<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CC BY-NC

Citation (APA) i

Christiaanse, J. C., Vitousek, S., Reniers, A. J. H. M., & Antolinez, J. A. A. (2026). Vulnerability of Key Sea Turtle
Nesting Beaches to Future Erosion and Sea Level Rise. Earth's Future, 14(3), Article e2025EF007191.
https://doi.org/10.1029/2025EF007191

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1029/2025EF007191

Earth’'s Future

RESEARCH ARTICLE
10.1029/2025EF007191

Key Points:

e Long-term shoreline evolution and
seasonality varied considerably across
nine global nesting beaches

® Some nesting beaches are stable or
building up, while others are eroding
with little room to retreat

e Simple “bathtub” methods
misrepresent erosion vulnerability,
hence dynamic shoreline change must
be considered

Correspondence to:
J. C. Christiaanse,
j.c.christiaanse @tudelft.nl

Citation:

Christiaanse, J. C., Vitousek, S., Reniers,
A.J. H. M., & Antolinez, J. A. A. (2026).
Vulnerability of key sea turtle nesting
beaches to future erosion and sea level rise.
Earth's Future, 14, €2025EF007191.
https://doi.org/10.1029/2025EF007191

Received 26 AUG 2025
Accepted 12 FEB 2026

Author Contributions:
Conceptualization: Jakob C. Christiaanse
Data curation: Jakob C. Christiaanse
Formal analysis: Jakob C. Christiaanse
Investigation: Jakob C. Christiaanse,
Sean Vitousek

Methodology: Jakob C. Christiaanse, José
A. A. Antolinez

Resources: Sean Vitousek, José

A. A. Antolinez

Software: Jakob C. Christiaanse,

Sean Vitousek

Supervision: Ad J. H. M. Reniers, José
A. A. Antolinez

Validation: Jakob C. Christiaanse
Visualization: Jakob C. Christiaanse
Writing — original draft: Jakob

C. Christiaanse

Writing — review & editing: Jakob

C. Christiaanse, Sean Vitousek, Ad

J. H. M. Reniers, José A. A. Antolinez

© 2026 The Author(s).

This is an open access article under the
terms of the Creative Commons
Attribution-NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided the
original work is properly cited and is not
used for commercial purposes.

'.) Check for updates

A n . l ADVANCING
nu EARTH AND

-~ SPACE SCIENCES

ik

Vulnerability of Key Sea Turtle Nesting Beaches to Future
Erosion and Sea Level Rise

Jakob C. Christiaanse! (2, Sean Vitousek® (2, Ad J. H. M. Reniers! 2, and José A. A. Antolinez!

'Department of Hydraulic Engineering, Delft University of Technology, Delft, The Netherlands, 2USGS Pacific Coastal &
Marine Science Center, Santa Cruz, CA, USA

Abstract Threatened sea turtles rely on sandy beaches for nesting, linking their long-term survival to global
beach availability. However, beaches worldwide are increasingly threatened by anthropogenic stressors and sea
level rise (SLR). Reliable vulnerability assessments require understanding beach dynamics across multiple time
scales, informed by long-term coastal change records. While many nesting beaches lie in remote, data-poor
environments, recent advances in coastal remote sensing now allow us to monitor coastal change worldwide.
Here, we combine satellite-derived shorelines (CoastSat), shoreline modeling (CoSMoS-COAST), and global
data sets to investigate shoreline evolution and future vulnerability at nine globally important sea turtle nesting
sites. We investigate seasonal and long-term shoreline change, hindcast (1980-2024) and forecast (2025-2100)
shoreline positions under various SLR scenarios, and quantify available accommodation space based on
backbeach elevation and infrastructure footprints. We find that shoreline evolution and vulnerability vary
considerably, with three sites showing historical accretion trends and four sites showing erosion. This
demonstrates that the previously widely applied bathtub approach—adding SLR to a static beach profile—is not
suitable to assess the vulnerability of sea turtle nesting beaches to erosion. Three eroding beaches emerge as
particularly vulnerable due to projected shoreline retreat coupled with limited accommodation space. Despite
significant uncertainties arising from long-term shoreline projections, our results provide important insights into
seasonal and long-term morphodynamics, identify vulnerable nesting sites, and offer a comprehensive,
transferable framework for assessing shoreline evolution and relative erosion vulnerability at other sites.
Understanding these dynamics is crucial to inform conservation and management strategies to future-proof
these critical nesting habitats.

Plain Language Summary Sea turtles depend on sandy beaches for nesting, which means their
survival is closely linked to how these beaches change over time. Today, many beaches are increasingly
pressured by human activity and rising sea levels, putting turtle nesting habitats at risk. To better understand
which beaches are most vulnerable, we used satellite images, computer models, and global data to study nine of
the world's most important nesting sites. We looked at how the shoreline has moved since 1980, how it might
change through 2100 under different sea level rise (SLR) scenarios, and how much space may remain for turtles
to nest given local terrain and development. Our results show that some beaches are naturally building up while
others are eroding, and that vulnerability is not the same everywhere. In particular, three beaches appear
especially at risk because they are eroding and have little room for turtles to nest further inland. These findings
highlight the importance of moving beyond simple “bathtub” estimates of SLR, and instead considering the
complex, long-term behavior of beaches. This approach can help identify priority sites for conservation and
guide strategies to protect sea turtle nesting habitats in a changing world.

1. Introduction

Sandy beaches cover approximately one-third of the world's ice-free coastline (Luijendijk et al., 2018) and
provide a wide range of ecosystem services. They play a critical role in sediment and water retention, serve as
buffers against elevated water levels, and offer recreational opportunities. Moreover, they provide essential
habitats for sea turtles and shorebirds (Defeo et al., 2009; Nel et al., 2014). Sea turtles, which are key species in
many marine ecosystems (e.g., Christianen et al., 2023; Meylan, 1988), rely on these sandy coasts for nesting
(Ackerman, 1997). Consequently, the long-term survival of these threatened reptiles is intrinsically tied to the
availability of suitable nesting sites around the world. However, sandy beaches worldwide are increasingly
threatened by anthropogenic and climatic stressors, such as sea level rise (SLR; e.g., Leaman et al., 2021; Rosati
et al., 2013; Vitousek, Barnard, & Limber, 2017). Therefore, there is significant concern about the resilience and
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availability of global sea turtle nesting sites in the face of ongoing and future erosion and rising sea levels (Patricio
et al., 2021; Rivas et al., 2023).

Sandy beaches are dynamic environments that constantly change in response to a range of stressors such as
winds, waves and tides, episodic storm events, interannual climate oscillations, and long-term climate-induced
trends (e.g., Antolinez et al., 2018; Ashton et al., 2001; Castelle et al., 2015; Vitousek, Barnard, & Limber, 2017).
Beaches generally erode under stormy conditions and recover during low-energy periods, cycling through
different beach states across seasons (Wright & Short, 1984). Embayed beaches often show seasonal rotations,
owing to changes in wave climate (Abdulsalam et al., 2025; Harley et al., 2015). Interannual oscillations can
drive beach change over multiple years (e.g., El Nifio/Southern Oscillation, ENSO; Barnard et al., 2015; Vos,
Harley, et al., 2023). Structural changes in sediment supply and transport (e.g., through trapping by coastal
infrastructure or river damming) can drive chronic erosion/accretion over years to decades (e.g., Pianca
et al., 2015). Finally, while beach survivability in response to accelerated SLR is still hotly debated and may vary
greatly across different environments (e.g., Cooper et al., 2020; Vousdoukas et al., 2020), it is generally un-
derstood that accelerated SLR will cause shoreline retreat (Vitousek, Barnard, & Limber, 2017). This may lead to
significant long-term beach loss, especially when a static/hardened backbeach environment prevents landward
migration of sand (i.e., coastal squeeze; Pontee, 2013).

Sea turtles have survived and nested in dynamic beach environments for millions of years, though over the past
centuries, their populations have declined drastically (McClenachan et al., 2006). Their slow population growth
rates mean they are less resilient to short-term population declines (Duarte et al., 2020), making them particularly
vulnerable to relatively rapid changes (within years to decades) to their nesting habitat (Mortimer, 1995; Pike &
Stiner, 2007; Staines et al., 2025). Long-term erosion—from SLR or other causes—could reduce suitable nesting
area on the beach, increase the risk of nest flooding, or even lead to the loss of entire nesting beaches. These
threats are gaining significant attention in both sea turtle research and conservation efforts (Christiaanse, Reniers,
et al., 2025; Hawkes et al., 2009; Patricio et al., 2021). Nature-based solutions—for instance, through turtle-
friendly design of sand nourishments (e.g., Smithers & Dawson, 2023) or by restoring vegetation or reefs to
provide coastal protection from flooding and erosion (Barbier et al., 2011)—may offer promising opportunities to
preserve current nesting beaches and potentially even enable nesting on new beaches (Christiaanse et al., 2024).

To evaluate the need for intervention and design nature-based solutions, we first need to understand how the
beach system behaves across different time scales and how vulnerable it is to (future) flooding and erosion.
Numerous studies have tried to quantify the potential loss of nesting area to SLR by using a simple bathtub
approach—adding a mean sea level increase onto a fixed digital elevation model of the beach (e.g., Fish
et al., 2005; Fuentes et al., 2010; Rivas et al., 2023). Although computationally efficient, this approach does not
consider any morphological response of the system and therefore does not provide reliable estimates of beach loss
(Wolinsky & Murray, 2009). Understanding the vulnerability of nesting beaches to erosion requires long-term
observations (e.g., of the shoreline position, which is commonly used to assess beach change across time
scales; Splinter & Coco, 2021; Vitousek, Buscombe, et al., 2023), and information on backbeach topography and
human development. Yet, many nesting beaches are located in the tropics and in developing countries (Mazaris
et al., 2014), where availability of in situ field data is generally low. Fortunately, the advent of publicly available
satellite imagery and coastal remote sensing tools now allows us to extract reasonably accurate shoreline ob-
servations (order 20-30 m before 2015 and 10 m since) over the past 30—40 yrs anywhere in the world (Bergsma
et al., 2021; Vitousek, Buscombe, et al., 2023; Vos, Harley, et al., 2019).

Here, we combine satellite-derived shorelines, shoreline modeling, and global data sets to analyze the shoreline
evolution, characteristics, and future vulnerability of nine globally important sea turtle nesting beaches. We use
historical shoreline positions extracted from publicly available satellite imagery using CoastSat (Vos, Harley,
et al., 2019) to identify seasonal and long-term shoreline change. We calibrate a shoreline model (CoSMoS-
COAST; Vitousek, Vos, et al., 2023; Vitousek et al., 2025) with the extracted shorelines to hindcast daily
shoreline positions from 1980 to 2024 and forecast them from 2025 to 2100 under various SLR scenarios.
Additionally, we quantify the accommodation space at each site using a global coastal digital terrain model
(DeltaDTM; Pronk et al., 2024) and global infrastructure footprints (buildings and roads). The shoreline evolution
and backbeach characteristics are combined to assess the vulnerability of each site to future erosion and SLR. Our
results (a) contribute to the understanding of seasonal and long-term variability of shoreline dynamics at these
critical nesting beaches, (b) indicate which sites may be particularly vulnerable to future SLR, and (c) provide a
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Rancho Nuevo, MX  Joao Barrosa, CV Alagadi, CY Masirah Is., OM

2 km

Tortuguero, CR Busca Vida, BR Long Beach, Al Dirk Hartog Is., AU

Figure 1. Overview map of the nine nesting sites analyzed in this study. The gray arrow in each panel represents the dominant
offshore, deepwater wave direction. Note that waves will therefore not necessarily maintain this direction closer to the shore,
but rather refract toward the shoreline. Geographic North is upward in all panels. Satellite snapshots created from Esri World
Imagery (Esri, 2024).

comprehensive, transferable framework to analyze shoreline evolution and erosion vulnerability at nesting sites
around the world.

2. Methods
2.1. Study Sites

We investigated shoreline evolution and accommodation space at nine key sea turtle nesting sites around the
world (Figure 1, Table 1): Long Beach (Ascension Island), La Escobilla (Mexico), Dirk Hartog Island (Australia),
Busca Vida (Brazil), Tortuguero (Costa Rica), Alagadi (Cyprus), Jodo Barrosa (Cape Verde), Rancho Nuevo
(Mexico), and Magirah Island (Oman). We selected these sites because they (a) host large nesting populations and
are therefore important nesting sites for their respective species; (b) are relatively remote and lack significant in
situ beach evolution data; and (c) exhibit sandy, open-coast morphologies whose long-term evolution is largely
unstudied. Together, these criteria allowed us to assess representative nesting-beach types while demonstrating
the potential of satellite-derived shoreline analysis to evaluate SLR vulnerability at data-poor and understudied
sites.

CHRISTIAANSE ET AL.

3 of 40

85U8017 SUOLULLOD 3A 810 3(dedlidde ays Aq pauienob afe sapife YO ‘88N JO S3|nJ o4 Afeiq) 38Ul UO 48] 1M UO (SUOTHPUOD-PUe-SWLB /W00 A8 | 1M AleIq 1 U1 [UO//:SdNY) SUORIPUOD PUe SWs | 84} 88S *[9202/20/TT] Uo ARIqiT8uluO A8 (1M ‘T6TL00435202/620T OT/I0p/ w00 A8 | im Arelq1jputjuo sqndnBey/sdny woJy pepeolumoq ‘¢ ‘9202 ‘L.2v8262



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth's Future 10.1029/2025EF007191

Table 1

Overview of the Nine Sea Turtle Nesting Sites Analyzed in This Study

Site Country Lon/Lat Beach type Main species ~ Nest season H, Tide
Long Beach Ascension Is. —14.41, =7.92 Embayed Cm 1-6 1.8 0.9
La Escobilla Mexico —96.73, 15.72 Open Lo 8-11 1.4 1.2
Dirk Hartog Is. Australia 112.99, —25.5 Embayed Cc 11-4 2 0.9
Busca Vida Brazil —38.27, —12.87 Open Ei 10-3 1.1 1.7
Jodo Barrosa Cabo Verde —22.71, 16.03 Open/embayed Cc 6-11 14 0.7
Tortuguero Costa Rica —83.47, 10.48 Open (BI) Cm 7-10 0.9 0.3
Alagadi Cyprus 33.49, 35.34 Embayed Cm, Cc 5-10 0.8 0.3
Rancho Nuevo Mexico —-97.77, 23.18 Open (BI) Lk 4-7 0.9 0.5
Magtrah Is. Oman 58.91, 20.66 Open/embayed Cc 5-9 1 2

Note. The abbreviation BI in the beach type stands for Barrier Island. Nesting season is specified in month numbers. The last
two columns show the mean significant wave height (ﬁ:) and the mean tidal range, both in meters. Species abbreviations are:
Cm, Chelonia mydas; Cc, Caretta caretta; Ei, Eretmochelys imbricata; Lk, Lepidochelys kempii, and Lo, Lepidochelys
olivacea.

We describe the results of the first two sites (Long Beach and La Escobilla) in detail in the main text of this paper,
while the other seven locations are briefly discussed and summarized. Detailed site descriptions and results
figures for the seven remaining sites are provided in Appendix A and Appendix D, respectively.

2.1.1. Long Beach, Ascension Island

Ascension Island is an isolated volcanic peak on the mid-Atlantic ridge, which hosts one of the largest green sea
turtle (Chelonia mydas, Cm) nesting populations in the world (Weber et al., 2014). Long Beach, a 1 km-long
embayed beach on the island's north—west side, is the largest beach and supports the highest number of nests
(Godley et al., 2001). The main nesting season spans from January to June. The tidal range is relatively small
(0.9 m), but the island is exposed to high wave energy (mean H, ~ 1.8 m), with mostly persistent south-easterly
swells from trade winds and less frequent but larger westerly swells. Being situated on the north—west side of the
island, Long Beach is partly sheltered from the dominant south-easterly swells.

2.1.2. La Escobilla, Mexico

La Escobilla covers a 7-km long stretch of open sandy beach on the southern Pacific coast of Mexico. It is one of
only several olive ridley (Lepidochelys olivacea, Lo) mass-nesting (arribada) beaches worldwide and therefore is
an extremely important nesting site for the species (Ocana et al., 2012). In fact, La Escobilla hosts the largest sea
turtle nesting aggregation in the world, with up to 1 million olive ridleys nesting in just a few days (Mast
etal., 2025). The main nesting season ranges from August to November. Several small rivers and lagoons span the
length of the beach. The tidal range (1.2 m) and wave climate (mean H; ~ 1.4 m) are moderate, though the beach
is fully exposed to the dominant long-period southwesterly swells.

2.2. Data and Indicators
2.2.1. Coastal Transects (GCTS)

We used the Global Coastal Transect System (GCTS; Calkoen et al., 2025) to extract roughly shore-normal
transects every 100 m along each nesting beach. For nesting beaches longer than 5 km, we limited the anal-
ysis to a roughly 5-km long stretch. When spatial nesting data were available from literature we tried to select the
stretch with the highest nesting density, otherwise we investigated a stretch around the center of the beach. We
then selected three representative transects from the available GCTS transects, generally near the middle and the
two ends of the (5-km-stretch of) beach. The analyses were carried out by intersecting the transects with the
satellite-derived shorelines, elevation data, and infrastructure footprints to define relevant positions along
the transects (see following sections).
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2.2.2. Satellite-Derived Shorelines (CoastSat)

We used the Python-based toolbox CoastSat to extract shorelines from publicly available satellite imagery,
described in detail in Vos, Splinter, et al. (2019). Briefly, CoastSat downloads satellite images (Landsat 5, 7, 8, 9,
and Sentinel 2) through Google Earth Engine (Gorelick et al., 2017) for a user-defined region of interest and pre-
processes them (e.g., by removing cloudy pixels and applying pan-sharpening for enhanced resolution). Each
pixel is then classified into “water”, “white-water”, “sand”, or “other”, using a Neural Network classifier. This
classification is used in combination with the Modified Normalized Difference Water Index (MNDWTI; Xu, 2006)
to extract a sub-pixel resolution shoreline contour, that best separates the “sand” and “water” classes (Vos, Harley,
et al., 2019). The shorelines are then mapped to user-defined transects. Given that the individual satellite images
capture the beach at varying tidal levels, the shoreline positions are tide-corrected using tidal data from the global
FES2022 tide model (CNES, 2024). The CoastSat.Slope module can be used to estimate the beach-face slope by
tide-correcting the shoreline time series for a range of potential slope values, and selecting the one that results in
the highest damping of the tidal frequencies in the shoreline signal (Vos et al., 2020).

We used all available images from 1984 to the end of 2024 (41 yrs) from all available satellite missions
(Landsat 5, 7, 8, 9, and Sentinel 2). We used the default parameters along with several manual settings per
study site (e.g., cloud cover threshold, maximum deviation from reference shoreline), which are detailed in
Appendix B along with the total number of images acquired for each site. We could not validate the extracted
shoreline positions due to a lack of in situ beach survey data, but we carried out visual inspections of the
mapped shorelines on the corresponding satellite images. Moreover, CoastSat-derived shorelines have been
validated and compared to in situ observations in several studies, across different environments and beach
settings, generally resulting in a shoreline position error in the order of 10-15 m (Castelle et al., 2021; Vos,
Harley, et al., 2019, 2023; Vos, Splinter, et al., 2023). They are less accurate on macro-tidal, high-energy
beaches (Castelle et al., 2021), but all our study sites were micro-tidal, except Masirah Island (meso-tidal,
Table 1). Finally, CoastSat-derived shorelines have been successfully used to study beach behavior from
seasonal to decadal time scales at many locations (e.g., Castelle et al., 2022; Vos, Harley, et al., 2023; Warrick
et al., 2025).

We mapped the extracted shorelines to the GCTS transects to obtain time series of the relative shoreline position
at each transect. Outliers were filtered using CoastSat's built-in SDS_transects.reject_outliers() function. We
estimated the beach slope using CoastSat.Slope during the tidal correction. The shorelines were not corrected for
any residual water level differences (e.g., storm surge). Finally, we computed a reference shoreline position by
taking the median (less sensitive to extremes/outliers than the mean) shoreline position between 2021 and 2024
(i.e., representing the current shoreline position).

2.2.3. Accommodation Space

To quantify the current accommodation space available at each study site, we used three distance indicators, all
relative to the reference shoreline position: the backbeach distance (BBD), the infrastructure-free distance (IFD),
and the beach width (Figure 2). An elevation profile of the backbeach along each transect was extracted from
DeltaDTM—a state-of-the-art digital terrain model that covers the global coastal regions between 0 and 30-m
elevations (Pronk et al., 2024). DeltaD'TM has a horizontal resolution of 1 arcsecond (=~ 30 m) and a vertical mean
absolute error of 0.45 m. We computed the distance between the first point along each transect above 10 m + MSL
elevation and the reference shoreline position as BBD.

To compute the IFD, we used building and road footprints from Overture maps (Www.overturemaps.org).
Road footprints from Overture mainly come from OpenStreetMap (Www.openstreetmap.org/copyright) and
are divided into hierarchical categories, from highways to walking paths. Due to the high number of classes,
we summarized them into highway (highways and trunks), major road (primary and secondary roads), minor
road (tertiary and residential roads), and cycle/walking paths (all remaining roads). As IFD, we computed the
distance along each transect from the reference shoreline position to the first intersection with a highway,
major road, or building (i.e., the shortest distance was used as IFD, similar to Lansu et al., 2024). We
excluded the minor road and foot/cycle categories as they do not necessarily represent fixed obstacles to
future shoreline migration. Because the scattered building footprints often fall in-between transects, we used a
50-m buffer zone around each transect to determine intersecting buildings.
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Figure 2. Schematic cross-shore profile of a nesting beach (not to scale), showing the various indicators and data sets used in
this study. The accommodation space is computed by subtracting the beach width from the lesser of the infrastructure-free
distance (IFD) and the backbeach distance (BBD).

The shortest distance of the BBD and IFD represented the maximum available space for shoreline retreat.
However, if the shoreline were to retreat this entire distance, there would be no beach remaining. Therefore, we
estimated the current beach width by intersecting each transect with a manually digitized vegetation edge/dune
foot line. To draw this line, we used the most recent Google Earth image at each site and followed the first clear
vegetation line behind the beach. For Jodo Barrosa and Magirah Island there was no clear vegetation line, so we
estimated the dune foot from high-resolution satellite imagery, Google Street View, and public images of the
beach, if available. As final proxy of the available accommodation space, we subtracted the beach width from the
shortest distance, IFD or BBD (Figure 2). Hence, this approach assumes that the beach would only start narrowing
once the accommodation space is exceeded.

2.3. Shoreline Model (CoSMoS-COAST)

The shoreline-change model used here is a recent update of CoSMoS-COAST (Vitousek, Barnard, Limber,
Erikson, & Cole, 2017; Vitousek et al., 2021; Vitousek, Vos, et al., 2023), a transect-based, data-assimilated
model, which integrates long- and cross-shore sediment transport processes. We calibrated CoSMoS-COAST
with historical wave conditions and satellite-derived shoreline positions over a hindcast period from 1980 to
2024. Next, we ran forecast simulations (2025-2100) to project long-term shoreline change and assess erosion
vulnerability at the three selected transects within each study site.

While there are many shoreline models available, we chose CoSMoS-COAST because its data assimilation
method works particularly well with satellite-derived shoreline data and it performed consistently well in a recent
benchmarking study (Mao et al., 2025). Moreover, we decided to focus the modeling on the shoreline only instead
of including dune dynamics, which would have been possible with a model like COCOONED (Antolinez
et al.,, 2019). For a more detailed description and objective comparison of many current shoreline models
(including CoSMoS-COAST and COCOONED) we refer to Mao et al. (2025) and Montaiio et al. (2020).

2.3.1. Model Equation, Parameters, and Calibration

The governing equation of CoSMoS-COAST is based on the one-dimensional conservation of sediment volume
equation:

oY Y,—-Y 10 as
L« ___Q_L__H,h’ )
ot T d.0X tanp ot

where the left-hand term is the rate of change in the shoreline position Y with respect to time ¢, and the four terms
on the right-hand side represent: (a) wave-driven cross-shore equilibrium shoreline change (after Yates
et al., 2009; Vitousek et al., 2021), where Y, is the equilibrium shoreline position (set by instantaneous wave
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gtle)rljijw of the Seven Model Parameters That Need to be Calibrated in the CoSMoS-COAST Shoreline Model

Parameter Symbol Unit Lower bound Upper bound
Cross-shore equilibrium timescale AT days 20 300
Cross-shore equilibrium excursion AY m 2 100
Longshore equilibrium timescale ATy days 20 365
Longshore equilibrium excursion AYis m —250 250
Bruun coefficient c - 0.5 1.5
Residual linear trend Vit m/y -1 1
Initial shoreline position Yo m =70 70

Note. The final two columns denote the bounds of the calibration range.

conditions) and 7 the equilibrium timescale; (b) gradients in longshore transport, where d, is the depth of closure,
Q is the longshore transport, and X is the alongshore coordinate; (c) sea-level driven profile recession (i.e., the
Bruun rule), where S is the sea level, tan fis the transgression slope, and ¢ a recession coefficient; and (d) a linear
residual trend. See Vitousek, Barnard, Limber, Erikson, and Cole (2017); Vitousek et al. (2021); Vitousek, Vos,
et al. (2023) for details on each model component and its parameters.

Although the underlying Equation 1 and unknown model parameters (Table 2) of the CoSMoS-COAST model
used here (and also in Mao et al., 2025) are the same as in Vitousek, Vos, et al. (2023), the numerical-solution
technique and parameter-estimation method differ from the original. The current model reformulates the
cross-shore and longshore-transport terms as discrete convolution operations (see Vitousek et al., 2025; Mao
et al., 2025, for details), resulting in the following equation for the shoreline position Y at time #:

S@) — S,

Y(t) = Yo + fos ()% g, (0) + fis(D* g, (&) — ¢ tan §

+ v, (2)

where Y, is the initial shoreline position, * represents a convolution operation, f,(), g.(#) and fi;(¢) and g (¢) are
the cross-shore and longshore convolution functions, respectively, given by:

2
ﬁ:s(t) = _AYCS%’ (3)
Ar \/M
gcs(t) = (1 - TTCS) ’ (4)
Jis()) = AYg sin(2a(2)), ©)
At t/At
RO (1 - A_Tls) 5 (6)

where H, is the significant wave height, Az the model time step (1 day), and a the wave incidence angle relative to
the shoreline angle.

The seven unknown model parameters resulting from Equations 2—6 are summarized in Table 2. The current
model is calibrated using a constrained optimization routine (see upper and lower parameter bounds in Table 2),
not the ensemble Kalman filter method of the original model (Vitousek, Vos, et al., 2023). The new (iterative)
optimization method was tailored to simulate a smaller number of independent transects, whereas the original
(sequential, non-iterative) method was designed to run over O(1,000-10,000s) of transects, for which an iterative
optimization method would have been too costly. The parameter-estimation routine used here minimizes the loss
function:
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L= \/RMSEg +(1=p)* + (1 = STDyor)’ (7

orm

for each transect i, individually, where

N 2
RSk = RMSEno _ \/ 3 2nmt (Yobs, = Ymod,)
rorm = STDobs B STDobs ’

®)

STD,
STDom = =0
obs

)

and p are the normalized root mean square error, the normalized standard deviation, and the Pearson correlation
coefficient, respectively. The subscripts ., and .4 denote observed and modeled values.

2.3.2. Forcing and Model Scenarios

We first calibrated the model over the entire hindcast period (1980-2024). To force the model, we used historical
time series of parametric offshore wave conditions from the global ERAS reanalysis (Hersbach et al., 2018) and
SLR from the Global Tide and Surge Model v3.0 (GTSM; Muis et al., 2020). For waves, we extracted the daily
maximum significant wave height (H,) and corresponding mean wave direction (¢) from the nearest ERAS node
at each study site. Offshore wave conditions were used because reliable bathymetry data required to compute
nearshore wave propagation are not available at the study sites; this is accounted for during model calibration. For
historical SLR, we extracted the yearly mean sea level at the nearest GTSM node. Thus, the wave conditions were
updated at each timestep (daily), whereas the mean sea level was updated each year.

Given the inherent noise and error in satellite-derived shorelines (Vitousek, Buscombe, et al., 2023; Vos, Harley,
et al., 2019), we applied a density-based filter and smoothed the obtained shorelines before feeding them into the
model: first, we removed all years with less than five observations to decrease the chance of isolated observations
disproportionally affecting the long-term trend. These were mainly years in the early part of the period (before the
launch of Landsat 7 in 2000). Next, we smoothed the shorelines using the smoothn Matlab function (smoothing
parameter S = 30; Garcia, 2010). Then, the optimization routine searched for the set of model parameters that
minimize the multivariate loss function (Equation 7) using the modeled shorelines and the smoothed shoreline
time series in the hindcast period.

For the forecast period (2025-2100), we used the model with the optimized parameter values obtained during the
hindcast period. We extracted decadal SLR rates from the nearest node of the regional IPCC AR6 SLR projections
(Fox-Kemper et al., 2023). To account for scenario and SLR modeling uncertainty we ran the model for the 5th,
50th, and 95th percentile of a low emission scenario (SSP1-2.6) and a very high emission scenario (SSP5-8.5) of
the low confidence AR6 projections (which include both low and medium confidence processes; Garner
et al., 2021; Kopp et al., 2023). The 50th percentile represented the median projections, while the 5th and 95th
percentiles were used to determine a 90% confidence interval. We interpolated decadal to yearly rates and
cumulatively added these to the mean sea level between 2021 and 2024 derived from GTSM (i.e., the final 4 yrs of
the hindcast period).

To keep the scope focused on SLR impacts, we did not explicitly account for projected future changes in wave
climate, which come with significant additional uncertainty (e.g., Morim et al., 2019; Reguero et al., 2019).
Instead, to create the future wave time series, we drew a random month from the 45-year ERAS time series (1980—
2024) for each month starting from January 2025 (i.e., for January 2025, we drew a random January between 1980
and 2024, then a random February, and so on, following the method of Davidson et al., 2010). Hence, the future
wave time series were shuffled versions of the ERAS time series.

All forecast simulations use the fully calibrated CoSMoS-COAST model, thereby retaining the seasonal and
interannual shoreline variability learned during the hindcast, even though only the long-term components are
emphasized in some figures for clarity.
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Figure 3. Flowchart showing the approach used in this study. The future erosion vulnerability of the nine nesting beaches is
assessed by combining historical shoreline change (satellite-derived and hindcasted), modeled shoreline projections, and an
estimate of the accommodation space.

2.3.3. Performance Verification

Model calibration was performed over the full hindcast period using the CoastSat-derived shoreline timeseries.
Because no independent in situ shoreline observations were available at the study sites, a separate blind validation
data set could not be defined. Therefore, we evaluated the model performance with the same shoreline time series
used for calibration. In this context, the model is intended to capture dominant seasonal to long-term shoreline
behavior and support relative vulnerability assessments rather than provide precise deterministic predictions of
future shoreline position.

As model performance is known to depend on the chosen metric (Montafio et al., 2020), we used two widely applied
methods (e.g., Gomez-de la Pefia et al., 2023; Montafio et al., 2020; Repinaet al., 2025): (a) Mielke's index, 4, which
ranges between O (poor) and 1 (perfect performance); and (b) Taylor diagrams (Taylor, 2001), which allow a
graphical comparison of modeled and observed shoreline behavior based on their normalized standard deviation
(STD,orm ), Pearson's correlation (p), and normalized root mean squared error (RMSE, ) —i.€., the same metrics
as used in the optimized loss function (Equation 7). Mielke's index was computed as (Duveiller et al., 2016):

%Zﬁ;(yobs,, - Ymodn )2

A=1-
— — 7
STngs + STDrznod + (Yobs - Ymod)

(10)

where N is the number of observed (Y,,s) and modeled (Yy,oq) shoreline positions, Y, and Yy,oq are the mean
values, and STD,, and STD,,.q the standard deviations. The numerator represents the mean squared error (MSE).

2.4. Shoreline Evolution Analysis

To assess the shoreline evolution and erosion vulnerability of the nine sites, we used the CoastSat-derived shoreline
positions and the model hind- and forecasts. First, we decomposed the CoastSat-derived time series to derive
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seasonal and long-term components. Then, we used Empirical Orthogonal Function (EOF) analysis on the model
hindcast. The full approach is visualized in Figure 3 and explained in more detail in the following paragraphs.

2.4.1. Shoreline Time Series Decomposition

To analyze seasonal to long-term trends in the satellite-derived shoreline positions, we used Seasonal-Trend
Decomposition based on LOESS (STL; Cleveland et al., 1990), where LOESS stands for Locally Estimated
Scatterplot Smoothing (W. S. Cleveland, 1979). Using STL, the CoastSat-derived shoreline position time series at
each transect was decomposed into three components:

Y(t) = Ylt(t) + Yss(t) + Yres(t)v (] 1)

where Y), is the long-term trend, Y is the recurring seasonal component, and Y, is the residual shoreline position.

First, we derived Y, using LOESS (Python library loess by Cappellari et al., 2013) with a 4-year smoothing
window, in order to separate interannual to decadal variability in shoreline change from seasonal fluctuations (as
in Warrick et al., 2025). LOESS requires regular sampling intervals without gaps, for which we used the median
monthly shoreline position. We linearly interpolated gaps of up to nine consecutive months. If there were larger
gaps, we only used the most recent part of the time series, with gaps of 9 months or less. Interpolated values were
only used in the derivation of Y, not the seasonal component. We then detrended the time series by removing Yy,
leaving the seasonal and residual components. The seasonal component (Y,,) was then computed from the bulk
monthly median shoreline position over the remaining time series (i.e., the median position per month over all
years). We estimated the seasonal shoreline excursion as the difference between the maximum and minimum
position in the seasonal cycle. Finally, subtracting Y, from the detrended time series yielded the residual
component (Y, = ¥ — Y}, — Y,). Interannual variability in the seasonal cycle is therefore included in Y.

While Y, provided some means of visually assessing long-term shoreline change, it still included some of the
interannual signals. Therefore, we also quantified the total long-term shoreline change rate at each site through (a)
a linear regression fit to the smoothed CoastSat observations (i.e., the same data as used for the model hindcast)
and (b) the long-term trend (v;) from the model, which was capped at 1 m of shoreline change per year (Table 2).

2.4.2. EOF Analysis on Shoreline Hindcast

We performed EOF analysis on the modeled daily shoreline positions to further assess the dominant modes of
shoreline change over the hindcast period (45 yrs, 1980-2024). For a complete technical description of EOF
applied to shoreline analysis, see Miller and Dean (2007b). Briefly, the eigenvector decomposition was applied on
the covariance matrix of spatio-temporal shoreline positions. Hence, EOFs describe the main spatial shoreline
change modes, including their temporal amplitudes (given by the principal components, PCs). This allows
quantifying how the shoreline positions at different transects change over time (Antolinez et al., 2019; Miller &
Dean, 2007a, 2007b). The number of EOFs/PCs is equal to the smallest dimension (in this case three EOFs across
the three transects per study site).

3. Results
3.1. Long Beach, Ascension Island

Due to the remoteness of Ascension Island, there were no images from Landsat 5 and only very few from Landsat 7.
From 2013/14 (post-Landsat 8 launch), image frequency increased, leaving 12 yrs of data for the shoreline
decomposition (n = 400 shorelines after outlier removal, Figures 4f—4h). As can be seen from the seasonal cycles
at the three transects, Long Beach is a perfect example of a rotating pocket beach: transect T3 erodes during the
austral winter (higher wave energy), while the more sheltered T1 accretes during the same period (Figures 4b and
4e—4h). At both transects, the total seasonal shoreline excursion was around 45 m. At T2, the seasonal excursion
was less (19 m), being closer to the pivot point of the beach rotation. The nesting season mostly overlapped with the
widest beach at T3 (austral summer) but extended well into the rotation of the beach. Over the past 12 yrs, the long-
term trend appeared relatively stable, with some interannual variability and a weak erosive trend at T2 and T3.

The backbeach elevation and accommodation space varied significantly in alongshore direction (i.e., across the
transects; Figures 4c and 4d). At the northern end (T1) the backbeach was flatter and only started steepening about
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Long Beach, Ascension Island3? Monthly mean of daily max Hs [m]  Yearly mean sea level [m]

=——lransects
® Ref. SL(0m)

0.15

2.5 r0.10

2.01 F 0.05

1.5 r 0.00

1.0 T T T T -0.05
2000 2005 2010 2015 2020 2025

Transect T1

Seasonal excursion: 46m 19m 43m
30 Nest season

-3

9 Transect T2

Shoreline excursion [m]

0

/ | | I. , .__40
U i _ﬂ/,/ hTransectTEBI '

[w] uonisod auljaioys anneIRY

Elevation
[m + MSL]
[ = N w
= o o (=1

o

Accom. space
T14 4———ma 413 m

T2 —au A 73 m
T34—4m A 25m

0 —200 —400 -600 2000 2005 2010 2015 2020 2025

Distance from ref. shoreline [m] N -
CoastSat shoreline positions === Y (4-year LOESS trend)

¢ Duneedge ® IFD A BBD Nesting season —— Yt + Yss (seasonal cycle)

Figure 4. Shoreline and accommodation space analysis for Long Beach, Ascension Island: (a) Satellite image showing the
transects and reference shoreline position (Ref. SL); (b) Seasonal shoreline component, Y, at each transect; (c) Backbeach
elevation profiles, with vertical lines denoting the first point above 10 m + MSL; (d) Beach width and accommodation space at
each transect; (e) Historical wave and water level time series; (f, g) Observed and decomposed (long-term and seasonal)
shoreline position time series at each transect. Satellite snapshot created from Esri World Imagery (Esri, 2024).

400-500 m from the reference shoreline. Moving south, the backbeach profile became increasingly steep with a
sharp increase in the slope around 150 m from the shoreline at T3, owing to a hill behind the southern part of the
beach. The median beach width was about 100 m at T1 and T2 and 90 m at T3. Though the backbeach is not highly
developed, the accommodation space at all three transects was determined by buildings behind the beach, with the
least space at T3 (25 m) and T2 (73 m) and significantly more space at T1 (413 m, Figure 4d). Considering the
backbeach elevation only, the accommodation space would have increased to about 350 and 80 m at T2 and T3,
respectively.

The model performed differently across the three transects but generally matched the observed seasonal cycles
(Figure 5b). Especially at T3, the model aligned well with the observations and had a relatively low root-mean-
square-error (RMSE = 10 m) compared to the fluctuations in the signal (O(50 m)). At T1 and T2, the model
still achieved reasonable RMSE values but struggled to fully capture the seasonal and interannual variability,
especially at T1. At T2, the RMSE was smaller than at T3, but the signal fluctuations were also substantially smaller
(i.e., the relative RMSE was larger at T2). Over the past 45 yrs, the hindcast showed long-term erosion at all
transects, though strongest at T2 (~ 0.5 m/year). This suggests the beach was less curved in the past, with the
shoreline at T2 further seaward relative to T1 and T3.

The EOF analysis confirmed the beach rotation as the dominant mode of change, represented by EOF 1 (68% of the
variance). It clearly showed the seasonal oscillation in the PC amplitude over time and the corresponding opposite
EOF coefficients at T1 and T3 (Figures 5c and 5d). EOF 2 (=~ 29%) represented a combination of a seasonal to
interannual cross-shore mode in which all transects erode/accrete simultaneously, and the long-term erosive trend,
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Figure 5. Shoreline modeling results at Long Beach, Ascension Island. (a) Wave and sea level time series used to force the
model; (b) Modeled shoreline position at each transect for the hindcast (1980-2024) and forecast (2025-2100) periods. Gray
dots are the CoastSat shorelines, solid lines represent the full model results, and dashed lines only include the long-term trend
(vy,) and sea level rise (SLR) components. In the forecasts, the two dashed lines represent the median SSP1-2.6 (lighter color)
and SSP5-8.5 (darker color) SLR projections, while the shading indicates the area between the 5th and 95th percentile;

(c) Amplitude of the three PCs over the hindcast period; (d—f) Amplitudes of the three EOFs at each transect and percentage of
explained variance.

which was strongest at T2 (highest EOF amplitude; Figures 5c and 5e). Although EOF 3 only explained about 4% of
the variance, it represented part of the reorientation of the beach (from straighter to more curved), with T2 eroding
and T1 and T3 accreting (Figures 5c and 5f; no net accretion as in EOF 2 both T1 and T3 eroded).

The model predicted future erosion at all three transects, but to differing degrees. T2 was the most erosive with at
least 50 m of shoreline retreat projected by 2,100, under both median SLR scenarios, significantly reducing the
available accommodation space (Figures 5a and 5b). The median projections were slightly less erosive at T1 and
T3, though at T1 the 90% confidence intervals covered a larger spread, with the SSP5-8.5 95th percentile also
predicting more than 50 m shoreline retreat. At T3 the difference between SLR scenarios was relatively small,
with around 35-50 m of shoreline retreat by 2,100. More importantly, shoreline retreat at T3 was projected to
exceed the available accommodation space of 25 m around 2060/70.

3.2. La Escobilla, Mexico

At La Escobilla there was sufficient data for the STL shoreline decomposition from 1993 onward (32 yrs and
n = 1016 shorelines after outlier removal, Figures 6f—6h). Again, there was a clear seasonal pattern in the
shoreline position, with the excursion around 25 m at all transects (Figure 6b). Instead of a rotating beach, La
Escobilla showed a dominant cross-shore mode, with all transects accreting and eroding in phase with each other.
The entire beach narrowed in the austral winters, during the peak of the southern hemisphere swell, and widened
in the austral summers. This means the beach is relatively narrow when turtle nesting starts in August, but widens
as the nesting season progresses.
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Figure 6. Shoreline and accommodation space analysis for La Escobilla, Mexico: (a) Satellite image showing the transects
and reference shoreline position (Ref. SL); (b) Seasonal shoreline component, Y, at each transect; (c) Backbeach elevation
profiles, with vertical lines denoting the first point above 10 m + MSL; (d) Beach width and accommodation space at each
transect; (e) Historical wave and water level time series; (f—g) Observed and decomposed (long-term and seasonal) shoreline
position time series at each transect. Satellite snapshot created from Esri World Imagery (Esri, 2024).

Although mean sea level at La Escobilla increased by about 10 cm since 1985 (Figure 6¢), the shoreline data
showed a long-term accretion trend—strongest at T1 since about 2000 (= 1 m/year), and at T2 and T3 mostly over
the past decade (Figures 6f—6h). Between 1993 to about 2010-15, the long-term shoreline position was relatively
stable at T2 and T3, with some interannual oscillations. Since then, the beach has generally accreted. There have
been no beach nourishments near this site, but one explanation for the accretion could be that the river to the west
of T1 has been supplying the beach with sediment (Figure 6a). This hypothesis was supported by the eastward
movement of the river channel on the beach, apparent in historical satellite images. This suggests alongshore
sediment transport is eastward, which could also explain the lag in the start of the long-term accretion from T1
(closest to the river) to T3 (furthest, Figures 6f—6h).

The beach width at La Escobilla decreased from 85 m at T1 to 61 m at T3 (Figure 6d). The backbeach was
relatively flat and low at all three transects and only at T1 the slope started to increase some 500 m from the
shoreline (Figure 6¢). The accommodation space at T1 was determined by the backbeach elevation reaching
above 10 m + MSL 546 m behind the beach, although using the IFD would have resulted in a similar accom-
modation space (=~ 600 m). At T2 and T3, the backbeach profile remained low and the accommodation space was
set by the IFD, resulting in 476 m at T2 and only 23 m at T3. This shows the sensitivity of the accommodation
space to individual buildings: the backbeach was not highly developed but there are a few houses behind T3,
leading to the much lower accommodation space. Moreover, while the accommodation space was higher at T1
and T2, there is a village behind the beach in-between these two transects, leading to significantly less accom-
modation space there.
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Figure 7. Shoreline modeling results at La Escobilla, Mexico. (a) Wave and sea level time series used to force the model;
(b) Modeled shoreline position at each transect for the hindcast (1980-2024) and forecast (2025-2100) periods. Gray dots are
the CoastSat shorelines, solid lines represent the full model results, and dashed lines only include the long-term trend (v;,) and
sea level rise (SLR) components. In the forecasts, the two dashed lines represent the median SSP1-2.6 (lighter color) and SSP5—
8.5 (darker color) SLR projections, while the shading indicates the area between the 5th and 95th percentile; (c) Amplitude of
the three PCs over the hindcast period; (d—f) Amplitudes of the three EOFs at each transect and percentage of explained
variance.

The model showed similar results for the three transects and generally matched the observations well, replicating
the seasonal behavior and long-term accretion with relatively low RMSE values (8-9 m, Figures 7a and 7b).
However, it struggled with simulating the amplitude of interannual oscillations, which it underestimated, most
evidently at T3. The observed accretion over the past decades was simulated by the model through a linear trend,
contrasting with the observed stability in shoreline position between 1990 and 2010 and increased accretion
afterward.

The synchronous behavior among the transects was also reflected in the EOF analysis: EOF 1 explained virtually
all variance in the signal, representing a cross-shore mode (including the seasonal cycle) as well as the long-term
accretion trend, strongest at T1 and weakening slightly to T3 (Figures 7c¢ and 7d). The other two EOF modes were
negligible compared to EOF 1 (Figures 7e and 7f). The future projections all showed continued accretion, again
strongest at T1 (504 m by 2100) and weakening toward T3 (15-30 m), even under nearly 3 m of SLR. Differences
between the SLR scenarios were small (Figure 7b).

3.3. Global Results

Observed shoreline change and accommodation space varied significantly across the seven other locations
(see overview in Table 3; figures analogous to Figures 4-7 are given in Appendix D). Strong and clear
seasonal cycles were apparent at Jodo Barrosa (up to 36 m) and Masirah Island (up to 27 m). At Alagadi,
Busca Vida, Dirk Hartog Island, Tortuguero, and Rancho Nuevo, some seasonality was visible, but inter-
annual or long-term signals generally dominated shoreline change over the past decades.
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Table 3

Results for All Nine Sea Turtle Nesting Sites Analyzed in This Study

Site Beach slope Trend Beach width IFD BBD Accom. Space
Long Beach, Al 0.1% Eroding 89-99 114-511 176-526 25-413
Dirk Hartog Is., AU 0.045-0.085 Eroding 45-55 >860 69483 22-428
Busca Vida, BR 0.085-0.105 Stable 27-35 44-216 >649 17-181
Tortuguero, CR 0.1% Accreting 37-40 >1000 >1000 >1000
Jodo Barrosa, CV 0.045-0.05 Accreting 35-62 >915 603-899 567-864
Alagadi, CY 0.1% Eroding 58-73 393-576 121-490 56417
La Escobilla, MX 0.06-0.065 Accreting 61-85 84-682 >631 23-546
Rancho Nuevo, MX 0.1* Eroding 21-36 >1000 >1000 >1000
Magirah Is., OM 0.065-0.085 Stable 83-136 >1000 301-634 176498

Note. The beach slope was estimated using CoastSat and was used in the SLR term of the shoreline model. Asterisks denote a
default slope of 0.1, used when the slope estimation was not reliable (i.e., do not represent measured beach slope). The
distance ranges (final four columns) are given in meters and represent the range across the three transects of each site. In the
final three columns, values with a > sign are minimum values (e.g., the transects generally extended 1,000 m landward from
the shoreline, so if no infrastructure was within 1,000 m, this is denoted as >1,000).

Several sites showed a long-term historical erosion trend, both in the linear fit based on the CoastSat-derived
shoreline positions, as well as in the model trend (v;). Rancho Nuevo showed the strongest erosion (0.8—
0.9 m/year at T3), followed by erosion rates below 0.5 m/year at Long Beach, Dirk Hartog Island, and Alagadi
(Figure 8). Busca Vida and Magirah Island had relatively stable shorelines, while Tortuguero, La Escobilla, and
particularly Jodo Barrosa (up to 2 m/year) showed accretion trends.

Over the forecast period, the model projected significant shoreline retreat at Long Beach, Dirk Hartog Island,
Alagadi, and Rancho Nuevo by 2100. At Rancho Nuevo this was well below the available accommodation space,
but at Dirk Hartog and Alagadi accommodation space was limited at two of the three transects, suggesting that
shoreline retreat at these sites could lead to a reduction in beach width, especially under the SSP5-8.5 scenario.
The model generally projected continued accretion at Jodo Barrosa and La Escobilla until 2100. Moreover, Jodo
Barrosa, Tortuguero, Rancho Nuevo, and Magsirah Island had large accommodation space at all three transects.

The difference in shoreline change between the SLR scenarios varied significantly across the nine sites, with
higher Bruun coefficients (¢) in the model (i.e., more SLR impact) leading to larger differences. The median
projections were generally close together, but the 90% confidence intervals spanned wide ranges at some loca-
tions. At Masirah Island, for instance, the 2100 projection ranged from no change or even slight accretion (SSP1—
2.6 5th percentile) to over 50 m of shoreline retreat (SSP5-8.5 95th percentile). For some locations the range
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Figure 8. Long-term shoreline position trends at each location and transect based on a linear regression of the smoothed
observations (left) and the long-term trend (v},) in the model (right, bounded between —1 and 1 m/y). Marker shapes denote
the site (see x-axis) and marker edge color the transect (T1 blue, T2 pink, T3 green). Sites are abbreviated by Country_Site
(e.g., AI_LB = Ascension Island, Long Beach).
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Figure 9. Overview map showing the accommodation space (horizontal lines) and projected shoreline change at the three

transects (T1 blue, T2 pink, T3 green) of all nine nesting sites. Projected shoreline change is shown for the two sea level rise
(SLR) scenarios (SSP1-2.6 in brighter colors, SSP5-8.5 in darker colors) with the bars representing the median and the error
whiskers the 90% SLR confidence interval. Erosion is positive (upward) and accretion is negative (downward) to visualize the
effect on the accommodation space. The beach orientation (direction from T1 to T3) is given by the horizontal arrows. The
dotted accommodation space lines at Rancho Nuevo and Tortuguero indicate that the accommodation space is at least 1 km.

covered accretion as well as erosion. At other locations, like La Escobilla or Rancho Nuevo, the difference be-
tween the scenarios was small compared to the projected change.

4. Discussion
4.1. Vulnerability of Global Nesting Sites to Erosion and SLR

Our results suggest that vulnerability to future erosion and SLR varies significantly across the nine sites, and in
alongshore direction at some sites (Figure 9). At seven of the nine sites (all except La Escobilla and Jodo Barrosa),
potential future shoreline retreat is projected at one or more of the three transects. At some transects, the projections
also include accretion, depending on the SLR scenario (e.g., Tortuguero, Magirah Is). La Escobilla and Jodo
Barrosa are clearly projected to continue accreting in the future, suggesting these sites are the least vulnerable to
SLR. Long Beach, Dirk Hartog Is., and Alagadi have limited accommodation space, which is exceeded for several
scenarios. This implies that these are the most vulnerable sites, facing potential reduction of beach width and
nesting area in the future. At the remaining eroding sites, projected shoreline retreat by 2,100 is below the estimated
accommodation space, although close at some transects (e.g., Busca Vida T3, Long Beach T2). These findings
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highlight the variability in the morphological evolution and characteristics across global nesting sites and show the
importance of understanding these, including the backbeach topography.

While our results provide insights into the future vulnerability of the nine sites, they present significant un-
certainties, for example, in the definition of the accommodation space. The IFD is particularly sensitive to
building positions in sparsely developed areas, because the position of a single building can strongly influence the
available accommodation space. This is evident at La Escobilla where the accommodation space at T3 is much
lower than at T1/T2 due to one building (Figure 6d). In general, if the accommodation space is determined by
infrastructure, it is not just a question of whether the beach can migrate through, but also whether the infra-
structure may be allowed to erode to provide room for the beach system (Lansu et al., 2024). Additionally, here we
defined the BBD simply by an elevation of 10 m + msl, but ideally it would account for the backbeach slope to
identify cliffs, for instance. However, the horizontal resolution of DeltaDTM (1 arcsec) and other state-of-the-art
global elevation models complicates efforts to identify steep slopes because the sample points along the transects
are often 40-50 m apart. Local, high resolution assessments of the backbeach elevation and geology could
therefore substantially improve accommodation space estimates but are costly and time-intensive.

Our analysis assumes a fully sandy profile in which the entire beach width retreats together with the shoreline
until exceeding the accommodation space and the beach starts narrowing. However, the future evolution of the
beach will depend on the geomorphology of the profile. For instance, dunes behind the beach will respond more
dynamically than hard substrates (Moore et al., 2025). If the beach is underlain by rocky formations, erosion may
expose a rocky shoreline that is potentially inaccessible to turtles (Wildermann et al., 2024). Dirk Hartog Island
and Jodo Barrosa both exhibit rock formations at some places along the beach. Moreover, at Dirk Hartog Island,
the beach is backed by a steep rocky slope. Here, this translated to zero accommodation space, but these slopes
may erode and allow some beach migration (Walkden & Dickson, 2008). At Tortuguero and Rancho Nuevo,
accommodation space was not limited within the first kilometer from the shoreline, suggesting they can
accommodate significant shoreline retreat. But both sites are located on barrier islands, for which the response to
SLR might also differ from regular sandy coastlines (Anarde et al., 2024; Moore & Murray, 2022; Thomas
et al., 2024). Similarly, coral islands and atolls may exhibit different geophysical compositions and responses to
SLR (Cuttler et al., 2020; Garcin et al., 2022; Masselink et al., 2020). Accounting for these different geological
settings requires a more complex and integrated modeling approach. For example, shoreline models could be
coupled to cliff erosion models to account for a rocky backbeach (Erikson et al., 2017; Walkden & Dickson, 2008;
Wolinsky & Murray, 2009).

4.2. Model Performance, Limitations, and Uncertainty

Model performance varies considerably across sites and transects (Figure 10) but aligns with previous shoreline
modeling efforts reported in the literature, even at well-monitored sites (e.g., Gomez-de la Peiia et al., 2023;
Montaiio et al., 2020; Repina et al., 2025). Both performance metrics show agreement in their results (i.e., locations
scoring high on the Taylor diagram also score high with Mielke's index). The obtained A indices (Figure 10a) are
similar to those in a previous blind-testing study of shoreline models (Montaiio et al., 2020). At many sites, the
model captures the seasonal dynamics, but struggles to replicate inter-annual or longer-term trends not directly
linked to wave conditions or sea level changes. Moreover, the Taylor diagram shows that the model generally
underestimates the variability in the observations (Figure 10b). These are both common limitations of reduced
complexity models (Bosboom et al., 2014; Hunt et al., 2023; Vitousek, Vos, et al., 2023). This results in lower
performance at sites where interannual to long-term oscillations dominate the shoreline signal (e.g., Alagadi, Busca
Vida, and Dirk Hartog Island), whereas the model performs better where wave-related seasonal shoreline cycles
dominate (e.g., La Escobilla and Masirah Island). Notably, La Escobilla shows high performance metrics even
though the model cannot replicate the interannual variation in the accretion (instead modeling it through the linear
trend term, Figure 7). At some sites, performance varies significantly across transects (e.g., Long Beach and
Jodo Barrosa), which is also common in shoreline modeling, especially at embayed beaches (Abdulsalam
et al., 2025; Repina et al., 2025).

The model has several limitations, which can partly explain why it struggles at locations such as Long Beach T1.
First, the cross-shore term is hard-wired to erode the shoreline with increasing wave energy and therefore cannot
replicate accretion during the high-energy season, which happens at T1 during the seasonal rotation at Long
Beach. Consequently, the model minimizes the cross-shore contribution and tries to replicate the behavior with
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Figure 10. Model performance across the sites (marker shape) and transects (edge color), assessed through (a) Mielke's index
(4); and (b) a Taylor diagram, which shows the Pearson correlation (p, angle), normalized standard deviation (radial axis),
and normalized RMSE (contours). The latter two are normalized by the standard deviation of the observations, hence a perfect
model would have nSTD = 1, p = 1 and nRMSE = 0, corresponding to the star marked REF. Sites are abbreviated by
Country_Site (e.g., AI_LB = Ascension Island, Long Beach).

longshore transport only. Second, the version of CoSMoS-COAST used here computes the longshore transport
differently than in the original one-line formulation (Equation 2). This allows each transect to be modeled
independently but does not enforce sediment continuity between neighboring transects. In other words, although
longshore transport processes are represented within the model, alongshore sediment exchange is not dynamically
coupled across transects. Third, due to forcing the model with offshore wave conditions, the waves are rotated
such that the mean direction is shore-normal. This is a partly valid assumption as oblique waves generally refract
toward the coast (Holthuijsen, 2007); however, this assumption may not always hold. Long Beach is situated on
the northwest side of Ascension Island, while the dominant wave direction is from the south—east (trade wind
swells), essentially coming from behind the island and potentially not fully refracting to normal incidence.

A key limitation for this study is the uncertainty in the model's long-term components, which aligns with many
previous studies (e.g., Le Cozannet et al., 2019; Vitousek et al., 2024). While seasonal fluctuations are evident in the
data and may be inferred from the forcing conditions, historical SLR has been low (O(10-15 cm) since 1980),
making the morphological response hard to distinguish from shorter-term “noise” (Vitousek, Barnard, & Lim-
ber, 2017). Nevertheless, sea level has risen at all nine sites, which the model is hardwired to translate to shoreline
retreat (Bruun rule). At eroding (accreting) transects, the model optimization generally tends to maximize
(minimize) the Bruun coefficient (c¢), which effectively modulates the selected transgression slope. In our model
runs, the optimized value for ¢ reaches the upper or lower bound for all transects (Figure C1), also showing the
uncertainty in the applied transgression slopes. At accreting transects, the minimal SLR term combined with a
positive linear trend (v, replicating the accretion) generally projects continued accretion in the future (most
obvious at La Escobilla and Jodo Barrosa). While possible, it is uncertain whether the underlying causes will
maintain accretion over time. Moreover, while the v}, term allows the model to partially replicate non-wave-/sea
level-driven processes, it is dependent on the accuracy and consistency of the historical observations from which it
is derived. Especially in the early part of the hindcast, there are relatively few observations. v, is therefore very
sensitive to bias or extreme values in these early observations (e.g., if early observations are predominantly from the
same season, this may bias v;). Moreover, it cannot account for long-term variability in sediment sinks and/or sources.

Next to uncertainty arising from the model itself, there is also intrinsic uncertainty in the natural processes. While
the included uncertainty in SLR projections is not trivial, the chosen transgression slope generally has a much
stronger effect on the projected shoreline change (Antolinez et al., 2019; Vitousek et al., 2024; Wolinsky &
Murray, 2009). Although the Bruun coefficient (¢) allows some modulation of the transgression slope during model
optimization, future studies could explore a set of potential transgression slopes more rigorously (e.g., Vitousek
et al., 2024).

Finally, in the forecast, we opted to focus on sea level driven shoreline change and neglected expected future
changes to the wave climate (Morim et al., 2019; Reguero et al., 2019) and storm intensity and frequency (Morim
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et al., 2025; Sobel et al., 2016), which could lead to changes in sediment transport patterns at the nine sites. Based
on global projections, sites with potentially more pronounced changes in future wave height and period include La
Escobilla (increase), Alagadi (decrease), and Jodo Barrosa (decrease; Morim et al., 2019; Morim et al., 2020).
However, the impact of such changes on shoreline dynamics are site-specific and uncertain and were therefore not
considered in this study. The monthly reshuffling of the historical ERAS wave time series for the projections
(Section 2.3) also mean that interannual variability in wave climate is removed.

These uncertainties related to satellite-derived shoreline extraction, wave and sea level forcing, and parameter
calibration introduce uncertainty in the exact magnitude of projected shoreline changes. However, they are largely
systematic across sites and scenarios. Therefore, we do not expect them to substantially affect the comparative
assessment of which nesting beaches are more or less vulnerable to future erosion. In other words, while absolute
projections should be interpreted with caution, the relative vulnerability rankings presented here are considered
robust for comparative and pre-screening purposes.

4.3. Implications for Conservation and Beach Management

Due to the inherent uncertainty in our long-term predictions, they should be used cautiously to help inform
management decisions. Accordingly, our modeling framework represents a comparative, first-order tool to assess
relative vulnerability among nesting beaches, rather than a source of precise deterministic shoreline forecasts.
Uncertainty notwithstanding, the projected erosion at Dirk Hartog Is., Alagadi, and Long Beach is concerning
because these sites show shoreline erosion trends and have limited accommodation space that may lead to loss of
nesting habitat. Future studies should carry out more detailed assessments of these sites, which may help inform
decision-makers on beach management and/or conservation measures. Such assessments could include local,
higher resolution data on beach and backbeach characteristics and more sophisticated coastal resilience indicators,
beyond the shoreline position (e.g., Dong et al., 2018). They should also include more rigorous quantification of
model and wave climate uncertainty (Kroon et al., 2025; Vitousek et al., 2021; Zarifsanayei et al., 2023).

Our results also reveal dominant modes of shoreline change at the different sites, which may be important
for assessing the vulnerability to future erosion and suitability of potential beach management strategies. For
instance, if, as we hypothesize, the river at La Escobilla is responsible for the observed accretion, then an effective
measure protecting the beach from erosion might be to simply leave the river be—i.e., not modify its course or
interrupt the sediment supply through damming. This highlights the variety of processes that may affect coastal
change and the need to understand these in vulnerability assessments.

The large variability in projected shoreline change demonstrates that the bathtub approach used in many previous
studies (e.g., Beber et al., 2024; Fish et al., 2005; Fuentes et al., 2010; Rivas et al., 2023; Varela et al., 2019) is not
suitable to assess SLR vulnerability at nesting beaches. Under the bathtub assumption, any rise in sea level
automatically translates to shoreline retreat and reduction of beach width, as the static morphology rules out stable
or accreting profiles. The loss of nesting habitat is then purely a function of the elevation of the current nesting
zone. Applying this approach to the nesting sites here would therefore have resulted in projected erosion and
habitat loss at all nine sites, regardless of historical and present shoreline evolution patterns.

For example, a bathtub approach applied at La Escobilla over the past 30 yrs under a realistic SLR scenario
(£20 cm) would have implied shoreline retreat proportional to the local beach slope. Instead, our study revealed
that the shoreline has progressed by about 20-30 m over this timespan. Similar tendencies for static approaches to
overestimate coastal exposure and vulnerability relative to dynamic or process-based methods have been
documented in previous studies (Khojasteh et al., 2021; Lépez-Dériga & Jiménez, 2020; Passeri et al., 2015;
Rogers et al., 2012). Therefore, our results indicate that using the bathtub approach presents significant prob-
lems in addressing future SLR vulnerability assessments of sea turtle nesting beaches.

In this study, vulnerability is assessed in terms of physical habitat availability, represented by the beach width.
While physical availability is a necessary prerequisite for successful nesting, it does not directly equate to habitat
quality, accessibility, or realized nesting success, which are influenced by species-specific traits, nesting
behavior, and local management context (Garcin et al., 2022; Martins et al., 2022; Stokes et al., 2024). For
example, some populations may tolerate substantial narrowing of the beach through behavioral plasticity or
nesting site selection, whereas others may be more sensitive to reductions in beach width or increased inundation
risk (e.g., Cassill, 2021; Lalo€¢ & Hays, 2023). As such, the physical vulnerability metrics presented here should
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be interpreted as first-order constraints on nesting habitat, providing a foundation for integrating ecological
sensitivity and management factors in future, site-specific assessments. Accordingly, our modeling framework
represents a large-scale, first-order pre-screening tool to help orient protection, management, or restoration
priorities, rather than a stand-alone method for site-specific management decisions.

Due to the global-scale coverage of the data sets used herein, our approach is readily transferable to assess
shoreline evolution and potential vulnerability at other sites around the world, though it is mainly suitable for
relatively open coasts and embayed beaches. Morphologically more complex sites, including river mouths, basin
inlets, or migrating sand spits, may require more advanced modeling approaches to quantify beach change
because the shoreline position may not provide sufficient information (French et al., 2016; Murray et al., 2014).
For instance, the olive ridley mass nesting sites in Odisha, India (Shanker et al., 2004) and the leatherback
(Dermochelys coriacea) rookeries at Braamspunt, Suriname and Awala-Yalimapo, French Guiana (Fossette
et al., 2008) are situated near large river mouths and dynamic sand spits, which can change shape rapidly, on
timescales ranging from months to a few years. In such environments, shorelines determined using transect-based
methods could overlap or intersect due to complex spit formation and shifting sandbanks. Moreover, shoreline
recession does not necessarily indicate beach narrowing or habitat loss, but can instead reflect spit elongation or
morphological reconfiguration occurring over these shorter timescales.

5. Conclusion

In this paper, we combined CoastSat-derived shorelines, shoreline modeling (CoSMoS-COAST), and global data
sets to analyze the shoreline evolution, characteristics, and future vulnerability of nine globally important sea
turtle nesting beaches. We identified seasonal and long-term trends in shoreline position and used the shoreline
model CoSMoS-COAST (Vitousek, Vos, et al., 2023) to hindcast daily shoreline positions from 1980 to 2024 and
forecast them from 2025 to 2100 under two SLR scenarios, including associated uncertainty. Additionally, we
quantified the available accommodation space at each site using a global digital terrain model (DeltaDTM; Pronk
et al., 2024) and global infrastructure footprints (Overture maps). Long-term shoreline evolution and seasonality
varied considerably across the nine sites, with four sites showing erosion trends and three sites accretion. The
future shoreline projections indicated that one-third of the sites may be particularly vulnerable to SLR, due to
projected shoreline retreat coupled with limited accommodation space. Our results (a) help understand the sea-
sonal and long-term morphodynamics at these critical nesting beaches, (b) indicate which sites may be vulnerable
to future erosion and SLR, and (c) provide a readily transferable framework to analyze shoreline evolution and
vulnerability at nesting sites around the world. Given the identified uncertainties in our analysis, future work
might conduct more detailed assessments at vulnerable sites, including local-scale data and robust uncertainty
quantification, to support effective conservation planning and targeted management strategies.

Appendix A: Description of Remaining Study Sites

Below is a description of the seven study sites that were not described in detail in the main text.

Al. Dirk Hartog Island, Australia (AU_DH)

Dirk Hartog Island is a large, remote island on the central west Australian coastline, which hosts an important
regional loggerhead turtle (Caretta caretta, Cc) rookery (Prince, 1994). Nesting occurs from November to April
and is concentrated at Turtle Bay on the northern tip of the island, spanning five relatively narrow beaches (2.1 km
total length, about 30 m wide) interspersed with rocky sections and backed by steep rocky slopes (Reinhold &
Whiting, 2014). Though the island is exposed to high wave energy (H, ~ 2 m), Turtle Bay is partly sheltered from
the predominantly south-westerly swell. Nonetheless, during cyclones, entire nesting beaches have been stripped
of sand (Reinhold & Whiting, 2014). The tidal range is relatively small (0.9 m).

A2. Busca Vida, Brazil (BR_BYV)

Busca Vida is situated on the northern outskirts of the city of Salvador in Bahia, Brazil. Bahia's northern coastline
(covering a stretch of about 200 km) is Brazil's primary nesting area of Hawksbill turtles (Eretmochelys imbri-
cata, Ei; Marcovaldi et al., 1999), while also supporting nesting by green, loggerhead, olive ridley, and
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leatherback (Dermochelys coriacea, Dc) turtles. The shoreline is mostly sandy with interspersed rock and reef
formations along the coast (Marcovaldi et al., 2007). The beach at Busca Vida is backed by residential homes and
coconut plantations, while there is a river mouth at the southern end. The tidal range (1.7 m) and wave energy

(H, ~ 1.1 m) are moderate.

A3. Tortuguero, Costa Rica (CR_TO)

Tortuguero National Park covers a 30-km stretch of open beach on the northern Caribbean coast of Costa Rica.
This barrier island hosts the largest green turtle rookery in the Atlantic Ocean, holding enormous conservation
value for the species (Bjorndal et al., 1999). Nesting occurs between June and November (Restrepo et al., 2023).
The relatively narrow beach (= 30 m) consists of dark sand and is backed by dense vegetation. The tidal range is
very small (0.3 m), and wave energy is moderate (H; ~ 0.9 m).

A4. Joao Barrosa, Cape Verde (CV_JB)

Jodo Barrosa covers a roughly 8 km-long stretch of sandy coast on the southeastern part of Boa Vista island, Cape
Verde. The island hosts the largest loggerhead turtle rookery of the endangered eastern Atlantic population, most
of which nest near Jodo Barrosa (Marco et al., 2012). The area has a mixed setting of open and embayed beaches
backed by sparse vegetation and virtually no human infrastructure. The tidal range is relatively small (0.7 m) but
the beaches are exposed to moderate to high wave energy (H, =~ 1.4 m).

AS. Alagadi, Cyprus, (CY_AL)

Alagadi covers two pocket beaches on the north coast of Cyprus in the eastern Mediterranean. The two beaches
(total length 1.7 km) serve as important nesting habitat for the Mediterranean loggerhead and green turtle pop-
ulations, which both nest between May and October (Broderick et al., 2002). The region is characterized by a very

small tidal range (0.3 m) and relatively low wave energy (H, ~ 0.8 m).

A6. Rancho Nuevo, Mexico (MX_RN)

Rancho Nuevo, a stretch of undeveloped open sandy beach along Mexico's northern Gulf of Mexico coast, is the
single most important nesting site for the critically endangered Kemp's ridley sea turtle (Lepidochelys kempii, Lk;
Bevan et al., 2014; Shaver & Caillouet, 2015). Kemp's ridleys nest here in mass-nesting events (arribadas) from
April through July. The beach is relatively narrow (20-30 m) and interspersed by several small rivers and lagoons.

The tidal range is very small (0.4 m) and wave energy is moderate (H, ~ 1 m).

A7. Masirah Island, Oman (OM_MI)

Magirah Island is a large island off the eastern coast of Oman, which hosts the second-largest loggerhead nesting
population in the world (after the south-eastern US; Willson et al., 2020). It holds huge conservation value for the
species, as the North—West Indian Ocean population is classified as critically endangered by the [IUCN (Casale &
Tucker, 2017). The island also hosts smaller nesting populations of green, hawksbill, and olive ridley turtles. The
region is strongly influenced by the seasonal Monsoon climate, which overlaps with the nesting season from May
through September, bringing high waves. Outside the Monsoon, waves are small leading to a moderate mean
wave climate (H, ~ 1.1 m). The tide range is relatively high (2 m).

Appendix B: CoastSat Settings

Table B1 gives an overview of the total number of satellite images used per site (before all filtering) and the full
manual settings used for the CoastSat analysis. For a complete explanation of all settings we refer to Vos, Splinter,
et al. (2019). Briefly, output_epsg is the EPSG code of the coordinate reference system to be used at each site;
max_dist_ref is the maximum distance (m) to the user-defined reference shoreline for a detected shoreline to be
valid; dist_clouds is the distance (m) around identified clouds, where no shoreline can be mapped; sand_color
denotes which classifier should be used, based on the beach sand color; cloud_mask_issue is a flag that can be
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Table B1
Overview of Manually Adjusted CoastSat Settings. All Settings Not Represented in the Columns Were Left at the Default
Values (See Vos, Splinter, et al., 2019). Values in the Table Marked With an Asterisk Also Denote Default Values
Site # of images output_epsg max_dist_ref dist_clouds sand_color cloud_mask_issue s2cloudless_prob
AI_ LB 550 32,728 50 100 default* False* 40
AU_DH 2332 7,849 75 30 default* True 60
BR_BV 953 31,984 100* 90 default* False* 30%*
CR_TO 594 5,456 100* 90 default* True 40
CV_JB 637 4,826 75 90 default* True 30%*
CY_AL 2364 6,312 50 90 default* False* 30%*
MX_LE 1063 6,372 100* 90 default* True 30%*
MX_RN 964 6,372 75 90 default* True 50
OM_MI 1166 32,640 100* 90 bright True 60
activated in case sand pixels are wrongly identified as clouds on S2 images; and s2cloudless_prob denotes the
threshold to identify cloudy pixels in the s2cloudless algorithm for S2 images.
Appendix C: Model Parameters and Optimization
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Figure C1. Optimized model parameters for each location and transect. The parameter values are normalized, so the
minimum/maximum values in the possible range are represented by 0 and 1 (see Table 2 for the ranges). The ranges of AY),,
vy, and Y are centered around 0, meaning that a value of 0.5 in the bar plots corresponds to 0, higher is positive, and lower is
negative.
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Appendix D: Observation and Model Results for Remaining Study Sites
Here we present the equivalent to Figures 4-7 for the seven remaining study sites.

Figure D1

a Dirk Hartog Island, Australia 3‘: Monthly mean of daily max Hs [m]  Yearly mean sea level [m]
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Figure D1. Shoreline and accommodation space analysis for Dirk Hartog Island, Australia: (a) Satellite image showing the
transects and reference shoreline position (Ref. SL); (b) Seasonal shoreline component, Y, at each transect; (c) Backbeach
elevation profiles, with vertical lines denoting the first point above 10 m + MSL; (d) Beach width and accommodation space at
each transect; (e) Historical wave and water level time series; (f, g) Observed and decomposed (long-term and seasonal)
shoreline position time series at each transect.
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Figure D2. Shoreline modeling results at Dirk Hartog Island, Australia. (a) Wave and sea level time series used to force the
model; (b) Modeled shoreline position at each transect for the hindcast (1980-2025) and forecast (2025-2100) periods. Gray
dots are the CoastSat shorelines, solid lines represent the full model results, and dashed lines only include the long-term trend
(v;,) and sea level rise (SLR) components. In the forecasts, the two dashed lines represent the median SSP1-2.6 (lighter color)
and SSP5-8.5 (darker color) SLR projections, while the shading indicates the area between the 5th and 95th percentile;

(c) Amplitude of the three PCs over the hindcast period; (d)—(f) Amplitudes of the three EOFs at each transect and percentage of
explained variance.
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Figure D3

a Busca Vida, Brazil
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Figure D3. Shoreline and accommodation space analysis for Busca Vida, Brazil: (a) Satellite image showing the transects and
reference shoreline position (Ref. SL); (b) Seasonal shoreline component, Y, at each transect; (c) Backbeach elevation
profiles, with vertical lines denoting the first point above 10 m + MSL; (d) Beach width and accommodation space at each
transect; (e) Historical wave and water level time series; (f, g) Observed and decomposed (long-term and seasonal) shoreline

position time series at each transect.
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Figure D4
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Figure D4. Shoreline modeling results at Busca Vida, Brazil. (a) Wave and sea level time series used to force the model;
(b) Modeled shoreline position at each transect for the hindcast (1980-2025) and forecast (2025-2100) periods. Gray dots are
the CoastSat shorelines, solid lines represent the full model results, and dashed lines only include the long-term trend (v;,) and
sea level rise (SLR) components. In the forecasts, the two dashed lines represent the median SSP1-2.6 (lighter color) and SSP5—

8.5 (darker color) SLR projections, while the shading indicates the area between the 5th and 95th percentile; (c) Amplitude of

the three PCs over the hindcast period; (d—f) Amplitudes of the three EOFs at each transect and percentage of explained

variance.
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Figure D5

a Tortuguero, Costa Rica
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Figure D5. Shoreline and accommodation space analysis for Tortuguero, Costa Rica: (a) Satellite image showing the
transects and reference shoreline position (Ref. SL); (b) Seasonal shoreline component, Y, at each transect; (c) Backbeach
elevation profiles, with vertical lines denoting the first point above 10 m + MSL; (d) Beach width and accommodation space at
each transect; (e) Historical wave and water level time series; (f, g) Observed and decomposed (long-term and seasonal)
shoreline position time series at each transect.
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Figure D6. Shoreline modeling results at Tortuguero, Costa Rica. (a) Wave and sea level time series used to force the model;
(b) Modeled shoreline position at each transect for the hindcast (1980-2025) and forecast (2025-2100) periods. Gray dots are
the CoastSat shorelines, solid lines represent the full model results, and dashed lines only include the long-term trend (v;,) and
sea level rise (SLR) components. In the forecasts, the two dashed lines represent the median SSP1-2.6 (lighter color) and SSP5—

8.5 (darker color) SLR projections, while the shading indicates the area between the 5th and 95th percentile; (c) Amplitude of

the three PCs over the hindcast period; (d—f) Amplitudes of the three EOFs at each transect and percentage of explained

variance.
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Figure D7

Joao Barrosa, Cabo Verde
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Figure D7. Shoreline and accommodation space analysis for Jodo Barrosa, Cape Verde: (a) Satellite image showing the
transects and reference shoreline position (Ref. SL); (b) Seasonal shoreline component, Y, at each transect; (c) Backbeach
elevation profiles, with vertical lines denoting the first point above 10 m + MSL; (d) Beach width and accommodation space at
each transect; (e) Historical wave and water level time series; (f, g) Observed and decomposed (long-term and seasonal)
shoreline position time series at each transect.

CHRISTIAANSE ET AL.

29 of 40

85US017 SUOLLILUOD SAIER.D 3|dedt|dde 3y Ag pauienob afe saie YO ‘38N JO Sa|nJ 04 Akl 8UIUO AB]1/W UO (SUOIIPUOD-PUB-SWLLBY/WO"A3| 1M ALeIq U1 [UO//:SaNY) SUOIIPUOD PUe S L 34} 835 *[9202/60/TT] uo ARiqiauliuo Ao|IM ‘T6TL00436202/620T OT/10p/wodAs|imAzelqjputjuo sandnBey/sdny wo.y papeoumoq ‘€ ‘9202 ‘LL2v82ET



A
’“’U Earth's Future 10.1029/2025EF007191

Figure D8
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Figure D8. Shoreline modeling results at Jodo Barrosa, Cape Verde. (a) Wave and sea level time series used to force the
model; (b) Modeled shoreline position at each transect for the hindcast (1980-2025) and forecast (2025-2100) periods. Gray
dots are the CoastSat shorelines, solid lines represent the full model results, and dashed lines only include the long-term trend
(v;,) and sea level rise (SLR) components. In the forecasts, the two dashed lines represent the median SSP1-2.6 (lighter color)
and SSP5-8.5 (darker color) SLR projections, while the shading indicates the area between the 5th and 95th percentile;

(c) Amplitude of the three PCs over the hindcast period; (d—f) Amplitudes of the three EOFs at each transect and percentage of
explained variance.
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Figure D9
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Figure D9. Shoreline and accommodation space analysis for Alagadi, Cyprus: (a) Satellite image showing the transects and
reference shoreline position (Ref. SL); (b) Seasonal shoreline component, Y, at each transect; (c) Backbeach elevation
profiles, with vertical lines denoting the first point above 10 m + MSL; (d) Beach width and accommodation space at each
transect; (e) Historical wave and water level time series; (f, g) Observed and decomposed (long-term and seasonal) shoreline
position time series at each transect.

CHRISTIAANSE ET AL.

31 of 40

85US017 SUOLLILUOD SAIER.D 3|dedt|dde 3y Ag pauienob afe saie YO ‘38N JO Sa|nJ 04 Akl 8UIUO AB]1/W UO (SUOIIPUOD-PUB-SWLLBY/WO"A3| 1M ALeIq U1 [UO//:SaNY) SUOIIPUOD PUe S L 34} 835 *[9202/60/TT] uo ARiqiauliuo Ao|IM ‘T6TL00436202/620T OT/10p/wodAs|imAzelqjputjuo sandnBey/sdny wo.y papeoumoq ‘€ ‘9202 ‘LL2v82ET



AP
’“’" Earth's Future 10.1029/2025EF007191

ADVANCING EARTH
AND SPACE SCIENCES

Figure D10
< Hindcast Forecast .
a 1 > 3
| —— Historical ——- SSP1-2.6 ——-SSP5-8.5 90% Cl
— 2 ! g =
£ W I 1 \ e
= ’\m M’ | u\‘, M\ Llﬂ'l‘ \" \M U“ r
= T il i I MA' rl 3
1 il ‘.' W_IJ.LI y“{ [W“J‘H E i“‘h%ﬁﬂﬁ ’fdh =
= 0
b 1980 1995 2010 2025 2040 2060 2080 2100
]

CoastSat —— Model (full) ---- Model (LT + SLR) 90% ClI

—100 {T1:RMSE=7m

Relative shoreline position [m]

—100 472 RMSE =7m Accom:-space: 63-m r—100
LY |
T ro

—100 1T3+RMSE ="7'm Accom:-space: 417-m r—100
C 1980 1995 2010 2025 d EOF1(79.1%) € f EOF3(2.8%)
o i
-g ............ E L - ................ L T1 v
= ' ' o
g_ ............ oo R _--TZ 2

I ! [¢]
© ! ] o]
g . . | : : . e ...... L - .......... o LT3
1980 1995 2010 20250 025 05 075 -05 0 05 -05 0 0.5
Time EOF amplitude

Figure D10. Shoreline modeling results at Alagadi, Cyprus. (a) Wave and sea level time series used to force the model;

(b) Modeled shoreline position at each transect for the hindcast (1980-2025) and forecast (2025-2100) periods. Gray dots are
the CoastSat shorelines, solid lines represent the full model results, and dashed lines only include the long-term trend (v;,) and
sea level rise (SLR) components. In the forecasts, the two dashed lines represent the median SSP1-2.6 (lighter color) and SSP5—
8.5 (darker color) SLR projections, while the shading indicates the area between the 5th and 95th percentile; (c) Amplitude of
the three PCs over the hindcast period; (d—f) Amplitudes of the three EOFs at each transect and percentage of explained
variance.
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Figure D11. Shoreline and accommodation space analysis for Rancho Nuevo, Mexico: (a) Satellite image showing the
transects and reference shoreline position (Ref. SL); (b) Seasonal shoreline component, Y, at each transect; (c) Backbeach
elevation profiles, with vertical lines denoting the first point above 10 m + MSL; (d) Beach width and accommodation space at
each transect; (e) Historical wave and water level time series; (f, g) Observed and decomposed (long-term and seasonal)
shoreline position time series at each transect.
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Figure D12
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Figure D12. Shoreline modeling results at Rancho Nuevo, Mexico. (a) Wave and sea level time series used to force the
model; (b) Modeled shoreline position at each transect for the hindcast (1980-2025) and forecast (2025-2100) periods. Gray
dots are the CoastSat shorelines, solid lines represent the full model results, and dashed lines only include the long-term trend
(v;,) and sea level rise (SLR) components. In the forecasts, the two dashed lines represent the median SSP1-2.6 (lighter color)
and SSP5-8.5 (darker color) SLR projections, while the shading indicates the area between the 5th and 95th percentile;

(c) Amplitude of the three PCs over the hindcast period; (d—f) Amplitudes of the three EOFs at each transect and percentage of

explained variance.
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Figure D13

a Masirah Island, Oman

§ — Transects
® Ref.SL(0m)

Yearly mean sea level [m]

3? Monthly mean of daily max Hs [m]

B e

1985 1990 1995 2000 2005

2010 2015 2020 2025

f Transect T1

- 20
b Seasonal excursion: 19m 27m 17m
Nest season )
T 20 1
£ BN -20
R e
,g 10 o
3 -40 3
% 0 <
L L L f I f f o
2 g i 40
£ 50 Transect T2 . ; @
@ o o A o
5 ! - . ot . B ; 34120 S
G 20 . +1 std inYl ' (Ll f \ i ARA kg o
Month = N 1 l l l I - ‘ % Hitito 3
JFMAM )] JASOND IS B R Raiha 3t S
-20 ©
C o
- 30 =
o o
2Y 20 A S
8% B . . . . . . . -
i ik i |
e 20 ] h [Tansect 13 - El
0 T T ¥ 1 -l 1
d Accom. space
T1 A 44— 4198 m
T2 +—4— 227 m
T3 4—4— 176 m i _40
0 —-200 -400 -600 —800 1985 1990 1995 2000 2005 2010 2015 2020 2025

Distance from ref. shoreline [m]

¢ Duneedge ® IFD A BBD

CoastSat shoreline positions
Nesting season

=== Yy (4-year LOESS trend)
—— Y+ Yss (seasonal cycle)

Figure D13. Shoreline and accommodation space analysis for Masirah Island, Oman: (a) Satellite image showing the
transects and reference shoreline position (Ref. SL); (b) Seasonal shoreline component, Y, at each transect; (c) Backbeach
elevation profiles, with vertical lines denoting the first point above 10 m + MSL; (d) Beach width and accommodation space at
each transect; (e) Historical wave and water level time series; (f, g) Observed and decomposed (long-term and seasonal)
shoreline position time series at each transect.
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Figure D14. Shoreline modeling results at Masirah Island, Oman. (a) Wave and sea level time series used to force the model;
(b) Modeled shoreline position at each transect for the hindcast (1980-2025) and forecast (2025-2100) periods. Gray dots are
the CoastSat shorelines, solid lines represent the full model results, and dashed lines only include the long-term trend (v;,) and
sea level rise (SLR) components. In the forecasts, the two dashed lines represent the median SSP1-2.6 (lighter color) and SSP5—
8.5 (darker color) SLR projections, while the shading indicates the area between the 5th and 95th percentile; (c) Amplitude of
the three PCs over the hindcast period; (d—f) Amplitudes of the three EOFs at each transect and percentage of explained
variance.
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