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Abstract: Natural coastal landforms such as sand dunes and sandy beaches have been proposed as
green infrastructure that can reduce climate change risks along coastlines. As such, they can offer a
nature-based solution to rising sea levels, increased storminess and wave erosion associated with
climate change. However, these proposed advantages are not always based on a sound understanding
of coastal sediment system dynamics or tested against field evidence of coastal morphodynamic
behavior. This study critically examines the basis of the claim for coastal landforms as green infras-
tructure, by considering how and in what ways these landforms provide resilience against ongoing
climate change along sandy coasts, and proposes a theoretical framework for understanding this
relationship. The analysis highlights that natural coastal landforms do not always have proper-
ties that provide resilience against future climate change. They can only be considered as offering
nature-based solutions against climate change when their pre-existing morphodynamic behavior is
fully understood. Thus, not all coastal landforms can be considered as ‘green infrastructure’ and
the resilience offered by them against climate change forcing may vary from one place or context to
another. This should be considered when using landforms such as sandy beaches and sand dunes as
nature-based solutions for coastal management purposes. A 10-step framework is proposed, guiding
coastal managers on how such green infrastructure can be used to mitigate climate change risks
along coasts.

Keywords: beaches; climate change; coastal change; green infrastructure; morphodynamic behavior;
nature-based solutions; sand dunes; sandy coastlines; sediment systems

1. Introduction

Coastlines lie at the interface of land and sea and this means that coastal geomorphic
systems can potentially be affected by both terrestrial and marine forcings [1,2] (Figure 1).
For example, rainfall inland can change river and sediment discharge to the coast and,
therefore, estuary and beach sediment supply and the morphodynamic behavior of these
landforms [3–5]. Low pressure weather systems developed offshore can lead to strong
winds, large waves and storm surges approaching the coastline and these can, in turn,
lead to coastal erosion and flooding as well as rapid and significant impacts on people
and infrastructure [6,7]. Apart from climatic forcings, coasts are also increasingly affected
by direct human activity. This includes land use change, urbanization and infrastructure
development [8]. These non-climatic forcings can also lead to changes in coastal geomor-
phology and sediment systems, which can have an impact on the ability of coastlines to
withstand climate and weather events, termed their resilience [9–11]. This specific concept is
explained in more detail below. Figure 1 highlights that the interplay between climatic and
non-climatic forcings from land and sea have potential to impact on coastlines globally and
sometimes in very rapid and complex ways. For example, an exposed rock cliff is highly
susceptible to wave undercutting and rapid collapse [12]. However, the presence of talus
at the cliff foot can reduce subsequent wave exposure and erosion risk, thereby forming a
cycle of cliff behavior that is driven by intrinsic changes in cliff-face resilience rather than
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by any change in external boundary conditions (i.e., waves continue to approach the cliffed
coast regardless). Likewise, catchment deforestation can give rise to dramatically increased
rates of soil erosion and fluvial sediment yield to the coastline [13,14], building deltas,
beaches and sand dunes. On the one hand, their greater height and volume may make
them more resilient to withstand wave attack and sea-level rise; on the other hand, a greater
sand volume may lead to increased longshore sediment yield and thus increased erosion
rates [15,16]. Disentangling these different factors and their relationships is a fundamental
requirement in understanding coastal systems.
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Figure 1. Illustration of the nature of different forcing factors that influence sandy coasts. The
interplay between these factors is discussed in the text.

The forcing–response relationships between coastlines and climate have been exam-
ined in many different contexts, including with respect to patterns and rates of coast erosion;
changes in beach, dune and barrier morphology; sediment flux calculation; flood inunda-
tion risk; and coastal ecosystems [16–20]. The co-variability between coastal change and
the different climatic forcing factors that impact the coastline (sea level, storms, waves) has
been used to construct empirical models that, in theory, can then be used to predict coastline
responses under changes in coastal forcing [21–24]. For example, anthropogenic climate
change is currently leading to increases in sea levels globally as well as locally [25,26] and
increased sea surface temperatures are increasing the frequency and magnitude of storms
generated over the open ocean (including subtropical cyclones and hurricanes) [27,28];
this in turn is increasing significant wave height (thus energy) and erosion rates [29,30].
The outcome is an amplification of land and ocean forcings that is increasingly leading to
greater and more unpredictable variability in the workings of coastal systems, impacting
on their physical properties and human activity alike [31,32].

This theoretical understanding between climate and coastal change, however, in-
volves a number of key assumptions. Empirical models commonly assume linear and
deterministic responses to climate forcing. However, this represents a relatively simple
and narrow viewpoint of coastal response to climate forcing that does not fully consider
the varied ways in which ongoing climate change may impact on coastal processes and
properties [33–36]. Models are also founded on the assumption of an immediate geomor-
phic response to forcing; however, in reality, time lags exist in the workings of all physical
systems [35,37] and these are significant because they mean that many landforms may be
considered as relict and not at equilibrium with respect to prevailing climatic or environ-
mental conditions. This has implications for how the sensitivity of different landforms to
climate forcing might be evaluated.

Along coastlines, understanding of climate forcing–response relationships are of par-
ticular relevance for several reasons. They can: (1) help in conceptualizing and predicting
the future evolution of coastal systems under different climate change scenarios; (2) enable
the better monitoring and modeling of the rates and locations of geomorphic change as a
result of sediment erosion and deposition processes; (3) help evaluate the effects of climate
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change on coastal landforms and ecosystems, including ecosystem services, biodiversity
and carbon storage; (4) understand and reduce coastal hazard risk; (5) enable better decision
making by coastal managers when fuller information on coastal systems is available; and
(6) facilitate the sustainable use of coastal resources by local communities.

For these reasons, understanding how coastal landforms respond to climate, especially
as a result of global warming, is needed in order to identify and enact appropriate coastal
management strategies. A key limitation, however, is the absence of a firm theoretical
understanding of coastal systems and how they respond to climate [22]. This represents the
research problem investigated in this study. In detail, the study aims are to (1) describe the
dynamics of coastal systems and the sensitivities exhibited by different coastline types and
their relationship to resilience, (2) identify how to build coastal resilience along different
coastlines, with specific reference to sandy coasts, and (3) discuss how coastal landforms as
‘green infrastructure’ can provide a nature-based solution for climate change-induced risks.

2. Methodological Approach

This study is based on conceptual analysis of coastal systems, landforms and mor-
phodynamics supported by case studies from the existing literature and original field
observations, in particular, from sandy coasts along different coastlines globally. The analy-
sis developed in this study is supported by development of a new conceptual model for
understanding the relationship between resilience of coastal morphodynamics and a new
practical 10-step guide for enacting nature-based management solutions for the impacts
of climate change on sandy coastlines. This will be of relevance to both coastal scientists
and managers.

3. Coastal Systems

Coastal sediment cells operate on the basis of wind-, wave- and tide-mobilized sed-
iments that follow the direction of energy transmission and fluid transport within the
system [20,35,38] (Figure 2). This means that coastal sediment dynamics are founded on
the interplay between sediment properties such as grain size, and hydrodynamic forcing
factors that are, in this case, mainly climate driven [39]. Although coastal sediment cells
can be considered as integrated and interconnected systems [35], in reality, the sediment
volume fluxes and flux rates are highly variable between different storage areas within the
system and respond to different forcing factors, such as wave-climate-controlling shoreface
erosion and longshore transport [39,40] and wind-regime-controlling beach–dune sediment
dynamics [41]. Understanding coastal sediment dynamics is the basis for modeling and
predicting coastal change [22,42–45].

The most typical way in which changes in coastal properties can be identified and
quantified is through changes in coastal sediment systems and, therefore, landform patterns.
Any landform has a morphological expression and thus its shape and relief can be mapped
in the landscape. In some instances, the three-dimensional shape can also be identified,
which allows for sediment volume to be calculated. Morphological mapping of coastal
landforms has been done based on field and remote sensing methods [46–48] and this can
enable rates of morphological change to be calculated. This has been done, for example,
for mobile and unvegetated transverse sand dunes located in the upper supratidal zone of
sandy beaches, where longshore winds drive migration of the dune form, seen through
changes over time in the position of the dune crestline and its rotation with respect to the
shoreline [20].

Different coastal types exhibit different styles of morphodynamic behavior and thus
have different responses to climate forcing. For example, rocky coastlines have a higher rock
mass strength and so have highly variable event-scale erosion rates that are low when aver-
aged over long time periods, and are more strongly affected by long-term weathering [49].
Rock coasts are relatively stable under ‘average’ climatic and hydrodynamic conditions
and thus exhibit lower sensitivity to climate forcing. Their landforms may be relict, where
they exist relatively unchanged for long periods of time, and thus have higher preservation
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potential (Figure 3a,b). Sandy coastlines are more easily eroded because of the presence
of unconsolidated, loose sand grains and exhibit a quicker morphodynamic response to
climate forcing, reflecting higher sensitivity, for example, when surface sand grains are
moved around rapidly by individual waves (Figure 3c,d). This means the landforms of
sandy coastlines may exhibit quasi-equilibrium where they respond rapidly to a range of
changeable forcings. The processes and rates of mixed coastlines are more variable, largely
because they are influenced by the distribution and size of bedrock outcrops, with loose
sand occupying the hollows between the outcrops, or more commonly by the presence of
gravel patches or strips as well as sand (Figure 3e,f). Sand and gravel/bedrock exhibit very
different morphodynamic responses to the coastal wave regime.
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In addition to variations in sensitivity to forcing imparted by rocky versus sandy
and mixed coasts, different coastline-facing directions and nearshore bathymetries can
also lead to variations in shoreface energy and the potential for sediment erosion and
transport [45,50]. In closed sediment cells, erosion in one place should, in theory, be
balanced by deposition elsewhere [35,43]. This should, in theory, mean that different sandy
landforms may experience different trajectories of change (erosion, deposition), even under
the same forcing regime. In many instances, however, the lateral and seaward margins of
sediment cells are not clearly defined and may vary in extent if coastal energy availability
changes [46]. This means that volume flux approaches to nearshore sand dynamics cannot
be used uncritically as a proxy for the sensitivity of a coastal system to climate forcing.

However, despite this understanding of the workings of coastal systems and sediment
cells, some problems still exist. (1) As different coastal landforms have different properties
and levels of sensitivity to climate forcing, they will respond differently to weather and
climate events, even along the same coastal stretch. This means there may be a low
predictability of the net coastal response to climate forcing. This is amplified by any
feedbacks that may exist between the different elements within that sediment cell (Figure 2).
(2) Coastal systems are all, to some extent, relict or exhibit delayed responses to forcing,
meaning that the measurement and monitoring of such systems may not reveal their
true sensitivity to forcing. (3) Coastlines also have varying types and degrees of human
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activities, and this is known to be a factor in changing coastal system behavior and in often
unpredictable and nonlinear ways [51]. (4) Climate is a non-stationary forcing factor and
ongoing climate change is increasing coastal energy and, therefore, increasing the rate of
coastal change. However, this response is not uniform and likely shows an increasing level
of variability over time.
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Figure 3. Examples of the three major coastal types. (a) Steep rock cliff (southeast Spain), (b) rocky
shore platform, where the cliffline has retreated back, forming the platform surface (southern South
Africa), (c) wide and shallow beach with backing vegetated sand dunes (southeast India), (d) narrow
and steep beach with an eroded and vegetated cliffline at the back of the beach (northeast South
Africa), (e) mixed beach environment, where both seaward sand and a landward gravel beach element
are present (southern UK), and (f) mixed beach, where patches of sand are located between subdued
bedrock outcrops (southern South Africa).

4. Coastline Resilience

To help explain climate forcing–coastal response relationships, the concept of coastal
resilience can be considered. Coastal resilience refers to the ability of all types of coastal
systems (geomorphic, sedimentary, ecological, socioeconomic) to withstand disturbance
by different forcing factors [10,52,53]. As such, coastal resilience is related to the physical
attributes of coastlines such as landforms and ecosystems; coastal assets and infrastructure,
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such as roads and railways; and coastal communities and people [53]. Coastal resilience
can be evaluated indirectly through examining any changes that take place to the system or
its workings as an outcome of forcing. For example, if a weather or climate event occurs,
how does the coastal system respond? If the system changes quickly and dramatically, then
it is considered that the system has low resilience (high sensitivity) [54]. If the system’s
response is subdued and/or delayed, then it shows high resilience (low sensitivity) [11].
This provides a conceptual framework for considering forcing–response relationships.

If coastlines have higher resilience, they will be more likely to withstand coastal forcing
and less likely to exhibit change or lead in negative outcomes as a result of that change.
However, ongoing global warming means that there is a sustained increase in climate
forcing along coasts (and in other physical environments globally), and this increases the
likelihood that critical geomorphic thresholds within the system will be exceeded and
coastal change will occur [53]. The outcome of ongoing global warming is that coastal
resilience is weakened and rapid coastal change is both becoming more commonplace and
occurring more rapidly. This has been identified in many studies globally [16,31].

Several studies have also considered how resilience can be enhanced along differ-
ent types of coasts [11]. Sandy beaches can be nourished by dredging/pumping, building
groynes, planting of the supratidal zone, building or maintaining offshore shoals/surf
breaks and stabilizing the landward position of the beach with a sloping seawall, gabion,
riprap, engineered beach ridge, low dune or sand fence [15] (Figure 4). The outcome of
these actions is that beach volume increases, serving as a wider or higher barrier against
the land. Sand dunes can experience revegetation/planting of degraded areas, planting and
wind fencing to encourage embryo dune growth, engineering of artificial dunes, restric-
tions on groundwater extraction, maintaining dune slacks and ponds and constructing and
maintaining boardwalks/fences to restrict disturbance [55–57]. All of these actions serve to
stabilize the land surface and decrease the likelihood that the dune body is affected by water
or wind erosion. Rocky shorelines can be made more resilient through armoring on the land-
ward edge of rock platforms, monitoring unstable cliffs or caves, using rock bolts or other
geotechnical strategies to increase slope stability, enhancing biodiversity through building
artificial pools and reducing risk to people by providing safety equipment and warning
signage. All of these strategies in different coastal environments focus on enhancing the
natural and pre-existing properties of the coast in order to increase its resilience.
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coastal resilience to climate forcing. (a) A natural beach berm in northeast South Africa, partly
vegetated by Scaevola plumieri (gullfeed), (b) embryo dunes in northwest Ireland with sand fences
and planted with Ammophila arenaria (European marram grass).

Relationships between coastal sensitivity and resilience can be explored through
considering how a sand dune environment develops over time, in both its physical and
ecological properties (Figure 5). This model shows that the sensitivity of a dune system
generally decreases over time as the dune body builds up and becomes vegetated through
primary and secondary succession [55]. However, a sudden disturbance by erosion or
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land use change results in a dramatic increase in system sensitivity (a lowering of system
resilience) that makes it highly vulnerable to a loss of physical and ecological integrity and
ecosystem services [58].
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Figure 5. Conceptual model describing changes in coastal sand dune sensitivity to forcing over time
as a result of both climatic and non-climatic forcing factors (e.g., Figure 1). Evolution of the sand
dune environment from embryo to primary and secondary dune phases (words in bold, not italics) is
plotted in non-dimensional phase space; no specific scale is implied. Green arrows show trajectories
of evolution. Words in bold italics describe the processes taking place along these trajectories. Dotted
green arrows indicate the role of decision making in dune management that can influence future
dune system sensitivity.

5. Discussion
5.1. Building Coastal Resilience with Nature

Increasing the resilience of coastlines, including its landforms, is a key strategy to
decrease the (negative) impacts of climate change, including higher rates of coastal erosion
caused by rising sea levels and increased storminess [11,59,60]. Seeking ways in which
coastal resilience can be increased by maintaining coastal landforms as green infrastructure
may potentially have the impact of reducing the natural variability of the system and
reducing the likelihood of extreme events affecting it [60,61] (Figure 6). Figure 6 shows that
enhanced climate forcing as a result of global climate change in the 21st Century results
in increased variability of coastal system responses, in particular, a higher frequency of
extreme events such as coastal erosion/deposition or cliff collapse, the spread of invasive
species or the local extinction of endemic species. Increasing the natural resilience of
the coastline through the use of green infrastructure can make the coastline better able
to withstand climate forcing and thus reduces the variability of coastal responses to this
forcing (i.e., reduces coastal sensitivity, see Figure 5).

All coastal landforms exhibit natural morphodynamic variability, but appropriate soft
engineering strategies can enhance coastal landform and ecosystem properties and thereby
result in greater resilience [11,15,62]. These strategies focus on building and stabilizing
landform surfaces by increasing their volume or height or by revegetation [63–65]. In so
doing, these landforms and ecosystems can be considered as ‘green infrastructure’, serving
the same function as hard engineering structures traditionally used for coastal management
and protection [64,66–68]. The detailed strategies employed in the use of green infrastruc-
ture are dependent on the coastal element examined (i.e., beach, dune, saltmarsh), the
specific end goal to be achieved and any constraints such as budget, timeframe, community
priorities or the presence of rare species.
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5.2. Green Infrastructure as a Nature-Based Solution for Climate Change Impacts along
Sandy Coastlines

Exploiting the natural resilience afforded by the ‘green infrastructure’ of coastlines can
be considered as an example of a ‘nature-based solution’ (NBS) to coastal issues [69–71].
Many studies worldwide have discussed the advantages of NBS along coastlines and the
emphasis has mainly been on sandy coasts, including beaches, sand dunes, saltmarsh and
mangroves [15,56,69,72–74], where there is a close relationship between climate forcing
and sediment dynamic response [75,76]. In contrast, there is much less consideration of the
application of NBS to rock coasts and none at all to the rapidly changing environments of
deltas or arctic coasts. The major advantages of NBS along coastlines are that (1) it is cheaper,
more cost-effective and less risky a management strategy and with lower uncertainty; (2) it
is easier to implement and requires less technology; (3) it results in more positive and fewer
negative outcomes, including for ecosystems; and (4) it can involve local stakeholders
and communities more easily in decision making, management and monitoring [77–80].
Most previous deployment of NBS along coasts has taken place in the USA and with an
emphasis on the monitoring strategies used to evaluate coastline dynamics before, during
and after any NBS intervention [81]. For example, island restoration in Chesapeake Bay
(MD, USA) used dredged sediment to build up island beaches, which increased the size
and height of sandy landforms, increased vegetation biomass and decreased the efficacy
of wave erosion [82]. NBS strategies have been particularly applied to coastal wetlands
and intertidal environments which are sensitive to subtle changes in sediment supply and
micro-elevation, with implications of high-biodiversity intertidal ecosystems [72,73,76].
These examples highlight the multiple benefits and the cost-effectiveness of NBS in certain
types of coastal settings.

A proposed sequence of methodological steps for enacting NBS against climate change
impacts along coasts is shown in Table 1. This 10-step plan shows that to use NBS as
an effective management approach, one needs to first understand the coastal properties,
processes and morphodynamics in the context of systems. These sequential steps also
highlight the importance of a monitoring plan for coastal observation, as well as the active
engagement of local communities. The reasons why these steps are necessary are that
different coastal stretches work in different ways and the solutions used for one coastline
may not be applicable elsewhere, and that different coastal stretches will have different
issues and priorities, related, in particular, to human activity. It is, therefore, important
to work with and empower local communities and stakeholders in establishing priorities
and building sustained and collaborative partnerships. It also highlights that decision
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making without scientifically valid and up-to-date information is flawed and will invariably
fail [82–84].

Table 1. The sequence of steps used in enacting nature-based solutions through effective management
against climate change impacts along coastlines.

Step # Description of the Activity

1
Investigation, mapping and inventorizing of coastal landforms and properties at a
specific site or coastal stretch, based on field observations and measurements. This
constitutes environmental auditing of coasts as a first activity.

2
Liaising with local communities, with the aim of understanding the community use
of coastal resources and the values ascribed to coastal landforms, ecosystems and
aesthetics in that area.

3
Identifying coastal management goals with respect to international, national and
local guidelines and strategies and agreeing these with relevant stakeholders at
all levels.

4

Monitoring of coastal change and coastal process dynamics over different spatial
and temporal scales using field and/or remote sensing methods. This can also
include citizen science methods undertaken with the involvement of
local communities.

5

Calculation of rates and locations of change, based on data obtained in step 4, and
development of numerical models to simulate these changes and to predict future
change, including changes in external boundary conditions (e.g., climate) and
changes in coastal properties.

6 Identification of the most and least resilient coastal landforms and properties based
on their morphodynamic behavior, based on data obtained in steps 4 and 5.

7

Identification of a coastal management plan that considers the most resilient
landforms and properties as green infrastructure and that works with the natural
resilience of these landforms. This management plan satisfies the requirements of
the goals identified in step 3.

8
Enacting the management plan and monitoring its effectiveness based on
achievement of management goals (including measurable performance indicators
and timeframes) identified in step 7.

9
Communication of decision-making processes and interim and long-term outcomes
with local communities, including dealing with and identifying solutions for any
problems or delays that may arise.

10
Learning from mistakes and/or successes in order to identify lessons that can be
applied elsewhere in similar contexts. This can include development of management
handbooks or similar tools that can be communicated to stakeholders, e.g., [85].

5.3. Limitations of the Nature-Based Solutions Approach

Nature-based solutions (NBS) represent the best approach to enhance coastal resilience
by supporting the natural geomorphological and ecological processes along coastlines and
enhancing coastal properties. However, it is founded on an understanding of physical
systems and scientific information on that coastal stretch, which may be limited or absent,
particularly in the developing world. An absence of information will limit the ability of
numerical models or coastal managers to predict the future state of the coastline under
ongoing climate forcing or to identify any future vulnerabilities/resilience or geomorphic
thresholds that may lead to a tipping point in coastal system behavior, such as triggering
a switch between aggradation and erosion [36]. It also emphasizes that a ‘one size fits all’
approach for coastal management does not work, for example, where a national-scale and
top-down strategy is applied to all areas regardless of their properties or needs, which
remains the prevailing approach to coastal management globally [60].

At each step of the management process (Table 1), there may be uncertainty in the
information or data used. This includes uncertainty in the trajectory of future changes
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related to climate forcing (e.g., sea-level rise, storminess), land use change and urbaniza-
tion. It is also important to note that changes in political priorities may lead to certain
management approaches being adopted (such as building a sea wall), whether or not
it is appropriate [60,86,87]. This is because, from the viewpoint of politicians and local
communities, NBS and enhancing the natural resilience of pre-existing coastal properties
may be considered as a ‘do nothing’ approach rather than something that yields an im-
mediate and decisive response to an issue of coastal erosion [87]. Communication and
education is, therefore, needed, which is why engaging with communities and stakeholders
is important [69] (Table 1). In addition, not all landforms or coastal settings are suitable
for NBS to be deployed and the resilience offered by different ‘green infrastructure’ may
vary from one place or context to another. NBS should therefore be considered as part of a
wider portfolio of coastal management strategies [67].

6. Conclusions and Future Research Directions

Nature-based solutions for managing the impacts of climate change and climate and
weather events along coasts are founded on the use of pre-existing coastal properties
and landforms as ‘green infrastructure’ that can lead to greater coastline resilience and,
therefore, decreased climate impacts. The significant advantages of a NBS approach are that
it works with rather than against nature and can enhance coastal geodiversity, biodiversity,
ecosystem services and sediment system functionality [81].

The major disadvantages are that it requires detailed knowledge and understanding
of specific coastal situations, as well as continuous monitoring, and may be seen politically
as a ‘do nothing’ approach. More research is needed on the applicability of NBS in different
coastal settings and on developing a more rigorous framework for engaging with local
communities and stakeholders through the management process (Table 1).

The integrated and multidisciplinary approach afforded by NBS means that site-based
data on a range of coastal properties and processes are needed. This may include micro-
climate, geology, geomorphology, sediment dynamics, ecosystems, ecosystem services,
hydrodynamics, water chemistry, patterns of human activity and how people engage with
the coastal space, tourism and coastline aesthetics. Building relationships with coastal
user communities and stakeholders is the most promising way for the NBS approach to
gain traction at the local level. However, this element is often sidelined in all types of
coastal management approaches and requires continuous and consistent strategic engage-
ment [85,88].

The wider context of NBS along coastlines globally is its contribution to sustainability
goals, including maintaining environment quality for ecosystems and people alike. Coastlines
historically are sites of human occupation, culture and heritage and, thus, the maintenance of
coastal systems goes beyond the mere functional to other aspects of landscape and environ-
mental properties, including how people use and value the natural world, its properties and
processes [89]. This aspect has been less fully considered in designing NBS, but it is key to
maintaining sustainable socioeconomic activity along coasts, such as tourism, that seek value
in the environment rather than degrading the environment (Figure 5).
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