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Abstract

Nature-based Solutions (NbS) are increasingly recognised as effective approaches for en‐

hancing coastal resilience while simultaneously supporting biodiversity, ecosystem ser‐

vices, and, where appropriate, climate-change mitigation. Their importance is particu‐

larly evident in the Mediterranean Basin, a climate-change hotspot exposed to sea-level

rise, coastal erosion, land subsidence, sediment deficits, and intense anthropogenic pres‐

sures. This review provides a structured evidence synthesis of NbS for Mediterranean

coastal adaptation, integrating ecological, hydrodynamic, geomorphological, biodiver‐

sity, governance, and implementation perspectives. We examine the principal NbS ty‐

pologies, including vegetated habitats, biogenic reefs, sediment-based interventions, and

hybrid approaches, with particular attention to vulnerable microtidal systems such as

coastal lagoons and subsiding shorelines, including the Venice Lagoon and the Emilia-

Romagna coast. Drawing on peer-reviewed literature together with evidence from

European LIFE projects and restoration initiatives, the review highlights how process-

based interventions can restore ecosystem functioning, strengthen coastal resilience, and

provide multiple ecosystem services. At the same time, the analysis emphasises that NbS

are inherently context-dependent, with their effectiveness influenced by local geomor‐

phology, sediment availability, hydrodynamic conditions, governance capacity, and

long-term management. Although important scientific uncertainties remain, wider im‐

plementation is increasingly constrained by economic, institutional, and governance bar‐

riers. The review concludes that NbS should not be regarded as stand-alone alternatives

to conventional engineering, but as key components of integrated and adaptive hybrid

coastal management strategies capable of supporting resilient Mediterranean coastal

systems under future climate change.

Keywords: Nature-based Solutions; coastal adaptation; coastal resilience; climate

change; ecosystem restoration; ecosystem services; hybrid coastal management; LIFE

Programme; Mediterranean Sea

1. Introduction

Coastal environments are undergoing rapid transformation under the combined in‐

fluence of climate change and anthropogenic pressures. One of the principal drivers of

this transformation is global mean sea-level rise, which is projected to continue through‐

out the twenty-first century under all greenhouse gas emission scenarios. According to

the Sixth Assessment Report of the Intergovernmental Panel on Climate Change, global
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mean sea level is expected to increase by approximately 0.6–1.0 m by 2100 under high-

emission pathways [1]. Rising sea levels, together with increasingly frequent and intense

extreme events such as storm surges, wave extremes, and compound flooding, pose

growing threats to low-lying coastal regions [1,2]. These areas are particularly vulnera‐

ble because they concentrate large populations, economic assets, and critical infrastruc‐

ture, exposing them to significant environmental and socio-economic risks [3,4].

Historically, coastal protection has relied largely on hard engineering measures, in‐

cluding seawalls, revetments, breakwaters, and groyne systems. Although these struc‐

tures provide immediate and predictable protection against specific hydrodynamic con‐

ditions, they often generate unintended environmental impacts. By altering wave dy‐

namics and disrupting longshore sediment transport, hard defenses can intensify ero‐

sion in adjacent areas and contribute to beach narrowing and sediment deficits [5,6]. In

addition, coastal armoring can degrade habitats and reduce biodiversity through coastal

squeeze, a process in which intertidal ecosystems become trapped between fixed infra‐

structure and rising sea levels [7]. Such limitations underscore the rigidity of conven‐

tional engineering approaches and their limited capacity to accommodate dynamic and

non-linear environmental change.

Against this backdrop, Nature-based Solutions (NbS) have emerged as a key frame‐

work for addressing coastal risks while enhancing ecosystem resilience. The

International Union for Conservation of Nature (IUCN) defines NbS as actions that pro‐

tect, sustainably manage, and restore natural or modified ecosystems in ways that ad‐

dress societal challenges while providing benefits for both human well-being and biodi‐

versity [8]. The NbS concept reflects a broader shift in environmental management,

where natural processes are increasingly regarded as assets capable of supporting adap‐

tation and sustainability rather than constraints to be controlled. The European

Commission has further highlighted NbS as resource-efficient, multifunctional, and

adaptive interventions capable of delivering environmental, social, and economic bene‐

fits [9]. Consequently, NbS have gained increasing prominence in scientific research and

policy agendas related to climate adaptation, disaster risk reduction, and ecosystem

restoration [10–12].

A key advantage of NbS is their capacity to deliver multiple ecosystem services si‐

multaneously. Unlike conventional grey infrastructure, which is generally designed to

address a single function, coastal ecosystems such as wetlands, salt marshes, mangroves,

dunes, and seagrass meadows provide a wide range of regulating, supporting, provi‐

sioning, and cultural ecosystem services. These include wave attenuation, shoreline sta‐

bilization, sediment retention, water-quality improvement, and biodiversity conserva‐

tion, all of which contribute to enhanced coastal resilience [13,14]. In addition, many of

these ecosystems support climate-change mitigation through carbon sequestration and

long-term carbon storage, while sustaining socio-economic activities such as fisheries,

tourism, and recreation [15–17]. Together, these ecological, protective, climatic, and so‐

cio-economic benefits make NbS an increasingly important component of integrated

coastal management and climate adaptation strategies.

Nevertheless, NbS are not without limitations. Their effectiveness depends strongly

on local environmental conditions, including geomorphology, hydrodynamics, sediment

availability, ecological integrity, and future climate trajectories [18]. Moreover, the bene‐

fits they provide often require time to develop and may be perceived as less predictable

than those offered by traditional engineering structures, reducing their appeal in deci‐

sion-making processes focused on immediate risk reduction. As a result, NbS are in‐

creasingly viewed not as a universal replacement for grey infrastructure but as part of

broader adaptation portfolios that may include hybrid approaches combining ecological
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2. Methodology

and engineering components [18–20].

A growing body of research has explored the application of NbS in coastal environ‐

ments. Moraes et al. [21], for example, reviewed 59 case studies from European coastal

and estuarine settings, documenting increasing implementation but also revealing a

strong geographical concentration in the United Kingdom and the Netherlands. Most of

these initiatives focused on coastal defence and were primarily based on wetland

restoration and hybrid approaches. While this work provides valuable insights into the

state of NbS implementation in Europe, Mediterranean coastal systems remain under‐

represented despite being widely recognized as climate-change hotspots characterized

by high exposure to coastal hazards, intense urbanization, microtidal conditions, and

limited sediment availability [22]. Furthermore, most existing reviews concentrate on

specific NbS categories (e.g., wetlands, living shorelines, or ecosystem-based adaptation)

or adopt broad geographical perspectives that provide limited attention to the distinc‐

tive ecological and geomorphological characteristics of Mediterranean coasts.

This review examines the role of NbS in coastal adaptation through a multi-scalar

perspective, spanning global concepts and processes to their application in

Mediterranean coastal environments. After outlining the main typologies of coastal NbS

and the biophysical mechanisms underlying their effectiveness, the analysis focuses on

the Mediterranean Basin, a region widely recognized as a climate-change hotspot char‐

acterized by high environmental vulnerability, intense human pressures, and limited

adaptive capacity [22,23]. The primary objective of this review is to provide a structured

evidence synthesis of NbS for Mediterranean coastal adaptation by integrating ecologi‐

cal, geomorphological, biodiversity, governance, and implementation perspectives

within a common analytical framework. Unlike previous reviews, the present synthesis

considers multiple coastal ecosystems and restoration approaches within a common

process-based framework, explicitly linking ecological functioning, geomorphological

dynamics, and coastal resilience. Drawing on peer-reviewed literature, LIFE projects,

and other implementation-oriented case studies, the review considers NbS not merely as

protective interventions but as integrated systems linking ecological, hydrodynamic, and

geomorphological processes. This integrated perspective enables a comprehensive as‐

sessment of both the scientific basis and the practical implementation of NbS in

Mediterranean coastal environments. Particular attention is given to transitional envi‐

ronments such as coastal lagoons, as well as to highly vulnerable settings affected by

sea-level rise and land subsidence, including the Venice Lagoon and the Emilia-

Romagna coast. This review aims to bridge the gap between scientific knowledge and

practical implementation, contributing to the development of adaptive, context-specific,

and scalable strategies for Mediterranean coastal resilience in a changing climate.

This review adopted a structured evidence-synthesis approach to identify and eval‐

uate Nature-based Solutions (NbS) applicable to Mediterranean coastal environments.

The aim was not to conduct a conventional systematic review or quantitative meta-

analysis, but rather to integrate peer-reviewed scientific evidence with implementation-

oriented information derived from European restoration projects and technical docu‐

mentation, thereby providing a comprehensive overview of NbS that have been de‐

signed, implemented, or tested in Mediterranean coastal systems.

The literature search was performed using the Web of Science Core Collection and

Scopus databases and covered publications from January 1980 to January 2026. An initial

exploratory search, based on broad combinations of keywords related to NbS and

coastal restoration, retrieved more than 3700 records. To improve the specificity of the
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3. Global Nature-Based Solutions: Typologies, Effectiveness, and
Trade-Offs

evidence base and reduce the retrieval of studies outside the scope of this review, the

search strategy was subsequently refined by combining the principal NbS restoration ap‐

proaches with explicit geographical and functional constraints. The complete search

strategy is reported in Supplementary Table S1.

The refined search yielded 138 and 86 peer-reviewed publications, respectively,

which were considered sufficiently focused to allow manual assessment of their rele‐

vance. Duplicate records retrieved from the two databases were removed before manual

screening of titles, abstracts, and full texts.

To complement the scientific literature, additional evidence was collected primarily

from the European Commission LIFE Project Database and, where relevant, from official

documentation associated with other EU-funded restoration initiatives. These projects

were identified using the same thematic keywords adopted for the scientific literature

and were included only when they described the implementation or testing of NbS

within Mediterranean coastal or transitional ecosystems.

Publications and projects were included when they fulfilled the following criteria:

(i) implementation or application within Mediterranean coastal or transitional environ‐

ments; (ii) explicit restoration, conservation, climate adaptation, or coastal resilience ob‐

jectives; (iii) sufficient technical information describing the intervention and its imple‐

mentation; and (iv) documented ecological, engineering, or management outcomes.

Purely conceptual studies without reference to implemented or tested restoration ac‐

tions, as well as studies conducted outside Mediterranean coastal environments, were

excluded.

Each intervention was subsequently classified according to the primary ecosystem

targeted, restoration objective, implementation scale, and the ecosystem services ex‐

pected or documented. Rather than quantitatively comparing ecological effectiveness

among studies, the synthesis focused on identifying common restoration strategies, im‐

plementation constraints, transferable best practices, and current knowledge gaps across

Mediterranean coastal NbS.

Nature-based Solutions (NbS) for coastal protection encompass a wide range of eco‐

systems and restoration interventions operating across diverse climatic, ecological, and

geomorphological settings [24]. Figure 1 presents a conceptual framework linking cli‐

mate drivers, coastal processes, NbS components, biophysical mechanisms, and adapta‐

tion outcomes. Despite their diversity, these approaches share a common functional

principle: they enhance coastal resilience by modifying hydrodynamic processes, regu‐

lating sediment dynamics, and supporting ecosystem functioning [25]. Unlike conven‐

tional grey infrastructure, which primarily reflects incoming wave energy, natural sys‐

tems dissipate energy through friction, drag, and morphological adjustment, thereby re‐

ducing the forces acting on the shoreline while maintaining a greater capacity to adapt

over time [26,27]. The principal categories of coastal NbS and their associated biophysi‐

cal mechanisms are summarized in Table 1.
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Figure 1. Conceptual framework illustrating the principal relationships between climate drivers,

coastal processes, NbS, and ecosystem-based adaptation outcomes in coastal environments.

Climate drivers, including sea-level rise and increasing storm intensity, influence coastal processes

such as wave energy, hydrodynamics, and shoreline erosion. These pressures can be mitigated

through different NbS components, including seagrass meadows, sand dunes, coastal wetlands,

and biogenic reefs, which contribute to coastal protection through mechanisms such as wave at‐

tenuation and sediment trapping. Together, these processes enhance coastal resilience and reduce

flood risk while supporting additional ecosystem services. The figure represents a conceptual syn‐

thesis of the principal mechanisms discussed in this review and is intended as an interpretative

framework rather than a quantitative or predictive model. Arrows indicate generalized conceptual

relationships that may vary according to local environmental conditions, ecosystem characteris‐

tics, and restoration design. The framework is based on the concepts and evidence reviewed in

Refs. [8,13–18,28].
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Table 1. Global classification and biophysical mechanisms of NbS.

NbS Typology Key Species/Systems
Primary Engineering

Function

Biophysical

Mechanism

Vegetated Buffers
Mangroves, Salt

Marshes

Wave attenuation &

storm surge buffering

Increase in hydraulic

roughness; root-

mediated sediment

binding.

Biogenic Reefs

Coral reefs, Oyster

reefs, Vermetid reefs,

Coralligenous

platforms

Offshore wave

breaking

Depth-induced wave

breaking;

topographic

complexity causing

turbulence.

Marine Forests
Posidonia, Zostera,

Cystoseira

Seabed stabilization

& current reduction

Reduction of near-

bed shear stress;

promotion of particle

settling.

Soft Geomorphology
Coastal Dunes, Sand

engines

Sediment reservoir &

flood defense

Dynamic sediment

exchange between

dune and shoreface

during storms.

Hybrid Systems
Bio-active seawalls,

Tide pools

Biodiversity

enhancement &

bioprotection

Micro-topography

providing refugia;

biocalcification

protecting concrete.

The effectiveness of NbS is closely linked to the structural complexity of the ecosys‐

tems involved [15,29]. Among the best-studied NbS are vegetated coastal habitats, in‐

cluding mangroves, salt marshes, and seagrass meadows [30,31]. Mangrove forests are

among the most effective examples of ecosystem-based coastal defence. Their complex

above- and below-ground structures can substantially reduce wave heights and storm

surge impacts over relatively short distances, contributing to flood-risk reduction and

shoreline stabilization [14,32]. In temperate regions, salt marshes provide similar bene‐

fits, particularly in shallow and sheltered environments where they attenuate wind-gen‐

erated waves and enhance vertical sediment accretion. Their ability to trap sediments

and increase surface elevation is particularly relevant under conditions of sea-level rise,

provided that sediment supply and vegetation productivity remain sufficient [33].

Seagrass meadows play a complementary role by stabilizing seabed sediments and

reducing erosion. By decreasing near-bed shear stress and promoting sediment deposi‐

tion, they contribute to maintaining seabed elevation and water clarity [34]. These pro‐

cesses generate positive eco-geomorphological feedback, whereby vegetation growth en‐

hances physical stability, which in turn supports ecosystem persistence and resilience.

However, seagrass ecosystems are highly sensitive to declining water quality, increased

turbidity, eutrophication, and physical disturbance, factors that may limit their long-

term effectiveness in heavily modified coastal environments [35–38].

Another important category of NbS includes biogenic reef systems. Coral reefs act

as natural offshore breakwaters by inducing wave breaking and dissipating large

amounts of incoming wave energy before it reaches the shoreline. Global assessments

have shown that coral reefs can reduce wave energy by up to 97%, making them among

the most effective natural coastal defences worldwide [39]. Similarly, oyster reefs and
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4. The Mediterranean Basin as a Climate Change Hotspot:
Vulnerabilities and Ecosystem Challenges

other shellfish-based structures can attenuate waves, stabilize sediments, improve water

quality through filtration, and increase habitat complexity in estuarine and lagoonal en‐

vironments [40,41]. These systems illustrate the multifunctional nature of NbS, combin‐

ing coastal protection with biodiversity conservation and ecosystem-service provision.

Sediment-based interventions represent another important category of NbS. Unlike

vegetated habitats and biogenic reefs, which primarily influence hydrodynamic pro‐

cesses, measures such as dune restoration and beach nourishment focus on restoring

sediment dynamics and increasing the capacity of coastal systems to absorb and recover

from disturbances [42]. Coastal dunes act as sediment reservoirs and physical barriers

during storm events, reducing wave impacts and limiting inland flooding [43]. Beach

nourishment can enhance shoreline stability and maintain recreational and ecological

functions, although its effectiveness depends on sediment characteristics, local hydrody‐

namics, and long-term maintenance requirements [44].

In recent years, increasing attention has been devoted to hybrid approaches that

combine natural and engineered elements. These approaches seek to combine the relia‐

bility of traditional infrastructure with the ecological benefits of NbS, particularly in

densely urbanized coastal areas where space constraints often limit large-scale ecosys‐

tem restoration. Examples include living shorelines, ecologically enhanced breakwaters,

textured seawalls, and bio-receptive concrete structures designed to promote habitat de‐

velopment while maintaining engineering performance [27]. By incorporating ecological

processes into built infrastructure, hybrid solutions offer promising opportunities for en‐

hancing both the sustainability and adaptability of coastal defence systems.

Despite their considerable potential, NbS are not universally applicable and involve

important trade-offs and uncertainties. Their performance is inherently context-depen‐

dent and varies according to environmental conditions, restoration design, and temporal

scale [45]. Many ecosystem-based interventions require years or even decades to reach

their full protective capacity, whereas conventional engineering structures generally pro‐

vide immediate levels of protection. In addition, the capacity of vegetated habitats to

adapt to accelerating sea-level rise depends on factors such as sediment availability, eco‐

logical health, and space for landward migration [33]. Likewise, the effectiveness of sea‐

grass meadows and shellfish reefs may be constrained by declining water quality, habi‐

tat fragmentation, invasive species, or changing climatic conditions [46].

Consequently, the effectiveness of NbS cannot be evaluated solely in terms of haz‐

ard reduction. Their long-term performance emerges from the interaction among ecolog‐

ical processes, geomorphological dynamics, ecosystem-service provision, engineering

performance, and socio-economic objectives. Recognizing these interdependencies is es‐

sential for designing context-specific adaptation strategies that maximize multiple co-

benefits while accounting for environmental constraints, governance requirements, and

long-term management priorities.

The Mediterranean Basin is widely recognized as one of the world’s most prominent

climate change hotspots, where the impacts of global warming are expected to be more

pronounced than in many other regions [23,47,48]. Observational records and climate

projections consistently indicate warming rates exceeding the global average, accompa‐

nied by decreasing precipitation, increasing drought frequency, rising sea-surface tem‐

peratures, and a greater occurrence of extreme events [22].

From a coastal perspective, several distinctive characteristics amplify these environ‐

mental pressures and influence the effectiveness of adaptation measures. One of the
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most important is its predominantly microtidal regime, with tidal amplitudes generally

below 50 cm across much of the basin [49]. Consequently, many coastal ecosystems oper‐

ate within narrow hydrodynamic and elevation thresholds, making them particularly

sensitive to relatively small changes in sea level. Even moderate rates of sea-level rise

can alter inundation frequencies, salinity gradients, sediment transport pathways, and

habitat distribution, triggering cascading consequences for ecosystem structure and

functioning [33,50–52].

These climate drivers occur within a complex socio-ecological system characterized

by high population density, intense coastal urbanization, extensive tourism develop‐

ment, and a long history of human modification [49,50]. Mediterranean shorelines sup‐

port major urban centres and economic activities linked to tourism, fisheries, maritime

transport, and port operations, creating intense competition for increasingly limited

coastal space [49]. Over recent decades, this has resulted in widespread shoreline modifi‐

cation through the construction of ports, seawalls, promenades, breakwaters, and other

hard-engineering structures [5,53]. Combined with rising sea levels, these historical in‐

terventions, including dredging, land reclamation, navigation-channel excavation, and

infrastructure development, have altered natural sediment dynamics, reduced ecological

resilience, and intensified the phenomenon of “coastal squeeze” [51,53,54]. Under these

conditions, coastal habitats become trapped between fixed infrastructure and advancing

waters, limiting opportunities for landward migration and increasing the risk of wide‐

spread ecosystem degradation and loss [51,54].

As a result, several Mediterranean coastal environments exhibit particularly high

levels of vulnerability where the effects of sea-level rise are compounded by local land

subsidence, sediment deficits, and intense cumulative human pressures [47,48,51].

Coastal lagoons, deltas, and low-lying coastal plains are especially exposed [55]. Coastal

lagoons are among the most sensitive of these environments; these transitional systems

are typically shallow, experience restricted water exchange, are characterized by high bi‐

ological productivity, and feature strong, multi-scalar coupling between hydrodynamic,

geomorphological, and ecological processes [56,57]. Because their functioning is gov‐

erned by complex feedback, they are acutely responsive to variations in sea level, sedi‐

ment supply, and hydrological regimes [51,56–58]. As a consequence of these anthro‐

pogenic alterations, many Mediterranean lagoon systems are already experiencing in‐

creasing rates of erosion, habitat loss, water-quality degradation, and biodiversity de‐

cline [,57,59–62].

The Venice Lagoon represents one of the most extensively studied examples of these

compounding challenges. In the Venice Lagoon, relative sea-level rise results from the

combined effects of global sea-level increase and local land subsidence, the latter having

contributed substantially to long-term elevation loss during the twentieth century

[63,64]. These processes have increased both the frequency and severity of tidal flooding

events, commonly known as acqua alta [65]. At the same time, the lagoon has undergone

significant morphological changes, including the erosion of salt marshes, the widening

and deepening of tidal channels, and a substantial redistribution of sediments driven by

both natural and anthropogenic factors [55,66]. The progressive loss of these shallow

habitats has reduced the capacity of the lagoon to attenuate waves, trap sediments, and

maintain ecological functions, thereby increasing its overall vulnerability to future cli‐

mate-driven impacts [13,67].

Similar pressures affect other sectors of the northern Adriatic coast, which is recog‐

nized as one of the Mediterranean sectors most exposed to the combined effects of sea-

level rise and socio-economic vulnerability [47,48]. The Emilia-Romagna coastline ex‐

tends for approximately 130 km along the western Adriatic Sea, is characterized by ex‐
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tensive sandy beaches, low-elevation backshore areas, and a high concentration of urban

settlements, tourism facilities, and coastal infrastructure [68,69]. This coastal system has

experienced persistent erosion over recent decades as a result of reduced sediment sup‐

ply, shoreline stabilization works, and modifications to river catchments, particularly

within the Po River basin [68,70]. In addition, both natural and human-induced subsi‐

dence have amplified relative sea-level rise, increasing exposure to coastal flooding and

storm impacts [69,71]. Future projections suggest that these combined effects could sub‐

stantially increase risks to infrastructure, agricultural land, natural habitats, and the

tourism sector, which represents a key component of the regional economy [72,73].

The examples of the Venice Lagoon and the Emilia-Romagna coast illustrate a

broader pattern observed across the basin: climate-change impacts are frequently ampli‐

fied by long-standing anthropogenic alterations, creating cumulative pressures that ex‐

ceed the adaptive capacity of natural ecosystems [47,48]. In this context, coastal vulnera‐

bility cannot be understood solely through physical indicators such as erosion rates or

flood frequency, but must also consider ecological degradation, land-use change, and so‐

cio-economic exposure [74,75]. These interacting drivers highlight the need for inte‐

grated and adaptive management approaches capable of addressing both environmental

and societal dimensions of coastal risk [13,14].

Despite these threats, Mediterranean coastal environments still host ecosystems of

exceptional ecological and functional importance that can make significant contributions

to climate adaptation and coastal resilience [13–15]. Among these, seagrass meadows

dominated by Posidonia oceanica represent one of the region’s most valuable natural as‐

sets. Endemic to the Mediterranean Sea, this species forms extensive underwater mead‐

ows that stabilize sediments, attenuate wave energy, reduce coastal erosion, improve wa‐

ter quality, and store substantial amounts of blue carbon [16,36,76]. Through these eco‐

logical and geomorphological functions, P. oceanica meadows provide multiple ecosys‐

tem services and constitute a key component of NbS [16,36,76]. Other coastal ecosystems

make similarly important contributions to coastal protection. Coastal dunes act as natu‐

ral sediment reservoirs and barriers against storm surges, while lagoonal wetlands and

salt marshes attenuate wave energy and enhance sediment retention [13,77]. Within la‐

goons, vegetated habitats like seagrasses and salt marshes modify flow conditions and

enhance water clarity, maintaining sediment balance and enhancing overall ecosystem

resilience to external disturbances [59,60]. The main processes and feedback mechanisms

underpinning NbS in lagoon environments are summarized in Figure 2.

Figure 2. Conceptual representation of the eco-geomorphological feedback associated with
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5. Nature-Based Solutions for Mediterranean Coastal Adaptation: From
Concept to Practice

Nature-based Solutions (NbS) in Mediterranean lagoon systems. Submerged and intertidal vegeta‐

tion reduce wave energy and current velocity, promoting sediment deposition, decreasing water

turbidity, and improving light availability, thereby creating positive feedback that favour vegeta‐

tion persistence, expansion, and overall ecosystem resilience. External pressures, including sea-

level rise and storm events, may weaken or disrupt these feedback loops, highlighting the role of

NbS in enhancing the adaptive capacity of lagoon ecosystems under changing environmental con‐

ditions. The diagram synthesizes the principal ecological interactions discussed in this review and

is intended as a conceptual framework rather than a quantitative model. The feedback illustrated

represents generalized ecological processes whose magnitude and direction may vary according to

species composition, hydrodynamic regime, sediment availability, water quality, and restoration

success. The conceptual relationships are based on the evidence reviewed in Refs. [13,16,28,46,78–

80].

However, the capacity of these ecosystems to continue delivering adaptation bene‐

fits is increasingly threatened by ongoing habitat fragmentation, coastal development,

pollution, and sediment deficits [18]. The Mediterranean Basin therefore provides a par‐

ticularly challenging yet highly informative natural laboratory for the implementation of

NbS [47,48]. Understanding how NbS perform under these interacting environmental

and socio-economic constraints will be essential for developing effective, scalable, and

resilient adaptation strategies across the region [23,47,48]. The following section exam‐

ines how these approaches have been translated into practice through restoration initia‐

tives and adaptation projects.

The implementation of NbS in Mediterranean coastal environments requires ap‐

proaches that are closely aligned with local ecological, geomorphological, and socio-eco‐

nomic conditions. Given the diversity of settings across the region, from lagoons and

deltas to sandy beaches and highly urbanised shorelines, no single intervention can be

regarded as universally applicable. Effective adaptation instead depends on selecting

and, where appropriate, combining different NbS typologies within integrated, context-

specific management strategies [13,14,18].

Over the past three decades, the European Union LIFE Programme has played a

pivotal role in translating NbS concepts into practical restoration and adaptation mea‐

sures. Since its establishment in 1992, LIFE has become one of the principal European

funding instruments for ecological restoration, biodiversity conservation, and climate

adaptation. Coastal and transitional ecosystems have received particular attention, espe‐

cially within the Natura 2000 network, where coastal lagoons (Habitat 1150*) are desig‐

nated as priority habitats because of their ecological importance and vulnerability to en‐

vironmental change. A recent synthesis identified more than 50 LIFE projects imple‐

mented in Mediterranean and Black Sea coastal lagoons, approximately half of which in‐

cluded direct restoration measures involving vegetation recovery, hydrological recon‐

nection, habitat rehabilitation, or sediment management [28]. LIFE projects therefore

provide an important body of implementation-oriented evidence on the feasibility, per‐

formance, constraints, and transferability of NbS in Mediterranean coastal systems.

Mediterranean NbS can be grouped into several functional categories according to

the dominant ecological and physical processes involved (Table S2). These include the

restoration of seagrasses and other submerged vegetation, the conservation and recovery

of Posidonia oceanica meadows, dune and coastal-wetland restoration, the hydrological

reconnection of transitional waters, and the development of biogenic and hybrid coastal

structures. Although these approaches differ in their mechanisms and target environ‐

Diversity 2026, 18, 469 10 of 27

https://doi.org/10.3390/d18080469

https://doi.org/10.3390/d18080469


ments, they share the objective of strengthening coastal adaptation through the restora‐

tion or enhancement of natural processes.

Vegetation-based NbS are among the most widely implemented approaches in

Mediterranean lagoons and shallow coastal waters. Seagrass meadows stabilise sedi‐

ments, reduce turbidity, improve water quality, and promote sediment deposition by de‐

creasing near-bed shear stress [46]. In addition to these regulating functions, P. oceanica

meadows provide substantial long-term carbon storage, support highly diverse biologi‐

cal communities, and contribute to shoreline stabilisation [16,78]. The conservation and

restoration of seagrass habitats have consequently become central components of

Mediterranean NbS strategies.

The Venice Lagoon has become an important experimental setting for testing these

approaches. The LIFE SeResto project (LIFE12 NAT/IT/000331) demonstrated the feasi‐

bility of large-scale seagrass restoration through the transplantation of more than 75,000

rhizomes of submerged angiosperms, including Zostera marina and Nanozostera noltii.

The intervention improved ecological status, water transparency, sediment stability, and

benthic habitat quality, while promoting the natural expansion of seagrass meadows be‐

yond the initial restoration sites [81]. Building on this experience, the LIFE TRANSFER

project (LIFE19 NAT/IT/000264) extended the methodologies developed in Venice to

other Mediterranean transitional environments in Italy, Greece, and Spain, thereby test‐

ing their transferability across different ecological and management contexts [38,82].

Other LIFE projects have focused on restoring the hydrological and geomorphologi‐

cal processes that support ecosystem functioning. The LIFE Lagoon Refresh project

(LIFE16 NAT/IT/000663), for example, reintroduced freshwater from the Sile River into

the Venice Lagoon, restoring salinity gradients and transitional habitats across approxi‐

mately 1250 ha. By reconnecting key hydrological processes, the project increased habi‐

tat heterogeneity and improved ecological functioning at the landscape scale [83,84]. A

comparable process-based perspective was adopted by LIFE MC-SALT (LIFE10

NAT/IT/000256), which promoted hydrological reconnection and habitat restoration in

lagoon and saltwork systems in Italy, France, and Bulgaria. These initiatives illustrate

how NbS can extend beyond individual restoration sites by addressing the processes

that regulate entire coastal systems [28].

Sediment-based NbS represent another important adaptation strategy in

Mediterranean environments. Coastal dunes act as dynamic sediment reservoirs that ab‐

sorb storm impacts, reduce inland flooding, and maintain sediment exchanges between

beaches and backshore areas [77]. Their performance depends strongly on sediment

availability, vegetation cover, and sufficient space for natural morphological adjustment,

all of which are frequently constrained by urbanisation and recreational pressure.

Projects such as LIFE REDUNE (LIFE16 NAT/IT/000589) and LIFE CALLIOPE (LIFE17

NAT/IT/000565) demonstrate how dune restoration, habitat conservation, and visitor

management can jointly support coastal protection, biodiversity recovery, and landscape

resilience.

Hybrid approaches are becoming increasingly important in highly modified coastal

settings where limited space or high levels of exposure constrain the feasibility of exten‐

sive ecosystem restoration. These approaches combine ecological and engineered com‐

ponents by incorporating natural processes into existing or newly designed infrastruc‐

ture. Examples include ecologically enhanced breakwaters, textured seawalls, biorecep‐

tive concrete structures, and restored biogenic reefs designed to attenuate wave energy

while increasing habitat complexity [20,27]. Emerging initiatives such as LIFE NatuReef

(LIFE22 NAT/IT/101113742) further illustrate the potential of biogenic-reef restoration in

the northern Adriatic to provide both ecological benefits and physical coastal-protection
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6. Scaling up Nature-Based Solutions: Ecosystem Services, Economic
Valuation, Governance, and Lessons Learned

6.1. Multifunctionality, Ecosystem-Service Provision, and the Blue Carbon Landscape

functions.

Collectively, the LIFE projects reviewed reveal a gradual transition from localised

habitat restoration towards more integrated, process-based, and system-scale interven‐

tions. The strongest outcomes generally arise where habitat recovery is combined with

hydrological reconnection, sediment management, long-term monitoring, and stake‐

holder participation, reflecting the functional interdependence of Mediterranean coastal

ecosystems [13]. Nevertheless, outcomes remain strongly context-dependent. The

projects differ in their target habitats, baseline ecological conditions, spatial scales, moni‐

toring periods, and performance indicators, and no single approach can be transferred

without adaptation to local conditions.

Important implementation challenges therefore remain. Many interventions are still

conducted at spatial scales smaller than those at which the relevant hydrodynamic, sedi‐

mentary, and ecological processes operate, while the integration of NbS into broader

coastal-planning and climate-adaptation frameworks remains incomplete [28]. Long-

term monitoring is also essential to distinguish short-term restoration responses from

persistent ecological and protective benefits. Addressing these limitations will be neces‐

sary to scale up successful interventions, improve their transferability, and maximise the

contribution of NbS to Mediterranean coastal adaptation under changing climatic

conditions.

One of the principal advantages of Nature-based Solutions (NbS) is their capacity to

deliver multiple ecosystem services simultaneously. Unlike conventional grey infrastruc‐

ture, which is generally designed to address a single hazard, NbS can provide a broad

range of ecological, social, and economic co-benefits extending well beyond coastal pro‐

tection [15,17]. This multifunctionality is a major reason for their increasing integration

into climate adaptation and mitigation strategies. Coastal ecosystems such as wetlands,

salt marshes, dunes, seagrass meadows, and biogenic reefs contribute to wave attenua‐

tion, sediment stabilisation, shoreline protection, biodiversity conservation, and water-

quality improvement [79]. To synthesise these benefits within the Mediterranean context,

the ecosystem services associated with the principal NbS typologies are classified ac‐

cording to the Common International Classification of Ecosystem Services (CICES)

framework[85] in Supplementary Table S3.

In addition to supporting coastal adaptation, many marine NbS contribute to cli‐

mate-change mitigation through distinct blue-carbon pathways. However, the magni‐

tude, persistence, and underlying mechanisms of these contributions differ substantially

among habitats and should be distinguished from other ecosystem services, including

biodiversity conservation, coastal protection, and water-quality regulation [12]. Coastal

vegetated ecosystems sequester atmospheric carbon through primary production and

store a substantial fraction of this organic matter in their sediments, where anoxic condi‐

tions slow decomposition and permit accumulation over centennial to millennial

timescales [16].

Within the Mediterranean Basin, Posidonia oceanica meadows represent one of the

largest and most persistent blue-carbon reservoirs. Their thick, fibrous mattes store con‐

siderable quantities of organic carbon while also attenuating wave energy, stabilising

sediments, and supporting highly diverse benthic communities [16,78,86]. Carbon stocks

may reach approximately 1500 Mg C ha  in long-established meadows, although values

vary markedly with meadow age, sediment characteristics, hydrodynamic conditions,

−1
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and local environmental history [87]. The climate-mitigation potential and broader eco‐

system-service value of P. oceanica are therefore strongly site-dependent.

By contrast, faster-growing pioneer species such as Zostera marina and Nanozostera

noltii are increasingly used in restoration programmes because of their rapid establish‐

ment and capacity to stabilise sediments during the early stages of ecosystem recovery.

Their standing carbon stocks are generally lower, at approximately 40–100 Mg C ha ,

but these values likewise vary with sediment properties, hydrodynamic conditions,

meadow age, and restoration status [88,89]. Rapid sediment colonisation and continued

carbon burial can accelerate the recovery of degraded shallow-water environments, al‐

lowing these species to function as effective “carbon bridges” during the transition to‐

wards more mature sedimentary carbon sinks [80].

−1

Macroalgal forests, particularly those formed by canopy-forming Cystoseira sensu

lato, represent a different carbon pathway. Because macroalgae generally grow on rocky

substrates, they contribute relatively little to local sedimentary carbon storage. Their cli‐

mate-regulation role instead depends largely on the export of organic biomass, a fraction

of which may be transported offshore and ultimately sequestered in deep-ocean sedi‐

ments [90,91]. Mediterranean restoration initiatives such as ROCPOP-LIFE indicate that

the recovery of Cystoseira forests can enhance primary production, habitat complexity,

and ecosystem functioning while also contributing to the marine carbon cycle through

biomass export.

These examples illustrate that the climate-mitigation value of marine NbS arises

through distinct processes, including sedimentary carbon storage, carbon burial, and

biomass export. These pathways should be evaluated separately from broader contribu‐

tions to biodiversity conservation, coastal protection, and other ecosystem services.

Whereas vegetated habitats contribute to climate mitigation mainly through organic

carbon sequestration and storage [92], other marine NbS support coastal adaptation pri‐

marily through structural protection. Coral reef restoration, for example, can provide

highly effective natural coastal defence because reef frameworks dissipate wave energy

while supporting exceptional biodiversity. However, coral calcification forms calcium

carbonate through a process that releases CO  into the surrounding water:2

Ca  + 2HCO  → CaCO  + CO  + H O
2+

3
−

3 2 2

Coral reefs should therefore not be regarded as major long-term carbon sinks, de‐

spite their important role in protecting adjacent blue-carbon habitats such as seagrass

meadows and mangroves [93,94]. Their principal value as NbS lies in wave attenuation,

habitat provision, biodiversity support, and the maintenance of ecosystem functioning

rather than in direct climate-change mitigation.

Although true coral reefs are absent from the Mediterranean Sea, comparable struc‐

tural functions are provided by ecosystem engineers such as the native European flat

oyster (Ostrea edulis), the Pacific oyster (Crassostrea gigas), and the reef-forming poly‐

chaetes Sabellaria alveolata and Sabellaria spinulosa [95–97]. These organisms act as impor‐

tant benthic–pelagic couplers [98]. Their filtration activity can improve water clarity and

facilitate the recruitment of submerged vegetation, while their complex three-dimen‐

sional structures create microrefugia, support diverse benthic assemblages, and provide

nursery, feeding, and spawning habitats for numerous marine species [96–98]. Recent

initiatives, including LIFE NatuReef, suggest that active biogenic-reef restoration can in‐

crease local benthic species richness while reducing wave run-up by approximately 40–

80% under the site-specific hydrodynamic conditions examined [99]. The magnitude of

these protective effects depends on reef morphology, water depth, incident wave climate,

and storm characteristics.
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6.2. Economic Valuation, Financing, and Governance Challenges

Sediment-based NbS, particularly dune restoration, provide another example of

multifunctionality. Restored dune systems stabilise shorelines, reduce storm impacts,

and help preserve the freshwater lenses underlying many low-lying Mediterranean

coastal plains [100,101]. By combining sediment nourishment with the establishment of

psammophilous vegetation such as Ammophila arenaria, restored dunes function as dy‐

namic sediment reservoirs that can replenish beaches after storm events while limiting

saltwater intrusion into coastal aquifers [12]. These interventions consequently support

both coastal protection and terrestrial biodiversity.

The quantitative values reported above reflect the environmental and experimental

conditions examined in the cited studies. They should therefore be interpreted as indica‐

tive ranges rather than universally applicable thresholds.

Beyond ecosystem-service provision, different NbS can generate distinct biodiver‐

sity outcomes according to the habitat restored and the ecological processes involved.

Seagrass meadows and salt marshes increase habitat complexity, enhance nursery func‐

tions, strengthen ecological connectivity, and support diverse assemblages of fish, inver‐

tebrates, and waterbirds. Dune restoration promotes the recovery of specialised psam‐

mophilous vegetation and associated arthropod communities while contributing to the

conservation of priority habitats protected under the Natura 2000 network. Similarly,

oyster and Sabellaria reefs increase habitat heterogeneity by creating complex three-di‐

mensional structures that provide refuge, feeding areas, and spawning grounds for nu‐

merous marine organisms. Nevertheless, biodiversity responses remain strongly con‐

text-dependent and vary with environmental conditions, restoration design, baseline

ecological status, and long-term management. Restoration may also involve trade-offs,

including shifts in community composition or the establishment of opportunistic and

non-native species, underscoring the need for adaptive management and sustained eco‐

logical monitoring.

Ultimately, ecosystem-service delivery by NbS is dynamic rather than fixed. Unlike

static engineering structures, ecosystem-based interventions may become progressively

more effective as ecological communities mature and eco-geomorphological feedback is

re-established [13,46]. Salt marshes can adjust to moderate rates of sea-level rise through

vertical sediment accretion, while seagrass meadows enhance sediment retention and

water clarity. However, restoration success remains contingent on adequate sediment

supply, suitable hydrodynamic conditions, sufficient water quality, and space for habitat

migration. Maximising the ecological and socio-economic benefits of Mediterranean NbS

therefore requires integrated planning, long-term monitoring, and adaptive manage‐

ment capable of balancing local stakeholder needs with wider climate-adaptation and

biodiversity-conservation objectives [18,102].

Despite growing evidence of their potential, the widespread implementation of NbS

remains constrained by economic, financial, and institutional barriers. Conventional

cost–benefit analyses often prioritise short-term, readily quantifiable outcomes, which

can favour grey infrastructure because its construction costs and protective performance

are more directly measured [17]. By contrast, many of the benefits delivered by NbS are

distributed across multiple ecosystem services and accrue over longer time horizons, in‐

creasing the risk that they are undervalued in conventional appraisal frameworks.

The concept of natural capital provides an important means of addressing this limi‐

tation by recognising ecosystems as assets that generate measurable benefits for society

[15]. Coastal wetlands, for example, reduce flood risk through wave attenuation and

storm-surge buffering, thereby functioning as natural protective infrastructure [14].
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Seagrass meadows likewise contribute to climate-change mitigation through long-term

carbon storage while supporting fisheries, biodiversity, and water-quality regulation

[16]. Integrating these values into economic decision-making nevertheless remains diffi‐

cult because of methodological uncertainty, limited standardisation among valuation ap‐

proaches, and the challenge of accounting for long-term ecological change and non-mar‐

ket benefits.

Financing represents a further constraint. To date, NbS implementation in Europe

has relied heavily on public funding, particularly through the LIFE Programme, which

has played a central role in supporting innovation, pilot interventions, and proof-of-con‐

cept projects [28]. Scaling up NbS to the level required for climate adaptation will, how‐

ever, require more diverse and durable financing models. Emerging options include

blue-carbon finance, payments for ecosystem services, resilience-based investment

mechanisms, and insurance instruments linked to demonstrated risk-reduction benefits

[103]. Although promising, these approaches remain at an early stage of development,

especially in Mediterranean coastal settings, where project pipelines, monitoring stan‐

dards, and mechanisms for revenue generation are still limited.

Governance challenges are equally important. Coastal management across the

Mediterranean is often characterised by fragmented institutional arrangements, with re‐

sponsibilities distributed among multiple sectors, agencies, and administrative levels

[47,51]. Such fragmentation can impede the integration of NbS into spatial planning, en‐

vironmental regulation, and climate-adaptation policy. Frameworks such as Integrated

Coastal Zone Management (ICZM), the Water Framework Directive (WFD), and the

Marine Strategy Framework Directive (MSFD) provide important entry points for eco‐

system-based approaches, but regulatory uncertainty, complex permitting procedures,

limited technical guidance, and weak coordination among institutions continue to con‐

strain implementation. Meaningful stakeholder engagement is therefore essential to im‐

prove legitimacy, reduce conflicts, and ensure that interventions reflect local socio-eco‐

nomic priorities and environmental conditions.

Mainstreaming NbS will require a shift from sectoral decision-making towards inte‐

grated frameworks that connect ecological processes, economic valuation, financing

mechanisms, and governance arrangements. These relationships are summarised con‐

ceptually in Figure 3.

Figure 3. Conceptual framework illustrating the interactions among scientific knowledge, eco‐

nomic valuation, governance, and policy in supporting the implementation of Nature-based

Solutions (NbS) in coastal systems. The framework highlights how advances in the understanding
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6.3. Contrasting Implementation Pathways Across the Mediterranean Basin: Funding

Mechanisms and Governance Frameworks

of ecological and coastal processes, together with economic assessment (including natural capital

accounting and ecosystem service valuation), can inform governance and decision-making,

thereby facilitating the planning and implementation of NbS. Feedback loops linking implementa‐

tion, monitoring, scientific evaluation, and policy adaptation emphasize the iterative and adaptive

nature of coastal management. The diagram represents a conceptual synthesis of the enabling fac‐

tors and interactions discussed throughout this review and should not be interpreted as a pre‐

scriptive or quantitative implementation model. The relationships illustrated are generalized and

may vary according to governance structures, institutional capacity, socio-economic context, and

environmental conditions. The framework is based on the concepts and evidence reviewed in Refs.

[8,9,12,18,85,102].

The implementation patterns discussed below represent generalized tendencies de‐

rived from the scientific literature and project documentation reviewed here.

Considerable institutional, environmental, and socio-economic heterogeneity exists

across Mediterranean countries, and exceptions to these broad regional patterns should

therefore be anticipated.

Most well-documented, process-based NbS reported in the Western and Central

Mediterranean have been implemented through the European Union’s LIFE Programme

and related funding mechanisms, particularly in Italy, Greece, Spain, and France.

Conversely, Mediterranean countries along the southern and eastern shores, including

North Africa and the Levant, remain comparatively underrepresented in the scientific

literature despite experiencing some of the highest rates of coastal erosion, increasing

water scarcity, and accelerating sea-level rise in the region [102].

This imbalance appears to reflect differences in governance frameworks, funding

opportunities, and implementation pathways across the Mediterranean Basin [102,103].

Within EU Member States, the LIFE Programme provides dedicated financial support

for pilot projects focused on ecosystem restoration, stakeholder participation, and adap‐

tive management. These funding instruments encourage experimental approaches and

facilitate the testing of innovative Nature-based Solutions under different environmental

and socio-economic conditions.

In contrast, many non-EU Mediterranean countries do not have direct access to

these dedicated European funding instruments. Consequently, coastal adaptation is

more frequently supported through large international funding programmes led by or‐

ganisations such as the World Bank, the United Nations Development Programme

(UNDP), and the Green Climate Fund (GCF) [102–104]. These programmes typically

pursue multiple objectives, including climate adaptation, disaster risk reduction, socio-

economic development, and institutional strengthening.

As a result, project design often reflects different planning priorities (Figure 4).

International development programmes typically seek solutions capable of providing

measurable reductions in coastal risk while simultaneously protecting densely popu‐

lated areas, strategic infrastructure, and economically important agricultural land [105].

Under these conditions, NbS are frequently integrated into broader hybrid adaptation

strategies that combine ecological restoration with conventional engineering measures,

rather than being implemented as standalone restoration measures.
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Figure 4. Conceptual comparison of generalized implementation pathways for Nature-based

Solutions (NbS) across the Mediterranean Basin. The upper panel illustrates the predominant im‐

plementation pathway documented in many EU Member States, where dedicated funding instru‐

ments (e.g., the EU LIFE Programme) support pilot-scale restoration projects, stakeholder partici‐

pation, and ecosystem-based management. The lower panel summarizes implementation ap‐

proaches commonly reported in several non-EU Mediterranean countries, where coastal adapta‐

tion is more frequently supported through international development programmes (e.g., World

Bank, UNDP, and the Green Climate Fund) and often combines NbS with conventional engineer‐

ing measures within hybrid adaptation strategies. The Nile Delta (Egypt) is presented as a repre‐

sentative example of this integrated approach. Shared regional challenges, including climate

change, coastal erosion, and data limitations, influence implementation across the entire

Mediterranean Basin, although governance structures, funding mechanisms, and institutional ca‐

pacity differ among countries. The figure represents a conceptual synthesis of broad implementa‐

tion tendencies derived from the literature and project documentation reviewed in this study and

should not be interpreted as a universal classification of Mediterranean countries. The relation‐

ships illustrated are generalized and considerable environmental, institutional, and socio-eco‐

nomic heterogeneity exists within both the northern and southern Mediterranean regions. The

framework is based on the evidence reviewed in Refs. [102–106].

A representative example of this integrated approach is the GCF-funded, UNDP-im‐

plemented project FP068, Enhancing Climate Change Adaptation in the North Coast and Nile

Delta in Egypt [104,106]. The Nile Delta is exposed to multiple, interacting pressures, in‐

cluding sea-level rise, sediment deficits associated with upstream river regulation, and

increasing coastal squeeze. Consequently, adaptation measures combine vegetated dune

stabilisation and locally sourced sand dikes with conventional wave-breaking structures

to protect agricultural land, coastal aquifers, and densely populated settlements from

saltwater intrusion and coastal flooding [104,106]. Comparable implementation patterns

have been reported in Morocco and Tunisia, where internationally funded coastal pro‐

grammes emphasize integrated coastal zone management (ICZM), institutional capacity

building, and hybrid coastal protection strategies alongside ecosystem restoration initia‐

tives [105].

A further factor influencing NbS implementation in parts of the southern and east‐

ern Mediterranean is the limited availability of long-term environmental datasets and

monitoring programmes [102]. Compared with many EU Member States, baseline infor‐

mation on bathymetry, sediment dynamics, habitat distribution, and coastal processes is
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6.4. Lessons Learned and Pathways for Mainstreaming NbS

often more limited, increasing uncertainty during project planning and evaluation [103].

Although this does not preclude the adoption of NbS, but it may contribute to greater re‐

liance on hybrid or conventional engineering approaches where rapid and predictable

risk reduction is required.

Bridging these regional differences will require stronger transboundary collabora‐

tion, improved knowledge exchange, and broader access to technical and financial re‐

sources. Broadening the evidence base beyond the predominantly European experience

will also require adapting NbS design and implementation strategies to the diverse envi‐

ronmental, governance, and socio-economic contexts that characterize Mediterranean

coastal systems [102].

Evidence from LIFE projects and international case studies indicates that the effec‐

tiveness of NbS depends not on isolated interventions but on the integration of ecologi‐

cal, hydrodynamic, and geomorphological processes. Projects such as LIFE SeResto,

LIFE TRANSFER, LIFE Lagoon Refresh, and LIFE MC-SALT have demonstrated that

combining vegetation restoration, hydrological reconnection, and sediment management

generally produces more robust and durable outcomes than single-purpose interven‐

tions [28]. Similar conclusions emerge from global experiences, including mangrove

restoration in Southeast Asia, oyster-reef restoration in North America, and large-scale

sediment-management initiatives such as the Dutch Sand Motor, all illustrating the im‐

portance of working with natural processes rather than attempting to control them

[14,20,44]. The Venice Lagoon provides an example of the challenges associated with bal‐

ancing ecosystem-based adaptation and conventional engineering in highly vulnerable

coastal systems. Alongside the NbS initiatives implemented within the lagoon, flood

protection is provided by the MOSE system, a large-scale movable barrier designed to

protect Venice from exceptional high-water events [107–109]. While the system plays a

fundamental role in reducing flood risk, its operation temporarily modifies lagoon–sea

water exchanges, highlighting the importance of carefully evaluating potential ecological

trade-offs and integrating engineering solutions with ecosystem-based management.

Rather than representing mutually exclusive approaches, grey infrastructure and NbS

should be viewed as complementary components of hybrid adaptation strategies that

seek to combine effective flood protection with the maintenance of ecosystem

functioning.

Several key lessons emerge from these experiences. Although the LIFE projects re‐

viewed target different coastal ecosystems, including seagrass meadows, coastal la‐

goons, salt marshes, dunes, and biogenic reefs, they share several common features. The

most successful interventions consistently combined habitat restoration with hydrologi‐

cal or sediment management, long-term monitoring, and stakeholder engagement. At

the same time, restoration outcomes varied according to local environmental conditions,

implementation scale, baseline ecological status, and monitoring duration, highlighting

that no single NbS approach can be universally applied across Mediterranean coastal

systems. First, NbS are most effective when designed as integrated, process-based inter‐

ventions that operate at the scale of the underlying coastal system. Second, long-term

monitoring and adaptive management are essential to evaluate performance, support

learning, and respond to changing environmental conditions. Third, successful imple‐

mentation requires moving beyond site-scale restoration toward system-scale ap‐

proaches that explicitly account for ecological connectivity, sediment pathways, hydro‐

logical processes, and socio-economic interactions [13,18].

Mediterranean coastal systems nevertheless present specific challenges, including
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7. Conclusions

microtidal conditions, limited sediment availability, extensive urbanization, and high

levels of socio-economic exposure [22,47]. Under such conditions, NbS often need to be

integrated with conventional engineering measures within hybrid adaptation strategies

capable of providing both ecological benefits and adequate levels of risk reduction. The

long-term performance of sediment-based and hybrid NbS also depends on the engi‐

neering behaviour of the materials involved. In addition to ecological functioning, the

durability of restored dunes, sand dikes, and reinforced sediment systems is controlled

by factors such as sediment permeability, pore structure, cyclic wetting–drying pro‐

cesses, soil–vegetation interactions, and the mechanical response of granular materials

under repeated hydrodynamic loading. Recent geotechnical studies have further empha‐

sized that the durability and serviceability of hybrid coastal systems depend on the cou‐

pled effects of cyclic environmental loading, hydraulic behaviour, and soil–structure in‐

teractions [110–112]. Collectively, these factors influence erosion resistance, sediment sta‐

bility, and the long-term performance of hybrid coastal interventions, emphasising the

need to integrate ecological restoration with geotechnical and coastal engineering princi‐

ples during both design and long-term monitoring. Consequently, NbS cannot be ex‐

pected to achieve their intended ecological and engineering objectives under all environ‐

mental conditions, particularly where sediment supply is insufficient, hydrodynamic

forcing exceeds ecosystem tolerance, water quality is degraded, ecological thresholds

have already been crossed, or opportunities for landward habitat migration are con‐

strained by coastal development. Under such conditions, long-term maintenance, adap‐

tive management, and, where appropriate, hybrid solutions remain essential compo‐

nents of effective coastal adaptation.

Overall, the evidence reviewed in this study indicates that, although important sci‐

entific and technical challenges remain, including uncertainties related to long-term eco‐

system responses, sediment availability, environmental thresholds, and future climate

trajectories, the widespread implementation of NbS is increasingly constrained by eco‐

nomic, institutional, and governance factors. Addressing these barriers will require con‐

tinued scientific research, long-term monitoring, and adaptive management, together

with policy frameworks that recognise ecosystem services, support sustained financing,

strengthen cross-sectoral governance, and facilitate the integration of NbS into broader

coastal adaptation strategies. Advancing NbS in the Mediterranean therefore requires a

transition from project-based restoration towards integrated adaptation frameworks that

treat NbS not as alternatives to conventional engineering, but as essential components of

hybrid, adaptive, and resilient coastal management.

The evidence synthesized in this review indicates that Nature-based Solutions

(NbS) can represent an important component of Mediterranean coastal adaptation when

appropriately designed, implemented, and managed within their environmental and so‐

cio-economic context. Across a wide range of environmental settings, NbS have demon‐

strated their capacity to reduce coastal risks while simultaneously supporting ecosystem

functioning, biodiversity conservation, and, where appropriate, climate-change mitiga‐

tion. Unlike conventional grey infrastructure, these approaches operate through the

restoration and enhancement of natural processes, providing multiple ecological and so‐

cio-economic co-benefits that extend beyond hazard reduction alone.

A limitation of the present review is the heterogeneous nature of the evidence con‐

sidered. In addition to peer-reviewed publications, the synthesis includes European

restoration projects and institutional reports, which differ in methodological detail, mon‐

itoring duration, and reporting standards. Nevertheless, these implementation-oriented
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sources provide valuable information that is often unavailable in the scientific literature

and are therefore essential for developing a comprehensive understanding of NbS cur‐

rently applied in Mediterranean coastal systems.

The Mediterranean Basin represents a particularly relevant setting for the applica‐

tion of NbS. As one of the world’s most prominent climate-change hotspots, the region

faces the combined pressures of sea-level rise, increasing extreme events, land subsi‐

dence, sediment deficits, and intense coastal development. At the same time,

Mediterranean coastal ecosystems, including seagrass meadows, wetlands, lagoons, and

dune systems, offer significant opportunities for ecosystem-based adaptation. The expe‐

riences reviewed here, particularly those supported by the LIFE Programme, demon‐

strate the considerable potential of NbS across a wide range of coastal environments, al‐

though restoration outcomes remain strongly influenced by local environmental condi‐

tions, implementation strategies, and long-term management.

A key lesson emerging from both Mediterranean and international experience is

that the effectiveness of NbS depends on their integration within broader socio-ecologi‐

cal systems. The most successful interventions simultaneously address ecological, hy‐

drodynamic, and geomorphological processes rather than focusing on individual habi‐

tats or isolated restoration actions. This evidence supports a transition from site-based

restoration toward process-based, system-scale approaches that recognise the functional

connectivity among coastal ecosystems.

Despite significant progress, important challenges remain. The long-term perfor‐

mance of NbS under accelerating climate change is still affected by uncertainties related

to ecological responses, sediment availability, hydrodynamic conditions, environmental

thresholds, and future climate trajectories. Furthermore, economic appraisal methods, fi‐

nancing mechanisms, and governance frameworks often remain poorly aligned with the

multifunctional and long-term nature of ecosystem-based interventions. Continued sci‐

entific research, adaptive monitoring, and comparative evaluation of restoration out‐

comes will therefore remain essential, while wider implementation increasingly depends

on overcoming economic, institutional, and governance barriers.

Future efforts should therefore focus on strengthening long-term monitoring, im‐

proving valuation and performance-assessment methods, and integrating NbS more ef‐

fectively into coastal planning and adaptation policies. Particular attention should be de‐

voted to hybrid approaches that combine ecological restoration with conventional engi‐

neering, especially in densely populated and highly modified coastal areas where oppor‐

tunities for ecosystem migration are limited. Achieving this transition will require adap‐

tive governance, sustained investment, and context-specific implementation strategies

capable of responding to the diverse environmental and socio-economic conditions that

characterise Mediterranean coastal systems.

Ultimately, NbS should not be regarded as universally applicable alternatives to

conventional coastal defences, but as context-dependent components of adaptive coastal

management. Their effectiveness depends on local geomorphology, sediment availabil‐

ity, hydrodynamic conditions, ecological integrity, governance capacity, and long-term

monitoring. When appropriately integrated with conventional engineering within hy‐

brid adaptation strategies, NbS provide a promising pathway towards more resilient

and sustainable responses to climate change while preserving both the ecological integ‐

rity and the socio-economic value of Mediterranean coastal systems.

Supplementary Materials: The following supporting information can be downloaded at: https://w

ww.mdpi.com/article/10.3390/d18080469/s1, Table S1: Literature search strategy adopted for the

structured evidence synthesis; Table S2: Comparative overview of NbS typologies applied in

Diversity 2026, 18, 469 20 of 27

https://doi.org/10.3390/d18080469

https://www.mdpi.com/article/10.3390/d18080469/s1
https://www.mdpi.com/article/10.3390/d18080469/s1
https://doi.org/10.3390/d18080469


European coastal environments; Table S3: Synthesis matrix of ecosystem services (ESS) provided

by native coastal NbS.
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