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Nature-based Solutions (NbS) are increasingly promoted to enhance coastal resilience to climate change, yet
most evaluations focus on biophysical outcomes while overlooking the project-level processes that influence
long-term effectiveness and scalability. This study applies an implementation-based analytical framework to
assess how coastal NbS implementation processes engaged with multiple Climate Impact Drivers (CIDs),
including sea-level rise, ocean warming, storm intensity, precipitation variability, and ocean acidification.

A structured qualitative review of 117 coastal NbS studies was conducted, of which 35 were CID-relevant and
only 14 contained sufficient process-level information for detailed analysis. Eight key Implementation Compo-
nents (ICs)—baseline assessment, stakeholder engagement, comparative analysis, economic analysis, perfor-
mance indicators, monitoring, adaptive management, scalability and replicability—were identified and analysed
using Jaccard similarity indices to quantify their co-occurrence. These ICs are related to implementation plan-
ning, governance, monitoring, learning, and scalability. The ICs were further mapped to the International Union
for Conservation of Nature (IUCN) Global Standard for NbS to evaluate their conceptual alignment with rec-
ognised quality criteria.

Results show that foundational and measurement ICs such as baseline assessment, monitoring, and perfor-
mance indicators dominate current NbS practice, whereas learning-orientated and enabling processes—partic-
ularly comparative analysis, adaptive management, stakeholder engagement, and economic assessment—are
weakly integrated. This structural imbalance limits cross-site learning, adaptive capacity, and scalability under
interacting climate pressures. NbS interventions exhibiting more complete process architectures demonstrate
greater alignment with IUCN criteria related to governance, feasibility, and long-term sustainability.

The study demonstrates that scalability is an emergent property of implementation-process completeness
rather than a function of ecosystem type or intervention outcomes. This study establishes a quantitative-
conceptual framework that integrates CIDs, ICs, and NbS Standard, offering a transferable methodology for
identifying implementation deficiencies and enhancing the design of resilient, policy-relevant coastal NbS.

1. Introduction

Nature-based Solutions (NbS) have emerged from a lineage of con-
servation and land management approaches developed since the 1990s,
including forest landscape restoration, sustainable land management,
and integrated land use planning (Cohen-Shacham et al., 2016; Seddon
et al., 2021). These approaches have demonstrated tangible co-benefits
for biodiversity, livelihoods, and climate regulations (Dhyani et al.,
2020). The NbS principles build on these foundations by explicitly rec-
ognising people as active agents in protecting, managing, and restoring
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ecosystems to address major societal challenges rather than as passive
beneficiaries of nature (Adame and Lovelock, 2011). Since gaining in-
ternational prominence at the Conference of Parties (COP 14) in 2018,
NbS have been increasingly positioned as a central strategy for climate
change mitigation, adaptation, and sustainable development across
terrestrial, coastal, and urban systems (Bulkeley et al., 2023; Seddon
et al., 2021). Despite this rapid policy uptake, scientific evidence of the
performance of NbS in enhancing climate resilience remains frag-
mented. Most existing assessments have focused on biophysical or
socio-economic outcomes, such as carbon storage, ecosystem extent, or
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avoided damages, while giving limited attention to the processes
through which NbS projects are planned, implemented, governed, and
monitored over time (Mahmood et al., 2023; Vogelsang et al., 2023).
This gap becomes particularly critical under intensifying climate pres-
sures, where the durability and scalability of NbS depend not only on
ecological suitability but also on the robustness of institutional, finan-
cial, and governance arrangements that support long-term project per-
formance (Billé et al., 2013; Hallegatte et al., 2019; Nelson et al., 2020).

Coastal ecosystems are among the most vulnerable to climate change
while simultaneously providing essential ecosystem services such as
coastal protection, carbon sequestration, and biodiversity conservation
(Huo et al., 2023; Koch et al., 2013). These systems are exposed to
multiple, interacting Climate Impact Drivers (CIDs), including sea-level
rise, changes in ocean circulation, increasing storm intensity, shifts in
precipitation regimes, ocean warming, and acidification (Marfai and
King, 2008; Doney et al., 2009; Waycott et al., 2009; Peter Sheng et al.,
2022). Although NbS are widely promoted as the cornerstone of coastal
resilience strategies, there remains limited understanding of how
different NbS interventions perform under specific CIDs and whether
they are supported by project-level processes required to sustain effec-
tiveness as climate risks escalate (Hansen et al., 2023).

Under such dynamic and uncertain conditions, outcome-based met-
rics alone are insufficient to explain why some NbS interventions suc-
ceed while others fail (IUCN, 2020; Kumar et al., 2021; Nelson et al.,
2020). The long-term performance of NbS depends fundamentally on
how projects are designed and managed, including the quality of
stakeholder engagement, governance structures, financing mechanisms,
monitoring systems, and adaptive management practices (Cohn et al.,
2022; Breil et al., 2023). Weakness in these enabling processes can un-
dermine even ecologically well-intended interventions, constraining
their scalability and resilience to climate shocks. To capture these
non-biophysical determinants of success, this study adopts a set of
Implementation Components (ICs) that represent the core elements of
NbS project planning, implementation, and governance. Accordingly,
the objective of this study is to systematically evaluate how imple-
mentation components shape the effectiveness, scalability, and
long-term sustainability of coastal NbS under multiple CIDs by quanti-
fying their co-occurrence patterns and mapping their alignment with the
International Union for Conservation of Nature (IUCN) NbS Global
Standard.

2. Method
This study adopts a structured qualitative literature review combined

with an implementation-based analytical framework to examine how
coastal NbS are planned, evaluated, and positioned for scalability under
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multiple CIDs.

2.1. Search criteria and articles selection

A structured qualitative literature search was conducted using
Google Scholar. Search terms included combinations of “coastal pro-
tection”, “coastal restoration”, “climate change”, “nature-based solu-
tions”, “disaster risk reduction”, “adaptation” and “mitigation”. The
initial search yielded approximately 117 records after removal of du-
plicates and non-relevant document types (Fig. 1). A bibliographic
network was subsequently created and used to visualise thematic link-
ages among keywords across the screened literature (Fig. 2). Retrieved
records were screened using predefined inclusion criteria requiring that
studies (i) addressed coastal ecosystems, (ii) involved NbS-type in-
terventions, and (iii) explicitly or implicitly related to at least one CID.
This screening resulted in 35 studies being retained for full-text review.
Full-text screening then assessed whether the shortlisted studies con-
tained information on implementation-level processes. As a result, only
14 of 35 studies were found to be sufficiently process-informative and
were therefore included in the co-occurrence analysis. The remaining
studies primarily focused on biophysical or outcome-based assessments.

2.2. Mapping CIDs and NbS strategies for coastal resilience

CIDs were defined as climate-related physical and biogeochemical
drivers that directly or indirectly affect ecosystems and human systems,
including sea-level rise, storm surge, etc. The literature was screened to
ensure representation of major coastal CIDs, and studies addressing
these drivers were shortlisted for full-text review and analysis. The NbS
interventions reported in the selected studies were mapped to specific
CIDs by extracting stated intervention objectives and problem contexts
(Fig. 3). The mapped CID-NbS provided a contextual basis for the sub-
sequent identification and evaluation of implementation components
and their conceptual alignment with NbS principles. The analysis did not
quantify outcome magnitudes but instead focused on linking in-
terventions to the climate pressures they were intended to address.

2.3. Selection of implementation components

A set of implementation-based components were identified from
established conservation planning, adaptive management, and natural
resource governance frameworks that predate the formulation of the
NbS concept (Table 1). These components represent widely recognised
processes that support intervention planning, evaluation readiness, and
learning in environmental management (Cohen-Shacham et al., 2016;
IUCN, 2020; Nelson et al., 2020). Within the NbS context, ICs provide a
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Fig. 1. Keyword frequency distribution in literature.
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Fig. 3. Nature-based solutions for addressing the climate impact drivers and their mitigation and adaptation pathways.

structured framework for examining critical process dimensions of NbS
projects, from problem diagnosis and feasibility assessment to evalu-
ability, learning readiness, and long-term scalability. Their use makes it
possible to systematically determine strengths, weaknesses, and
knowledge gaps in NbS interventions and literature (IUCN, 2020). In
this review, effectiveness is interpreted in a process-based sense,
reflecting the adequacy of planning, evaluability, governance, and
learning mechanisms, rather than as a direct measure of biophysical or
economic outcomes.

2.4. Co-occurrence analysis of ICs and conceptual alignment with [IUCN
standard for NbS

To examine how ICs are jointly addressed in coastal NbS literature, a
two-stage analytical framework was applied. First, a quantitative co-
occurrence analysis was conducted to examine how ICs are combined
across selected individual studies, revealing patterns of implementation
integration and fragmentation. Second, the identified ICs were concep-
tually mapped to the IUCN Global standard for NbS to situate these
processes within the recognised NbS quality framework.

2.4.1. IC co-occurrence analysis

Each study was systematically screened for the presence or absence
of the eight predefined ICs (Table 1). Because ICs are rarely explicitly
labelled in the literature, they were identified through a structured
coding of reported methods, evaluation approaches, stakeholder en-
gagements, and implementation pathways. A binary coding scheme was
used to record IC presence (1) or absence (0) rather than intensity or

quality of implementation. Pairwise co-occurrence between ICs was
quantified using Jaccard similarity indices (Equation (1)). The strategy
was grounded in understanding that effective NbS are inherently
process-integrative rather than component-specific.

_[PinBj|

J(Pi,Pj) = PiUDj| Equation 1

Where Pi and Pj represent two ICs, N denotes their co-occurrence across
studies and U denotes their combined occurrence. Higher Jaccard values
indicate frequent joint consideration of ICs across studies, whereas
lower values indicate isolated consideration. This co-occurrence anal-
ysis was visualised using a heat map to highlight clusters of strongly
associated ICs and identify weakly connected ICs.

2.4.2. Conceptual mapping of ICs to IUCN NbS criteria

ICs were mapped to the eight criteria of the IUCN global standard for
NbS based on their functional roles in NbS project planning, imple-
mentation, governance, and learning. This mapping was based on the
conceptual intent of each IC as described in the reviewed literature (n =
14), rather than on explicit claims of compliance by the individual
studies. The objective was not to evaluate NbS effectiveness or confor-
mity to the IUCN standard but rather to situate implementation-
orientated evidence within a recognised NbS quality framework. Over-
laps between ICs and NbS criteria were visualised using a Sankey dia-
gram (Fig. 6).

Together, this combined analytical framework enables a structured
assessment of (i) how implementation components co-occur in coastal
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Table 1

Implementation components and their role in evaluating NbS project planning,
implementation, and scalability.

Implementation With IC Without IC
Components
Baseline Systematic assessment of Problem diagnosis is weak;
assessment climatic, ecological and socio- cannot be attributed to NbS;
economic conditions prior to effectiveness claims are
intervention unreliable
Stakeholder Inclusion of local Social legitimacy is weak;
engagement communities, institutions or conflict may arise;
stakeholders in design or continuity is at risk
implementation
Comparative Consideration of alternative Scaling decisions lack
analysis NbS options, sites or design evidence. NbS choice may

Economic analysis

approaches
Assessment of cost, benefits
or financial feasibility

be arbitrary

Financial risks are
overlooked; scaling decision
lack evidence

Performance Definition of measurable Process and outcome cannot
indicators indicators, linked to project be evaluated or compared
objectives across studies
Monitoring Planned or implemented Learning is impossible;
monitoring of ecological, adaptive management
social, or project variables cannot operate
over time
Adaptive Evidence that management Interventions become rigid;
management actions can be adjusted based  long-term effectiveness
on monitoring or new declines under climate
information variability
Scalability and Assessment of whether the NbS remain isolated pilots;
replicability NbS can be expanded or uptake and long-term

transferred to other locations

impact is constrained

NbDS practice and (ii) how these processes align with [IUCN NbS standard.
This approach supports implementation-orientated understanding of
NbS effectiveness and scalability under multiple CIDs while avoiding
prescriptive or compliance-based evaluation.

3. Results
3.1. Bibliographic analysis

Keyword frequency analysis of 117 records (Fig. 1) shows that ‘na-
ture-based solutions' and ‘climate change’ are the most frequent terms in
the screened literature, followed by adaptation, coastal protection, and
mitigation. The keyword bibliographic co-occurrence network at the
title, abstract, and articles keyword level shows that there are structured
thematic clusters in the NbS literature (Fig. 2).° Central nodes such as
nature-based solutions and climate change are strongly connected to
terms including “sustainability”, “resilience”, “protection”, ‘“restora-
tion”, “adaptation”, and “disaster risk reduction”. A distinct cluster
linking “mangroves” with “remote sensing” and “machine learning” is
noticed, indicating the use of Earth observation and data-driven ap-
proaches in coastal NbS studies. Additional co-occurring terms such as
“wetland”, “shoreline”, “erosion”, and “flood” appear closer to NbS-
related keywords, indicating a strong focus on coastal risk contexts.
Terms such as “policy”, “planning”, “management”, and “ecosystem
services” highlight the essential role of governance in implementing
these solutions.

3.2. CID impacts and NbS strategies for coastal resilience

This section synthesises major CIDs that are relevant to coastal
ecosystems and summarises the NbS strategies reported in the reviewed
literature (n = 35) to mitigate them (Fig. 3). NbS interventions are
primarily mapped to a dominant CID in the reviewed articles, although
secondary or indirect contributions to other CIDs are also frequently
reported.
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3.2.1. Ocean acidification

Ocean acidification, driven by increased atmospheric COy uptake,
alters seawater carbonate chemistry and negatively affects a wide range
of marine and coastal ecosystems, including corals, oysters, seagrasses,
and algae (Doney et al., 2009; Hall-Spencer and Harvey, 2019; Kumar
et al., 2021). These changes disrupt ocean pH, habitat structure, species
composition, and ecosystem functioning in coastal environments. The
reviewed studies primarily associate NbS strategies such as seagrass
conservation and restoration for the mitigation of ocean acidification.
Seagrass meadows contribute to local pH regulation, carbon sequestra-
tion, and improved water quality (Koch et al., 2013; Kowalczyk et al.,
2024), thereby buffering acidification effects in nearshore environ-
ments. The algal and coral systems also exhibit adaptive responses to
acidification and thermal stress through physiological (Matsuda et al.,
2023), morphological (McFadden et al., 2021), and behavioural mech-
anisms (Huo et al., 2023). However, their effectiveness as NbS depends
on site-specific environmental and management context (Ferrario et al.,
2014; Huo et al., 2023; Matsuda et al., 2023; McFadden et al., 2021;
Yossi et al., 2019).

3.2.2. Ocean temperature

A steady rise in ocean heat content since the late twentieth century
has led to widespread warming across multiple ocean basins, with
pronounced effects in tropical and subtropical regions (Cheng et al.,
2024). Rising ocean temperatures disrupt ecological processes and in-
crease stress on temperature-sensitive species such as corals, phyto-
plankton, invertebrates, and some fish, which may become vulnerable
(Fuchs et al., 2020; Henley et al., 2024). Invasive species, opportunistic
algae, and generalist predators may emerge as victors, underscoring the
intricate ecological transformations prompted by climate change (Ipcc,
2022). NbS strategies addressing ocean warming in the reviewed liter-
ature focus on management, conservation, and restoration interventions
that maintain or enhance thermal refugia and genetic diversity within
coastal ecosystems. Vegetated systems such as mangroves and seagrass
beds, when protected or restored, provide microclimatic buffering and
support biodiversity under elevated temperature (Salois et al., 2022).
Genetic diversity is also highlighted as a key resilience mechanism,
enabling species and ecosystems to adapt to thermal stress and maintain
ecosystem services under changing climatic conditions (Bulleri et al.,
2018).

3.2.3. Precipitation patterns

The Intergovernmental Panel on Climate Change AR6 reports sig-
nificant alterations in global precipitation patterns, with implications
for hydrological cycles, coastal erosion, flooding, and ecosystem health
(Calvin et al., 2023). Changes in precipitation intensity and variability
influence sediment dynamics, microbial processes, species distributions,
and disease transmission in coastal zones (Breil et al., 2023; Farrer et al.,
2022; Moraes et al., 2022; Subramanian et al., 2023). Wetland resto-
ration and rain garden interventions are the primary NbS strategies
associated with precipitation-related impacts in the reviewed studies.
Coastal wetlands function as natural water storage systems, attenuating
flood peaks, reducing erosion, and improving water quality through
sediment retention and pollutant filtration. Rain gardens, especially in
cities along the coast, help control stormwater runoff by encouraging
water to soak into the ground and imitating natural water flow patterns.
This helps prevent erosion and increases the number of different types of
plants and animals in the area (Kasprzyk et al., 2022).

3.2.4. Sea-level rise

Global mean sea-level rise, currently estimated at 3.2-4.2 mm/year,
poses significant risks to coastal and human systems through inunda-
tion, erosion, saltwater intrusion, and habitat loss (Carretero et al.,
2013; El-Nahry and Doluschitz, 2010; Saintilan et al., 2023; Toimil et al.,
2020; Von Holle et al.,, 2019). These impacts generate cascading
ecological and socio-economic stress in low-lying coastal regions
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(Marfai and King, 2008). Management, conservation, and restoration of
coastal ecosystems, such as mangroves, salt marshes, seagrasses, and
tidal wetlands, are consistently identified as key NbS strategies for
addressing sea-level rise impacts. These ecosystems trap sediments,
contribute to vertical land accretion, attenuate storm surges, and reduce
coastal erosion, while providing carbon sequestration and biodiversity
benefits (Adame and Lovelock, 2011; Billé et al., 2013; Damastuti et al.,
2023; Duarte de Paula Costa et al., 2023; Duncan et al., 2016; Townend
et al., 2011). Coastal dunes stabilised by vegetation also function as
natural barriers, absorbing wave energy and protecting inland areas
from storm impacts (Costa et al., 2023; Martinez et al., 2016).

3.2.5. Storm intensity

As ocean temperatures rise, evaporation and the amount of moisture
in the air increase, which leads to stronger coastal storms and more
damage to ecosystems (Martzikos et al., 2021). Storm impacts include
shoreline erosion, habitat degradation, and loss of coastal protection
services. Restored coral and oyster reefs are widely reported as NbS that
mitigate storm impacts by reducing wave energy and stabilising coast-
lines. Coral reefs can dissipate up to 86 % of incoming wave energy,
functioning as natural breakwaters while supporting biodiversity and
livelihoods through fishing and tourism (James et al., 2023; Shi et al.,
2018; Ferrario et al., 2014). Oyster reefs similarly attenuate wave en-
ergy, reduce erosion, improve water quality, and enhance habitat
complexity, providing multifunctional benefits under increasing storm
intensity (Perricone et al., 2023; Ridge et al., 2017).

3.3. Co-occurrence patterns of ICs in coastal NbS literature

This section presents the results of the co-occurrence analysis of ICs
across the 14 implementation-informative coastal NbS studies. The re-
sults show how frequently different ICs occur, revealing dominant
evaluation practices and methodological clustering and under-
represented process linkages in the literature.

3.3.1. Distribution of ICs across reviewed studies

Fig. 4 displays the prevalence of each IC across 14 studies. All studies
(100 %) include baseline assessment, comparative analysis, and per-
formance indicators. This indicates that coastal NbS research consis-
tently prioritises problem definition, comparison, and outcome
measurement. Implementation level monitoring is also widely reported
(86 %), reflecting the frequent use of repeated or structured tracking of
ecological and project variables. In contrast, scalability (57 %) and
adaptive management (50 %) are only moderately represented, while
economic analysis (36 %) and stakeholder engagement (29 %) are
markedly under-represented.

3.3.2. Pdairwise IC associations based on Jaccard similarity index

High Jaccard values were observed among baseline assessment,
comparative analysis, and performance indicators. Moderate values
were identified between monitoring and scalability, as well as baseline
and scalability. In contrast, stakeholder engagement, economic analysis,
and adaptive management exhibited weak co-occurrence with most
other ICs. Notable low Jaccard values were observed between economic
analysis and adaptive management and between stakeholder engage-
ment and monitoring (Fig. 5).

3.3.3. Conceptual alignment of ICs and NbS criteria

The conceptual alignment of ICs and NbS criteria (C) is shown using a
Sankey diagram (Fig. 6), which visualises the distribution of corre-
spondence across components. Among NbS criteria, design at scale (C2)
shows the broadest alignment to seven of eight ICs. Societal challenges
(C1) and economic feasibility (C4) show broad correspondence, each
connecting to multiple ICs. Other criteria show more selective patterns
of connection based on the process component that is involved. Several
ICs show uneven correspondence with specific NbS criteria. The baseline
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Fig. 4. Prevalence of implementation components across reviewed coastal
NbS studies.

assessment shows weaker correspondence with inclusive governance
(C5) and balanced trade-offs (C6), reflecting its primary focus on
establishing initial conditions rather than governance or trade-off
negotiation. Monitoring shows stronger alignment with technically
focused criteria than with social and economic dimensions, reflecting its
emphasis on biophysical tracking. Comparative analysis shows weaker
correspondence with trade-offs, concentrating on direct comparisons
rather than multifaceted interests. Adaptive management demonstrates
limited correspondence with planning-stage criteria such as economic
feasibility. Stakeholder engagement exhibits a diminished correlation
with biodiversity net gain (C3), as it predominantly represents social
and institutional processes rather than direct ecological results. Eco-
nomic analysis shows weaker correspondence with design at scale,
reflecting its focus on financial assessments rather than implementation
design. Finally, scalability and replicability show weaker alignment with
criteria related to trade-offs and adaptive learning.

4. Discussion

This discussion interprets the review findings from an implementa-
tion-based, process-orientated viewpoint, investigating how the
arrangement and simultaneous presence of ICs influence the effective-
ness, scalability, and enduring resilience of coastal NbS amidst various
CIDs. The discussion emphasises that the completeness of implementa-
tion process—from baseline assessment to monitoring and adaptive
learning—determines whether NbS can transition from site-specific
success to scalable, policy-relevant solutions rather than concentrating
solely on NbS outcomes.
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4.1. Implementation components for NbS effectiveness and scalability

4.1.1. Foundational and measurement processes: baseline assessment,
monitoring and performance indicators

Baseline assessment, monitoring, and performance indicators
together form the foundational measurement core for coastal NbS
implementation. These components emerged as the most consistently
reported elements across the reviewed studies and frequently co-
occurred. This indicates that coastal NbS research emphasises doc-
umenting effectiveness through measurable outcomes rather than
strengthening learning or governance-orientated processes.

Baseline assessments support the diagnosis of dominant CIDs and
site-specific ecological, physical, and socio-economic conditions
(Ruckelshaus et al., 2020). They establish reference conditions prior to
intervention and enable informed NbS selection and, benchmarking of
performance, and more credible attribution of observed changes to NbS
implementation. Across the reviewed literature, baseline information is
essential for contextualising NbS impacts and informing
feasibility-related decisions. However, baseline assessment is often
treated as a one-time diagnostic rather than as an input that is updated
and fed into iterative learning cycles, limiting its contribution to adap-
tive management and long-term scalability. Monitoring gives us a way to
measure how well a process is working over time by letting us keep track
of NbS performance before, during, and after implementation (Cohn
et al., 2022). In practice, monitoring in the reviewed studies primarily
targets biophysical change, with less consistent attention to social,
governance, and financial dimensions. When monitoring is designed as a
feedback mechanism instead of merely a reporting exercise, it supports
the early detection of implementation challenges, enables the adjust-
ment of interventions as conditions evolve, and strengthens learning
within dynamic and interacting CIDs. Performance indicators establish
the visible and measurable dimensions of NbS effectiveness (Orta-Ortiz
et al., 2021). The reviewed studies employ indicators spanning ecolog-
ical, physical, and socio-economic dimensions (Paxton et al., 2023), but
ecological and hazard-related metrics are most common. Well-designed
indicators strengthen evaluability by clarifying objectives, enabling
comparison across sites or intervention types, and supporting
decision-making for scaling. However, inconsistent indicator selections
and shorter monitoring horizons reduce comparability and limit the
ability to generalise learning across contexts.

The predominance of CIDs in reviewed articles, such as storm in-
tensity, coastal flooding, erosion, and sea-level rise, partly explains the
strong emphasis on baseline assessment, monitoring, and performance
indicators. These drivers lend themselves to short-term, biophysical
measurement of protection outcomes, reinforcing a measurement-
orientated approach to NbS evaluation (Damastuti et al., 2023; Dun-
can et al., 2016; Hochard et al., 2021; Van Hespen et al., 2023; Baptist

etal., 2021; Peh et al., 2014; Silliman et al., 2015; Townend et al., 2011).
Across the reviewed literature, baseline assessments and monitoring
commonly draw on Earth observation technologies, field measurements,
and evidence synthesis. Remote sensing supports tracking of land cover,
shoreline dynamics, and vegetation change (Ridge et al., 2017), while
field surveys provide site-level validation and measurements of
hazard-relevant variables such as water levels, sediment dynamics, and
ecosystem structure (Narayan et al., 2016; Carro et al., 2018). Literature
synthesis supports contextual understanding of risk pathways, feasibility
constraints, and policy relevance (IUCN, 2020; Cohn et al., 2022; Van
Hespen et al., 2023). The reviewed articles also demonstrate diverse
monitoring strategies, with indicators capturing shoreline change,
vegetation cover, erosion rates, flood attenuation, storm protection,
water levels, wave energy, bathymetry, dune morphology, sedimenta-
tion rates, and thermal exposure. Biological indicators include habitat
quality, species diversity, biomass, stem density, and carbon stocks,
while socio-economic indicators include fisheries outcomes,
tourism-related measures, and proxies of economic recovery following
extreme events. Several studies illustrate these approaches in practice.
Scyphers et al. (2011) report bathymetric surveys and vegetation
monitoring to evaluate oyster reefs for shoreline protection. Ridge et al.
(2017) use LiDAR to assess reef resilience over time. Mahmood et al.
(2023) employ satellite imagery to track mangrove extents, land stabi-
lisation, and socio-economic outcomes. Damastuti et al. (2023) assess
forest structure to infer the protective function of mangrove systems.
Kasprzyk et al. (2022) evaluate rain garden performance using pressure
transducers to track water levels. Across reef-based NbS, wave energy
dissipation is a frequently reported indicator, while wetland restoration
is monitored through biodiversity outcomes, vegetation survival, and (in
some cases) greenhouse gas fluxes.

4.1.2. Learning and comparison gaps: comparative analysis and adaptive
management

Comparative analysis and adaptive management represent the pri-
mary learning-orientated ICs that support the transferability and
robustness of NbS under variable-changing conditions. Comparative
analysis enables assessment of NbS performance across locations, de-
signs, and intervention types, including comparisons between NbS, grey
infrastructure, and hybrid approaches. When used, comparative evi-
dence helps choose the best design and helps decide if and how NbS can
be used in new situations. Adaptive management promotes learning-by-
doing through iterative monitoring, evaluation, and adjustment of
implementation strategies. In coastal NbS settings where risks evolve
under multiple CIDs, adaptive management supports timely course
correction, reduces lock-in to ineffective designs, and increases the
likelihood that interventions remain functional over the long term.
However, the reviewed literature suggests that adaptive management is
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under-reported relative to monitoring, indicating that feedback loops
are often weak or not institutionalised (Bulleri et al., 2018; IUCN, 2020;
Le Gouvello et al., 2023; Ridge et al., 2017; Scyphers et al., 2011).

Reviewed studies provide examples of comparative approaches, even
when not explicitly framed as an IC. Duncan et al. (2016) compare
rehabilitated intertidal zones and abandoned fishpond areas with nat-
ural mangroves. Van Hespen et al. (2023) compare mangrove-based
approaches with engineered structures in terms of flood risk reduction
and cost. Silliman et al. (2015) examine planting configurations and
elevation effects on marsh establishments. Baptist et al. (2021) compare
sediment composition and planting approaches to evaluate conditions
supporting vegetation establishment. Kasprzyk et al. (2022) evaluate
rain gardens across local contexts where implementation conditions
influence performance. Evidence of adaptive management is more
limited but demonstrates clear benefits where described. Kasprzyk et al.
(2022) show how iterative monitoring informs refinement of rain gar-
den design. Peh et al. (2014) highlight adaptive management in land
conversion settings to sustain ecosystem service delivery. Kelleway et al.
(2017) emphasise the need to manage dune vegetation and human
pressures, such as tourism, to maintain protective functions. Vogelsang
et al. (2023) note that adaptive management allows decision-makers to
adjust strategies as new climate information becomes available. Berto-
lini and Da Mosto (2021) discuss restoration approaches that incorpo-
rate sea-level rise feedbacks, indicating the relevance of iterative
adjustment. Overall, the limited reporting of comparative analysis and
adaptive management indicates that learning is not consistently sys-
tematised, which constrains resilience and scalability for interacting
CIDs. The narrow focus on event-driven CIDs, such as storms and
erosion, also constrains learning-orientated ICs. Slow-onset and inter-
acting drivers—including ocean warming, acidification, and long-term
sea-level rise—are rarely incorporated into comparative analyses or
adaptive management frameworks (Chowdhury et al., 2019; Ridge
etal., 2017; Scyphers et al., 2011; Costa et al., 2023; Hanley et al., 2014;
Martinez et al., 2016). As a result, NbS performance is seldom evaluated
across time horizons or climate trajectories, weakening feedback loops
and limiting anticipatory adaptation.

4.1.3. Enabling conditions: stakeholder engagement and economic analysis

Stakeholder engagement and economic analysis act as enabling ICs
that shape the legitimacy, feasibility, and long-term sustainability of
coastal NbS. Unlike measurement-orientated ICs, these components
directly influence how NbS are governed, financed, and maintained
beyond pilot-scale implementation—particularly under complex and
evolving CIDs.

Stakeholder engagement strengthens inclusivity and legitimacy by
incorporating diverse perspectives in planning, implementation, and
monitoring. Where embedded, it improves diagnosis of locally relevant
risks and priorities, supports conflict management, and increases the
likelihood of long-term maintenance and compliance. Stakeholder
engagement can also improve feasibility by leveraging local knowledge
and resources and by identifying trade-offs early in project design.
Economic analysis aids feasibility and policy adoption by elucidating the
costs, benefits, and trade-offs linked to implementation and mainte-
nance. It can strengthen the case for investment by demonstrating
avoided losses, co-benefits, and long-term returns relative to grey or
hybrid alternatives. Economic valuation of ecosystem services (e.g.,
carbon sequestration, flood regulation, fisheries benefits) is particularly
relevant where NbS are positioned as multi-benefit interventions, but
direct economic assessment is inconsistently reported across the
reviewed studies.

Within the reviewed literature, stakeholder engagement is most
evident in community-based coastal NbS initiatives. Baptist et al. (2021)
note participation in saltmarsh interventions in estuarine settings, while
Carro et al. (2018) emphasise integrating local knowledge and securing
institutional buy-in. Several studies imply the need for coordination
among communities, researchers, and authorities, even when
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engagement processes are not described in detail. While such inference
should be interpreted cautiously, it reinforces the role of stakeholder
processes in implementation and monitoring (e.g., Bertolini and Da
Mosto (2021), Chowdhury et al. (2019), Kelleway et al. (2017), Narayan
et al. (2016), Ridge et al. (2017), Vogelsang et al. (2023)). Also, the
limited attention to gradual and less visible climate drivers further af-
fects enabling ICs from the literature reviewed. Governance and eco-
nomic processes are more difficult to mobilise when NbS are framed
around episodic hazards rather than long-term climate trajectories,
reducing incentives for sustained stakeholder engagement and
forward-looking investment (Bertolini and Da Mosto, 2021; Cheng et al.,
2024; Von Holle et al., 2019).

The reviewed evidence indicates that NbS often demonstrate cost
advantages relative to conventional approaches, although results remain
context-specific. Studies highlight the cost-effectiveness of mangroves in
stabilising land and supporting carbon-related benefits (Mahmood et al.,
2023), the advantages of reef restoration relative to engineered break-
waters (IUCN, 2020), and the protective value of oyster reefs (Baptist
et al., 2021; Narayan et al., 2016). Wetland restoration yields enduring
advantages, whereas some NbS interventions reduce maintenance de-
mands compared to rigid infrastructure (Van Hespen et al., 2023).
Nonetheless, numerous studies address economic relevance indirectly
rather than through systematic valuation, highlighting the necessity for
more consistent economic assessment to facilitate scaling decisions.

4.1.4. Scalability as an emergent outcome of process completeness

The reviewed literature indicates that NbS is more likely to be scaled
across spatial, social, and climate contexts when foundational, learning-
orientated, and enabling ICs are jointly present rather than when
ecological performance alone is demonstrated. CID prioritisation has
direct implications for scalability. NbS designed primarily to address
storm and erosion risks may demonstrate strong site-specific perfor-
mance under current conditions, but their effectiveness can decline as
slow-onset drivers such as sea-level rise, warming, and sediment regime
shifts intensify. Without explicit integration of evolving CIDs into
baseline assessments, monitoring frameworks, and adaptive manage-
ment processes, scalability remains opportunistic rather than systematic
(Chairat and Gheewala, 2024; Nelson et al., 2020). From a process
perspective, scalability depends on whether NbS can remain effective
across different social contexts and whether interventions can be
adapted to larger areas or new locations without loss of function. This
requires not only credible evidence of ecological outcomes and feasi-
bility but also governance arrangements that can accommodate insti-
tutional diversity, mechanisms to reassess trade-offs as contexts change,
and feedback processes that enable adaptation under uncertainty. When
these conditions are satisfied, long-term policy and sustainability
frameworks are more likely to mainstream NbS.

The reviewed literature evidence that mangroves afforestation,
oyster reef restoration, and wetland rehabilitation are frequently cited
as scalable interventions; however, replication remains contingent on
site-specific conditions and enabling processes (Damastuti et al., 2023;
Kasprzyk et al., 2022; Scyphers et al., 2011). Where comparative
learning across sites and adaptive management are weak or absent,
scaling tends to be opportunistic rather than systematic.

4.2. Challenges, opportunities and potential associated with NbS
implementation

NbS leverages natural processes to mitigate CIDs; however, their
effectiveness and scalability are underlined by how implementation
components are designed, integrated, and sustained. This section syn-
thesises the implementation-level challenges, opportunities, and long-
term potential of coastal NbS using an IC lens, based on patterns
observed in the reviewed studies.
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4.2.1. Key implementation challenges

A dominant challenge revealed by the IC co-occurrence analysis
(Fig. 5) is the fragmented implementation of NbS beyond baseline
assessment and monitoring. While measurement-orientated components
frequently co-occur, ICs related to learning, governance, adaptive
management, and economic viability show weak and inconsistent inte-
gration, limiting the ability of NbS projects to translate monitoring into
adaptive and scalable action. Short monitoring horizons, inconsistent
indicators, and weak feedback loops therefore reflect not isolated
methodological issues, but incomplete implementation architectures
that constrain long-term effectiveness under interacting CIDs.

Studies by Chowdhury et al. (2019), Kasprzyk et al. (2022), and
Mahmood et al. (2023) highlight the challenge of accurately gauging
long-term effectiveness of NbS, emphasising the need for robust moni-
toring and evaluation. This includes addressing the environmental im-
pacts of grey infrastructure and enhancing green solutions across
habitats (Narayan et al.,, 2016). Duncan et al. (2016) discussed
noncompliance with scientific guidelines and the need for effective
spatial planning. Martinez et al. (2016) noted challenges in under-
standing vegetation, dune dynamics, and storm impacts. Baptist et al.
(2021) identified obstacles in execution, technical difficulties, and
ensuring tidal creeks' longevity. Adame and Lovelock (2011) and Mar-
tinez et al. (2016) note plant response variability due to environmental
stresses, whereas Perricone et al. (2023) outlined uncertainties in pre-
dicting sea-level rise and storm patterns affecting flood risk assessments.
Koch et al. (2013) outline challenges in managing multiple stress factors.
Studies by Cohen-Shacham et al. (2016) and Nelson et al. (2020)
expressed concerns about carbon release risks from NbS implementa-
tion. Billé et al. (2013) highlight the lack of integrated policy frame-
works, coordination gaps between governance levels, and challenges in
ensuring stakeholder participation and rights (Damastuti et al., 2023).

4.2.2. Emerging opportunities through IC integration

In contrast to these challenges, the literature also highlights clear
opportunities for enhancing NbS effectiveness and scalability through
integrated implementation architectures. Studies demonstrate that
when learning-orientated, governance, financial, and adaptive man-
agement ICs are embedded alongside monitoring and baseline assess-
ment, NbS are better able to respond to changing climatic and socio-
ecological conditions.

A study by Damastuti et al. (2023) emphasises integrated manage-
ment and community involvement to enhance green coastal strategies
while maximising ecosystem benefits and climate adaptation. Narayan
et al. (2016) suggested investing in reef restoration to improve coastal
resilience. Dhyani et al. (2020) highlight the importance of habitat
connectivity, ecosystem restoration, and sustainable resource manage-
ment for resilient environments. Hallegatte et al. (2019) discuss cost

savings over traditional infrastructure, accessing green bonds, and
attracting diverse funding for NbS sustainability. Malerba et al. (2023)
and Walter Leal et al. (2022) advocated embedding NbS in national and
international agendas to strengthen legal and policy frameworks,
improve sectoral coherence, promote advanced technologies like remote
sensing and Geographical Information Systems (GIS) to enhance NbS
planning and decision-making, and democratise information access.

These integrated IC configurations also underpin the broader envi-
ronmental, social, and economic potential of NbS. Sapkota and White
(2020), Shi et al. (2018), and Zimmer (2024) show how NbS aids in
climate change mitigation through carbon sequestration, offering envi-
ronmental and economic benefits. Costello and Chaudhary (2017) and
Timothy and Tapan (2022) emphasise the role of NbS in biodiversity
conservation and enhanced ecosystem resilience. Camargo et al. (2009),
Mahendra et al. (2023), and Walter Leal et al. (2022) emphasised NbS's
capacity to bolster community resilience, sustain livelihoods, and yield
socio-economic advantages via localised initiatives.

From an implementation perspective, financial, institutional, and
technological ICs further strengthen NbS scalability and durability.
Timothy and Tapan (2022) highlight that compared with traditional
infrastructure, NbS attracts diverse funding sources and achieves
long-term cost savings, fostering economic resilience in the green
finance sector. NbS also strengthens policy support for sustainable
development, improves natural resource governance, and enhances
cross-sectoral collaboration. Technologically, NbS improves planning,
implementation, and monitoring through tools like remote sensing and
GIS, enhancing adaptive management, and democratising information
access (Saleh and Weinstein, 2016). These potentials point to the
transformative function of NbS in promoting a sustainable and resilient
future.

4.3. Gaps in knowledge and research limiting IC maturity under CIDs

Table 2 presents the gaps in knowledge and research on the appli-
cation of NbS in areas impacted by multiple climatic drivers. It is
organised into four main areas: integrated impact assessment, economic
valuation, social and cultural dimensions, and policy and governance.
Each aspect highlights deficiencies in understanding both the impact on
social-ecological resilience and the sustainability of coastal ecosystems
and communities. Integrated impact assessment is crucial for under-
standing climatic and ecological interactions, enhancing NbS effective-
ness, and supporting informed decision-making (Chausson et al., 2020).
Economic valuation justifies resource allocation and attracts investment
by showing that NbS is more cost-effective than traditional infrastruc-
ture (Breil et al., 2023). Understanding social and cultural dimensions
ensures community engagement and acceptance, addressing equity and
justice (Sowinska-Swierkosz and Garcfa, 2022). Effective policy and
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Table 2
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Gaps in knowledge and research on the NbS application in areas impacted by multiple climatic drivers.

Aspect Knowledge Impact on Social-Ecological Resilience Impact on Sustainability of Coastal Ecosystems

and Communities

Integrated Lack of comprehensive models that integrate multiple ~ Predicting the resilience of NbS to compound Uncertainty in long-term viability and
Impact climatic drivers and their cumulative impacts on NbS  climatic events presents challenges, as does effectiveness of NbS in protecting coastal
Assessment (Baptist et al., 2021; Bulkeley et al., 2023; assessing the adaptability of social-ecological communities; inadequate understanding of how

Ruckelshaus et al., 2020; Paxton et al., 2023); The systems to changing conditions. NbS contribute to the sustainability of both
knowledge gap in consideration of biological, ecosystems and human livelihoods over time.
ecological, and physical site-specific aspects (Koch

et al., 2013; Narayan et al., 2016); insufficient

longitudinal studies to assess long-term effectiveness

of NbS against combined climatic threats (Baptist

et al., 2021; Damastuti et al., 2023; Hochard et al.,

2021; Ruckelshaus et al., 2020; Nelson et al., 2020).

Economic Inadequate methodologies for valuing the full range The economic benefits of NbS in enhancing Justifying NbS investments to stakeholders and

Valuation of ecosystem services provided by NbS, especially resilience are often underestimated, and securing policymakers can be challenging, and there is a
non-market benefits (Calvin et al., 2023; Hochard funding and investment can be challenging possibility of underusing NbS due to a perceived
et al., 2021); limited economic analyses of NbS without clear economic valuations. lack of cost-effectiveness.
compared to traditional infrastructure in the context
of multiple climatic drivers (Cohen-Shacham et al.,
2016).

Social and Research on the social and cultural implications of There is a potential misalignment between NbS The implementation of NbS may overlook social
Cultural implementing NbS in diverse communities is limited (  and community values, which could lead to equity and justice issues, potentially leading to
Dimensions Sowiriska-Swierkosz and Garcia, 2022), and there is reduced effectiveness and acceptance. conflicts over resource use and land rights, which

insufficient understanding of community perceptions, ~ Additionally, there are challenges in fully could negatively impact community cohesion and
traditional knowledge, and acceptance of NbS (Cheng  leveraging local knowledge to enhance the support for NbS.
et al., 2024). resilience of NbS.

Policy and Gaps in integrating NbS into existing coastal Creating supportive policy frameworks that Inconsistencies in policy support may hinder the

Governance management and climate adaptation policies (Calvin ~ enhance the resilience benefits of NbS is difficult, scaling up of effective NbS and their integration

etal., 2023); lack of clear guidelines and standards for
the design, implementation, and monitoring of NbS (
Seddon et al., 2021; Van Hespen et al., 2023).

and coordinating across governance levels and
sectors for NbS implementation presents
challenges.

into broader coastal management strategies; there
are limited policy incentives for communities and
stakeholders to adopt and support NbS.

governance provide necessary regulatory support and ensure coordi-
nated policy across jurisdictions, enhancing the overall effectiveness and
sustainability of NbS (Moraes et al., 2022). Each aspect highlights spe-
cific deficiencies in research and practice, ranging from incomplete
models of climate impacts to gaps in social equity considerations and
policy integration. These gaps highlight the necessity for additional
research, enhanced valuation methodologies, and refined policy
frameworks to augment the efficacy and adoption of NbS.

4.4. Study limitations

The implementation components were coded as binary variables
based on reported in each study, which capture whether key elements
are described but not the quality or intensity of their implementation. As
a result, differences in how strongly components such as monitoring,
governance, or learning are applied cannot be fully resolved. In addi-
tion, the Jaccard similarity analysis quantifies structural associations
among components but does not imply causal relationships with NbS
performance. Finally, the detailed analysis is based on a subset of CID-
relevant studies that reported sufficient implementation details, which
may favour well-documented projects. Despite these limitations, the
approach provides a transparent and reproducible basis for comparing
implementation structures across diverse NbS contexts.

5. Conclusion

This review analyses the effectiveness and scalability of coastal
nature-based solutions by evaluating implementation components in the
context of various and interrelated climate impact drivers. The study
goes beyond outcome-focused assessments, offering an implementation-
based process-explicit synthesis of the design, implementation, evalua-
tion, and adoption of NbS in diverse coastal contexts. By systematically
extracting ICs from the literature, analysing their co-occurrence pat-
terns, and conceptually aligning them with the IUCN NbS criteria, this
review shows that NbS effectiveness and scalability are governed less by
ecosystem type alone and more by process completeness. Baseline

assessment, monitoring, and performance indicators dominate current
NbS practice, reflecting a strong emphasis on measurement and
demonstration of effectiveness. However, learning-orientated proc-
esses—particularly comparative analysis and adaptive manage-
ment—remain weakly institutionalised. This imbalance constrains long-
term resilience, limits cross-site learning, and reduces the transferability
of NbS under evolving climate regimes.

A key contribution of this study lies in showing that scalability
emerges from integrated processes rather than a design feature intro-
duced post hoc. NbS interventions that embed robust baseline assess-
ments, consistent monitoring frameworks, stakeholder engagement, and
economic analysis are better positioned for replication, policy uptake,
and mainstreaming. In contrast, interventions lacking adaptive feedback
and governance integration tend to remain context-specific, even when
ecological performance is demonstrably strong. The application of Jac-
card similarity analysis provides a quantitative perspective on IC co-
occurrence, revealing structural asymmetries in how NbS processes
are implemented. While measurement-orientated ICs frequently co-
occur, enabling and learning processes show limited integration. This
methodological approach offers a transferable framework for diagnosing
process gaps in NbS portfolios and complements existing qualitative
reviews by introducing evidence-based process comparison.

From a policy and practice perspective, the findings underscore the
need to reframe coastal NbS planning around explicit process design,
rather than treating governance, economics, and adaptation as second-
ary considerations. These ICs should be embedded from the outset to
enhance resilience under compound and uncertain CIDs. Aligning NbS
processes with adaptive policy frameworks, financing mechanisms, and
long-term monitoring commitments is critical for sustaining effective-
ness beyond project lifecycles. The review also highlights persistent
research gaps that limit NbS maturity. These include the lack of inte-
grated impact assessments capturing multiple interacting CIDs, incom-
plete economic valuation of ecosystem services, insufficient attention to
social and cultural processes, and weak policy integration across
governance scales. Addressing these gaps requires longitudinal, inter-
disciplinary research that explicitly links ICs to climate dynamics, socio-
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ecological feedbacks, and institutional contexts.

Overall, this study advances NbS scholarship by shifting the analyt-
ical focus from “what NbS achieve” to “how NbS work over time”. By
articulating an implementation framework for evaluating effectiveness
and scalability, it provides a foundation for more resilient, transferable,
and policy-relevant coastal NbS. Future efforts to operationalise NbS on
a large scale will depend on embracing this process's com-
pleteness—ensuring that coastal NbS evolve as adaptive systems capable
of responding to accelerating climate change rather than static in-
terventions tied to specific sites or conditions.
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