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Climate change and human activity pose increasing challenges to endangered
sea turtles, which are key species in many marine ecosystems worldwide. Among
these challenges are the flooding and erosion of nesting beaches. In this
perspective, we argue that existing methods and tools from coastal science
and management hold significant, yet underused, potential for sea turtle
conservation. We introduce a stepwise framework for integrating sea turtle
ecology and coastal management to address these coastal threats. The
framework follows an Observe—Understand—Predict—Intervene cycle and links
ecological thresholds, coastal processes, and management interventions across
scales, from Regional Management Units (RMUs) to individual beaches. We
illustrate how state-of-the-art monitoring, modeling, and nature-based
solutions (NBS) can be embedded within this framework to inform when and
how to intervene. Increased in-situ data collection and interdisciplinary
collaboration will be critical to apply and refine this approach, thereby
enhancing the long-term resilience of nesting habitats.
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1 Introduction

Climate change and human activity pose various challenges to endangered sea turtles,
who fulfill critical ecological roles in many marine ecosystems worldwide (Christianen
et al,, 2023; Heithaus, 2013; Patricio et al,, 2021). Sea turtles rely on sandy beaches for
nesting. Successful incubation requires a relatively narrow range of sand temperature and
moisture conditions, which in turn depend on various factors, including sediment
characteristics, beach elevation, hydrodynamic processes, and anthropogenic
disturbances (e.g., Ackerman, 1997; Foley et al., 2006; Culver et al., 2020). Consequently,
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the long-term survival of sea turtles directly depends on the
availability of suitable nesting beaches around the world.

Among the challenges they face are the flooding and erosion of
nests during the breeding season and the loss of suitable nesting
habitat due to long-term beach erosion and coastal development
(Figures 1A, B). These threats occur globally, but their severity
varies regionally—for instance, Mediterranean and North-West
Atlantic nesting beaches face widespread coastal development
(Biddiscombe et al., 2020; Hirsch et al., 2022); the Gulf of Mexico
is projected to experience high relative sea level rise (Fox-Kemper
et al., 2021); while Caribbean and Indo-Pacific rookeries are
particularly exposed to tropical cyclones (Dewald and Pike, 2014).
Although both flooding and erosion are recognized as significant
threats to sea turtles (e.g., Gammon et al., 2023; Rivas et al., 2023;
Van Houtan and Bass, 2007; Ware et al., 2021), they remain under-
represented in conservation management and research, which are
primarily focused on in-situ protection, fishery by-catch, human
consumption, plastic pollution, and changing hatchling sex-ratios
due to warming temperatures (Hays et al., 2025; Nel et al., 2014;
Patricio et al., 2021; Fuentes et al., 2023; Wallace et al., 2025).

The driving processes behind nest flooding and beach erosion are
extensively studied and understood by coastal scientists and managers.
Coastal management is increasingly shifting toward nature-based
solutions (NBS; e.g., de Vriend et al.,, 2015; Masselink and Lazarus,
2019; Spalding et al,, 2014), defined by the International Union for
Conservation of Nature (IUCN) as actions to protect, sustainably
manage, and restore natural or modified ecosystems, that address
societal challenges effectively and adaptively, simultaneously providing
human well-being and biodiversity benefits (Cohen-Shacham et al.,
2016). Examples of NBS for nesting beaches could include turtle-
friendly beach nourishments (e.g., Smithers and Dawson, 2023),
artificial reefs, and seagrass restoration aimed at reducing erosion
and flooding (Figure 1C; Barbier et al, 2011). However, effectively
implementing such solutions requires a comprehensive understanding
of the entire beach ecosystem, including biotic (e.g., nesting
characteristics) and abiotic (e.g., longshore/cross-shore processes)
factors at play (Slinger and Vreugdenhil, 2020). Despite the clear
need for an interdisciplinary approach (Nel et al., 2014), collaboration
between the sea turtle ecology and coastal engineering communities
remains limited and, as a result, nesting habitats are not commonly
considered in coastal engineering projects.

In this perspective, we argue that existing methods and tools used
in coastal science and management hold significant potential for sea
turtle conservation and should be leveraged more eftectively. To guide
this integration, we propose a stepwise framework (Figure 2) that
connects ecological thresholds, coastal threats, and management
interventions from regional to local scales. We outline how state-of-
the-art coastal monitoring and modeling approaches can enable us to
observe, understand, and predict coastal processes at nesting beaches,
which is required to decide if and how to intervene with NBS. Finally,
we call for increased interdisciplinary collaboration that bridges
ecology, biology, and coastal management to enhance the future
resilience of these critical habitats.
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2 Nesting beaches under pressure

Nesting beaches are shaped by diverse coastal processes that
operate across multiple temporal and spatial scales. An imminent
threat is the inundation and erosion of nesting beaches during high
wave and water level events (e.g., storms or tropical cyclones),
which are increasing with climate change (Morim et al., 2025;
Reguero et al.,, 2019). Such episodic events can flood or wash out
incubating nests, significantly decreasing hatching success (Patricio
et al,, 2021; Van Houtan and Bass, 2007). Though flooding mainly
occurs overland—through wave runup, storm surges, high tides,
and rainfall—it effectively raises the beach groundwater table
(GWT) in the nesting zone (Figure 1A). Since egg viability is
sensitive to inundation duration (Limpus et al., 2021; Pike et al.,
2015), the GWT response strongly influences the fate of individual
nests (Christiaanse et al., 2025a; McGehee, 1990; Patino-Martinez
et al., 2014). These flooding events are modulated by seasonal and
interannual variability in storm activity (e.g., storm seasonality, El
Nifio/Southern Oscillation). Moreover, storm erosion can
significantly alter beach morphology, which can impact nesting
on a time-scale of multiple seasons (Long et al., 2011), especially
after intense storms like tropical cyclones (Fuentes et al., 2019; Pike
and Stiner, 2007).

Another significant threat is the long-term loss of nesting
habitat due coastal squeeze, which arises from the combination of
structural erosion and increasing pressure from the landward side
(Figure 1B). Structural erosion can have several causes, including
sea level rise (SLR), coastal subsidence, longshore sediment
transport disruption, river damming, or climate-induced shifts in
sediment supply. At the same time, urban development and
population growth increasingly encroach from the landward side
(Neumann et al,, 2015). Coastal squeeze occurs when the eroding
coastline cannot migrate landward due to a fixed barrier, either
human-made or natural (e.g., cliff; Pontee, 2013). Even where
migration space exists, it remains unclear whether sediment
supply and beach morphology can keep up with accelerating SLR
(Rosati et al., 2013; Vitousek et al., 2017). Erosion can also expose
underlying bedrock, which may hinder nesting access or increase
injury risk to turtles (Wildermann et al.,, 2024).

3 When to intervene through NBS?

The first criterion of the IUCN standard for NBS is that the NBS
effectively addresses a societal challenge, which is clearly
understood (IUCN, 2020). This aligns with the common
approach toward NBS or Building with Nature (de Vriend et al.,
2015) in coastal management, which we summarize here in three
phases: (1) Observe and understand, (2) Predict, and (3) Intervene,
if necessary (Figure 2). We first need to observe and understand the
ecosystem, predict how the relevant natural processes might evolve,
and then assess whether intervention is needed.
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FIGURE 1

Artificial reefs

Schematic cross-shore profile of a nesting beach (not to scale), showing: (A) processes related to nest flooding and erosion; (B) processes related to
coastal squeeze; and (C) examples of potential NBS that could help mitigate flooding and erosion on nesting beaches. Although a cross-shore
schematic is shown here for simplicity, these processes also have alongshore drivers and variability.

The goal is achieving and maintaining stable sea turtle habitats
and populations rather than saving every turtle or nesting beach.
Therefore, it becomes essential to identify ecological thresholds, like
trigger points (when intervention becomes necessary) and tipping
points (beyond which recovery is unlikely) in the sea turtle
population (Figure 2, Step 1; de Bie et al, 2018; Lindenmayer
et al., 2013; Botero et al., 2015). The widely used Regional
Management Units (RMUs) framework in sea turtle conservation

Frontiers in Marine Science

(Wallace et al., 2023) provides a practical scale for assessing such
thresholds, which are likely to vary among regions and species.
Thresholds should be quantified through long-term monitoring and
modeling (e.g., population viability analyses) to provide concrete
decision points for managers. For example, maintaining 70%
hatching success is widely accepted as a minimum threshold for
population stability (Mortimer, 1999)—crossing below this value
would indicate a trigger point for intervention (Figure 2, Step 4),
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A stepwise framework for integrating sea turtle ecology and coastal management to tackle coastal threats to nesting beaches. The framework
progresses through seven steps, following the Observe-Understand-Predict-Intervene phases (the first two are combined here). Each step is
associated with specific tools and spatial scales, linking regional assessments (RMU) with local management of nesting beaches. Step 4 represents a
key decision point on whether to intervene, while feedback loops emphasize the adaptive and iterative nature of the framework.

while sustained declines well below it may constitute a tipping point
for population collapse. Determining robust species- and region-
specific thresholds will require increased interdisciplinary research
and closer integration of ecological and coastal management
perspectives (Hilton et al., 2023; Slinger and Vreugdenhil, 2020).

When ecological thresholds have been determined, the impact
of coastal threats on sea turtle populations should be assessed
accordingly (Figure 2, Steps 2 and 3). For example, if a certain
percentage of nests are likely to be flooded each year, will that push
the hatching success beyond a trigger/tipping point? This can be
done by defining and monitoring a set of control variables for each
threat. A multitude of existing coastal tools can be leveraged to
observe, understand, and predict these control variables at nesting
beaches (Sections 4 and 5). Below we propose potential control
variables for flooding and erosion of nesting beaches based on
recent work, though these should be evaluated and refined through
further interdisciplinary research.
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For nest flooding, control variables should include the beach
GWT (controls inundation duration) and a variable related to
inundation frequency (e.g., water level exceedance). Important
drivers of these control variables are the elevation of the nesting
area, beach slope, sediment properties (e.g., grain size,
permeability), and wave and water level climates. For example, in
low-elevation, mild sloping coastal settings, the beach GWT drains
slower, meaning longer inundation events negatively affect egg
viability (e.g., on Galveston Island, USA and Raine Island,
Australia; Christiaanse et al., 2025a; Guard et al., 2008). On
steeper, coarser grained beaches, the faster drainage means egg
viability may be more influenced by inundation frequency (e.g.,
from wave runup; Pike et al., 2015; Limpus et al., 2021; Caut
et al., 2010).

Regarding beach loss, the shoreline position is a widely used
indicator of coastal change (Splinter and Coco, 2021; Vitousek et al.,
2023a), and may serve as a control variable to monitor nesting
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beach erosion (Christiaanse et al., 2025¢). The advantage of using
the shoreline position is that it can be monitored relatively easily at
scale through remote sensing tools (e.g., CoastSat; Vos et al., 2019b).
More sophisticated control variables may be required at more
complex coastlines or for detailed assessments of individual
nesting beaches (e.g., a beach resilience index as in Dong et al,
2018), though this requires more data and resources. Next to the
shoreline position, the available migration space behind the beach is
an important control variable, as it controls whether shoreline
retreat will translate to beach loss (Christiaanse et al., 2025c¢).
Migration space is determined by the geological properties of the
backbeach and potential human infrastructure in the vicinity.

4 Monitoring and data

Monitoring nearshore hydrodynamics and beach groundwater
can help understand the processes behind the repeated flooding of
turtle nests on the beach (Christiaanse et al., 2025a; Foley et al,,
2006; Ware and Fuentes, 2018). Previous studies on nest flooding
have mainly focused on monitoring the high tide line and wave
runup to identify flooded or exposed nests and compare their
emergence success to non-flooded ones (e.g., Caut et al, 2010;
Ware et al,, 2019, Ware et al,, 2021). Such approaches may provide
similar accuracy in identifying at-risk nests as more time- and cost-
intensive monitoring of the beach GWT (Ware and Fuentes, 2018).
However, they are less useful for understanding and predicting the
driving processes underlying nest flooding (Christiaanse et al.,
2025a; Guard et al., 2008). Monitoring sediment characteristics
(e.g., grain size) is also important, as they influence nesting
suitability as well as beach morphology, slope, permeability, etc
(Bujan et al., 2019; Mortimer, 1990; Yamamoto et al., 2012; Botterell
etal,, 2025). Hence, we argue that more in-situ data collections (e.g.,
Christiaanse et al., 2025b; Culver et al., 2020; Foley et al., 2006) will
be required to understand the processes underlying coastal hazards
to nesting beaches and design NBS that enable nesting.

Many nesting beaches lie in remote areas with low data
availability. Moreover, most are located in the tropics and in
developing countries (Mazaris et al,, 2014), where access and
capacity for in-situ data collection may be difficult. Nonetheless,
the sea turtle community has succeeded to collect (long-term)
nesting data at many (remote) beaches (e.g., Balazs and
Chaloupka, 2004; Lasala et al., 2023; Restrepo et al., 2023; Willson
et al., 2020). Most of these monitoring programs are ongoing and
collect new data each nesting season. Including simple, cost-
effective coastal monitoring in these campaigns could help fill
some of the existing data gaps, without significantly increasing
the workload. Key parameters would be beach elevation (e.g.,
weekly cross-shore GPS profiles or low-cost alternatives as in
Andrade and Ferreira, 2006) and grain size. An emerging and
promising way of collecting more coastal data worldwide are citizen
science-based programs—e.g., CoastSnap for shoreline positions
(Harley and Kinsela, 2022) or SandSnap for grain size estimation
(McFall et al., 2024)—which could work particularly well on nesting
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beaches that are near local communities, have ongoing nest
monitoring programs, and/or attract tourism.

In-situ data collection is often limited by cost and time
constraints, making it difficult to scale up to large temporal and
spatial scales. However, in recent years, remote sensing tools have
transformed coastal monitoring by enabling the extraction of key
geomorphic and environmental variables from satellite imagery.
For example, satellite-derived shorelines allow for the quantification
of beach width, slope, and erosion/accretion trends (e.g., Luijendijk
etal., 2018; Vos et al,, 2019a), which directly affect the availability of
nesting habitat. While not well-established in sea turtle
conservation yet, satellite imagery has previously been used to
track nesting activity and distribution (Casale and Ceriani, 2019),
quantify night lighting at nesting sites (Mazor et al., 2013),
characterize developmental habitats (Hardy et al., 2018), and
assess long-term morphological changes of nesting beaches
(Maneja et al,, 2021; Christiaanse et al., 2025¢). We argue that the
use of such tools in sea turtle conservation should be expanded,
specifically to assess how nesting beaches around the world will
respond to SLR in the coming decades (e.g., Christiaanse et al.,
2025¢). Moreover, the opportunities opening up through remote
sensing are increasing at a fast pace, with new data now being
collected on a near-daily scale, everywhere in the world, and may
offer a much broader slate of data in the future (e.g., wave and water
level climate, bathymetry, sediment characteristics; Bergsma et al.,
2021; Vitousek et al., 2023a; Turner et al., 2021).

When there is no in-situ data and remote sensing tools cannot
provide the required data or resolution (yet), global hindcast or
reanalysis datasets offer an alternative for long-term time-series
data of atmospheric and oceanic variables—e.g., ERA5 for waves,
sea surface temperature, and many other variables (Hersbach et al.,
2018), GTSM for water levels (Muis et al., 2020), and DeltaDTM for
coastal topography (Pronk et al., 2024). Though such datasets have
limited resolution and accuracy, they are often good enough for
long-term statistics and exploratory modeling studies. Next to
historical data, many global models and datasets offer future
climate projections (e.g., the AR6 SLR projections; Garner et al.,
2021). These can inform predictive models or be used to assess
habitat suitability under various scenarios. For example,
Christiaanse et al. (2024) combined global datasets with machine
learning to identify patterns in the coastal characteristics of nesting
regions and map new, potentially suitable nesting regions.
Moreover, various types of coastal vulnerability indices have been
used to provide a useful first estimate of the exposure of nesting
beaches to coastal threats (de Vos et al., 2019; Gammon et al., 2023;
Santana Garcon et al., 2010; Von Holle et al., 2019). These are often
based on global or regional datasets making them effective at large
spatial scales. Hence, they can be leveraged to identify high-risk
beaches, to prioritize for in-situ data collections.

Ultimately, hydromorphological monitoring should be
complemented by ecological monitoring. Most existing nest
monitoring programs focus on nest counts, hatching success, and
nesting turtle characteristics (e.g., Margaritoulis, 2005; Balazs and
Chaloupka, 2004; Restrepo et al., 2023). While these data are
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invaluable, measuring nest positions (GPS, ideally including
elevation) and nest depth could significantly improve assessments
of erosion and flooding impacts on nesting populations. While
some datasets include nest coordinates (e.g., Ware et al.,, 2021;
Culver et al., 2020), elevation is not commonly recorded. We realize
this may not always be feasible, especially at high density nesting
beaches. In such cases, (horizontal) coordinates of a subset of nests
would already help, particularly in combination with digital
elevation models of the beach.

5 Modeling

Collected data can be used to force, calibrate, and train models
to predict the potential impact of coastal threats and NBS on nesting
beaches. There are countless models available, for different purposes
and scopes, generally categorized into physics/process-based
models, statistical/data-driven models, and hybrid models,
combining both approaches. Physics/process-based models
numerically solve physical equations (often combined with
empirical formulations) to simulate natural processes like
sediment transport or wave propagation. They range from 1D
alongshore (e.g., ShorelineS; Roelvink et al.,, 2020) or cross-shore
models (e.g., Unibest-TC; Walstra et al.,, 2012) over reduced-
complexity shoreline models (e.g., COCOONED, CoSMoS-COAST;
Antolinez et al,, 2019; Vitousek et al., 2023b) to complex 2D/3D
area models (e.g., Delft3D, XBeach; Lesser et al.,, 2004; Roelvink
etal., 2009). Hybrid models use statistical tools to interpolate results
from databases created from process-based models, significantly
reducing computational cost (e.g., Antolinez et al., 2018; McCall
et al., 2024). Finally, fully data-driven models use statistical and
machine learning algorithms (e.g., neural networks) to learn from
and extrapolate existing data (e.g., Gomez-de la Pefia et al., 2023;
Simmons and Splinter, 2025). Which model(s) to use depends on
the objective (control variables), the location-specific boundary
conditions, and the desired spatial/temporal scale and resolution.

To predict nest flooding, the driving hydrodynamic processes
(waves and water levels) could be simulated with a 1/2-dimensional
XBeach model. If the GWT is important (e.g., on mild-sloping, fine-
grained beaches; Christiaanse et al., 2025a), XBeach has a
groundwater module. However, this module was created for
gravel beaches, and preliminary results on a mild-sloping nesting
beach were poor (Galveston Island, TX; Taal, 2024). Coupling a
tailored groundwater model (e.g., PFLOTRAN; Hammond et al,
2014) to the hydrodynamics from XBeach may provide better
results. When data-availability is low, hybrid or surrogate models
can be useful—for example, in many coral-lined coasts and islands,
where models like HyCReWW (Rueda et al., 2019) or BEWARE-2
(McCall et al., 2024; Scott et al., 2020) can provide first estimates of
nest flooding from wave runup (Dédina et al., 2025).

Predicting longer-term processes, like SLR and erosion
vulnerability on nesting beaches is more difficult as the larger
time-scales inherently introduce more uncertainty (Vitousek
et al, 2017; Vitousek et al, 2024). Many studies have tried to
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quantify the loss of nesting area under various SLR scenarios,
however, most use the simple bathtub approach—combining
digital elevation models with SLR scenarios to derive inundation
maps (e.g., Beber et al., 2024; Fish et al., 2005; Fuentes et al., 2010;
Katselidis et al., 2014; Patricio et al., 2019; Rivas et al., 2023; Varela
et al., 2019; Veelenturf et al., 2020). While time-efficient, this
approach does not consider any morphological response of the
system and therefore cannot provide actionable estimates of beach
loss (Wolinsky and Murray, 2009; Christiaanse et al., 2025c). Others
have applied the Bruun rule (Bruun, 1962) to estimate shoreline
retreat on nesting beaches (e.g., Fish et al., 2008; Mazaris et al., 2009;
Reece et al., 2013), though its validity is still debated (Cooper et al.,
2020; Ranasinghe, 2020; Wolinsky and Murray, 2009). The
relatively small amount of SLR over the past decades (our only
dataset) means that the beach response is difficult to distinguish
from more dominant modes of change, like seasonal and inter-
annual signals (Vitousek et al., 2017). Hence, beach response to SLR
remains a subject of ongoing debate and corresponding model
predictions come with high uncertainty. Nonetheless, reduced
complexity models combined with satellite-derived shorelines at
least allow us to explore potential future shoreline evolution, even in
remote, data-scarce environments (Christiaanse et al., 2025¢;
Vitousek et al., 2024).

Ultimately, no model is perfect and any prediction comes with
uncertainty. There is already intrinsic uncertainty in using future
projections to force these models (e.g., SLR rates or wave climate
variability; Ruggiero et al., 2010; Le Cozannet et al., 2019; Vitousek
et al., 2021). Model choice is often a balancing act between
achieving reasonable accuracy and minimizing uncertainty and
computational cost. Simpler models are faster to run, but
introduce uncertainty by missing processes and detail (Kroon
et al., 2019). As more natural processes are included, the model
becomes more computationally intensive, requires more input data,
and uncertainty is introduced through free model parameters
(Kroon et al., 2025). For robust decision-making, it is crucial to
quantify these uncertainties in the predictions.

6 Toward nature-based solutions that
enable nesting

Once we have observed the system, understand the natural
processes at play, and identified a need to intervene (Figure 2, Step
4), we can think of solutions (Step 5). In some cases, direct
conservation or management measures may suffice. For instance,
nests can be relocated to mitigate inundation risk (though risky and
costly; Pintus et al., 2009) and establishing Marine Protected Areas
(or other area-based protection instruments) can minimize some
external influences on the ecosystem (Spalding et al., 2014). Beyond
direct management measures, coastal NBS offer promising ways to
improve the beach system for sea turtle nesting, by altering the
driving processes behind the threats (Figure 3; Ostertag, 2025).

Likely the most widely applied NBS for beaches is the use of
nourishments to replenish/re-profile the beach with sand or even
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create new beaches (de Schipper et al., 2020). At nesting beaches,
nourishments can elevate the nesting zone to protect it from
flooding, or restore nesting area lost to erosion (Figure 1C;
Limpus et al., 2021; Montague, 1993). The first beach re-profiling
designed entirely for sea turtle nesting was implemented recently at
Raine Island, Australia, which hosts the largest green turtle rookery
worldwide (Smithers and Dawson, 2023). Early results indicate that
it has successfully boosted hatchling production. However, several
studies have also reported negative effects of nourishments on turtle
nesting, especially shortly after implementation and when specific
characteristics like grain size, beach slope, or compaction changed
(e.g., Brock et al,, 2009; Grain et al., 1995; Rumbold et al., 2001;
Steinitz et al., 1998). Fortunately, nourishment designs increasingly
include societal and ecosystem services (de Schipper et al., 2020). As
a NBS for sea turtle nesting beaches, nourishments must be
carefully designed to effectively enhance nesting, ideally over
multiple years. Further research should therefore focus on specific
design requirements for nourishments that generate positive
outcomes for sea turtles.

Additional NBS building blocks may include the restoration or
creation of ecosystem services that mitigate flooding and erosion
(Figure 3; Spalding et al,, 2014). For example, (coral) reefs are
known to dissipate wave and surge energy and can therefore reduce
flooding of the nesting area (Lowe et al., 2005; Borsje et al., 2011).
Similarly, seagrass beds can attenuate waves and currents, provide
erosion control by stabilizing the foreshore, and stimulate accretion

10.3389/fmars.2025.1669885

through sediment trapping (Gacia et al., 1999; Bradley and Houser,
2009; James et al., 2019). Moreover, they function as foraging
habitats for green turtles (Christianen et al., 2023) and provide an
added climate benefit through carbon sequestration (Duarte et al.,
2013). Mangroves also have similar benefits of reducing flooding
and erosion (Gedan et al., 2011; Thampanya et al., 2006). Although
their presence near the shoreline may reduce beach access for
turtles, eastern-pacific hawksbill turtles are known to nest in
mangrove estuaries (Gaos et al., 2016; Mast et al., 2025). Dunes
may also offer benefits for sea turtle nesting, by providing sediment
reserves, storage capacity for groundwater, and a buffer from
human development (Barbier et al., 2011; Spalding et al., 2014).
These ecosystem services can be leveraged through NBS by either
restoring degraded habitats or creating new ones (e.g., through
artificial reefs; Duarte et al., 2020; Reguero et al.,, 2018).

What type of NBS to implement (Figure 2, Step 6) depends on
the environmental and societal challenges and the existing
ecosystem (e.g., developed vs. undeveloped coastline), and design
should follow a standardized design framework (e.g., the IUCN
Global Standard for NBS; IUCN, 2020). Specific NBS that enable sea
turtle nesting have not yet been tested at scale, thus to better
understand their effect on sea turtle nesting and the ecosystem as
a whole, they need to be implemented and evaluated in the field.
The above listed ecosystem services (non-exhaustive) may function
as building blocks to design tailored solutions, depending on the
identified threats and their driving processes (Figure 3). These

Threats Drivers NBS
. Tide
[ Nest flooding )
Storm surge
Wave runu
—— Direct link 2 Reef )
----- Indirect link Groundwater = ) QI,
=X
Rainfall §
% = )
Episodic Sea level rise Seagrass 3
erosion 9 I
Future changes in S
storm/wave climate )
=
Sediment type Mangroves 2
¥ o
Loss of sediment 8
supply N =
Long-term o
ok Dunes =
erosion Human development )

FIGURE 3

Threat-Driver-Solution matrix (non-exhaustive) showing coastal threats to sea turtle nesting beaches on the left, their driving processes in the
middle, and potential NBS building blocks that could mitigate some of these threats. The lines show links between the three: NBS solutions affect
one or more of the driving processes, through which they can mitigate threats.
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building blocks can be combined, which may generate positive
synergies. For instance, coral or shellfish reefs can create favorable
conditions for seagrass and mangroves to develop (Barbier et al.,
2011; Smith et al., 2009). There can also be drawbacks to these
solutions—for example, while reefs, seagrass, and mangroves can
locally trap sediment and reduce erosion, this can potentially
disrupt longshore transport, causing erosion downstream.
Ultimately, the effectiveness of any NBS is dependent on a
healthy and stable ecosystem (Spalding et al., 2014). Potential
side-effects and maintenance costs should, therefore, also be taken
into account: Are there detrimental effects on other ecosystem
services? How long will the NBS last without intervening again
(e.g., re-nourishment period)? In that regard, NBS should be
managed adaptively and based on evidence (criterion 7 of the
IUCN Standard; TUCN, 2020)—i.e., the ecosystem should be
continuously monitored after implementation, to evaluate if the
NBS has the desired effects and, if not, plan adjustment strategies
(Figure 2, Step 7).

7 Conclusion & outlook

In this perspective, we argue that a stronger connection between
coastal management and sea turtle conservation is needed to advance
the research, design, and implementation of NBS that enable sea turtle
nesting on sandy beaches. We support this perspective through a
stepwise framework (Figure 2), which provides a conceptual roadmap
for linking ecological thresholds, coastal processes, and management
interventions across scales, from RMUs to individual beaches. We
highlight how monitoring and modeling tools can be used to observe
and understand coastal threats to nesting beaches, predict their
impacts on sea turtle populations, and, where appropriate, intervene
through adaptive NBS.

Each element of the framework points to concrete priorities for
research and practice. Defining robust ecological thresholds and
control variables requires increased collaboration between coastal
scientists, managers, and sea turtle eco-/biologists. Improved in-situ
monitoring and integration of cost-effective coastal measurements
into ongoing nest monitoring programs will be essential for
understanding flooding and erosion dynamics at nesting beaches.
Combined with recent advances in remote sensing and machine
learning, these data can feed into a growing suite of coastal models
to simulate nesting beach evolution under various climate and
management scenarios. Finally, interventions should be tested
and implemented adaptively, guided by the IUCN Global
Standard for NBS (IUCN, 2020) and evaluated through

continuous monitoring and refinement.
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