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Current models for long-term shoreline response to sea-level rise (SLR), such as
the Bruun Rule, have significant limitations as they fail to account for site—specific
processes and often misrepresent the influence of dunes, rocky platforms, or
estuarine sediment sources and sinks. Here we integrate four previously published
formulations into the Composite Shoreline—Retreat Workflow (CoShReW), a
compound sequence that can be adapted or expanded according to data
availability. The workflow needs several topo—bathymetric variables and
shoreline data to calculate the expected shoreline retreat. It is distributed as
open source code (GitHub) to guarantee reproducibility. As a first study-case,
CoShReW is applied to 1281 cross-shore profiles along the highly heterogeneous
Andalusian coast (SW Spain). To capture this coastal variability, we conduct a
detailed characterization along the study area using Principal Component Analysis
(PCA) of significant wave height, peak period, tidal range and sediment grain size,
defining four different profile types. Resulting shoreline retreat projections differ by
more than an order of magnitude among these classes, with dune elevation and
estuary capacity emerging as dominant controls in dissipative sectors, and
historical erosion rates prevailing on reflective or cliff-backed shores. Sensitivity
analysis quantifies the relative importance of the governing variables for each
profile type, indicating where local data collection would most improve forecast
confidence. The present study findings reveal that local geomorphology can equal
or exceed SLR as a driver of shoreline change in some habitats, emphasizing the
need to consider and integrate site-specific adaptation measures in long-term
shoreline retreat assessments for complex coastal environments.
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Highlights

* Implements a shoreline retreat large-scale assessment along
the Andalusian coast.

* Introduces site-specific adaptations for complex coastal settings.

* Considers profile morphology, dunes, estuaries and
shoreline change rates.

*  Offers a practical workflow and guidance for coastal management.

* The presented workflow can be equally applied to different
spatial scales.

1 Introduction

The effect of climate change on coastal areas is a major
environmental concern worldwide, as it significantly impacts
sandy-beach morphodynamics through changes in long-term
(e.g., rising sea-levels) and meso- short-term processes (e.g.,
changes in wave climate, storm surge and increase in storm
frequency) (Vousdoukas et al., 2020a). These changes propagate
across the nearshore hydrodynamic zone, modifying sediment
transport, shoreline position, and the coastal habitats that support
biodiversity, fisheries nursery grounds, and other ecosystem services
(IPCC, 2023). An estimated 680 million people reside in low-lying
coastal zones, a figure expected to surpass one billion by 2050
(Portner et al, 2019). This population faces escalating risks,
including those related to enhanced coastal erosion and more
frequent flooding (Nicholls and Cazenave, 2010; Nurse et al,
2014; Mycoo and Donovan, 2017; Cutler et al., 2020). The
potential for future shoreline erosion due to sea-level rise (SLR) is
a global issue (Bird, 1985), but patterns of shoreline change during
transgression are highly variable and depend heavily on site-specific
factors and source-sink dynamics (Cooper and Pilkey, 2004). In
this context, there is an urgent need for alternative predictive
models and methods that can forecast shoreline changes due to
climate change in different time scales while explicitly linking
physical drivers to ecological exposure (e.g., dunes, beaches,
saltmarshes, seagrass meadows, and estuarine habitats) and to
management-relevant metrics such as habitat connectivity and
coastal resilience. Such models and methodologies should
consider the regional effect of SLR, but also the influence of local
drivers and factors affecting coastal change, such as wave climate,
storm surges, morphological changes along with sedimentological
processes, vegetation, and human activities (Stive et al., 2002;
Cooper and Pilkey, 2004; Cooper et al., 2019; Itzkin et al., 2022 or
Seenath and Dale, 2024). Developing simple, open, and
reproducible science-based tools to assess and predict the impact
of climate change at different types of coastlines can help
policymakers and managers to incorporate local factors into their
coastal conservation planning, improving adaptation and
sustainable ocean stewardship in vulnerable socio-ecological
coastal systems.
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However, integrating short- and long-term processes into a single
model is both challenging and computationally expensive, often
requiring simplifications to generate estimates over various time
scales. None of the currently available models considers the full
range of local factors and processes influencing shoreline response,
including wave climate variability (Guisado et al., 2013; Vousdoukas
etal,, 2020b), sediment characteristics and transport dynamics (Cooper
and Pilkey, 2004), morphological settings such as dune systems and
rocky substrates (Le Cozannet et al,, 2019; McCarroll et al,, 2021),
coastal infrastructure and human interventions (Beuzen et al., 2018;
Seenath and Dale, 2024), and estuarine basin infilling processes
(Ranasinghe et al., 2012; Toimil et al., 2017).

The most widely used method to estimate long-term shoreline
retreat is the Bruun Rule (Bruun, 1962), a simple model that directly
relates the profile slope to the shoreline retreat after a certain SLR.
The Bruun Rule assumes that the active coastal profile maintains a
time-averaged equilibrium shape determined by local beach
parameters. In response to SLR, the profile tends to shift upward
to maintain the equilibrium shape and depth. The volume of sand to
fill this upward shift will come from the upper beach, resulting in
shoreline retreat and a landward shift or setback (Bruun,
1954, 1962).

Figure 1 shows a schematic representation of the translation
process and the resultant shoreline retreat (Rp,,,,). According to
Bruun (1954, 1962), the shoreline retreat can be estimated as
presented in Equation I:

"
Rpyun = ASLR% (1)

Where B is the berm height of the beach, W™ is the active beach
profile width up to the closure depth h*and ASLR represents the
projected sea-level rise over the timescale considered that will
henceforth be referred to simply as SLR.

Given the simplicity of its application, the Bruun Rule is very
popular and widely used in studies that aim to estimate the effect of
SLR on beaches, particularly at large spatial scales (Vousdoukas
et al., 2020b). However, some authors highlighted the limitations of
this model —such as a static equilibrium profile or its inability to
account for local characteristics like the presence of coastal defences
(e.g., seawalls, promenades) or rocky substrates that limit sediment
availability. Additionally, it overlooks landward sand sources, like
rivers or sandy dunes, which can significantly influence sediment
dynamics and the consequent shoreline responses (Cooper and
Pilkey, 2004; Zhang et al., 2004; Le Cozannet et al., 2019; Kinsela
et al, 2022; Nguyen and Takewaka, 2020). Some authors have
attempted to propose alternative models or proxies to address the
limitations of Bruun Rule (Ranasinghe et al., 2012; Rosati et al,,
2013; Dean and Houston, 2016; Toimil et al., 2017; Atkinson et al.,
2018; Seenath and Dale, 2024), although the recent methodologies
are based on variables that are complex to estimate and applications
are mostly limited to sites where detailed information on local
processes is available. Despite its limitations, the Bruun Rule
remains the most popular approach for linking shoreline change
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FIGURE 1

The Bruun Rule model of shoreline retreat and their involved variables, adapted from Bruun (1962).

to SLR, which is often regarded as the main driver of mesoscale
coastal changes (Nicholls et al., 1999; Stive et al., 2002; Hallin et al.,
2019; Vousdoukas et al., 2020b), and the scientific community
acknowledges its usefulness for probabilistic analysis and for
coastal management purposes (Seenath and Dale, 2024). Actually,
several mesoscale shoreline models has the Bruun Rule as the basis
of their shoreline retreat estimates (e.g., CoSMoS-COAST from
Vitousek et al. (2017), LX-Shore from Robinet et al. (2018) or IH-
LANS from Alvarez-Cuesta et al. (2021a)). Some studies have
leveraged the characteristics into long-term shoreline change
predictions, expanding it with probabilistic models for shoreline
change (e.g., Ranasinghe et al, 2012; Thiéblemont et al., 2021;
Dastgheib et al., 2022; or Masselink et al., 2022). Probabilistic
modelling accounts for intrinsic uncertainties in the data used in
the Bruun Rule, enabling an investigation into potential shoreline
responses due to natural variability in climatic or stochastic forcing
conditions (Stripling et al., 2017). However, a persistent challenge
remains in incorporating simple and viable site-specific models into
large-scale applications (Ritphring et al., 2018; Sharaan and Udo,
2020; Bagheri et al., 2023).

This work applies, for the first time, CoShReW—a synthesis of
well—established, reviewed formulations—to 1281 cross—shore
profiles along the Andalusian highly variable coast. By coupling
those existing equations with a Principal Component Analysis
(PCA), we derive profile-specific retreat projections showcasing the
critical influence of geomorphological characteristics and sediment
dynamics on the shoreline response induced by SLR. The scientific
contribution therefore lies not in proposing a new model, but in
demonstrating—through a large, real-world dataset—how a carefully
parameterised combination of known processes can capture the
spatial heterogeneity of shoreline response and provide managers
with practical, locally tailored guidance for adaptation planning.

CoShReW is grounded on the foundational Bruun Rule, but
incorporates several refinements drawn from prior research. The
additional berm retreat is modelled following of Rosati et al. (2013),
while estuarine sediment demand is included based on the
methodologies of Ranasinghe et al. (2013) and Toimil et al. (2017).
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Long-term shoreline dynamics are further captured through Shoreline
Evolution Rates (SER), as introduced by Ferreira et al. (2006), which
account for decadal shoreline change rates. The proposed workflow
stands out for its simplicity, ease of interpretation, and rapid
implementation. The source code is open-access and available on
GitHub (https://github.com/IHCantabria/CoShReW.git), in full
compliance with FAIR principles and ready for replication or
further refinement.

The paper is structured as follows: Section 1 includes the
Introduction. Section 2 describes the Study area. Then, section 3
details the Methodology used in this work. The obtained results
are included on section 4. Finally, section 5 contains the Discussion,
followed by the Conclusions on section 6, which summarizes the
findings, concluding the paper while addressing potential future
challenges. As a Supplementary Data, Appendix Al, contains all the
abbreviations used in this study and Appendix A2, contains more
details about data description and finally Appendix A3, contains a
detailed image of each one of the control beaches used as validation sites.

2 Study area and data description

In this study, the coast of Andalusia, South Spain, was selected
to show the potential application in regional-scale (see Figure 2).
The study area presents considerable longshore variability in
coastal morphologies and backshore typologies, providing a
robust case-study for evaluating the proposed workflow in several
heterogeneous environments.

2.1 Study area

The stretch of Andalusian coastline analysed in this study spans
over 670 km across five provinces (Huelva, Cadiz, Malaga, Granada,
and Almeria), bordered by the Atlantic Ocean and Mediterranean
Sea. This dual exposure, combined with distinct geomorphological
and hydrodynamic characteristics, divides the coastline into three
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FIGURE 2
Study area: Andalusian coastline and its marine climate variability.

well-differentiated sections: (i) the western Atlantic sector, (ii) the
Strait of Gibraltar, and (iii) the eastern Mediterranean sector.

The Andalusian wave climate is predominantly characterized by
long periods of calm (more than 77% of the year), punctuated by high-
energy events. These events are dominated by high-frequency storm
waves with peak wave periods (Tp) of less than 7 seconds and
maximums of significant wave heights (Hs) exceeding 5 meters
(Guisado et al., 2013). Each coastal section exhibits unique
characteristics: (i) the western Atlantic sector, extending from the
Portuguese border to the Strait of Gibraltar, is defined by significant
ocean swells from the Atlantic (long fetch), a mesotidal regime with
tidal ranges of 2-4 meters and the prevalence of sandy formations,
estuaries and tidal flats. Dominant winds in this area blow from the
ESE (19.6% annual occurrence) and WNW (12.8%). The nearshore
wave climate direction is primarily influenced by WSW-SW  swells,
with Hs generally under 1 meter during calm periods but reaching up
to 3 meters during storms (Reyes et al., 1999); (ii) the Strait of Gibraltar
is a highly dynamic transition zone where the exchange of water masses
between the Atlantic Ocean and the Mediterranean Sea occurs. This
area is characterized by its unique morphology, which, combined with
the confluence of strong winds and powerful currents, creates highly
variable hydrodynamic conditions. The strait is further distinguished
by steep cliffs, rocky platforms and intricate current systems, making it
a region of significant oceanographic and geomorphological
complexity. Cadiz’s marine climate is the most energetic section,
reaching the maximum values during winter storm events. Some
energetic events, like the easterly storm of the 11th of October 2008,
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affected significantly the coast of Marbella in the south of Malaga,
registering waves of up to Hs >7 m, and Tp > 10 s (Guisado et al,, 2013);
and (iii) the north-eastern Mediterranean sector, is characterized by
microtidal conditions (< 1 m) with minimum tidal ranges of 0.12 m in
Almeria and with maximums of up to 0.2 meters. It is shaped by
geomorphological features such as narrow beaches (< 15m wide), and
rocky coastlines (IHCantabria, 2019; Molina et al., 2020; Torrecillas
et al, 2024). Mediterranean sector experiences in general lower
wave energy conditions, with typical waves and periods that range
Hs of 0.5-1.5 m, Tp; of 5-6 s (Guisado et al., 2013).

While the characterisation of the maritime climate is critical,
equally essential is the understanding of backshore environments and
their involved variables. The Andalusian region backshore types are
notably diverse, encompassing well-developed dune systems and
urbanized areas with seawalls, promenades or similar infrastructure,
reflecting varying degrees of human intervention (Molina et al., 2020).
These backshore features interact with the local coastal dynamics,
which are further shaped by bathymetric variations (CEDEX, 2013).
For instance, the Atlantic side features a wider and shallower
continental shelf, extending 40-70 km offshore in some areas, while
the Mediterranean shelf is narrower and steeper, typically spanning
just 5-15 km. Coastal processes are strongly shaped by sediment
transport dynamics, with the Mediterranean coast experiencing a
dominant westward littoral drift driven by easterly winds and
intensified by storm wave activity during the winter months
(Molina et al., 2019). On the Atlantic front, the regressive sections
are mostly related to the effects of the sedimentary deficit caused by
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the presence of transversal infrastructures (breakwaters, ports, etc.),
which intersect the longshore drift, which is very strong on the Huelva
coast, generating a sedimentary deficit in the adjacent sections
(Campos and Jose, 2024).

For this study, the Andalusian coastline, which features over
405 predominantly sandy beaches but also including gravels, rock
platforms, and dune-backed areas, was divided into 1281 cross-
shore profiles, each spaced 500 meters apart. Each profile starts at
the backshore boundary—such as a seawall or dune foot—and
extends seaward, allowing for a detailed spatial analysis of the
morphological and hydrodynamic processes shaping the coastline.

2.2 Data sources

CoShReW requires multiple data sources. Hydrodynamic data
were extracted from IHData wave climate databases (IHData-
Documentation, 2024), specifically the GOW2 (Global Ocean
Waves), GOS (Global Ocean Surge), and GOT (Global Ocean
Tides) datasets, which provide continuous and homogeneous
climatic records for significant wave height (Hs), peak period
(Tp), and tidal data critical for modelling shoreline dynamics
under sea-level rise scenarios (see Figure A2.1 on Apendix2-Data
Descriptor). The GOW2 dataset, developed using the
WAVEWATCH III model (Tolman, 1991), offers hourly sea state
records at over 40,000 coastal locations globally. Storm surge data
from GOS (Meneéndez et al.,, 2015) are modelled with the ROMS
system, and tidal data are derived from the GOT dataset, based on
the TPXO9 global tidal model (Egbert and Erofeeva, 2002). To
validate these data, sea-level observations from REDMAR (Red de
medida del nivel del mar y agitacion de Puertos del Estado) tide
gauges and satellite altimetry records from ESA (European Space
Agency) Sea State Climate Change Initiative project were used
(Figure A2.2). Further climate projections were derived from six
global and five regional climate models, estimating sea-level rise and
storm surge impacts for the periods 2026-2045 and 2081-2100,
under SSP2-4.5 and SSP5-8.5 emission scenarios (IPCC, 2023), with
a spatial resolution of 10 km, see Figure A2.4.

Morphological data were sourced from detailed topographic
and bathymetric surveys compiled by IHCantabria, with all
measurements standardized to zero Mean Sea Level (MSL) at
Alicante. The resulting Digital Terrain Model (DTM) visible on
Figure A2.3, was used to characterize coastal profiles along the
Andalusian coast. This dataset was compiled at the request of the
local Government of Andalusia (Direccion General de Calidad
Ambiental y Cambio Climatico).

Additionally, some initial data were sourced from the CEDEX
(Centro de Estudios y Experimentacion de Obras Publicas) reports,
specifically the 2013 study on coastal dynamics and improvement
proposals for beaches between the mouths of the Guadiana and
Guadalquivir rivers, and the 2017 study on coastal dynamics in
Granada, which includes considerations of climate change impacts
on erosive beaches. These reports provided valuable baseline
information for shoreline behaviour and management strategies
in specific regions (CEDEX, 2013; MITECO, 2019).
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To account for local processes unrelated to SLR, shoreline change
rates visible on Figure A2.5, were obtained over a 6-11-year period for
each profile, using the most recent estimates available in local databases
(conducting a specific shoreline change rate analysis was considered to
be outside the scope of this work). Along the Andalusian coast, change
rates were obtained from the Andalusian Government database
(REDIAM, 2020) and characterized shoreline changes from 2007 to
2013. The shoreline change rates were produced by digitizing multiple
shorelines from orthophotos and satellite imagery and, along cross-
shore transects, computing the Linear Regression Rate (LRR)—the
ordinary least-squares slope of shoreline position versus time along
each transect (m yr'), with 95% confidence intervals. LRR is the
standard estimator adopted in Digital Shoreline Analysis System
(DSAS). The selected time window (6-11 year) is assumed to be
appropriate, as it is large enough to represent medium-term processes
but short enough to not include significant changes driven by SLR,
which occur on a long-term scale.

For further details on the used datasets and their calibration,
please refer to the Annex A2-Data descriptor.

3 Methodology

This study applies a composite workflow to estimate long-term
shoreline retreat under various SLR scenario projections, integrating
multiple data sources and coastal characteristics across the Andalusian
coast. The methodology is structured into two stages: (i) classification
of coastal profiles and (ii) shoreline retreat estimation through
CoShReW. Hereafter we refer to the methodology as CoShReW.

After processing the aforementioned datasets, they were
categorized into homogeneous coastal zones using Principal
Component Analysis (PCA). We performed the coastal classification
in two stages. First, we applied a hydrodynamic PCA to characterize
the wave-tide-sediment setting of each profile. Second, we applied a
morphological PCA to group profiles by shape, length and steepness of
the active beach profile. The first PCA analysis allowed for
the classification of the Andalusian coast into four distinct profile
classes based on hydrodynamical and sedimentary characteristics. The
primary variables used in this phase were: significant wave height
(Hs;») and its associated peak period (Tp;,), tidal range (Tg), and
median grain size (dsp) for each profile. On the second stage,
the classification allowed for the identification of nine different
profile types with similar morphologies. The variables analysed were
the depth of closure (h*) and the cross-shore extent of the profile (W*)
up to this point. The explained variance and supplementary plots can
be found in Appendix 2.

The procedure was:

1. Active-profile bounds: For each transect, we defined the
active profile landward by the high-water level and seaward
by the depth of closure A*. The high-water level was taken
from the GOT tide database, and A* was estimated with the
formulation of Birkemeier (1985) using Hs;, and Tp».

2. Normalization: Profiles were normalized in distance (x/
Xmax) and elevation/depth (h/hn.) so that sections with
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different extents or depths could be compared on a
common, dimensionless space.

3. Principal Component Analysis: We reduced dimensionality
with PCA and retained the components explaining >99% of
total variance for clustering.

4. Clustering (K-means): K-means was applied to the retained
PCs, yielding nine morphological groups (morphotypes).
Profiles dominated by rocky platforms and estuaries/inlets
were excluded from this morphological classification.

The two-stage approach separates forcing context (Stage 1)
from profile shape (Stage 2), providing hydrodynamically coherent
classes and, independently, morphologically homogeneous groups
suitable for subsequent analyses. These variables formed the basis
for the classification analysis, which was performed using the K-
means clustering technique, grouping of elements with similar
characteristics into a predefined number of clusters. A detailed
explanation of the K-means technique, as well as its comparison to
other clustering and classification algorithms, can be found in
Camus et al. (2011).

For the shoreline retreat calculation, CoShReW extends beyond
the original Bruun Rule by incorporating a broader range of coastal
variables that were not considered in the original formulation,
combining insights from four different previous authors. These
additional variables account for coastal processes and site-specific
characteristics that the Bruun Rule overlooks. Users can access the
code for applying the CoShReW formulas in GitHub (see link at the
end of section 1, Introduction).

Here, the total shoreline change (R7,,) is estimated as a result
of four components, each of them representing distinct process:

i. Rpyy, refers to the shoreline retreat due to the demand of
sand to fill the submerged profile and reach the profile’s
equilibrium shape after SLR. This term can be estimated by
the original Bruun’s Rule, using Equation 1.

ii. Rgg, refers to the additional shoreline retreat due to the
demand of sand to fill the dry beach (berm volume) after
the profile’s translation. This term can be estimated with
the adaptation proposed by Rosati et al. (2013).

iii. Rpgyary represents the additional shoreline retreat induced
by the sediment demand required to fill the estuary basin
in response to SLR (only affects profiles of beaches adjacent
to estuaries). This process, known as estuary basin infilling,
was identified by Ranasinghe et al. (2013) and further
explored and estimated by Toimil et al. (2017).

iv. Ryon g,

(e.g., beach nourishment, chronic erosion due to the

shoreline retreat due to factors unrelated to SLR

disruption in the littoral drift, etc). This term is based on
Ferreira et al. (2006) and calculated using the shoreline
change rate estimates (see section 3.4).

The shoreline retreat, Ry, comes from a combination of these
four physical contributions.

RTotul :f( RBruun > RBerm > REstuary >Rnon S,IR)
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where f represents the relative importance among each one.
Because the workflow is flexible, any of the four components can be
turned on or off to suit local conditions, making the method easy to
adapt to different types of coastline or site-specific conditions.

In the initial implementation, however, CoShReW adopts
a simplified procedure in which the total retreat is calculated as
the linear compound of the four shoreline retreat terms—namely
Rguun > Rierm > Restuary > Ruon o, —1n that order. This aggregation
assumes that interactions between the four components and their
differences in temporal or spatial scales can be disregarded for the
purpose of generating first-order estimates.

In that sense, Ry, can be estimated using the following
Equation 2:

RTutal = RBruun + RBerm + REstuary + Rnon SLR (2)

Figure 3 illustrates the followed procedure, showing the
progressive shoreline retreat as the contribution of each term is
sequentially added. By tailoring CoShReW to the unique
characteristics of a study site, users can select only the parts
relevant to their analysis while setting inapplicable modules to
zero. As a result, the estimated retreat remains both context-
specific and operationally adaptable, enhancing the versatility
of CoShReW.

Following this initial estimation—and acknowledging that such
setback values may be overestimated—the Ry, calculations are
subsequently refined and turned into Ryy corrected (S€Ction 3.5) by
accounting for local characteristics and boundary conditions,
particularly those related to seafloor and backshore profile types.

The following sections describe each retreat term and the
specific corrections applied based on site-specific conditions, as
illustrated in Figure 4 and Table 1.

31 RBruun

According to the Bruun Rule, the profile is considered to move
landward and upward in response to the SLR without changing its
form and shape. This is the basis of our estimates and it is computed
with the original Bruun Rule formulation, aforementioned in
Equation 1.

3.2 Rgerm

The formula proposed by Bruun (1962) does not account for the
volume of sand necessary to fill the dry beach (Vp) after the
translation due to a SLR. Assuming the Bruun hypothesis that
there is no sediment flux from 4 > h* (landward transport) and no
sediment unbalance longshore, the amount of sediment necessary
to fill the dry beach must come from the inland area, which means
an additional retreat to fill the upper beach profile. Considering this,
Rosati et al. (2013) expressed the total retreat in a single formulation
that combines the classical Bruun translation with the additional
retreat needed to fill the dry beach (Equation 3:
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Schematic section of a beach profile and the four components of shoreline retreat considered in this study.
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In this study, we explicitly decouple these contributions,
retaining the Bruun component Ry, and isolating the berm-
related term Rg,,,,,. The latter is computed from the volume of sand
required to fill the dry beach, Vp, via Equation 4, where Vp, is
obtained from Equation 5 using the dry-beach width L, and a 1-m
alongshore unit width. Thus, Ry, = Rrun + Rperm»> Which allows
the berm contribution to be evaluated independently of the Bruun
component.

Vb
Rperm = =% 4
Berm (B+h*) ( )
VD = SLR(L - RBmun) Zf RBmun <L (5)

3.3 REstuary

When the sea-level rises, estuaries tend to restore their
equilibrium position, requiring sand to fill the volume of the
interior tidal flats and restore the original bathymetry. This
process, known as basin infilling, was descripted by Ranasinghe
etal. (2013). The sand demand to fill the estuary after SLR can come
from river discharges on the estuary and from the beaches nearby
the estuary mouth. This leads to an additional shoreline retreat term

Frontiers in Marine Science

in profiles located nearby or adjacent to estuary basins, hereafter
referred to as Rgyqpy- According to Toimil et al. (2017), the Rgpyary
can be obtained using Equation 6 and Equation 7:

AVEstuary

- - 6
I, (B+h") (©)

REstuary =

AVEstumy = Ae (SLR - OC) 1f SIR = o (7)

where AVig,q,, is the required sand volume (basin infilling), A,
is the estuary area [m?], o is the tidal flat growth (inside the estuary)
[m], I, is the length of the adjacent beaches [m], B is the berm height
[m] and h* is the average depth of closure of beaches adjacent to
the estuary.

3.4 Rpon 4

This component represents all shoreline—change trends not
caused by SLR, whether erosive or accretional, such as sediment
—budget imbalances, alongshore transport gradients, or coastal
engineering works. Grounded on the formulation of Ferreira et al.
(2006), non-SLR -driven shoreline change is quantified by recent
Shoreline change rates (Scr) derived from aerial-photograph
analyses over the period 2001 to 2013. The use of a decadal time
scale (6-11 years) for shoreline change analysis is sufficient to
integrate most of the long-term causes of coastal evolution and
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contains the relevant variables for shoreline retreat in these environments.

largely reduces the influence of short-term shoreline fluctuations
due to, for example, the effects of inter-annual storms. Ferreira et al.
(2006) show that “if the main factors and processes responsible for
recent and current variations in the movement of the shoreline do
not change in the near future and there are no major change in
nourishment interventions, a future shoreline position can be
estimated by multiplying the obtained Scr by the number of years
of interest”. Accordingly, the contribution of (R, ) from
processes unrelated to SLR is then estimated as presented in
Equation 8:

®)

Ryon SIR Scr Atmrget year
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where Scr [m yr™'] denotes the 6-11-year shoreline change rate and
Atyarger year [years] is the interval from the present to the target horizon,
under the assumption of a constant rate. Positive trends (Scr >0),
indicate erosive rates, while (Scr < 0) indicate accretional trends. It is
important to note that significant accretion rates (large negative values)
can reduce, mask or even reverse the shoreline’s retreat trend due to SLR.

3.5 Considerations about site-specific local
characteristics

Along the Andalusian coast, certain typologies of profiles
present local features that can alter the magnitude of shoreline
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TABLE 1 Coastal variables derived from topobathymetric data. All units
are in [m], except indicated.

Variables Obtained as:

The height at the intersection point between profiles

Berm’s height (B) and the HWM

The width from the HWM to backshore end or, if

Beach width (L
each width (L) any, the dune foot.

X The crest-height of first dune ridge, measured from
Dune height (H,) the dune footgh ¢

X The width of the first dune ridge, measured from the
Dune width (L,) dune foot &

Birkemeier (1985) formulation and checked by the

Closure depth (1) DM

Profile width (W*) Tl’ie width from the HWM up to the closure depth
(k).
Rocky platform or reef
depth (h)

The DTM obtained depth just immediately before
the rocky platform (leeside).

Confined active profile
width (Wr)

Measured from the HWM position, up to the rocky
platform or reef barrier location.

Estuary Area (A,) The estuarine polygon delimitation, in [m?].

. . The cumulative length of beaches adjacent or
Estuarine adjacent

irectl ith hysical i h
beaches length (1) directly connected (without physical barriers) to the

estuarine system.

Estuarine adjacent
beaches average closure

depth (h¥)

Considering the h* of beaches adjacent or directly
connected (without physical barriers) to the
estuarine system.

retreat predicted by the general formulations discussed thus far. To
address this issue, specific adaptations are introduced in this section
to incorporate two key site-specific features: i) the backshore type
and ii) the presence of rocky platforms, reefs or similar barriers
below lower than the closure depth, h*. These accounts for sea-wall
or cliff-ended profiles, dune-backed beach profiles or confined
rocky profiles by physical barriers.

Out of the 1281 profiles analysed, 380 (30%) were affected by some
of these conditions, while the remaining 901 (70%) were evaluated
directly without modifications. This section focuses exclusively on the
subset of profiles for which such specific adaptations were necessary.

Figure 4 shows a schematic overview of the beach profiles
considered, illustrating the three different types of backshore and
seafloor conditions accounted and incorporated into the CoShReW
calculation formulae.

3.5.1 Type of backshore

The presented workflow distinguishes between two backshore
types (Figure 4): (a) profiles ending in rigid structures such as cliffs,
seawalls, or promenades, and (b) dune-backed beach profiles or
similar sedimentary accumulations on their backshore.

For profiles ending in rigid constrains like sea-walls or cliffs,
once sediment from the dry beach is fully eroded and the shoreline
reaches the rigid backshore limit, the assumptions underlying the
Bruun Rule no longer holds, and the shoreline retreat cannot be
estimated using the standard formulations. Under this condition,
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shoreline retreat estimation Ry, is physically constrained and
limited by the amount of dry beach width L. Accordingly, we limit
total retreat through a correction (Rypwmi correcied)> @S defined by
Equation 9:

Reotat corrected = L lf Rygr 2L 9)

In profiles with dunes on the backshore, if the shoreline retreat
reaches the landward limit of the dry beach (Ry, > L), the dune
sediment budget can partially offset the total retreat, assuming that
the sand eroded from the dune will be redistributed across the active
beach profile. This affects the total shoreline retreat, which is
corrected using Equation 10, as follows:

(RTotal - L) Hd

B+ h* (10)

RTotul corrected = RTotal -

where H; is the height of the first dune ridge, see the sketch in
Figure 4. Note that (Ry,, — L) Hjy is the potential volume of sand
transferred from the dune to the submerged profile.

To limit the estimates to the area of the dune, the calculation
with equation Equation 10 is maintained until the dune is
completely eroded, that is, when Ry correcrea 1S limited to the
dune sediment available, establishing the maximum retreat (L + L),
where L; and L are the dune and beach widths. Limiting shoreline
retreat to the beach width (in the case of a seawall) or to the end of
the dune ridge does not imply that erosion ceases; rather, it
indicates that the presented workflow is no longer applicable.

3.5.2 Type of seafloor

In profiles where the presence of rocky platforms or reef barriers
is in between the shoreline and the closure depth, as illustrated in
Figure 4C, the active submerged active profile is effectively
constrained by the seafloor obstruction and only the shallower,
rock—confined stretch can be adjusted to SLR. Consequently, the
extent of the active profile is shorter than would be calculated using
the full active profile extension up to the closure depth. In such
cases, the total shoreline retreat must therefore be calculated with
the limiting depth and width of that segment (hyand W;), rather
than with the conventional closure depth and the active beach
profile width (h*and W™). For profiles exhibiting this condition, the
value of h*and W™ are replaced by hj and W, in Equations 1, 4, 6,
and 10 to ensure more accurate estimation of the expected
shoreline retreat.

Failing to account for this can lead to overestimations in
shoreline retreat, particularly in areas where sediment transport is
naturally limited by geological constraints. The High-Water Mark
(HWM), the Low Astronomical-Tide (LAT) and the contact
backshore/foredune, cliff foot or line of infrastructure (FCI) levels
were used as vertical and horizontal references respectively, which
are the most widely used proxies for this kind of analysis (Diaz-
Cuevas et al., 2020). According to Crowell et al. (1991), HWM is
one of the most consistently detectable and measurable shoreline
indicators along the beach. A summary of all extracted
topobathymetric variables used for these adjustments is provided
in Table 1.
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4 Results

This section contains a general overview of the obtained results
in both assessments (the PCA component analysis and the shoreline
retreat analysis) on the study area, followed by a summary of the key
findings for each case. The site-specific considerations in both
assessments are highlighted, along with a concise description of
the main outcomes. Finally, a sensitivity analysis allowed to identify
the differences in the future shoreline retreat response, according to
the different profile types.

4.1 Principal component analysis

Based on the classification results of the first stage (hydrodynamic
PCA), four distinct clusters were identified, representing four
characteristic coastal archetypes along the Andalusian coastline. On
the following section, Figure 5 illustrates the spatial distribution of the
four identified classes, while Table 2 presents the mean, minimum and
maximum values obtained for each class, giving a visual summary of its
variability. The four groups of profiles were defined as follows:

* Class 1: Mesotidal beaches with energetic wave conditions
and fine sediment.

10.3389/fmars.2025.1695289

* Class 2: Micro and mesotidal beaches with energetic wave
conditions and fine sediment.

* Class 3: Microtidal beaches with moderate wave energy and
fine sediment.

e Class 4: Microtidal beaches with low-energy waves and
coarse sediment.

A total of 1281 coastal profiles were analysed, resulting in the
following distribution: 451 profiles in Class 1, 251 in Class 2, 402 in
Class 3, and 177 in Class 4. The spatial distribution of the four
profile classes, while differing slightly in total number of profiles, is
generally homogeneous along the Andalusian coastline—
particularly for Classes 1, 2, and 3. These three groups show well-
defined and continuous coastal segments that correspond closely
with regional wave and tidal regimes. Class 1 and 2 profiles
dominate the Atlantic front, while Class 3 is widespread across
the Mediterranean coast. In contrast, Class 4 stands out as a
spatially isolated group, concentrated in a very specific sector
embedded within the broader distribution of Class 3 profiles. This
distinct localization closely aligns with the occurrence of profiles
exhibiting coarse sediment (dsp> 2.0,,,,,), suggesting a strong control
of sediment type on profile behaviour in this region.

On the Atlantic coast, profiles fall into Classes 1 and 2,
differentiated by tidal range—Class 1 being mesotidal and Class 2
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(a) Detail of profiles and spatial distribution of each PCA class along the Andalusian coast, based on (b) its morphodynamical variables.
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TABLE 2 Morphodynamical variables obtained for the four classes of profiles.

Profile classes

Hs;, [min - max]

"Tpy, [min - max]

“Tg [min - max] Dso [min - max]

Class 1 3.01 m [1.03 - 4.26] 11.77 s [8.14 - 16.64]
Class 2 3.13 m [1.98 - 4.51] 1141 s [8.14 - 14.77]
Class 3 2.35 m [0.88 - 3.60] 8.46 s [3.54 - 10.33]
Class 4 1.90 m [1.10 - 3.28]

including both micro- and mesotidal conditions. As shown in the
right panels of Figure 5, both classes are characterized by energetic
wave climates and fine sediments, but Class 2 generally exhibits a
lower tidal range. In terms of profile extension, both Classl and 2
lead to broader and more dissipative morphologies with longer
active profiles (mean W* > 500 m). Otherwise, profiles along the
Mediterranean coast are generally characterized by smaller tidal
ranges (< 1m), lower wave energy, and higher median sediment
sizes values, up to coarse sand and pebbles. These profiles generally
have low h* values and, consequently, are short (mean W*=200 m).

The consistency between spatial clustering and sediment
distribution highlights the robustness of the classification and its
potential for supporting coastal erosion assessments across
contrasting coastal settings.

As a result of the second classification (morphological PCA) a
total of 838 profiles were analysed and nine different groups of
beach profiles with similar morphology were identified. Profiles
with rocky slabs or nearby estuary basin profiles were excluded
from this classification. Figure 6 shows the classification results in a
3x3 matrix. The normalised profiles of each class are shown in grey,
and the representative profile of each class is shown in red.

Both classifications can be also analysed together. For example,
Figure 7 shows the heatmaps of cluster-mean morphodynamic
parameters used in both classifications, where darker colours
indicate higher values within each parameter range. These panels
illustrate the relative distribution of conditions across the identified
profile classes. Besides, combining Figure 5A) and Figure 8, the
classification revealed clear spatial patterns along the Andalusian
coast. Profile types 1, 3, 4, 6, 8, and 9 (Class3, in purple)
predominate in the Mediterranean sector, where tidal range and
wave energy are comparatively low and median grain size (d 5¢) is
higher. These morphologies are characterized by low closure depths
(h*) and therefore short active profiles, with mean cross-shore
extents (W*) of around 200 m.

In contrast, profile types 2 and 5 (Classl, red profiles in
Figure 5A) are mainly associated with the Atlantic coast of
Huelva, where higher significant wave heights and peak periods
lead to concave shapes (Figure 6) and more extensive active profiles
(W* > 600 m) as well as greater tidal ranges (mean tidal excursion >
2 m). Profiles type 7, although less frequent, are distributed across
the entire coastline. This group represents an intermediate
morphology, combining high-energy forcing (Hs;, = 2.9 m,
Tpy, = 11 s) with steep profiles (high A*, low W¥). These are
concentrated along the Cadiz coast but can also be found

sporadically in Malaga, Granada, and Almeria. The geographical

Frontiers in Marine Science

7.87 s [6.42 - 10.33]

11

3.04 m [2.54 - 3.16] 0.38 mm [0.02 - 1.74]

1.96 m [1.37 - 2.41] 0.22 mm [0.11 - 0.43]

0.55 m [0.20 - 1.25] 0.33 mm [0.06 - 1.08]

0.40 m [0.20 - 0.73] 1.53 mm [0.51 - 4.75]

distribution of these nine profile types is consistent with the
hydrodynamic gradients observed along the Andalusian coast and
is summarized in Figure 5A).

4.2 Shoreline retreat

Following the described workflow, shoreline retreat (Ry,,; ) was
first calculated for the years 2050 and 2100 using the simplified
Equation 2 as the baseline. These initial estimates were then refined
and adjusted using additional equations to account for specific
coastal features, such as dunes, estuary basins or rocky platforms.
Figure 9 and Figure 10 illustrate the Ry correcred T€SUlts obtained at
the 1281 cross-shore profiles along the Andalusian coast,
corresponding to the projections under the IPCC SSP2-4.5 and
SSP5-8.5 scenarios, respectively.

From the results, it is possible to identify areas where erosion
hotspots are concentrated, revealing the zones that are expected to
experience the greatest coastal retreat in the target years. For
example, the coastline stretch of Huelva, is projected to
experience a retreat of 21 to 66 meters by the year 2050, equating
to an average shoreline retreat rate of approximately 1 m/year. The
persistent erosive situation prompted the Ministry for Ecological
Transition (MITECO) to approve nourishment projects (>700,000
m?®) and the improvement of protective groynes on 2024. Other
endangered coastlines include beaches of Vera, located in southern
Almeria, where recent sand nourishments (~50,000 m?®) were
required to mitigate flooding and wave overwash. In both figures,
the projections for shoreline retreat by 2050 are represented in the
upper layer, closer to the coastline, while the projections for 2100
are depicted immediately below. Additionally, four control beaches
were selected for a detailed analysis of shoreline retreat patterns.
The control beach names are: I: Nueva Umbria, II: Matalascafas,
III: Peginas and IV: El Charcon. Nueva Umbria and Matalascaias
were selected as examples of dynamic extensive sandy beaches (L >
30 m), located near estuaries with dunes in the backshore. On the
other hand, Peginas and El Charcon beach present narrow beach
widths (L ~10 m) and rocky morphologies.

In both scenarios, the values of shoreline retreat vary from a few
meters (white spots in Granada and Almeria) to over 100 meters
(e.g., black and dark-red spots along the shoreline of Huelva, Cadiz,
and Malaga). Figure 10 shows greater shoreline retreats than
Figure 9, as the SSP5-8.5 scenario (SLR ~0.6-0.8 m) is worse than
SSP2-4.5 (SLR ~0.24-0.26 m). The results clearly show the
difference in terms of the wave climate’s impact between the
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Classification results based on the morphological shape of the beach profiles. The N number represents the total amount of profiles identified in
each group.
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FIGURE 7

Heatmaps of cluster-mean morphodynamic parameters used in both classifications. Heatmaps are arranged according to the order of the profile
classes (from left to right, top to bottom).
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FIGURE 8

Bar cross-tabulation of hydrodynamic Classes 1-4 against morphological clusters (Types 1-9).

Atlantic and Mediterranean coasts. Consequently, the
Mediterranean sector, being subjected to less energetic dynamics,
generally presented lower beach mobility compared to the
Atlantic sector.

Furthermore, high shoreline retreat values seemed to be
strongly related to beach slope (see Figure 5A), as longer and
more gently sloping profiles require larger volumes of sediment to
return to equilibrium after SLR. This explains the 50-100 m of
retreat observed in certain profiles from Huelva, which are
characterized by long profiles (W*> 800 m) and gentle slope
values. In most cases, the additional retreat for berm filling was
less than 5 m. However, particularly in short profiles (W< 300 m)
with extensive dry beach widths (L > 30 m) and/or high berm
elevations (B > 2.5 m) and where berm filling requires more
sediment than equilibrium profile adjustments, this term can
contribute with >10 m of additional retreat, highlighting the
importance of considering this type of process. The estuarine
retreat term was notable in 252 profiles. Beach profiles nearby
estuaries with small volumes (e.g., estuaries from southern Malaga)
presented lower Rg,q, Vvalues, compared to those located nearby
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larger estuaries, (e.g., estuaries from Huelva and Cadiz), where
Rigtuary €xceeded 15 m in some cases.

Critical erosion hotspots (R corrected > 100 m) considering
mid-term shoreline change rates, were identified in Matalascanas
beach in Huelva, Punta de Los Torufios in Cadiz, and Levante Beach
on Almerimar, Almeria, in agreement with previous studies
(CEDEX, 2013; Gomes da Silva et al., 2022; MITECO, 2019).
These locations are particularly vulnerable to local erosive
processes, as the reduction in sediment supply due to the littoral
drift is interrupted by the effects of coastal transversal
infrastructures, exacerbated by the sedimentary deficit due to the
regulation of the basins. An extreme case is the Almerimar Port
with erosion rates of up to 10 m/year (Campos and Zujar, 2024), a
problem that will likely worsen in the future.

A summary of the shoreline retreat results from the four
selected control beaches is presented in Figure 11. Note that the
vertical axis scale differs between the two upper panels, so absolute
values should not be compared directly.

The results demonstrate the distinct shoreline responses among
the four beaches under different SLR scenarios, time horizons and
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Total shoreline retreat (Rrotar correcteq) Obtained for the year 2050 (near the coast) and 2100 (far from the coast) along the Andalusian coast,

according to SSP2-4.5 scenario. Units in [m].

quantiles. Nueva Umbria beach, located in Huelva, is a potential
future erosion hotspot along the Andalusian coast. Visible on Figure
A3.1, this beach features a dune-backed profile and is
simultaneously affected by the Guadiana & Carreras and Piedras
estuaries. With a beach width of 33 m backed by a large dune field
(Hd > 3.2 m and Ld > 42 m), it presents a change rate of -0.22 m/
year (accretion trend). Rpy,, represents up to 50% of the total
retreat in some scenarios, revealing that the estuarine basin infilling
after SLR is expected to become an important term in this beach.

However, Nueva Umbria beach demonstrates some resilience due
to its gentle accretion trend (mid-term trend rates) and mainly, the
presence of large dunes in the backshore. For instance, it can be seen
on Figure 11, that results visually differ depending if we consider
2050 (green lines) or 2100 horizon (red lines). The different slopes
between green and red lines up to Q50 reflect that the dune-sand
redistribution reduces retreat until the dune is progressively eroded.
At Q95, the dune is fully consumed, so both 2100 scenarios (red)
converge to the same retreat value despite higher SLR under SSP5-
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Total shoreline retreat (Rrotar corrected) Obtained for the year (near the coast) and 2100 (far from the coast) along the Andalusian coast, according to

SSP5-8.5 scenario. Units in [m].
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FIGURE 11

Rrotal correctea results applying SLR values related to quantiles Q05, Q50, Q95, at the four control beaches. Note that, positive values indicate an

erosive trend and negative values indicate an accretion trend.

8.5: the limit L + Ld has been reached. This does not mean erosion
stops; it means our method’s applicability ends once the dune
reservoir is empty and the shoreline reaches the dune’s landward
limit. This type of profile highlights the critical role of incorporating
dunes in shoreline change modelling, as it potentially reduces the
magnitude of expected retreat. This beach is expected to be eroded
by SLR, but its accretion trend and robust dune system would likely
reduce the damages.

Matalascafias beach showed high Ryyur correcrea Values. While
this beach shares some similarities with Nueva Umbria, such as
being influenced by two estuaries, it differs in its backshore type, see
Figure A3.2. Matalascafias features a promenade on the backshore
with a dry beach width of 37 meters. This beach is continuously
affected by storm damage during winter, such as those experienced
in December 2009 and January 2013, which left a significant portion
of the beach submerged and allowed wave action to directly impact
parts of the promenade. In this case, no resilience is evident from
the obtained results. Figure 11 shows that in 2100, the shoreline
retreat related to the Q50 and Q95’s quantiles is expected to present
the same values (37.62 m for both scenarios — see red and green
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lines), indicating that the upper beach has been completely eroded
in both cases, with the shoreline retreating to the seawall.

Peginas beach in Cadiz (Figure A3.3), is characterized by a
narrow variable beach width (L ~ 8-11m) and a defined berm (B =
2.57 m), exhibits a linear retreat response as SLR increases. The
maximum retreat is projected at 8.07 m under the 2100 SSP5-8.5
scenario (Q95). The shoreline retreat on this beach is strongly
influenced by the limited extent of the submerged beach profile,
constrained by the rocky platform and the significant volume of
sand (relative to the whole profile) in the dry beach area. Notably,
the expected retreat at this beach is primarily driven by Bruun’s
Rule (52%) and berm adjustment (45%), highlighting the significant
interplay between these two processes.

Finally, although similarly narrow beach constrained by rocky
platforms and featuring a cliff-backed profile, the El Charcon beach
in Malaga (Figure A3.4), is influenced by local accretionary
dynamics, with a shoreline change rate of -0.33 m/year
(indicating a persistent accretional trend). As a result, this beach
consistently showed negative retreat values across all scenarios
in Figure 11, indicating that local mid-term accretive processes
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FIGURE 12

Average percentage contribution of the four shoreline retreat terms by PCA class for SSP2-4.5 scenario 2050.

currently dominate and are assumed to persist during the projection
horizon, effectively compensating the retreat expected from SLR.

4.3 Components relevance

In this section, a sensitivity analysis was performed to identify
the most influential terms driving shoreline retreat, based on the
PCA classification results showed in Figure 5. The SSP2-4.5
scenario for 2050 was selected to represent a moderate sea-level
rise trajectory. Two complementary analyses were conducted. In the
first, focused on percentage contributions (Figure 12), only profiles
with net erosion were included (i.e., excluding cases of accretion or
negative total retreat), resulting in a filtered sample of 750 profiles.

Figure 12 shows the mean percentage contribution of each retreat
term—DBruun, Berm, Estuary, and Non_SLR—for each PCA class. The

stacked bar format provides a clear comparison across profile types.
The results indicate that the Bruun term consistently dominates
shoreline retreat across all four classes, accounting for over 60% of
the total in every case. Notably, Class 1 is the only group where the
Rpguary contributes significantly, which is consistent with the
geographical location of the major estuarine systems along the
northern Atlantic coast of Andalusia (Huelva and northern Cadiz).
Meanwhile, Class 4 stands out for having the highest relative
contribution from non-SLR-related processes, reflecting the influence
of localized factors in coarse-grained, microtidal environments.

In the second analysis (Figure 13), aimed to compare the
absolute magnitude and variability of each term, all profiles were
retained and only statistical outliers were excluded.

The absolute magnitude and variability of each term were
explored through boxplots, separating major and minor terms for
clarity. These plots confirm, for instance, the dominance in
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Boxplots showing the absolute magnitude and variability of the four shoreline retreat terms, grouped by PCA class, under the SSP2-4.5 scenario for 2050.
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contribution of Rg,,,, and the variability of R,,,,, in Class 1,
reflecting that local shoreline change rates can either exacerbate or
mitigate retreat. In contrast, the contributions from Rp,,,, remain
relatively small and quite similar across all cases, ranging under 3 m
of extra shoreline retreat. Again, Rpgyqr, is only visible on Class 1
due to the geographical location of the major estuarine systems.

5 Discussion

The interplay between SLR and sediment transport is highly
complex, context-dependent and related to site-specific characteristic
of the coast. In the following subsections, we discuss the sedimentary
key processes represented in CoShReW, compare our results with other
studies and point out the limitations that stem from the
assumptions adopted.

5.1 Onshore and offshore sediment
transport

Our workflow assumes that net sediment transport occurs in a
seaward direction, with no sediment transport taking place when
h > h*. However, some studies suggest that under certain marine
conditions, such as extreme waves and elevated water levels,
sediment transport can occur in the onshore direction (Cowell
et al,, 1995). This may result in the accumulation of material in the
active beach profile (Hallin et al., 2019; Rosati et al., 2013).
Additionally, if accommodation space is available in the
backshore, the beach can migrate landward in response to SLR,
which could alter the shoreline dynamics (Cooper et al., 2020).

Currently, no established methodology exists for estimating
inland beach migration or onshore sediment transport using simple
proxies, which is why these processes were excluded from this
study. However, as methodologies advance, they can be integrated
as additional terms into the proposed workflow, thereby enhancing
the accuracy of shoreline change predictions.

This nuanced understanding reinforces the need to consider
bidirectional sediment transport in predicting shoreline change,
particularly as tools for modelling inland beach migration and
sediment dynamics continue to advance.

5.2 Dune migration and accommodation
space availability after SLR

Dunes are complex and highly dynamic systems that influence
beach morphodynamical processes and are, in turn, affected by
them (McCarroll et al,, 2021). The proposed formulation in
Equation 10, assumes that the dune will be eroded when the
shoreline retreat exceeds the beach width. Reaching the edge of
the dune ridge should be interpreted as a sign of extreme erosion
within the beach profile. When it happens, the dune acts as a source
of sediment to the beach reducing the shoreline retreat. This implies
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two hypotheses: i) the dune volume is conserved during SLR and ii)
all the sediment removed from the dune remains in the active beach
profile after erosion (de Almeida et al., 2019).

Other studies, however, suggest that the dunes can migrate inland
to adapt and maintain the equilibrium shape after SLR as it does the
beach profile (Davidson-Arnott and Bauer, 2021). Brodie et al. (2024)
suggest heterogeneous behaviour of dunes including gaining
sediment and advancing, gaining sediment and retreating, losing
sediment and retreating, and losing sediment and advancing. That
means that dunes can respond to erosion in different ways, including
situations in which the sediment may be transported offshore (out
from the active profile), retained in transitional features like tidal
deltas or even that the dune may work as a sediment trap, locking
sediment out of the active beach system under certain conditions,
especially when human interventions take place (Cowell et al., 1995;
Kinsela and Hanslow, 2017; Beuzen et al., 2018; Cooper et al., 2020;
McCarroll et al., 2021). The timescale of these processes is still unclear
and, given the complexity of dune dynamics, those authors highlight
the need for advanced models that account for that in long-term
predictions at regionals scales. This study assumes that the shoreline
change occurs in a shorter timescale and dune erosion occurs before
such migration.

5.3 Limitations

In this study, we introduce a workflow that combines the classic
Bruun Rule with three additional, peer—reviewed terms to reflect
site—specific controls on long—term shoreline retreat. However, the
hypothesis and assumptions made in this work lead to some
limitations that are worth noting. For example, SLR is considered
as the only climatic forcing, a simplification supported by AR6
regional projections for Andalusia, which foresee only minor future
changes in wave climate and storm surge. Where those dynamics do
intensify and significant intervention occurs, the workflow may
yield conservative estimates. Specifically, where nourishment or
structural interventions occurred, Scr may primarily reflect
management rather than background trends. We therefore treat
Scr as valid under a ‘no major change in interventions’ assumption
and recommend site-specific re-estimation (e.g., excluding post-
nourishment years or using an alternative window) where local
records document substantial interventions. Likewise, CoShReW
focuses on decadal shoreline trends and the cross—shore component
of sediment exchange; short storm impacts and alongshore
transport are excluded but can be evaluated with complementary
tools such as the event—scale formulation of Ferreira et al. (2006).
We acknowledge that CoShReW requires a considerable number of
variables to be able to quantify the expected shoreline retreat.
Incorporating multiple site-specific factors may add complexity,
potentially challenging the application in sites with data scarcity
(Pazini et al., 2022).

Encouragingly, the shoreline retreat values obtained here are
consistent with recent Andalusian studies based on independent
methods and time frames. For example, our shoreline change rates
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align closely with Campos and Zuajar (2024), who identified
intensified erosion using decadal erosion rates (2001-2019) in
natural beach sectors and greater retreat along the Atlantic
facade. Similarly, Diaz-Cuevas et al. (2020), reported mid-term
erosion rates (1977-2013) based on shoreline proxies that reflect
the same spatial variability observed in our results. Specifically, in
the case of Playa de la Victoria, Aguilera-Vidal et al. (2022)
projected a shoreline retreat of up to 58-73 meters by 2100 using
RCP 4.5 & RCP 8.5, which is comparable to the higher-end
estimates from our analysis. Furthermore, regional-scale
projections by Alvarez-Cuesta et al. (2021b) also point to
permanent beach losses under various climate change scenarios,
reinforcing the higher shoreline retreat values obtained in the
analysis carried out. The consistency of these outcomes across
multiple lines of evidence and study areas supports the reliability
and robustness of our results and underscores the increasing
vulnerability of Andalusia’s coastline to climate-driven erosion.

CoShReW does not account for longshore sediment transport,
focusing solely on the cross-shore component of sediment
dynamics. While this provides valuable insights into local
shoreline retreat, it does not capture the broader influence of
alongshore processes, which could affect shoreline evolution in
certain cases. The workflow further presumes that beaches and
estuaries maintain an invariant equilibrium morphology
describable by the current shape parameters, thereby omitting
long term adjustments in profile slope, sediment supply, and
dune vegetation. There are also limitations related to the impact
of other aspects of climate change not considered here, including
potential changes in storminess, aeolian and dune-sedimentary
transferences during overwash and overtopping events (Brodie
et al, 2024) and a potential lag between SLR and the shoreline
response (Mariotti and Hein, 2022). The complexity of those
processes compromises a simple and practical application as
proposed here. Nevertheless, the modular design permits the later
addition of streamlined expressions for these processes as new
empirical relationships become available.

Finally, the lack-off of large—scale field campaigns and shoreline
records along the Andalusian coast precludes formal validation of
the long—term component at this stage. As continuous monitoring
programmes mature, we recommend benchmarking CoShReW
outputs against observed multi-decadal retreat to refine
parameter values and further enhance predictive skill.

6 Conclusions

By applying the CoShReW to 1281 shoreline profiles that span
the full diversity of the Andalusian coast, this study demonstrates that
local geomorphology, sediment dynamics and existing non—climatic
trends govern the magnitude—and in some cases even the sign—of
long—term shoreline retreat under SLR. Variations in dune height,
estuary infilling capacity, rocky platforms barriers and decadal
erosion rates generate shoreline retreat projections that can differ
by an order of magnitude across neighbouring sectors, underscoring
the inadequacy of uniform regional estimates. In several profiles, the
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non-SLR component rivals or exceeds the SLR—driven component.
The obtained results highlight the diverse shoreline responses that
can occur along the same coast and emphasize the need to consider
the unique characteristics of each beach type. The observed variability
arises from the interplay between global climate-driven SLR and local
geomorphological factors.

These findings underscore the importance of integrating diverse
coastal variables into shoreline retreat models. By incorporating
these sector-specific factors, CoShReW offers a more versatile and
adaptable framework for coastal management, providing a valuable
tool for developing integrated local coastal management plans. The
application to different coastal environments emphasizes the critical
influence of local geomorphological characteristics and sediment
dynamics on the response of shoreline to SLR. This underscores that
local processes unrelated to SLR can be equally important in
shoreline response and should be accounted for in shoreline
predictions, to link coastal processes to ecosystem resilience and
conservation strategies.

CoShReW offers a highly adaptable workflow for coastal
management. Each module can be activated, de-activated or
replaced, allowing practitioners to tailor the calculation chain to
the data availability and dominant processes of any given pilot site,
allowing future integration of additional features related to
processes not yet accounted. Its open-source, flexible architecture
enables transfer to other regions and iterative updates as new data
arrive, strengthening adaptive planning under coastal processes. In
its present form, the workflow already provides a defensible first
approximation for long—term planning; when combined with
higher—resolution storm or alongshore transport analyses, it can
guide the prioritisation of adaptation measures and the design of
site—specific interventions for coastal management. Furthermore,
combined with habitat-relevant exposure metrics, it can become a
practical bridge between monitoring investments and adaptative
conservational ecosystem-based pathways.

The consistency of our results with independent studies along
the same coastline lends confidence to both the workflow and the
regional projections. Nevertheless, continued improvement will
depend on expanding long—term observational datasets and on
distilling additional processes—such as storm—induced change and
profile lag effects—into similarly tractable modules. Until then,
CoShReW offers coastal managers a scalable, transparent and
reproducible tool for translating global sea—level scenarios into
locally relevant shoreline—retreat estimates.
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