV) pilot programme,
which assesses the performance of innovative
environmental technologies with potential impacts
on human health and the natural environment
(Biosurvey, 2021a).

The anchoring module enables the implementation
of restoration activities for P. oceanica using a low
environmental impact system that allows rapid
placement of plants on the seabed, promotes
establishment and growth, and supports the natural
development dynamics of the meadow (Calvo et al.,
2014).

The system is based on the following principles:

0 the extensive use of biodegradable and
compostable plastic materials, ensuring that the
supporting structure of the cuttings degrades
after the rooting phase;

[ the modular design of the system, allowing high
flexibility in seabed coverage strategies and
adaptability to different plant species;

@ the simplification of anchoring techniques to
improve installation efficiency and reduce costs;

(0 the use of bio-inspired geometries that simulate
the natural colonisation patterns of the seabed
by the plant.

Method of execution

The first phase of a restoration project using
biodegradable modules involves identifying the most
suitable area, ensuring that existing pressures that
could damage the structure or limit plant growth are
eliminated or minimised.

Once the site has been selected, the working area is
prepared by installing the stakes designed to support
six anchoring modules. The diver positions the tip of
the stake on the seabed and, using a dedicated driver
(manual or pneumatic), inserts it into the substrate
(Fig. 6.2) (Biosurvey, 2021a).

Plant material, collected from natural meadows
according to sustainability criteria (Diaz-Almela
& Duarte, 2008) or from previously identified
accumulation areas, is secured to the arms using
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anti-slip hook-and-loop clips (Fig. 6.3).

The pre-assembled radial structure is then
transported to the restoration site using dedicated
carriers and fixed to the head of the stake through a
bayonet coupling system (Fig. 6.4-6.5).

To emulate the natural colonisation processes of P.
oceanica and the long-term maintenance of meadow
structure, anchoring supports can be arranged into
modules composed of multiple units positioned
close to one another. This configuration mimics a
patch containing approximately 60 cuttings, each
bearing at least three shoots (Fig. 6.6-6.7).

The collection of rhizomes or cuttings from natural
meadows, or those naturally detached, requires
careful planning, as plant material should be used
within 24 hours of collection to avoid additional stress
and increase the likelihood of restoration success.

Cuttings, preferably at least 15 ¢cm in length and
bearing at least 3 shoots, are collected by qualified
scientific divers with specific expertise in handling

Posidonia cuttings. The collected plant material
is then stored in jute bags and transported to
shore, kept immersed in seawater, for subsequent
processing (Bacci & La Porta, 2022).

Figure. 6.2. Preparation of the working area by installing stakes
using a driver (Biosurvey, 2021a).

Figure. 6.3. Cuttings secured to the module arms (Biosurvey,
2021a).

Figure 6.4. Anchoring of the pre-assembled radial structure to
the stake head (Biosurvey, 2021a).

Figure 6.3
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Figure 6.4
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> AT X_ﬁ{_i ) Figure 6.5. Rad.ial structure
#*+ P vl of the anchoring module

){-:{_ 4 (Biosurvey, 2021a).
K ){;{)i-.‘:{ Figure 6.6. Module
>* 3{':‘:— ){f{)i_)i‘ composed of 6 anchoring
){-D{" units (Biosurvey, 2021a).
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7. Monitoring and management of
Posidonia oceanica meadow restoration

Monitoring and management of P. oceanica meadow
restoration are essential to ensure the long-term
success of these efforts, particularly given the
relatively slow establishment and growth rates
of Posidonia oceanica. This requires long-term
monitoring to accurately assess the evolution of
restored areas.

A minimum period of 10 years can be considered
necessary to evaluate restoration success. However,
longer-term monitoring is required to assess
whether restored meadows achieve ecological
functions comparable to those of natural meadows.
Monitoring programmes can therefore be structured
across short-, medium-, and long-term phases, each
defined by specific indicators and timeframes (La
Porta & Bacci, 2022).

An initial monitoring survey should be conducted
within one year after the end of restoration activities
to assess technical success.

Short- and medium-term monitoring may include the
following descriptors:

0 condition of the restored areas and persistence
of clusters;

(0 survival rate of cuttings;
@ shoot density;

Figure 7;? b

@ phenological parameters (also measurable using
non-destructive techniques).

Long-term monitoring may include the following
descriptors:

0 spatial coverage of the area colonised by
transplanted Posidonia;

) mean absolute shoot density (expressed per m?)
within the restored area and in adjacent natural
meadows;

@ phenological and lepidochronological analysis of
both restored and natural meadows;

0 ecological descriptors, including associated flora
and fauna, to be compared with those of natural

meadows.

The condition of restored areas and the spatial
coverage of Posidonia can be assessed using visual
methods, including video surveys (Fig. 7.1) and
photogrammetric techniques (Rende et al., 2022) (Fig.
7.2).

Figure 7.1. Video-based monitoring of a restored area (L. Leone).
Figure 7.2. Photogrammetric reconstruction of a Posidonia ocea-
nica restoration area.

Figure 7.1 .
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Figure 7.3

The survival rate of cuttings, shoot density, and
selected phenological descriptors (e.g. leaf length
and percentage of brown tissue) can be estimated
through in situ measurements performed by divers
(Fig. 7.3-7.4).

In addition, associated flora and fauna, to be
compared with those of natural meadows, can be
monitored using traditional visual census techniques
and/or innovative soundscape analysis methods (La
Manna et al., 2024).

The management of restoration activities should
be considered an integral part of the overall
restoration process. It includes not only the initial
planting phase, but also site protection, regulation
of human activities and long-term monitoring.
Before the implementation of restoration activities,
it is essential to ensure an adequate and effective
level of site protection, which must be maintained

Figure 7.4
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throughout the monitoring period to prevent
harmful activities, such as fishing and anchoring,
from damaging or disturbing restored areas. To
achieve this, restrictions and enforcement measures
implemented by local competent authorities (e.g.
Harbour Masters and Marine Protected Area
authorities) should be strengthened. At the same
time, existing regulations for the conservation of
seagrass meadows should be enforced and, where
necessary, reinforced through the introduction of
more effective measures such as penalties and fines,
to ensure the success of restoration efforts (Pergent-
Martini et al., 2024).

Figure 7.3. In situ measurements performed by divers (M.Pulcini).
Figure 7.4. In situ measurements performed by divers (M.F. Cinti).

8. Restoration activities implemented
during the LIFE SeaForest Project

Although the ecological and economic relevance of
Posidonia oceanica meadows is widely recognised at
the international level, and this habitat is protected
by numerous regulatory frameworks at both national
and European level, the meadows are currently
undergoing significant regression in several areas
of the Mediterranean (Marba et al., 2014; Telesca
et al., 2015; Robello et al., 2024). The drivers of this
decline, including both natural and anthropogenic
factors, together with the slow rates of natural
recolonisation, haveled overtimetothe development
of restoration techniques aimed at supporting and/
or accelerating natural recovery processes (Meinesz
et al., 1991). However, considering that P. oceanica
is one of the slowest-growing Magnoliophyta in the
world, the recolonisation of restored areas proceeds
over long timescales. This reflects the fact that the
cuttings must root and gradually expand over
time to re-establish a meadow with characteristics
comparable to natural conditions.

Among the main pressures contributing to the
degradation and regression of Posidonia oceanica
meadows are mechanical disturbances, such as
those caused by bottom trawling (Telesca et al.,
2015) and anchoring by recreational vessels (Milazzo
et al, 2004). Anchoring activities create physical
disturbances that result in damaged areas of the
seabed, often leaving scars that recover only slowly;
in some cases, these scars may further expand
due to edge erosion. Within the LIFE SeaForest
Project, three pilot restoration interventions in
Posidonia oceanica meadows were carried out: one

in Campania, within the Cilento, Vallo di Diano e
Alburni National Park (Costa degli Infreschi e della
Masseta Marine Protected Area), and two in Sardinia,
within La Maddalena Archipelago National Park and
Asinara Island Marine Protected Area.

These activities were undertaken in response
to observed anchoring-related damage from
recreational vessels. The selection of the
most appropriate techniques required careful
consideration of the specific environmental
conditions of the impacted areas. Differences in
substrate type, depth, hydrodynamic regime, and
current patterns were considered.

These environmental factors can significantly
influence both the effectiveness of the applied
techniques and the ability of cuttings to root
successfully. Different restoration techniques,
previously applied successfully in other contexts,
were tested across the project areas.

The aim was to evaluate alternative approaches to
identify the most effective solutions in relation to
the specific characteristics of each site.

In Costa degli Infreschi e della Masseta MPA, the
restoration project was carried out by Biosurvey
S.r.l, an academic spin-off of the University of
Palermo.

For this intervention, patented modules made
entirely of biodegradable material (Mater-Bi®)
were used (Chapter 6). In the two study areas in
Sardinia, restoration activities were carried out by
planting cuttings and seeds on mats of different
types, including coconut-fibre mats reinforced with

Figure 8.1.1. Baia degli Infreschi. The small area in red indicates the location of the restoration site.
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metal mesh, and biodegradable mats, and using
metal stakes. In all three areas, restoration activities
were carried out using cuttings naturally detached
due to hydrodynamism or anchoring activities
(Boudouresque et al, 2000; Balestri et al, 2011;
Piazzi et al., 2021; Bacci & La Porta, 2022; Acunto et
al., 2023), collected near the restoration sites. In the
Asinara Island MPA, seeds collected from beaches
or found floating at sea were also used in addition
to cuttings.

Figure 8.1.2

AMP Santa Maria di Castellabate

Aree rilievi Multibeam e Side Scan Sonar

8.1. Cilento, Vallo di Diano e Alburni

National Park

Study area and restoration activities

The intervention was conducted within the Costa
degli Infreschi e della Masseta Marine Protected
Area, in Baia degli Infreschi, on a dead matte seabed
close to the shoreline (Fig. 8.1.1).

Site selection was based on a dedicated survey
campaign conducted in collaboration with Biosurvey
S.rl, an academic spin-off of the University of

Oygliastro M

Figure 8.1.3
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Palermo. The surveys were initially carried out in
both Santa Maria di Castellabate MPA (Fig. 8.1.2) and
Costa degli Infreschi e della Masseta MPA (Fig. 8.1.3).
The survey campaign employed technologies such
as Multibeam Echosounder (MBES) and Sub Bottom
Profiler (SBP), which enabled the acquisition of high-
resolution bathymetric data and detailed mapping of
the seabed. These techniques allowed identification
and mapping of Posidonia oceanica meadows, as well
as the estimation of matte presence and thickness,
providing essential information for ecological
assessment and the planning of restoration activities.

The site selected for restoration activities is in
Baia degli Infreschi (Costa degli Infreschi e della
Masseta MPA). It is characterised by shallow depth
(approximately -2 m) and is clearly visible from
the surface. In the surrounding area, Posidonia
is present with both continuous and patchy
distribution patterns. To support site selection, the
digital terrain model (DTM) and bathymetric data
derived from preliminary surveys conducted in 2021
using multibeam echosounder (Biosurvey, 2021b)
are presented (Fig. 8.1.4). These surveys enable
the identification of the most suitable area for the
intervention within Baia degli Infreschi.

To estimate the presence and thickness of the matte
within the area, surveys were carried out using a
Sub-Bottom Profiler. Data acquisition followed a grid
of survey lines spaced approximately 25 m apart,
covering a total length of about 6.8 km (Fig. 8.1.5)
(Biosurvey, 2021b).

The figure 8.1.6 shows an example of a profile
acquired within the area.

In addition, Baia degli Infreschi was identified as an
area highly affected by anchoring pressure. Surveys
conducted within the framework of Action C2
(mooring plan) allowed the assessment of pressures
associated with recreational boating, with particular
emphasis on anchoring activities. Seabed mapping
was carried outto identify areas suitable for anchoring
and those requiring protection, assigning the latter a
sensitivity level with respect to anchoring pressure.
The analysis of nautical traffic was performed using
Sentinel-2 satellite data, which enabled the estimation
of anchoring intensity and the identification of the
most frequently used areas. The integration of these
data with anchoring sensitivity information allowed
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Figure 8.1.2. Areas surveyed through geophysical investigations in
Santa Maria di Castellabate MPA (Biosurvey, 2021b).

Figure 8.1.3. Areas surveyed through geophysical investigations in
Costa degli Infreschi e della Masseta MPA (Biosurvey, 2021b).
Figure 8.1.4. Digital terrain model and bathymetry of the surveyed
area.

Figure 8.1.5. Survey lines acquired using a Sub-Bottom Profiler
(Biosurvey, 2021b).

Figure 8.1.6. Example of an acquired profile (Biosurvey, 2021b).

Figure 8.1.6 PRI
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the distribution and intensity of anchoring pressures
to be assessed (Fig. 8.1.7) (Brambilla et al., 2021a).
The intervention covered an area of approximately
50 m?2 Activities were carried out using cuttings
naturally detached by storm events and anchoring,
and subsequently accumulated within erosion
channels (Biosurvey, 2021a).

Atthe selected site, restoration activities were carried
out by installing the system, screwing the stakes into
the dead matte (Fig. 8.1.8). The anchoring module
consists of a five-arm radial structure designed to
accommodate cuttings/rhizomes, entirely made of
naturally derived bio-plastic material (Mater-Bi®),
and secured to the seabed using a quick-fixing
stake. The radial structure is modular, with a central
node fitted onto the stake and arms equipped with
supports arranged at an angle of approximately 41°,
to mimic the natural clonal expansion angle through
which the plant naturally colonises the seabed
(Marba & Duarte, 1998). This system also allows
the attachment of P. oceanica seedlings through
appropriately sized fastening supports.

On board the vessel, rhizomes and cuttings were
fixed to the arms of the biodegradable support
using hook-and-loop ties. A total of 30 cuttings were
attached to each anchoring module. The modules
were then fixed to the previously installed stakes
(Fig. 8.1.9). Overall, 7 patches, each composed of 6
supports, were deployed within the area (Fig. 8.1.10),
for a total of 42 anchoring modules and 1,260
cuttings.

Following installation, video-photographic data were
acquired and processed using photogrammetric
software, producing a detailed orthomosaic of the
restored area (Rende et al., 2022) (Fig. 8.1.11).

Monitoring and preliminary outcomes

In the Baia degli Infreschi site, short- to medium-term
monitoring (2-5 years) was carried out, analysing the
balance between initial losses and the subsequent
phase of expansion and growth. To assess the
effectiveness of the restoration, early monitoring
focused on quantifying cutting survival, measuring
growth, and evaluating the emergence of new shoots.
In addition, the scientific literature on P. oceanica
highlights that only long-term monitoring can provide
a robust assessment of restoration outcomes (Bacci
et al., 2019; Calvo et al, 2021). Monitoring of the
restored areawas carried out using photogrammetry,
a non-invasive survey technique particularly suitable
for obtaining high-resolution 3D reconstructions of
marine environments such as Posidonia oceanica
meadows, and for providing the spatial resolution
required for detailed and continuous monitoring.
Photogrammetric surveys were conducted with
the support of the Carabinieri Underwater Unit of
Naples. Photogrammetric targets were positioned
on the seabed as reference points to ensure proper
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Figure 8.1.8

Figure 8.1.12

Figure 8.1.7. Map of anchoring pressure across the seabed of
Costa degli Infreschi e della Masseta MPA (from Brambilla et al.,
2021a).

Figure 8.1.8. Preparation of the working area (Biosurvey, 2021a).
Figure 8.1.9. Installation of cuttings (Biosurvey, 2021a).

Figure 8.1.10. Restoration clusters (Biosurvey, 2021a).

Figure 8.1.11. Orthomosaic of the pilot restoration site in Baia
degli Infreschi (March 2021) (Biosurvey, 2021a).

Figure 8.1.12. Photographic equipment used during monitoring
surveys (M. Pulcini).

image geometry. The diver then acquired close-range
images (approximately 1.5 m above the seabed),
following both longitudinal and transverse transects
to ensure adequate image overlap, which is essential
for accurate reconstruction and mapping.

Images were acquired in time-lapse mode, enabling
the capture of a continuous sequence of frames,
using a high-resolution camera equipped with a
35 mm lens, housed in an underwater casing and
integrated with a GPS-RTK positioning system to
ensure georeferencing of the images. The camera
was also equipped with an appropriate lighting
system.

The georeferenced images were subsequently
aligned to create a single orthomosaic, namely a
high-resolution digital image providing an accurate
visual representation of the surveyed area.

For 3D reconstruction and orthomosaic generation,
the photogrammetric software Metashape was used.
This software processes the acquired images to
produce three-dimensional models, which are then
used to analyse the structure and condition of the
restored area, providing accurate data for monitoring
purposes. The image processing workflow for
orthomosaic generation follows these steps:

@ frames alignment: acquired images are aligned to
ensure correct positioning and orientation

(0 sparse point cloud generation: images are
processed to generate a sparse point cloud
representing the initial topographic structure;

@ dense point cloud generation: the model is
refined through the creation of a dense point
cloud, improving accuracy and level of detail;

@ mesh and texture generation: a 3D surface
mesh is generated and subsequently textured to
enhance visual representation;

0 orthomosaic generation.

The comparison of orthomosaics acquired at
different time points allows the assessment of
temporal changes in the distribution of Posidonia
oceanica meadows.

Between October 2021 and May 2025, a total of 7
monitoring surveys were conducted (19 October
2021, 24 May 2022, 11 October 2022, 24 October
2023, 23 July 2024, 1 October 2024, 20 May 2025) (Figs.
8.1.14-8.1.20). Monitoring activities were carried
out by ISPRA, with the support of the Carabinieri
Underwater Unit (Naples), through the acquisition
and subsequent processing of photogrammetric
surveys.
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Figure 8.1.13 Orthomosaic generation workflow.
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Survey T1 (19/10/2021)

Seven months after the installation of the modules,
the first monitoring survey of the pilot restoration
site was conducted on 19 October 2021. Video-
photographic data were acquired, indicating good
stability of the cuttings and a low mortality rate. In
addition, the establishment of Cymodocea nodosa
was observed within the restoration area, suggesting
the onset of successional processes and the potential
development of a climax-type recolonisation.

Figure 8.1.14 shows the orthomosaic of the site
obtained from the images acquired during the survey.

Figure 8.1.14. Orthomosaic of the pilot restoration site 7 months
after installation (T1).

Survey T2 (23/05/2022)

Fourteen months after the installation of the
modules, the second monitoring survey of the pilot
restoration site was conducted on 24 May 2022.
The mortality rate of the cuttings remained low, and
the video-photographic data revealed widespread
establishment of the brown alga Padina pavonica
within the restoration area, confirming the onset of
successional processes and the progression towards
a climax community. The loss of 2 modules was
also recorded. Figure 8.1.15 shows the orthomosaic
obtained from the images acquired during the survey.

Figure 8.1.15. Orthomosaic of the pilot restoration site 14 months
after installation (T2).

Survey T3 (11/10/2022)

Nineteen months after the installation of the
modules, the third monitoring survey of the pilot
restoration site was conducted on 11 October 2022.
The surveys revealed damage to some module arms,
including breakage.

Figure 8.1.16. Orthomosaic of the pilot restoration site 19 months
after installation (T3).
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Survey T4 (24/10/2023)

Thirty-one months after the installation of the
modules, the fourth monitoring survey of the pilot
restoration site was conducted on 24 October 2023.
The surveys revealed additional damage to the
module arms, including breakage.

Figure 8.1.17. Orthomosaic of the pilot restoration site 31 months
after installation (T4).

During the monitoring activities conducted in October 2023, October 2024 and May 2025, in addition to the
photographic surveys, the number of arms per module and the number of cuttings were recorded.
The results, reported for each module, are shown in Tab. 8.1.1. To date, out of a total of 210 arms (5 per

Table 8.1.1. Number of arms and rhizomes at 0, 31, 43 and 50 months after installation.

PATCH

MODULE

T0
(Mar. 21)

N°ARMS

T4
(Oct. 23)

T6
(Oct. 24)

7
(May 25)

TO
(Mar. 21)

N° RHIZOMES

T4
(Oct. 23)

T6
(Oct. 24)

7
(May 25)

5

1

0

0

30

5

3

2

30

30

30

Survey T5 (23/07/2024)

Forty months after the installation of the modules,
the fifth monitoring survey of the pilot restoration
site was conducted on 23 July 2024. Unfortunately,
the orthomosaic is partial due to lighting issues
during image acquisition. Despite this limitation,
the available images clearly indicate further loss of
module arms.

Figure 8.1.18. Partial orthomosaic of the pilot restoration site 40
months after installation (T5).
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Survey T6 (01/10/2024)

Forty-three months after the installation of the
modules, the sixth monitoring survey of the pilot
restoration site was conducted on 1 October 2024.
Analysis of the images indicates that many of the
module arms had been lost.

Figure 8.1.19. Orthomosaic of the pilot restoration site 43 mon-
ths after installation (T6).
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Survey T7 (20/05/2025)

Approximately four years after the installation of the
modules, the seventh monitoring survey of the pilot
restoration site was conducted on 20 May 2025.

Figure 8.1.20. Orthomosaic of the pilot restoration site approxi-
mately 4 years after installation (T7).
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modular structure), 156 are missing, corresponding
to a loss of approximately 74% over slightly more
than four years. Regarding rhizomes, out of the
1,260 cuttings initially installed, only 113 survived,
corresponding to a survival rate of approximately
9%.

In the monitoring surveys conducted in October
2023 and October 2024, the number of cuttings was
estimated exclusively from high-resolution images
acquired for orthomosaic generation. In contrast,
during the May 2025 monitoring survey, counts
were performed directly in situ by a diver and
subsequently verified through image analysis, with
the aim of assessing the associated margin of error.
The in situ count recorded 168 cuttings, compared
to the 113 identified from photographic analysis.

Based on these results, the estimated survival rate
increases to approximately 13%, rather than 9%
previously reported. The discrepancy between the
two counts can be attributed, at least in part, to the
difficulty of detecting Posidonia oceanica cuttings
in images, especially when they occur within areas
colonised by other benthic species, which may
obscure or visually overlap the leaf shoots.

Based on the monitoring results, it is evident that
the restoration intervention carried out in the
Cilento National Park did not fully meet the criteria
for success.

Over the four-year monitoring period, a marked
reduction in the number of anchoring modules was
observed, along with a corresponding decline in the
number of surviving cuttings, as reported in Table
8.1.1.

Although the ideal monitoring duration for a
restoration intervention is approximately 10 years,
several factors can be identified as the main drivers
of the partial failure observed in this case.

First, the selection of a shallow site (approximately
2 m depth), located within a sheltered bay and close
to a small beach frequented by bathers during the
summer season, was motivated by the intention to
implement awareness-raising and citizen science
activities (Biosurvey, 2021a), involving a wide range
of stakeholders (Cunha et al., 2012), particularly local
users such as bathers and recreational boaters.

However, the lack of adequate delimitation and
restriction of the restoration area, together with
the absence—despite being planned—of effective
signage and protection measures by the managing
authority, are considered among the primary causes
of the damage observed in the restored site.
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Figuré8.2.1

8.2. La Maddalena Archipelago National
Park

Study area and restoration activities

The area selected for restoration activities was
initially identified based on seabed surveys previously
conducted by IAS CNR UOS of Oristano within the
preparatory action A1 of the project (Brambilla et
al., 2019). A total of 16 ultra-high-resolution seismic
profiles, covering approximately 5,490 m, were
acquired using a high-resolution Sub Bottom Profiler.
Seismic data analysis allowed the estimation of the
thickness of sandy deposits, Posidonia oceanica matte,
and the presence of rocky substrates, providing a
comprehensive baseline of knowledge to support the
conservation of habitat 1120%.

Morpho-bathymetric surveys were conducted across
depths ranging from 2 m to 30 min the areas in front
of Santa Maria and Spiaggia del Cavaliere, while in
the Spiaggia Rosa - Cala di Roto area, depths reached
up to 50 m. Data were acquired at an operating
frequency of 400 kHz using an equidistant acquisition
mode, which ensures uniform spacing between depth
measurements and maximises horizontal resolution
(De Falco et al., 2016). Survey lines (Fig. 8.2.1-8.2.2)
were planned to ensure full coverage of the study
areas.

The study area of Porto della Madonna is located
within the La Maddalena Archipelago National Park
and extends over approximately 1.29 km? within a
shallow marine basin between the islands of Razzoli,
Santa Maria and Budelli. Seabed surveys previously
conducted by IAS CNR UQOS of Oristano enabled the

Figure 8.2.2

1Iam Isvm XMo@

identification of the main seabed morphotypes and
the estimation of sediment thickness across the area.
The upper limit of Posidonia oceanica meadows
ranges between -3 m (Spiaggia del Cavaliere) and -5
m depth. Acoustic signal penetration is significantly
reduced in areas characterized by matte, making
thickness estimation difficult in some locations.
Where degraded matte is present, thickness can be
measured and, in this case, do not exceed 2 m, with
average values ranging between 1.30-1.50 m. In the
study area Posidonia is rooted on sandy deposits with
an average thickness of approximately 3 m, although
mosaic conditions are also observed, with patches of
seagrass growing on rocky substrates (Brambilla et
al., 2019).

Figure 8.2.3 shows the digital terrain model (DTM)
and the corresponding acoustic backscatter mosaic
of the Porto della Madonna site, including Spiaggia
Rosa and Spiaggia del Cavaliere, obtained from
multibeam surveys (De Falco et al., 2016).

A study on the presence of vessels anchoring within
areas characterised by Posidonia oceanica meadows
around the islands of the Archipelago was also
conducted (Brambilla et al., 2021b). A summary of the
results is presented in Fig. 8.2.4, highlighting that the
Porto della Madonna area is among the most heavily
frequented areas by recreational boating.

Finally, the Park Authority confirmed the selection
of the restoration site located along the north-facing
side of Spiaggia del Cavaliere, where extensive
bare patches are present, likely resulting from
uncontrolled anchoring by recreational vessels (Fig.

Figure 8.2.1. Navigation lines of the multibeam survey offshore
of Spiaggia del Cavaliere - Porto della Madonna. Image from De
Falco et al. (2016).

Figure 8.2.2. Navigation lines of the multibeam survey offshore
of Spiaggia del Cavaliere - Porto della Madonna. Image from De
Falco et al. (2016).

Figure 8.2.3. Digital Terrain Model (DTM) of the seabed and corre-
sponding acoustic backscatter mosaic, obtained at 25 cm resolu-
tion from Reson Seabat 7125 multibeam data, for the Porto della
Madonna site including Spiaggia Rosa and Spiaggia del Cavaliere.
Modified from De Falco et al. (2016).
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8.2.5). In this area, seagrass degradation due to
mechanical damage, particularly physical impacts
caused by anchoring, had already been reported by
Cossu et al. (2006) and La Manna et al. (2015).

The restoration site is located within the Site of
Community Importance (SCI) and Special Protection
Area (SPA) “Arcipelago La Maddalena” (ITB0O10008).
For the implementation of restoration activities, an
Appropriate Assessment screening (Level | of the
VIncA procedure) was required. The intervention was
authorised by the Autonomous Region of Sardinia,
Department of Environmental Protection (Prot.
No. 30323, 12 October 2023), with reference to the
project “Restoration of dead matte in Posidonia
oceanica meadows damaged by anchoring within the
La Maddalena Archipelago National Park (SeaForest
Project - LIFE17 CCM/IT/00121 - Posidonia meadows
as carbon sink of the Mediterranean)”.

La Maddalena Archipelago National Park Authority,
in response to the request for opinion pursuant to
art. 5(7) of Presidential Decree no. 357/1997 and
subsequent amendments, issued a favourable
opinion (Prot. DGA No. 26065, received on 7
September 2023).

The selected site is located within a broader
management area that includes a mooring field and
navigation-restricted zones. The specific locations
where restoration activities were carried out were
selected by divers during the initial site inspection,
based on the morphological and environmental
characteristics of the area.

The first restoration activity in the Porto Madonna

area was conducted in November 2023, followed by a
second intervention in April 2024, The seabed, located
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at a depth of approximately 3 m, is characterised by
a mosaic of Posidonia oceanica patches and areas of
dead matte.

The activities were carried out by experts from the
University of Sassari, in collaboration with the Italian
Institute for Environmental Protection and Research
(ISPRA). Activities also involved personnel from the La
Maddalena Archipelago National Park, trained during
the course organised by ISPRA in Porto Torres in April
2023, a commercial diver (OTS), and volunteers from
the Civil Protection Unit of La Maddalena.

Plant material, naturally detached by storm events,
was collected from bare patches within the meadow
on the same day as the restoration activities. Cuttings
were stored in mesh bags and transported on board.

Once on board, the material was prepared. Cuttings
were carefully cleaned and sorted, with dead or
damaged portions removed; larger fragments
were then subdivided into smaller segments, each
containing multiple shoots and roots. The selected
and prepared cuttings were subsequently transferred
into mesh bags and transported underwater by divers
for planting on the substrates previously installed on
the seabed.

To anchor the cuttings to the substrate, the methods
previously described were applied: “RE.CS.® -
Cocco” geocomposites (Reinforced Erosion Control
System), coconut-fibre mats, metal stakes, and BIO
SEA DP biodegradable mats (Fig. 8.2.8-8.2.11).

In the study area, restoration activities involved the
installation of 33 clusters (29 in November 2023 and 4
in April 2024), each composed of a variable number of
cuttings depending on the technique (approximately

10 cuttings per cluster).

Specifically, 3 clusters of cuttings anchored using
stakes were planted (approximately 10 cuttings
per cluster), 20 cluster on coconut-fibre mats (16 in
November 2023 and 4 in April 2024), and 10 clusters
on “R.E.C.S.® - Cocco” geocomposites (Table 8.2.1).
During the first intervention, a biodegradable mat
was also deployed for future use; however, during
the second intervention only scattered fragments
were found.

Monitoring and preliminary outcomes

In April 2024, the first monitoring survey of the
restoration interventions was carried out, during
which the stability and integrity of the installations
were assessed. In addition, the number of cuttings
and shoots per cluster was recorded.

All clusters were still in situ. Cutting survival varied
depending on the technique.

“R.E.C.S.® - Cocco” geocomposites showed a mean
number of 9.1 + 0.8 cuttings per cluster and 14.0 +
2.6 shoots, with a survival rate of 91.3%, confirming
results widely reported for this technique.

Coconut-fibre mats (Fig. 8.2.13) exhibited a similar
average survival rate (~91%). These mats showed
good adherence to the seabed and were almost
entirely colonised by benthic organisms.

In contrast, the biodegradable mat, which had

Figure 8.2.4. Map of anchoring pressure on the seabed of the
La Maddalena Archipelago National Park (from Brambilla et al.,
2021b).

Figure 8.2.5. Area where restoration activities were carried out.
Figure 8.2.6. Transport of anchoring materials to the restoration
site (M. Pulcini).

Figure 8.2.7. Preparation of cuttings (M. Pulcini).

Figure 8.2.8. Posidonia oceanica clusters on coconut-fibre mats
reinforced with metal mesh (M.F. Cinti).

Figure 8.2.9. Posidonia oceanica clusters on coconut-fibre mats
(M.F. Cinti).

Figure 8.2.10. Cuttings anchored using metal stakes (M.F. Cinti).
Figure 8.2.11. Biodegradable mat installed in the study area (M.F.
Cinti).

Figure 8.2.11
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Table 8.2.1. Number of clusters and techniques used.

and conservation status of Posidonia meadows,
together with data on anchoring pressure and

Technique Date Number of clusters Cuttings per cluster Total number of cuttings . . ¢
wave climate in the area (Brambilla et al., 2019),
Metal stakes November 2023 3 =@ ~30 enabled the identification of a site located on
Coconut-fibre mat | November 2023 16 ~10 ~160 thg south-facing side offshgrg of Cala Reale. In
: this area, the meadow exhibited extensive bare
Cgconut-flbre mat | \ovember 2023 10 ~10 ~100 patches, likely resulting from poorly controlled
with metal mesh anchoring, and presented suitable conditions for
Coconut-fibre mat | April 2024 4 ~20 ~80 restoration activities (Fig. 8.3.3).

Table 8.2.2. Cutting survival rate at the first monitoring survey (April 2024).

Technique

Planting date

Survival rate at first monitoring
(April 2024)

The selected site is located at a depth of
approximately 10 m and is characterised by a
mosaic of sandy substrate, Posidonia meadow and
patches of dead matte.

Coconut-fibre mats with metal mesh | November 2023 91,3% S o The first restoration activity in Cala Reale was
Coconut-fibre mat (1) November 2023 94,3% — Lo carried out in April 2023, during the training
) B Focidoria. matto su sabble course aimed at park personnel, focusing on the
Soconiaibielai 2 NOUETIOE? AP 94,3% — oot e proper recovery F:':md IEt)Jse of Posidonia goceanica
Coconut-fibre mat (3) November 2023 85,7% Fondi g cuttings naturally detached or displaced by human
Coconut-fibre mat (4) April 2024 i activities, as well as stranded seeds. The second
phase of restoration activities was conducted in

Figure 8.2.12

been deployed for future planting, was found torn,
with only scattered fragments remaining, likely due
to storms events and/or bottom currents.

Overall, the results of the first monitoring survey
indicate that all techniques ensured good stability
and performance, except for the bioplastic mat.

November 2023 by experts from the University of
Sassari, in collaboration with the Italian Institute
for Environmental Protection and Research (ISPRA)
and trained operators from the Asinara National
Park.

Plant material used for restoration was collected
from an erosion channel, likely related to anchoring

These results suggest that such mats may be more il i o activities (Fig. 8.3.4). In addition, seeds obtained
suitable for sheltered environments and may e ﬁ'} from stranded fruits collected along the Stintino
require additional anchoring (e.g. a higher number _ j""' _j"' . _j coastline were also used.
of stakes) to improve stability. . P .

%’ 4__531-.‘5".,:25“ / The collected cuttings were appropriately prepared
8.3. Asinara National Park b on board the vessel and then immediately planted

:_% on the substrates installed on the seabed. The
Study area and restoration activities s anchoring methods previously described were also

Figure 8.2.13 The area is located within the Site of Community 3. ,_;I-‘?J- f-;t,._h applied in this case.

Importance (SCI) “Isola dell’Asinara” (ITB010082) X - et S

and the Special Protection Area (SPA) “Isola N ; TR A total of 34 clusters were established in the
Asinara” (ITB010001). Both the SCI and SPA are s ,“"“"'"’f"”r — area, each composed of a variable number of
entirely included within the “Isola dell’Asinara” g ﬁ%« i =1 cuttings depending on the technique. Specifically,
Marine Protected Area. _ y 'ﬁ‘t - o 2m B e 4 clusters of cuttings anchored using stakes were
Within the framework of actions A1 and C2, IAS- tﬁ | Ty o o s B oMt installed (approximately 10 cuttings per cluster,
CNR of Oristano updated the seabed mapping of = —" e S T Fig. 8.3.5), along with 4 clusters on natural fibre

mats (approximately 20 cuttings per cluster, Fig.
8.3.6), 20 clusters on natural fibre mats reinforced
with metal mesh (approximately 20 cuttings per
cluster, Fig. 8.3.7), and 6 clusters on biodegradable

Asinara Island MPA, by integrating newly acquired
data with existing information.

This update provided a more accurate and up-to-
date representation of the distribution of Posidonia
oceanica meadows in the area (Brambilla et al.,
2021c; Fig. 8.3.1).

Figure 8.3.1. Seabed mapping of the Asinara National Park obtai-
ned by integrating newly acquired data with existing literature
(from Brambilla et al., 2021¢).

Figure 8.3.2. Map of anchoring pressure on the seabed of the

La Maddalena Archipelago National Park (from Brambilla et al.,
2021¢).

Figure 8.3.3. Area where restoration activities were carried out.

A study on the presence of vessels anchoring in
areas where P. oceanica meadows around Asinara
Island was also conducted (Brambilla et al., 2021c¢).
A summary of the results is presented in Fig. 8.3.2,
showing that the Cala Reale area is among those
Figure 8.2.12. Monitoring of restoration sites with shoot counting. most frequently used by recreational boating.

Figure 8.2.13. Coconut-fibre mat without metal mesh (M.F. Cinti). The information obtained on the distribution
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Figure 8.3.4

mats (approximately 10 cuttings per cluster, Fig.
8.3.8) (Table 8.3.1).

Monitoring and preliminary outcomes

In March 2024, the first monitoring of the
restoration activities was conducted, during which
the stability and integrity of the installations were
assessed. In addition, the number of cuttings and
shoots per cluster were counted.

As in the previous case, all installed clusters were
still in situ, while cutting survival varied depending
on the technique.

Coconut-fibre mats reinforced with metal mesh
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Figure 8.3.4. Erosion channel at Cala Grande, Asinara Island (M.F.
Cinti).

Figure 8.3.5. Cutting anchored to the matte using metal stakes
(M.F. Cinti).

Figure 8.3.6. Posidonia oceanica clusters on coconut-fibre mat
(M.F. Cinti).

Table 8.3.1. Number of clusters and techniques used.

Technique used Number of clusters Cuttings per cluster  Total number of cuttings
Metal stakes 4 ~10 ~40

Coconut-fibre mat 4 ~20 ~80

Coconut-fibre mat with metal mesh 20 ~20 ~400

Biodegradable mat 6 ~10 ~60

Table 8.3.2. Cutting survival rate at the first monitoring survey (April 2024).

Technique used

Planting date Survival rate at first monitoring

(April 2024)
Coconut-fibre mat with metal mesh (1) April 2023 86%
Coconut-fibre mat with metal mesh (2) November 2023 64,9%
Coconut-fibre mat April 2023 72%
Biodegradable mat April 2023 35%
Metal stakes April 2023 95%

showed a mean of 19.1 + 3.5 cuttings per cluster
and 32.4 + 5.9 shoots, with an average survival
rate of 75%. Coconut-fibre mats without metal
reinforcement exhibited a comparable survival
rate (72%), and the mats remained well adhered to
the seabed.

Bioplastic mats were still in situ at the Asinara
site; however, they showed signs of partial
detachment from the seabed, and cutting survival
was considerably lower (35%). In contrast, cuttings
anchored using stakes showed a high survival rate
(95%).

Similarly to the results observed at La Maddalena,
Figure 8.3.8 the first monitoring survey indicates that, among
the tested techniques, bioplastic mats exhibited
lower stability. These findings suggest that such
materials may be more suitable for sheltered
environments with reduced wave and current
exposure and may require a greater number of
anchoring points to ensure adequate stability.

Figure 8.3.7. Posidonia oceanica clusters on natural fibre mat
reinforced with metal mesh (M.F. Cinti).

Figure 8.3.8. Posidonia oceanica clusters on biodegradable mat
(M.F. Cinti).
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9. Conclusions and final recommendations

Restoration activities in Posidonia oceanica meadows,
here referred to as “matte mending”, consist of small-
scale actions aimed at restoring degraded areas,
often impacted by uncontrolled anchoring and/or
illegal trawling. Restoring these habitats is essential
to re-establish their structural integrity and recover
the key ecological functions they provide (Pergent-
Martini et al.,, 2024). When seagrass meadows are
degraded, the ecosystem services they support
are also compromised. P. oceanica plays a crucial
role in seabed stabilisation and the protection of
sandy coastlines, mitigating coastal erosion while
contributing significantly to carbon sequestration.

Restoration requires careful planning and long-
term monitoring, as its success can only be reliably
assessed over timescales of at least ten years.
Indeed, restoration can be considered successful
when transplanted cuttings have stabilised and
exhibit sustained growth, accompanied by active
recolonisation processes (Fonseca et al., 1998; AAVV.,
2020; La Porta & Bacci, 2022; Pergent-Martini et al.,
2024), thereby restoring the fundamental functions
of the ecosystem.

To ensure the success of restoration, an integrated
approach is recommended, encompassing careful
planning, site-specific actions, effective management,
and continuous monitoring.

Planning should begin with a detailed assessment of
environmental conditions and the factors responsible
for meadow degradation, to identify suitable sites
where these pressures have been eliminated or, at
least, significantly reduced, thereby allowing seagrass
recovery and growth.

About the implementation of restoration activities,
the following recommendation are proposed:

0 the use of plant material collected no more than
three days before the intervention;

(0 for cuttings, the use of plagiotropic rhizomes,
preferably equipped with roots and growing
shoots, as these establish more readily and
provide a larger rooting surface compared
to orthotropic rhizomes, thereby improving
anchorage to the seabed and increasing survival
probability;

@ when using stakes for anchoring cuttings,
excessive pressure should be avoided, as this may
cause breakage and increase the risk of infection,
potentially compromising cutting survival;

0 avoiding excessive temperature fluctuations
during transport and handling of plant material.

Thelong-termsuccess of restoration activities critically
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depends on effective monitoring and management,
as Posidonia oceanica exhibits slow establishmentand
growth, and transplants are particularly vulnerable
during the initial years (Pirrotta et al., 2015).
Long-term monitoring (at least 10 years) represents
the most reliable approach to assess the recovery
of key ecosystem functions following P. oceanica
meadow restoration. This is consistent with
findings from numerous monitoring programmes
of restoration and transplantation interventions
carried out in Italy (Robello, 2019; AA.VV., 2020;
Calvo et al., 2021; Pergent-Martini et al., 2024) and
with recommendations provided by several authors
(Fonseca et al., 1998; Cunha et al., 2012; Pirrotta et
al., 2015; Bacci et al., 2019; La Porta & Bacci, 2022;
Pergent-Martini et al., 2024). It is also important to
emphasise that positive outcomes observed during
the early phases do not necessarily correspond to
long-term success; however, low initial performance
does not preclude favourable outcomes over longer
timescales (Calvo et al., 2020).

About the LIFE SeaForest Project, the monitoring
period available within the project timeframe is not
considered sufficient to reliably assess the overall
success of restoration activities on degraded P.
oceanica matte. However, the monitoring results
obtained so far, particularly in the Asinara National
Park and La Maddalena National Park, indicate high
survival rates of cuttings. Therefore, a progressive
increase in shoot density and meadow coverage is
expected in the coming years.

The management of restoration activities should
be regarded as a fundamental component of the
restoration process, including not only planning
and planting operations, but also the continuous
protection of the area, stakeholder engagement,
regulation of human activities and long-term
monitoring to ensure overall success.

To support the protection of the restored areas,
demarcation buoys should be installed to delimit
the intervention site and indicate its presence. In
addition, to minimise disturbances that may damage
the installations and impair habitat recovery, the
area should be restricted from fishing and anchoring
through local Harbour Master regulations and/or
by formally including such restrictions within the
management framework of the Marine Protected
Area.

Finally, toincrease publicawarenessand stakeholders’
engagement regarding the presence and ecological
value of restored areas, and to improve public
accessibility, it is recommended to install informative
panels at access points, as well as in nearby ports and
marinas, and to promote the intervention through
web communication channels.




A region characterised by exceptionally high levels of biodiversity.

Carbon captured and stored in coastal and marine ecosystems, such as mangroves, salt
marshes, and seagrass meadows, primarily in biomass and sediments.

A natural or artificial system that absorbs and stores atmospheric carbon through physical
and biological processes.

The benefits that humans obtain from ecosystems, including provisioning, regulating,
cultural, and supporting services (Millennium Ecosystem Assessment MEA).

The ecological condition of a species whose natural distribution is restricted to a specific
geographic area.

Asetof policyinitiatives by the European Commission aimed at reducing greenhouse
gas emissions by 55% by 2030 and achieving climate neutrality by 2050.

A substrate formed by Posidonia oceanica, consisting of interwoven rhizomes, roots, leaf sheaths,
and trapped sediments.

(restoration of P. oceanica meadows). A restoration approach involving the transplantation
of P. oceanica cuttings into degraded meadow mosaics and areas of dead matte.

. A project under the Italian National Recovery and Resilience Plan
(PNRR), coordinated by ISPRA and funded by the Ministry for the Environment and Energy Security, aimed
at restoring marine habitats and improving ecosystem monitoring and mapping.

A three-dimensional polygonal representation of an object or surface generated from
photogrammetric data.

A defined marine area designated to protect natural habitats, species, and
ecosystems, where human activities are regulated to ensure conservation and sustainable use.

A sonar system used to map the seabed and detect un-derwater features
and morphology.

Actions to protect, sustainably manage, and restore natural or modified
ecosystems, addressing societal challenges while providing benefits for biodiversity and human well-
being (IUCN).

An area that provides suitable conditions for the growth and development of juvenile stages of
marine organisms.

A high-resolution, georeferenced 2D image generated from multiple overlapping
photographs processed through photogrammetry.

A rhizome characterised by vertical growth.

A technique used to reconstruct three-dimensional models of objects or environments
from overlapping photographic images.

A rhizome characterised by horizontal growth.

Actions aimed at assisting the recovery of a degraded ecosystem towards its original
ecological structure and function.

An underwater vehicle controlled remotely via a tether, used for
exploration and data acquisition in marine environments.

A protected site designated under the Habitats Directive following the
identification of SCls and the adoption of conservation measures.

A site designated under the EU Habitats Directive for the protection
of habitats and species of European importance.

A flowering plant fully adapted to life in the marine environment.

An acoustic system used to map seabed features and detect objects.
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A Mediterranean legal instrument supporting the implementation of the Convention on
Biological Diversity, including the designation of Specially Protected Areas of Mediterranean Importance
(SPAMI).

A regional body under the Barcelona
Convention supporting the conservation of Mediterranean biodiversity and the management of SPAMI
sites.

A geophysical system that uses low-frequency acoustic signals to identify
sediment layers beneath the seabed.

In photogrammetry, the application of colour information derived from images onto a 3D mesh
to produce a realistic surface.

The transfer of plant material (cuttings) from a donor meadow to a recipient site.

An international
framework coordinating actions for the protection of the Mediterranean marine environment.

A procedure required under the EU Habitats Directive to assess the potential impacts of plans or
projects on Natura 2000 sites.
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