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Summary

Sandy beaches provide a wide range of ecosystem services, including flood protection, sed-
iment and water storage, recreational values, and habitat for diverse flora and fauna. Over
the past centuries, humans have increasingly developed settlements and infrastructure on
the landward side, while waves, storm surges, and sea level rise encroach from the ocean
side. These stressors may lead to ecological impacts across varying temporal and spatial
scales, threatening the ecosystem services for humans and animals alike.

Among the species particularly vulnerable to the degradation of sandy beaches are sea
turtles, who rely on these habitats for nesting. These endangered reptiles play key ecological
roles in coastal and marine ecosystems worldwide, for instance by maintaining healthy coral
reefs and sea grass meadows. Unfortunately, climate change and human activity severely
threaten their populations. Among the challenges they face are the flooding and erosion of
their nesting beaches. Incubating nests require a narrow temperature and moisture window
to develop, making them susceptible to inundation. Episodic erosion can destroy nests and
change beach morphology over several seasons. Long-term, chronic erosion and coastal
squeeze may gradually diminish suitable nesting beaches worldwide. Although both flood-
ing and erosion are recognized as significant threats, they remain under-represented in con-
servation management and research. Nature-based solutions—such as turtle-friendly sand
nourishments or restoration of coastal vegetation and reefs—may offer promising opportu-
nities to preserve existing nesting habitats, and potentially enable sea turtles to expand to
currently unused beaches. However, we first need to understand the coastal processes that
enable and threaten sea turtle nesting to effectively design such solutions.

This thesis identifies coastal processes that govern the vulnerability of sea turtle nest-
ing beaches, and assesses their implications for global habitat suitability and conservation.
Specifically, it investigates processes related to nest flooding and long-term erosion, while
also examining how regional coastal characteristics influence global nesting habitat suit-
ability. Employing detailed local case studies and global analyses, this thesis integrates
diverse methods—including field experiments, numerical modeling, remote sensing, sta-
tistical analyses, global datasets, and machine learning—to illustrate the broad potential of
coastal science tools for sea turtle conservation, which are essential for developing an inte-
grative approach to assess nesting beach vulnerability and inform targeted interventions.

To study the drivers of nest flooding, an extensive field campaign was carried out on
Galveston Island, Texas, USA—a mild-sloping, fine-grained barrier island—in the fall of
2023. Two beach transects were monitored over a period of 1.5 months to measure the
beach groundwater table, nearshore hydrodynamics, and sediment characteristics (Chapter
2). Analysis of these data using advanced spectral methods revealed storm surges and rain
as the dominant drivers of short-term fluctuations in the beach groundwater table and, by
extension, the flooding of turtle nests (Chapter 3). Due to the high risk of flooding, Galve-
ston Island is currently unsuitable for turtle nesting, highlighting the necessity of continuing
the ongoing nest relocation program. These findings underscore the importance of consid-
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viii Summary

ering beach groundwater in nest flooding assessments and encourage comparative studies
across diverse coastal settings, where different processes may predominate (e.g., on steeper,
coarser-grained beaches).

The vulnerability of nine globally significant nesting sites to future erosion and sea level
rise was explored by combining coastal remote sensing, numerical modeling, and global
datasets (Chapter 4). Analysis of satellite-derived shorelines revealed significant variabil-
ity in seasonal and long-term shoreline change across the sites. Using the shoreline model
CoSMoS-COAST, future shoreline change was projected until 2100 under various sea level
rise scenarios, complemented by estimates of beach width and potential accommodation
space, based on global datasets. These projections also showed substantial variability—
three sites were particularly vulnerable to future erosion and sea level rise, while others
showed continued accretion. Despite significant uncertainties in the long-term projections,
these results provide important insights into seasonal and long-term morphodynamics, iden-
tify vulnerable nesting beaches, and present a replicable framework for assessing shoreline
change at nesting beaches worldwide, including data-limited regions.

Lastly, the relationship between regional coastal characteristics and the global distri-
bution of nesting sites was examined by applying machine learning techniques on global
datasets. These global data spanned hydrodynamic, atmospheric, geophysical, habitat, and
human processes and were mapped to a novel 50-km-resolution hexagonal coastline grid
(Coastgons; Chapter 5). Results suggested that sea surface temperature, tidal range, extreme
surges, and proximity to coral and seagrass habitats significantly influence global nesting
distribution. Low tidal ranges and low storm surge exposure emerged as particularly fa-
vorable for individual species, likely due to reduced risk of nest flooding. Furthermore,
this analysis identified new regions potentially suitable for nesting, revealing that approx-
imately 23% of global coastal regions between —39° and 48° latitude could host suitable
nesting beaches, while only 7% are currently used by turtles. This implies that there is po-
tential for sea turtles to expand their nesting habitat. Although sea turtle behavior remains
difficult to predict, these results help quantify suitable nesting conditions and can inform
future studies into the potential colonization of new nesting habitats.

The analyses presented in this thesis show how state-of-the-art coastal monitoring and
modeling approaches can be used to observe, understand, and predict coastal processes at
nesting beaches—critical steps for informing when and how to intervene using nature-based
solutions. Therefore, Chapter 6 argues that existing methods and tools from coastal science
and management hold significant, yet underused, potential for sea turtle conservation. A
stepwise framework is introduced for integrating sea turtle ecology and coastal manage-
ment. The framework follows an Observe—Understand—Predict-Intervene cycle and links
ecological thresholds, coastal processes, and management interventions across scales, from
Regional Management Units (RMUs) to individual beaches. It is illustrated how state-of-
the-art monitoring, modeling, and nature-based solutions (NBS) can be embedded within
this framework to inform when and how to intervene. Increased in-situ data collection and
interdisciplinary collaboration will be critical to apply and refine this approach, thereby
enhancing the long-term resilience of nesting habitats.



Samenvatting

Zandstranden bieden een breed scala aan ecosysteemdiensten, waaronder bescherming te-
gen overstromingen, bufferen van sediment en water, recreatieve waarden en leefgebieden
voor diverse flora en fauna. In de afgelopen eeuwen zijn ze echter steeds intensiever ge-
bruikt en ontwikkeld door mensen aan de landzijde, terwijl golven, stormvloeden en zeespie-
gelstijging hen vanaf de zeezijde bedreigen. Deze stressfactoren veroorzaken ecologische
effecten op uiteenlopende temporele en ruimtelijke schalen, waardoor ecosysteemdiensten
voor mens en dier onder druk komen te staan.

Onder de soorten die bijzonder kwetsbaar zijn voor de aantasting van zandstranden be-
horen zeeschildpadden, die athankelijk zijn van strandgebieden om te nestelen. Deze be-
dreigde reptielen spelen cruciale ecologische rollen in kust- en mariene ecosystemen over
de hele wereld, bijvoorbeeld door koraalriffen en zeegrasvelden te onderhouden. Helaas
worden hun populaties ernstig bedreigd door klimaatverandering en menselijke activiteit—
onder andere door het overstromen en eroderen van nesten tijdens het broedseizoen, evenals
het verlies van geschikte neststranden door langdurige erosie. Hoewel beide problemen er-
kend worden in de wetenschap, krijgen ze onvoldoende aandacht in natuurbeheer en onder-
zoek. Natuurgebaseerde oplossingen—zoals schildpad-vriendelijke zandsuppleties of het
herstellen van kustvegetatie en riffen—bieden kansrijke mogelijkheden om neststranden te
behouden en wellicht zelfs uit te breiden. Om dergelijke oplossingen effectief te kunnen
ontwerpen is het echter noodzakelijk om eerst inzicht te krijgen in de kustprocessen die
nestelgebieden van zeeschildpadden ondersteunen of juist bedreigen.

Dit proefschrift identificeert kustprocessen die de kwetsbaarheid van neststranden van
zeeschildpadden bepalen en beoordeelt hun implicaties voor de geschiktheid van habitats en
het conservatie op mondiale schaal. In het bijzonder worden processen onderzocht die ver-
band houden met overstroming van nesten en langdurige erosie, evenals de wijze waarop
regionale kustkenmerken de geschiktheid van nesthabitats wereldwijd beinvloeden. Aan
de hand van gedetailleerde lokale casestudy’s en globale analyses integreert deze dissertatie
uiteenlopende methoden—waaronder veldexperimenten, numeriek modelleren, remote sen-
sing, statistische analyses, globale datasets en machine learning—om het brede potentieel
van kustwetenschappelijke methodes voor het behoud van zeeschildpadden te illustreren.
Deze zijn van essentieel belang voor het ontwikkelen van een integratieve benadering om
de kwetsbaarheid van neststranden te beoordelen en gerichte interventies te ondersteunen.

Om de oorzaken van nestoverstromingen te onderzoeken werd in het najaar van 2023
een uitgebreide veldcampagne uitgevoerd op Galveston Island, Texas, VS—een barriére-
eiland met een milde helling en fijn sediment. Twee strandtransecten werden gedurende
anderhalve maand gemonitord om het grondwaterniveau in het strand, de hydrodynamica
van het kustgebied en sedimentkenmerken te meten (Hoofdstuk 2). Analyse van deze data
met geavanceerde spectrale methoden toonde aan dat stormvloeden en regenval dominante
factoren zijn in kortetermijnfluctuaties van het grondwaterniveau, en daarmee bepalend voor
het overstromen van schildpadnesten (Hoofdstuk 3). Vanwege het hoge risico op overstro-
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ming is Galveston Island momenteel ongeschikt voor het nestelen van zeeschildpadden, wat
het belang onderstreept van het voortzetten van het lopende nestverplaatsingsprogramma.
Deze bevindingen benadrukken bovendien het belang van grondwaterstudies bij het beoor-
delen van nestoverstromingen, en stimuleren vergelijkende studies op stranden met andere
kenmerken (bijvoorbeeld steilere, grof-korrelige stranden), waar andere processen mogelijk
domineren.

De kwetsbaarheid van negen wereldwijd belangrijke neststranden voor toekomstige ero-
sie en zeespiegelstijging werd onderzocht door satellietbeelden, numeriek modelleren en
mondiale datasets te combineren (Hoofdstuk 4). Analyse van satelliet-afgeleide kustlij-
nen liet aanzienlijke variabiliteit zien in seizoensgebonden en lange termijn kustlijnevolu-
tie. Met het kustlijnmodel CoSMoS-COAST werd vervolgens de kustlijnverandering tot
2100 voorspeld onder diverse scenario’s van zeespiegelstijging, aangevuld met schattin-
gen van strandbreedte en potenti€le accommodatieruimte. Ook deze prognoses lieten grote
variabiliteit zien: drie locaties bleken bijzonder kwetsbaar voor toekomstige erosie en zee-
spiegelstijging, terwijl andere locaties juist kustaangroei toonden. Ondanks de aanzienlijke
onzekerheden in lange termijn-prognoses bieden deze resultaten belangrijke inzichten in
seizoensgebonden en lange termijn kustdynamiek, identificeren ze kwetsbare neststranden,
en vormen ze een reproduceerbaar raamwerk om kustlijnverandering op neststranden we-
reldwijd te beoordelen, zelfs in regio’s met beperkte data.

Ten slotte werd de relatie tussen regionale kustkenmerken en de mondiale verspreiding
van neststranden onderzocht met behulp van wereldwijde datasets, een nieuw hexagonaal
kustlijnraster met een resolutie van 50 km (Coastgons), en machine learning technieken
(Hoofdstuk 5). Resultaten toonden aan dat zeewatertemperatuur, getijverschillen, extreme
stormvloeden en nabijheid van koraal- en zeegrasgebieden significant van invloed zijn op de
wereldwijde verspreiding van nestgebieden. Vooral lage getijverschillen en beperkte bloot-
stelling aan extreme stormvloeden bleken gunstig voor verschillende soorten, waarschijn-
lijk vanwege het verminderde risico op nestoverstroming. Verder werden nieuwe potentieel
geschikte nestgebieden geidentificeerd. Uit deze analyse blijkt dat ongeveer 23% van de
kustgebieden wereldwijd tussen —39° en 48° breedtegraad geschikt zou kunnen zijn, terwijl
momenteel slechts 7% daadwerkelijk door zeeschildpadden wordt benut. Dit impliceert dat
zeeschildpadden potentieel hun nestgebied zouden kunnen uitbreiden. Hoewel het gedrag
van zeeschildpadden lastig voorspelbaar blijft, helpen deze resultaten om geschikte nestcon-
dities te kwantificeren en bieden ze aanknopingspunten voor onderzoek naar de kolonisatie
van nieuwe nestgebieden.

De analyses in dit proefschrift laten zien hoe geavanceerde methoden voor kustmonito-
ring en -modellering kunnen worden gebruikt om kustprocessen op neststranden te observe-
ren, te begrijpen en te voorspellen—cruciale stappen om te bepalen wanneer en hoe natuur-
gebaseerde oplossingen moeten worden ingezet. Hoofdstuk 6 stelt daarom dat bestaande
methoden en instrumenten uit de kustwetenschap en het kustbeheer aanzienlijke, maar nog
onderbenutte, mogelijkheden bieden voor de bescherming van zeeschildpadden. Er wordt
een stapsgewijs raamwerk geintroduceerd om ecologie en kustbeheer te integreren en zo de
bedreigingen aan te pakken. Dit raamwerk volgt een Observeren—Begrijpen—Voorspellen—
Ingrijpen cyclus en verbindt ecologische drempelwaarden, kustprocessen en interventies
op verschillende schalen, van RMU’s tot individuele stranden. Er wordt geillustreerd hoe
geavanceerde monitoring, modellering en natuurgebaseerde oplossingen binnen dit raam-
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werk kunnen worden ingebed om te bepalen wanneer en hoe moet worden ingegrepen. Een
meer observaties en interdisciplinaire samenwerking zal cruciaal zijn om dit raamwerk toe
te passen en verder te verfijnen, en daarmee de langetermijnveerkracht van neststranden te
versterken.









Cover photo by Adhith Swaminathan ©: Leatherback sea turtle (Dermochelys coriacea) returning to the sea on
Little Andaman Island, India.



Introduction

1.7. Sea turtle nesting beaches under pressure

Sandy beaches form a soft, dynamic interface between marine and terrestrial forces and
cover around a third of the global, ice-free coast ( ;

). In the past, the sandy coastal zone has mostly been studied in relatlon to its function
as flood protection and recreational use (e.g., ; ).
Yet, sandy beaches provide a wide range of additional ecosystem services, such as sediment
and water storage, nutrient cycling, and habitat for a multitude of flora and fauna, including
nesting sea turtles and shorebirds ( ; ). They are complex
ecosystems that react to a range of dynamic stressors. Over the past centuries, they have
become increasingly used and developed by humans on the landward side (

), while waves, storm surges, and sea level rise encroach from the ocean side. These
stressors may lead to ecological impacts across varying temporal and spatial scales, dete-
riorating the many ecosystem services that sandy beaches provide for humans and animals

alike ( ; )-
Sea turtles rely on sandy beaches for nesting (Figure 1.1) and are key species in many
coastal and marine ecosystems worldwide ( ). For instance, green turtles (Ch-

elonia mydas) are vital grazers of Earth’s widely distributed seagrass beds (

), which themselves sequester large amounts of carbon but are deteriorating at an
alarming rate ( ). Hawksbill turtles (Eretmochelys imbricata), on the
other hand, are among the few animals that feed on sponges, making them a key species in
maintaining healthy coral reef ecosystems ( ). Despite their ecological signifi-
cance, six of the seven species are listed on the [IUCN Red List as Vulnerable, Endangered,
or Critically Endangered ( )—the sole exception being the flatback sea turtle
(Natator depressus), currently classified as Data Deficient. The long-term survival of sea
turtles is intrinsically linked to the continued availability of suitable nesting beaches world-
wide.

Although sea turtles have successfully evolved and adapted to habitat changes over mil-
lions of years, their populations have decreased strongly over the past centuries (

). This has been mainly attributed to excessive human exploitation, which
peaked in the late 1960°s ( ). In the past decades, policy changes have re-
sulted in better protection from exploitation and illegal trade. However, current population
numbers are still far below historic estimates ( ) and sea turtles
remain under serious threat from fishery by-catch, plastic pollution, and climate change
impacts—including the flooding and erosion of their nesting beaches ( ;
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Figure 1.1: Photographs showing an adult green sea turtle nesting on Ascension Island (left) and a clutch of hawks-
bill hatchlings leaving their nest and crawling towards the sea on Hawai’i (right). Photo credit S. Weber/Ascension
Island Government and John Rodarte/Hawai’i Wildlife Fund, respectively.

Patricio et al., 2021). Due to their slow population growth rates, sea turtles are unable to
recover quickly from population declines. In fact, recovery rates may range from several
decades to a century (Duarte et al., 2020). This makes them highly vulnerable to relatively
fast-paced changes to their nesting habitats (Mortimer, 1995; Pike & Stiner, 2007), particu-
larly for species with limited nesting ranges, such as the critically endangered Kemp’s ridley
sea turtle (Lepidochelys kempii; Milton et al., 1994).

An imminent threat is the inundation and erosion of nesting beaches during episodic
events with high water levels and/or waves (Figure 1.2a). Incubating turtle nests are highly
susceptible to sea- and freshwater inundation, which may disrupt the temperature and mois-
ture conditions that facilitate the gas, water, and heat exchange between the eggs and sur-
rounding sand (Ackerman, 1997; Mortimer, 1990). Nest flooding has been reported in the
literature as a major threat to sea turtle populations (e.g., Gammon et al., 2023; Patricio
et al., 2021; Van Houtan & Bass, 2007; Ware et al., 2021) and has motivated various man-
agement efforts, including the relocation of freshly laid nests to higher elevations, safer
beaches, or tailored hatcheries (Pintus et al., 2009). Although the species-specific tolerance
of nests to inundation is not yet fully understood, recent studies suggest both the duration
and frequency of flooding events are critical factors affecting egg viability (Foley et al.,
20065 Limpus et al., 2021; Pike et al., 2015). Therefore, while flooding itself may mostly
occur overland (due to wave runup, storm surges, or even tidal overwash; Caut et al., 2010;
Martins et al., 2022), beach groundwater dynamics may also be critical in determining the
impact on individual nests (Foley et al., 2006; Ware & Fuentes, 2018).

Aside from flooding, storm erosion can significantly alter beach morphology (Coco et
al., 2014; Gomes da Silva et al., 2020), which may impact nesting on a time-scale of several
seasons, for example by exposing a larger part of the beach to frequent inundation (Long
et al.,, 2011). Beaches generally recover from storm erosion over time (e.g., Castelle et
al., 2017), but individual events can still have a strong impact on local sea turtle popula-
tions. This is particularly true for severe storms, including tropical cyclones. Many nesting
beaches lie in areas prone to tropical cyclones and are therefore vulnerable to extreme inun-
dation and erosion (Dewald & Pike, 2014; Fuentes et al., 2011; 2019). Some of the World’s
largest green turtle populations nest almost exclusively on small, remote atoll islands (e.g.,
Raine Island, Australia and East Island, Hawai’i). In extreme cases, these islands can be
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Figure 1.2: Schematic cross-shore profile of a nesting beach (not to scale), showing: a) processes related to nest
flooding and erosion; b) processes related to coastal squeeze; and ¢) examples of potential NBS that could help
mitigate flooding and erosion on nesting beaches. Though we show a cross-shore schematic here for simplicity,
the shown processes are not exhaustive and also have alongshore drivers and variability.
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completely washed away, as happened to East Island during Hurricane Walaka in 2018

( )-
On longer time-scales, structural erosion and coastal squeeze may gradually diminish

the amount of nesting habitat available to sea turtles (Figure 1.2b; e.g., ;

; ). Structural erosion can have several causes,
including sea level rise (SLR), longshore sediment transport disruption, river damming, or
climate-induced shifts in sediment supply. Moreover, beaches also respond to interannual to
decadal climate oscillations (e.g., El Nifio/Southern Oscillation, ENSO; ;

). Hence, long-term changes in these signals may also lead to erosion
at nesting beaches (e.g., intensifying ENSO episodes; ; ).
Coastal squeeze occurs when the eroding coastline cannot migrate landward due to a fixed
barrier, either human-made (e.g., sea wall) or natural (e.g., cliff), leading to a narrowing
or even disappearing beach ( ). Even where migration space exists, it remains
unclear whether sediment supply and beach morphology can keep up with accelerating SLR
( ; )-

These threats to global nesting beaches are likely to intensify in the future along with
projected human and climate change-induced impacts: Storms and seasonal to interannual
climate signals (e.g., ENSO) are expected to become more frequent and severe (

; ; ), raising the risk of nest flooding and
erosion. Sea level rise will increase the frequency of flooding events and elevate coastal

groundwater levels ( ). Nearly 90% of
globally identified nesting sites are located in the tropics (Figure 1.3; ),
which is the geographical zone most vulnerable to increased coastal flooding from sea level
rise ( ). Finally, only a quarter of global nesting sites are located in
protected areas, and many lie in developing countries ( ), where the
coastal zone will become more and more developed ( ), increasing the

risk of structural erosion and coastal squeeze.

Figure 1.3: Overview of global sea turtle nesting sites (all species, indicated in dark green) documented by SWOT
( ; ) and WIDECAST ( ).
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1.2. Toward nature-based solutions that enable sea turtle nesting

Within coastal science and engineering, there has been an increasing shift towards nature-
based solutions over the past decade, whereby the focus is shifting from building in nature
to building with nature ( ). This has led to more research on how
coastal processes and engineering interventions affect the local ecology, biodiversity, and
ecosystem services. Coastal nature-based solutions may offer promising opportunities to
preserve global sea turtle nesting habitats. For instance, the design of turtle friendly beach
nourishments or the restoration/addition of coastal vegetation and reefs may help mitigate
flooding and erosion (Figure 1.2¢).

Several sea turtle species appear to be capable of the (assisted) colonization of new nest-
ing grounds (e.g., ; ). The most prominent
example of this is the emergence of a new Kemp’s ridley nesting population at Padre Is-
land National Seashore in Texas (Gulf of Mexico), through a long-term nest relocation and
head-starting program ( ). But also in the Mediterranean, for ex-
ample, green and loggerhead turtles are increasingly colonizing new beaches in the cooler,
western part of the basin (e.g., Italy and Spain), likely as a response to warming temper-
atures ( ; ). These phenological shifts indicate
that, as global temperatures rise, sea turtles may 1ncreasmgly be forced to venture beyond
their current nesting and foraging habitats ( ;

). Therefore, nature-based solutions that enable nestmg on sandy beaches may
potentially even help expand global turtle nesting habitats to new beaches.

Effectively designing and implementing such solutions requires a comprehensive under-
standing of the beach ecosystem, including biotic (e.g., nesting characteristics) and abiotic
(e.g., longshore/cross-shore processes) factors at play ( ). Yet,
despite the clear need for an interdisciplinary approach ( ), collaboration be-
tween the (scientific) sea turtle and coastal communities remains limited. As a result, past
assessments of coastal threats to nesting beaches have mostly relied on ecological knowl-
edge, without expertise on coastal morphology and hydrodynamics. For example, most
studies assessing impacts of SLR on nesting beaches have simply added an elevated water
level to a static beach topography, without considering any morphological changes (the so-
called bathtub approach, e.g., ; ; ). At
the same time, while many of the driving processes behind coastal threats to nesting beaches
are studied by coastal scientists and managers (e.g., flooding and erosion during storms), sea
turtle habitat is not commonly considered in coastal engineering projects. Hence, there is
a need to study the coastal processes that threaten (or enable) sea turtle nesting on sandy
beaches.
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1.3. Research objective

To address the growing coastal threats to sea turtle nesting habitats and the current discon-
nect between coastal and ecological sciences, the overarching aim of this thesis is to:

Identify coastal processes that govern the vulnerability
of sea turtle nesting beaches, and assess their impli-
cations for global habitat suitability and conservation.

Herein, coastal processes encompass the hydrodynamic and eco-morphological pro-
cesses related to the short- and long-term evolution of the beach. For example, episodic
flooding of the beach through storm surges or the long-term evolution of the shoreline.
These processes can be seen as either enablers or threats to sea turtle nesting (e.g., prolonged
flooding of turtle nests is a threat, whereas the lack thereof is an enabler). The overarching
aim is divided into three specific research questions (RQ), forming the basis for this thesis:

RQ1 What are the driving processes behind sea turtle nest flood-
ing on sandy beaches?

RQ2 How vulnerable are key global nesting beaches to erosion
and sea level rise?

RQ3 How do regional coastal characteristics influence global
habitat suitability for sea turtle nesting?

While RQ1 and RQ2 assess physical threats to existing nesting sites (flooding and ero-
sion), RQ3 shifts to a global perspective, seeking to understand how coastal characteristics
shape the spatial distribution of suitable nesting habitats. Answering these different research
questions requires integrating multiple lines of evidence. Therefore, this thesis uses a mix
of methods and tools—including field experiments, numerical modeling, remote sensing,
global datasets, statistical analyses, and machine learning—to illustrate the broad potential
of coastal science tools for sea turtle conservation, which are essential for developing an
integrative approach to assess nesting beach vulnerability and guide targeted interventions.

To assess the driving processes behind nest flooding (RQ1), an extensive field cam-
paign was carried out on Galveston Island, Texas, USA, to gather in-situ data of local hy-
drodynamics, groundwater, temperature, sediment characteristics, and beach morphology.
These field data were analyzed using statistical and spectral techniques. The vulnerability
of nesting beaches to erosion (RQ2) is analyzed through a combination of satellite-derived
shorelines, numerical modeling, and global datasets. Finally, the global distribution of sea
turtle nesting (RQ3) is assessed using global datasets and machine learning algorithms. The
following section outlines the thesis structure and how these methods are applied in the
different chapters.
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1.4. Outline

This thesis consists of seven chapters. This first chapter has provided an introduction to the
coastal threats facing sea turtle nesting beaches and the challenges in finding solutions, along
with the objective and approach of this thesis. The remainder of this thesis is structured as
follows:

Chapter 2 describes the field campaign on Galveston Island, providing detailed in-
formation on the field site, instrumentation, and collected data. This includes a technical
validation of the measurements along with practical guidelines on how to use the openly
accessible dataset.

In Chapter 3, the field observations are analyzed to assess the drivers of nest flooding
on Galveston Island, providing an answer to RQ1. Through advanced spectral methods we
analyze how waves, tides, storm surge, and rain drive fluctuations in the beach groundwater,
resulting in the flooding of turtle nests.

Chapter 4 combines satellite-derived shorelines, shoreline modeling, and global data-
sets to analyze the shoreline evolution, characteristics, and future vulnerability at nine glob-
ally important sea turtle nesting sites, thereby answering RQ2. The analysis identifies sea-
sonal and long-term shoreline change patterns, forecasts the future shoreline position under
various SLR scenarios, and quantifies available accommodation space based on backbeach
elevation and infrastructure.

Chapter 5 addresses RQ3 by combining global datasets with machine learning algo-
rithms to establish patterns in the coastal characteristics of global nesting regions. First,
the influence of 22 variables (e.g., wave height, tidal range, sea surface temperature) on the
distribution of nesting sites for each species is assessed. A clustering method is then used
to identify new, potentially suitable nesting regions around the world, based on the most
influential variables.

In Chapter 6, the results of chapters 2—5 are discussed within a broader perspective of
how coastal monitoring and modeling can aid global sea turtle conservation. We introduce
a stepwise framework linking ecological thresholds, coastal processes, and management
interventions across scales to integrate sea turtle ecology and coastal management. We call
for increased interdisciplinary collaboration and outline potential future research directions
to move toward nature-based solutions that enable sea turtle nesting.

Finally, Chapter 7 presents the main conclusions of this thesis by providing an answer
to the three research questions, along with a list of specific recommendations for follow-up
research.

Chapters 2—6 are written as standalone journal papers, meaning there is some repetition
of concepts throughout the thesis, particularly in the introductions of the individual chapters.










Cover photo by Lauren Owens Lambert ©: Kemp’s ridley sea turtle (Lepidochelys kempii) nesting on Padre Island,
Texas, USA.
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Abstract

Beach groundwater and nearshore hydrodynamic data were collected during a field experiment along
two dissipative beach transects on Galveston Island, Texas, in the fall of 2023. The monitored beaches
serve as nesting habitat for the critically endangered Kemp’s ridley sea turtle. Conditions ranged from
calm to stormy, with two storms occurring during the experiment, inundating the entire beach up to
the dune toe. Collected hydrodynamic data include readings from pressure loggers submerged in the
foreshore and mounted in groundwater wells in the backshore, data from two wave buoys about 1.5
km offshore, and GoPro timestacks of the instantaneous waterline (wave runup). Other collected data
include bathymetry and topography surveys, subsurface temperature and moisture content readings,
and sediment characteristics. This comprehensive dataset can be used to (1) study relevant beach
inundation and groundwater processes, including their effect on the local ecosystem (e.g., repeated
flooding of sea turtle nests), (2) study the propagation of nearshore hydrodynamic processes into the
beach matrix and groundwater table, and (3) validate existing beach groundwater models.

This chapter has been published in Scientific Data as:

Christiaanse, J. C., Antolinez, J. A. A., van der Grinten, M. J., Taal, F., Figlus, J., Dellapenna, T. M., Ritt, B.,
Marshall, C. D., Tereszkiewicz, P. A., Cohn, N., Majzlik, E. J., & Reniers, A. J. H. M. (2025). Measurements of
groundwater, hydrodynamics, morphology, and sand temperature at a dissipative sea turtle nesting beach. Scientific
Data, 12, 123.
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2.7. Background & Summary

Sandy beaches serve important societal and ecological functions, not only as natural barriers
protecting the inhabited coastal zone from ocean hazards, but also as habitats for a diverse
range of species (e.g., nesting sea turtles and marine birds; ). However,
beaches are under increasing pressure due to climate change and human activity (

). Rising sea levels and more frequent and intense extreme weather events not
only lead to increased overland flooding ( ; ;

) but also alter groundwater dynamics ( ; ;

).

Groundwater dynamics play a pivotal role in coastal ecosystem functions, as they in-
fluence habitat health ( ), salt intrusion ( ), coastal
flooding ( ), and sediment transport dynamics ( ;

). The groundwater table is expected to follow sea level rise rates
( ; ) and is above mean sea level under normal cir-
cumstances (overheight; ). There can be considerable short-term vari-
ability in the groundwater table (> 1 m) due to high water level events, wave runup, and
precipitation ( ). A higher mean groundwater table may compound the
effects of these short term events. For example, higher beach groundwater levels have been
reported to increase wave runup ( ). These challenges are especially criti-
cal in low-lying habitats like barrier island systems ( ;

) and for endangered species like sea turtles, who depend on sandy beaches for nesting:
turtle nests, buried in the sand, require a relatively narrow temperature and moisture window
during their 6-8 week incubation period ( ), and are therefore vulnerable to
inundation from overland flooding and groundwater ( ;

).

To continuously assess these risks and evaluate potential solutions, researchers and en-
gineers rely on existing knowledge and numerical models to predict beach groundwater dy-
namics. However, groundwater dynamics are influenced by a complex interplay of factors,

including beach slope ( ; ), sediment size and permeability
( ; ; ), and hydrodynamic forcing
( ; ). Not all of these processes are fully understood, and

many existing beach groundwater models (e.g., ;

) have not been validated against extensive ﬁeld data across a variety of
beach environments. While multiple studies report field data, relatively few combine obser-
vations of groundwater and swash ( ), and the data are often not readily accessible
(e.g., ; ). Therefore, enhancing our understanding
of these processes through field observations is crucial for reducing uncertainty in model
predictions and developing strategies to restore and preserve beach habitats effectively.

Here, we present data collected during a field campaign in the fall of 2023 at two
beach transects on Galveston Island, Texas (Gulf of Mexico, Figure 2.1a). These dissipa-

tive, fine-grained beaches ( ) serve as nesting habitat for many marine
species, among which the critically endangered Kemp’s ridley sea turtle (Lepidochelys kem-
pii; ). We measured hydrodynamic processes in the foreshore

and groundwater dynamics in the backshore over a period of 1.5 months, using an array
of eight pressure loggers per transect—two submerged in the foreshore and six mounted in
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groundwater wells between the high tide line and the dune toe (Figure 2.1b). Offshore wave
conditions were recorded with two directional wave buoys. These observations were accom-
panied on several days by GoPro video footage of the instantaneous shoreline (wave runup).
We also recorded the sand temperature at a moderate potential turtle nest depth (~ 40 cm)
next to each groundwater well and a vertical profile of sand temperature and moisture con-
tent near the dune toe (where most turtles nest). Finally, we carried out multiple bathymetric
and topographic surveys and derived sediment characteristics from extracted cores.

All data were collected between 16 October 2023 and 29 January 2024 (Figure 2.2) and
covered a range of different conditions. Two storms occurred, with high waves and water
levels inundating the backshore and wave runup reaching up to the dune toe. During these
storms, the groundwater head at the dune toe reached the sand surface for several hours.
We also observed calm conditions and low water levels during consistent offshore winds.
Significant wave heights at the wave buoys ranged from 0.1 to 1.8 m and the total mean
water level in the foreshore from —0.4 to 1.2 m NAVDS8S. This comprehensive dataset can
be used to (1) study relevant groundwater and inundation processes, including their effect on
the beach ecosystem (e.g., repeated flooding of sea turtle nests), (2) study the propagation
of nearshore hydrodynamic processes into the beach matrix and groundwater level, and (3)
validate existing beach groundwater models.
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Figure 2.1: Overview of the field experiments. a) Geographical overview of the area around Galveston Island,
including the two field sites and NOAA stations. Satellite snapshots show the two field site transects with stations
1-8. Station 0 (offshore) is shown on the large map. b) conceptual illustration of the experimental setup at each
transect (not to scale). At offshore station 0 a wave buoy measures the incoming wave conditions. Foreshore
stations 1 and 2 are equipped with submerged PLs. Backshore stations 3 to 8 are equipped with PLs in groundwater
wells and TLs. Basemaps are from OpenStreetMap ( www.openstreetmap.org/copyright) and satellite snapshots
from ESRI World Imagery (ESRI. 2024).
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2.2. Methods
2.2.7. Study area

Galveston Island, situated along the upper Texas Gulf coast, is a sandy barrier island which
shelters Galveston Bay from the Gulf of Mexico. This large bay connects the Houston
metropolitan area to the ocean. Galveston Island stretches southwest for about 45 km from
the bay entrance and is fronted by sandy beaches across its entire length, with dunes of about
1-3 m height. It serves as an important habitat for many plants and animals, including two
species of sea turtles—Kemp’s ridley and loggerhead (Caretta caretta, only sporadically;

; ). The Kemp’s is critically endangered
and typically only nests along the Gulf of Mexico and southeast US coasts. In the southwest,
a naturally stable tidal inlet (San Luis Pass) separates Galveston Island from Follet’s Island.
At the northeastern end of Galveston Island, a 3.5-km-long jetty protects the shipping chan-
nel into the bay. The city of Galveston is located on the northern part of the island and is
protected from the sea by a 17-km-long concrete seawall, constructed in the early 1900s,
which has essentially replaced the dunes behind the beach ( ).

General circulation patterns along the upper Texas coast are strongly related to the larger-
scale current patterns in the Gulf of Mexico and exhibit a seasonal variation, with a mean
northeast bound alongshore current in summer and southwest bound for the remainder of
the year ( ). This coincides with the predominant seasonal wave
directions (south in spring/summer and southeast in fall/winter), although wave heights are
generally low (mean Hy < 1 m; ). Though Galveston Island has a micro-
tidal, mixed-diurnal tide (mean spring tidal range =~ 0.8 m; ), local water
levels are very dynamic and regularly differ from the astronomical tide by a factor of two.
This is expected to be (partly) caused by atmospheric pressure variations and wind- and
wave-induced setup ( ). Furthermore, the region has experienced high sea-
level rise rates in the past century (6.5 mm/year since 1904) and is prone to hurricanes during
the Atlantic hurricane season (June—November; ).

Galveston Island’s beaches are mild-sloping and fine-grained (Dsy ~ 100-160 um;

; ). In front of the city, they are interrupted by groins
every 300-500 m and are regularly nourished, most recently in 2017 and 2019 with dredged
material from the bay entrance channel, which is significantly coarser than the native sedi-
ment ( ; ). South of the city, there have not been regular
nourishments. The combination of the seawall and groins has starved the southwest-bound
sediment supply and led to significant erosion southwest of the city in the past decades (up
to several meters per year; ). The coastline in front
of the city is generally stable or extending seaward though mainly due to the nourishments

( )-

2.2.2. Experimental setup

The experiments were conducted at two field sites along Galveston Island’s gulf coast: Tipsy
Turtle (TT) located about 10 km southwest of Galveston (in front of the Tipsy Turtle Sea Bar
& Grill, hence the name); and Sea Wall (SW) located in Galveston, in front of the sea wall
between 18th and 19th Street. Location TT represents a more natural beach system, with no
recent nourishments, whereas location SW is in front of the city, where nourishments have
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been more frequent.

The field campaign consisted of three deployments (Figure 2.2): one pre-deployment at
TT from 20 to 30 October 2023 (D1, 10 days) and two main deployments from 2 November
to 4 December 2023 at TT (D2, 32 days) and from 7 November to 4 December 2023 at SW
(D3, 27 days). The two main deployments (D2 and D3) had the same experimental base
design, consisting of nine measurement stations spread over the cross-shore profile, with
the most seaward station = 1.5 km offshore and the other eight stations in the fore- and
backshore (Figure 2.1). The stations were named by their field site abbreviation, followed
by their number, starting from 0 at the offshore station to 8 at the landward end (dune toe).
The pre-deployment (D1) had no offshore station, and its stations were distinguished from
D2 by adding an extra 0. So, the stations range from TT10 to TT80 (D1), TTO to TT8 (D2)
and SWO0 to SW8 (D3).

At station 0 (offshore) a directional wave buoy recorded the incoming wave conditions
(only D2 and D3). Stations 1 and 2, located in the foreshore, were equipped with sub-
merged pressure loggers (PL) to measure incoming waves and water levels. Stations 3 to
8 were spread over the (normally) emerged backshore, roughly between the high tide line
and the dune toe, and equipped with PLs, mounted inside 1.5-m-deep groundwater wells,
and temperature loggers (TL) buried in the sand at a typical turtle nesting depth (= 40 cm).
At station 8 (dune toe) we also installed a vertical array of six buried moisture, temperature,
and electrical conductivity loggers, spaced at & 10-cm depth intervals, as well as a barom-
eter recording air pressure and temperature (only D2 and D3). At stations 3 (high tide line)
and 8 (dune toe) we extracted 1.5-m-deep sediment cores for analysis in the lab. On filming
days, the GoPro camera was mounted on a pole near the dune, overlooking the transect and
focused on the instantaneous waterline.

We conducted a total of 24 morphological surveys over both field sites (Figure 2.2).
These included a pre-deployment topographic drone survey (16 October 2023) and a post-
deployment bathymetric echo-sounder survey (29 January 2024) of both sites. The remain-
ing 20 were standard walking RTK-GPS beach profile surveys.

Pre-deployment Main deployments (D2, TT and )
LT /¢ /e
16-Oct  20-Oct 30-Oct  2-Nov 13-Nov 30-Nov 4-Dec 29-Jan
T Q== =0z =) @ 00— ; >
23-0ct  26/27-Oct 6-Nov | 14/16Nov  21-Nov  26-Nov
+ o @ X} :
Drone (topo) + i | Echosounder
GPS (topobathy) Storm 1 Storm 2 (bathy)
@=p Field deployment (TT = Tipsy Turtle, ) e GoPro filming session
Morphological survey (RTK-GPS, unless stated otherwise) g Storm

Figure 2.2: Timeline of the field campaign. The two dotted backround lines represent the timelines at the two
field sites. Each deployment period is represented by an arrow. Important dates or surveys are highlighted with
labels: morphological surveys (grey diamonds), GoPro sessions (black dots), and the two storms (wave icon). The
timeline is not to scale.
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2.2.3. Deployment and instrumentation

This section describes the instruments used during the experiments and how, when, and
where they were deployed. This is done per instrument/data type. The instrumentation of
deployments D2 and D3 is visualized in detail in Figure 2.3, along with timeseries of the
measured nearshore water level, backshore groundwater table, and wave heights.

GPS and morphological surveys

Transect elevation profiles and instrument positions were recorded with handheld RTK-
GPS equipment—Leica CS15 controller ( ) and GS08 rover
( )—hereafter GPS for brevity. Horizontal coordinates were
recorded in meters referenced to the North American Datum of 1983 (NAD83) Texas South
Central (EPSG:6587), as easting (x-coordinate) and northing (y-coordinate). Elevations
(z-coordinate) were recorded in meters relative to the North American Vertical Datum of
1988 (NAVDS8S). The GPS estimated the 3D accuracy of each point measurement and only
recorded a position once the potential error was below 3.5 cm.

The GPS was used to record a total of 20 cross-shore elevation profiles across the de-
ployments and field sites (13 at TT and 7 at SW, see dates in Figure 2.2). Starting from
the first foredune, we took point measurements every few meters, depending on the slope.
The GPS rover was mounted to a 2-m-long survey pole; hence profile measurements were
limited to a water depth of roughly 1.5 to 1.9 m, depending on wave conditions. We timed
profile surveys with low water levels as much as possible, but given the variable conditions,
the extent of the profiles ranged from 40 to 170 m.

On 16 October, we conducted an aerial topographic survey using a DJI Phantom 4 RTK
drone equipped with a /-inch 20MP CMOS camera (FOV 84° 8.8 mm/24 mm {/2.8-f/11
lens; ). The drone was combined with a DJI D-RTK 2 High Precision GNSS
Mobile Station for accurate georeferencing. The GNSS mobile station was referenced at
the National Geodetic Survey AW0617 (TT, approximately 2145 m from the field site) and
AW1703 (SW, approximately 65 m from the field site) control benchmarks. The drone
images were processed using Pix4Dmapper photogrammetry software to create a digital el-
evation model (DEM) and a 3D polygonal model, which includes texture and color data of
the terrain. Next, a photogrammetric point cloud was built, based on the estimated drone
positions and aligned images, providing detailed 3D data of the area’s physical features. Ad-
ditionally, we created an orthomosaic, a georeferenced and seamless image, which offers
a comprehensive and accurate visual representation of the surveyed area. The individual
photogrammetric techniques applied in this process are not explained in detail here, but for
an overview of methods we refer to . Post-processing quality
assurance and accuracy testing was done using known horizontal and elevation measure-
ments of other National Geodetic Survey or Galveston City reference markers found in the
surveyed area. For both locations a horizontal accuracy of 3.26 cm +/- 1.2 cm and a vertical
accuracy of 5.31 cm +/- 1.06 cm were found.

Finally, on January 29, when oceanographic conditions and vessel availability finally
allowed, we conducted a bathymetric survey along the two transects with a vessel-mounted
echo sounder. The survey covered an &~ 80-m-wide area around each transect from the
nearshore (=% 1 m depth) to about 1 km offshore through nine survey transects (spaced
at roughly 10 m alongshore). The middle transect survey was extended to about 2.5 km
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offshore, well beyond the location of the Spotters. This was done with a Teledyne Odom
Echotrac CV100 single-beam echo sounder ( ) operat-
ing at 200 kHz and mounted to the side of a small vessel. The exact position of the echo
sounder was calculated from a SBG Ekinox-E inertial navigation system (

), which received RTK-GPS positions from a Trimble MPS865 GPS receiver (

). Post-processing of the depth readings included despiking,
smoothing, velocity of sound adjustments, and tidal correction and was done using HYPACK
Max software. For the velocity of sound adjustment we applied sound velocity profiles
measured near the two Spotter locations using a Valeport SWiFT SVP (

). Like the GPS profiles, the final seafloor coordinates were recorded as easting (x)
and northing (), referenced to NAD83 Texas South Central (EPSG:6587), and elevation
(z), referenced to NAVDSS.

Pressure loggers (PL)
We used a combination of RBR Solo ( ) and HOBO U20L (

) loggers to record pressure. The Solos recorded at 16 Hz, except for three
which had a maximum sampling rate of 2 Hz. The Hobos measured at 1/15 Hz (every 15
seconds). We used the higher frequency loggers further seaward, where the water level can
vary at smaller timescales than further landward. The distribution of the PLs over the eight
fore- and backshore stations of each deployment is summarized in Table 2.1 and visualized
in Figure 2.3d, e.

1 2 3 4 5 6 7 8

D1 | Solo 16 | Solo 16 | Solo 16 | Solo 16 | Solo 16 | Solo 16 | Solo2 | Solo 2
D2 | Solo 16 | Solo 16 | Solo16 | Solo16 | Solo2 | Solo2 | Hobo | Hobo
D3 | Solo 16 | Solo 16 | Solo 16 | Solo 16 | Solo 2 Hobo Hobo | Hobo

Table 2.1: Overview of the PL distribution over the three deployments. The columns represent the eight stations in
the fore- and backshore and the rows are the three deployments. The number behind ’Solo’ indicates the sampling
rate (16 or 2 Hz). All Hobos measured at 1/15 Hz.

In the foreshore (stations 1 and 2) we installed 16-Hz-Solos, roughly 50 cm above the
bed, in a porous PVC casing, mounted to vertical galvanized steel poles, which were driven
into the sand using a handheld post driver. Conditions during the deployment of D3 on
7 November were quite energetic, which made it difficult to position the PLs at SW1 and
SW2. Therefore, they were mounted slightly higher above the bed. As a consequence, the
PL at SW1 emerged during several low tides and did not record the lowest water levels.

Along the backshore (stations 3—8) the PLs were mounted inside 1.5-m-long slotted PVC
wells with an interior diameter of 5 cm and 250 um horizontal slots along the entire length.
Since the slot size was larger than the relatively fine sediment at the beach (Dsq ~ 150 um),
we used filter cloth to limit the infiltration of fine sediment into the well. For D1 and D2 we
tightened polyester filter felt (filtration rating 75 um) around the wells with tie-wraps every
5 cm and covered the overlap with duct tape. For D3 we used an elastic polyester filter
sock (filtration rating 88 um), which could simply be pulled over the well (Figure 2.4a).
The wells were sealed with pointed caps at the bottom and flat caps, with a 2-mm-hole for
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Figure 2.3: Experimental setup for the two main deployments (D2 and D3). D2 at TT is represented in teal and
D3 at SW in beige. a, b) Cross-shore profiles and instrumentation; ¢) 30-minute averaged water level recorded in
the foreshore (hr11/hsy1) and near the dune toe (Arr7/hsp7); d) 30-minute significant spectral wave height
recorded by the two wave buoys. Data from the SW buoy after it started drifting is shown in grey.

The wells were installed by water-jetting them into the beach surface (Figure 2.4e): we
sawed off the tip of the pointed bottom cap to create a & 3-cm-hole, through which we
pumped water at high speed using a garden hose and a Honda WXI10T water pump. This
water stream liquefied the surrounding sediment, allowing the well to be pushed into the
surface. We stopped when the top of the well was just above the sand surface and pushed
a foam plug inside to seal the jetting hole in the bottom cap and prevent sediment from
entering the well. The Solo PLs were tie-wrapped to a threaded metal rod which was fixed
to the inside of the top well cap (Figure 2.4b). To bring them into position we inserted the
rod into the well and tightly screwed on the top cap. The Hobos were thicker and not suitable
to fix to the metal rod, so we connected them to the well cap through a cord, and installed
them by carefully lowering them into the well and screwing on the cap.

Converting the pressure data to a referenced water level required the elevation of each
PL. We measured their position with the GPS multiple times during the deployment. Be-
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cause they were mounted inside wells (backshore) and PVC casings (foreshore) the GPS
recordings were indirect, as we measured the position of the top of the well cap and PVC
casing respectively. Therefore, we also measured the vertical distance between the sensor
of each PL and the GPS measurement point. For the pre-deployment at TT (D1) the PL
positions were recorded on 20, 23, 26, 27, and 30 October; for the main deployment at TT
(D2) on 2, 13, 16, 21, 25, 26 November and 4 December; and at SW (D3) on 7, 14, 16, 21,
25, 26 November, and 2 and 4 December. However, depending on field conditions, not all
loggers could be GPS positioned on every occasion, especially at the foreshore stations.

Temperature loggers (TL)

We recorded the sand temperature next to each monitoring well with HOBO TidbiT MX
Temp 400 temperature loggers ( ), measuring at 5-min intervals
(1/300 Hz). The TLs were buried in the sand approximately 40 cm below the surface (at
deployment). This depth corresponds to the typical nest depth of loggerhead turtles in this
region, and was chosen as a representative sea turtle nesting depth since it is deeper than
Kemp’s ridley nests, but shallower than green turtle nests. For D1 we simply buried the TLs
and attached them to the wells with a yellow cord to easily retrieve them again. For D2 and
D3, we fixed each TL to the bottom of an 80-cm-long wooden stake. The stakes were then
buried up to half their length (& 40 cm). This way, the TLs could easily be retrieved, while
we marked the stakes with safety tape to serve as visual signals at the field site (as the wells
themselves were not easily recognizable).

ZL6 and Teros loggers

A vertical array of three METER TEROS 11 Soil Moisture and Temperature (TR11) and three
METER TEROS 12 Soil Moisture, Temperature, and Electrical Conductivity (TR12) loggers
( ) was used to record vertical variations in soil characteristics at
station 8 (dune toe). We only had one set available for D2 and D3, so it was deployed at TT8
(D2) from 2 to 21 November and at SW8 (D3) from 21 November to 4 December (Figure
2.6). The individual TR11/12 loggers were mounted to a wooden pole in alternating order at
10-cm depth intervals, starting with a TR11 (Figure 2.4d). They were connected toa METER
ZL6 data logger ( ), mounted above the ground on the same pole.
The ZL6 stored the TR11/12 data and recorded local air pressure and temperature, all at 5-
min intervals (1/300 Hz). At TT, the array was installed with the first TR11 approximately
10 cm below the surface, the lowest TR12 therefore reaching about 70 cm deep. At SW we
installed the array a little bit deeper, reaching from about 30 to 90 cm depth.

Wave buoys
At the offshore stations (TTO/SWO0) we deployed two SOFAR Spotter wave buoys (Spotters;
) to record the incident wave conditions during D2 and
D3. The Spotter uses satellite GPS to measure its local displacement in three dimensions
(XYZ) at a 2.5-Hz sampling rate. From the resulting displacement timeseries it computes
directional wave spectra at 30-min intervals ( ). Spot-
ters also record their geographical position (latitude/longitude), the sea surface temperature,
relative humidity, and estimated wind velocity and direction every 30 min (the wind param-
eters are derived from the computed wave spectra; ). The Spotters
were deployed from a vessel on 3 November in a water depth of ~ 8 m (low-tide)—for TTO
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this was ~ 1.3 km offshore and for SW0 =~ 1.8 km. They were moored to a floating buoy
(11.2-liter volume), which in turn was anchored to the seabed through an anchor-chain with
five 25-pound weights (total ~ 65 kg for weights plus chain). This indirect mooring setup
is recommended by SOFAR, giving the Spotters more freedom of movement compared to
direct mooring.

Figure 2.4: Photo impressions of the field campaign: a) Prepared PVC groundwater wells, wrapped in white filter
cloth to limit fine sediment infiltration; b) Mounting of an RBR Solo PL in an installed well. The PL (yellow)
is fixed to a metal rod, which is attached to the cap of the well; ¢) Overview of deployed instruments at TT.
Each station is marked with orange warning flags; d) Installation of the Teros and ZL6 loggers at SW; e) jetting
installation of one of the wells at TT; f) Extraction of sediment cores at SW using a vibracorer. All photos are
courtesy of the authors.

GoPro footage

The transects were monitored with GoPro Hero 10 Black cameras (23MP CMOS camera
sensor, 16 mm 2.8 lens; GoPro Inc., 2021) on 26 October (only TT), and 13, 14, 16 (only
SW), 25, and 26 November (Figure 2.2). The goal was to use the camera footage to extract
runup timeseries. Therefore, the cameras were positioned to capture a comprehensive view
of the transect, focused on the instantaneous shoreline, while spanning from the distant
horizon to the base of the dune. They were securely enclosed within a protective PVC
box which was mounted to a pole, approximately 2 m above the ground (Figure 2.5). The
GoPro Quick smartphone app was used for real-time stream access to ensure a satisfactory
field view every time they were deployed. To maximize spatial and temporal resolution, the
GoPros recorded at 4K with a rate of two frames per second. An external battery was used
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to prolong the recording time, allowing up to twelve hours of filming. Both cameras were
equipped with a 128 GB SD memory card (7-9 hours of filming required approximately 30
GB of local storage).

Intrinsic camera calibration was performed individually for each camera and filming
mode to tailor the calibration parameters to specific settings. This involved capturing a
short video of a flat checkerboard pattern with known dimensions, under several angles
and distances. Radial and tangential distortions were corrected using the OpenCV Python
toolbox (Bradski, 2000) along with the camera- and setting-specific calibration matrix, en-
compassing focal lengths and optical center location. The root mean square reprojection
error, which should remain sub-pixel, served as a criterion for the quality of the intrinsic
calibration.

Extrinsic camera calibration—georeferencing the two-dimensional undistorted images
to real-world coordinates—was done by solving a photogrammetric equation with six un-
knowns: the real-world coordinates of the camera and the three camera rotation angles (az-
imuth, tilt, and swing). To approximate the solution we used the CIRN Quantitative Coastal
Imaging Toolbox in Matlab (Bruder & Brodie, 2020). In theory, three ground control points
(GCPs) with known real-world coordinates along with an educated guess of the camera po-
sition and angles are sufficient to solve the equation. However, in practice, more GCPs
are needed for improved accuracy and reliability. We deployed six GCPs during each film-
ing day, strategically positioned above the waterline to cover the entire area of interest and
prevent colinearity as much as possible (Figure 2.5). During each GoPro deployment, the
position of the camera and GCPs was recorded with the GPS.

a b
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Figure 2.5: Photos (a) and conceptual setup (b) of the GoPro cameras to record the instantaneous shoreline. Panel
a shows photos of the open (1) and closed (2) protective box, a ground control point (3), and the fully mounted
system (4).

Sediment cores

To analyze the soil characteristics, we extracted two sediment cores from each field site
using an Oztec vibracorer (Figure 2.4f). The cores were extracted at stations TT3/SW3 and
TT8/SWS, representing the high-water line and the dune toe, respectively. The cores had
a length of approximately 1.5 m and were extracted on 20 October (TT) and 21 November
(SW), due to limited availability of the vibracorer. Hence, the SW cores were extracted after
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the first storm on 13 November, which eroded some of the surface, although the erosion
at SW was significantly less than at TT (Figure 2.3d,e). After extraction, the cores were
sealed and stored in a cool room at 3°C. Between 1 and 4 December, we split the cores in
the laboratory and carried out three separate analyses:

* Grainsize distribution: We used a Malvern Mastersizer 2000 (

) to determine the grain size at 10-cm intervals over the length of each core.
At each interval, we extracted a small sediment sample from a 1-cm-thick layer of the
core (i.e., between the top and 1 cm from the top, between 10 and 11 cm from the top,
and so on). The sample was suspended in water in a small plastic centrifuge tube and
then analyzed by the Malvern. To get a more reliable grain size estimate, the Malvern
ran each sample three separate times and returned all three measurements, as well as
the average.

 Line-scan imaging: We created high-resolution line-scan TIFF images of the entire
length of the split cores. We used a Geoscan V' line-scan camera (exposure time 10
ms, calibration aperture 14.12, image aperture 11.39) integrated in a Geotek Multi-
Sensor Core Logger (MSCL) system ( ). Each core was scanned with a
resolution of 200 pixels per centimeter (i.e., 1 pixel = 50 um).

* XRF spectrometry: We conducted X-ray fluorescence (XRF) spectrometry using an
Olympus Vanta XRF integrated into the same Geotek MSCL system as the line-scan
( ). The XRF measured the elemental abundances of a range of elements
between Magnesium (Mg) and Uranium (U) every 5 cm.

2.2.4. Maintenance and disruptions

Several instruments needed some form of maintenance during the fieldwork, causing gaps
in the recorded data. Furthermore there were some unforeseen incidents during the deploy-
ments, also causing disruptions. In the processed timeseries, these gaps were filled with
Not a Number (NaN) values. These disruptions are summarized here and an overview of
the activity of each instrument, including gaps, is presented in Figure 2.6.

Pressure loggers

During all deployments we carried out (irregular) inspections of the monitoring wells, quickly
unscrewing the cap to check the logger. These quick inspections usually took no more than
1-2 min. Additionally, the Hobo PLs, measuring at 1/15 Hz, reached their internal stor-
age capacity after about six days. Hence, they had to be removed from the well to offload
the data at least every six days, which normally took about 15 min. The Solos had enough
capacity to record continuously for the entire deployment duration. Nonetheless, on 16
November, we retrieved all deployed PLs (D2 and D3, foreshore and backshore) to offload
data. This was done as a precaution to check if anything went wrong and to safely back up
the first part of the data. This means that no data were recorded at SW (D3) between 08:45
and 11:30, and at TT (D2) between 13:45 and 16:20 Central Standard Time (CST/UTC-6).
Next to these regular maintenance breaks, there were several incidents that led to gaps in
the data and/or changes in the vertical position of the PL:
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* After the retrieval of the instruments of D1, the PL from TT20 (solo02) was unrespon-
sive and could not be read out. No exterior damage was discovered so it was sent to
RBR Global for assessment and repair. Unfortunately, no data could be recovered
from the logger, so there is no recorded pressure data for D1 at TT20.

* The monitoring well at TT60 (D1) was hit by a truck on 27 October at 12:27 CST
(time determined from spike in recorded pressure). Luckily, the PL (solo06) was not
damaged and kept recording. We replaced the well and reinstalled the PL at 16:15
CST on the same day.

* Similarly, the well at SW5 (D3) was hit by a truck on 9 November at 13:09 CST,
however, we only discovered this on 13 November. The PL (solo09) was not damaged
and kept recording, although during the hit it moved downward by 11 cm. The time
and vertical movement were determined from a clear step in the recorded pressure.
We removed the PL on 13 November 13:15 CST and replaced the well and reinstalled
the PL on 14 November 10:30 CST, which moved the logger upward again by 6 cm.

* On 13 November, during a quick check, we discovered that the plug in the well at
SW8 was not weighted correctly and had moved upward around 13:20 CST (time
determined from step in pressure data), also pushing the installed PL (hobo05) upward
(unlike the Solos, which were fixed to a metal rod, the Hobos were hanging on a cord
from the well cap). We pushed the plug down again and put extra weight on top and
the PL was in position again on 13 November 20:35 CST.

 After the storm on 13 November the steel poles at TT1 and TT2 (D2) were visibly
tilted, moving the PLs (solo03 and solo04) slightly downward (more so at TT1). Un-
fortunately the only pre-storm recording of the PL positions was on 2 November,
directly after deployment. After the storm, the positions were recorded on 16 and 21
November and 4 December. The difference between the pre-storm position and the
average of the three post-storm ones gives a downward vertical movement of 9.3 cm
at TT1 (solo03) and 3.7 cm at TT2 (solo04), although it is not entirely clear how accu-
rate the pre-storm positions were and if the entire movement was due to the storm. We
could not identify a significant step in the recorded pressure series so the movements
likely happened gradually during the storm.

* During the data offload on 16 November, we discovered some sand in the lower part of
the well at TT3 (D2), which probably entered the well during the storm on 13 Novem-
ber. There were no problems retrieving the PL (solo05), however as a precaution we
reinstalled it about 16 cm higher up on the metal rod.

* During the data offload of the Hobos at TT (D2) on 27 November we discovered that
hobo01 at TT8 had malfunctioned after the previous offload on 21 November. No data
could be recovered for this period, and we replaced it with a spare Hobo for which
we kept the same ID (hobo01) from 27 November 9:03 CST. We used the same cord
so the logger elevation did not change.

* Finally, the PL elevations at TT2, TT6, SW1, and SW2 led the loggers to be emerged
during several periods with low water levels. In the foreshore (TT2, SW1, and SW2)
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this was the case during some of the low tides. In general the PL elevations were
chosen based on a trade-off between having enough depth and minimizing the risk of
the logger getting buried if it were installed to close to the bed. At SW1 and SW2
the loggers were also installed slightly higher because of the difficult and energetic
conditions during deployment, and were not changed afterwards. At TT6 the logger
was installed a few cm too high for the lowest water levels on 28 and 29 November,
due to the presence of the berm at deployment, resulting in gaps of six and four hours,
respectively.

Temperature loggers

There was no regular maintenance involved for the TLs, but several disruptions occurred, all
of which during D2 at TT. We believe that the reason for this is that the beach at TT eroded
significantly more than at SW (up to 40 cm in some places, Figure 2.3d), which destabilized
the wooden stakes to which the TLs were mounted.

* On 13 November around 17:30 CST, during the first storm, the TLs at TTS (7L113)
and TT6 (TL114) were washed away (as they were mounted to wooden stakes pro-
truding from the sand surface). The loggers were not damaged and were recovered
and reinstalled on 14 November 12:30 CST.

* On 14 November around 11:00 CST the TL at TT3 (7L111) disappeared from its po-
sition (the reason is unclear). It was found and recovered undamaged in the foredune
later in November but not reinstalled.

* On 30 November around 17:00 CST, during the second storm, the TL at TT4 (7L112)
was washed away. It was recovered undamaged on 1 December but not reinstalled.

Wave buoys

Unfortunately, neither Spotter completed the full deployment period. The SWO Spotter
started drifting from its deployment position on 12 November, nine days after its deploy-
ment. It is unclear what exactly happened, but it was most likely caught or hit by a vessel
or trawling net, as it briefly moved upwind. It then started drifting southward freely on 14
November and kept recording for the next 17 days. It finally stranded on 29 November in
Mexico, about 490 km southwest of Galveston, and was recovered, still connected to the
secondary floating buoy (but not the anchor chain and weights). The TTO Spotter stayed
in position until 26 November, when it was collected in the net of a local fishing vessel
(confirmed by the captain of the vessel). Unfortunately, the crew released the buoy from
the vessel a few days later and it ultimately stranded on Matagorda Beach on 30 November,
roughly 120 km southwest of Galveston, where it was recovered. During its trip, it lacked
the ballast chain (likely removed on the vessel) and therefore the required stability for reli-
able measurements. Fortunately, both Spotters were recovered intact and with undamaged
memory cards. There is no Spotter data from either TTO or SWO after 26 November, which
includes the second storm on November 30th. However, the data from the SWO Spotter
during its entire trip to Mexico is available (Figure 2.3g).
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Figure 2.6: Instrument activity for all three deployments (separated by the grey horizontal lines) of the pressure
loggers (blue), temperature loggers (pink), ZL6/Teros loggers (green), and wave buoys (yellow). The ZL6/TR row
represents the ZL6 logger as well as all six TR11/12 loggers connected to it.

2.3. Data Records

All data are stored open access on the 4TU.ResearchData repository, as a data collection
called TURTLE: Measurements of groundwater, hydrodynamics, sand temperature, and
sediment characteristics at two beach transects on Galveston Island, Texas, USA (Christi-
aanse etal., 2024a), accessible through the following link: https://doi.org/10.4121/93256801-
ed01-4627-9e49-8607967a0853. The collection includes seven datasets (the peer reviewed
version numbers corresponding to this publication are denoted by the v-numbers at the end):

* TURTLE - Main data - deployment D1 - location TT (20 — 30 Oct 2023), v3, [Link]|

TURTLE - Main data - deployment D2 - location TT (2 Nov —4 Dec 2023), v3, [ Link]

* TURTLE - Main data - deployment D3 - location SW (7 Nov — 4 Dec 2023), v3,
[Link]

TURTLE - GoPro Timestacks (26 Oct — 26 Nov 2023), v2, [Link]

TURTLE - Beach profiles and bathymetry (16 Oct 2023 — 29 Jan 2024), v2, [Link]

TURTLE - Topographic drone survey (16 Oct 2023), v2, [Link]|

TURTLE - Supplementary data, v2, [Link]



https://doi.org/10.4121/93256801-ed01-4627-9e49-8607967a0853
https://doi.org/10.4121/93256801-ed01-4627-9e49-8607967a0853
https://data.4tu.nl/datasets/4c1a60e6-ad7a-49a4-a3ae-4301851edd25
https://data.4tu.nl/datasets/14b8b668-7ef7-431d-9228-31bee78afcaf
https://data.4tu.nl/datasets/ff770a3c-1187-41c5-9aaa-e600beb09153
https://data.4tu.nl/datasets/c719a332-2c3e-49e6-b1ff-23d9f5ce1d00
https://data.4tu.nl/datasets/16fa5363-d269-4c87-b784-f06cd280ab22
https://data.4tu.nl/datasets/a99de6c3-7645-45a6-bd05-5510598205bc
https://data.4tu.nl/datasets/bbe3a77e-be76-4424-ba07-4fa03aba947b
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Each deployment has its own main dataset, which includes the PL, TL, Spotter, ZL6/TEROS,

and sediment core data. The morphological GPS and echo sounder surveys are gathered in
the "Beach profiles and bathymetry’ dataset. The drone survey data and GoPro timestacks
are stored as separate datasets because of their relatively large file sizes. Finally, the sup-
plementary data contain external data that were used in the processing of the observations
(i.e., air pressure and water level from ).

2.3.1. Deployment datasets

Each deployment dataset contains all data gathered as part of that specific deployment, ex-
cept the morphological surveys and GoPro footage. For D1 this is only PL and TL data, for
D2 and D3 it also includes the, ZL6/TEROS, Spotter, and sediment core data (even though
the cores at TT were extracted on 20 October, the data are gathered in the main data of
D2). Each instrument/data type has its own directory within the dataset, where all data files
are located, and which also contains a folder called "raw’ with the unaltered logger output
files (if applicable). Additionally, each folder contains a README.txt file with detailed
explanations and instructions.

All processed deployment data files follow the same naming convention (except the
sediment core data, see below): YYYYMMDD YYYYMMDD AA SSS dataname.ext, where
the two YYYYMMDD represent the start and end date of the data record, A4 is the deployment
ID (D1/D2/D3), SSS is the field site ID (TT/SW) or station ID (TTX/SWX), dataname is the
data identifier, and ext is the file extension. For example, the data from solo03 at TT1 of D2
are gathered in the NetCDF file 20231102 _20231204_D2 TTI solo03.nc. Furthermore, for
all time series data, the timestamps have been converted to Unix epoch time (seconds since
1 January 1970, UTC).

The first directory, ’0_Meta’, contains relevant meta data for the instruments of the cor-
responding deployment. This includes CSV files with the measured GPS positions of each
instrument, the pressure offsets for each PL used to correct the raw data (see Technical Vali-
dation section), an overview of the bucket tests carried out to validate the PLs, and a matrix
containing the instrument activity shown in Figure 2.6.

The processed PL time series are gathered in the directory 1 _PL’, in one NetCDF (.nc)
file per PL. Each NetCDF file includes five variables: raw pressure (pr), processed pressure
(pp), water depth (d), logger elevation (z), and water level relative to NAVD88 (h). For
storage efficiency, the data have been converted to Pascal (pressure) and mm (depth/eleva-
tion) and stored as integers, with invalid data points given a value of —9999. Raw pressure,
pr, are the raw pressure readings from the logger. The processed pressure, pp, is pr cor-
rected for the atmospheric pressure at NOAA’s Pier 21 station (ID 8771450, included in
supplementary dataset) and, if required, a logger specific pressure offset (see Technical Val-
idation section). Additionally, values at inactive timestamps (e.g., data offload, emergence
during low-tide, disruptions) have been filtered and replaced with —9999. The water depth
above the logger, d, was computed hydrostatically by dividing pp by the gravitational ac-
celeration (g = 9.81 m/s?) and the density of sea water (0 = 1023.6 kg/m?>). The logger
elevation, z, was derived from the GPS recordings (see Technical Validation section) and
the final water level relative to NAVDS88, h, is the sum of d and z. Due to their large file
sizes, the raw output files of the PLs are gathered in a separate directory, 9 PL raw’, so
they can be downloaded separately if desired. These are .rsk files for all Solos, which can



2.3. Data Records 27

be read using the Ruskin software by RBR; and . aproj files for all Hobos, which can be read
using the HOBOware software from HOBO.

The TL data are gathered in the directory ’2_ TL’. The "raw’ folder contains the raw CSV
files extracted from each individual TL. The processed time series (converted to Unix epoch
time and filtered for inactive timestamps) are gathered in a single CSV file. Its columns
represent the measured sand temperature at each corresponding station and are named as
SSS LOGID, where SSS is the station ID and LOGID is the logger ID (e.g., TT3 TL109
represents the sand temperature at station TT3, which was measured with logger TL109).

The ZL6/TEROS data are gathered in the directory ’3_ZL6TEROS’. The ’raw’ folder
contains the raw Excel file (.xIsx) extracted from the ZL6 logger. The processed 5-min-
interval time series of air temperature (at, ZL6), air pressure (ap, ZL6), volumetric water
content (we, TR11/12), sand temperature (st, TR11/12), and electric conductivity (ec, TR12)
are gathered in one CSV file. The variables are named as Z LLLL vv, where Z is the vertical
position (starting from 0 for the ZL6 down to 6 for the lowest TR12), LLLL is the logger
type (ZL6/TR11/TR12), and vv is the variable abbreviation (at/ap/wc/st/ec). For instance,
4 TRI2 wc represents the volumetric water content measured by the TR12 at the fourth
position from the surface.

The Spotter data are gathered in the directory ’4 Spotter’. The ’raw’ folder contains
the 15 raw CSV files extracted and compiled from the Spotter SD card, including the full
2.5-Hz displacement time series. For an overview of the data in each raw file we refer to
the Spotter GitHub repository ( ). The folder ’bulk’ contains the 30-min-interval
bulk parameters that were transmitted live during the Spotter deployment, including spec-
tral wave parameters, estimated wind velocity and direction, relative humidity, sea surface
temperature, and geographic position (latitude/longitude). The folder contains one CSV file
each for the raw and processed bulk data. The latter were manually filtered for outliers in
the significant wave height and mean wave period (Figure 2.3g). All wave parameters at a
timestamp with an outlier in either the significant wave height or mean wave period were set
to NaN. The wind, temperature, humidity, and geographic coordinates were not filtered for
outliers, but we did filter data at invalid timestamps at the start and end of the time series for
all variables. The CSV file for the SWO0 Spotter contains an additional column, drift flag,
which was set to 0 during the normal deployment and to 1 for all records gathered when it
was drifting (see teal and grey data in Figure 2.3g). Invalid data entries in-between were
filtered. Due to privacy reasons we removed all location data from before the Spotters were
released in the water and after they stranded on the beach (both in the raw and processed
files).

The sediment core data are gathered in the directory ’5_ Cores’ of the main datasets of
D2 (TT) and D3 (SW). All files are named YYYYMMDD SSS dataname.ext, where YYYYM-
MDD represents the extraction date of the core, SSS the station ID, dataname the data iden-
tifier, and ext the file extension (e.g., 20231121 _SW3_grainsize.csv contains the grain size
distributions for the SW3 core). Grain size data are provided in two files per core: the raw
TXT file containing the tabled output of the Malvern, and a processed CSV file containing
the summarized grain size distributions at each depth interval, based on the average of the
three Malvern runs per sample. The line-scan images are provided in four files per core:
the raw TIFF image of the entire core, an edited TIFF image with a length-scale along the
left side, a raw XML file containing metadata about the core dimensions, camera setting,
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and resolution, and a raw RGB file. The three raw files can be read together using Geotek
software ( ). For the XRF we only provide the raw data files: an OUT file
containing the tabled output data in text format, and a binary DAT file containing the data
and instrument calibrations, which can be read using Geotek software.

2.3.2. Morphological surveys

The morphological survey data is split into two datasets, one containing the beach profile
and bathymetric echo sounder data and a separate dataset for the drone survey because of
its large file sizes. The first is divided into two directories: GPS, containing the hand-
held GPS profiles, and Echo, containing the bathymetric echo sounder survey data. The
GPS profiles are provided in one CSV file per recorded beach profile and named YYYYM-
MDD AA_SS.csv, where YYYYMMDD represents the survey date, 44 the deployment ID
(D1/D2/D3), and SS the field site ID (TT/SW). The columns in the CSV file contain the
timestamp of each point measurement and the horizontal and vertical coordinates, includ-
ing coordinates in a deployment specific cross-shore coordinate system (see below). The
echo sounder survey is provided in two CSV files (one per field site) containing the time
and horizontal and vertical coordinates.

The horizontal coordinates of the GPS surveys are given in two official coordinate
reference systems: NADS83 Texas South Central easting (e) and northing (n) in meters
(EPSG:6587), and WGS84 latitude (lat) and longitude (lon) in degrees (EPSG:4326). The
vertical coordinate (z) is in meters relative to NAVDSS. To reference all profiles and instru-
ment positions of one deployment to a single cross-shore axis, we created a local, deploy-
ment specific coordinate system by fitting a line through the longest and straightest profile
of each deployment and defining an origin behind the dune toe (Figure 2.3a-e¢). We then
projected all GPS profiles and instrument positions to this line resulting in a cross-shore
coordinate, x, the distance to the origin, positive in seaward direction. The alongshore co-
ordinate, y, represents the distance between the projected and measured points. The local
coordinate systems are referenced to real-world coordinates through the axis angle (relative
to North) and the coordinates of the origin (Table 2.2).

The topographic drone survey data are gathered in five files per field site: two TIFF
files for the DEM and the orthomosaic, a LAZ file containing the point cloud, an OB]J file
containing the 3D polygonal surface mesh, and an accompanying MAT file which contains
material definitions for the polygonal mesh (e.g., color and texture). The latter two can be
loaded into CAD software.

Base profile | Angle [°N] | Origin E [m] | Origin N [m] | Originlon[°] | Origin lat. [°]
D1 20 Oct 142.03 998954.83 4161529.28 -94.89517 29.22765
D2 2 Nov 140.61 998951.14 4161526.83 -94.89521 29.22763
D3 4 Dec 138.22 1009525.55 4169174.65 -94.78367 29.29320

Table 2.2: Local cross-shore coordinate system for each deployment, referenced to real-world coordinates through
the angle relative to North and the coordinates of the origin (E/N = easting/northing, lon/lat = longitude/latitude).
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2.3.3. GoPro timestacks

The GoPro timestacks are gathered in a separate dataset and all files are named YYYYM-

MDD HHMM AA SS GXCODE.ext, where YYYYMMDD is the date of the recording, HHMM

is the starting time in CST, A4 is the deployment ID, SS is the field site ID, and GXCODE is
the GoPro file ID. For storage efficiency, the GoPros store a long filming session in several
separate files, the order of which can be determined from the GoPro file ID. For practical
reasons, we named all files with the starting time of their respective session. The timestacks
are stored in NetCDF files which contain the RGB values of each pixel, as well as the time
and space dimensions. The spatial coordinates are given in easting and northing NADS3
Texas South Central. Additionally, we projected the timestack transects to the deployment
specific cross-shore coordinate systems (x and y coordinates). There is also a folder with
plots of each timestack so they can be visually inspected without having to read all the data.
Due to the enormous file sizes of the individual videos, we decided not to include them in
the data repository. However, the video footage may be acquired by contacting the authors
directly.

2.3.4. Supplementary data

The supplementary dataset contains records of the air pressure recorded at NOAA station
8771450 (Galveston Pier 21) and water level recorded at NOAA station 8771341 (Galve-
ston Bay Entrance, North Jetty). Both were obtained from the NOAA Tides and Currents
database ( ) and are provided as CSV files.

2.4. Technical Validation
2.4.1. Pressure loggers

Atmospheric pressure is continuously recorded at 6-min intervals by NOAA’s Pier 21 station
in Galveston (station ID 8771450, 2 km from SW and 14 km from TT; ). The
ZL6 logger also measured air pressure at TT8 from 2 to 21 November and at SW8 from
21 November to 4 December. The recorded pressure from the ZL6 compared very well to
the NOAA station at both field sites (r = 1.00, RMSE = 0.21 mbar at TT and r = 1.00,
RMSE = 0.16 mbar at SW).

We let all PLs record the atmospheric pressure for at least 30 min, before and after
each deployment, as well as once during the two main deployments (on 16 November).
To validate the recorded pressure time series we compared them to the ZL6 and/or NOAA
readings. If the mean absolute deviation over the calibration period was larger than 1 mbar
(= 1 cm of water under hydrostatic conditions) we corrected the pressure data according
to the measured offset. Furthermore, we conducted bucket tests with seawater from the
respective field site before and after each deployment, and again on 16 November, during
the two main deployments. During these tests, the loggers were simultaneously dipped in
a bucket of water. Once the water surface settled from the disturbance, we measured the
water level in the bucket. The corrected pressure time series converted to within 1-2 cm of
the measured bucket water levels, which we deem to be an acceptable margin. Most of the
PLs did not show a significant temporal drift in the recorded offset, so a constant offset was
applied to the entire time series. For some loggers the offset was more complicated:

* 50l008 at TT80 (D1) remained emerged for the first days of D1 as the groundwater
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table did not reach the logger. Until late on 21 October the readings compare well
to the air pressure measured by NOAA. However, from then on a negative pressure
offset started to develop, growing linearly until 24 October at about 4:50 CST, when a
sudden spike increased the pressure by about 5 mbar, moving it back near the recorded
pressure by NOAA. During this period the groundwater table was rising (confirmed
by the other loggers). The spike was likely caused by the groundwater first touch-
ing the logger. Unfortunately, it is not entirely clear whether the pressure offset was
still present when the logger was fully submerged. However, after the spike, the
recorded pressure was near the NOAA record again, slowly increasing as the ground-
water submerged the logger. Additionally, solo08 recorded the correct water level in
both bucket tests. We therefore assumed no pressure offset when the logger was sub-
merged. Given that the groundwater table at TT80 cannot be derived from the logger
when it was emerged, we filtered all recorded pressure values until 24 October 8:00
CST (when the sensor appeared fully submerged) in the processed data.

* solo01 showed a positive offset with a temporal drift in both of its deployments (D1
and D3). For D1 it went from =~ 5.5 mbar at the start to & 7.5 mbar at the end, and
at D3 from ~ 6 mbar at the start to ~ 8 mbar at the end (during the offload on 16
November it was &~ 7 mbar). We therefore linearly interpolated the offset between
the determined values on 7 and 16 November and 4 December.

* After malfunctioning, hobo0I was replaced by a spare logger, for which we retained
hobo01 as ID. The original hobo01I had a constant offset of —2.5 mbar, whereas the
new hobo had no offset. This was corrected in the processed time series.

* solo09 (only deployed for D3 at SW5) appeared to be the most inconsistent logger
with varying offsets, albeit always relatively small (< 2 mbar). However, in all three
bucket tests it recorded the correct water level within 1 cm, so we did not apply any
offset to it.

* For the Hobos of D3 (h0bo07 at SW6, hobo06 at SW7, and hobo05 at SW8) an offset
was found at the time of deployment (7 November), when all three loggers appeared
to be 2 — 3 mbar off (also translating to 2 — 3 cm in the bucket test). However, at the
first data offload (13 November) the air pressures were not off anymore and no offset
was found for the remainder of the deployment. Moreover, the difference in corrected
pressures between the six groundwater stations did not seem disproportional during
the first week. We figure the offset at the start may have been caused by the loggers
needing to ’acclimatize’ to the temperature. Given the relatively small offset and the
uncertainty whether it persisted into the first deployment week, we did not correct it
in the data (i.e., all three PLs had an offset of 0 over the entire deployment).

2.4.2. Logger elevations

Every point measurement with the GPS returned an estimate of its 3D accuracy, usually
between 2-3.5 cm. Between multiple measurements of a fixed location, the expected range
around the true position should therefore be 4-7 cm. This was tested by recording the po-
sition of five fixed points on three different days (10, 20, and 24 May 2024), resulting in a
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mean elevation range of 4 cm (std = 1.8 cm). In theory, the more measurements are taken,
the more the range should converge to its maximum value and the mean to the true position.

The first GPS recordings of the backshore PLs of D1 and D2 were taken shortly after
jetting the groundwater wells into the beach and mounting the loggers. Given the rather
intrusive jetting procedure, the soil around the well may have needed some time to settle
back to pre-jetting conditions, potentially resulting in a slight movement of the well. This
hypothesis is supported by the fact that the first recorded elevation was often at one of the
limits of the measured range. We therefore excluded elevation recordings taken on the same
day as the jetting when computing the elevation ranges for all backshore PLs (stations 3—8).
This was only relevant for D1 and D2, as the wells for D3 were jetted on 6 November, a day
before deploying the loggers and recording their positions.

The resulting elevation ranges are mostly below or near the expected 7-cm limit (Table
2.3). For four PLs, the elevation range was above this limit, namely 9.3 cm at TT40 (D1,
solo04),12.2cm at TT1 (D2, solo03), 7.9 cm at SW7 (D3, hobo06), and 9.6 cm at SW8 (D3,
hobo05). The large range at TT1 can be attributed to the tilting of the pole during the storm.
However, we could not determine the exact cause for the higher ranges at TT40, SW7, and
SWS. It could still be attributable to the uncertainty in the GPS measurement, however
it is also plausible that the wells at these stations slightly moved at some point during the
deployments. Practically the entire range at SW7 and SW8 can be attributed to a large
elevation change between 14 and 16 November. It could be that the wells slightly moved
due to something happening in the sand, but it seems unusual for that to happen in only two
days’ time and not during either of the storms. Another possibility could be interference
from a bypasser, although one would then expect a relatively sudden shift, which we could
not identify in either pressure time series.

1 2 3 4 5 6 7 8 | mean | std
D1 26 |39 (2719342 |(0.7)]62|50]| 49 |23
D2 | (122) |49 |42 |41 |41 ] 53 |32]|52| 44 |08
D3 3.7 5357|5455 62 |79]96| 62 | 1.8

Table 2.3: Overview of the PL elevation ranges in cm measured with the GPS. Columns 1 to 8 represent the eight
stations and the final two columns show the mean and standard deviation over the eight stations. The elevations
for TT60 and TT1 (values in brackets at D1/6 and D2/1 respectively) were excluded from the mean and standard
deviation. The reason is that they did not reflect appropriate conditions (the PL at TT1 moved during the storm on
13 November, and for TT60 there were only two measurements as the well had to be replaced mid-deployment).

For the final logger elevations, needed to derive the referenced water level from the pres-
sure data, we used the mean of all valid recorded elevations (excluding the first recording
directly after jetting, as mentioned above). In case the elevation of a PL changed over time,
we adjusted this in the data. The sudden changes were easily corrected with a stepwise
elevation profile in time. For the PLs at TT1 and TT2 we applied a linearly interpolated
elevation profile to account for the elevation change over the course of the storm on 13
November. We used the only recorded pre-storm elevation (from 2 November) until 13
November at 10:00 CST and the mean post storm elevation as of 13 November at 21:00
CST. In between, we linearly interpolated the elevation.
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For the foreshore PLs (stations 1 and 2) we did an additional validation step by compar-
ing the observed water levels during calm conditions (low wind, low waves). The expected
low surge and setup components mean that the water level at the two field sites and NOAA
station 8771431 (Galveston Bay Entrance, North Jetty) should be similar. Small differences
are still expected, especially compared to the NOAA station, which is in the inlet channel
of Galveston Bay. We identified three periods of relatively calm conditions, from 17-18
November (Hg < 0.5 m), 21-23 November (Hg < 0.3 m), and 3—4 December. All three
periods had generally low residual water levels (i.e., surge), shown by the small difference
between the observed water level and the predicted astronomical tide at the NOAA station
(Figure 2.7). Over the three periods, the difference between the observed water levels at
the four field stations (TT1, TT2, SW1, SW2) and NOAA is very similar, with an RMSE
around 6 cm for all four stations (Table 2.4). As expected, the RMSE between stations at the
same location was significantly smaller (2.7 cm between TT1 and TT2, and 1.2 cm between
SWI1 and SW2). The RMSE between the same stations and different field sites (TT1 vs.
SW1 and TT2 vs. SW2) was around 5 cm.
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Figure 2.7: Recorded water levels at TT1 (s0l0o03), TT2 (solo04), SW1 (solo01), SW2 (solo12), and NOAA station
8771341 (Galveston Bay Entrance, North Jetty), during three periods of relatively calm conditions (low wind and
low waves): 17—18 November (a), 21-23 November (b), and 3—4 December 2023 (c).
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TT1 TT2 SWI1 SW2 NOAA

TT1 1 099 0.99 0.97
TT2 2.7 098 0.98 0.96
SW1 53 45 1 0.97
Sw2 6.0 49 1.2 0.96

NOAA | 63 58 5.7 5.8

Table 2.4: Correlation and RMSE between the recorded water levels at TT1 (solo03), TT2 (solo04), SW1 (solo01),
SW2 (solo12), and NOAA station 8771341 (Galveston Bay Entrance, North Jetty), during calm conditions (low
wind and low waves). The upper diagonal of the table shows the correlation coefficient (r) and the lower diagonal
the RMSE in cm.

2.4.3. Sand temperature and water content

To assess the reliability of the sand temperature data we compared the readings of the TLs
at the dune toe stations (TT8 and SW8) with those of the TEROS loggers at a similar depth.
For TTS8, this was the TR12 at position 4 (the fourth logger from above), whereas at SW8
the TL was situated roughly in between the TEROS’ at positions 2 and 3. The temperatures
agree well with a RMSE of 0.17°C at TT8 and 0.25°C at SW8 (Figure 2.8). The higher
RMSE at SW8 makes sense as the TL elevation was in-between two TEROS loggers (we
used the TR 11 at position 3 to compute the RMSE as it was slightly closer). The errors may
be partly caused by the horizontal distance (roughly 1-2 m) between the positions of the
loggers. Moreover, at both locations the highest errors occur in the first hours after deploying
the TEROS array (the TLs were deployed earlier). The installation of the TEROS array
involved digging a deep hole, which stayed open for at least an hour, potentially affecting
the sand temperature for several hours after.

We did not have any data to validate the measured water content. The TEROS loggers
measure the dielectric permittivity of the soil, which is then converted to the volumetric
water content (VWC) through a calibration equation. In the user manual it is claimed that
the TEROS 11/12 factory calibration for mineral soils (Equation 2.1, where RAW is the raw
data value) should derive the VWC with an accuracy of approximately 3% (

). However, for all six loggers, the observed VWC reaches up to 0.6 — 0.65.
Such high values seem unrealistic for sandy beaches, which generally have a porosity in the
range of 0.35 to 0.5 ( ; ). Unfortunately,
we did not calibrate the loggers to site specific soil samples due to time constraints and
the mentioned accuracy claim in the user manual. We were therefore unable to correct the
observations accordingly. Nonetheless, we make the data accessible, as the relative VWC
values and trends thereof may still provide relevant insights into the sand moisture dynamics.
Furthermore, the VWC values can be reconverted to the raw dielectric permittivity output
using Equation 2.1. The raw values can then be converted to VWC again with a different
calibration equation. However, the provided VWC should be used with care, taking the
above into account.

VWC =3.879-10"% - RAW — 0.6956 .1
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Figure 2.8: Comparison of the sand temperature readings between the Hobo TLs and the TEROS loggers at the
two dune toe stations (TT8 and SW8). a) Time series of sand temperature at TT8 (teal) and SW8 (beige). Panels
b and ¢ show scatter plots of the Hobo TL versus the TEROS temperature data at the two stations, including the
RMSE and correlation (7).

2.4.4. \Wave buoys

The National Data Buoy Center (NDBC) operated by NOAA has a buoy (ID 42035) that
records half-hourly offshore wave and wind conditions approximately 37 km east of Galve-
ston ( ). Originally, the plan was to compare the Spotter data to the wave
data from NOAA for validation. Unfortunately, buoy 42035 started drifting and stranded
on Galveston Island on 25 October 2023, roughly one week before the deployment of the
two Spotters. It remained out of service for the entire deployment duration and was only
repaired and deployed again in May 2024. This means that there is no verified wave data
near the deployed Spotter locations for validation, as the two next closest stations with wave
data are NDBC buoy 42019 (~ 160 km southwest of Galveston) and NDBC buoy 42091
(~ 220 km east of Galveston), both of which are much further offshore than 42035.

Given the simultaneous deployment of the two Spotter buoys in relative proximity to
each other (= 13.5 km), we compared the data of the Spotters as a simple validation step.
This was only possible for the period between 3 and 12 November, however, before the
SWO Spotter (spor2) started drifting. For that validation period, the two Spotters compare
well, showing high correlations for significant wave height (r = 0.94, RMSE = 0.05 m)
and mean wave period (r = 0.93, RMSE = 0.24 s, Figure 2.9). Given the lack of further
data, we refer to other, more comprehensive validation studies of Spotter wave and wind
data ( ; ; ;
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Figure 2.9: Comparison of the spectral wave data of the two Spotters between 3 and 13 November, showing
timeseries of significant wave height (Hy, panel a) and mean wave period (T, panel b). Panels ¢ and d show
scatter plots with correlations and RMSE for Hg (r = 0.94, RMSE = 0.05 m) and Ty, (r = 0.93, RMSE =
0.24 s) at TTO and SWO.

2.4.5. Sediment grain size

The measured grain sizes at the beach surface showed a mean Ds, of approximately 153
pumat TT and 172 um at SW (Figure 2.10a-d). These results generally lie within the ranges
reported in literature (Maglio et al., 2020; USACE, 2022). The Malvern Mastersizer 2000 is
suitable for grain sizes up to 2 mm. While most of the sediment at the two field sites is much
finer than that, certain soil layers contained a significant amount of shells/shell fragments
larger than 2 mm, especially at SW. These are likely remnants of past nourishments, which
were coarser than the native sand and contained shelly material (Maglio et al., 2020)—this
also explains the coarser D5, at SW and most shelly material being found there, as it is much
closer to the nourished areas. When preparing the samples for the Malvern we avoided large
shell fragments as much as possible, meaning these were not adequately represented in the
obtained grain size distributions. However, the core from SW3 contained so much shelly
material between 62 and 98 cm from the top (Figure 2.10e, marked in red) that we could
not prepare completely shell-less samples. Therefore, the derived grain size distribution for
these layers may not be well represented by the Malvern results.
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Figure 2.10: Overview of obtained grainsize distributions for the four cores. The boxplots show the obtained grain-
size distributions over the depth of the cores at TT8 (a), TT3 (b), SW8 (c), and SW3 (d). The boxplot dimensions
show the Dsq (middle line and box color), the range between D, and Dgg (extent of the box), and Dy and Dy
(whiskers). Panel (¢) shows a snapshot of the linescan from the SW3 core, with the red boxes highlighting the
section with predominantly shelly material.
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Usage Notes—Usage notes for the specific data files are included in all data folders as README.txt files.
Most of the data are either stored in NetCDF format (*.nc files) or CSV format (*.csv files). Both file types can be
opened and read using most major coding languages. We used Python 3.12 for the processing of all data. If using
Python, we recommend Xarray for reading NetCDF files and pandas for CSV files. The NetCDF files follow CF-
1.8 conventions, so when reading them with Xarray, the unix time values are automatically converted to datetime
objects and missing values (—9999) replaced by NaN (Not a Number). For any unanswered questions concerning
the data or field experiments please contact the authors.
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Drivers of nest flooding

Abstract

Beach groundwater dynamics play a critical role in coastal ecosystem functions, particularly in low-
lying beach habitats used for nesting by endangered species like sea turtles. Incubating nests are
susceptible to prolonged inundation below the groundwater table (GWT), as flooding duration crit-
ically affects egg viability. Understanding how oceanic processes and rain drive GWT fluctuations
in the nesting area is essential for evaluating nest relocation strategies and designing nature-based
solutions that mitigate nest flooding. Here, we analyze how infragravity waves, tides, storm surge,
and rainfall drive short-term fluctuations (hourly to weekly) in the beach GWT on Galveston Island,
Texas—a dissipative, mild-sloping barrier island system along the northwestern Gulf of Mexico coast.
Applying tailored spectral analyses to field observations collected in 2023, we show that surge and
rainfall dominate short-term GWT response in the nesting area, while higher-frequency wave and
tidal signals are increasingly damped landward. To facilitate this analysis, we classify observed water
levels into groundwater, mixed, and submerged regimes based on estimated wave runup. A flooding
threshold analysis reveals multiple, prolonged nest inundation events (exceeding 12 hours) across the
backshore, even for the shallowest nests. This strongly suggests that Galveston Island’s beaches are
currently unsuitable for turtle nesting, underscoring the need to continue the ongoing nest relocation
program and further research nature-based solutions that enable sea turtle nesting (e.g., turtle-friendly
nourishments).

This chapter has been published in Coastal Engineering as:

Christiaanse, J. C., Antolinez, J. A. A., Marshall, C. D., Figlus, J., Dellapenna, T. M., & Reniers, A. J. H. M.
(2025). Beach groundwater response to ocean processes and rain on a mild-sloping barrier island: implications
for sea turtle nest flooding. Coastal Engineering, 201, 104795.
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3.7. Introduction

The increasing shift towards nature-based solutions in coastal engineering has led to a need
for more research on how coastal processes and engineering interventions affect the local
ecology, biodiversity, and ecosystem services ( ; ). In
this context, beach groundwater dynamics—the spatial and temporal variation of groundwa-
ter and moisture within the beach matrix—play a pivotal role in coastal ecosystem functions

( ), as they influence habitat health ( ), fresh-
water resources and salt intrusion ( ; ), coastal flooding
( ; ), and sediment transport dynamics (

; ). They are particularly important in low-lying habitats
like barrier island systems ( ; ;

) and for endangered species like sea turtles, who depend on sandy beaches for nest-
ing. Yet, despite its significance, groundwater is often overlooked in the design and analysis
of coastal interventions ( ).

Sea turtles—key species in many coastal ecosystems worldwide (e.g.,

; )»—Dbury their eggs in beach sand, where they incubate for 6-8 weeks.
Successful incubation requires a relatively narrow range of temperature and moisture condi-
tions that facilitates the exchange of gases, water, and heat between the eggs and surrounding
sand ( ; ). Consequently, turtle nests are highly susceptible
to sea- and freshwater inundation, which has been reported as a major threat to sea turtle
populations (e.g., ; ; ;

) and has motivated various management efforts, including nest relocation
( ). Although the species-specific tolerance of nests to inundation is not
yet fully understood, recent studies suggest that both the duration and frequency of flood-
ing events are critical factors affecting egg viability ( ; ;
). Flooding itself mainly occurs overland through wave runup, storm surges,
high tides, rainfall, or a combination thereof. These driving processes can raise the ground-
water table (GWT) in the nesting area of the beach. Given the significance of inundation
duration, the response of the GWT to these processes plays a large role in determining the
fate of individual nests ( ; ). While studies that
investigate the implications and drivers of nest inundation are increasing (e.g.,

; ; ; ), very few

actively include the GWT in their analyses ( ; ;
). Therefore, understanding what drives groundwater fluctuations in the
nesting area of the beach is critical to evaluate the need for management practices like nest
relocation and to design nature-based solutions that can help mitigate the flooding of turtle

nests ( ).
Numerous studies have analyzed the influence of coastal hydrodynamics on beach ground-
water. In general, both field studies (e.g., ; ;
) and laboratory experiments (e.g., ) have demonstrated

that the beach matrix functions as a low-pass filter, resulting in the attenuation of oceanic
fluctuations (e.g., tidal signal) in the GWT as they propagate inland, accompanied by in-
creasing phase lag and asymmetry. Analytical and field observations have shown storm-
driven pulses (due to surge and wave effects) in the GWT to propagate further and faster
inland than tidal oscillations ( ; ). These oceanic forcings,
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along with rainfall, can drive considerable short-term variability (> 1 m) in the beach GWT
( ). Above the GWT lies the capillary fringe (CF), an additional satu-
rated zone where negative pore pressures draw water upward from below ( ;
). On longer time-scales, the combination of tides and waves drives a super-

elevation of the beach GWT, as it rises more quickly than it drops ( ;
)—i.e., the mean GWT is above mean sea level. Furthermore, the GWT is expected

to follow sea level rise ( ; ), which could compound
short-term fluctuations, for example by increasing wave runup ( ).

Short-term variations in the GWT and the CF are influenced by a complex interplay of
factors, including beach slope ( ; ), sediment size and
permeability ( ; ; ), hydrologi-
cal factors ( ; ), and hydrodynamic forcing (

). For instance, the relative super-elevation and CF width
are expected to be higher in fine-grained, mild-sloping beach systems, which have lower
permeability and therefore slower drainage ( ). However, not all of
these processes are fully understood and their interactions vary across different coastal envi-
ronments, so it remains challenging to generalize findings between different environmental
settings ( ; ).

Here, we analyze how ocean processes and rainfall drive short-term (hourly to weekly)
fluctuations in the beach GWT, specifically focusing on events that cause sea turtle nest
inundation. We use data collected during an extensive field campaign in the fall of 2023
on Galveston Island, Texas, USA ( )—a dissipative, mild-sloping
barrier island beach system along the northwestern Gulf of Mexico coast. The observa-
tions enable us to assess the influence of infragravity waves, tides, storm surge, and rainfall
on measured water levels between the shoreline and the dune toe. However, because the
extent of the swash zone varied over time, the observed water levels did not always rep-
resent the pure beach GWT. To facilitate interpretation, we categorize the observed water
levels into three regimes based on estimated wave runup: groundwater, mixed, and sub-
merged. While we use the term GWT throughout this paper, our analysis explicitly focuses
on ocean processes and rainfall acting directly on the beach system, and does not include
inland groundwater processes (e.g., aquifer recharge or regional groundwater flow). Our re-
sults (1) provide new observations on the interplay of coastal hydrodynamics and the beach
GWT on mild-sloping beaches (to our knowledge, the first such observations in the Gulf
of Mexico); (2) aid local coastal managers in evaluating nest relocation strategies; and (3)
support research toward nature-based solutions that enable sea turtle nesting on Galveston
Island (e.g., turtle-friendly beach nourishments).

3.2. Methods
3.2.1. Study area

Galveston Island is one of many low-lying barrier islands along the northwestern Gulf of
Mexico coastline. It is located along the upper Texas coast, roughly 45 km southeast of
Houston (Figure 3.1a), and forms an important part of the Texas coastal protection system,
as it shelters Galveston Bay from the Gulf of Mexico ( ). Similar to other
Texas barrier islands, Galveston Island began forming approximately 4500 years ago as
submerged sandbars. These gradually evolved with an accumulation of fine sand deposits
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Figure 3.1: a) Location of the study area in North America. b) Geographic overview of the study area. The two
field sites are marked in their respective colors, and external observation stations (NOAA & NWS) in black. c),
d) Cross-shore profiles and instrumentation at the two field sites.

on top of older Pleistocene-era sediments ( ). The island’s surficial aquifer
consists of a 10—15-m sand stratum, underlain by the confining Beaumont Formation—a
Plelstocene unit primarily composed of clay with interbedded sand and silt (
; ). The GWT is generally within
a few feet of the surface ( ). The surficial aquifer depth is comparable to those
reported for other US barrier islands (e.g., the North Carolina Outer Banks;
). Following past studies, the regional aquifer structure is therefore approximated as
homogeneous despite small-scale heterogeneity (e.g., ;
)-
Galveston Island’s beaches are mild- sloplng and fine-grained (D5 ~ 100-160 um; see
, for full grain size distribu-
tions) and are backed by about 1-3 m-high dunes In front of the city of Galveston—Ilocated
on the northeastern part of the island—the beach is interrupted by groins every 300500 m
and backed by a 17 km-long concrete seawall, which essentially replaces the dune. Al-
though situated in a mixed-diurnal micro-tidal setting (mean spring tidal range +0.8 m),
local water levels show considerable variability, often deviating from the astronomical tide
by a factor of two ( ). This variability is likely caused by a complex interplay
of barotropic and baroclinic processes, such as atmospheric pressure variations and wind-
and wave-induced setup ( ). In addition, the region has experienced high sea
level rise over the past century (around 6.5 mm/year since 1904) and is prone to hurricanes
during the Atlantic hurricane season from June to November ( ).
The Kemp’s ridley (Lepidochelys kempii) is the main sea turtle species to nest on Galve-
ston Island, with sporadic nesting by loggerhead sea turtles (Caretta caretta;
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; ). The Kemp’s ridley is the most critically en-
dangered sea turtle in the world and is endemic to the western Gulf of Mexico, although
more recently nesting is occurring in the northern Gulf of Mexico and southeast US coasts.
The nesting season occurs from April to July for Kemp’s, and from May to October for log-
gerheads ( ). Galveston Island is outside the historic Kemp’s ridley nesting
range (which lies further south in Mexico), but the species was introduced to Texas through
a large-scale head-starting program over the past decades ( ;

). As a result, the number of nesting females in Texas is steadily in-
creasing. Moreover, Galveston Island’s geographic position may enable it to become an
important future climate refuge for the species. However, the continuous erosion and fre-
quent inundation of Galveston’s beaches combined with their low-elevation setting make it
uncertain whether they can function as a suitable long-term nesting habitat for sea turtles.
Due to the critically endangered status of the Kemp’s ridley sea turtle, the current policy is
to relocate all sea turtle nests in Texas to an incubation facility or corrals at Padre Island
National Seashore, with a few exceptions ( ).

3.2.2. Field measurements and data

Measurements of groundwater, hydrodynamics, and sand characteristics were collected dur-
ing the TURTLE field experiments on Galveston Island in the fall of 2023. Here, we give a
summary of the part that is relevant for this study. For a detailed description of the complete
field site, experimental setup, instrumentation, collected data, and technical validation, see

. The local cross-shore coordinate systems and station numbers
defined in have been adopted here for consistency.

The data were collected at two field sites: Tipsy Turtle (TT), located about 10 km south-
west of Galveston (in front of the Tipsy Turtle Sea Bar & Grill); and Sea Wall (SW), located
in front of the sea wall between Galveston’s 18th and 19th Street (Figure 3.1b). At TT the
beach system is more natural with no recent nourishments, whereas nourishments have been
carried out occasionally at the SW site. The main difference in the cross-shore profiles of
the two locations was the initial presence of a berm on the backshore at TT, whereas the
SW profile showed a fairly constant backshore slope (see black lines in Figure 3.1¢, d).
This berm however eroded during storm conditions on 13/14 November, after which the
two profiles were more similar.

For this study, we used the data from the two main deployments: 2 November to 4
December 2023 at TT (32 days) and 7 November to 4 December 2023 at SW (27 days).
Both deployments had the same experimental setup, consisting of nine measurement stations
along the cross-shore profile: At station 0, located about 1.5 km offshore, a directional wave
buoy recorded the incoming wave conditions. At stations 1 and 2, submerged pressure
loggers (PL) measured the incoming waves and water levels in the foreshore. Stations 3
to 8 were spread over the backshore, roughly between the high tide line and the dune toe.
At each of these six stations a PL measured the GWT inside a 1.5-m-deep slotted PVC
well, and a buried temperature logger (TL) recorded the sand temperature at a typical turtle
nesting depth (+40 cm). Additionally, at station 8 (dune toe), a vertical array of six buried
moisture, temperature, and electrical conductivity loggers (spaced at 10-cm depth intervals)
was installed. Due to the berm at TT, the logger at station TT6 was deployed slightly higher
than the ones at TT7 and TT8 (Figure 3.1c), whereas the logger elevations at SW increased
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monotonically between SW3 and SW8.

Next to the field observations, we used astronomical tide predictions from NOAA sta-
tion 8771510 (Pleasure Pier, PP) and observed water levels from station 8771341 (North
Jetty; ). We also used hourly precipitation totals from a weather station at
Galveston Scholes Field Airport (GLS), accessible through the National Weather Service
database ( ). Finally, 30-year monthly precipitation statistics for Galveston were
collected from the NCEI U.S. Climate Normals data base ( ).

3.2.3. Data processing

While most of the processing steps are described in detail in , We
did a few additional processing steps here. The time series were recorded at varying sample
rates, depending on the PL type (RBR Solo and Hobo U20L) that was used. At the upper
well stations (TT7 and TT8 and SW6 to SW8) the Hobo loggers recorded at 1/15 Hz. At
TT5, TT6, and SW5 we used 2-Hz RBR Solo’s and at all other stations 16-Hz RBR Solo’s.
For the analyses presented in this study, we resampled the original time series to different
time intervals depending on the analyzed process (Section 3.2.5).

Most time series contained short gaps caused by data offloads or other maintenance
activities. These were generally in the order of minutes and were interpolated linearly to
yield continuous time series. On 16 November all loggers were retrieved for 2—3 hours
for a data offload and maintenance check. This was done on the rising (falling) tide at TT
(SW), so the resulting gaps did not include high or low water. Therefore, they were linearly
interpolated as well. However, some time series contained longer gaps that could not be
interpolated. Specifically, there is no data at TT8 from 21 November 16:25 to 27 November
9:03, at SW5 from 13 November 13:15 to 14 November 10:30, and at SW8 on 13 November
from 13:20 to 20:35 (all times in CST/UTC-6). In Appendix A.1, we explain the data gaps
and how we handled them in this study in more detail.

3.2.4. Water level regimes and wave runup

The observed water levels at the backshore stations did not always represent the pure GWT,
as some of the stations (particularly the lower ones) were regularly submerged, during high
tide and surge events. When fully submerged, the observed water level represents the free
surface elevation. Even when the beach at a given station was not fully submerged, water
level observations may be affected by wave runup (wave setup + swash). Therefore, we
classified the observed time series of the backshore stations (3—8) into three different water
level regimes, based on the horizontal excursion of the mean water level at station 2 and the
estimated 2%-exceedance value of the wave runup (R,¢). These values were computed at
30-minute intervals to classify the observed water levels as:

1. Groundwater: onshore of the R, position,
2. Mixed: between R,q and the shoreline based on the water level at station 2,
3. Submerged: seaward of the shoreline.

We estimated the vertical elevation of R, based on , who provide
empirical formulations to compute R, from offshore wave conditions based on two com-
ponents: wave setup and swash. They give a general formulation, which also includes the
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beach slope (8) and a formulation for very dissipative conditions, recommended for a surf
similarity parameter { < 0.3 (Iribarren number, after ). Video-
based observations of the wave runup at SW on 13 and 14 November 2023 showed that the
dissipative formulation provided the most accurate R, estimate (RMSE = 0.08 m;

), whereas the general formulation overestimated R,q, even for a mild
beach slope (8 = 0.016). The estimated wave runup must be added to a reference water
level to compute the total elevation. Given that the observed water levels at stations 1 and
2 already include part of the wave setup, we used the dissipative R,q formulation added to
the observed water level at the NOAA Jetty station:

Ry, = 0.043v/HyLy + hnoaas 3.1
where Hy and L, are the deep-water significant wave height and wave length, and
hnoaa 1s the 30-minute observed water level at the NOAA Jetty. The offshore wave con-
ditions were derived from wave conditions measured by the wave buoy at TTO, located at
a water depth of about 8 m, approximately 1.5 km offshore of TT. We did not use the buoy
at SWO0 because it only recorded reliable data between 3 and 12 November 2023. However,
the conditions measured at SWO correlated very well with those at TTO over this period
(r =0.94; ). We used linear wave theory to convert the measured
significant wave height, Hy, and peak period, Tp, to Hy and Ly ( ). The
deep-water wave length was computed as Ly = gTPZ/Zﬂ, while Hy was derived from the
linear shoaling coefficient (H, = H,/Kj). The computation and formulae are explained in
detail in Appendix A.2.1.

The wave buoy at TTO was active between 3—26 November, after which it started drifting
away ( ). Unfortunately, there was no alternative wave data avail-
able in the region, because the offshore NOAA wave buoy (ID 42035) was down during
the entire deployment. However, the computed wave runup correlated well with 4/ HgL, at
TT1 (r = 0.88) and SW1 (r = 0.86). We therefore used a linear regression based on 4/ HgL,
to derive the wave runup for the conditions outside the operational buoy window (mostly
beyond 26 November). A detailed explanation of this interpolation and the final estimated
R2% are presented in Appendix A.2.

3.2.5. Spectral analysis

We used spectral analysis to quantify the influence of four driving processes on the observed
groundwater fluctuations across the backshore (stations 3—8): infragravity (IG) waves, as-
tronomical tide, rainfall, and storm surge. We excluded the water level on the bay side from
this analysis, as it closely followed the sea level fluctuations and there was no significant
change in the water level due to a residual sink or source (e.g., river inflow). We used the
Fast Fourier Transform (FFT) to convert the observed time series from the time domain to
the frequency domain. To ensure stationarity, we tailored the spectral analyses specifically
to each driving process, explained in detail in the following sections.

Infragravity waves

To quantify the propagation of IG waves into the beach matrix we applied the FFT on the
time-scale of sea states, assuming a stationarity window of 30 minutes. We used (resampled)
2-Hz time series where available (TT1 to TT6 and SW1 to SW5) and 1/15-Hz time series
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at the upper well stations (TT7 and TT8 and SW6 to SWS, see Figure 3.1c¢, d for the instru-
ment locations). The Nyquist frequency at the upper wells was therefore 1/30 Hz, giving a
shortest resolvable wave period of 30 s. A common definition for the IG frequency band is
from 1/250 to 1/25 Hz ( ), however that would have included waves with
periods between 25 and 30 s, which could not be resolved from the 1/15-Hz time series. We
therefore applied a bandwidth of 1/250 to 1/30 Hz in our analysis.

We used FFT to compute the power spectral density (PSD) over 30-minute windows
along each time series (except for the gaps). Following Welch’s method, we divided each 30-
minute window into four blocks of 7.5 minutes ( ). The final PSD was obtained
by averaging the spectra computed over the four blocks. The choice of four blocks was
based on a trade-off between reducing noise and retaining enough resolution to accurately
resolve the longest periods in the considered IG bandwidth (250 s). We then used the n‘*
order spectral moment (m,,) of the PSD to compute the 51gn1ﬁcant IG wave height (H 0, IG)

and mean IG wave period (T;,,_10 16; ; ):
1/30 m
my = f f"PSD(f)df, Hypo,16 = 44/ Mo, Tn-1016 = m__l (3.2)
/250 0
Tide

Given that the astronomical tide is characterized by a sum of multiple constant harmonics, it
is inherently stationary. In principle, spectral analysis through FFT is therefore well suited
to analyze the propagation of the tide into the GWT. However, FFT does not directly provide
information about the phase lag between the two time series, which is needed to understand
how the ocean tidal signal is delayed in the GWT.

To analyze the propagation and relative phase shift of the tide, we computed the cross-
spectral density (CSD), which is the Fourier Transform of the cross-correlation function
between two time series. The magnitude and phase of the CSD represent the shared power
and relative phase shift between the two signals at each frequency band, respectively. Com-
bined with the PSDs of the individual signals, the CSD was used to compute the coherence,
which quantifies the consistency of the relationship between the signals at each frequency
band from 0 (no coherence) to 1 (perfect coherence). Robust estimation of the CSD and
coherence generally requires averaging over blocks to reduce noise and spectral leakage,

as in . However, given our time series were relatively short compared to the
dominant diurnal tidal periods, this would have led to poor frequency resolution.
We therefore used the multitaper method (MTM) introduced by , a sta-

tistically robust alternative that enables spectral estimation over the entire time series using
several orthogonal data windows (tapers). MTM is widely used in neuroscience but has
also successfully been applied in hydrology (e.g., ) and ocean sci-
ences (e.g., ; ; ). In
short, the original time series is tapered (= multiplied) by k members of the Slepian functions
( ), which are orthogonal and thus statistically independent. From the result-
ing tapered versions of the original time series, k statistically independent eigenspectra are
computed through FFT. The final spectrum is obtained by the (weighted) average of the k
eigenspectra. Compared to conventional spectral analysis, MTM reduces bias and spectral
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leakage ( ; ; ). Moreover, it is
possible to derive an internal estimate of the variance through jackknifing ( ).

To reduce high-frequency noise, we resampled the time series to 10-minute intervals.
We then used the multi_taper csd() function from the Nitime python library ( )
to estimate the PSD at each station and the CSD between station 1 and every other station.
We used a time half-bandwidth of NW = 3, yielding k = 5 tapers. The tapers were adap-
tively weighted and filtered for low bias using the adaptive weights and low_bias options
in Nitime. The phase difference was computed as the argument (angle) of the complex
CSD estimate, resulting in a value between —7 and 7 (radians) at each frequency. A pos-
itive (negative) phase difference translated to a lag (lead) in the signal compared to station
1. Hereby, the phase wraps around the two limits [—7, 7], which represent a fully out-of-
phase signal. The time lag/lead at each frequency (f) was computed by dividing the phase
difference by 27 f. The coherence, Cy ,(f), between each pair of time series (x and y) was
computed as:

|CSDy,,(N)I?
PSD,(f) - PSDy(f)’

Cx,y(f) = (33)

where CSDy ,,(f) is the cross-spectral density and PSDy(yy(f) is the power spectral den-
sity of x (y). We quantified an uncertainty estimate for the coherence and the phase differ-
ence using a jackknifing technique, as outlined in . This involved creating
k separate estimates using a “leave-one-out” approach—i.e., estimating the coherence and
phase k times by excluding one of the k tapers every time. The internal variance of the
coherence was then derived from the error between each separate estimate and the aver-
age estimate. For the circular phase, we used a simple uncertainty estimate based on the
maximum and minimum of the k — 1 jackknife estimates. For a detailed explanation of the
coherence and phase uncertainty estimation, we refer to Appendix A.3.

We quantified the amplitude decay and phase lag of the tidal signal across the stations
over two frequency bands based on the dominant diurnal and semi-diurnal constituents at
Galveston Island. At NOAA’s Pleasure Pier Station (NOAA PP in Figure 3.1b), the diurnal
tide is dominated by the K;, O,, B, and Q, coefficients, with a combined amplitude of +42
cm. The semi-diurnal tide is dominated by the M,, S,, and N, coefficients, with a com-
bined amplitude of £21 cm. Based on the frequencies of these harmonics and the frequency
resolution and width of the tidal spectral peaks in the the computed PSDs, we defined:

* The diurnal frequency band between 1 - 10~ and 1.25 - 107> Hz (22.2 to 27.8 hour
periods).

* The semi-diurnal frequency band between 2.12-107> and 2.35-107> Hz (11.8 to 13.1
hour periods).

To quantify the tidal amplitudes at each station, we took the square root of the integrated
PSD over the corresponding frequency band:

fhi
A= \J f PSD(f)d]. (3.4)
f

low
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where A;; is the total diurnal or semi-diurnal amplitude at station i, PSD;(f) is the
PSD at station i, and f;,, and fj; represent the limits of the frequency band. We then
quantified the phase lag (in hours) of the (semi-)diurnal tide at each station relative to station
1. The phase lag was computed as the average of all CSD phase values within the respective
frequency band, retaining only frequencies with coherence C > 0.5. This threshold ensured
that the estimated phase lag was based on coherent frequency components only.

This analysis required full continuous time series without missing data. Therefore, we
interpolated the data gaps at TT8, SW5, and SW8 (see Section 3.2.3) linearly, even though
this may have introduced artifacts. The results were interpreted with this caveat in mind. At
SW5 (%21 hours) and SW8 (7 hours) the gaps were relatively short, so we do not expect
the results to be affected significantly.

Surge and rainfall

The stationarity assumption does not hold for the surge component of the total water level.
As the corresponding frequencies are not known a priori and may vary over time, isolating
the meteorological surge signal from the rest of the time series was difficult. We applied
a low-pass FFT filter to reconstruct the low-frequency signal at each station. We used the
same 10-minute resampled time series as for the tidal analysis and a cut-off period of 36
hours (= 7.7-107° Hz) for the FFT filter, to prevent potential spectral leakage of the diurnal
tide (£25-hour period) from influencing the surge signal.

Next to the meteorological surge, the low-passed time series also included residual com-
ponents, such as low-frequency tidal variations and the smoothed GWT response to rainfall.
Based on the tidal predictions at NOAA PP, there are two relevant low-frequency tidal con-
stituents that we could not isolate from the signal: solar semi-annual (SS4) and solar annual
(84; ). However, both have amplitudes below 10 cm, so on the time-scale of
our observations (30 days), we assumed these to be negligible relative to the surge compo-
nent. Moreover, the foreshore water levels should not be affected by rainfall. We therefore
assumed the low-passed signal to be an acceptable proxy for the meteorological surge at
stations 1 and 2. At the groundwater stations (3—8), however, the response to rainfall was
significant in the low-passed signal. Due to the lack of local high-resolution rain data and
the difficulty of separating the surge and rain responses in the groundwater, we decided to
include the rainfall in this part of the analysis. It should be noted, however, that the actual
response of the GWT to rainfall occurs on shorter timescales (minutes to hours). We discuss
this further in Section 3.4.1.

We selected five separate events to analyze the groundwater response to the surge and
rainfall from the low-passed signals (Table 3.1). We used hourly precipitation rates from
the GLS weather station (NWS GLS in Figure 3.1b) and two-hour averaged wind speed and
direction data from NOAA’s North Jetty station (NOAA Jetty in Figure 3.1b), to determine
whether each of the five events was influenced by surge, rain, or both. One event was rain-
only, two events surge-only (one with a reverse surge), and two storm events with both surge
and rain. For each event we analyzed the corresponding maxima (minimum for the reverse
surge) in the low-passed signals across the stations. The amplitude at each station was
computed as the difference between the maximum and the preceding minimum (vice-versa
for reverse surge) and the time lag was quantified relative to the maximum (minimum) at
the most seaward station. Data gaps that could not be interpolated (see section 3.2.3) were
excluded from the analysis, meaning that TT8 was excluded from the reverse surge and
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surge, and SW5 and SW8 were excluded from storm 1.

Event name Date Surge influence  Rain influence
Rain 9/10 Nov No Yes
Storm 1 13/14 Nov Yes Yes
Reverse surge  21/22 Nov Yes (negative) No
Surge 25/25 Nov Yes No
Storm 2 30 Nov/1 Dec  Yes Yes

Table 3.1: Overview of events considered in the low-pass FFT analysis of groundwater response to the meteoro-
logical surge and rainfall.

3.2.6. Nest flooding analysis

Kemp’s ridley turtles typically nest between the high tide line and the first dune, with most
nests near the vegetation line in front of the first dune, and their nests are typically 3040 cm
deep ( ; ). That mainly corresponded to the area covered
by the upper three stations (6—8) at each site. For each of these stations, we quantified
the number and duration of nest inundation events. An inundation event was defined as
the GWT exceeding the nest depth threshold and lasted until the GWT dropped below the
threshold again. We used a threshold of 30 cm below the sand surface at the start of the
deployment, representing the shallowest nests.

Given the data used in this study was mostly gathered in November 2023, outside the
nesting season, our results were not directly transferable to actual nests, which are in the sand
from April to potentially late September. Therefore, we performed a statistical comparison
of historical water levels and rainfall rates between the nesting season and November to
assess if similar conditions could be expected. We used 23 years of historical hourly water
levels at the North Jetty station (2001-2023) which we detrended using simple linear regres-
sion to account for sea level rise. For rainfall, we used 30 years of monthly precipitation
normals from the GLS weather station (1991-2020).

3.3. Results
3.3.7. Observed water levels

There was considerable variability in the observed water levels, both at the foreshore stations
(1 and 2) as well as the backshore stations (3-8, Figure 3.2). In the foreshore the mean
water level was around 0.35 m + NAVDS&8 (North American Vertical Datum of 1988) and
the total range was about 1.6 m (double the mean spring tidal range in the area of £0.8 m).
The mean water level at the backshore stations steadily increased towards the dune to 0.83
m (0.95 m) at TT8 (SW8), resulting in a super-elevation of about 0.5-0.6 m at the dune toe.
The observed water levels also became increasingly positively skewed towards the dune.
Notably, the lowest observed GWT at the six upper backshore stations (6—8) was above the
mean water level in the foreshore. The total range varied but was in the region of 1 m at most
backshore stations, roughly two-thirds of the water level range in the foreshore. Note that
the time series at TT6, TT8, SWS5, and SW8 contained some gaps which may have slightly
influenced the results presented in Figure 3.2 (see also Section 3.2.3).
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Figure 3.2: Summary of observed (ground)water levels across the field stations. Boxes show the inter-quartile
range, whiskers the entire observed range, bars the median, and dots the mean. The corresponding bed profiles are
shown for reference.

Based on the water level regimes, the lowest groundwater stations (TT3/SW3) were
submerged several times during high tides, particularly TT3 (Figure 3.3). TT4, SW4, TTS5,
and SW5 were mainly submerged during the two storm events. All lower backshore stations
(3-5) had significant periods of mixed water level regimes, when the station was between
the R,q and waterline. Particularly TT3, which had the lowest elevation of all backshore
stations, was in mixed or submerged conditions roughly 50% of the time. All other stations
were in the groundwater regime at least 75% of the time. At stations 6—8 the observed time
series mainly reflected groundwater conditions, with only short periods of the mixed regime
during the storms at stations 6 and 7.
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Figure 3.3: Water level regimes (every 30 minutes) at the backshore stations of TT (upper panel) and SW (lower
panel): groundwater (beach surface above Ryq), mixed (beach surface between R,q and water level at station 2),
and submerged (beach surface below water level at station 2).
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3.3.2. Drivers of GWT fluctuations

IG waves

Most of the IG wave energy was observed during the two storms on 13 and 30 November,
when the significant IG wave height, H,, 1, reached up to 23 cm in the foreshore (Figure
3.4). This storm IG energy generally increased at the lower backshore stations (3—5), with
H,, 1 reaching 40+ cm. During these conditions, the water level at all three lower stations
represented mixed or submerged conditions (not the GWT). The IG wave height within the
inner surf and swash is a result of the balance between shoaling, dissipation by breaking, bed
friction, reflections, and the non-linear transfer from the sea-swell to the IG waves leading
up to it ( ; ). These processes are controlled
by the beach slope, with shoaling generally stronger on milder slopes (

). Conservation of energy flux (H 2\/_ = constant) with water
depths of h ~ 2.5 m (TT1), 2 m (TT2), and 0.5 m (TT3) during the storms would result
in shoaled wave heights of about 1.05 (TT2) and 1.5 (TT3) times higher than at TT1. This
is roughly consistent with the observations in Figure 3.4, showing that the IG waves shoal
before dissipating by breaking and friction.

IG energy at the backshore stations was also highly dependent on the tide, with Hyy,g 16
dropping to zero during almost every low tide, suggesting that IG oscillations only have a
strong influence in the swash zone. Consequently, at the upper groundwater stations (6-8),
IG response was primarily limited to the two storm events, with minimal IG energy observed
at the dune toe (station 8).

In the PSDs of TT1 and SW1, IG energy was mainly concentrated around three bands
(see purple shaded PSDs in Figure 3.4). The main band had periods of 60-70 s. A sec-
ond, lower energy band was at 30—40-s periods, and a third band at longer periods (120-
200 s), mainly visible during the storms. At TT2/SW2, the first two IG bands appeared to
have merged into a single band concentrated around 50—60-s periods. At the backshore sta-
tions, the IG periods showed a bimodal character, linked to the water level regimes (Table
3.2). During mixed and submerged conditions, Tp,_10 ;¢ Was similar to the period in the
foreshore. During groundwater conditions, T,,_1¢ ¢ Was significantly larger, along with a
smaller Hy,, ;. This pattern suggests that the shorter IG bands visible in the foreshore were
damped out rapidly and only the longer-period band propagated into the GWT, consistent
with earlier studies showing frequency-dependent attenuation (e.g., ;

).

TT1 TT2 TT3 TT4 TT5 TT6 TT7 TT8
Submerged 66 68 73 81 33 - - -
Mixed - - 92 86 88 83 82 -
Groundwater - - 163 166 157 142 134 162

Table 3.2: Mean IG wave period Ty,_10,1G (s) across the three water level regimes and the stations at TT. Only
periods with Hy, 1 = 1 cm were included, to filter out noise. The bimodal character Ty, _10,1¢ is clearly visible
from the longer periods during groundwater conditions compared to mixed/submerged conditions.
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Figure 3.4: Infragravity spectrograms at TT (left column) and SW (right column), from station 1 (top) to station
8 (bottom). The solid colored lines represent H 0, 1, While the grey dots represent Ty,_19, 1 (only plotted for
Hypno,1¢ > 1 cm, to filter noise). Frequencies were converted to periods for visualization. The blue shaded bar
at the top of the subplots of stations 3—8 shows the water level regime over time: groundwater (lightest), mixed
(middle), submerged (darkest), see also Figure 3.3.

Tide

The computed multitaper PSDs at each station showed clear peaks around the diurnal and
semidiurnal tidal frequencies (Figure 3.5b). As expected, the spectra at the foreshore sta-
tions (TT1 and TT2) were nearly identical, confirmed by the CSD and coherence which was
near 1 across the frequency range (Figure 3.5¢). Towards the dune, the tidal signal decayed
and the power shifted to lower frequencies. The tide already showed significant decay at
stations 3—5, but the coherence remained near 1 over both tidal bandwidths, with relatively
narrow 90% confidence intervals (low uncertainty). From TT6 on, most of the tidal power
was damped out and the coherence dropped, with increasing uncertainty (confidence inter-
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vals). Nonetheless, the diurnal peak was still clear in the CSDs at stations 6-8. At TTS8 the
coherence was inconsistent across the frequency range and had no clear peaks around the
tidal frequencies. This may be partly caused by the missing data between 21-28 November,
as the tidal coherence at SW8 was higher and less uncertain (see Appendix Figure A.3).
The total diurnal and semi-diurnal amplitudes computed from the PSDs amounted to 48
and 21 cm at TT1 and 47 and 24 cm at SW1, close to the predicted values of 42 and 21 cm
at the NOAA Pleasure Pier station (Figure 3.6). As expected, the amplitudes and phases at
stations 1 and 2 were approximately equal. The amplitudes then rapidly decayed to below
10 cm at station 8—a reduction of 80-85% at both TT and SW. The computed phase lags
relative to station 1 were more inconsistent, but generally showed an increasing lag (nearly 2
hours) towards the dune. The diurnal tide lagged less than the semi-diurnal tide. Uncertainty
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Figure 3.5: Multitaper spectral analysis of the tidal propagation along the stations at TT. a) Observed water level
time series at each station, with the blue shaded bar representing the inundation regime over time (see Figure
3.3); b) Power spectral density (PSD) computed from the detrended time series; c) cross-spectral density (CSD,
blue) and coherence (pink, 90% confidence interval given by shaded area) between station 1 and stations 2—8; d)
estimated phase difference (green) between station 1 and stations 2—8 in hours (uncertainty given as green shaded
area). A positive (negative) phase difference denotes a lag (lead) in the signal at stations 2—8. The maximum phase
difference (1/2 period) is denoted by the grey borders. In columns b—d, the tidal bandwidths are shaded in blue
(diurnal) and red (semidiurnal). For location SW, see Appendix Figure A.3.
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in the estimated phase lags also increased towards the dune, but was generally much lower
within the tidal bands than outside.

It should be noted that, particularly for stations 35, the time series represent different
water level regimes. Therefore, the computed amplitudes and phase lags do not represent
pure groundwater signals and should be seen as an estimate of the conditions at that par-
ticular location across water level regimes. We therefore mainly describe the trends seen
here, rather than absolute values. For instance, the results showed an unexpected, but small
phase lead (15-20 minutes) for the diurnal tide at TT3 and SW3. However, these stations
had the most inconsistent water level regimes (see blue shaded bars in Figure 3.5a). This
lead is likely caused by noise or interference from other processes, as it should physically
not be possible for the ”groundwater” tide to lead the ocean tide (see also section 3.4.1).
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Figure 3.6: Summary of tidal amplitudes (diamonds, right y-axis) and phase lags (circles, left y-axis) across the
field stations of locations TT (a) and SW (b). The phase lags are given relative to station 1.

Surge and rainfall

Figure 3.7 shows the low-passed time series along with the peaks of the five considered
events. The Reverse surge (21/22 November) and Surge (25/26 November) were the only
two events without rain. During the reverse surge, all backshore stations were in the ground-
water regime and the amplitude quickly decayed from = 0.55 m in the foreshore to < 0.2
m near the dune toe (Figure 3.8). The smaller amplitude of the positive surge was relatively
stable between stations 1-3 (~ 0.15 m), then slightly increased at stations 4 and 5. Station
5 was the first station in the groundwater regime and from there, the amplitude decreased
towards the dune toe, similarly to the reverse surge. Both events showed an increasing time
lag of the peaks towards the dune, with the reverse surge showing a larger lag as it propa-
gated a longer distance through the groundwater (up to 11-13 hours, compared to 3—5 hours
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for the positive surge, see Figure 3.8).
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Figure 3.7: a, b) Power spectral densities (PSD) computed from single FFT’s of the 10-minute time series. The
low-pass FFT filter removed all periods shorter than 36 hours (grey-shaded area); c), d) Low-passed and normal-
ized water level recorded at each station. The time series were shifted vertically in steps of 20 cm for visualization
purposes. Markers track the extrema corresponding to five individual events: rain (triangles, green), storm 1 (pen-
tagons, blue), reverse surge (circles, yellow), surge (diamonds, purple), and storm 2 (hexagons, pink). The colored
vertical lines show the time of the extrema at station 1 (station 3 for rain); e) Time series of hourly precipitation
rates at the GLS weather station (blue bars), and 2-hour averaged wind speeds (grey dots) and directions (black
arrows) at the NOAA North Jetty station.

The rain-only event (9/10 November) shows that rainfall can lead to a significant re-
sponse in the low-passed time series, with amplitudes of about 0.1-0.25 m across the sta-
tions. There is also an increasing time lag of the low-pass rain peak between stations 3 and
8 at both locations. This does not represent a landward propagating signal—rather the time
for the rain to infiltrate increases with the vertical distance to the GWT, which generally
increases in landward direction (see also Section 3.4.1).

The two storm events (Storm 1 and Storm 2) consisted of positive surges (approximately
0.3 and 0.55 m, respectively, at station 1), accompanied by rainfall. During both events, the
lower stations were fully inundated and the GWT at the upper stations reached the sand
surface. For Storm 1, rainfall was persistent over the entire day (13 November) leading up
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to the surge peak, but less intense and there was no rain after the surge peak (Figure 3.7c—e).
The amplitude in the low-passed signal was relatively stable across the first three stations
(=~ 0.3 m), before increasing up to 0.55-0.65 m at station 7, and decreasing slightly at TT8
(there was no data for SW8, Figure 3.8). For Storm 2 the rain was very intense (up to 50
mm/h at NWS GLS) but for a shorter period and closer to the peak of the surge. About one
day after the peak surge there was another heavy shower (Figure 3.7c—e). Moreover, the
meteorological surge (£0.55 m) was almost double that of Storm 1, leading to a stronger
surge influence compared to the rain. The amplitude decreased at station 3 and then steadily
increased to > 0.8 m at station 8, although only at TT6, TT7, TT8, SW7, and SW8 was the
amplitude larger than in the foreshore (Figure 3.8).
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Figure 3.8: Estimated amplitudes (top row) and time lags (bottom row) of the extrema of the five considered events
at TT (left column) and SW (right column).

The time lags during the two storms were more inconsistent than during the surge-only
events. Storm 1 showed an apparent lead of the peak at the groundwater stations, compared
to the foreshore surge. Especially the lower stations (3—5) showed large leads (up to 6
hours at TT4 and 8 hours at SW4). During Storm 2 the time lags were more in line with
expectations, increasing towards the dune (up to 9—12 hours at station 8). There were still
small leads at TT4/SW4 (about 1 hour), even though at TT3/SW3 there was a lag. The
phase leads are likely related to the response of the GWT to multiple driving processes
acting simultaneously, notably the surge and rain (see Section 3.4.1). Next to the amplitude
and phase changes across the stations, the peaks of the two storms also became increasingly
asymmetric towards the dune toe, with the groundwater rising faster and dropping slower.

3.3.3. Nest flooding

The nest depth threshold was exceeded by the GWT several times at all upper groundwater
stations (6—8) of both TT and SW (Figure 3.9). The total number of flooding events was
highest at TT6 (7) and SW6 (14) and decreased towards the dune toe, with 3 and 2 flooding
events observed at TT8 and SWS8, respectively (Table 3.3). At all six stations, there was at
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least one inundation event that lasted between 12 and 24 hours, and all three SW stations had
one event lasting more than 24 hours. At both sites, the longest inundation events happened
during the storm on 30 November. Flooding events generally lasted for longer at SW than at
TT. The storm on 30 November was followed by another heavy rain shower on 1 December
(Figure 3.7e). At SW6 and SW7, the water level did not drop below the threshold before
rising again due to the additional rainfall, leading to flooding events of about 70 and 60
hours, respectively. At TT6, about 25 cm of the beach surface was eroded after the first
storm (13 November), meaning that any potential nests would have likely been washed
away. At the other stations, morphological changes were milder (5-10 cm) and generally
showed more accretion than erosion.

Duration [h] | TT6 TT7 TT8 | SW6 SW7 SW8
<3 4 2 6 2

3-6 1 4 1

6-12 2 1

12-24 1 2 2 3 1 1
> 24 1 1 1
Total # 7 5 3 14 5 2

Table 3.3: Overview of nest flooding events at the upper groundwater stations, divided into bins depending on the
flooding duration.
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Figure 3.9: Overview of observed GWTs at stations 6-8 at TT (left) and SW (right). The beach surface and typical
Kemp’s Ridley nest depth are added for reference.
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3.4. Discussion
3.4.1. Groundwater response to driving processes
In line with previous studies on beach groundwater (e.g., ;

; ; ; ),
our results show that the beach matrix acts like a low-pass filter, increasingly damping out
higher frequency fluctuations in the groundwater. The observed super-elevation (0.5-0.6
m) and vertical variability of GWTs (O(1 m)) are also consistent with previous observa-
tions reported in the literature (e.g., ; ;

). IG waves appear to be relevant near the swash zone, where they shoal before reach-
ing the shore, also in line with previous studies (e.g.,

; ). Only the lower frequency IG bands propagate into
the GWT, shown by a bimodal behavior of the mean IG period across groundwater and
mixed/submerged conditions. The tidal signal becomes increasingly damped, asymmetric,
and phase-lagged towards the dune toe. Both IG and tidal fluctuations are damped to a
degree that they have little influence on the GWT near the dune toe. Hence, of the consid-
ered processes, the surge and rainfall dominate the observed GWT fluctuations in the upper
backshore, including the nesting area.

As multiple driving processes simultaneously interact with the beach matrix, their com-
bined effects result in a conditional GWT response. During storm 1 the ocean surge peak
occurred on the falling tide, whereas during storm 2 it occurred on the rising tide, much
closer to the high tide. This partly explains the higher water levels observed during storm 2.
Rainfall and bed level changes also contribute, particularly because they often coincide with
stormy conditions ( ), as was the case during both observed storms. The
GWT time series represent the combined response to all these processes, making it difficult
to isolate the signals of individual drivers, in particular those acting on similar time scales.
More advanced methods which work better on non-stationary data, such as wavelet analysis
or empirical mode decomposition, could potentially improve the isolation of the surge, for
example. Another approach could be to assess the surge component and overheight using
an empirical or analytical model (e.g., ; ; ). More-
over, longer-term observations (6+ months) would enable more detailed analysis as they
facilitate more accurate spectral estimation and increase the chance of capturing isolated
events (e.g., high waves but no significant surge, or vice versa).

This combined response to multiple simultaneous drivers may explain some of the limi-
tations and inaccuracies in our analyses. For instance, the observed time leads of the ground-
water peaks relative to the surge peaks in the foreshore during the storm events (Figure 3.8).
Both storm events were accompanied by rainfall and high wave runup. Before the surge
peak of storm 1 (13 Nov) there was a £24-hour period with several rain showers, elevating
the GWT ahead of the surge (Figure 3.10a). Consequently, as the surge and tide increase
and wave runup reaches further up the beach, the GWT may reach the beach surface before
the peak of the foreshore water level. Unless the location is fully submerged thereafter,
the GWT will not rise further, resulting in an earlier low-pass peak. These hypotheses are
supported by the second storm (30 Nov) showing mostly time lags, as the rain, ocean surge,
and high tide are more in-sync (Figure 3.10b). Finally, bed level changes complicate things
even further as they change the potential extent of the GWT. For instance, erosion can lower
the beach surface and, with it, the GWT (e.g., at TTS and TT6 during both storms 3.10a,
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b). As such, the GWT can sometimes even be used to roughly track morphological changes
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Figure 3.10: Observed (ground)water levels at various stations, showing the conditional GWT response to the
driving processes and their interaction with the beach matrix. a) Water levels and bed level changes at TT during
Storm 1; b) Water levels and bed level changes at TT during Storm 2; ¢) Tidal damping and asymmetry at SW3
compared to SW1; d) GWT response to rain at TT on 9/10 November. Black dotted lines indicate bed levels, while
the blue, pink, and green vertical lines indicate the time of the low-frequency peak at TT1 (Storm 1 and Storm 2)
and TT3 (Rain), see also Figure 3.7.

The anomalous phase lead of the diurnal tide at TT3 and SW3 (Figure 3.6) is likely the
result of noise or interference from surface flows (e.g., during the storms). Both stations
were regularly submerged (Figure 3.3). During submergence no significant time difference
in the tidal signal is expected. However, once the beach re-emerges the sediment damps
and slows the tidal retreat in the GWT. This creates a time-varying asymmetry in the signal,
as the low tides occur during groundwater conditions (and therefore lag the ocean tide),
whereas many high tides occur in mixed/submerged conditions (Figure 3.10c). In some
cases, the groundwater may reach the beach surface ahead of the high tide peak and, if the
location is not submerged, stop rising until the tide drops again, which might translate to a
phase lead. However, this is unlikely to completely offset the observed lags in the low tide
and therefore fails to explain the phase leads. These could also be an artifact of the spectral
analysis being applied to the full time series with mixed regimes, essentially violating the
stationarity condition, even though the ocean tidal signal itself is inherently stationary. The
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computed amplitudes and phase differences shown in Figure 3.6 should therefore not be
used as absolute values but rather to identify patterns (e.g., overall increasing lag towards
dune).

The full response of the GWT to rain cannot be assessed from the low-passed time series
because the main response occurs on shorter timescales. The rain event on 9/10 November
consisted of several showers over a period of about one day, leading to multiple short peaks
in the GWT (Figure 3.10d). These are smoothed into one peak in the low-passed time
series, but the GWT response occurs at higher frequencies. At stations 3—5 the response
was different compared to stations 68, with two clear spikes indicating a relatively quick
uprush of the GWT, before rapidly dropping again. At stations 6—8 the response was more
gradual and the GWT also dropped more slowly, failing to reach its pre-shower level before
the next increase. This difference is likely due to the sediment above the GWT being more
saturated at the lower stations, reducing the effective porosity, and allowing the infiltrating
rain to fill the pores more rapidly. Moreover, before the first shower, the GWT is about 45
cm below the surface at TT4 compared to about 85 cm at TT7 (Figure 3.10d). Therefore,
the water needs to infiltrate further down at the higher stations and will get absorbed into
the pore spaces of the drier sand, smoothing the response and leading to a time delay, which
ultimately shows in the low-passed peak as well. Local and more frequent measurements of
rainfall at the study site could help better identify and describe the GWT response to rain.

3.4.2. Impact on nest flooding

Our results suggest that the surge and rainfall are the dominant drivers of nest flooding on
Galveston’s beaches and that the nest threshold was breached several times at each station.
Past studies have indicated that both the frequency and duration of flooding events are criti-
cal for egg viability. For example, turtle eggs have been reported to tolerate short inundation
periods (1-3 hours), but egg mortality rates start to increase quickly after six hours (

). Moreover, eggs in the first or last 20% of their incubation periods are practically
intolerant to flooding of any duration, with hatching rates already decreasing drastically af-
ter inundations as short as one hour, especially for saltwater ( ). Rainfall
by itself likely has less impact on turtle nests than the surge, as eggs are more tolerant to
freshwater and showers often lead to high but relatively short spikes in the GWT. A high
surge on the other hand is bound to elevate the GWT for at least several hours, especially
in combination with wave runup. However, compound events, like the rain-elevated GWT
ahead of the surge during storm 1 still make rain an important factor for nest flooding.

The observed frequency and duration of flooding events in this study make it highly
unlikely that turtle nests on Galveston Island’s beaches could yield viable hatchlings (Table
3.3). The GWT is relatively high, generally staying within 1 m of the sand surface, and can
rise quickly and for prolonged time periods. We believe that this is due to a combination
of the local sediment characteristics and the mild-sloping, low-elevation beach and dune
system. Kemp’s ridleys sometimes also nest on or behind the first dune ( ),
potentially to mitigate nest flooding. We did not monitor the GWT beyond the dune toe,
however, the low elevation of the first ”dune” (usually below 1 m) makes it unlikely that
those nests would be safe from inundation. Moreover, we used a relatively shallow nest
threshold—in reality nests can be deeper (especially for other species), thus experiencing
more flooding if laid in the same region of the beach. Our findings indicate that Galveston
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Island’s beaches currently do not provide an ideal nesting habitat for sea turtles, even for
relatively shallow nests (we did not quantitatively evaluate deeper nest thresholds as these
would have been inundated even longer). Therefore, we recommend continuation of the
relocation practices carried out by the State of Texas, as implemented by the state sea turtle
coordinator and the Padre Island National Seashore’s Division of Sea Turtle Science and
Recovery.

Moreover, we hypothesize that the CF could similarly disrupt egg gas exchange, lead-
ing to mortality rates comparable to GWT inundation. Here, we define the CF as the fully
saturated zone above the GWT (it is sometimes also defined as the full zone of capillary
action, reaching into the partially saturated zone with increased oxygen availability). Oxy-
gen availability rapidly decreases in the fully saturated CF, suggesting that gas exchange
for eggs within that zone may be insufficient ( ; ). Espe-
cially in fine sediments (< 0.1 mm), the CF width may potentially exceed 0.7 m (

). Unfortunately, our deployed moisture sensors were not calibrated properly,
and we could not quantitatively estimate the CF from the measurements (

). However, a rough estimate of the CF width may be obtained from the average grain
size: using D5, = 0.15 mm for Galveston Island ( ) would result
in a theoretical CF in the order of 0.5 m ( ). This could drastically
reduce the suitability of Galveston Island’s beaches for turtle nesting. Thus, despite the ab-
sence of existing literature on how the CF might impact sea turtle nests, we believe that it
could be a significant determinant for turtle nests. While gas exchange is important, sea tur-
tle eggs also need sufficient moisture levels ( ; ), suggesting
they could be optimally placed in the partially saturated zone above the CF. Future research
should therefore not only investigate the tolerance of turtle nests to complete inundation but
also to CF exposure, for example by extending field/laboratory experiments like

and . Additionally, simultaneous measurements of CF extent
and nest depths could shed more light on a potential relation and optimal nest depths.

The beach groundwater dynamics during the nesting season (April-September) may
differ to some degree from our observations (mainly November). For instance, the higher
summer temperatures may lead to more evapotranspiration (i.e., faster drying of the beach),
and therefore a lower mean GWT. However, hourly water levels at NOAA’s North Jetty
station from 2001-2023 indicate that extreme water levels are more common and reach sig-
nificantly higher values (> 1.5 m NAVD88) during the nesting season (Figure 3.11a). This
is most likely due to the peak of the hurricane season (August-October) overlapping with
nesting. Major hurricanes would completely wash away any nests, but regular (tropical)
storms may frequently bring similar or slightly higher water levels than those observed in
November 2023. The North Jetty water levels are relatively representative of those observed
at TT1, though TT1 shows higher extremes, likely owing to wind and wave setup (Figure
3.11b). Long-term rainfall data from GLS (1991-2020) suggest that while the early nesting
season is drier than November, August and September are wetter (Figure 3.11c). Based
on these factors, we expect the risk of nest flooding to be similar or even higher during
the nesting season. Long-term observations of the GWT combined with measurements of
local rainfall and evapotranspiration would help validate this hypothesis by improving our
understanding of the steady state groundwater flow and seasonal GWT variations.

We chose the two field sites for this study because they facilitated comparisons between
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Figure 3.11: Statistical comparison of water levels and monthly rainfall during the nesting season (April-
September) and November. a) Quantile-Quantile (Q-Q) plot of the observed hourly water level at the NOAA
North Jetty station in November 2001-2023 (x-axis) and April-June 2001-2003 (y-axis). b) Q-Q plot of the ob-
served water levels in November 2023 at NOAA Jetty (x-axis) and TT1 (y-axis). ¢) NCEI Climate Normals mean
monthly precipitation totals over 1991-2020 at the GLS weather station.

a more natural (TT) and engineered (SW) beach setting. While the general results were
similar, the engineered SW site typically exhibited a higher GWT, slower drainage, and
longer flooding durations, even though the beach elevation at SW7 and SW8 was slightly
higher than at TT7 and TTS. This is likely the result of an interplay of various factors, which
may include the engineered beach setting at SW. For example, the profile at TT (including
the berm that eroded during storm 1) may be more effective in preventing higher water levels
from affecting the GWT in the nesting area. Varying sediment characteristics may also play
a role, for instance nourished beaches can be more compacted than natural ones (
), which would result in lower permeability and slower groundwater drainage.
Although nourishments in Galveston have generally been placed south of SW, the sand was
still more compacted than at TT and contained visibly more shelly material (
). The sea wall, paved street, and groins may also affect groundwater flow
and rainwater runoff in the area. For example, the sea wall foundation could present a
significant obstacle to groundwater drainage towards the landward side. Although both sites
are currently not ideal for nesting, our observations indicate that the engineered site (SW)
is less suitable than the natural one (TT). This supports previous studies that have observed
reduced sea turtle nesting suitability on nourished beaches (e.g.,
; )-
Given the interdependence between groundwater dynamics and beach slope, elevation,
and sediment size ( ), the importance of GWT fluctuations for nest flooding
may vary significantly among global sea turtle nesting beaches. Specifically, steeper, higher

E}
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elevation beaches with coarser sediments typically have greater permeability and drainage
( ), meaning that the mean GWT is likely deeper below the surface and
the CF width is smaller ( ). In such environments, we do not expect
such frequent and extended periods of elevated groundwater, and therefore also less risk of
prolonged nest inundation. That is, nests may still flood during high wave or surge events,
but if the GWT drops below the nests more quickly the risk to egg viability will be lower.
Nonetheless, continued inundation of nests is a threat on many nesting beaches worldwide,
including the largest existing green turtle rookery on Raine Island, Australia (

). Moreover, Kemp’s ridleys are the smallest species of sea turtle, digging the
shallowest nests. Other species can dig deeper nests (up to about 1 m below the surface),
which may remain inundated for longer time periods, depending on their location in the
beach profile. Therefore, while flooding is primarily driven by ocean processes (and rain),
our results underscore the importance of considering the GWT in studies and assessments of
nest inundation, particularly in low-elevation beach systems. In that context, future research
should work towards developing a generic framework to assess nest inundation on sandy
beaches, taking into account local beach morphology and aquifer properties, hydrological
and hydrodynamic forcing, and groundwater dynamics.

3.4.3. Toward nature-based solutions that enable sea turtle nesting

While it remains uncertain how sea turtles select their nesting beaches ( ),
it has been hypothesized that they try to reduce the risk of nest flooding by nesting in regions
with lower tidal ranges and lower extreme surges ( ), and selecting
an appropriate spot or elevation on the beach ( ). Coarser grain sizes
are generally correlated with steeper beach slopes ( ), and have greater
permeability, resulting in faster groundwater drainage ( ) and a thinner CF
( ). Based on these relations and our observations in a fine-grained,

low-elevation beach system, we would expect sea turtles to favor higher-elevation beaches
with coarser sediment. Beach elevation has previously been identified as an important factor
in determining nesting suitability for Kemp’s ridleys specifically ( ), but
also loggerhead hawksbill, and green turtles (e.g., ;

). Yet, to date no clear relationship between sediment

size and turtle nesting has been found (e.g., ; ), except
that turtles appear to avoid sites with extremely high or low grain sizes (
). hypothesized that too low water content could explain green turtles

struggling on beaches with coarse sand (£1 mm), but did not conclude anything for finer
grain sizes.

Beach elevation will become even more important in the light of future sea level rise, as
the mean GWT is expected to follow mean sea level ( ;

). This will increase the risk of elevated groundwater due to ocean- and/or rain-driven
inundation if the beach morphology cannot keep up with the rising water levels. This is par-
ticularly concerning in regions with high relative sea level rise rates, like the western Gulf of
Mexico. However, it may also provide opportunities for nature-based solutions to improve
the suitability of low-lying beach systems for turtle nesting—for instance, by increasing the
beach elevation through turtle-friendly beach nourishments. Different beach nourishment
strategies for Galveston Island are currently being evaluated for coastal resilience and pro-
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tection ( ) and these studies should include the impact on turtle nesting and
the flooding of nests in particular. Increasing the beach elevation through re-profiling or
nourishment has previously been suggested as a nature-based solution for nesting beach re-
habilitation ( ; ) and has successfully been implemented
on Raine Island, Australia, in the past decade ( ). However, a lot
of care must be taken to ensure that the resulting beach profile and sediment characteristics
enable turtle nesting, rather than hindering it (e.g., by nourishing with native sediment and
reducing sand compaction; ; ; ).

3.5. Conclusion

Understanding how ocean processes and rain drive short-term beach groundwater variability
in sea turtle nesting areas is critical for evaluating management practices like nest relocation
and designing nature-based solutions that mitigate nest flooding. In this study, we investi-
gated the beach GWT response to ocean processes and rain in a fine-grained, mild-sloping
beach system by analyzing field data gathered on Galveston Island, Texas in the fall of 2023.
We quantified the influence of IG waves, tide, surge, and rainfall on short-term GWT fluc-
tuations between the high tide line and the dune toe by performing tailored spectral analyses
on +30-day time series of water level observations, categorized into groundwater, mixed,
and submerged regimes.

We observed significant short-term variability in the beach GWT across the backshore
(O(1 m)). Our results were generally consistent with previous studies, showing that the
beach matrix acts as a low-pass filter, with higher frequency signals getting increasingly
damped, lagged, and distorted landward. Surge and rainfall dominated the GWT response
in the upper backshore, the primary sea turtle nesting zone. The tidal signal was increas-
ingly damped and asymmetric towards the dune, whereas IG waves were only relevant
near the swash zone. Our analysis explicitly excluded inland groundwater processes (e.g.,
aquifer recharge or regional groundwater flow), focusing solely on ocean and rainfall-driven
groundwater fluctuations within the beach.

A flooding threshold based on a representative nest depth of 30 cm below the surface
revealed multiple, prolonged nest inundation events (exceeding 12 hours), even for the shal-
lowest nests. This suggest that Galveston Island is currently not a suitable nesting habitat for
sea turtles as nests are likely to get flooded frequently and for prolonged periods. We there-
fore recommend continuing the current nest relocation program. Our findings underscore
the importance of including the GWT in studies of nest flooding and encourage further re-
search towards nature-based solutions that enable sea turtle nesting in low-elevation beach
systems like Galveston Island, for example through the design of turtle-friendly nourish-
ments. By integrating insights from coastal science and sea turtle biology, we can develop
tailored solutions that not only mitigate flooding risks but also enhance habitat suitability
under future climate scenarios.
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Uncertain future for global nesting
beaches

Abstract

Endangered 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 stres-
sors and sea level rise (SLR). Reliable vulnerability assessments require understanding beach dynam-
ics 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 datasets 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. 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 im-
portant insights into seasonal and long-term morphodynamics, identify vulnerable nesting sites, and
offer a comprehensive, transferable framework for assessing shoreline evolution and vulnerability at
other sites. Understanding these dynamics is crucial to inform conservation and management strate-
gies to future-proof these critical nesting habitats.

This chapter is currently under review at Earth s Future as:

Christiaanse, J. C., Vitousek, S., Reniers, A. J. H. M., & Antolinez, J. A. A. (in review). Vulnerability of key sea
turtle nesting beaches to future erosion and sea level rise.
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4.7. Introduction

Sandy beaches cover approximately one-third of the world’s ice-free coastline (

) and provide a wide range of ecosystem services. They play a critical role in sed-
iment and water retention, serve as buffers against elevated water levels, offer recreational
opportunities, and provide essential habitats for sea turtles and shorebirds (

; ). Sea turtles, which are key species in many marine ecosystems (e.g.,

; ), rely on these sandy coasts for nesting (

). Consequently, the long-term survival of these endangered 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
levelrise (SLR; e.g., ; ; ). There-
fore, there is significant concern about the resilience of global sea turtle nesting sites in the
face of ongoing and future erosion and rising sea levels ( ;

).

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 os-
cillations, and long-term climate-induced trends (e.g., ;

; ; ). Beaches generally erode under stormy
conditions and recover during low-energy periods, cycling through different beach states
across seasons ( ). Embayed beaches often show seasonal rotations,
owing to changes in wave climate ( ; ). Interan-
nual oscillations can drive beach change over multiple years (e.g., El Nifio/Southern Os-
cillation, ENSO; ; ). 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., ). Finally,
while beach survivability in response to accelerated SLR is still hotly debated and may vary
greatly across different environments (e.g., ),
it is generally understood that accelerated SLR will cause shorehne retreat (

). This may lead to significant long-term beach loss, especially when a static/hard-
ened backbeach environment prevents landward migration of sand (i.e., coastal squeeze,
).

Sea turtles have survived and nested in dynamic beach environments for millions of
years, though over the past centuries their populations have declined drastically (

). Their slow population growth rates mean they are less resilient to
short-term population declines ( ), making them particularly vulnerable to
relatively rapid changes (within years to decades) to their nesting habitat ( ;

). Long-term erosion—from SLR or other causes—could reduce suit-
able 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 ( ; ;

). Nature-based solutions—for instance, through turtle-friendly design of sand
nourishments (e.g., ) or by restoring vegetation or reefs to provide
coastal protection from flooding and erosion ( )—may offer promising
opportunities to preserve current nesting beaches and potentially even enable nesting on
new beaches ( ).
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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., ;

; ). Although computationally efficient, this approach does not
consider any morphological response of the system and therefore does not provide reliable
estimates of beach loss ( ). 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; ;

), and information on backbeach topography and human development.
Yet, many nesting beaches are located in the tropics and in developing countries (

), 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 observations (order 10 m) over the past 30—40 years
anywhere in the world ( ; ; ).

Here, we combine satellite-derived shorelines, shoreline modeling, and global datasets
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 ( ) to identify seasonal
and long-term shoreline change. We calibrate a shoreline model (CoSMoS-COAST;

; ) with the extracted shorelines to hindcast daily shoreline positions
from 1980 to 2025 and forecast them from 2025 to 2100 under various SLR scenarios. Ad-
ditionally, we quantify the accommodation space at each site using a global coastal digital
terrain model (DeltaDTM; ) 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 (1) contribute to the
understanding of seasonal and long-term variability of shoreline dynamics at these critical
nesting beaches, (2) indicate which sites may be particularly vulnerable to future SLR, and
(3) provide a comprehensive, readily applicable framework to analyze shoreline evolution
and vulnerability at nesting sites around the world.

4.2. Methods
4.2.1. Study sites

We investigated shoreline evolution and accommodation space at nine key sea turtle nesting
sites around the world (Figure 4.1, Table 4.1): Long Beach (Ascension Island), La Escobilla
(Mexico), Dirk Hartog Island (Australia), Busca Vida (Brazil), Tortuguero (Costa Rica),
Alagadi (Cyprus), Joao Barrosa (Cape Verde), Rancho Nuevo (Mexico), and Masirah Island
(Oman). We selected these sites as they (i) host some of the largest nesting populations on
the planet, making them important nesting sites for various species; (ii) are relatively remote;
and (iii) their morphological evolution is largely unstudied. 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 B.




74 4. Uncertain future for global nesting beaches

Rancho Nuevo, MX  Joao Barrosa, CV Alagadi, CY Masirah Is., OM

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

Figure 4.1: Overview map of the nine nesting sites analyzed in this study. Satellite snapshots created from ESRI
World Imagery (ESRI, 2024).

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, an 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 Hg =~ 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.
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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 an extremely important nesting site for the
species ( ). In fact, Escobilla hosts the largest sea turtle nesting aggregation
in the world, with up to one million olive ridleys nesting in just a few days ( ).
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.

Site Country Lon/Lat Beach type Main Nest Hg Tide
species season

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 Ce 114 2 0.9
Busca Vida Brazil -38.27,-12.87 Open Ei 10-3 1.1 1.7
Joao Barrosa Cabo Verde -22.71,16.03  Open/embayed Ce 6-11 1.4 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
Masirah Is. Oman 58.91, 20.66 Open/embayed Ce 5-9 1 2

Table 4.1: Overview of the nine sea turtle nesting sites analyzed in this study. The abbreviation Bl in the beach type

stands for Barrier Island. The last two columns show the mean significant wave height (Es) and the mean tidal
range, both in meters. Species abbreviations are: Cm — Chelonia mydas, Cc — Caretta caretta, Ei — Erytmochelys
imbricata, Lk — Lepidochelys kempii, and Lo — Lepidochelys olivacea.

4.2.2. Data and indicators

Coastal transects (GCTS)

We used the Global Coastal Transect System (GCTS; ) to extract
roughly shore-normal transects every 100 m along each nesting beach. For nesting beaches
longer than 5 km, we limited the analysis to a roughly 5-km long stretch. When spatial nest-
ing data was 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 inter-
secting the transects with the satellite-derived shorelines, elevation data, and infrastructure
footprints to define relevant positions along the transects (see following sections).

Satellite-derived shorelines (CoastSat)

We used the python-based toolbox CoastSat to extract shorelines from publicly available
satellite imagery, described in detail in . Briefly, CoastSat downloads
satellite images (Landsat 5, 7, 8, 9, and Sentinel 2) through Google Earth Engine for a
user-defined region of interest and pre-processes them (e.g., by removing cloudy pixels and



76 4. Uncertain future for global nesting beaches

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 (MNDWI;

) to extract a sub-pixel resolution shoreline contour, that best separates the ’sand’ and
water’ classes ( ). The shorelines are then mapped to user-defined tran-
sects. 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
( ). 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
( )-

We used all available images from 1984 to the end of 2024 (41 years) 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, etc.), which are detailed in Appendix B.2. 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. More-
over, CoastSat-derived shorelines have been validated and compared to in-situ observations
in several studies, across different environments and beach settings, generally resultlng ina
shoreline position error in the order of 10—15 m ( ; ;

; ). They are less accurate on macro-tidal, high-energy beaches (
), but all our study sites were micro-tidal, except Masirah Island (meso-tidal,
Table 4.1). Finally, CoastSat-derived shorelines have been successfully used to study beach
behavior from seasonal to decadal time scales at many locations (e.g., ;
; )-

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 Coast-
Sat.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 po-
sition 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).

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 4.2). An eleva-
tion 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
elevation ( ). DeltaDTM 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 ( ). Road footprints from Overture mainly come from
OpenStreetMap ( ) and are divided into hierarchical cate-


www.overturemaps.org
www.openstreetmap.org/copyright
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Figure 4.2: Schematic cross-shore profile of a nesting beach (not to scale), showing the various indicators and
datasets 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).

gories, 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 [FD, 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.

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 behind. 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 Joao Barrosa and Masirah 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 accom-
modation space, we subtracted the beach width from the shortest distance (IFD or BBD;
Figure 4.2). Hence, this approach assumes that the beach would only start narrowing once
the accommodation space is exceeded.

4.2.3. Shoreline model (CoSMoS-COAST)

The shoreline-change model used here is a recent update of CoOSMoS-COAST (Vitousek et
al., 2017¢; 2021; 2023b), a transect-based, data-assimilated model, which integrates long-
and cross-shore sediment transport processes. We calibrated the model with historical wave
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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 three selected transects within each study site.

Model equation, parameters, and calibration
The governing equation of CoSMoS-COAST is based on the one-dimensional conservation
of sediment volume equation:

a_Yz—qu Y_ia_Q_La_S_{_vlt, (4.1)
ot T d.dX 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: (1) wave-driven cross-shore
equilibrium shoreline change (after ; ), where Ye is
the equilibrium shoreline position (set by instantaneous wave conditions) and 7 the equi-
librium timescale; (2) gradients in longshore transport, where d. is the depth of closure, Q
is the longshore transport, and X is the alongshore coordinate; (3) sea-level driven profile
recession (i.e., the Bruun rule), where S is the sea level, tan 8 is the transgression slope, and
¢ a recession coefficient; and (4) a linear residual trend. See
for details on each model component and its parameters.
Although the underlying equation 4.1 and unknown model parameters (Table 4.2) of
the CoSMoS-COAST model used here (and also in ) are the same as in
, 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 ;
, for details), resulting in the following equation for the shoreline pos1t1on Y at time ¢:

Sit)—-S
Y(t) = Yo + fos(8) * 8es(8) + fis(8) + gis(8) — CTGTBO + vt (4.2)
where Y, is the initial shoreline position, s represents a convolution operation, fs(t), 8cs(t)
and f(t) and gi5(¢) are the cross-shore and longshore convolution functions, respectively,
given by:

H(t) — H
Jes(®) = _AYCSH—SZ’ (4.3)
t/At
gcs(t) = < A%"t ) B 4.4)
fis(t) = AYs sin (2a(t)), (4.5)
t/At
gis(t) = (1 - AA_Tt,S) , (4.6)

where Hj is the significant wave height, At the model time step (1 day), and o the wave
incidence angle relative to the shoreline angle.
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The seven unknown model parameters resulting from equations 4.2—4.6 are summarized
in Table 4.2. The current model is calibrated using a constrained optimization routine (see
upper and lower parameter bounds in Table 4.2), not the ensemble Kalman filter method
of the original model . 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 @(1.000—10.000’s) of transects,
for which an iterative optimization method would have been too costly. The parameter-
estimation routine used here minimizes the loss function:

L= \/RMSE%orm +(1- P)2 +(1- STDnorm)2 (4.7)

for each transect i, individually, where

1 N 2
RMSEpl’ed \/N Z:n=l (YObSn - Ymodn)
STDoye STDops ;

RMSE o = (4.8)

_ STDpred

STDnom = S7p o 4.9)
obs

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

Parameter Symbol Unit Lower bound Upper bound
Cross-shore equilibrium timescale AT days 20 300
Cross-shore equilibrium excursion ~ AYg m 2 100
Longshore equilibrium timescale AT days 20 365
Longshore equilibrium excursion AYg m —250 250
Bruun coefficient c - 0.5 1.5
Residual linear trend Uyt m/y -1 1
Initial shoreline position Yy m —70 70

Table 4.2: Overview of the seven model parameters that need to be calibrated in the CoSMoS-COAST shoreline
model. The final two columns denote the bounds of the calibration range.

Forcing and model scenarios

We first ran and calibrated the model over the hindcast period (1980-2024). To force the
model, we used historical time series of parametric wave conditions from the global ERAS
reanalysis ( ) and SLR from the Global Tide and Surge Model v3.0
(GTSM; ). For waves, we extracted the daily maximum significant wave
height (Hy) and corresponding mean wave direction (6) from the nearest ERA5 node at each
study site. For historical SLR, we extracted the yearly mean sea level at the nearest GTSM
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node. Thus, the wave conditions were updated at each timestep (daily), whereas the mean
sea level was updated each year.

For the model calibration and validation we used the CoastSat-derived shoreline po-
sitions. Given the inherent noise and error in satellite-derived shorelines (

; ), we applied a density-based filter and smoothed the obtained shore-
lines 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; ). Then, the optimization routine searched for
the set of model parameters that minimize the multivariate loss function (Eq. 4.7) 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 parame-
ter values obtained during the hindcast period. We extracted decadal SLR rates from the
nearest node of the regional [IPCC AR6 SLR projections ( ). To ac-
count for scenario and SLR modeling uncertainty we ran the model for the 5%, 50", and 95t
percentile of the lowest (SSP1-2.6) and highest (SSP5-8.5) emission scenarios of the low
confidence AR6 prOJectrons (which include both low and medium confidence processes;

). The 50" percentile represented the median projec-
tions, while the Sth and 95" 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 2021-2024 derived from GTSM (i.e., the final four years of the hindcast period).
We did not exphc1tly account for projected future changes in wave climate (e.g.,

), but 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 1980-2024, then a random February, etc., following the
method of ). Hence, the future wave time series were shuffled versions
of the ERAS time series.

Performance verification
We evaluated the model performance with the same shoreline time series used for cali-
bration, as there were no in-situ shoreline data available for any of the sites. As model
performance is known to depend on the chosen metric ( ), we used
two widely applied methods (e.g., ; ;
): (1) Mielke’s index, 4, which ranges between 0 (poor) and 1 (perfect
performance); and (2) Taylor diagrams ( ), which allow a graphical compar-
ison of multiple models with a reference (observations) based on their normalized stan-
dard deviation (STD, ), Pearson’s correlation (o), and normalized root mean squared
error (RMSE,;m)—i.e., the same metrics as used in the optimized loss function (Eq. 4.7).
Mielke’s index was computed as ( ):

1 «N 2
E Zn:l (Yobsn - Ypredn)

STDZ + STDZ s + (robS - Ypred)

A=1-

(4.10)

2

where N is the number of observed (Ys) and modeled (Y},¢4) shoreline positions, ?obs and
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Y preq are the mean values, and STDops and STDpyq the standard deviations. The numerator
represents the mean squared error (MSE).

4.2.4. 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 decom-
posed the CoastSat-derived time series to derive seasonal and long-term components. Then,
we used Empirical Orthogonal Function (EOF) analysis on the model hindcast. The full ap-
proach is visualized in Figure 4.3 and explained in more detail in the following paragraphs.
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Figure 4.3: 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.

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 (Cleveland, 1979). Using STL,
the CoastSat-derived shoreline position time series at each transect was decomposed into
three components:

Y(t) = Y\t(t) + Yss(t) + Yres(t)a (4-11)



82 4. Uncertain future for global nesting beaches

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 ) with
a four-year smoothing window, in order to separate interannual to decadal variability in
shoreline change from seasonal fluctuations (as in ). 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. In case there
were larger gaps, we only used the most recent part of the time series, with gaps of nine
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 Y}, leaving the seasonal and
residual components. The seasonal component (Ygs) 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 (Yo = Y — Yy — Yoo).
Interannual variability in the seasonal cycle is therefore included in Yies.

While Y}; provided some means of visually assessing long-term shoreline change, it still
included inter-annual signals. Therefore, we also quantified the total long-term shoreline
change rate at each site through (1) a linear regression fit to the smoothed CoastSat obser-
vations (i.e., the same data as used for the model hindcast) and (2) the long-term trend (vy;)
from the model, which was capped at 1 m of shoreline change per year (Table 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 years, 1980-2025). For
a complete technical description of EOF applied to shoreline analysis, see

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 ( ; ). The number of EOFs/PCs
is equal to the the smallest dlmenswn (in this case one per transect, so three EOFs).

4.3. Results
4.3.1. 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 in-
creased, leaving twelve years of data for the shoreline decomposition (n = 400 shorelines
after outlier removal, Figure 4.4f-h). 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 (Figure 4.4b, e-h). The nesting season overlaps with the austral summer
and a wider beach at T3. 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
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summer) though extending well into the rotation of the beach. Over the past twelve years,
the long-term trend appeared relatively stable, with some interannual variability and a weak
erosive trend at T2 and T3.
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Figure 4.4: Shoreline and accommodation space analysis for Long Beach, Ascension Island: a) Satellite image
showing the transects and reference shoreline position; b) Seasonal shoreline component, Y, at each transect;
¢) Backbeach elevation profiles, with vertical lines denoting the first point above 10 m + MSL; d) Beach width
and accommodation space at each transect; ¢) Historical wave and water level time series; f-g) Observed and
decomposed (long-term and seasonal) shoreline position time series at each transect.

The backbeach elevation and accommodation space varied significantly in alongshore
direction (i.e., across the transects; Figure 4.4c). Atthe northern end (T1) the backbeach was
flatter and only started steepening about 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 4.4d). Considering the backbeach
elevation only, the accommodation space would have increased to about 350 m and 80 m at
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T2 and T3, respectively.
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Figure 4.5: 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 (1980-2025) and forecast (2025—
2100) periods. Grey dots are the CoastSat shorelines, solid lines represent the full model results, and dashed lines
only include the long-term trend (Uy;) and 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 5™ and 95™ percentile; ¢) Amplitude of the three PCs over the hindcast period; d—f) Amplitudes of
the three EOF's at each transect and percentage of explained variance.

The model performed differently across the three transects, but generally matched the
observed seasonal cycles (Figure 4.5b). 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 reason-
able RMSE values, though especially at T1 it struggled to fully capture the seasonal and
interannual variability. At T2 the RMSE was smaller than at T3, but the signal fluctuations
were also significantly smaller (i.e., the relative RMSE was larger at T2). Over the past 45
years, 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, repre-
sented 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 (Figure
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4.5¢, d). 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,
strongest at T2 (highest EOF amplitude; Figure 4.5¢c, e). 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 (Figure 4.5¢, f; 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 2100, under both
median SLR scenarios, significantly reducing the available accommodation space (Figure
4.5a, b). 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 95" 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 2100. More importantly,
shoreline retreat at T3 was projected to exceed the available accommodation space of 25 m
around 2060/70.

4.3.2. La Escobilla, Mexico

At La Escobilla there was sufficient data for the STL shoreline decomposition from 1993
onward (32 years and n = 1016 shorelines after outlier removal, Figure 4.6f-h). Again,
there was a clear seasonal pattern in the shoreline position, with the excursion around 25 m
at all transects (Figure 4.6¢). 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.

Although mean sea level at La Escobilla increased by about 10 cm since 1985 (Figure
4.6e), 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 (Figure 4.6f-h). 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
4.6a). 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, Figure 4.6f-h).

The beach width at La Escobilla decreased from 85 m at T1 to 61 m at T3. The back-
beach was relatively flat and low at all three transects and only at T1 the slope started to
increase some 500 m from the shoreline. 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 similar accommodation 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 accom-
modation 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,
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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 accommodation space there.
The model showed similar results for the three transects and generally matched the ob-
servations well, replicating the seasonal behavior and long-term accretion with relatively
low RMSE values (8-9 m, Figure 4.7a). However, it struggled with simulating the amplitude
of interannual oscillations, which it underestimated, most evidently at T3. The observed ac-
cretion over the past decades was simulated by the model through a linear trend, contrasting
with the observed stability in shoreline position between 1990-2010 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 (Figure 4.7b, ¢). The other two EOF modes were negligible
compared to EOF 1. The future projections all showed continued accretion, again strongest
at T1 (50+ m by 2100) and weakening toward T3 (15-30 m), even under nearly 3 m of SLR.
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Figure 4.7: 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 (1980-2025) and forecast (2025-2100)
periods. Grey dots are the CoastSat shorelines, solid lines represent the full model results, and dashed lines only
include the long-term trend (v};) and 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 5™ and 95" percentile; ¢) Amplitude of the three PCs over the hindcast period; d—f) Amplitudes of the three
EOFs at each transect and percentage of explained variance.

Differences between the SLR scenarios were small.

4.3.3. Global results

Observed shoreline change and accommodation space varied significantly across the seven
other locations (see overview in Table 4.3; figures analogous to 4.4—4.7 are given in Ap-
pendix B.4). Strong and clear seasonal cycles were apparent at Joao 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 interannual or long-term signals gen-
erally dominated shoreline change over the past decades.

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 be-
low 0.5 m/year at Long Beach, Dirk Hartog Island, and Alagadi (Figure 4.8). Busca Vida
and Masirah Island had relatively stable shorelines, while Tortuguero, La Escobilla, and
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particularly Joao 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 Joao Barrosa and La Escobilla until 2100.
Moreover, Joao Barrosa, Tortuguero, Rancho Nuevo, and Masirah Island had large accom-
modation 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) lead-
ing to larger differences. The median projections were generally quite close together, but
the 90% confidence intervals spanned wide ranges at some locations. At Masirah Island,
for instance, the 2100 projection ranged from no change or even slight accretion (SSP1-2.6
5t percentile) to over 50 m of shoreline retreat (SSP5-8.5 95" percentile). For some loca-
tions the range covered accretion as well as erosion. At other locations, like La Escobilla or
Rancho Nuevo, the difference between the scenarios was small compared to the projected
change.
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Figure 4.8: 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).

4.4, Discussion
4.4.1. 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 4.9). At seven of the nine
sites (all except La Escobilla and Joao Barrosa), potential future shoreline retreat is projected
at one or more of the three transects. At some of these, the projections also include accretion,
depending on the SLR scenario (e.g., Tortuguero, Masirah Is.). La Escobilla and Joao Bar-
rosa 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 accommo-
dation 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.
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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
Joao 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
Masirah Is., OM 0.065-0.085 Stable 83-136 >1000 301-634 176-498

Table 4.3: Results for all nine sea turtle nesting sites analyzed in this study. 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 a 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 1000 m landward from
the shoreline, so if no infrastructure was within 1000 m, this is denoted as >1000).

At the remaining eroding sites, projected shoreline retreat by 2100 is below the estimated
accommodation space, although close at some transects (e.g., Busca Vida T3, Long Beach
T2). These findings highlight the variability in the morphological evolution and character-
istics 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 uncertainties, for example in the definition of the accommodation space.
The IFD is particularly sensitive to building positions in sparsely-developed areas, as 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 4.6d). 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 infrastructure may be allowed to erode to provide room for the beach system
( ). 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 makes it difficult to identify steep slopes as the sample points along the
transects are often 40-50 m apart. Local, high resolution assessments of the backbeach
elevation and geology could therefore drastically improve accommodation space estimates,
but are costly and time-intensive.

Our analysis assumes a fully sandy profile in which the entire beach width retreats to-
gether 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 ( ). If the beach is underlain by rocky formations, erosion
may expose a rocky shoreline, potentially inaccessible to turtles ( ).
Dirk Hartog Island and Joao 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
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Figure 4.9: Overview map showing the accommodation space (horizontal lines) and projected shoreline change at
the three transects (T1 blue, T2 pink, T3 green) of al nine nesting sites. Projected shoreline change is shown for the
two 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.

beach migration (Walkden & Dickson, 2008). At Tortuguero and Rancho Nuevo, accommo-
dation 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). Accounting for these different geo-
logical 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).
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4.4.2. Model performance, limitations, and uncertainty

Model performance varies considerably across sites and transects (Figure 4.10) but aligns
with previous shoreline modeling efforts reported in the literature, even at well-monitored
sites (e.g., ; ; ). 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 4.10a)
are similar to those in a previous blind-testing study of shoreline models (

). At many sites, the model captures the seasonal dynamics, but struggles to repli-
cate 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 4. IOb) These are both common limitations of reduced
complexity models ( ; ; ). 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 4.7). At some sites performance varies significantly
across transects (e.g., Long Beach and Joao Barrosa), which is also common in shoreline

modeling, especially at embayed beaches ( ; ).
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Figure 4.10: Model performance across the sites (marker shape) and transects (edge color), assessed through a)
Mielke’s index (1); and b) a Taylor diagram, which shows the Pearson correlation (o, 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 point marked REF. Sites are abbreviated by Country_Site (e.g., Al LB = Ascension Island, Long Beach).

The model has several limitations, which can partly explain why it struggles, for in-
stance at 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
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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 long-
shore transport only. Second, the CoSMoS-COAST version used here models each transect
separately without enforcing a sediment balance across transects. Hence, sediment is not
necessarily equally distributed during the beach rotation, as there is no mass conservation.
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 towards the coast ( ), but it may not always hold. Long
Beach is situated on the northwest side of the 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.,

). While seasonal fluctuations are evident in the data and may be 1nferred from the
forcing conditions, historical SLR has been low (O(10-15 cm) since 1980), making the mor-
phological response hard to distinguish from shorter-term "noise”’ ( ).
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 modu-
lates the selected transgression slope. In our model runs, the optimized value for ¢ reaches
the upper or lower bound for all transects (Figure B.1), also showing the uncertainty in the
applied transgression slopes. At accreting transects, the minimal SLR term combined with
a positive linear trend (vy, replicating the accretion) generally projects continued accretion
in the future (most obvious at La Escobilla and Joao Barrosa). While not impossible, 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 pro-
cesses, it is dependent on the accuracy and consistency of the historical observations it is
derived from. Especially in the early part of the hindcast there are relatively few observa-
tions. It 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 ( ; ; ). Although
the Bruun coefficient (c) allows some modulation of the transgression slope during model
optimization, future studies could explore a set of potential transgression slopes more rig-

orously (e.g., ). Finally, in the forecast, we opted to focus on sea level
driven shoreline change and neglected expected future changes to the wave climate (
; ) and storm intensity and frequency ( ;

). The monthly reshuffling of the historical ERAS wave time series for
the projections (Section 4.2.3) also mean that interannual variability in wave climate is re-
moved.
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4.4.3. 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. They serve as a first exploration of potential future
shoreline change, to identify sites that may be particularly vulnerable to future erosion. Un-
certainty notwithstanding, the projected erosion at Dirk Hartog Is., Alagadi, and Long Beach
is concerning as 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., ). They should also include more rig-
orous quantification of model and wave climate uncertainty ( ;

; )-

Our results also reveal dominant modes of shoreline change at the different sites, which
may play an important role in 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 ap-
proach, used in many previous studies (e.g., ;

), is not suitable to assess SLR vulnerability at nestmg sites. Under the bathtub
assumption, any rise in sea level automatically translates to shoreline retreat, 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 likely habitat loss) at all
nine sites, regardless of the historical and present shoreline evolution. We therefore strongly
discourage using the bathtub approach in future SLR vulnerability assessments.

Due to the global-scale coverage of the datasets used herein, our approach is readily
transferable to assess shoreline evolution and potential vulnerability at any 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, as the
shoreline position may not provide sufficient information ( ;

). For instance, the olive ridley mass nesting sites in Odisha, India (

) and the leatherback (Dermochelys coriacea) rookeries at Braamspunt, Suriname and
Awala-Yalimapo, French Guiana ( ) 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.
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4.5. Conclusion

In this paper, we combined CoastSat-derived shorelines, shoreline modeling (CoSMoS-
COAST), and global datasets 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 et al., 2023b) to hindcast daily shoreline positions from 1980 to 2024 and fore-
cast them from 2025 to 2100 under two SLR scenarios, including associated uncertainty.
Additionally, we quantified the available accommodation space at each site using using a
global digital terrain model (DeltaDTM; Pronk et al., 2024) and global infrastructure foot-
prints (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 vulner-
able to SLR, due to projected shoreline retreat coupled with limited accommodation space.
Our results (1) help understand the seasonal and long-term morphodynamics at these criti-
cal nesting beaches, (2) indicate which sites may be vulnerable to future erosion and SLR,
and (3) provide a 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.

Data availability—All data underlying the analyses presented in this chapter (including the model code) are
publicly available through the 4TU.ResearchData repository at https://doi.org/10.4121/0a7c¢f460-e3da-480-aa20-
f41eb7f9ef93.v1. All global datasets used in this study are also available online, for access please refer to the
corresponding references mentioned in this chapter.
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Cover photo by Adhith Swaminathan ©: Olive ridley sea turtles (Lepidochelys olivacea) during a mass-nesting
arribada event at Rushikulya, India.



New horizons for nesting sea turtles

Abstract

Climate change and human activity threaten sea turtle nesting beaches through increased flooding and
erosion. Understanding the environmental characteristics that enable nesting can aid to preserve and
expand these habitats. While numerous local studies exist, a comprehensive global analysis of en-
vironmental influences on the distribution of sea turtle nesting habitats remains largely unexplored.
Here, we relate the distribution of global sea turtle nesting to 22 coastal indicators, spanning hydrody-
namic, atmospheric, geophysical, habitat, and human processes. Using state-of-the-art global datasets
and a novel 50-km-resolution hexagonal coastline grid (Coastgons), we employ machine learning to
identify spatially homogeneous patterns in the indicators and correlate these to the occurrence of nest-
ing grounds. Our findings suggest sea surface temperature, tidal range, extreme surges, and proximity
to coral and seagrass habitats significantly influence global nesting distribution. Low tidal ranges and
low extreme surges appear to be particularly favorable for individual species, likely due to reduced
nest flooding. Other indicators, previously reported as influential (e.g., precipitation and wind speed),
were not as important in our global-scale analysis. Finally, we identify new, potentially suitable nest-
ing regions for each species. On average, 23% of global coastal regions between —39° and 48° latitude
could be suitable for nesting, while only 7% is currently used by turtles, showing that the realized niche
is significantly smaller than the fundamental niche, and that there is potential for sea turtles to expand
their nesting habitat. Our results help identify suitable nesting conditions, quantify potential hazards
to global nesting habitats, and lay a foundation for nature-based solutions to preserve and potentially
expand these habitats.

This chapter is a revised version of the publication in Scientific Reports:

Christiaanse, J. C., Antolinez, J. A. A., Luijendijk, A. P., Athanasiou, P., Duarte, C. M., & Aarninkhof, S. (2024).
Distribution of global sea turtle nesting explained from regional-scale coastal characteristics. Scientific Reports,
14, 752.
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5.7. Introduction

Climate change and human activity pose many different challenges to sea turtles, 1nclud1ng
the flooding and erosion of their nesting habitats—sandy beaches (

). Although sea turtles have successfully evolved and adapted to habltat
changes over millions of years, their slow population growth rates mean they are unable
to recover quickly from population declines (recovery rates of sea turtle populations can
range from several decades to 100 years; ). This makes them particularly
vulnerable to relatively fast-paced changes to their nesting habitat ( ;

), such as current human and climate-induced effects on nesting beaches (e.g.,
rising temperatures and sea levels; ).

An imminent threat is the flooding and erosion of nesting beaches during events with
high water levels and/or waves (e.g., storms and tropical cyclones). Incubating nests can get
inundated or even washed away, significantly decreasing hatching success (

; ). Furthermore, storm erosion can significantly alter beach
morphology, which may affect nesting over several seasons ( ). On longer
time-scales, structural erosion and coastal squeeze may gradually diminish the amount of
nesting habitat available to sea turtles (e.g., ;

). These threats are expected to intensify in the future, because many nesting
beaches lie in (1) the tropics ( ), the most vulnerable zone to increased
future coastal flooding due to sea level rise ( ); (2) regions prone to
tropical cyclone activity ( ; ); and (3) developing
countries, where coastal areas are expected to become increasingly developed in the fu-
ture ( ). Nature-based solutions—for example, through turtle-friendly
design of sand nourishments or by adding coastal vegetation or reefs to provide coastal pro-
tection from flooding and erosion—may offer promising opportunities to preserve and even
expand nesting habitats. However, we first need to understand the environmental charac-
teristics that enable sea turtle nesting to design such solutions.

Many studies have attempted to identify preferential nesting conditions for sea turtles,

but the results are often inconclusive or inconsistent among studies (e.g., ;

). Generally, incubating nests require certain temperature and humidity win-

dows ( ), and nesting females seemingly try to limit the exposure of their
nests to conditions outs1de these windows. Hence, temperature (

> > 5 )5 hu-

midity ( ; ; ; ;

), geomorphology (e.g., beach elevation and slope;

; ), hydrodynamics (e.g., waves and water

levels; ; ; ), and human ac-

tivity ( ) have all been mentioned as potentially influential factors on

nesting suitability. Yet, to date there are hardly any robust ranges for the multivariate charac-
teristics believed to enable turtle nesting. They vary significantly between nesting beaches
of different species, and even populations of the same species ( ;

). The fact that all sea turtles exhibit some degree of nest site fidelity, returning to nest
in the region where they hatched ( ), further complicates causation. It
therefore remains uncertain how turtles select their nesting beaches ( ).
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Most past studies have focused on individual (and usually popular) nesting beaches,
rarely comparing them to 'non-nesting’ beaches, which may make it difficult to discern
suitable conditions ( ). Moreover, focusing on individual beaches limits the
analysis to a small subset of the species’ realized niche and hinders the ability to distinguish
patterns on a regional level. Only few studies have tried to identify suitable characteristics
for nesting on a scale that exceeds individual beaches within the same region (

; ; ; ). was the
only one of these who analyzed and predicted nesting suitability over large parts of the global
coastline, but his analysis was limited to variables related to temperature and precipitation,
and did not include any information on hydrodynamics, geomorphology, habitat, or human
activity near nesting sites.

Here, we relate sea turtle nesting activity to a broad range of environmental character-
istics of global coastal regions. All five globally distributed species are considered: the
loggerhead turtle (Caretta caretta, Cc), green turtle (Chelonia mydas, Cm), hawksbill tur-
tle (Eretmochelys imbricata, Ei), leatherback turtle (Dermochelys coriacea, Dc), and olive
ridley turtle (Lepidochelys olivacea, Lo). We assess the influence of 22 coastal indica-
tors related to hydrodynamic, atmospheric, geophysical, habitat, and human processes on
the global distribution of sea turtle nesting grounds, using state-of-the-art global datasets
combined with tailored machine learning techniques. We then identify spatially homoge-
neous patterns in the most influential indicators through a global-scale cluster analysis of
coastal regions. Using the clusters, we further investigate the relationship between influ-
ential coastal indicators and nesting activity and identify new, potentially suitable nesting
regions (fundamental niches) for all five species. The results (1) help identify and quan-
tify suitable nesting conditions and main hazards in each (potential) nesting region; and (2)
guide research on the design of nature-based solutions to restore and preserve nesting habi-
tats from present and future coastal impacts, and to enable the colonization of potentially
suitable nesting regions ( ).

5.2. Methods

We characterized the World’s coastline using state-of-the-art global datasets on hydrody-
namic, atmospheric, geophysical, habitat, and human variables (Table 5.1). These data
were spatially aggregated onto a novel 50-km-resolution hexagonal coastline grid, called
Coastgons ( ), to perform our analysis on a single resolution
(a Coastgon being a hexagonal coastal cell). We derived 22 indicators describing temporal
and spatial variability of coastal characteristics for each Coastgon (Table 5.2). Next, we
assessed the importance of these indicators on the global distribution of sea turtle nesting
grounds through a machine learning regression technique (random forests), and selected a
subset of six influential indicators for each sea turtle species. We identified patterns in the
coastal characteristics of global sea turtle nesting habitats by clustering the six indicators of
each species with self-organizing maps, a machine learning clustering technique. Finally,
we identified new, potentially suitable nesting regions for each species, based on the clus-
ters, and illustrated these in nesting suitability maps. The methodology is explained in more
detail in the following sections and illustrated in Figure 5.1.
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Figure 5.1: Flowchart showing the methodology of this study. First, data gathered from eight global datasets was
aggregated onto the Coastgon grid. Next, we derived 22 coastal indicators for each Coastgon from these data
using descriptive statistics. We then assessed the influence of each indicator on the distribution of global sea turtle
nesting by fitting a random forest model. Based on the feature importance we selected a subset of six influential
indicators per turtle species. Then we identified patterns in the six indicators among global sea turtle nesting
regions, by clustering the Coastgons based on the six indicators selected for each species, through self-organizing
maps (SOM). Finally, we identified new, potentially suitable nesting regions for each species, based on the SOM
clusters.

5.2.7. Global data

We used global data describing sea turtle nesting activity from SWOT (Halpin et al., 2009;
Kot etal., 2021) and WIDECAST (Eckert & Eckert, 2019), waves, wind, sea surface tem-
perature, and precipitation (ERAS; Hersbach et al., 2018), tide and surge levels (GTSM;
Muis et al., 2020), ocean currents (ORASS; Copernicus Climate Change Service Climate
Data Store, 202 1), geomorphology and coastal land use (GCC; Athanasiou et al., 2024), and
the distribution of coral reefs (Allan Coral Atlas; Li et al., 2020) and sea grass meadows
(UNEP-WCMC; UNEP-WCMC & Short, 2021). Each dataset is briefly described below
and summarized in Table 5.1.
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* SWOT, the State of the World’s Sea Turtles project, provides a database of global
sea turtle nesting sites since 2004 (although including earlier data), compiled from
data contributions of over 550 individuals and organizations around the World and
is hosted by the OBIS-SEAMAP platform ( ; ).
As such, the spatial resolution and accuracy vary significantly, ranging from differ-
ent sites on the same beach, to groups of beaches (e.g., a small island with multiple
beaches). Each site is labeled either as *Quantified’, *Unquantified’, or "No-Nesting’.
Since our Coastgon resolution is large enough to aggregate the different spatial reso-
lutions of the nesting sites and we did not weight Coastgons based on the number of
nesting sites, we used all quantified and unquantified nesting sites (N = 5383 unique
sites, many with multiple species, see Figure 5.2).

* WIDECAST, the Wider Caribbean Sea Turtle Conservation Network, provides a
nesting atlas spanning 45 Caribbean countries and territories, compiled from data
provided by more than 200 contributors ( ). There is significant
overlap between the SWOT and WIDECAST datasets, but WIDECAST provides ad-
ditional data for several regions where SWOT is incomplete (e.g., Brazil). As we
aggregate all nesting sites to the Coastgon grid, the overlap is not a problem for the
analysis, hence we used all available nesting sites (N = 1336 unique sites, many with
multiple species, see Figure 5.2).

* ERAS, the ECMWF Reanalysis v5, is a global atmospheric reanalysis, providing
hourly time series of atmospheric, land, and oceanic climate variables from 1940 to
present ( ). The model is split into two coupled structured global
grids, ERA5-wave at a resolution of 0.5° for wave variables (e.g., sea and swell wave
heights and periods) and ERAS5-atmos at a resolution of 0.25° for atmospheric, land,
and oceanic climate variables (e.g., wind, land moisture, and sea surface temperature).
We used time series of significant wave height (wind sea and swell combined), peak
wave period, 10 m wind speed, sea surface temperature, and total precipitation from
1980 to 2021 (42 years).

* GTSMv3.0, the Global Tide and Surge Model, solves tidal propagation and was
forced with wind and sea level pressure fields from ERAS to provide a 10-minute
interval time series of global tide and storm surge levels ( ). The
spatial resolution of the output nodes varies around the globe, but is generally around
20-50 km near the coast, with higher resolution along European coastlines (< 10 km).
We used tide and surge data computed for 1985 to 2014 (30 years).

* ORASS, the Global Ocean ReAnalysis System, is a global, eddy-permitting ocean
and sea ice ensemble reanalysis, based on five members (

). It provides global monthly mean values of ocean
data from 1958 to present, on a structured grid with 0.25° horizontal resolution and
at 75 depth levels up to 5500 m deep. We used time series of ocean current velocities
at 0.5 m below the surface, from 1980 to 2021.

* GCC, Global Coastal Characteristics, is a dataset of hydrodynamic, geophysical, and
socioeconomic indicators along the global coastline ( ). Data
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is provided at shore-normal transects which follow the coastline at 1-km intervals.
We used data on geomorphology (slopes and topography), shoreline orientation, and
built environment in the coastal zone.

* The Allan Coral Atlas provides a global coral reef extent map, based on reef occur-
rence probabilities computed through a convolutional neural network ( ).
We used geo-referenced polygons of coral reefs covering all ocean basins.

* UNEP-WCMC provides a global distribution of seagrass meadows (
), which is regularly updated since 2003, to reflect present conditions.
We used geo-referenced polygons of seagrass meadows covering all ocean basins.

Dataset Data Ref. Type of data Spatial dimensions Temporal dimensions
SWOT Nesting grounds 1 Observations  Geolocations, variable n/a

WIDECAST Nesting grounds 2 Observations  Geolocations, variable n/a

ERAS5-wave Hydrodynamics 3 Reanalysis Structured grid, 0.5° 1980-2021, hourly
ERAS-atmos Meteorology 3 Reanalysis Structured grid, 0.25° 1980-2021, hourly
GTSM Tide and surge 4 Hindcast Unstructured grid, variable 1980-2018, 10 min
ORAS5 Ocean currents 5 Reanalysis Structured grid, 0.25° 1980-2021, monthly
GCC Geomorphology 6 Mixed Transects, 1 km variable, single times
Allan Coral Atlas  Coral reef extent 7 Modeled Geopolygons, variable 2020, single time
UNEP-WCMC Seagrass locations 8 Observations  Geopolygons, variable since 2003

Table 5.1: Summary of the global datasets used for this study. References: !
2 3 4

> > > >

6 7 8
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While SWOT and WIDECAST provide invaluable sources of nesting data, we are aware
that these datasets are not complete and that some developing countries in particular are
underrepresented in the database (see also Section 5.4). We therefore added some additional
nesting sites to our analysis—specifically in regions where we know SWOT is incomplete—
based on information provided by ( , Red Sea),

( , India and Pakistan), and ( , global). An overview of all nesting
sites used for this study is presented in Figure 5.2.

Moreover, the variability in accuracy and completeness of the SWOT nesting data and
the use of other global datasets were one of the reasons that we chose the Coastgon ap-
proach (see next section) with a resolution (50 km) suited to regional analysis of coastal
characteristics. A single nesting site in SWOT will lead to a corresponding ‘nesting Coast-
gon’, regardless of how many turtles nest there, or how many other nesting sites there are
close by. This mitigates the issue of underreported and missing nesting sites.

5.2.2. Coastgons

We created a novel ~ 50-km-resolution hexagonal coastline grid, called Coastgons, divid-
ing the Earth’s coastline between —39° and 48° latitude into distinct coastal regions (

). The latitude limits were chosen by adding a buffer to the lati-
tudes of the most northern and southern known sea turtle nesting sites in the SWOT database
( ). We opted for a hexagonal cell grid over a point-based transect system
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Figure 5.2: Overview of all nesting sites of all species used for this study (green dots). Dashed lines show the
latitude limits applied to the Coastgon grid.

as it better represents the contiguous nature of coastal regions. Additionally, the geometric
properties of hexagons, such as uniform distance between neighboring cell centers and eq-
uitable partitioning of space, make them efficient and suitable for geospatial analyses and
visualization.

We used the H3 hexagonal hierarchical geospatial indexing system (

) as a basis for the Coastgons. H3 covers the Earth’s surface with a hexagonal cell grid
at 16 hierarchically leveled resolutions. The H3 grid was created by covering the 20 planar
faces of an icosahedron with hexagonal cells and then projecting each face onto Earth’s
surface using a gnomonic projection ( ). Each hexagon is then
defined by the latitude/longitude coordinates (WGS84) of its vertices.

We created the Coastgons by overlaying the H3 grid (resolution 4) over the centroids
of the coastline transects used in the GCC dataset ( ). The geospatial
overlay selected every H3 hexagon that covered at least one GCC transect centroid, leading
to many Coastgons that represented very short sections of coastline (O(10km)). To mitigate
this issue, we refined the grid by filtering Coastgons based on their number of transects and
neighboring Coastgons, while ensuring that the resulting coastline grid would not be inter-
rupted by gaps. The GCC transects that fell into eliminated Coastgons, were subsequently
matched to the nearest remaining Coastgon, up to a maximum distance of 100 km. Hence,
in the final grid (N = 5848 Coastgons), every coastline transect within 100 km of the grid
is represented by one Coastgon. Finally, we assigned a representative coastline centroid
(CLC) to each Coastgon, given by the centroid of all transects linked to it.

The challenges of projecting a global grid over the Earth’s surface mean that not all H3
hexagons are regular (equilateral and equiangular), and they can vary in size (although the
size is not correlated with the latitude due to the gnomonic projection used in H3;

). For the Coastgon grid, this results in a mean cell area of 1775 km?
(standard deviation 242 km?) and a mean diameter (distance between opposing vertices) of
52 km (standard deviation 3.7 km). We accepted this property, given our analysis did not
involve any indicators that are directly linked to the the Coastgon size. The chosen resolution
is similar to that of the coarsest global dataset used (ERAS-wave at 0.5° =~ 55 km at the
equator). Hence, small-scale coastal features, like sheltered or embayed beaches, might not
be resolved but regionally aggregated. We deemed this an acceptable trade-off, given our
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aim to identify regional patterns of spatio-temporal characteristics of coastal systems.

5.2.3. Regional coastal indicators

We assumed that each Coastgon represents a spatially homogeneous coastal region, with a
binary state regarding nesting activity: if it covered any known nesting sites, it was consid-
ered as a nesting region for the corresponding species. Each Coastgon’s coastal character-
istics were represented by a set of 22 indicators derived from the global data, divided into
five categories: hydrodynamic, atmospheric, geophysical, habitat, and human (Table 5.2).
The number of data points from which each Coastgon’s indicators were computed depends
on the dataset. Each GCC transect was linked to one Coastgon during the creation of the
grid, so we used all transects linked to a Coastgon to compute its geophysical and human
indicators. For gridded datasets (ERAS5, GTSM, and ORASS), the k nearest nodes to each
CLC were used, up to a maximum of 100 km distance, where k depended on the resolution
of the dataset (k = 1 for ERA5-wave, k = 2 for ERA5-atmos and ORASS, and k = 3 for
GTSM). Distances were computed with the Haversine formula (shortest distance between
two points on the surface of a sphere). If no node was within 100 km of a Coastgon’s CLC,
a ’Not a Number’ (NaN) was assigned to that Coastgon.

The hydrodynamic and atmospheric indicators were computed from historical time se-
ries (42 years from 19802021 for ERAS and ORASS; 30 years from 1985-2014 for GTSM),
while the geophysical, habitat, and human indicators represented current or recent condi-
tions (Table 5.1). When time series from multiple nodes were used for one Coastgon, we
first computed the indicators separately from each time series, before averaging over the
nodes to yield one value per indicator and Coastgon. Most indicators were derived through
descriptive statistics, like the median (50™ percentile) as a measure of center and the 95™
percentile as a measure of extremes. For the peak wave period (7,) we also included the
standard deviation, as T, is often characterized by a bimodal distribution of swell and wind
waves (a larger standard deviation indicating a bimodal wave climate). We included the
standard deviation of the shoreline angle as a measure of shoreline complexity—a large
standard deviation indicating many different shoreline orientations, hence a more complex
coastline, (e.g., islands and embayed beaches). For indicators representing distances (D o3,
Dcor, and Dgy,), calculations were based on the CLC of each Coastgon. A detailed expla-
nation of how each indicator was derived from the global datasets is provided in Appendix
C.1. The final dataset of 5848 Coastgons, characterized by 22 coastal indicators, is available
through the 4TU.ResearchData repository ( ).

5.2.4. Influence of coastal indicators on sea turtle nesting distribution

To assess the influence of the 22 coastal indicators on the distribution of global sea turtle
nesting, we employed random forests (RF; ). RF is a machine learning re-
gression technique that constructs an ensemble of uncorrelated decision trees which predict
a sample’s class, and returns the majority prediction of all trees. We selected RF because it
is capable of capturing complex, non-linear relationships in the data. Furthermore, the RF
model computes the contribution of each variable to the predictive accuracy of the decision
trees and converts these to a relative feature importance. We also tested linear discrimi-
nant analysis and logistic regression models, but these could not achieve adequate model
performance, hence we only used RF.
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Category Variable Indicator Symbol Unit Dataset
median Hg red
ignificant height . ’
Significant waveheig 95™ percentile Ho pos m
median Tp,med s ERAS5 Ocean
Peak wave period 95" percentile Ty 05 N
standard deviation Ty std s
Hydrodynamic median h m
Surge level ; ) S,med
95™ percentile hs po5 m GTSM
Tidal range mean Riige m
Ocean current velocity median U, med m/s
Ocean current proximity Distance to nearest cur- D¢ g3 km ORASS
rent > 0.3m/s
. median Uio,med m/s
10 m wind speed 95" percentile Us0,p05 m/s
Atmoshperic Sea surface temperature median SSTeq °C ERAS Atmos
Total precipitation median Py mm/y
Shoreline angle standard deviation Pstd °
Nearshore slope median Bns,med -
Geophysical Backshore slope median Bos,med - GCC
Max coastal elevation median Zmax,med m +
within 1km of shoreline msl
standard deviation Zmax,std m +
msl
Coral reef proximity distance to nearest coral Do, km Allan Coral Atlas
Habitat reef habitat
Seagrass meadow proximity distance to nearest sea- Dy km UNEP-WCMC
grass habitat
Human Built env. in coastal zone mean % built environ- Py % GCC

ment

Table 5.2: Overview of the 22 regional coastal indicators for each coastgon, derived from the global datasets in
Table 5.1. They are divided into five categories: hydrodynamic, atmospheric, geophysical, habitat, and human.

We fitted one RF model for each species, distinguishing between nesting (1) and non-
nesting (0) Coastgons. We assessed the model performance by letting the trained model
predict the category of each Coastgon (nesting vs. non-nesting) and computing three perfor-
mance scores: 1) precision, which quantifies the proportion of correct *nesting’ predictions
out of all "nesting’ predictions; 2) recall, which quantifies the proportion of nesting Coast-
gons that is predicted correctly by the model; and 3) the F1 score, which is the harmonic
mean of precision and recall, serving as a balanced measure of model performance. Based
on the RF feature importance and our informed judgment, we then selected a subset of six
influential indicators for each species for further examination in the cluster analysis.

Although RF is commonly used for predictive regression, here we used it as a dimen-
sionality reduction technique. The aim was to identify patterns in the existing data, not to
create the best generalized model to predict new, unlabeled data. Therefore, we decided
to train and test the final RF models on the entire dataset. To test the robustness of our RF
model we carried out a four-fold cross validation (Appendix C.3): we split the data into four
equally sized partitions and trained four RF ‘sub-models’, each on a unique combination of
three partitions (75% of the data). We then compared the RF feature importance of the
five sub-models with the one trained on the full dataset. The feature importance remained
consistent between the five models within each species (Figure C.2).
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5.2.5. Global patterns and nesting suitability maps

To identify patterns in the coastal characteristics of global sea turtle nesting habitats, we
performed a cluster analysis on the six indicators selected for each species. First, the data
was normalized using a custom percentile scaler, which scales each indicator to the range
[0, 1[, such that O represents the minimum and 1 represents the 99.9"" percentile (i.e., scaled
values above the 99.9"" percentile were larger than 1). We applied this custom scaler instead
of more conventional methods, like MinMax or standard scaling, because it is more robust
to outliers and doesn’t assume normally distributed data.

Next, we clustered the Coastgons based on the selected indicators, using self-organizing
maps (SOM). SOM is a type of unsupervised neural network that groups high-dimensional
data into k clusters and automatically projects these onto a two-dimensional lattice, pre-
serving the topological properties of the data as much as possible ( ). Each
cluster of Coastgons is represented by one neuron, which is a point in the six-dimensional
parameter space. The algorithm starts with k predefined initial neurons, and iteratively ad-
justs these during the learning process to yield k distinct clusters. An intuitive, metaphorical
description of the method is that one throws a fishing net over the data, and then moves each
node (neuron) of the net to cover the data as best as possible.

The number of clusters, k, is predefined by the user and is often determined iteratively by
evaluating SOMs for different values of k. We used SOMs with k = 169 clusters, arranged
on a 13x13 lattice. This number was determined iteratively through visual inspection of
SOMs for different k, and using intra- and inter-cluster variance metrics (e.g., quantization
error, silhouette score, and boxplots of each cluster). As initial neurons, we selected a subset
of 169 Coastgons through a maximum dissimilarity algorithm. This algorithm ensures that
the initial neurons are as dissimilar from each other as possible, meaning they span the pa-
rameter space more uniformly (i.e., the fishing net is stretched to the limits of the parameter
space; ). We then computed the final 169 neurons using the
python library by .

To explain the distribution of global sea turtle nesting from the selected coastal indica-
tors, we created a separate SOM for each species (i.e., for each subset of coastal indicators).
Each cluster represented a group of coastgons with similar indicators. We then computed
Spearman’s rank correlation coefficient, p, between the cluster medians of each indicator
and the percentage of nesting Coastgons in each cluster. A positive (negative) correlation
coefficient therefore implies that regions with larger (lower) values for a given indicator
contain a higher percentage of nesting Coastgons.

We mapped representative sea turtle nesting regions around the globe for each of the five
species, by classifying the Coastgons into three categories: *observed nesting’ (O), poten-
tially suitable’ (S), and ’unsuitable’ (U). The latter two categories encompass all Coastgons
without observed nesting. These Coastgons were labeled ’potentially suitable’ if they were
part of a cluster containing at least 10% observed nesting Coastgons, and otherwise unsuit-
able’. To assess whether the distributions of the six indicators differed significantly across
the three Coastgon categories, we applied the two-sample Kolmogorov-Smirnoff (KS) test,
a non-parametric test suitable for non-normal data, to each pair-wise combination of cat-
egories. We adopted the common significance level of « = 0.05 and adjusted the three
p-values for each indicator using the Benjamini-Hochberg method, to limit inflated Type I
errors due to multiple comparisons on the same indicator.


https://github.com/JustGlowing/minisom
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5.3. Results
5.3.1. Indicators influencing the global distribution of sea turtle nesting

We ranked the 22 coastal indicators based on their RF feature importance (see numbers of the
top 10 ranks in Figure 5.3). Sea surface temperature was the only indicator with consistently
high rankings across all species. Other important indicators varied more among the species
but mainly consisted of hydrodynamics and distance to the nearest coral/seagrass habitats.
Notably, the geophysical indicators had low importance across all species. For loggerheads
(Cc), green turtles (Cm), hawksbills (£7), and leatherbacks (Dc), extreme surge (hs pos) and
tidal range (hyq4.) were important (top three ranks). For olive ridleys (Lo), on the other
hand, the wave climate (particularly the wave period) was more important than the water
levels. Distance to the nearest seagrass habitat ranked in the top six for Cc, Cm, Ei, and Lo.
Distance to the nearest coral reef was mainly important for Cm and Ei.

We selected a subset of six indicators for each species based on the RF feature impor-
tance and our informed judgment (circled indicators in Figure 5.3). The subset does not
strictly correspond to the top six ranks, as lower ranks sometimes had similar importance
values (e.g., ranks 5-8 for Dc). Additionally, a known characteristic of RF models is that
feature importance may be spread over correlated variables, which doesn’t necessarily mean
that both variables together are important, but an underlying process is. For example, the
median (T, neq) and extreme wave period (T}, 595) have the highest feature importance for
Lo, but are strongly positively correlated (Spearman’s p = 0.92, see Appendix C, Figure
C.1). We therefore only selected T meq to include the wave period, but leave room for
other indicators in the clustering. This selection is not meant to imply that the indicators
which were not selected are unimportant. However, we opted to limit the clustering to six
indicators per species, to reduce the dimensionality of the analysis.

The performance scores of the random forest (RF) model were similar across the five
species, with a mean F1 score of 0.9 (standard deviation 0.01). Such high scores may point
to a slightly over-fitted model. We deemed this acceptable, though, given the robustness
of our models in the cross-validation (Figure C.2) and our aim to understand the patterns
present in the underlying data, not predict new, unlabeled Coastgons.
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Figure 5.3: Matrix plot showing the RF feature importance of the 22 coastal indicators (Table 5.2), in separating
nesting from non-nesting Coastgons. Each square represents one species/indicator pair and the blue scale indicates
the magnitude of the feature importance. The numbers in the squares show the ranks of the ten most important
indicators and the circles highlight the six selected indicators for each species, which are further examined in the
cluster analysis.
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5.3.2. Patterns in coastal indicators of global sea turtle nesting habitats

To identify patterns in the coastal indicators of global sea turtle nesting habitats, we corre-
lated the SOM cluster medians to the proportion of nesting Coastgons in each cluster using
Spearman’s p (Figure 5.4a). For example, the correlations illustrated in Figure 5.4b—f imply
that nesting Coastgons are typically found in regions with relatively low tidal ranges (Cc),
high sea surface temperatures (Cm), near coral reef habitats (£7), low extreme surge levels
(Dc), and across a certain range of wave heights (Lo) (see Supplementary Material Section
S5 for the SOM lattices of all species/indicator pairs). Although correlation magnitudes
were limited to 0.56, several significant relationships emerged. To summarize these, we
categorized absolute values of p smaller than 0.1 as insignificant, between 0.1 and 0.3 as
weak, and larger or equal to 0.3 as significant, revealing the following correlations:

* Loggerhead turtles (Cc) — Nesting Coastgons significantly correlated negatively
with tidal range (hjqe, Figure 5.4b) and extreme surge levels (hgpg5). Weak nega-
tive correlations were observed with distance to the nearest seagrass habitat (Dgg,)
and median surge levels (hsmeq). No significant correlations were found with the
median wave period (T, meq) and sea surface temperature (SSTmeq)-

* Green turtles (Cn) — Nesting Coastgons significantly correlated negatively with ex-
treme surge levels (hg 95) and distance to the nearest coral habitat (D), while weak
negative correlations were found with tidal range (h;jge ). Significant positive correla-
tions were observed with sea surface temperature (SST 4, Figure 5.4c). No signifi-
cant correlation with the median wave height (Hg ,.4) and distance to nearest seagrass
habitat (Dgg;).

* Hawksbill turtles (E7) — Nesting Coastgons significantly correlated negatively with
extreme surge levels (hs yg5) and distance to the nearest coral habitat (D, Figure
5.4d), and weak negative correlations were found with distance to the nearest sea-
grass habitat (Dgg,) and tidal range (hyiqe). Significant positive correlations were ob-
served with sea surface temperature (SSTeq), and a weak positive correlation with
the median surge level (hg meq)-

* Leatherback turtles (Dc¢) — Nesting Coastgons significantly correlated negatively
with extreme surge levels (hg o5, Figure 5.4¢) and a weak negative correlation was
observed with the tidal range (hyqe). Significant positive correlation was found with
sea surface temperature (SSTeq) and weak positive correlations with the median
wave period (T, meq) and median total precipitation (Pyneq). No significant correlation
found with median surge levels (hg meq)-

* Olive ridley turtles (. ») — Nesting Coastgons showed a weak negative correlation
with distance to the nearest coral habitat (D). Significant positive correlation was
observed with sea surface temperature (SST,eq) and weak positive correlations with
the median wave period (T, meq), distance to ocean currents above 0.3 m/s (D g3),
and distance to the nearest seagrass habitat (Dgg). No significant correlation found
with the median wave height (Hg 4, Figure 5.4f).
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Figure 5.4: Relationship between coastal indicators and nesting distribution. a) Overview of Spearman rank
correlation (0) between cluster medians (blue scale in panels b—f) and nesting percentages (pie charts) for each
species/indicator pair. Panels b—f) visualize the correlation for five species/indicator pairs (highlighted by the col-
ored outlines in the correlation matrix). Each 13-by-13 hexagon lattice shows a separate SOM, created for one
species. Each hexagon in the lattices represents a cluster of Coastgons with similar indicators. The clusters are
arranged on the lattices based on similarity. Together, the 169 clusters (hexagons) in each lattice represent the
global coastline between —39° and 48° latitude. The blue color-scale indicates the cluster medians for the given
indicator, while the pie charts show the proportion of nesting Coastgons per cluster. Due to the SOM algorithm,
some computed clusters may not represent any actual Coastgons (horizontally striped hexagons). Finally, P}, is
the percentage of clusters containing any nesting Coastgons per species.



112 5. New horizons for nesting sea turtles

5.3.3. Representative sea turtle nesting regions

To map representative sea turtle nesting regions, Coastgons were categorized into three cat-
egories: observed nesting, potentially suitable (no observed nesting, but part of a cluster
with at least 10% observed nesting Coastgons), and unsuitable. We zoomed into eight par-
ticular regions, inspired by the regional management units for sea turtles from Wallace et al.
( , Figure 5.5a): Central East Pacific (CEP), North West Atlantic (NWA), South West
Atlantic (SWA), Central East Atlantic (CEA), Mediterranean (MED), North West Indian
(NWI), South West Indian (SWI), and North East Indian (NEI). For each region, as well as
for the global coastline (all Coastgons), we created nesting suitability maps using the three
categories (see examples in Figure 5.5b—f), and computed two representative statistics: (1)
the percentage of observed nesting Coastgons, Pp; and (2) the percentage of observed nest-
ing and potentially suitable Coastgons, Pg (Table 5.3). Nesting suitability maps and accom-
panying box-plots for all region/species pairs are provided in the Supplementary Material,
Section S6.

On a global scale, the percentage of suitable Coastgons ranges from Py = 12.9% for
olive ridleys to Pg = 36.9% for green turtles (mean of all species P = 23.2%). As expected,
Pg is highest for green turtles, who have the most nesting sites of any species (

) and are known to nest across a variety of environmental conditions around the world
( ). Suitability percentages are on average 3.3 times higher than observed
nesting percentages (mean Po = 7%, ranging from P = 4.7% for Lo to Po = 10.1% for
Cm). This suggests that there are opportunities for turtles to expand their global nesting
habitats.

Among individual regions, the North West Atlantic (which includes the wider Caribbean)
emerged as the most suitable region, with an average observed nesting percentage of Py =
34% and potential suitability of P = 82.7%, across all species except olive ridleys, who
do not nest there (Table 5.3). The Central East Atlantic (Pg = 58.4%) and Central East Pa-
cific (Ps = 44%) also had high average suitability percentages. The Mediterranean is quite
unique in that it currently only supports loggerheads (Cc, Pp = 19.1%), and to a lesser extent
green turtles (Cm, Po = 3.1%). The Indian Ocean regions are generally suited to all species,
although with lower suitability percentages than other regions (26.8% < Py < 34.1%). Fi-
nally, the South West Atlantic also had relatively low observed nesting and suitability per-
centages (Pp = 7.1% and Pg = 35.2%), although a large stretch of the Brazilian coastline
appears suitable for all five species (Figure 5.5a).

There were also significant differences across species. For loggerheads (Cc), the North
West Atlantic (Pg = 88.7%) and Mediterranean (Pg = 77.8%) clearly emerged as the most
suitable (and most used) regions. For green turtles (Cm), suitability percentages were high
across regions, with Pg > 35% for all regions except the Mediterranean. Hawksbills (£7) also
had high Pg values for most regions (they do not nest in the Mediterranean), with the North
West Atlantic a clear favorite (Pg = 74.8%). Leatherbacks (Dc) appeared to be more suited
to the Pacific and Atlantic regions, with consistently higher Pg values than the Indian Ocean
regions. Finally, olive ridley (Lo) nesting suitability was highest for the Central East Pacific
(Ps = 62.3%) and Central East Atlantic (Ps = 72.1%). Consistent with the results from the
RF model, olive ridleys appeared to have more unique nesting preferences compared to the
other four species.
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Figure 5.5: Global overview of sea turtle nesting suitability, based on the selected coastal indicators for each
species. a) Global map showing the number of species for which each Coastgon is classified as either *’Observed
nesting’ or ’Potentially suitable’. The grey-blue polygons show the eight considered regions, inspired by the
RMU’s from Wallace et al. (2010). Panels b—f show nesting suitability maps for five region/species pairs: b) Olive
ridley (Lo, yellow) in the Central East Pacific (CEP), ¢) Loggerheads (Cc, orange) in the Mediterranean (MED),
d) Hawksbills (£7, red) in the North West Indian (NWI), ) Green turtles (Cm, green) in the Central East Atlantic
(CEA), and f) Leatherbacks (Dc, pink) in the North West Atlantic (NWA). In each map, grey indicates unsuitable
Coastgons, light blue denotes potential suitability, and other colors represent observed nesting by the corresponding
species.
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To give an example for a regional analysis, in the Mediterranean (nesting map in Fig-
ure 5.5¢), *observed nesting’ (N = 85) and ’potentially suitable’ (N = 261) Coastgons for
loggerhead turtles (Cc) generally exhibit higher sea surface temperatures (17 < SSTyeq <
23.5°C) and median wave periods (3.5 < Tpmeq < 6.35), and lower tidal ranges (hyjge <
0.5m) and extreme surge levels (hs o5 < 0.15m) compared to ’unsuitable’ (N = 138)
Coastgons (Figure 5.6a). The p-values of the two-sample KS tests for comparisons be-
tween the "observed nesting’ and ’potentially suitable’ categories (po|s) were above the
0.05 threshold for Ayige, N med» hs,pos and Dgg, and just below 0.05 for SSTyeq and Ty eds
indicating insignificant or marginal statistical differences for these indicators. In contrast,
most p-values for KS-tests involving the "unsuitable’ category (poju and pg|yy) were mul-
tiple orders of magnitude smaller (p < 0.001), indicating strong statistical differences with
the suitable and observed Coastgons (except for Dgy,). Based on these indicators, approx-
imately 78% of Mediterranean Coastgons could potentially be suitable for nesting Logger-
heads, while nesting has only been observed in 19% of Coastgons (Table 5.3). These re-
sults agree with recent reports of a loggerhead nesting range expansion towards the western
Mediterranean, with most newly reported nesting sites lying within Coastgons classified as
potentially suitable ( ).

Ce Cm Ei De Lo | Mean

Region PO PS PO PS PO PS PO PS PO PS PO PS

Central East Pacific - - 14.1 39.1 9.2 345 12 40.1 292 623 16.1 44

North West Atlantic 28.8  88.7 355 86.3 412 748 304 809 - - 34 82.7
South West Atlantic 10.7  40.7 6 373 6.7 22.7 53 36 6.7 39.3 7.1 352
Central East Atlantic - - 9.6 56.8 7 332 17.5 71.6 16.6  72.1 12.7 584
Mediterranean 19.1 77.8 3.1 12.6 - - - - - - 11.1 452
North West Indian 0.6 12.1 11.7 546 12.5 49 - - 9.3 20.8 8.5 34.1
South West Indian 53 17.3 132 745 6.2 23.9 2.9 9.5 1.6 8.6 5.8 26.8
North East Indian 22 6.4 7.7 39 8.6 35.8 6.4 21.7 16.9 39 8.4 28.4
Global 6.4 21.9 10.1 36.9 8.2 23.9 5.7 20.3 4.7 12.9 7 232

Table 5.3: Overview of the two computed statistics for regional and global nesting suitability. Rows represent
regions (see geographical overview in Figure 5.5a) and columns show the percentage of observed nesting coastgons
(Po) and the percentage of observed nesting and potentially suitable coastgons (Pg) for each species and averaged
per region.

5.4. Discussion

The analysis of 22 regional coastal indicators on the distribution of global sea turtle nesting
shows that, in line with previous studies ( ; ), sea surface
temperature can be one of the most important indicators for the presence of all five species in
a Coastgon. The majority of nesting grounds of all species except loggerheads are situated in
regions at the upper end of the analyzed temperature range (SSTneq > 25°C; Figure 5.6b).
Loggerheads (Cc) also colonize cooler nesting regions (SSTeq > 17°C), like the western
Mediterranean and Japan, though their distribution is still influenced by temperature. In fact,
had we not filtered out the World’s coldest regions by limiting the Coastgon grid to latitudes
between —39° and 48°, SSTq would have likely been more dominant in the RF model.
Distance to the nearest coral reef habitat (D, ) was another important indicator, although
it is unclear how strongly this is biased by the negative correlation between SSToq and
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Figure 5.6: Box-plots showing the distribution of several indicators over sea turtle nesting regions. a) Box-plots for
the six indicators selected for loggerhead turtles (from left to right: T}, med, lis,med- 15,095, SS Trmed> Mtide> Dsgr)
for the three suitability categories along the Mediterranean coastline (Figure 5.5): unsuitable ("U’, grey), potentially
suitable (’S’, blue), and observed nesting (’O’, orange). Below each box-plot are the p-values from two-sample KS
tests between the three category pairs, denoted by their subscript (e.g., Po|s is the p-value between the observed
nesting and potentially suitable categories). b) Box-plots for SSTeq (left), hg pos (middle), and hyige (right) for
all Coastgons (grey) and for the observed nesting Coastgons of each individual species (colors). Boxes represent
the interquartile range and whiskers extend to a maximum of 1.5 times the interquartile range. Coastgons beyond
the whiskers are shown as markers.

Deor (0 = —0.65, Figure C.1). It would make sense for hawksbills to nest near coral reefs,
which are their foraging habitats, but other species have not necessarily been linked to coral
reefs in literature. Distance to seagrass (Dsg,) was mainly important for Ce, Ei, and Lo, and
notably less so for green turtles, who forage in seagrass habitats ( ) (although
it still ranked sixth).

It has often been hypothesized that sea turtles try to place their nests on the beach by
finding a balance between a high nest elevation against flooding, and the distance to the
shoreline against predation ( ). While the spatial resolution of our
study precludes conclusions regarding nest placement or predation patterns, our results sug-
gest that individual species tend to favor nesting regions with relatively low extreme surges
(hs,pos < 0.25 m for all species) and low tidal ranges (hyjge < 2.5 m for Ce, Ei, and Dc),
possibly as a strategy to minimize the risk of nest flooding (Figure 5.6b). While areas
with higher extreme surges can also support nesting—as evidenced by nesting beaches in
cyclone-prone regions ( )—our results indicate a significant bias towards
low extreme surge environments. This bias might be enhanced by the fact that GTSMv3.0,
our source for surge levels, slightly underestimates tropical cyclones, though (

).

Our global-scale analysis also presented different findings from several relationships
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previously reported in literature. For instance, found that nest-
ing grounds around Australia are generally more exposed to wind and waves than non-
nesting beaches. We only found a weak (though not negligible) influence of the median
10m-wind speed, for three species (Cm, Dc, and Ei; Figure 5.3). Moreover, despite

reporting a strong relationship between loggerhead nesting activity and dis-
tance to the Gulf Stream along the US east coast, we only observed a weak influence from
the distance of strong ocean currents. Total precipitation also had comparatively low feature
importance in the RF model, contrary to findings of others ( ;

). Perhaps most notably, no geophysical indicators were identified as important
in our results. This suggests that patterns resulting from local- or regional-scale analyses do
not necessarily reflect large-scale patterns and may, for instance, be confounded by factors
correlated with the tested predictors.

Indicators that were not identified as important in our global-scale analysis may still
influence turtle nesting for individual regions and sub-populations, or on smaller spatial
scales. Our study required the use of global datasets with limited resolution and accuracy.
Particularly, local topographic and bathymetric indicators remain difficult to measure, hence
available datasets often lack accuracy ( ; ). For ex-
ample, although quantified the occurrence of sandy beaches along
the global coastline from satellite images, we did not include this data, as their method
struggled to detect narrow beaches, particularly in tropical regions with large amounts of
vegetation—where many sea turtles nest ( ). Furthermore, aggregating
the data onto the Coastgon grid effectively smoothed out local geomorphological features
(e.g., embayed beaches), likely contributing to the low importance of the geophysical in-
dicators in the RF results. Hydrodynamic indicators such as waves and water levels, on
the other hand, are easier to quantify and likely more consistent over larger spatial scales,
and may thus be better suited to large-scale analyses. Hence, we expect geophysical indi-
cators to be more influential at the scale of individual beaches, in line with previous studies
(e.g. ; ; ;

). However, more regional analyses combined with high-resolution, accurate datasets
are needed to prove this.

To assess the variability of the GCC transect-based data within each Coastgon, we com-
puted the median absolute deviation from the median, normalized by the median itself
(MADm)—a measure of variability that is more robust than the commonly used coefficient
of variation (standard deviation normalized by the mean; ). For example,
MADm = 1 implies that 50% of the samples differ from the median by more than the me-
dian itself. We did this for three geophysical indicators (Bs med> Bbs,med» a0d Zmax,med) and
one hydrodynamic indicator (mean higher high water from GCC, extracted from the nearest
GTSMv3.0 node for every transect). It should be noted that this variability is a result of
both the variability in the indicators, as well as the variable length of the coastline in each
Coastgon (i.e., the number of transects linked to each Coastgon). Variability within Coast-
gons was significantly higher (up to MADm = 1) for s med> Bos,med> aMd Zmax med»> than
for mean higher high water (MADm < 0.1 for 97% of Coastgons). We still included the
geophysical indicators in the RF model though, because their variability was also lower for
a significant number of Coastgons (MADm < 0.4 for 30% of Coastgons). One way to im-
prove our analysis could be to only use sandy coastline transects to derive the geophysical
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indicators, for example through an updated version of

Some of the influential indicators selected from the RF model did not show significant
correlations in the cluster analysis (Figure 5.4). This does not mean that these indicators are
not influential but may be explained from the fact that Spearman’s correlation coefficient
is designed to detect monotonic relationships (e.g., the lower the extreme surge levels the
higher the chance for nesting leatherback turtles). If nesting grounds fall within a specific
range of a given indicator, however, this relationship is not readily identified through corre-
lation. The SOM lattices and box-plots allow a quick visual inspection of the distribution of
nesting grounds for each indicator, but it remains difficult to quantify such non-monotonic
relationships. For example, global loggerhead (Cc) nesting Coastgons are limited to a me-
dian sea surface temperature range of 17 — 29°C (Figure 5.6b). This range is still in the
upper part of the total observed SST,eq range, but the median SST,,,oq for loggerhead nest-
ing Coastgons (24.5°C) is lower than for all Coastgons (27.5°C). Hence no significant rank
correlation is observed (o0 = —0.02; Figure 5.4a), even though sea surface temperature
clearly constrains the suitability for loggerhead nesting. Nonetheless, such relationships are
still captured in the suitability maps, as the SOMs (from which the maps are derived) do
identify complex, non-monotonic patterns.

Another way to show the complexity of nesting suitability and the effectiveness of our
selected indicators is by examining the percentage of nesting clusters (B,) and their distri-
bution on the SOM lattices (Figure 5.4). Ideally, a complete set of indicators would lead
to a clear division of nesting Coastgons over suitable clusters, with decreasing nesting per-
centages around them signaling the limits of suitability. For example, Loggerhead (Cc)
nesting occurs in 35% of clusters, and the lattice shows one main agglomeration of high
nesting percentage clusters, with decreasing percentages around it (Figure 5.4b). In con-
trast, green turtles (Cm) nest in 54% of clusters, with many low nesting percentages spread
across the lattice (Figure 5.4c). A similar pattern can be seen for hawksbills (£7), although
the nesting cluster percentage is lower (B, = 40%; Figure 5.4d). While green turtles are par-
ticularly known to nest across a very broad range of environmental conditions (

), these findings underscore the hypothesis that nesting preferences involve a complex
interplay of biotic and abiotic factors.

Our nesting suitability maps represent our best estimate of each species’ fundamental
niche (the environmental range theoretically suitable for nesting; ;

), based on a set of abiotic environmental characteristics. The observed
nesting distribution can be interpreted as an approximation of the realized niche, where the
species actually nests. The realized niche is typically more constrained than the fundamental
niche, due to complex biotic interactions (e.g., predation and recruitment limitation), which

are challenging to incorporate into habitat mapping ( ). Moreover, our
indicator set, while comprehensive, may still miss some potentially influential abiotic fac-
tors (e.g., sandy beach occurrence and grain size characteristics; ), thereby

approximating the fundamental niche.

Given our main goal was to identify characteristics that enable nesting at any scale, we
chose not to weight nesting regions based on their population sizes. However, certain rook-
eries around the globe are hotspots of turtle nesting. For example, Raine Island, Australia
for green turtles ( ), Masirah Island, Oman for loggerheads (

), or the mass nesting sites in Mesoamerica and India, where thousands of olive ridleys
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nest simultaneously during so-called arribadas ( ; ).
Future work could benefit from incorporating such high-density nesting grounds into the
analysis, which would offer a more nuanced understanding of global patterns. Additionally,
we did not consider the seasonality of turtle nesting in the computation of our indicators.
Sea turtles are known to venture far away from their nesting grounds outside of the nesting
season, hence our analysis might benefit from filtering the time series of hydrodynamic and
atmospheric data to reflect conditions during the nesting season.

A challenge for studies like this one is the availability of global sea turtle nesting data.
The SWOT database is an invaluable resource for any research related to sea turtle nesting
distribution, but also has limitations. Even though it contains data from over 130 countries
and territories all over the globe, in some regions data availability and accuracy are limited
and dependent on local programs with varying monitoring standards ( ). A
significant number of false non-nesting Coastgons can bias the feature importance, as char-
acteristics supportive of nesting are erroneously associated with non-nesting. However, our
chosen Coastgon resolution (50 km) helps overcome this challenge by aggregating to re-
gional scales. The RF feature importance remained consistent through the cross-validation,
showing the model is robust to relatively small changes in the input data (Figure C.2). There-
fore, the results of this study can help identify currently undocumented nesting regions, to
facilitate more reliable and accurate nesting data in the future. In Somalia, for example,
there is currently no (public) data ( ), but all nearby countries sup-
port nesting and our suitability maps indicate that parts of its coastline could be suitable for
up to four species (Figure 5.5a).

Contrary to most previous research on sea turtle nesting characteristics, one of our main
motivations behind this study is the eventual design and implementation of nature-based so-
lutions that can help preserve and expand nesting habitats for sea turtles. Consequently, our
selection of indicators was driven by a focus on abiotic indicators potentially modifiable by
nature-based engineering designs, such as hydrodynamics and geomorphology. Similarly,
we adopted a spatial scale that helps identify coastal regions where nature-based solutions
may be suitable. Moving forward, we aim to leverage the findings of this study to identify
and map coastal hazards threatening global sea turtle nesting habitats (e.g., flooding and
erosion of nesting beaches) and to assess the suitability of specific nature-based solutions
to mitigate these hazards.

5.5. Conclusion

We examined the relationship between regional coastal characteristics and the global nesting
distribution of five sea turtle species (loggerhead, Cc; green, Cm; hawksbill, Ei; leatherback,
Dc; and olive ridley, Lo) to identify suitable nesting conditions and lay a foundation for the
design of nature-based solutions to protect and expand global nesting habitats. An initial set
of 22 coastal indicators was considered—spanning hydrodynamic, atmospheric, geophysi-
cal, habitat, and human processes—on a hexagonal coastline grid (Coastgons) of &~ 50 km
resolution. We assessed the influence of these indicators on the global distribution of sea
turtle nesting by fitting a random forest model to the data, which returns each indicator’s
relative importance in splitting the data into nesting and non-nesting categories. Based on
this importance, a subset of six important indicators per species was examined through a
SOM-based cluster analysis to reveal patterns in the coastal characteristics of global nesting



5.5. Conclusion 119

habitats, and identify new, potentially suitable nesting regions.

While there were differences between species, at the coarse, global scale considered
here, important indicators consisted mainly of sea surface temperature (SST,eq), €Xtreme
surge levels (hg pos), tidal range (hyige), and the distance to the nearest coral reef (Dc,) and
seagrass habitats (Dgq). For example, individual species’ nesting grounds tend to occur
in regions with relatively low tidal ranges (Cc, Ei, and Dc), low extreme surge levels (Cc,
Cm, Ei, and Dc), warm temperatures (Cm, Ei, Dc, and Lo), and near coral habitats (Cm and
E7). The first two observations might suggest that sea turtles select their nesting grounds in
an effort to reduce the risk of (periodic) nest flooding, as has similarly been hypothesized
on smaller spatial scales (e.g., Mortimer, 1990). Other indicators reported as influential in
literature appeared less important according to our results, for example, precipitation (Pike,
2013) and wind (Santana Garcon et al., 2010). Notably we did not identify any important
geophysical indicators at this scale, but expect these to be more influential for smaller spatial
scales and more accurate data.

We identified new, potentially suitable nesting regions, mapping each species’ funda-
mental nesting niche on global and regional nesting suitability maps. Global nesting suitabil-
ity ranged from 12.9% (Lo) to 36.9% (Cm) of Coastgons (mean 23.2%). However, observed
nesting currently only occurs in 4.7% to 10.1% of Coastgons (mean 7%), suggesting that
the realized niche is still significantly smaller, and that there is potential for sea turtles to
expand their nesting habitats. This is a particularly important finding in the face of nature-
based solutions and assisted colonization of new coastal regions (Barbanti et al., 2022), as
recent studies suggest that phenological shifts (earlier onset of nesting season) are unlikely
to be sufficient for most sea turtle populations to stay within appropriate nesting conditions
(Laloé & Hays, 2023; Monsinjon et al., 2019).

This study has revealed distinct patterns in the coastal characteristics of global sea tur-
tle nesting habitats and has identified new, potentially suitable, nesting regions for the five
globally distributed sea turtle species. Even though sea turtle nesting behavior remains diffi-
cult to predict (Miller et al., 2003), the results of this study can help identify suitable nesting
conditions, quantify potential hazards to global sea turtle nesting habitats, and function as
a basis for the design of nature-based solutions to preserve and potentially expand these
habitats.

Data availability—The Coastgon dataset used in this study, including the 22 indicators, is publicly available
through the 4TU.ResearchData repository at https://doi.org/10.4121/68377ee4-892d-40f0-a490-29f2601e6825.
All global datasets used in this study are also available online, for access please refer to the corresponding ref-
erences mentioned in this article. Additional data on the results (e.g., SOM clusters) can be requested from the
corresponding author (J.C.).
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Cover photo by John Rodarte/Hawai’i Wildlife Fund ©: Hawksbill sea turtle (Eretmochelys imbricata) hatchlings
crawling toward the Ocean in Hawai’i.



Aiding sea turtle conservation through
coastal management

Abstract

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

This chapter has been published in Frontiers in Marine Science as:

Christiaanse, J. C., Reniers, A. J. H. M., Aarninkhof, S. G. J., Ostertag, E. F., Nel, R., Duarte, C. M., & Antolinez,
J. A. A. (2025). Aiding sea turtle conservation through coastal management. Frontiers in Marine Science, 12,
1669885.
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6.7. Introduction

Climate change and human activity pose various challenges to endangered sea turtles, who
fulfill critical ecological roles in many marine ecosystems worldwide (

; ; ). Sea turtles rely on sandy beaches for nesting.
Successful 1ncubat10n requires a relatively narrow range of sand temperature and moisture
conditions, which in turn depends on various factors, including sediment characteristics,
beach elevation, hydrodynamic processes, and anthropogenic disturbances (e.g.,

; ; ). Consequently, the long-term survival of sea
turtles directly depends on the availability of suitable nesting beaches around the world.

Among the challenges they face are the flooding and erosion of nests during the breed-
ing season and the loss of suitable nesting habitat due to long-term beach erosion and
coastal development (Figure 6.1a, b). These threats occur globally, but their expression
varies regionally—for instance, Mediterranean and North West Atlantic nesting beaches
face widespread coastal development ( ; ); the
Gulf of Mexico is projected to experience high relative sea level rise (

); while Caribbean and Indo-Pacific rookeries are particularly exposed to tropical cy-
clones ( ). Although both flooding and erosion are recogmzed as sig-
nificant threats to sea turtles (e.g., ; ;

; ), they remain under-represented in conservation management
and research, which are primarily focused on in-situ protection, fishery by-catch, human
consumption, plastic pollution, and changing hatchling sex-ratios due to warming tempera-
tures ( ; ; ; ;

).

The driving processes behind nest flooding and beach erosion are extensively studied
and understood by coastal scientists and managers. Coastal management is increasingly
shifting toward nature-based solutions (NBS; e.g., ;

), defined by the International Union for Conservation
of Nature (IUCN) as actions to protect, sustainably manage, and restore natural or modified
ecosystems, that address societal challenges effectively and adaptively, simultaneously pro-
viding human well-being and biodiversity benefits ( ). Examples
of NBS for nesting beaches could include turtle-friendly beach nourishments (e.g.,

), artificial reefs, and seagrass restoration aimed at reducing erosion and
flooding (Figure 6.1c; ). However, effectively implementing such so-
lutions requires a comprehensive understanding of the entire beach ecosystem, including
biotic (e.g., nesting characteristics) and abiotic (e.g., longshore/cross-shore processes) fac-
tors at play ( ). Despite the clear need for an interdisciplinary
approach ( ), collaboration between the sea turtle ecology and coastal engi-
neering communities remains limited and, as a result, nesting habitats are not commonly
considered in coastal engineering projects.

In this perspective, we argue that existing methods and tools used in coastal science and
management hold significant potential for sea turtle conservation and should be leveraged
more effectively. To guide this integration, we propose a stepwise framework (Figure 6.2)
that connects ecological thresholds, coastal threats, and management interventions from re-
gional to local scales. We outline how state-of-the-art coastal monitoring and modeling
approaches can enable us to observe, understand, and predict coastal processes at nesting
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beaches, which is required to decide if and how to intervene with NBS. Finally, we call for
increased interdisciplinary collaboration that bridges ecology, biology, and coastal manage-
ment to enhance the future resilience of these critical habitats.

a Y Nest flooding
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Rain Wave runup,  Storm surge and waves
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Changes in wave climate

D (Relative)
= Sea level riseM\

o} Nature-based solutions

Buffer zone

W),
Seagrass restoration W}% 73@

Artificial reefs

Figure 6.1: Schematic cross-shore profile of a nesting beach (not to scale), showing: a) processes related to nest
flooding and erosion; b) processes related to coastal squeeze; and c) examples of potential NBS that could help
mitigate flooding and erosion on nesting beaches. Although a cross-shore schematic is shown here for simplicity,
these processes also have alongshore drivers and variability.
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6.2. Nesting beaches under pressure

Nesting beaches are shaped by diverse coastal processes that operate across multiple tempo-
ral and spatial scales. An imminent threat is the inundation and erosion of nesting beaches
during high wave and water level events (e.g., storms or tropical cyclones), which are in-
creasing with climate change ( ). Such episodic
events can ﬂood or wash out incubating nests, s1gn1ﬁcant1y decreasing hatching success (

; ). Though flooding mainly occurs overland—
through wave runup, storm surges, high tides, and rainfall—it effectively raises the beach
groundwater table (GWT) in the nesting zone (Figure 6.1a). Since egg viability is sensitive
to inundation duration ( ; ), the GWT response strongly
influences the fate of individual nests ( ; ;

). These flooding events are modulated by seasonal and interannual
variability in storm activity (e.g., storm seasonality, El Nifio/Southern Oscillation). More-
over, storm erosion can significantly alter beach morphology, which can impact nesting
on a time-scale of multiple seasons ( ), especially after intense storms like
tropical cyclones ( ; ).

Another significant threat is the long-term loss of nesting habitat due to coastal squeeze,
which arises from the combination of structural erosion and increasing pressure from the
landward side (Figure 6.1b). Structural erosion can have several causes, including sea level
rise (SLR), coastal subsidence, longshore sediment transport disruption, river damming,
or climate-induced shifts in sediment supply. At the same time, urban development and
population growth increasingly encroach from the landward side ( ).
Coastal squeeze occurs when the eroding coastline cannot migrate landward due to a fixed
barrier, either human-made or natural (e.g., cliff; ). Even where accommoda-
tion space exists, it remains unclear whether sediment supply and beach morphology can
keep up with accelerating SLR ( ; ). Erosion can
also expose underlying bedrock, which may hinder nesting access or increase injury risk to
turtles ( )

6.3. When to intervene through NBS?

The first criterion of the [UCN standard for NBS is that the NBS effectively addresses a so-
cietal challenge, which is clearly understood ( ). This aligns with the common
approach towards NBS or Building with Nature ( ) in coastal manage-
ment, which we summarize here in three phases: (1) Observe and understand, (2) Predict,
and (3) Intervene, if necessary (Figure 6.2). We first need to observe and understand the
ecosystem, predict how the relevant natural processes might evolve, and then assess whether
intervention is needed.

The goal is achieving and maintaining stable sea turtle habitats and populations rather
than saving every turtle or nesting beach. Therefore, it becomes essential to identify eco-
logical thresholds, like trigger points (when intervention becomes necessary) and tipping
points (beyond which recovery is unhkely) in the sea turtle population (Figure 6.2, Step 1;

; ; ). The widely used Regional
Management Units (RMUS) in sea turtle conservation ( ) provide a prac-
tical scale for assessing such thresholds, which are likely to vary among regions and species.
Thresholds should be quantified through long-term monitoring and modeling (e.g., popu-
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lation viability analyses) to provide concrete decision points for managers. For example,
maintaining 70% hatching success is widely accepted as a minimum threshold for popu-
lation stability (Mortimer, 1999)—crossing below this value could indicate a trigger point
for intervention (Figure 6.2, Step 4), while sustained declines well below it may constitute
a tipping point for population collapse. Determining robust species- and region-specific
thresholds will require increased interdisciplinary research and closer integration of eco-
logical and coastal management perspectives (Hilton et al., 2023; Slinger & Vreugdenhil,
2020).

Steps Tools Scale
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thresholds | & modeling
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Figure 6.2: A stepwise framework for integrating sea turtle ecology and coastal management to tackle coastal
threats to nesting beaches. The framework progresses through seven steps, following the Observe-Understand-
Predict-Intervene phases (the first two are combined here). Each step is associated with specific tools and spatial
scales, linking regional assessments (RMU) with local management of nesting beaches. Step 4 represents a key
decision point on whether to intervene, while feedback loops emphasize the adaptive and iterative nature of the
framework.
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When ecological thresholds have been determined, the impact of coastal threats on sea
turtle populations should be assessed accordingly (Figure 6.2, Steps 2 and 3). For exam-
ple, if a certain percentage of nests are likely to be flooded each year, will that push the
RMU-level hatching success beyond a trigger/tipping point? This can be done by defining
and monitoring a set of control variables for each threat. A multitude of existing coastal
tools can be leveraged to observe, understand, and predict these control variables at nesting
beaches (Sections 6.4 and 6.5). Below we propose potential control variables for flooding
and erosion of nesting beaches based on recent work, though these should be evaluated and
refined through further interdisciplinary research.

For nest flooding, control variables should include the beach GWT (controls inundation
duration) and a variable related to inundation frequency (e.g., water level exceedance). Im-
portant drivers of these control variables are the elevation of the nesting area, beach slope,
sediment properties (e.g., grain size, permeability), and wave and water level climates. For
example, in low-elevation, mild sloping coastal settings, the beach GWT drains slower,
meaning longer inundation events negatively affect egg V1ab111ty (e.g., on Galveston Island,
USA and Raine Island, Australia; ). On steeper,
coarser grained beaches, the faster drainage means egg V1ab111ty may be more influenced by
inundation frequency (e.g., from wave runup; ; ;

)-

Regarding beach loss, the shoreline position is a widely used indicator of coastal change
( ; ), and may serve as a control variable to mon-
itor nesting beach erosion ( ). The advantage of using the shoreline
position is that it can be monitored relatively easily at scale through remote sensing tools
(e.g., CoastSat; ). More sophisticated control variables may be required at
more complex coastlines or for detailed assessments of individual nesting beaches (e.g., a
beach resilience index as in ), though this requires more data and resources.

Next to the shoreline position, the available accommodation space behind the beach is an
important control variable, as it controls whether shoreline retreat will translate to beach
loss ( ). Accommodation space is determined by the geological
properties of the backbeach and potential human infrastructure in the vicinity (

; ).
6.4. Monitoring and data

Monitoring nearshore hydrodynamics and beach groundwater can help understand the pro-
cesses behind the repeated flooding of turtle nests on the beach ( ;

). Previous studies on nest flooding have mainly
focused on momtormg the high tide line and wave runup to identify flooded or exposed nests
and compare their emergence success to non-flooded ones (e.g., ;

; ). Such approaches may provide similar accuracy in identifying at-risk nests
as more time- and cost-intensive monitoring of the beach GWT ( ).
However, they are less useful for understanding and predicting the driving processes un-
derlying nest flooding ( ; ). Monitoring sediment
characteristics (e.g., grain size) is also important, as they influence nestlng suitability as well
as beach morphology, slope, permeability, etc. ( ; ;

; ). Hence, we argue that more in-situ data collections
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(e.g., ; ; ) will be required to
understand the processes underlying coastal hazards to nesting beaches and design NBS that
enable nesting.

Many nesting beaches lie in remote areas with low data availability. Moreover, most
are located in the tropics and in developing countries ( ), where access
and capacity for in-situ data collection may be difficult. Nonetheless, the sea turtle com-
munity has succeeded to collect (long-term) nesting data at many (remote) beaches (e.g.,

; ; ; )-
Most of these monitoring programs are ongoing and collect new data each nesting season.
Including simple, cost-effective coastal monitoring in these campaigns could help fill some
of the existing data gaps, without significantly increasing the workload. Key parameters
would be beach elevation (e.g., weekly cross-shore GPS profiles or low-cost alternatives as

in ) and grain size. An emerging and promising way of collect-
ing more coastal data worldwide are citizen science-based programs—e.g., CoastSnap for
shoreline positions ( ) or SandSnap for grain size estimation (

)y—which could work particularly well on nesting beaches that are near local
communities, have ongoing nest monitoring programs, and/or attract tourism.

In-situ data collection is often limited by cost and time constraints, making it difficult to
scale up to large temporal and spatial scales. However, in recent years, remote sensing tools
have transformed coastal monitoring by enabling the extraction of key geomorphic and envi-
ronmental variables from satellite imagery. For example, satellite-derived shorelines allow
for the quantification of beach width, slope, and erosion/accretion trends (e.g.,

; ), which directly affect the availability of nesting habitat. While
not well-established in sea turtle conservation yet, satellite imagery has previously been used
to track nesting activity and distribution ( ), quantify night lighting at
nesting sites ( ), characterize developmental habitats ( ),
and assess long-term morphological changes of nesting beaches ( ;

). We argue that the use of such tools in sea turtle conservation should
be expanded, particularly to assess how nesting beaches around the world will respond to
SLR in the coming decades (e.g., ). Moreover, the opportunities
opening up through remote sensing are increasing at a fast pace, with new data now being
collected on a near-daily scale, everywhere in the world, and may offer a much broader slate
of data in the future (e.g., wave and water level climate, bathymetry, sediment characteris-
tics; ; ; ).

When there is no in-situ data and remote sensing tools cannot provide the required data
or resolution (yet), global hindcast or reanalysis datasets offer an alternative for long-term
time-series data of atmospheric and oceanic variables—e.g., ERAS for waves, sea surface
temperature, and many other variables ( ), GTSM for water levels (

), and DeltaDTM for coastal topography ( ). Though such
datasets have limited resolution and accuracy, they are often good enough for long-term
statistics and exploratory modeling studies. Next to historical data, many global models
and datasets offer future climate projections (e.g., the AR6 SLR projections;

). These can inform predictive models or be used to assess habitat suitability under
various scenarios. For example, combined global datasets with
machine learning to identify patterns in the coastal characteristics of nesting regions and map
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new, potentially suitable nesting regions. Moreover, various types of coastal vulnerability
indices have been used to provide a useful first estimate of the exposure of nesting beaches
to coastal threats ( ;

). These are often based on global or regional datasets making them
effective at large spatial scales. Hence, they can be leveraged to identify high-risk beaches
to prioritize for in-situ data collections.

Ultimately, hydromorphological monitoring should be complemented by ecological mon-
itoring. Most existing nest monitoring programs focus on nest counts, hatching success,
and nesting turtle characteristics (e.g., ; ;

). While these data are invaluable, measuring nest positions (GPS, ideally
including elevation) and nest depth could significantly improve assessments of erosion and
flooding impacts on nesting populations. While some datasets include nest coordinates (e.g.,

; ), elevation is not commonly recorded. We realize this
may not always be feasible, especially at high density nesting beaches. In such cases, (hori-
zontal) coordinates of a subset of nests would already help, particularly in combination with
digital elevation models of the beach.

6.5. Modeling

Collected data can be used to force, calibrate, and train models to predict the potential im-
pact of coastal threats and NBS on nesting beaches. There are countless models available,
for different purposes and scopes, generally categorized into physics/process-based models,
statistical/data-driven models, and hybrid models, combining both approaches. Physics/
process-based models numerically solve physical equations and empirical formulations to
simulate natural processes like sediment transport or wave propagation. They range from

1D alongshore (e.g., ShorelineS; ) or cross-shore models (e.g., Unibest-
TC; ) over reduced-complexity shoreline models (e.g., COCOONED,
CoSMoS-COAST;, ; ) to complex 2D/3D area
models (e.g., Delft3D, XBeach; ; ). Hybrid models
use statistical tools to interpolate results from databases created from process-based models,
significantly reducing computational cost (e.g., ; ).

Finally, fully data-driven models use statistical and machine learning algorithms (e.g., neu-
ral networks) to learn from and extrapolate existing data (e.g.,

; ). Which model(s) to use depends on the objective (con-
trol variables), the location-specific boundary conditions, and the desired spatial/temporal
scale and resolution.

To predict nest flooding, the driving hydrodynamic processes (waves and water levels)
could be simulated with a 1/2-dimensional XBeach model. If the GWT is important (e.g., on
mild-sloping, fine-grained beaches; ), XBeach has a groundwater
module. However, this module was created for gravel beaches, and preliminary results on a
mild-sloping nesting beach were poor (Galveston Island, TX; ). Coupling a tai-
lored groundwater model (e.g., PFLOTRAN; ) to the hydrodynamics
from XBeach may provide better results. When data-availability is low, hybrid or surrogate
models can be useful—for example, in many coral-lined coasts and islands, where models
like HyCReWW ( ) or BEWARE-2 ( ; )
can provide first estimates of nest flooding from wave runup ( ).
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Predicting longer-term processes, like SLR and erosion vulnerability on nesting beaches
is more difficult as the larger time-scales inherently introduce more uncertainty (

; ). Many studies have tried to quantify the loss of nesting area under
various SLR scenarios, however, most use the simple bathtub approach—combining digital
elevation models with SLR scenarios to derive inundation maps (e.g., ;

; ; ). While time-efficient, this ap-
proach does not consider any morphological response of the system and therefore cannot
provide actionable estimates of beach loss ( ;

). Others have applied the Bruun rule ( ) to estimate shoreline retreat on
nesting beaches (e.g., ; ; ), though
its validity is still debated ( ; ;

). The relatively small amount of SLR over the past decades (our only dataset) means
that the beach response is difficult to distinguish from more dominant modes of change,
like seasonal and inter-annual signals ( ). Hence, beach response to
SLR remains a subject of ongoing debate and corresponding model predictions come with
high uncertainty. Nonetheless, reduced complexity models combined with satellite-derived
shorelines at least allow us to explore potential future shoreline evolution, even in remote,
data-scarce environments ( ; ).

Ultimately, no model is perfect and any prediction comes with uncertainty. There is
already intrinsic uncertainty in using future projections to force these models (e.g., SLR n
rates or wave climate variability; ; ;

). Model choice is often a balancing act between achieving reasonable accuracy
and minimizing uncertainty and computational cost. Simpler models are faster to run, but
introduce uncertainty by missing processes and detail ( ). As more natural
processes are included, the model becomes more computationally intensive, requires more
input data, and uncertainty is introduced through free model parameters ( ).
For robust decision-making, it is crucial to quantify these uncertainties in the predictions.

6.6. Toward nature-based solutions that enable nesting

Once we have observed the system, understand the natural processes at play, and identi-
fied a need to intervene (Figure 6.2, Step 4), we can think of solutions (Step 5). In some
cases, direct conservation or management measures may suffice. For instance, nests can

be relocated to mitigate inundation risk (though risky and costly; ) and
establishing Marine Protected Areas (or other area-based protection instruments) can min-
imize some external influences on the ecosystem ( ). Beyond direct

management measures, coastal NBS offer promising ways to improve the beach system for
sea turtle nesting, by altering the driving processes behind the threats (Figure 6.3;
).

Likely the most widely applied NBS for beaches is the use of nourishments to replenish/re-
profile the beach with sand or even create new beaches ( ). Atnesting
beaches, nourishments can elevate the nesting zone to protect it from flooding, or restore
nesting area lost to erosion (Figure 6.1c; ; ). The first
beach re-profiling designed entirely for sea turtle nesting was implemented recently at Raine
Island, Australia, which hosts the largest green turtle rookery worldwide (



132 6. Aiding sea turtle conservation through coastal management

Threats Drivers NBS
. Tide
Nest flooding )

Storm surge
W

—— Direct link b

————— Indirect link Groundwater

Rainfall \

Sea level rise Seagrass

Episodic
erosion

Future changes in
storm/wave climate

Sediment type Mangroves

Loss of sediment
supply

Human development

UOI1B3.0 JO UONBIOISal 1elIgeH

Long-term
erosion
Figure 6.3: Threat-Driver-Solution matrix (non-exhaustive) showing coastal threats to sea turtle nesting beaches
on the left, their driving processes in the middle, and potential NBS building blocks that could mitigate some of

these threats. The lines show links between the three: NBS solutions affect one or more of the driving processes,
through which they can mitigate threats.

son, 2023). Early results indicate that it has successfully boosted hatchling production.
However, several studies have also reported negative effects of nourishments on turtle nest-
ing, especially shortly after implementation and when specific characteristics like grain size,
beach slope, or compaction changed (e.g., Brock et al., 2009; Grain et al., 1995; Rumbold
et al., 2001; Steinitz et al., 1998). Fortunately, nourishment designs increasingly include
societal and ecosystem services (de Schipper et al., 2020). As a NBS for sea turtle nesting
beaches, nourishments must be carefully designed to effectively enhance nesting, ideally
over multiple years. Further research should therefore focus on specific design require-
ments for nourishments that generate positive outcomes for sea turtles.

Additional NBS building blocks may include the restoration or creation of ecosystem
services that mitigate flooding and erosion (Figure 6.3; Spalding et al., 2014). For exam-
ple, (coral) reefs are known to dissipate wave and surge energy and can therefore reduce
flooding of the nesting area (Borsje et al., 2011; Lowe et al., 2005). Similarly, seagrass
beds can attenuate waves and currents, provide erosion control by stabilizing the foreshore,
and stimulate accretion through sediment trapping (Bradley & Houser, 2009; Gacia et al.,
1999; James et al., 2019). Moreover, they function as foraging habitats for green turtles
(Christianen et al., 2023) and provide an added climate benefit through carbon sequestra-
tion (Duarte et al., 2013). Mangroves also have similar benefits of reducing flooding and
erosion (Gedan et al., 2011; Thampanya et al., 2006). Although their presence near the
shoreline may reduce beach access for turtles, eastern-pacific hawksbill turtles are known
to nest in mangrove estuaries (Gaos et al., 2016; Mast et al., 2025). Dunes may also offer
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benefits for sea turtle nesting, by providing sediment reserves, storage capacity for ground-
water, and a buffer from human development ( ; ).
These ecosystem services can be leveraged through NBS by either restorlng degraded habi-
tats or creating new ones (e.g., through artificial reefs; ;

).

What type of NBS to implement (Figure 6.2, Step 6) depends on the environmental and
societal challenges and the existing ecosystem (e.g., developed vs. undeveloped coastline),
and design should follow a standardized design framework (e.g., the IUCN Global Stan-
dard for NBS; ). Specific NBS that enable sea turtle nesting have not yet been
tested at scale, thus to better understand their effect on sea turtles and the ecosystem as a
whole, they need to be implemented and evaluated in the field. The above listed ecosys-
tem services (non-exhaustive) may function as building blocks to design tailored solutions,
depending on the identified threats and their driving processes (Figure 6.3). These build-
ing blocks can be combined, which may generate positive synergies. For instance, coral or
shellfish reefs can create favorable conditions for seagrass and mangroves to develop (

; ). There can also be drawbacks to these solutions—for
example, while reefs, seagrass, and mangroves can locally trap sediment and reduce erosion,
this can potentially disrupt longshore transport, causing erosion downstream. Ultimately,
the effectiveness of any NBS is dependent on a healthy and stable ecosystem (

). Potential side-effects and maintenance costs should, therefore, also be taken into
account: are there detrimental effects on other ecosystem services? How long will the NBS
last without intervening again (e.g., re-nourishment period)? In that regard, NBS should
be managed adaptively and based on evidence (criterion 7 of the [UCN Standard;

)—i.e., the ecosystem should be continuously monitored after implementation, to eval-
uate if the NBS has the desired effects and, if not, plan adjustment strategies (Figure 6.2,
Step 7).

6.7. Conclusion & outlook

In this perspective, we argue that a stronger connection between coastal management and
sea turtle conservation is needed to advance the research, design, and implementation of
NBS that enable sea turtle nesting on sandy beaches. We support this perspective through a
stepwise framework (Figure 6.2), which provides a conceptual roadmap for linking ecolog-
ical thresholds, coastal processes, and management interventions across scales, from RMUs
to individual beaches. We highlight how monitoring and modeling tools can be used to ob-
serve and understand coastal threats to nesting beaches, predict their impacts on sea turtle
populations, and, where appropriate, intervene through adaptive NBS.

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

This thesis aimed to identify coastal processes that govern the vulnerability of sea turtle nest-
ing beaches, and assess their implications for global habitat suitability and conservation.
In Chapter 1, this overarching aim was reformulated into three specific research questions.
This concluding chapter provides an answer to each research question (Section 7.1), along
with several specific recommendations for follow-up research (Section 7.2).

7.1. Conclusions

RQ1: What are the driving processes behind sea turtle nest flooding on sandy beaches?
This research question was addressed in detail in Chapters 2 and 3. We investigated the
beach GWT response to ocean processes and rain in a fine-grained, mild-sloping beach sys-
tem by analyzing field data gathered on Galveston Island, Texas in the fall of 2023. We
quantified the influence of IG waves, tide, surge, and rainfall on short-term GWT fluctua-
tions between the high tide line and the dune toe by performing tailored spectral analyses
on +30-day time series of water level observations.

We observed significant short-term variability in the beach GWT across the nesting zone
(O(1 m)), and our results showed that these were mainly driven by the surge and rainfall.
The tidal signal was increasingly damped and asymmetric towards the dune, whereas 1G
waves were only relevant near the swash zone. A flooding threshold based on a represen-
tative Kemp’s ridley nest depth of 30 cm below the surface revealed multiple prolonged
nest inundation events (exceeding 12 hours). Kemp’s ridleys generally have the shallowest
nests, so other species’ nests in the same area would have been flooded for even longer du-
rations. Our results imply that Galveston Island is currently not a suitable nesting habitat
for sea turtles as nests are likely to get flooded frequently and for prolonged periods.

On fine-grained, mild-sloping beach systems, like Galveston Island, the low perme-
ability and slow drainage means that flooding events (e.g., by a storm surge) are likely to
elevate the beach GWT for prolonged periods of time. This is likely also the case on low-
lying islands, 1nclud1ng the largest existing green turtle rookery on Raine Island, Australia
( ; ). At such nesting sites, the GWT is therefore a crit-
ical variable in assessments of nest flooding. However, given the interdependence between
groundwater dynamics and beach slope, elevation, and sediment size, the importance of
GWT fluctuations for nest flooding may vary significantly among global sea turtle nesting
beaches. Specifically, steeper, higher elevation beaches with coarser sediments typically
have greater permeability and drainage ( ), meaning that the mean GWT
is likely deeper below the surface and the capillary fringe is narrower (

139
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). In such environments, we do not expect such extended periods of elevated ground-
water and egg viability may depend more on flooding frequency. This in turn can change the
dominant drivers of nest flooding, with wave runup and tidal inundation potentially being
more important.

RQ2: How vulnerable are key global nesting beaches to erosion and sea level rise?
This research question was addressed in detail in Chapter 4, where we combined satellite-
derived shorelines, shoreline modeling, and global datasets to analyze the shoreline evolu-
tion, 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 ( ; ) 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;
) 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. As a result, future vulner-
ability also varied significantly. The projections indicated that three sites may be particu-
larly vulnerable to SLR, due to future shoreline retreat coupled with limited accommodation
space: Alagadi on Cyprus, Dirk Hartog Island in Western Australia, and Long Beach on
Ascension Island. The applied framework can be readily applied to other nesting beaches
around the world. While the analysis in Chapter 4 provides a first exploration of potential
future shoreline change at these critical nesting beaches, the results come in tandem with
high uncertainty. What is clear is that the bathub approach, widely applied in previous
studies, cannot provide useful estimates of nesting area loss.

RQ3: How do regional coastal characteristics influence global habitat suitability for
sea turtle nesting?

This research question was addressed in detail in Chapter 5. We examined the relationship
between regional coastal characteristics and the global nesting distribution of five sea tur-
tle species (loggerhead, Cc; green, Cm; hawksbill, Ei; leatherback, Dc; and olive ridley,
Lo). An initial set of 22 coastal indicators was considered—spanning hydrodynamic, atmo-
spheric, geophysical, habitat, and human processes—on a hexagonal coastline grid (Coast-
gons) of & 50 km-resolution. We assessed the influence of these indicators on the global
distribution of sea turtle nesting by computing each indicator’s relative importance in split-
ting the data into nesting and non-nesting categories, through a random forest model. Based
on this importance, a subset of six influential indicators per species was examined through
a cluster analysis (self-organizing maps) to reveal patterns in the coastal characteristics of
global nesting habitats, and identify new, potentially suitable nesting regions.

While there were differences between species, at the coarse, global scale considered
here, important indicators consisted mainly of sea surface temperature, extreme surge lev-
els, tidal range, and the distance to the nearest coral reef and seagrass habitats. For exam-
ple, individual species’ nesting grounds tended to occur in regions with relatively low tidal
ranges (Cc, Ei, and Dc), low extreme surge levels (Cc, Cm, Ei, and Dc), warm temperatures
(Cm, Ei, Dc, and Lo), and near coral habitats (Cm and E7). The first two observations might
suggest that sea turtles select their nesting grounds in an effort to reduce the risk of (periodic)
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nest flooding, as has similarly been hypothesized on smaller spatial scales (e.g.,

). Other indicators reported as influential in literature appeared less important accord-
ing to our results, for example, precipitation ( ) and wind (

). Notably we did not identify any important geophysical indicators (e.g., beach slope,
elevation) at this scale, but expect these to be more influential for smaller spatial scales and
more accurate data. For example, geophysical indicators significantly influence the beach
groundwater table characteristics (see Chapter 3).

We identified new, potentially suitable nesting regions, mapping each species’ funda-
mental nesting niche on global and regional nesting suitability maps. Global nesting suitabil-
ity ranged from 12.9% (Lo) to 36.9% (Cm) of Coastgons (mean 23.2%). However, observed
nesting currently only occurs in 4.7% to 10.1% of Coastgons (mean 7%), suggesting that
the realized niche is still significantly smaller, and that there is potential for sea turtles to
expand their nesting habitats. This is a particularly important finding in the face of nature-
based solutions and assisted colonization of new coastal regions ( ), as
recent studies suggest that phenological shifts (earlier onset of nesting season) are unlikely
to be sufficient for most sea turtle populations to stay within appropriate nesting conditions

( ; ).

It should be noted that the analyses presented in Chapters 3—5 were conducted at different
temporal and spatial scales—i.e., individual beaches in Chapters 3 and 4 versus regional
grid cells in Chapter 5. Consequently, some of the conclusions presented above may ap-
pear contradictory. For instance, the relatively low importance of geophysical indicators in
Chapter 5 contrasts with the strong influence of beach slope and grain size on nest flooding,
identified in Chapter 3. The framework developed in Chapter 6 aims to bridge these scale
differences by providing an integrated approach to incorporating coastal science and man-
agement considerations into sea turtle conservation. Moreover, through this framework,
local, beach scale flooding and erosion threats are linked back to the impact at regional
management unit-level. This is important as the ultimate goal is not to save every nest, but
to maintain stable sea turtle populations.

7.2. Future research

Chapter 6 already presented the author’s perspective on the future of coastal science and
management in sea turtle conservation, along with a call for increased interdisciplinary col-
laboration, and some recommendations for potential research and management directions.
While that perspective represents a broad outlook across disciplines, there are also several
specific research opportunities arising from the results discussed in Chapters 2—5. Here,
recommendations for future research emerging from this thesis are summarized along with
a brief description of how they could be tackled.

1. Assess long-term groundwater variability and inland processes at Galveston Island.
While the analysis in Chapter 3 excluded inland groundwater processes, these could
play a role in longer-term fluctuations of the beach groundwater table and may there-
fore also affect the risk of nest flooding. Moreover, our field observations were too
short to assess potential seasonal fluctuations in the groundwater table. Installing a
few groundwater wells at larger spatial intervals (covering the backbeach, potentially
all the way to the bay side of the island) to monitor the groundwater table long-term
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(6+ months, at lower sampling frequencies) could therefore improve future assess-
ments.

Assess the influence of the capillary fringe on egg viability.

Unfortunately, the moisture sensors used during the field experiment were not cali-
brated correctly (see Chapter 2) which prevented us from quantifying the capillary
fringe width on Galveston Island. However, on fine-grained, mild-sloping beaches it
can generally be quite wide (0.5-1 m). Given this could significantly increase nest
exposure, future research should assess egg viability of nests situated in the capillary
fringe, which has not been tested before. This could be done through lab experiments,
similar to and

Assess sea turtle nest flooding for different beach profiles and nourishment strategies
on Galveston Island.
Given that Galveston Island is currently not suitable for nesting due to the high risk of
nest flooding, a logical next step could be to assess nest flooding for different beach
profile shapes and nourishment strategies. A possible approach could be to couple
a hydrodynamic model (e.g., XBeach) to a groundwater model (e.g., PFLOTRAN;
). This is particularly relevant for Galveston Island as large coastal protec-
tion measures are planned to better protect the region from flooding ( ).
Hence, such a modeling study could inform nourishment strategies to improve the
suitability for turtle nesting.

Develop a generic framework to assess sea turtle nest flooding across different coastal
environments.

Although Chapter 3 provided new insights into the drivers and impact of nest flood-
ing on Galveston Island, the results cannot be directly translated to nesting sites in
different coastal environments (e.g., with lower surges, higher wave impacts, steeper
slopes, etc.). Therefore, future research should try to develop a framework to assess
the dominant drivers of nest flooding across varying coastal environments. A starting
point could be to identify important environmental characteristics (e.g., beach slope,
wave climate) that determine which processes are most likely to drive nest flooding.

Use local data and advanced coastal resilience indicators to assess nesting sites vul-
nerable to erosion.

The vulnerability assessments in Chapter 4 have relied on the use of global datasets
and a relatively simple coastal change indicator (shoreline position). These assess-
ments could be significantly improved by using local, higher resolution data on the
beach slope and backbeach topography and geology. Such data are often not readily
available, however, so future research could seek to collect such data and use them to
make more robust coastal vulnerability assessments, especially at sites that are likely
to be vulnerable. Local data could also facilitate the use of more sophisticated coastal
resilience indicators (e.g., ).

Quantify wave climate variability and model uncertainty in shoreline predictions.
Uncertainty is important in every modeling exercise, but particularly in long-term
climate-change related projections, like the shoreline modeling exercise in Chapter 4.
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10.

11.

While we quantified uncertainty due to unknown sea level rise rates, future research
should address the uncertainties owing to wave climate variability and the optimized
model parameters (in particular the Bruun transgression slope).

. Investigate sediment characteristics across global nesting beaches.

Many of the driving processes behind flooding and erosion are influenced by sediment
characteristics of the beach, most notably the grain size. However, these data are hard
to come by and a global database of grain sizes does not (yet) exist. Recently, a set of
about 200 sediment samples from turtle beaches around the world has been collected
to measure microplastics ( ). These samples provide an excellent
opportunity to gain new insights on sea turtle beach sediment characteristics (

).

. Include seasonality and population size in global distribution analysis.

The global analysis of nesting site distribution in Chapter 5 treated all nesting sites
equally. In reality, these sites differ significantly in the size of the nesting populations
they support, ranging from a few individuals to tens of thousands. Moreover, we did
not constrain the coastal characteristics by the local nesting seasons. Future studies
could improve this analysis by including seasonality in the coastal characteristics and
taking the relative size of nesting populations into account.

. Map potential nesting suitability based on future climate projections.

The analysis in Chapter 5 used historical and current data to identify potentially suit-
able nesting regions. However, many of the important variables are projected to
change in the coming decades (e.g., sea surface temperature, surge heights). Thus,
regions that were suitable in the past or are suitable today may not necessarily be suit-
able in the future (and vice versa). Although accompanied by uncertainties, climate
change projections exist for many of these variables, so future research could map
potentially suitable nesting regions under different climate scenarios (e.g.,

; ).

Evaluate ecological thresholds (trigger and tipping points) for intervention.

Chapter 6 emphasized the importance of determining ecological thresholds for decid-

ing when intervention is necessary (trigger points) or when irreversible changes occur

(tipping points). Future research should focus on identifying and quantifying these

ecological thresholds, ideally at the level of Regional Management Units (RMUs;
). This would require integrated ecological and coastal data col-

lection to inform robust decision-making frameworks.

Implement long-term, joint hydromorphological and ecological monitoring strategies
at nesting beaches.

In Chapter 6, we argued that interdisciplinary research is required to move sea turtle
conservation through coastal management forward. Such research requires joint data
collection on hydropmorphological (e.g., water levels, sediment characteristics) and
ecological (e.g. nest counts, hatching success) parameters in an integrated monitor-
ing strategy. These could, for example, be implemented into existing long-term nest
monitoring programs.
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12.

13.

Develop coupled hydromorphological and ecological modeling frameworks.
Chapter 6 highlighted the critical need for combining ecological knowledge with
coastal modeling to effectively assess and predict the impacts of flooding and erosion
on nesting populations. Current coastal models primarily simulate hydrodynamic and
morphological processes independently from ecological responses, limiting their abil-
ity to accurately represent interactions between these components. Future research
should focus on developing coupled modeling frameworks that integrate hydrody-
namics, beach morphology, groundwater dynamics, and ecological factors (e.g., nest
suitability, hatching success, and species-specific nesting behaviors). Such integra-
tive approaches could significantly improve predictions of sea turtle population re-
sponses to coastal threats and enhance the design of targeted nature-based solutions
to enable nesting on current nesting beaches, as well as potentially new ones.

Test and evaluate specific nature-based solutions at nesting beaches.

While several promising nature-based solutions (e.g., turtle-friendly sand nourish-
ments, artificial reefs, seagrass restoration, dune restoration) are mentioned in Chap-
ter 6, their effectiveness for turtle nesting remains largely untested at scale. Future
research should therefore involve field testing and systematically evaluating the effec-
tiveness, ecological impacts, maintenance requirements, and potential side effects of
these nature-based solutions. This knowledge will support adaptive coastal manage-
ment and the effective implementation of nature-based solutions tailored specifically
to nesting beach environments
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Supporting information for Chapter 3

A.1. Data gaps

Below we briefly explain the data gaps in the time series and how they were filled for this
study. For a detailed description of the incidents behind these gaps and how they were
handled, we refer to

* The loggers at TT2, SW1, and SW2 (foreshore) emerged during several low tides,
therefore missing observations of the lowest water levels, which could not be linearly
interpolated. Since the foreshore water levels at TT and SW compared well and the
logger at TT1 recorded all low water levels, we filled the gaps at TT2 and SW1 with
the data from TT1. The gaps at SW2 were subsequently filled with the corrected data
from SW1.

* Because of the berm, the logger in the well at TT6 was installed slightly higher than
the rest and emerged during the lowest water levels on 28 and 29 November (for
about four and six hours respectively). However, these gaps could not be filled with
data from another station. Given that the difference was within a few cm, we used a
quadratic interpolation to reproduce the minima.

* The logger at TT8 malfunctioned after a data offload on 21 November, 16:25 CST, and
was replaced on 27 November, 9:03 CST. No data was recorded during this period,
leading to the largest gap in any of the time series (six days). There was no way to
interpolate or fill the data gap adequately.

* The loggers at SW5 and SW8 did not record the full length of the first storm on 13
November. At SW5 the well and logger were removed on 13 November 13:15 CST,
after being hit by a truck earlier, and reinstalled on 14 November 10:30 CST. At SW8
the bottom plug of the well was not weighted correctly and was pushed upward during
the storm around 13:20 CST, also pushing the installed logger upwards by an unknown
amount. The logger was in the correct position again on 13 November 20:35 CST.
Given the gaps included a significant part of the storm we could not interpolate or
replace the data appropriately.
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A.2. Wave runup estimation (R,g)
A.2.1. Deepwater wave conditions

The 2% exceedance elevation of the runup was derived from four estimates based on

, as explained in the main text. For these estimates, the offshore wave
conditions were needed. These were derived from the wave conditions (significant wave
height, Hy, and peak period, T,)) measured by a Spotter wave buoy at station TTO, roughly
1.5km offshore off field site TT at a water depth of 8 m ( ).

The relatively shallow water depth means that the measured waves cannot be assumed to
be in deep water conditions, which are needed for the Stockdon formulations. Hence, they
were transformed to deepwater conditions through linear wave theory ( ).
Hereby, we only included linear shoaling, neglecting refraction under the assumption of
alongshore uniformity and normally incident waves.

The Stockdon formulations require the deepwater wavelength (L) and significant wave
height (Hy). Ly can be readily computed from the peak period as Ly = g];,z/Zn'. To obtain
H,, we first iteratively solve the dispersion relationship for the wave number k:

w? = gktanh kd (A.])
where @ = 277/T, is the angular frequency, d = 8 m is the water depth, and g = 9.81 m/s is
the gravitational acceleration. Using k, the linear shoaling coefficient K can be computed
as:

1 2kd \7!
Ky = Jtanh kd (1 + Snh 2kd) (A2)
and from there follows:
— HS
H, = K_s (A.3)

A.2.2. Interpolation for missing wave data

The wave buoy at TTO recorded data between 3 and 26 November 2023, whereas the water
level data spans from 2 November to 4 December 2023 ( ). Given
the closest NOAA buoy (/D 42035) was also down during the entire fieldwork period, there
were no alternative options for in situ wave data. We therefore used linear regression to fill
the gaps in the R, and setup (S) time series.

For this, we tested several correlations. The best correlation was found with 4/ HgL,
derived from the measured water level at TT1/SW1. The correlation was r = 0.88 at TT
and r = 0.86 at SW (Figure A.1). The wave conditions (Hj, Tp, and, by extension, L)
were obtained from a spectral analysis of 30-min time windows from the observed water
level time series at TT1/SW1. The power spectra and parameters were derived in the same
fashion as the infragravity (IG) spectra (see Section 3.2.5) with the following differences:

* We used eight blocks of 3.25 minutes instead of four blocks of 7.5 minutes.

 The spectral parameters were computed over the entire frequency range (not only the
IG band).

* Instead of T,,,_,o we computed the peak period T, as fp_l where f, is the peak fre-
quency.
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Figure A.1: Correlation between \/HgLg at TT1 (left) and SW1 (right) and R4 computed with the dissipative
formulation from Stockdon et al. (2006). The red line indicates the linear fit used to fill the gaps in the time series.
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Figure A.2: Offshore wave conditions and estimation of the wave runup (R, ) based on the dissipative formulation
by Stockdon et al. (2006). a) Surf similarity parameter (Iribarren number) based on a beach slope of 3 = 0.04; b)
Significant wave height (deepwater, see derivation in Section A.2.1), ¢) peak wave period; d) mean wave direction;
e) Ryq estimates (unreferenced) based on equations 1 (blue) and 2 (orange) in the main text (without the referenced
water level); f) 30-min averaged observed water level at the NOAA Jetty station (black) and the water level plus
Ry (blue). The red shaded areas in panels e and f represent the time frame for which the R,q estimates were
interpolated due to missing wave data (see Section A.2.2). The green shaded areas represent the time frames over
which the observed wave runup was compared to various Stockdon formulations in van der Grinten et al. (2025).
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A.3. Tidal multitaper analysis
A.3.1. Multitaper uncertainty estimation for coherence and phase

We quantified an uncertainty estimate for the coherence and the phase difference using a
jackknifing technique, as outlined in . Suppose our spectral estimate (in
this case the coherence or phase) is denoted by 6. The estimate made using all tapers is
denoted by . We now create K estimates of 8, by leaving out one of the K tapers each time:

Q\i = 6{x1,...xi_1,xi+1,...xK} (A4)

The average of these K estimates is given as:

. 1 &
=z 20 (A.5)
i=1
And the jackknife variance of the full estimator 8 is then computed as:

K
Var[6] = K LS (6, - (A.6)

i=1

Where the scale factor is added to account for the fact that the 6; estimates are not in-
dependent. The estimator is assumed to be distributed around the true parameter 6 ap-
proximately as a student’s t distribution with degrees of freedom equal to the number of
tapers used. The 90% percent confidence interval can then be computed from the jack-
knife variance using the student’s ¢ distribution. This method is implemented in the Nitime
library that we used to estimate the multitapers, and we applied it to the coherence using
the jackknifed coh_variance() function (see further details in the Nitime documentation:
).

For the phase difference, this approach is not directly applicable because it is a circular
variable (it wraps around its maximum and minimum values, when the signal is completely
out-of-phase). We therefore based our uncertainty estimate of the phase difference on the
range given by the maximum and minimum estimate obtained from the K leave-one-out
estimates (6;). So, the green-shaded area in Figures 3.5 and A.3 represent this min-max
range.


https://nipy.org/nitime/examples/multi_taper_coh.html
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A.3.2. Figure for SW
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Figure A.3: Multitaper spectral analysis of the tidal propagation along the stations at SW. a) Observed water level
time series at each station, with the blue shaded bar representing the inundation regime over time (see Figure 3.3
in Chapter 3); b) Power spectral density (PSD) computed from the detrended time series; c¢) cross-spectral density
(CSD, blue) and coherence (pink, 90% confidence interval given by shaded area) between station 1 and stations
2-8; d) estimated phase difference (green) between station 1 and stations 2—8 in hours (uncertainty given as green
shaded area). A positive (negative) phase difference denotes a lag (lead) in the signal at stations 2—8. The maximum
phase difference (1/2 period) is denoted by the grey borders. In columns b-d, the tidal bandwidths are shaded in
blue (diurnal) and red (semidiurnal). Figure 3.5 presents the same figure for TT.
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B.1. Description of remaining study sites

Below a description of the seven study sites that were not described in detail in Chapter 4:

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 ( ).
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 (

). Though the island is exposed to high wave energy (ﬁs ~ 2 m), Turtle
Bay is partly sheltered from the predominantly south-westerly swell. Nonetheless, during
cyclones, entire nesting beaches have been stripped of sand ( ).
The tidal range is relatively small (0.9 m).

Busca Vida, Brazil (BR_BV)

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 imbricata, Ei, ), while also
supporting nesting by green, loggerhead, olive ridley, and leatherback (Dermochelys cori-
acea, Dc) turtles. The shoreline is mostly sandy with interspersed rock and reef formations
along the coast ( ). 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.

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 ( ). Nesting
occurs between June and November ( ). 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 (P_IS ~ 0.9 m).

Joao Barrosa, Cape Verde (CV_JB)
Joao 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

171



172 B. Supporting information for Chapter 4

the endangered eastern Atlantic population, most of which nest near Joao Barrosa (

). 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 (Hg ~ 1.4 m).

Alagadi, Cyprus, (CY_AL)

Alagadi covers two pocket beaches on the north coast of Cyprus in the eastern Mediter-
ranean. The two beaches (total length 1.7 km) serve as important nesting habitat for the
Mediterranean loggerhead and green turtle populations, which both nest between May and
October ( ). The region is characterized by a very small tidal range
(0.3 m) and relatively low wave energy (P_IS ~ 0.8 m).

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; ).

Kemp’s ridleys nest here in mass-nesting events (arrzbadas) 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 (I?S ~ 1m).

Masirah Island, Oman (OM_MI)
Masirah 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;

). It holds huge conservation value for the species, as the North-West Indian Ocean
population is classified as critically endangered by the IUCN ( ). 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 (P_Is ~ 1.1 m). The tide range is
relatively high (2 m).

B.2. CoastSat settings

Table B.1 gives the full manual settings used for the CoastSat analysis. For a complete ex-
planation of all settings we refer to . Briefly, output_epsg is the EPSG
code of the coordinate reference system to be used at each site; max dist ref is the max-
imum 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 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.
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Site output_epsg  max_dist ref  dist_clouds  sand _color  cloud mask _ s2cloudless
issue prob
Al LB 32728 50 100 default* False* 40
AU_DH 7849 75 30 default* True 60
BR_BV 31984 100* 90 default* False* 30%
CR_TO 5456 100* 90 default* True 40
CV_JB 4826 75 90 default* True 30%
CY_AL 6312 50 90 default* False* 30%*
MX_LE 6372 100* 90 default* True 30%
MX_RN 6372 75 90 default* True 50
OM_MI 32640 100* 90 bright True 60

Table B.1: Overview of manually adjusted CoastSat settings. All settings not represented in the columns were left
at the default values (see Vos et al., 2019b). Values in the table marked with an asterisk also denote default values.

B.3. Model parameters and optimization
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Figure B.1: 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 4.2 for the ranges). The
ranges of AY|g, V¢, and Yy 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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B.4. Observation and model results for remaining study sites

Here we present the equivalent to Figures 4.4—4.7 for the seven remaining study sites.

Dirk Hartog Island, Australia (AU_DH)
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Figure B.2: Shoreline and accommodation space analysis for Dirk Hartog Island, Australia: a) Satellite image
showing the transects and reference shoreline position; b) Seasonal shoreline component, SLgg, 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; ) 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 B.3: 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. Grey dots are the CoastSat shorelines, solid lines represent the full model results, and dashed lines
only include the long-term trend (v;;) and 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 5 and 95™ 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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Busca Vida, Brazil (BR_BV)
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Figure B.4: Shoreline and accommodation space analysis for Busca Vida, Brazil: a) Satellite image showing the
transects and reference shoreline position; b) Seasonal shoreline component, SLgg, at each transect; ¢) Backbeach
elevation profiles, with vertical lines denoting the first point above 10 m + MSL; d) Beach width and accom-
modation 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 B.5: 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. Grey dots are the CoastSat shorelines, solid lines represent the full model results, and dashed lines only
include the long-term trend (vy; ) and 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 5™ and 95 percentile; ¢) 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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Tortuguero, Costa Rica (CR_TO)
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Figure B.6: Shoreline and accommodation space analysis for Tortuguero, Costa Rica: a) Satellite image show-
ing the transects and reference shoreline position; b) Seasonal shoreline component, SLgg, 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; ¢) Historical wave and water level time series; f-g) Observed and decom-
posed (long-term and seasonal) shoreline position time series at each transect.
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Figure B.7: 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. Grey dots are the CoastSat shorelines, solid lines represent the full model results, and dashed lines only
include the long-term trend (vy; ) and 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 5™ and 95 percentile; ¢) 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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Joao Barrosa, Cape Verde (CV_JB)
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Figure B.8: Shoreline and accommodation space analysis for Joao Barrosa, Cape Verde: a) Satellite image show-
ing the transects and reference shoreline position; b) Seasonal shoreline component, SLgg, 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; ¢) Historical wave and water level time series; f-g) Observed and decom-
posed (long-term and seasonal) shoreline position time series at each transect.
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Figure B.9: Shoreline modeling results at Joao 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. Grey dots are the CoastSat shorelines, solid lines represent the full model results, and dashed lines
only include the long-term trend (vj;) and 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 5™ and 95™ percentile; ¢) 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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Alagadi, Cyprus, (CY_AL)
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Figure B.10: Shoreline and accommodation space analysis for Alagadi, Cyprus: a) Satellite image showing the
transects and reference shoreline position; b) Seasonal shoreline component, SLgg, at each transect; ¢) Backbeach
elevation profiles, with vertical lines denoting the first point above 10 m + MSL; d) Beach width and accom-
modation 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 B.11: 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. Grey dots are the CoastSat shorelines, solid lines represent the full model results, and dashed lines only
include the long-term trend (vy; ) and 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 5™ and 95" percentile; ¢) 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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Rancho Nuevo, Mexico (MX_RN)
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Figure B.12: Shoreline and accommodation space analysis for Rancho Nuevo, Mexico: a) Satellite image show-
ing the transects and reference shoreline position; b) Seasonal shoreline component, SLgg, 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; ¢) Historical wave and water level time series; f-g) Observed and decom-
posed (long-term and seasonal) shoreline position time series at each transect.
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Figure B.13: 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. Grey dots are the CoastSat shorelines, solid lines represent the full model results, and dashed lines
only include the long-term trend (v;;) and 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 5 and 95™ percentile; ¢) 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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Masirah Island, Oman (OM_MI)
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Figure B.14: Shoreline and accommodation space analysis for Masirah Island, Oman: a) Satellite image show-
ing the transects and reference shoreline position; b) Seasonal shoreline component, SLgg, 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; ¢) Historical wave and water level time series; f-g) Observed and decom-
posed (long-term and seasonal) shoreline position time series at each transect.
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Figure B.15: 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. Grey dots are the CoastSat shorelines, solid lines represent the full model results, and dashed lines only
include the long-term trend (vy; ) and 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 5™ and 95 percentile; ¢) 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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C.1. Derivation of coastal indicators

As explained in Chapter 5, 22 coastal indicators were used in the analysis, divided in five
categories: hydrodynamic, atmospheric, geophysical, habitat, and human. Here, we explain
the derivation of the indicators for each global dataset we used.

For all indicators, we had to compute a distance metric at some stage, either when select-
ing the nodes from which to extract data for each Coastgon, or directly for the three distance
indicators (D g3, Dgor, Dsgr)- For all distances, we used the Haversine distance, which is
the shortest distance between two points on the surface of a sphere, given their longitudes
and latitudes.

ERAS Ocean (Hs,med: Hs,p%r Tp,med| Tp,p95r Tp,std)

The wave climate indicators were derived from ERAS5-wave ( ), which
has a structured grid at a spatial resolution of 0.5° (&~ 55 km at the equator). Since this
resolution is similar to the Coastgon resolution (= 50 km diameter), we extracted the hourly
time series (42 years, 1980-2021) of the significant wave height (H,) and peak wave period
(Tp) from the closest ERAS Ocean node to each Coastgon (i.e., we extracted a single time
series for Hy and T, for each Coastgon). We then simply used descriptive statistics (median,
standard deviation, and 95™ percentile) to derive the five indicators from the time series.

ERAS Atmos (UWO,medr UWO,pQSr SS8Trmed, Pmed)
All four atmospheric indicators were derived from ERA5-atmos ( ), in
similar fashion to the wave indicators. However, since the ERAS Atmos grid has a higher
spatial resolution (0.25° or = 27.5 km at the equator), we extracted hourly time series (42
years, 1980-2021) from the two closest nodes to each Coastgon, instead of only the closest.
We again used descriptive statistics (median and 95™ percentile) to compute the indicators
for each node, and then took the average of the two nodes associated to each Coastgon.
ERAS provides the wind speed (and direction) as U/V components, so we first trans-
formed the time series of each node from Cartesian to polar coordinates to derive the full
wind speed. For precipitation, we used the annual total precipitation as base indicator, so
we first computed the sum of the total precipitation for each year, and then took the median
of all years to determine P4, which has unit mm/year.

GTSM (hS,med: hS,p95| ht'\de)
The GTSMv3.0 grid has a spatial resolution that varies geographically ( ).
Along most of the global coastline, the resolution of the output nodes is between 10—50 km,
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but for European coastlines it is higher (< 10 km). We decided to use one consistent way of
selecting nodes for data extraction, so we used the three closest nodes to each Coastgon.

GTSM provides 10-minute interval time series of various water level components and
also computed indicators for the period between 1985-2014 (30 years). We extracted the
mean tidal range and the median/95" percentile of the storm surge for each GTSM node.
For each Coastgon, we again averaged the obtained values of the three assigned nodes to
yield one value per Coastgon.

ORAS5 (uc,medr DC,O3)

ORASS provides monthly mean values of current velocities over a 0.25° resolution grid, at
varying depth intervals ( ). We
extracted time series (42 years, 1980-2021) of the current velocity at 0.5 m depth. Velocities
are provided in zonal and meridional components, so, as for the wind speeds in ERAS,
we transformed the time series from Cartesian to polar notation to obtain the full current
velocity. We then computed u eq as the average of the median monthly current velocities
of the three nodes assigned to each Coastgon. As a metric for the proximity of strong ocean
currents, we computed the distance (Haversine) of each Coastgon to the nearest ORASS
node where the median monthly current velocity was larger than 0.3 m/s.

GCC (¢8le ﬁns,medr 5bs,medr Zmax,med: Zmax,stdr pbum)
The coastline transects of the GCC dataset ( ) were already used to

create the Coastgon grid (see Chapter 5), so each GCC transect was associated with one
Coastgon (transects further than 100 km from any Coastgon were ignored in the analysis).
So, for each of geophysical indicators we used descriptive statistics to compute the medi-
an/standard deviation over all transects linked to each Coastgon. For the percentage of built
environment, we used the mean instead of the median, to obtain the total percentage of built
environment for each Coastgon.

Allan Coral Atlas and UNEP-WCMC (D¢, D)
The Allan Coral Atlas ( ) and the UNEP-WCMC seagrass dataset (

) provide geo-referenced locations of coral reefs and seagrass mead-
ows respectively. We computed the distance (Haversine) from each Coastgon to the nearest
coral reef or seagrass meadow from the two datasets.

We first overlaid the H3 global hexagonal grid resolution 5 over the coral reef / sea-
grass polygons. The resolution 5 H3 hexagons have a diameter of = 15 km, which is one
level higher than resolution 4 (used to create the Coastgon grid). We did this because our
algorithm computes the distances between the coastline centroids of the Coastgons and the
centroids of the coral reef / seagrass polygons. Since some of these polygons cover large
spatial areas, their centroids can sometimes be several hundred kilometers away from the
border of the polygon, giving a wrong representation of the actual distance between a Coast-
gon and the nearest coral reef / polygon. By overlaying the resolution 5 H3 grid over the
polygons, we create a layer of approximately equal size hexagons that cover the same areas
as the original polygons (up to the ~ 15-km-resolution of the H3 grid). Therefore, the dis-
tance between the Coastgon and the nearest coral reef / seagrass hexagon is never further
away than the hexagon radius (= 6-10 km). Additionally, the computational cost of this
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approach is less, as very small coral reef / seagrass polygons are grouped together in the H3
hexagons, leading to a smaller total number of polygons.

Challenges with distance indicators

We had to constrain the three distance indicators (D g3, Deor, Dsgr) to certain ocean basins
to avoid distances that cross continents and are therefore much shorter than they would
be through the Ocean. For relatively short island crossings (O(10 km)) this is negligible,
given the scale and resolution of our analysis, but it becomes problematic in regions like the
Mediterranean, for example. When simply using a closest distance approach, the eastern
Mediterranean would be closest to the coral reefs of the Red Sea. Similarly, the nearest
coral reefs to some parts of the Pacific Central American coast would be in the Caribbean.
Assuming that sea turtles do not actively cross the Suez or Panama Canals to change ocean
basins, however, these distances are not appropriate for our analysis. We therefore com-
puted distances within two main basins: an Atlantic basin (including the Mediterranean,
Gulf of Mexico, and Caribbean) and an Indo-Pacific basin, covering the rest of the World’s
oceans. This way, the closest coral reefs to the Mediterranean, for example, are in the
Caribbean. This approach has worked well for D; g3 and Dgy,. However, for D, some
relatively large land crossings remained in the South West Atlantic (Argentina, Uruguay,
Brazil) and Southern Australia. Furthermore, at the border of the Atlantic and Indo-Pacific
basins (near Capetown), the closest coral reefs are in southern Mozambique (Indo-Pacific
basin), approximately 2.000 km northwest of Capetown. The Coastgons in the Atlantic
basin, however, were linked to the coral reefs in the Caribbean, some 9.500 km away. We
mitigated these challenges by recomputing D, using the python package, which
computes the shortest maritime distance between two points (i.e., only crossing through the
sea):

¢ For the southern west coast of Africa (Ivory Coast to South Africa), we computed
D, as the minimum out of the Haversine distance to the nearest Caribbean corals
and the Searoute distance to the nearest coral in southern Mozambique.

* For the East coast of South America (Brazil, Uruguay, Argentina), we used the Searoute
distance to the nearest Caribbean coral reef.

» For the South coast of Australia, we used the smaller of the two Searoute distances to
the nearest corals off of the east and west coasts of Australia.



https://pypi.org/project/searoute/
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C.2. Correlation matrix coastal indicators
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Figure C.1: Matrix plot showing Spearman’s rank correlation (0) between each pair of the 22 coastal indicators
(see Table 5.2 in Chapter 5). Red (blue) colors indicate positive (negative) correlations.

C.3. Random Forest cross-validation

To test the robustness of the RF model used to select the indicators for the clustering, we
carried out a four-fold cross validation: we split the data into four equally sized partitions
(each containing 25% of the original data) and trained four RF ‘sub-models’, each on a
unique combination of three out of the four partitions (75% of the data). Since the dataset has
imbalanced classes (i.e., there are much less nesting Coastgons than non-nesting), we used
a stratified split, meaning each individual partition had approximately the same percentage
of nesting and non-nesting Coastgons as the full dataset.

As we are not doing prediction with the RF model, it would make little sense to test
each sub-model’s predictive capability on the ‘unseen’ 25% (as would be the conventional
cross-validation procedure for predictive regression). Rather we compared the RF feature
importance of the four sub-models with the one trained on the full dataset. As can be seen in
Figure C.2, both the feature importance values and the ranks are very consistent between the
five models within each species (four trained on the subsets and one on the entire dataset),
and the same dominant variables stand out. This shows that the RF model is robust to
(relatively small) changes in the input data.
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Figure C.2: Cross-validation of the RF model for each species. For each species, we split the data into four equal-
size partitions and trained four ‘sub-models’, each on a unique 75% of the original data. The full model was trained
on the full dataset. Panels a-e show the cross-validation results for each species: feature importance (blue scale)
of the four sub-models on the first four rows (CV1 to CV4) and of the main model on the last row (denoted by
species abbreviation). Panel fis identical to Figure 5.3 in Chapter 5—it summarizes the full RF models for the five
species, so its rows are equivalent to the last row of each panel a-e (marked by the colored arrows). The numbers
show the ranks of the ten most important indicators and the circles show the selected indicators for each species,
based on the full RF models.
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