B 31 % BT B0 KR IR 2 A A2 A
FRIARIR AN SAREREA R AR L2 ER
15 -3 st
Department of Life Science, College of Science

Taiwan International Graduate Program on Biodiversity, Academia Sinica

National Taiwan Normal University

Doctoral Dissertation

RN R R KRR R
Population Ecology and Conservation of Green Turtles

(Chelonia mydas) within foraging grounds in Taiwan

2% fo Ao

Chia-Ling Fong

18 EHE C REHHE L
Advisor: Benny K. K. Chan, Ph. D.

b 3R B 11458 H

August 2025



Acknowledgments

This dissertation would not have been possible without the generous support and
assistance of many individuals.

First and foremost, I am grateful to my advisor, Dr. Benny K. K. Chan, for his
steady mentorship and invaluable guidance throughout the later stages of my PhD. He
helped me navigate the research and writing process. I also sincerely thank my co-
advisor, Dr. Yoko Nozawa, for his support and guidance, especially during the most
intensive phases of fieldwork. I know I have been quite stubborn at times—thank you
both for your patience and encouragement.

I am also sincerely grateful to the members of my thesis committee for their time,
insightful feedback, and constructive suggestions, all of which have greatly improved
the quality and rigor of this work. Many thanks to Dr. Stephen G. Dunbar (Loma Linda
University), Dr. Vianney Denis (National Taiwan University), Dr. Ting-Chun Kuo
(National Taiwan Ocean University), and Dr. Tzu-Hao Lin (Academia Sinica). I would
also like to thank Dr. Hui-yu Wang (Academia Sinica) for her valuable guidance and
feedback on data analysis and writing.

Special appreciation goes to the co-founders of TurtleSpot Taiwan, Daphne Z.
Hoh, Huai Su, and Peng-Yu Chen, whose dedication made this citizen science project
possible. Many thanks Chia-Chen Tsai, Kelly W. H. Tseng, Shih-Ting Liu, Melissa
Jean-Yi Liu, Una Liu, Ting-Wei Chi, and Lan-Yin Lu for their support for both
TurtleSpot Taiwan and my research. I am truly grateful to all of the above for their
ongoing support. Your passion and curiosity have continually inspired me and

motivated me to stay on this path.



Special thanks to the colleagues in Dr. Nozawa’s lab—Felipe M. G. Mattos,
Chieh-Hsuan Lee, Ju-Hsiung Wu, Yuen-Yi Leung, Che-Hung Lin, Aziz J. Mulla, and

Tzu-Yu Liao, Ching-Min Cheng, Jia-ho Shiu—for their immense help in organizing

and carrying out the intensive field surveys, and for all the joy and laughter they brought
into daily life.

I would also like to acknowledge my fellow students and friends in the Taiwan
International Graduate Program (TIGP) for their encouragement and help along the way,
especially Trevor Padgett, whose thoughtful edits and feedback significantly improved
the clarity and flow of my English writing.

Finally, to my family, my partner TCH, and close friends, thank you for your
unwavering support along my academic journey. And of course, to my cat Pipi, Chaos

and Cuteness in one, you were an unexpected but constant companion in this story.

i



#E

4% B (Cheloniamydas) # IUCN 3| & #8548 > X B4 An 7 32 2475 1 2
TS LREERTANEGEAERE BERARSEFTNENPEEF HLEELR
WEBFZ B ARARHA oo AR 0 G d A B B R S By BRI AT A B R A
FoARERBAEZTRHELA 56 LA LRG0 BIMIL A BH 4
PR R TR R -

AAREECNRLTRBBRFZHRMEAL FF 2 HIE ARG B IRBE A o

=
>

B RBANRHEREFEL BB L T REKTHEEEREH
FAEGEEHR EHREE LR EEEENE AR LA HRARTERK
IR A A ERARAI RESEXSHE L 43.4%00 B8 ¢ £ 5 —
WEAFEARE—F 0 M B R B0y T BT A0 B BRI F F B0 5B AR B ARAT
sboh o BF 10%4 B B &sk o B GEMA M SR E% - 7T G
SMRET > BTHALEHERGRE -
ER o RMALRRAE NHIRETHFO LM FEAL > gL %

BHRA A 3 — BN FUIR AR RFF A AR o BRI AR B Fn
FAEXRT LB L EMARKE SR RASEEHER S > kiR
FRAIAR S AREY ERAERMAERALERHINE LB B U EHEH
5 EERERERE o KRR/ E RIEAZ (SSFI) 4 4 B E 86y T

B uplAe B B R AT E/L X AMER XA R oMol MAE S AR ] (ki

il



BB ML EAE—F > B R TR E R REDGE 458 BB T R W et
BN B S E Oslob /84 B bb A RAHE TR B 47 BT -

R BBELSNRMAEHRAGMAESRP TR BFRLDFIKY 13.3%
BFOMEBER MG RIETR 0 12 80% Y BB AR R B TR - A RBER N0 25
BB — P 46 A5 B 2 i AR 6 B8 A2 - G R B LGB R BG - d s
FRERE A REFEFHEE —FF c MEMRE  REG O FHE L 600 X
WA MBHGARAH 491 R Ry REMBE > R G0 EMIB BT  fo
B RGO T EW > R IFHEA N HIRA B #2106 £ 2,264 X #A
THBROEFIEBAENFBE ALFEBERGURA LG EBRKRS BR
P T I 0 ZRBETIROL IR B fudR 28 SR Sueyia by fo E B I1E -

A RBEBNRFZARH EEMEEE L RIGE A B LA
EREA S WA EAR R REE R HEEARPEF R GEE

BB GEHZ G FREE AR ER L2 E A

Méts @ ARFHE - B - AERT - BHERE - ABRE C MR

v



Abstract

The green turtle (Chelonia mydas), listed as Endangered by the IUCN, is primarily
distributed in subtropical and tropical waters and is the most commonly sighted marine
turtle species in Taiwan. Research has historically focused on the nesting population
and stranded individuals, leaving the ecology of foraging populations understudied.
Marine turtles spend the majority of their lifetime in foraging grounds, where they seek
shelter, grow, and gain energy for breeding and migration. Understanding their
population ecology and residency patterns in foraging grounds is crucial for developing
effective conservation and management strategies.

This Ph.D. study integrates a citizen science approach and standardized field
surveys to understand the population ecology of green turtles in Taiwan. First, a citizen
science initiative, TurtleSpot Taiwan, was co-found with citizen scientists to collect
sightings of marine turtles and identify individuals through photo identification
according to their unique facial scute patterns. Based on five years of nationwide data,
several main foraging grounds (Liuqiu Island, Kenting, and Green Island) with a
substantial number of foraging aggregations have been identified. Approximately
43.3% of turtles remained in the same area for over a year, with adult-sized turtles
having more repetitive sightings and longer residency durations than juveniles and
subadults. Approximately 10% of sightings involved turtles with external injuries or
anthropogenic threats, including entanglement in fishing lines or hooks, carapace
injuries, or missing flippers.

Second, a two-year, multiple-event snorkel-based survey was conducted at a key
foraging ground, Liuqiu Island, to validate the survey design and assess the site fidelity

of the local aggregation of green turtles. Turtle detection probability was influenced by



tidal phase and survey design. More turtles were observed during high and flood tides,
and a higher number of unique individuals were observed during flood and ebb tides.
Multiple-event surveys recorded over eight times more sightings and nearly twice as
many individual turtles and resighting rate as single-event surveys. We used the
Standardized Site Fidelity Index (SSFI) to measure site fidelity for each individual, and
clustering analysis revealed two distinct fidelity groups (Low Fidelity: 49%; High
Fidelity: 51%) at sites. SSFI also allows for comparisons with other regions using open-
access photo-ID datasets and found that the site fidelity of green turtles on Liuqiu Island
was similar to those at Oslob, the Philippines, and offers a better resolution than citizen
science data on Liuqiu Island.

Finally, long-term sightings from citizen science and survey data revealed rare but
valuable records of injury recovery in the wild, offering new insights into the resilience
and vulnerability of foraging turtles. The prevalence of external injuries among marine
turtles at Liuqiu Island is approximately 13.3%, with most exhibiting signs of healing.
Regardless of the injury causes (i.e., propeller strike, fishing line entanglement, and
unidentifiable cause), the average healing times were about 1.5 years. Severe injuries
typically take about 600 days to heal, while minor injuries generally take around 491
days to recover fully. Certain animals recover from severe injuries, such as flipper
amputation caused by fishing line entanglement, and propeller strikes leading to
carapace deformity permanently; however, the long-term observations after their
recoveries for at least 106 to 2,264 days demonstrate remarkable resilience. Individuals
with recurring injuries were observed, with tracked individuals showing frequent use
of nearshore areas near ports, emphasizing the need for targeted conservation measures
specific to port areas and by extension regions with high boat traffic. These include go-

slow zones, recreational fishing regulations, and increases in public outreach.

Vi



This study demonstrates the value of combining citizen science with systematic
monitoring to assess turtle distribution, habitat use, and responses to human impacts. It
contributes practical solutions for the foraging population study and marine turtle
conservation in Taiwan and can be applied to the broader East Indian and Southeast

Asian Regional Management Unit.

Keywords: citizen science, photo-identification, foraging habitat, site fidelity, SSFI,

threats, wild recovery
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CHAPTER 1

General Introduction

1.1. Population Ecology and Conservation Context

Population ecology is the study of the distribution, abundance, and dynamics of
species populations and how these populations interact with their environment.
Understanding species' population ecology is essential for conservation and
biodiversity, especially for endangered species (Mace and Lande, 1991). Assessing the
current population status and distribution of a target species is the first step when
developing a management plan. Hypotheses to explain why the population is decreasing
can then be formed, and management actions can be implemented and adjusted based
on population monitoring outcomes (Van Dyke, 2008).

The green turtle (Chelonia mydas) is listed as endangered by the IUCN, CITES
Appendix I, and CMS Appendices I and II. National legislation in many countries,
including Taiwan, provides legal protection. The majority of marine turtle records in
Taiwan—spanning nesting populations, stranding events, and in-water observations—
are attributed to green turtles, which dominate both coastal sightings and bycatch
reports (Cheng et al., 2009; I.-J. Cheng et al., 2019; Hoh et al., 2022). Major threats to
green turtles include fishery bycatch (i.e., incidental capture of non-target species),
coastal development, pollution and pathogens, direct take (e.g., eggs and meat
consumption or other turtle products such as stuffed specimens), and climate change
(IUCN-SSC MTSG, 2005).

Green turtle hatchlings are omnivores during their early life in pelagic zones,

feeding on crustaceans, jellyfish, and ctenophores. As they grow and recruit to neritic



habitats when they reach about 35 to 44 cm in curved carapace length (CCL) variated
in different regions (Hayashi & Nishizawa, 2015; Limpus et al., 2005), their diet shifts
to a predominantly herbivorous one, consisting mainly of macroalgae and seagrass
(Bolten et al., 2003). Juveniles often become residents of their feeding grounds and
remain there for several years until they mature and leave as adults (above 90 cm in
CCL) for breeding migrations. Due to their migratory behavior and widespread
distribution, it is particularly challenging to estimate total population size, especially
for immature turtles that are more difficult to monitor. As a result, most population
assessments rely on nesting counts of adult females (Seminoff & Shanker, 2008).

To improve conservation planning, Wallace et al. (2010) proposed a framework
for identifying Regional Management Units (RMUs) for all marine turtle species based
on nesting sites, genetic stocks, satellite telemetry, and tagging data and further defined
RMUs as groups of marine turtles of the same species that inhabit areas essential for
their life stages, including breeding, foraging, and juvenile growth. These turtles
experience similar influences on their population dynamics, such as environmental
factors, due to their overlapping geographic ranges, which may lead them to follow
similar demographic and possibly evolutionary trajectories (Wallace et al., 2023).
Eleven RMUs have been identified for green turtles, including two in the Atlantic
Ocean, one in the Mediterranean Sea, two in the Indian Ocean, five in the Pacific Ocean,
and one spanning the east Indian Ocean and the west Pacific (East Indian and Southeast
Asia). Among these, the East Indian and Southeast Asia RMU—which includes
Taiwan—was categorized as a Low Threat — Low Risk unit in the latest assessment
(Wallace et al., 2025). Over the past decade, targeted conservation actions, which

include beach protection, fishery regulations, establishing marine protected areas, and



especially reducing direct take, have led to notable population recoveries in many green
turtle RMUs (Mazaris et al., 2017; Rees et al., 2016; Senko et al., 2022).

Beyond their ecological roles in maintaining healthy seagrass beds and coral reef
ecosystems (Bjorndal & Jackson, 2003; Goatley et al., 2012), green turtles and marine
turtles in general also have significant socio-economic and cultural value. Historically,
marine turtles were variously harvested for meat and eggs; however, with increasing
awareness of population declines and the resulting need for conservation, people are
now more inclined to support non-consumptive uses like ecotourism, rather than
traditional harvesting (Troéng & Drews, 2004). In many regions, turtle-watching
tourism generates greater and more sustainable income than direct exploitation,
offering alternative livelihoods to coastal communities. This shift is also evident in
Taiwan, where turtles were once widely captured for consumption, taxidermy, or
ornamental trade, until they were listed as protected species under the Wildlife
Conservation Act in 1989. Today, many people hope to encounter living marine turtles
while snorkeling or SCUBA diving, and local marine tourism industries have developed
around this interest in sustainable turtle-watching. Beyond being a tourism draw, in
response to the increased need for conservation, individuals and businesses have also
shown their support by donating to turtle rescue, rehabilitation, and research initiatives.
Moreover, a recent study estimated that the annual non-use value of marine turtles in
the Asia-Pacific region is approximately USD 25 billion. This increase in conservation-
minded interactions with marine turtles has been hypothesized to be driven by
motivations such as altruism (maintaining an ecosystem for others), bequest (for future
generations), and existence (preservation unrelated to any use) even among people

without direct interaction (Brander et al., 2024). Recognizing these multidimensional



values is crucial for designing conservation strategies that are not only ecologically

sound but also socially equitable and economically viable.

1.2. Foraging Grounds of Green Turtles and Hawksbill Turtles in East Asia

Five of the world’s seven marine turtle species — green (Chelonia mydas),
hawksbill (Eretmochelys imbricata), loggerhead (Caretta caretta), olive ridley
(Lepidochelys olivacea), and leatherback (Dermochelys coriacea) —have been recorded
in the East Asia region (Ng et al., 2024). Among these species, the green turtles and
hawksbill turtles are the two most commonly observed species in the waters of Taiwan.
Green turtles are endangered worldwide and have a broad distribution from the tropics
and north to the coastal areas of central Japan and South Korea in the East Asia region
(GBIF.org, 2023; Kim et al., 2021; Nishizawa et al., 2014). The Taiwan Strait, the
South China Sea, and the western Pacific are also recognized as important migratory
corridors for post-nesting green turtles in this region (Cheng, 2007; 1. J. Cheng, 2000;
Ng et al., 2018). The critically endangered hawksbill turtle (Mortimer and Donnelly,
2008) is primarily found in southern East Asia and the southern islands of Japan, with
a northern range in the Kanto region in central Japan (Ng and Matsuzawa, 2021).

To assess the spatial extent of foraging grounds of green turtles and hawksbill
turtles in East Asia, I conducted a literature review using Google Scholar to identify
existing knowledge and gaps that informed the design of this PhD study. Search terms
included “foraging habitat” or “foraging ground” in combination with “East Asia” or
specific country names (e.g., Japan, Korea, China, and Taiwan), along with the common
and scientific names of green turtles and hawksbill turtles. This review identified 82
potential foraging sites for green turtles (Fig. 1-1a) and 28 potential foraging sites for

hawksbill turtles (Fig. 1-1b), documented through several methods, including satellite



telemetry, stable isotope analysis, mark-recapture studies, stranding and bycatch
records, and historical observations. For example, Ng et al. (2018) used satellite
telemetry and home-range analysis to identify core post-nesting foraging areas of green
turtles migrating through Taiwan and the Philippines. Fukuoka et al. (2015) revealed a
summer-restricted foraging area in central Japan using bycatch and long-term mark-
recapture data, later supported by stable isotope and biologging studies showing
seasonal dietary shift (Fukuoka et al., 2019). Other data sources, such as poaching and
stranding records, stomach content analyses, interviews with local fishers, and even
media reports, have also been used to infer the presence of turtle aggregations (Chan et
al., 2007; 1.-J. Cheng et al., 2019; Kim et al., 2021; Nishizawa et al., 2010). More
recently, Park et al. (2025) analyzed two decades of bycatch and stranding data in South
Korea and found an increase in green turtle observations, particularly in the southern
coastlines, suggesting previously undocumented developmental foraging grounds in
Korean waters.

While this growing body of research has expanded our knowledge of spatial
distribution and occurrence across East Asia, critical ecological and demographic
information—such as age-class structure, site fidelity, and population dynamics—
remains scarce at many sites. In-water surveys and long-term photo-identification or
mark-recapture studies remain the most robust methods to confirm foraging ground
function, providing quantitative data on local abundance, residency, and seasonal
dynamics (W. H. Cheng et al., 2019; Kameda et al., 2023; Su et al., 2015). To date,
only a limited number of locations—such as Kuroshima and Yaeyama Islands (Japan),
and Liuqiu Island (Taiwan)—have implemented such monitoring efforts. To address
these data gaps, coordinated and standardized monitoring approaches, including long-

term capture-mark-recapture (CMR) programs, citizen science platforms, satellite



tracking, and open-access databases are needed to better evaluate the ecological roles
of foraging sites and to guide effective conservation strategies throughout the East Asia
region.

While hawksbill turtle records provide valuable insights, they are relatively
sparse and often limited to incidental observations (stranded cases) in Taiwan. In
contrast, green turtles are more frequently documented and better studied across the
region. In Taiwan, most of the in-water sightings and long-term monitoring efforts have
focused on this species; therefore, in this thesis, we primarily focus on green turtles to

facilitate more detailed analyses of their residency pattern and site fidelity.

1.3. Study objectives

Despite growing regional knowledge of green turtle foraging grounds in East Asia,
significant gaps remain in our understanding of foraging green turtles in Taiwan. Most
prior research in Taiwan has focused on nesting populations (Chen et al., 2010; Chen
et al., 2007; Cheng et al., 2009; King et al., 2013), post-nesting migrations (I.-J. Cheng,
2000; Cheng et al., 2018), and strandings and/or fishery bycatch (I.-J. Cheng et al., 2019;
Cheng & Chen, 1997; Huang, 2015), while foraging grounds and populations remain
understudied. Although long-term stranding records indicate that juvenile and subadult
green turtles frequently occur along Taiwan’s coastlines (I.-J. Cheng et al., 2019), few
studies have directly examined the population status of these aggregations in situ.

Recent efforts using facial photo-identification (photo-ID) have confirmed the
presence of a foraging aggregation in Liuqiu Island (W. H. Cheng et al., 2019; Su et al.,
2015), demonstrating the feasibility of using individual-based monitoring techniques in
Taiwanese waters. However, long-term, spatially replicated monitoring efforts across

multiple sites are still lacking. As a result, essential demographic information remains



poorly understood. These limitations hinder our ability to assess population trends,
evaluate residency patterns, or detect emerging threats, all of which are necessary for
informed management and conservation planning.
To address these gaps, this thesis focuses on three core objectives:
1. To identify the distribution and demography of foraging green turtles around
Taiwan through citizen science and photo-identification (Chapter 2)
2. To quantify site fidelity of green turtles using standardized, multi-event in-water
surveys in the foraging hotspot, Liuqiu, Taiwan (Chapter 3)
3. To evaluate the injury status and healing trajectory of injured turtles in the wild

through repeated individual observations (Chapter 4).

Together, these efforts aim to fill key data gaps and provide a scalable framework for

monitoring foraging marine turtle populations in Taiwan and East Asia.

1.4. Thesis outline

1. Chapter 1: General introduction

2. Chapter 2: Crowdsourcing Conservation: Unveiling Taiwan's Marine Turtle
Foraging Grounds and Residency with Broad Societal Engagement

3. Chapter 3: Generating Representative Mark-Resight Data and Applying a
Standardized Site Fidelity Index to Study Green Turtle Foraging Aggregations

4. Chapter 4: Injury and resilience: wild recovery of green turtles from various
anthropogenic damages

5. Chapter 5: General discussion

1.5. Terminology and Definitions



This section provides definitions for terms frequently used throughout this thesis.

The terms are grouped conceptually for clarity and listed alphabetically within each

group.

1.5.1. Habitat use and site descriptions
Foraging habitat / Foraging ground

A geographically defined area or habitat where marine turtles feed, rest, and meet
their nutritional needs. These areas are distinct from their nesting habitats and are
essential for the survival, growth, and reproductive success of turtles throughout
different life stages. These terms are used interchangeably and often refer to coastal or
neritic zones supporting long-term occupancy and feeding activities (e.g., seagrass

meadows, coral reefs, and algal meadows).

Foraging aggregation
A group of marine turtles utilizes the same foraging ground. These aggregations
may consist of individuals of varying life stages and origins, and are often used as the

unit for demographic and residency studies.

Main foraging ground

A principal geographic area where a substantial portion of a marine turtle
population regularly feeds and sustains itself. In this study, a main foraging ground is
defined as an area with over 100 turtle sightings or 50 confirmed individuals, along
with direct in-water observations of feeding behavior over the monitored period. This
term is used to distinguish such sites from other locations within the broader foraging

region where turtles may occur but without clear or consistent evidence of foraging



activity.

Foraging hotspot

A specific area within their broader foraging habitat where there is a particularly
high concentration or aggregation of turtles feeding. These zones are characterized by
especially favorable conditions, such as abundant food resources, optimal
environmental parameters, or unique ecological features, causing numerous individuals

to use the spot disproportionately more than surrounding areas.

Foraging site
A localized spot within a broader foraging ground where individuals are

repeatedly sighted or recorded feeding.

Dive site
A specific location where in-water observations or diving surveys are conducted.
These may overlap with foraging sites but are defined by survey effort rather than turtle

behavior.

1.5.2. Individual presence and behavior

Minimum Residency Duration (MRD)

The presence of an individual in a given area over time. The MRD for each turtle
was estimated based on total duration (days) between the earliest and latest recorded
sighting (Hanna et al., 2021). Sometime, the term residency is used interchangeably

with MRD.



Resident

In this study, individuals that remained within the same area for more than 365
days (one year) were classified as residents. This designation is used to distinguish
relatively long-term site users from individuals who were observed only briefly or

whose observed presence did not exceed one year.

Site fidelity
The tendency of an individual to consistently return to or stay in a specific area

(e.g., foraging ground, nesting beach) for a specific period.

Permanence
Permanence is the proportion of time an individual was present in the study area,
measured as the time between the first capture and last recapture, over the sampling

period. It is used as an indicator of site fidelity.

Periodicity
Periodicity is the recurrence of an individual, determined by the inverse of the
average time between successive recaptures. Distinct from permanence, periodicity

implies temporary absence and return. It is also used as an indicator of site fidelity.

Standardized Site Fidelity Index (SSFI)
An index developed to quantify an individual’s site fidelity based on the number
and spacing of its sightings within a survey period. Values range from 0 (single sighting)

to a theoretical maximum depending on the survey duration and sighting frequency.
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Figure 1-1. Potential foraging grounds of green turtles and hawksbill turtles in

East Asia.

(a) Potential foraging grounds of green turtles (n = 82) and (b) potential foraging
grounds of hawksbill turtles (n = 27) were identified through a literature review. Circle
colors indicate the type of data source for each potential foraging ground: Grey
represents satellite tracking data, reviews, and historical records with an unknown
number of local aggregations; Pink represents the data derived from stranded, bycatch
and poached studies, which may include both living and dead turtles; Blue indicates the
locations where live turtles were captured for research purposes; Green indicates the

sites confirmed through in-water observations or long-term mark-recapture studies,

(b)
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providing evidence of feeding behavior and the numbers of local aggregations.
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CHAPTER 2
Crowdsourcing Conservation: Unveiling Taiwan's Marine Turtle

Foraging Grounds and Residency with Broad Societal Engagement

2.1. Abstract

Determining marine turtle foraging grounds, emerging threats, and population
status are essential for conservation management. Crowdsourced science is a recently
recognized approach that enables internet-based data collection, providing important
contributions to scientific goals while also benefiting society and public education. This
study is based on the published dataset from TurtleSpot Taiwan (2017-2022) to
leverage crowdsourced data to determine marine turtle foraging grounds, emerging
threats, demography, and residency patterns in Taiwan. We identified three main
foraging grounds of green turtle (Chelonia mydas) in Taiwan (Liuqiu Island, Kenting,
and Green Island), defined as sites with > 100 sightings and direct observations of
feeding behavior. Among all sites, Liuqiu Island contributed 77% of the total sightings,
suggesting this island is a hotspot. Emerging threats to foraging aggregations of marine
turtles in Taiwan were evident from the reported sightings, with ~ 10% of the total
sightings involving turtles with fishing line entanglement, ingested debris, missing
flippers, or injuries. Most of these sightings occurred in Liuqiu Island, indicating a
significant level of human-turtle disturbance. Residency patterns identified from
sighting data showed that 43.4% of individuals stayed in the same area for one or more
years, with adult-sized turtle residency greater than that of immature turtles. Taiwan
supports healthy foraging grounds for green turtles, where adults often stay for more

than one year and with dynamic populations of younger individuals. However, despite
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a certain number of foraging green turtles observed in Liuqiu Island, many of these
turtles displayed injuries. This high population density combined with increased injury
frequency suggests that a comprehensive management plan for turtle foraging grounds
is urgently needed, including measures to reduce boat speeds in hotspot areas and strict

regulations on coastal human activity.

2.2. Introduction

As migratory megafauna, marine turtles have a complex life cycle requiring
unique life stage-dependent nesting and foraging habitats (i.e., hatchling, juvenile, sub-
adult, and adult) (Spotila, 2011). Historically, marine turtle research and conservation
efforts have focused on nesting habitats, while their foraging grounds are less
understood (Mazaris et al., 2014; Robinson et al., 2023). Determining the distribution
of and the population dynamics within key foraging grounds has been recognized as a
global research priority for marine turtle conservation (Hamann et al., 2010), ecology,
and conservation management. Despite significant progress in addressing these
knowledge gaps, progress remains limited by a bias towards specific questions, species,
and regions, highlighting the need for greater engagement with social sciences and a
broader range of contributors (Rees et al., 2016).

Five of the world’s seven marine turtle species — green (Chelonia mydas),
hawksbill (Eretmochelys imbricata), loggerhead (Caretta caretta), olive ridley
(Lepidochelys olivacea) and leatherback (Dermochelys coriacea) —have been recorded
in the East Asia region (Ng et al., 2024). Among these species, green and hawksbill
turtles are the two most common species historically observed in the waters of Taiwan
(I. J. Cheng et al., 2019). Many studies have attempted to identify potential foraging

grounds for green and hawksbill turtles in East Asia through various methods, including
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historical records, bycatch, mark-recapture studies, stable isotope analysis, and satellite
tracking (Chan et al., 2007; Ng et al., 2018; Nishizawa et al., 2013; Shimada et al.,
2014); however, crucial information such as demography and residency of local
aggregations remain lacking. This gap is understandable as both measures require direct
in-water surveys and long-term mark-recapture studies, both of which are logistically
challenging given the necessary person-hours and financial investments to provide the
required resolution of data. Properly moderated citizen science and crowdsourced data
collection projects can offer a way to alleviate these logistical hurdles and thereby
address the standing knowledge gaps on both local and global scales.

Citizen science (CS) broadly refers to the engagement of the general public in
scientific research and has existed for centuries in various forms (Frigerio et al., 2021)
but has in recent decades expanded dramatically in both scope and application (Fraisl
et al., 2022). The current use of crowdsourced data through CS has proven powerful in
generating ecological knowledge (Fraisl et al., 2022), improving conservation science,
and enhancing environmental protection (McKinley et al., 2017). The term citizen
science is often used interchangeably with related terms such as community science,
volunteer monitoring, participatory science, and public science. Notably, the term
“citizen” is inclusive and does not imply legal citizenship; rather, it refers to all
members of society (e.g., residents, visitors, students, and others) who contribute to
scientific inquiry. Crowdsourced science, a subset of CS that utilizing internet
connectivity to recruit large groups of volunteers who would otherwise be disconnected
for the purpose of problem-solving scientific projects, has the potential to expand
societal participation and reduce associated costs of acquiring data (McKinley et al.,

2017).
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While providing opportunities for increased data collection, including higher
temporal and spatial resolution, with minimized logistical limitations to the researcher,
CS and crowdsourced conservation projects have their own sets of challenges. These
challenges include improving participant engagement and retention, establishing
comprehensive project evaluations, and developing better communication strategies
(Kelly et al., 2020), while also mitigating potential challenges in data quality, and data
coverage (Lukyanenko et al., 2016). For crowdsourced science to provide data in both
the quantity and quality needed for scientific purposes, it is necessary for projects to
include standardized data collection protocols, means of quality-assurance, engaging
community involvement (co-creation), and venues to share data and knowledge with
the public (Fraisl et al., 2022; B. L. Jones et al., 2018).

Photographic identification (photo-ID) methods that use unique body patterns for
individual identification provide an innovative avenue for researchers and citizen
scientists to study animals in their native habitats (Armstrong et al., 2019). The
distinctive facial and flipper scale patterns of marine turtles have been validated as
reliable natural markers for each individual for studying their in-water biology and
ecology (Carpentier et al., 2016; Dunbar et al., 2014; Mills et al., 2023; Schofield et al.,
2008). The recent availability of digital platforms, affordable underwater cameras, and
photo-ID software (e.g., I3S, HotSpotter, Internet of Turtles) facilitated the emergence
of photo-ID CS projects to reveal the population status of foraging turtles (Hancock et
al., 2023; Hanna et al., 2021; Hudgins et al., 2023; Long & Azmi, 2017).

TurtleSpot Taiwan is a citizen science project launched in June 2017 on social
media platform (https://www.facebook.com/groups/turtlespotintw; Facebook, Meta)
with the dual aim of collecting sighting reports of marine turtles for identifying foraging

grounds in Taiwan and providing a portal for public education. Engaging over 20,000
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group members, TurtleSpot Taiwan’s key innovations were establishing a publicly
accessible marine turtle photo-ID database website (https://turtlespottw.org/) that
allows users to search and provide optional functions for users to identify their
documented/photographed turtles. This database has standardized data collection
protocols to enhance data quality, and employs numerous interactive measures to foster
community engagement and enhance societal engagement.

Hoh and Fong (2022) and Hoh et al. (2022) previously published occurrence
open-access datasets from TurtleSpot Taiwan data between 2017-2022, along with
metadata and data collection methodology. Here, we provide the first analysis of these
datasets and identify the foraging grounds, emerging threats, demography, and
residency of marine turtles in Taiwan. To examine the effectiveness and scope of
crowdsourced conservation, we further analyzed citizen scientist participation and

retention trends over five years of TurtleSpot Taiwan’s implementation.

2.3. Materials & Methods

2.3.1. Crowdsourced conservation project: TurtleSpot Taiwan

TurtleSpot Taiwan was founded by a group of volunteers from different
backgrounds, including scientists, dive instructors, underwater photographers, and
ocean advocates. We engaged the public through online interactions, in-person
workshops, and educational outreach events throughout the implementation of this
project. The online interactions included: (1) Naming turtles: We invited sighting
reporters to name the turtles, increasing incentive and building their connections to
marine turtles (also see Hoh et al., 2022); (2) Feedback: The group administrator
provided feedback, shared photo-ID results, responded to questions, and updated

information about individual turtles to sighting posts; and (3) Marine Turtle Nerdy
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Award: Each year citizen scientists with the top ten number of reports were announced
and acknowledged in the Facebook Group.

A four-step systematic approach to data quality assurance was employed
throughout the project (Fig. 2-1). (1) Data submission: The group administrator
thoroughly checked the completeness of reported sightings and guided citizen scientists
as needed; (2) Photo-ID: The group administrator verified HotSpotter-assigned photo-
ID results, checked the correctness of the entered data and downloaded images from
the previous step. HotSpotter is a computer-based software that uses pattern recognition
algorithms to identify individual animals based on unique natural markings (Crall et al.,
2013); (3) Responding to posts with photo-ID results: While replying to the post, the
group administrator manually verified the accuracy of the photo-ID result again; (4)
Open data preparation: The dataset underwent a comprehensive examination, including
verification, cleaning, transformation, and standardization, to ensure compliance with
GBIF publication criteria (Hoh & Fong, 2022) under assigned licenses. For a detailed
methodology employed in preparing and publishing the dataset, refer to the
corresponding data paper (Hoh et al., 2022). The complete dataset described in Hoh et
al. (2022) including sighting data and time, dive site location (GPS coordinates and
place name), observer information, photographic documentation, turtle species,
estimated age-class group, visible injuries or abnormalities, sex (if determinable),
observation method (e.g., snorkel, SCUBA, land-based), and, when available, water
depth.

Data use and privacy policy terms were described on both the Facebook page and
photo-ID database website to protect the copyright of data contributors, authorizing
TurtleSpot Taiwan to conduct research and non-profit educational activities while

acknowledging that the media copyrights remained with the respective photographers.

17



Any use of contributed multimedia materials adhered to the Creative Commons

Attribution-NonCommercial (CC BY-NC) license.

2.3.2. Marine turtle sighting and distribution in Taiwan

A total of 760 marine turtle individuals were identified and documented on the
photo-ID database of TurtleSpot Taiwan, including C. mydas (n = 724), E. imbricata
(n = 35), and L. olivacea (n = 1). To study the diversity and abundance of different
species of marine turtles around Taiwan, density distribution maps for all marine turtle
sightings, individual turtles and participating citizen scientists were generated in R
using mapdata (version 2.3.1), sf and ggplot2 (Pebesma & Bivand, 2023; Pebesma,

2018; Wickham, 2016), and modified with Affinity Designer (version 1.10.5).

2.3.3. Foraging grounds, demographic structure and residency of green and

hawksbill turtles

Main foraging grounds were identified as areas that have received a high number
of sightings (> 100 sightings) along with direct in-water observations of feeding
behavior over the monitored period. This study mainly focused on evaluating foraging
grounds, demographic structure, and residency for green and hawksbill, as these species
are the two most common marine turtles in Taiwan.

To determine the demographic structure of marine turtles, turtle body size was
visually estimated from whole-body photographs and categorized into different life
history stages (post-hatchling, juvenile, subadult, or adult), combined with the carapace
color pattern and marginal scute roundness characteristics and descriptions provided by
the reporters. Turtles that lacked a whole-body image and estimated size information

were recorded as life stage ‘unknown’. We used previously published straight carapace
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length (SCL) measurements and carapace characteristics to categorize all sighted turtles
into putative age classes as follows: For green turtles, post-hatchling SCL of 10 to 20
cm, juvenile SCL < 65 cm with sunburst patterns on each scute, subadult SCL of 65 to
90 cm with camouflage patterns on each scute, and adult SCL > 95 cm with variously
light and dark spotting on the carapace (Caldwell, 1969; Witherington et al., 2006;
Witherington & Witherington, 2015; Fig. S2-1). For hawksbill turtles, post-hatchling
SCL of 8 to 22 cm, juvenile SCL of 23 to 50 cm, subadult SCL of 50 to 80 cm, and
adult SCL > 80 cm (Avens et al., 2021; Meylan & Redlow, 2006; Wood et al., 2017Fig.
S2-1). For olive ridley turtles, adult SCL from 53 to 79 cm, with a median size of 60
cm at sexual maturity (Zug et al., 2006). The identification of sex in adult-sized turtles
was limited to males, defined as individuals having tail lengths exceeding 25 cm
(visually longer than the rear flippers) (Wibbles, 1999). Since it is not possible to
definitively determine the sex and sexual maturity of marine turtles with short tails,
turtles with tail lengths of 10 to 15 cm (visually shorter than rear flippers) or with no
visible tail were classified as sex unknown.

To examine the residency of the marine turtles, minimum residency duration
(MRD) of green and hawksbill turtles was calculated and plotted separately. The MRD
for each turtle was estimated based on total duration (days) between the earliest and
latest recorded sighting (Hanna et al., 2021). Individuals who stayed in the same area
for more than 365 days (1 year) were considered residents. To study variations of MRD
and number of sightings among estimated age-class groups (i.e., juvenile, subadult, or
adult-sized), only green turtles were included due to low sample sizes for other species.
Variations in MRD and the number of sightings per individual across different
estimated age-class groups were examined using One-Way Analysis of Variance (One-

Way ANOVA; factor: estimated age-class groups) in SigmaPlot 11 (Graffiti LLC). The
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dataset included 428 green turtle individuals from six areas: Northeastern coast, Penghu,
Green Island, Liuqiu Island, Kenting, and Hualien. The MRD values passed the equal
variance test (p = 0.509) without requiring transformations. The number of sightings
per individuals were square root transformed twice and passed the equal variance test

(p=0.118).

2.3.4. Participation and retention of citizen scientists

The publicly accessible TurtleSpot photo-ID database website houses
information and images of documented turtles, featuring a filter function that enables
users to search using keywords (e.g., number of the post-ocular scutes, morphological
features, location, species, age-class, turtle ID number, or turtle name). This allows
citizen scientists to browse through the image database to manually identify the turtles
they photographed. To assess citizen science participation, we counted the number of
citizen scientists who attempted to identify the turtles they sighted at the individual
level, using the photo-ID database website or other means. Regardless of identification
accuracy, these attempts were used as an indicator of the involvement level of citizen
scientists.

The number of new and retained citizen scientists from previous years was
analyzed for each year from 2017-2022 to assess the recruitment and retention trends
of TurtleSpot Taiwan. Retention of citizen scientists was calculated as the total duration
(in days), including both the first and the last sightings reported by an individual to the
Facebook Group. A Pearson correlation coefficient analysis was conducted to examine
the correlation between the number of sightings contributed by each participant and

their retention time, visualized with a scatter plot in SigmaPlot 11. To avoid bias,
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sightings directly provided by citizen scientists to us without posting to the Facebook

Group were excluded from the above analysis.

2.4. Results
2.4.1. Distribution of foraging grounds and demographics of marine turtles

The majority of the turtles identified from sightings were from Liugiu Island
(83.9%, 3024 sightings and 584 individuals), followed by Kenting (6.6%, 239 sightings
and 66 individuals) and Green Island (5.1%, 182 sightings and 57 individuals), all of
which serve as foraging grounds for green turtles (Fig. 2-2a). We observed a steady
increase in the number of unique individuals recorded over time, with an average of
127 (range: 60 to 201) new individuals recorded each year (Fig. 2-2b), resulting in a
total of 760 individuals as of May 2022. For the estimated age-class groups of C. mydas,
61.3% (n =444) of documented turtles were juveniles, 26.2% (n = 190) were subadults,
and 12.4% (n = 90) were adults (Fig. 2-2c). Among the adult-sized green turtles, 33
individuals were identified as males. For E. imbricata, 74.3% (n = 26) were juveniles,
17.1% (n = 6) were subadults, and 5.7% (n = 2) were adults (one identified male), with
one individual identified as a post-hatchling (Fig. 2-2c).

In addition to identifying turtle foraging grounds, sighting data highlighted
emerging threats to foraging aggregations of marine turtles in Taiwan, such as boat
strikes, propeller injuries, and marine debris. Nearly 10% (n = 358) of total sightings
involved turtles with fishing line entanglement or with ingested debris (i.e., plastic bags,
fishing lines and ropes) observed protruding from the anus (1.5%, n = 53), missing
flippers or injuries to flippers (3.2%, n = 116), or carapace injuries (5.3%, n = 189).
There were 114 injury-related turtles, comprising 106 green turtles (346 sightings), 8

hawksbill turtles (10 sightings) and two sightings for which neither species nor
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individual was identified. Most of these sightings (93.3%, n=334) were from 98 turtle
individuals and occurred at Liuqiu Island (Table 2-1), indicating a significant level of

human-turtle interaction in this area.

2.4.2. Minimum resident duration (MRD) of turtle individuals

A total of 723 green turtles (sightings n = 3,201) and 35 hawksbill turtles
(sightings n = 70) were included in MRD analysis after excluding records with
incomplete date information (n = 5). Of these, 295 green and 22 hawksbill turtles were
categorized as “non-resighted” because they were only sighted once (green n = 287;
hawksbill n = 22) or only had multiple same-day sightings (green n = 8). The resighting
rates of green and hawksbill turtles were 59.2% (n = 428) and 37.1% (n = 13),
respectively, with the number of re-sightings per individual ranging from 2 to 47 (mean:
4.56, SD: 6.47). Among resighted green turtles (n = 428), 74.3% (n = 318) stayed in
the same area for one or more years (i.e., resident turtle), and 25.7% (n = 110) stayed
for less than one year (Fig. 2-3a). Resident green turtles (MRD > one year) were mainly
distributed in southern Taiwan (Fig. S2-2) at Liuqiu Island (n = 280), Kenting (n = 18),
and Green Island (n = 15). Among resighted hawksbill turtles (n = 13), 15.4% (n = 2)
stayed for less than one year (Fig. 2-3a) and 84.6% (n = 11) were resident turtles, mainly
in Liuqiu Island (n = 6) (Fig. S2-2). Juvenile green turtles contributed more than half
of the proportion of non-resighted, < 90 days, 90 — 364 days and 1 — 2 years groups
(Fig. 2-3b). However, the proportion of turtles with larger body sizes (estimated as
subadults and adults) generally increased with longer MRDs. In the > 2 years MRD
category, juveniles accounted for 46.9%, while subadults and adult-sized turtles made
up 28.8% and 24.3%, respectively (Fig. 2-3b). Green turtle mean MRD increased with

age-class, from juvenile (775 days), subadult (882 days), to adult-sized turtles (1,182
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days). Adult-sized turtles had significantly greater MRD than juveniles and subadults
(One Way ANOVA, F 2 45 = 13.36, p < 0.001, SNK: adults > juveniles = subadults;
Fig. 2-2¢). Adult-sized turtles had a significantly higher resighting rate (average 10.12
times per individual) than both juveniles (5.71 times per individual) and subadults (6.75
times per individual) (One way ANOVA, F 2, 45 = 14.67, p < 0.001, SNK: adults >
juveniles = subadults; Fig. 2-2d).

Additionally, the longest MRD recorded to date was 3,502 days (ID:
TWO01G0049; 28 sightings), documented in an adult-sized green turtle with carapace
injuries and scars, presumably female, from Liuqiu Island. The longest interval between
two consecutive sightings was 1,604 days (ID: TW01G0034) documented in a subadult
green turtle from Liuqiu Island. This single individual was recorded at a deep boat
diving site, which is likely less frequently visited by divers, potentially explaining the

extended gap between sightings.

2.4.3. Participation and retention of citizen scientists

From a total of 2,324 sightings contributed by 442 citizen scientists directly to
the Facebook group platform, nearly 30% (n = 683) of the sightings were manually
identified by 99 individual citizen scientists, indicating their engagement beyond mere
data contribution. From June 2017 to May 2022, the annual number of turtle reporters
ranged from 95 to 148, with an average of 122 + 20 citizen scientists per year. In each
year, about 67% of reporters were new participants (ranging from 61% to 75%). In
comparison, 33% were retained from the previous years (Fig. 2-4a). The consistent
influx of new participants in each year highlights sustained public interest in the
initiative and the project’s effectiveness in recruiting contributors. The number of

sightings per citizen scientist ranged from 1 to 339, with 52.7% (n =233, including one
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project co-founder who is non-scientist) contributing a single sighting, 34.8% (n = 154)
reporting 2 — 5 sightings, 11.1% (n = 49, including one co-founder) reporting 6 — 50
sightings, and 1.4% (n = 6, including one co-founder and one highly involved volunteer,
both of whom are non-scientists) reporting more than 50 sightings (Table S2-1). These
contributions accounted for 10%, 18.7%, 31.6%, and 39.7% of the total sightings,
respectively. Participant retention duration ranged from one day to 1,789 days. Among
the citizen scientists, 61.3% (n =271, including one author) contributed their sightings
on a single day, while 19.9% (n = 88) contributed within a one-year period (2 days — 1
year), 8.8% (n = 39) contributed over 1 to 2 years, 3.8% (n = 17) over 2 to 3 years and
4.5% (n = 20, including one author) over 3 to 4 years. Lastly, 1.6% (n = 7, including
two authors) contributed sightings consistently across all five years (Table S2-1). A
significant moderate positive correlation (Pearson correlation coefficient = 0.44, p <
0.001) was observed between the number of sightings reported by each participant and

their retention time (Fig. 2-4b).

2.5. Discussion

2.5.1. Foraging marine turtles in Taiwan

Direct in-water sighting data showed that Taiwan's coastal waters, especially
Liuqiu Island, Green Island, and Kenting, are main foraging grounds for green turtles
and host a smaller aggregation of hawksbill turtles, represented by individuals of all
size groups but dominated by juveniles (61% and 74%, respectively). The foraging
grounds of marine turtles surrounding Taiwan exhibit diverse ecological characteristics.
Liuqiu Island and Kenting primarily feature fringing reefs, intertidal zones, and small
sporadic seagrass beds along their coastlines. Many reefs in these areas are algae-

dominated reefs, especially turf algae (Kuo et al., 2023; Lin et al., 2024) making them
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preferable foraging sites for herbivorous green turtles. This dominance of juveniles in
foraging grounds is comparable to that of green turtles in the Japanese Kuroshima
Islands (79.9% juveniles) and Yaeyama Islands (1995 — 2003: 88%; 2004 —2016: 78%)
to the north (Kameda et al., 2017; Kameda et al., 2023), as well as Malaysian Mabul
Island (78.9%) and Semporna (49%) to the south of Taiwan (Joseph et al., 2022;
Palaniappan et al., 2022). In the Great Barrier Reef, foraging grounds typically host a
greater mix of life stages, but with juveniles still comprising the majority
(approximately 80.5%) (K. Jones et al., 2018). The ratio of juveniles in Taiwan’s
coastal foraging aggregations (61%) lies in between the values at these other locations.
The variation in juvenile dominance among regions may influenced by differences in
habitat characteristics and food availability. For example, the foraging habitats in the
Great Barrier Reef are coral reef dominated (K. Jones et al., 2018), while Kuroshima
Islands and Yaeyama Islands feature coral reef habitats mixed with seagrass and algae
(Kameda et al., 2017; Kameda et al., 2023), and Semporna and Mabul Island combines
coral reef with seagrass meadows (Bujang et al., 2006; Joseph et al., 2022; Palaniappan
& Hamid, 2017; Palaniappan et al., 2022). The foraging grounds in Taiwan are mainly
algae-dominated reefs. Variations in food availability among these different habitats
may contribute to the differences in the demography of marine turtles across regions.
Temporal shifts in food availability can also contribute to different age-class
demographics. In Bermuda, a decline in seagrass availability may have driven the
emigration of juveniles before maturation, altering the demographic structure of the
aggregation (Meylan et al., 2022). Mortality rates of turtles can also affect the
demographic composition of foraging aggregations. For instance, in the Yaeyama
Islands, the decline of the marine turtle fishery due to increased conservation awareness

led to a 10% rise in the proportion of larger-sized turtles during 2004-2016 compared
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to earlier periods (Kameda et al., 2017). Establishing long-term monitoring programs
in Taiwan could help track demographic shifts and provide insights into site-specific
ecological roles.

Steady increases in newly sighted individuals each year and a high ratio of
juvenile turtles suggest a healthy recruitment pattern in these foraging grounds
(Kameda et al., 2017). Our study also found that adult-sized turtles have significantly
longer residency durations and higher resighting frequencies than immature turtles. A
contrasting trend, where adults have lower residency indices than juveniles and
subadult green turtles has been observed in Australian foraging grounds (Pillans et al.,
2022). However, home ranges and core areas can be highly variable among tracked
turtles (Pillans et al., 2021; Seminoff et al., 2002; Siegwalt et al., 2020), which may
influence the resighting probability of turtles in photo-ID-based surveys. Lower
resighting rates and shorter residency of juveniles and subadults might present a
methodological bias for opportunistic in-water sighting data, or suggest a more dynamic
assemblage within these aggregations. Current understanding of their habitat shifts in
this region remains limited. Ng et al. (2018) tracked four rehabilitated and released
immature green turtles: one turtle released from Dongsha migrated to the Philippines
over 143 days, while three turtles released from Kenting remained within Taiwanese
waters (tracking duration ranging from 124 to 188 days). Two of these turtles returned
from their release sites to the areas where they were originally found stranded or
bycaught. These findings suggest that immature turtles can have high variability in
home ranges or dynamic movement patterns, with some traveling large geographical
distances, making them less frequently observed by volunteer turtle watchers.

Our study showed an increasing temporal trend in marine turtle residency over

the past decade. W. H. Cheng et al. (2019) surveyed 432 individual turtles at Liuqiu
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Island from 2011 to 2017 and found that around 10% remained for more than one year.
Our study found that from 2017 to 2022, of 584 identified individuals, 49% stayed for
over a year. It is possible that the habitat conditions of Liuqiu Island have become more
suitable for foraging turtles since 2017. Two adult-sized turtles (short tail, presumed
female) with flipper tags from the Secretariat of the Pacific Regional Environmental
Programme (SPREP) were sighted in Liuqiu Island multiple times each between 2017-
2022 and 2022, respectively, indicating this foraging ground is also utilized by adults
following ontogenetic emigration. This suggests that the foraging grounds around
Taiwan, particularly Liuqiu Island, support all turtle life stages of turtles and are
therefore of heightened conservation importance.

Our study also identified a small number of resident turtles on the northeastern
coast of Taiwan which supports previous suggestions (I. J. Cheng et al., 2019) that this
area could be a foraging ground for green turtles. The benthic community on the
northeastern coast consists mainly of turf algae, macroalgae, and non-reefal coral
communities (Kuo et al., 2023), which may contain a high abundance of Rhodophyta
and Chlorophyta, the main diet of green turtles in reef ecosystems (Santos et al., 2015).

One factor to consider is that the foraging grounds identified in this study may be
biased toward sites more accessible for diving. For instance, Penghu has a notable
number of marine turtles documented through fishing industry bycatch (I. J. Cheng et
al., 2019) but showed low sightings in our data. This may be due to the high turbidity
of Penghu’s waters, which likely increased the difficulty of sighting and recording
turtles in the area. Potential biases can occur in opportunistic observation databases,
such as over-representation of common species (Isaac & Pocock, 2015) and over-
sampling of accessible locations (Reddy & Déavalos, 2003) due to uneven sampling

efforts. However, such bias can be mitigated by applying photo-ID at the individual
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level in this study, thereby reducing the likelihood of overestimation. In contrast, Liuqiu
Island, a popular diving destination with frequent turtle encounters, yielded
significantly more sightings. This higher resolution data enabled more reliable
estimates of residency and population trends, offering a closer reflection of reality-

based population distribution.

2.5.2. Habitat Connectivity

Sightings of individuals with flipper tags can provide valuable information about
their previous foraging grounds or nesting sites, offering insights into habitat
connectivity. This project recovered five turtles with flipper tags, three of which had
visible tag numbers: An olive ridley turtle (PH1004M/PH1005M) originally tagged and
released from Cabangan, Zambales, the Philippines, in January 2018, was found alive
(bycatch) in September 2018 along the east coast of Taiwan (Hualien County); a
subadult green turtle (KK3 0125) originally tagged and released from Ishigaki Island,
Okinawa, Japan, in 2003 was found alive (bycatch) in 2020 along the east coast of
Taiwan (Hualien County); a green turtle (R36192; https://turtlespottw.org/turtle-
profile/TW01G0082), was an adult nesting female from Ulithi Atoll, Yap State,
Federated States of Micronesia, where it nested in 2006 and 2012. Notably, this third
turtle was first observed at Liuqiu Island in 2011 and has been frequently seen foraging
at the same site from June 2017 to May 2022, indicating that this individual has
migrated between Ulithi Atoll and Liuqgiu Island (2,500 km apart) at least twice (Fig.
2-5). In additional, both front flipper tags (R36192/R36191) of this turtle were intact
during its first sighting in 2011. By 2017, only one tag (R36192) remained, which was
subsequently lost in Feb 2020. The information gleaned from these tagged turtles

corroborates previous studies using satellite tracking and molecular techniques, which
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demonstrated that Yap in the Federated States of Micronesia and Yaeyama of Japan are
potential source rookeries for the green turtle foraging aggregations around Taiwan
(Kolinski et al., 2014; Ng et al., 2024). These observations underscore the importance
of understanding marine turtle migratory patterns and habitat use across international
boundaries and highlight the scientific significance of the collective efforts of citizen

scientists to enhance the conservation of marine turtles.

2.5.3. Operation and maintenance of an extensive crowdsourced conservation
network

After seven years of operation (as of 19 August 2024), TurtleSpot Taiwan
Facebook Group has more than 21,723 members from diverse sectors of society,
including SCUBA and free divers, scientists, schoolteachers, and students, among other
members of the general public. Member profile data described a diverse cohort of
participants, with a nearly even male-to-female ratio (45% and 55%, respectively), an
age range of 13 to +65 years old (majority within the 35-44 range; 39%). However,
only about 2% of these members have actively contributed turtle sightings, indicating
that much of the engagement represents passive support, such as expressing interest in
the initiative, rather than active participation. This low proportion of contributors may
also stem from logistical barriers associated with data collection, as accessing turtles in
their natural habitats typically requires SCUBA diving or snorkeling, which may limit
broader involvement.

Despite strategies developed to increase public participation (Martin &
MacDonald, 2020; Tang et al., 2019; Wald et al., 2016), recruitment and retention of
citizen scientists remains an ongoing challenge that limits the efficacy and usefulness
of many existing projects. To maintain recruitment, TurtleSpot Taiwan actively

engages the public through in-person workshops, educational outreach events, and
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online interactions, such as inviting citizen scientists to name the turtles they reported
and providing feedback and photo-ID results to sighting posts. These initiatives likely
contributed to the good number of recruitments of new participants, with nearly two-
thirds of participants each year being newcomers. However, our analysis on participant
retention revealed that most participants (52%) contributed only once and only a small
proportion (12.4%) contributed more than five reports. Correlation analysis indicated
that participants with multiple contributions tended to remain active in TurtleSpot
Taiwan for longer periods. For instance, 70% of those contributing more than five
reports demonstrated retention of over one year. Similar patterns were also identified
in other studies, where most contributors participated only once and with minimal effort,
while a relatively small percentage of contributors showed higher activity (Sauermann
& Franzoni, 2015; Seymour & Haklay, 2017). Meanwhile, although 52% of
participants were single-time contributors, this ratio is still lower compared to other
environmental CS projects, where single-time contributors often account for higher
proportions (e.g., 72%; Seymour and Haklay (2017)). To increase participation and
retention levels, conducting surveys or interviews to understand the motivations of
citizen scientists (Land-Zandstra et al., 2021), providing more regular updates on the
project's progress, and implementing a system of milestones to encourage sustained
engagement can be further integrated into the current project framework. Additionally,
a more detailed evaluation on the engagement of group members could distinguish
between active participants and passive supporters. Their interaction with community
through metrics such as comments, reactions (likes, shares), or attendance at
educational outreach events or workshops can be further explore in future studies to
understand patterns of involvement and develop strategies to convert passive supporters

into active contributors.
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2.5.4. Conservation implications

Our analyses found that nearly 10% of sightings included observations of at least
one category of injury. This high frequency of injured turtles could be due to human
prejudice, as citizen scientists are more prone to report rare and charismatic species or
events (Deacon et al., 2023; Snéll et al., 2011), leading to over-reporting of injured
turtles; however, it also suggests increased human activity and tourism (Chen, 2015),
may be stressing local foraging aggregations, similar to the effect seen in other regions
(Papafitsoros et al., 2021). These data suggest that a comprehensive management plan
is urgently needed, including measures to reduce boat speeds in hotspot areas and strict
regulations on coastal human activity (e.g., rock fishing, sewage treatment, and coastal
construction) to benefit these flagship species and the broader marine ecosystem.

Conservation efforts can make use of crowdsourced data to complement field-
based research by covering a larger geographic area while engaging a broader public in
conservation efforts. However, achieving high-quality spatial data requires substantial
resource investment, including building strong community partnerships (Brown et al.,
2018). Working toward a community contributory approach in the main foraging
grounds (e.g., Liuqgiu Island, Kenting, and Green Island), where local participants are
actively involved in data collection, analysis, or decision-making, should be the
conservation focus moving forward. The present crowdsourced conservation platform
can further develop for international collaboration projects studying global marine
turtle foraging grounds or contribute to the Internet of Turtle, a web-based photo-ID
system with a worldwide database (Lesile et al., 2016). Our study provides evidence
that this citizen science platform is important in providing reliable, long-term global

monitoring data for tracking changes in marine turtle aggregations and foraging
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grounds, enabling adaptive management strategies that can respond effectively to

global climate change issues.
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Tables

Table 2-1. Number of injury-related sightings and turtle individuals at each

location in Taiwan.

Location Total injury- Unique individuals with Injury related sightings
related sightings | injury-related sighting at each location (%)

Liugiu Island 334 98 11.04
Kenting 8 5 3.35
Northeastern coast 4 1 5.26

Green Island 4 3 2.20
Kinmen 2 2 28.57
Orchid Island 2 2 8.00
Penghu 2 1 6.90
Dongsha 1 1 100.00

Yilan 1 1 25.00
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Figure 2-1. Overview of TurtleSpot Taiwan: needs identification, data collection,

analysis, and community building.
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Figure 2-2. Distribution of documented turtles

around Taiwan, their annual

population trends, and demographic structure.

(a) Spatial distribution of sightings (pin marker symbol), participants (diver symbol),
and documented turtles (circle). The color and size of the circle represent the species
and the number of individuals, respectively. (b) Annual variations in numbers of marine

turtle individuals and line chart showing the cumulative number of recorded turtles. (c)

The proportion of estimated age-class groups of green and hawksbill turtles.
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Figure 2-3.The minimum resident duration (MRD) and demographic structure
of turtles.

(a) MRD of green and hawksbill turtles by MRD groups. (b) The percentage of green
turtles in estimated age-class groups with different MRD. (c) Mean (+SD) of MRD
across estimated age-classes of green turtles. a and b denote different groupings
identified from post-hoc SNK tests following One-Way ANOVA. (d) Mean (+SD) of

number of resightings per individual across estimated age-class groups of green turtles.
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Figure 2-4. Citizen scientists’ participation in TurtleSpot Taiwan.

(a) Bar charts showing the annual number of participants between June 2017 and May
2022 and line chart showing the cumulative number of participants. (b) Scatter plots
between the number of sightings contributed by each participant and their retention

time.
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identified through flipper tag recoveries.
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Supplementary Materials

Table

Table S2-1. Participant levels of citizen scientists

Engagement

Sightings/per participants | Number of participants Contributed to total sightings (%)
1 233 10 %
2-5 154 18.7 %
6-50 49 31.6 %
>50 6 39.7%
Retention

Duration Number of participants

1 day 271

2 days — 1 year 88

> 1 year — 2 years 39

> 2 years — 3 years 17

> 3 years — 4 years 20

> 4 years 7
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Figures

Life stages of green turtles
Juvenile Subadult Adult
SCL< 65 cm SCL 65-80cm SCL> 80 cm

Malegtail > 25 cm
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References: Caldwell, 1969; Witherington et al., 2006; Witherington & Witherington, 2015a; photo credits: Huai Su.

Life stages of hawksbill turtles
Juvenile Subadult Adult
SCL<50cm SCL 50-80cm SCL>80cm
Serrated marginal scutes Scratches, overlapping shell scutes ~ Smooth margins, non-overlapping shell scutes

b il Sl .
References: Avens et al., 2021; Meylan & Redlow, 2006; Wood et al., 2017; photo credits: Kuen-Tian Chen, Chi-Ching Huang and
Liou-Yuan Yu (from left to right).

Fig. S2-1. Carapace patterns and estimated straight carapace length (SCL) of

green and hawksbill turtles at different life stages. Photo credits: Huai Su, Kuen-

Tian Chen, Chi-Ching Huang and Liou-Yuan Yu.
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CHAPTER 3
Generating Representative Mark-Resight Data and Applying a
Standardized Site Fidelity Index to Study Green Turtle Foraging

Aggregations

3.1. Abstract

Determining population dynamics and site fidelity of marine turtles in foraging
habitats is crucial for effective conservation management, yet few in-water survey
designs highlight the importance of statistically robust mark-resight aggregation data.
We conducted a two-year, multiple-event snorkel survey with photo-ID to collect mark-
resight data on 398 green turtles at two adjacent reef sites on Liuqiu Island, Taiwan.
We demonstrated that multiple-event surveys (3 consecutive days every three months;
each survey comprising ~1 hour observations in the morning and afternoon of the same
day) yield over 95% sampling coverage and a nearly two-fold higher resighting rate

than single-event surveys (single ~1 hour survey every three months). Turtle counts

differed between tide cycles; flood and high tides had the most sightings, while flood
and ebb tides yielded more unique individuals. These results show the need to consider
tidal timing when designing surveys. The majority (65.4%) of sighted turtles were
juveniles, and 8.5% showed partially-healed or fully-healed injuries. Applying the
Standardized Site Fidelity Index (SSFI) to turtles in Liuqiu Island identified Low- and
High-SSFI groups. Low-SSFI groups had a higher proportion of adult-sized individuals
(12.1% vs. 3.9% in High-SSFI), consistent with an ontogenetic expansion of home
range. Of the observed turtles, 7.2% of Low Fidelity turtles and 9.9% of High Fidelity

turtles bore visible injuries. SSFI metrics and open-access datasets enable the inter-
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study comparisons of site-fidelity patterns across turtle foraging aggregations. However,
differences in survey design and sampling frequency can influence the resulting SSFI

values, and should therefore be carefully considered in the interpretive context.

3.2. Introduction

Migratory marine species, such as marine mammals, turtles, seabirds, and sharks,
exhibit wide geographic distribution and regularly move between distinct areas for
feeding, reproduction, and other specific needs (Lascelles et al., 2014). For instance,
marine turtles occupy specific ontogenetic habitats during immature stages and later
transition to separate breeding and foraging grounds as adults (Musick & Limpus, 2017).
Such migratory behaviors foster varying degrees of site fidelity, defined as the tendency
to repeatedly return or remain in a particular area for a period of time. Site fidelity
benefits these animals through familiarity with resources and environmental conditions
(DeSimone & Cohen, 2023). Understanding population status and site fidelity is crucial
to studying a migratory animals’ movement patterns in relation to their life history and
for implementing effective conservation actions.

Numerous studies have highlighted marine turtles exhibiting site fidelity to
foraging grounds; however, site fidelity reported among these studies currently often
relies on qualitative descriptions that lack methodological consistency (Table. 3-1).
Satellite tracking and long-term capture-mark-recapture (CMR) data have shown that
green, loggerhead, hawksbill, and flatback turtles, display “strong fidelity” to specific
foraging sites, returning to previously used areas after migrating up to 10,000 km
between breeding and foraging grounds (Shimada et al., 2020). Stable isotope analysis
of turtle tissue supports these observations, revealing consistency in diet and site use
over time (Hancock et al., 2018; Shimada et al., 2014). However, species-specific

patterns are inconsistent among sites studied: At Aldabra Atoll, Seychelles, Sanchez et
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al. (2024a) found “lower site fidelity” in green turtles compared to hawksbill turtles,
evidenced by lower recaptured rates and a tendency to avoid specific sites, while Araujo
et al. (2019) fount “strong site fidelity” in green turtles in Oslob, Philippines, with
individuals showing extended residency of over six years based on consistent resighting
via photo identification (photo-ID). These differing qualitative results underscore the
challenges in defining and measuring site fidelity, which often stems from variations in
approaches and adopted definitions, with some studies focusing on pattern-oriented
metrics (e.g., returning to previous sites) and others emphasizing process-oriented
metrics (e.g., retention within site; Picardi et al., 2023).

To address the lack of standardized methods to quantify site fidelity, Tschopp et
al. (2018) developed the Standardized Site Fidelity Index (SSFI) using simulated
scenarios and photo-ID data from dolphins. This index combines common indicators,
such as permanence (the proportion of time an individual is observed) and periodicity
(the frequency of an individual’s recurrence), to measure site fidelity at individual and
population levels and, thus, provides a means to compare different populations.
Simulation and empirical (real dolphin photo-ID data) tests showed that the SSFI
outperforms separate residency and sighting frequency indices, more accurately
reflecting Gower distances and individual similarity patterns (Huesca-Dominguez et al.,
2024). Currently, the SSFI has been applied to several marine species, including sperm
whales, dolphins, and catsharks (Ferreira et al., 2022; Johnson et al., 2024; Pouey-
Santalou et al., 2024), but has not yet been used to study marine turtles.

In-water surveys using the photo-ID technique, whether conducted via snorkel or
SCUBA diving, provide a minimally invasive, cost-effective alternative to the
traditional CMR method for collecting mark-resight data (Carpentier et al., 2016;

Schofield et al., 2008). While in-water surveys are essential for assessing site fidelity
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and population structure in foraging turtles, limited attention has been given to
establishing statistically representative sampling effort. In many studies, the sampling
frequency is only briefly described and often determined by local topography and
logistical constraints, without thorough evaluation of whether the collected data are
truly representative. For instance, strip transects were used to survey coastal seagrass
foraging sites in the Egyptian Red Sea (Mancini et al., 2015) ; in Belize, turtle counts
were collected from one-hour snorkel transects conducted by teams of six to eight
participants spread across the reef edge (Strindberg et al., 2016) ; in the Pacific Islands,
two SCUBA divers were towed by boat for 50 minutes along a 2.2 km transect (Becker
et al., 2019); and Su et al. (2015) carried out intensive snorkel and SCUBA surveys at
several sites on Liuqiu Island, Taiwan. The reported variation in data collection
methods across studies is problematic for proper comparison or synthesis of obtained
data.

Further complicating the data collection process, marine turtles show diurnal and
tidal behavior variations (Brooks et al., 2009; Hounslow et al., 2023; Pillans et al.,
2021), often visiting shallow waters during high tides. If not accounted for in data
acquisition methodology, these differences may confound results and therefore
misrepresent actual marine turtle patterns. Together this highlights the need to establish
an adequate and representative sampling frequency and timing (i.e., survey intensity
and temporal coverage to include different tidal cycles) to accurately account for
temporal variability in site fidelity and population assessments in order to obtain
statistically representative and comparable data.

The green turtle, Chelonia mydas, is listed as Endangered on the [IUCN Red List
(Seminoff, 2023) and is distributed throughout the NW Pacific region (Ng et al., 2024).

In Taiwan, Liuqiu Island served as a crucial foraging ground, hosting hundreds of
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individuals within the coastal water year-round (Fong et al., 2025) which attract
millions of tourists a year for turtle-watching. While green turtles can be observed year
round at this island, we currently lack quantitative data on their population trends and
site fidelity, both of which are essential for effective marine turtle conservation and
management strategies.

This study applies snorkel-based surveys with photo-ID techniques to collect
mark-resight data on foraging green turtles. It is the first study to establish and apply a
statistically representative framework for in-water data collection of marine turtle site
fidelity and population structure with representative spatial and temporal coverage, and
demonstrating its efficacy and importance on quantifying site fidelity and population
size/structure of marine turtles. Additionally, this study presents the first application of
SFFI to marine turtles, providing a quantitative approach for assessing site fidelity and

facilitating comparisons with foraging turtle populations in other regions.

3.3. Materials & Methods
3.3.1. Study area and in-water survey design

Liuqiu Island (Fig. 3-1a), located in southwestern Taiwan, is a green turtle
foraging hotspot characterized by an algae-dominated coral reef substrate. The sea
surface temperature ranges from 20.3 to 28.5°C annually, with a mean temperature of
27.7°C (Central Weather Bureau, 2023). Liuqiu Island experiences a mixed semidiurnal
tide cycle, with tidal differences of ca. 1.2 to 1.5 meters during spring tides. In-water
surveys were conducted at two sites, Lobster Cave and Dafu-Houshi Reef (Dafu), over
three consecutive days every three months from October 2020 through November 2022
(9 sample time points; 53 total in-water surveys). Each survey day included two snorkel

sessions—one in the morning and one in the afternoon— to cover different combination
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of tidal phases, including ebb (lowering tides), flood (rising), high (peak level) and low
tides (lowest level). Each snorkel survey was conducted by at least two swimmers
working in a paired buddy system, snorkeling parallel to the coastline while capturing
images (i.e., left and right facial profiles and whole-body photographs) of encountered
turtles. Survey duration averaged 74 mins at Lobster Cave (range: 20 to 120 mins) and
86 mins at Dafu (30 to 141 mins). Surveys were carried out only under calm sea
conditions (Beaufort Sea state <3 and swell < 1 m) to ensure swimmer safety and data

quality.

3.2.2. Determining representative snorkel surveys

To examine the effect of sampling efforts on data representativeness, we
compared sampling coverage (SC) of mark-resight data under two survey designs: (1)
Single-event surveys — one snorkel session every three months; and (2) Multiple-event
surveys — two daily snorkel sessions over three consecutive days every three months.
Data for the single-survey design were extracted from the first snorkel session of each
multiple-event survey period. SC was analyzed using iNEXT Online (Chao et al. 2016),
primarily developed for estimating species diversity through rarefaction (interpolation)
and prediction (extrapolation) of sampling curves of species richness (Chao et al. 2014).
We adapted the model by treating each identified turtle as a distinct “species” and
sighting counts as the number of detections.

SC of the observed sample of size n is estimated as

ﬁ n—-1f;
n|n—1f+2f

Cn)=1-

where f; is the number of singletons (individuals observed only once), f, is the
number of doubletons in the sample (individuals observed only twice), and 7 is the total

number of sightings. Values of C(n) close to 1 (e.g., > 0.95) indicate that most
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individuals in the population have likely been detected, signifying representative
sampling, whereas lower SC values suggest that additional sampling is needed for more
comprehensive coverage.

In addition to SC determination, cumulative running means and standard
deviations of number of turtles identified per snorkel were plotted over the entire 25-
month sampling period. As the number of snorkels increased, fluctuations in the
running mean of number of turtles identified per snorkel will gradually decline,
indicating a sample size with improved accuracy and reduced sampling bias. This also
lowered the probability of chance results (i.e., unrepresentative data) (see Wang et al.,
2017). The minimum number of snorkels required for representative sampling can be
determined as the point when the cumulative mean and standard deviations stabilized
in the cumulative sampling plot.

To examine variation in the number of turtle individuals identified per snorkel per
hour across tidal cycles and between sites, a two-way ANOVA (tidal cycle X sites) was
conducted using SigmaPlot 11 (Graffiti LLC). Data were square-root transformed to
achieve normality and homogeneity of variances. A Student-Newman-Keuls (SNK)

post hoc test was performed to compare significant differences between groups.

3.2.3. Photo identification, age-class estimation, and body condition

After each snorkel survey, photographs of individual turtles were initially sorted,
and partial sightings were manually identified by those who conducted the snorkels,
matching unique facial scute patterns to a catalog of known turtle profiles for each site
(catalog created from identified turtles in the surveys). Left facial profiles of turtles
observed at both sites were printed out and organized into photo albums for easier

comparison. A consistent verifier (first author) then reviewed all the manual photo-ID
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results and identified any unidentified sightings with the HotSpotter software (Crall et
al., 2013). During the query process, the overall facial scutes (area of interest) were
manually selected as a ‘chip’ for analysis by adding two digital reference points at
horizontally and vertically opposing positions on the imported image. The software
then automatically compared this ‘chip’ to those in the existing image database
established with HotSpotter. Detailed operational procedures for this method are
described in Dunbar et al. (2021). If no match was found and the image quality met the
criteria for a valid query, the chip was assigned a new turtle ID and recorded as a newly
identified individual. Left facial profiles were prioritized during the identification of
individuals because the established left facial photo-ID database is more complete than
that of the right facial. If a sighted turtle lacked a left facial profile, and the provided
photographs (i.e., right facial profile or whole-body) were unidentifiable to a known
individual, it was not included in the data as a valid sighting.

Age-class estimation was based on visual assessments of body size and carapace
color patterns from both in-field observations and photographic records, as described
by Fong et al. (2025). Individuals were categorized as juvenile, subadult, or adult-sized
turtles. Individuals who lacked estimated size information were recorded as having
unknown life stages. The external body condition of each individual turtle was assessed
during surveys and from images to identify visible abnormalities, including injuries to
the carapace or body, deformities such as humped or abnormal carapace (potentially
from past trauma), missing or damaged flippers, and/or signs of fishing line

entanglement. Individuals showing any of these conditions were classified as injured.
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3.2.4. Site fidelity
We used the SSFI developed by Tschopp et al. (2018), which was calculated

based on the indicators of permanence (/7) and periodicity (/¢) and defined as:

Permanence (/7) is the proportion of time an individual was present in the study
area, measured as the time between the first capture and last recapture (F7), over the
sampling period (F):

F;
ITi == F

Here, Fiof each individual was calculated as the total number of days between an
individual’s first and latest sightings, following the definition of the minimum
residency duration (MRD) described by Hanna et al. (2021).

Periodicity (/f) is the recurrence of an individual, determined by the inverse of the

average time between successive recaptures:

-1
l jmicii—1

where cjjindicates a sight (1) or an absence to sight (0) of an individual i on the sampling
occasion j, and 7 is the number of sampling occasions.

Since SSFI is calculated as a fraction, its values can be affected by the sampling
frequency and the selected time unit (e.g., day, month, or sampling interval). To
standardize comparisons across other open-access photo-ID datasets, we used ‘day’ as
the unit for SSFI calculation. Since Lobster Cave and Dafu are adjacent foraging areas,
we pooled photo-ID records from both sites to calculate each individual’s SSFI as a

single measure for Liuqiu Island (for calculations of SSFI, see Supplementary Formula
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3-1). Turtles sighted at every sampling event achieved the study’s maximum SSFI of
0.127, whereas those seen only once scored 0, indicating no detectable site fidelity. A
Pearson correlation coefficient analysis was conducted to examine the correlation
between the SSFI of each individual and their sighting counts and MRD.

We performed one dimensional hierarchical clustering of individual SSFI values
in R using the “hclustld” package (Nowakowski, 2023) with Euclidean distance as the
dissimilarity measure and Ward’s method as the clustering algorithm (Ward, 1963).
Because only SSFI is used for agglomerative hierarchical clustering (AHC) analysis,
the dissimilarity between each pair of individuals equals the absolute difference in their
SSFI values. To determine the optimal number of clusters, we computed silhouette
analysis with the “cluster” package (Maechler, 2018). The silhouette coefficient
measures how well each observation fits within its assigned cluster relative to others,
with values ranging from -1 to 1, where higher values indicate more coherent and well-
separated clusters. This AHC and silhouette validation approach has proven effective
for identifying distinct fidelity groups in cetacean populations with a combination of
site fidelity indicators (Courtin et al., 2023; Haughey et al., 2020; Passadore et al., 2018;
Zanardo et al., 2016).

To study whether variation in age class and external injury influence site fidelity
patterns, we assessed associations between SSFI groups and either (1) age class
(juvenile, subadult and adult-sized) or (2) external injury (wounds absent or present)
using Pearson's Chi-squared test and Fishers Exact Test (where sample sizes were < 5).
All analyses were performed using “stats” package in R.

Besides SSFI groups, we also evaluated differences in SSFI values across age-
class groups and between injury presence using non-parametric tests, as the data did

not meet assumptions of normality and homoscedasticity. Turtles (n = 5) whose
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estimated age class was unknown were excluded from this analysis. Differences among
age groups (Juvenile, Subadult, Adult) were tested with a Kruskal-Wallis test. If
significant, post-hoc pairwise comparisons used Wilcoxon tests with Benjamini-
Hochberg correction to control false discoveries. To examine the effect of injury
observation (With vs. Without) on SSFI values, we performed a Wilcoxon rank sum
test. All analyses were conducted in R using base functions and the “ggplot2”, “dplyr”,
and “stats” packages.

To compare site fidelity of green turtles across different studies, we analyzed three
other open-access green turtle sighting databases: (1) opportunistic citizen science data
from TurtleSpot Taiwan collected across multiple sites in Liuqiu Island (same location
as the present study) from 2017 to 2022 (hereafter referred to as Liuqiu-TS; Fong et al.,
2025); (2) monthly presence-absence records compiled from citizen scientists and
researchers across the Maldives from 2016 to 2019 (Hudgins et al., 2023); and (3)
researcher-led in-water surveys conducted at Oslob, Philippines, from 2012 to 2018,
though the sampling frequency was not specified (Araujo et al., 2019). To standardize
SSFI comparisons across marine turtle studies, we used days as the time unit for all
SSFI calculations. SSFI values were compared across datasets using the Kruskal-Wallis
test, followed by pairwise Wilcoxon tests with Benjamini-Hochberg correction when

significant.

3.3. Results
3.3.1. Determining representative snorkel surveys

A total of 4,192 turtle sightings were collected from both sites (Lobster Cave n =
1,829; Dafu n = 2,363). Of these, 92% (3,846) were valid for photo-ID, identifying 398

unique individuals (Lobster Cave n = 161, Dafu n = 217, both sites n = 20). After
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removing duplicate sightings of the same individual within the same snorkel survey, a
total of 3,085 unique sightings were used for analysis. The number of turtles sighted
per snorkel ranged from 1 — 66 (Lobster Cave) and 1 — 78 (Dafu) (Fig. 3-1d).

The number of turtles recorded per multiple-event survey (combining Dafu and
Lobster cave) ranged from 75 (August 2021) to 253 (February 2022), with a mean of
168.78 (SD = 58.54) across the nine sampling periods (Oct 2020 — Nov 2022; Fig. S3-
1). Counts were initially low in October 2020 (n = 81), rose to near average level before
declining in August 2021 (n = 75), and thereafter rising again toward the long-term
mean.

The iNEXT analysis indicated that multiple-event surveys provided greater
sampling coverage (SC) compared to single-event surveys (Fig. 3-1b). SC increased
from single- to multiple-event surveys at both Lobster Cave (0.65 and 0.96, respectively)
and Dafu (0.70 and 0.98, respectively). By combining sightings from both sites,
multiple-event surveys (n = 105 snorkels) yielded 3,846 valid sightings and 398
individuals, with a resighting rate of 82.9%. In comparison, single-event surveys (n =
18 snorkels) resulted in 483 valid sightings, 214 individuals, and a resighting rate of
43.5%. This represents an 8-fold increase in sightings, 1.86 times more individuals, and
a nearly 2-fold higher resighting rate (Table 3-2).

The cumulative running means and standard deviations of individuals sighted in
each survey stabilized after approximately 35 snorkels at both sites (Fig. 3-1c). The
cumulative number of newly identified individuals reached a breakpoint at 35 snorkels,
after which the increase was nearly asymptotic (Fig. 3-1d), indicating that fewer new

individuals were being recorded in the latter stages of the study.
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3.3.2. Age-class structure and abundance with tides

Among the 393 green turtles with estimated age-class information, 65.4% (n =
257) were juveniles, 26.7% (n = 105) were subadults, and only 7.9% (n = 31) were
adult-sized (Fig. S3-2a). The proportion of juveniles was higher at Dafu (73.4%,
160/217) than at Lobster Cave (51.9%, 84/156), while adults are more common at
Lobster Cave (12.3%, 20/156) than at Dafu (4.6%, 10/217). Overall, 8.5% (34/398)
showed injuries or bore scars. At Lobster Cave, the injury rate was 12.4% (n = 20), and
at Dafu 5.1% (n = 11). Among turtles observed at both sites, 15% (n =3) had injuries
(Fig. S3-2b).

Both sites had significantly higher turtle counts during flooding and high tides
than during ebb tides (p < 0.05; post hoc SNK tests: High = Flood = Low > Ebb = Low).
No differences were observed between low tides and other tidal cycles (Fig. 3-2a; Table
S3). Although most individuals were sighted at various tidal periods, some individuals
were only observed during specific tides, particularly during ebb tides (Fig. 3-2b). The

fewest unique individuals were seen during low tides (Fig. 3-2b).

3.3.3. Individual detection patterns and site fidelity metrics

Individual sighting counts ranged from 1 to 34 per survey (mean = 7.74). Only
4.5% (n = 18 turtles) were observed in every multiple-event survey (individual sighting
counts ranging from 12 to 34). For MRD analysis, 18% of green turtles were sighted
only once (n = 69) or twice (n = 2) in different surveys on the same day (MRD = 0).
Most (82%, n = 327) were resighted on different days (Fig. 3-3a), with 27% (n = 109)
of resightings within one year (1-364 days), 39% (n = 156) within two years, and 16%
(n = 62) in more than two years (> 730 days), covering nearly the entire study period

(Fig. 3-3b). The mean SSFI was 0.024 £ 0.0205 (SD), with values ranging from 0 to
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0.0827 (Fig. 3-3c). SSFI showed significant positive correlations with both sighting
counts (Pearson correlation coefficient = 0.85, p < 0.001) and MRD (Pearson
correlation coefficient = 0.62, p < 0.001) (Fig. S3-3).

AHC analysis of SSFI values identified two distinct clusters (silhouette score:
0.625, Fig. S3-4a): (1) Low Fidelity group: 49% of turtles (n = 195); SSFI mean + SD
SSFI: 0.007 + 0.007; range: 0 — 0.021, and (2) High Fidelity group: 51% (n = 203);
SSFI mean + SD SSFI: 0.0416 + 0.0137; range: 0.0212 — 0.0827 (Fig. S3-4b). Age-
class distributions differed between fidelity groups (¥*> = 9.68, df = 2, p < 0.05):
juveniles occupied a relatively higher proportion in both Low Fidelity (60.8%) and
High Fidelity groups (77.6%), but adult-sized turtles were significantly more common
in the Low Fidelity group (12.1%) than the High Fidelity group (3.9%) (Fig. S3-5).
Injury status did not differ significantly between fidelity groups—7.2% of Low Fidelity
turtles and 9.9% of High Fidelity turtles bore visible injuries (Fig. S3-5). However,
injury rates varied strongly with age class (Fisher’s exact p < 0.05): adults were more
likely to be injured (22.6%), followed by subadults (12.4%), then juveniles (5.4%).

We examined whether biological characteristics (age-class and injury observation)
were associated with variation in SSFI. The Kruskal-Wallis test revealed a significant
difference in SSFI across age classes (x> = 18.652, df =3, p <0.001). Post-hoc pairwise
Wilcoxon tests showed that adult-sized turtles had significantly higher SSFI values than
both juveniles (p < 0.001) and subadults (p < 0.05), while no significant difference was
found between juveniles and subadults (Fig. 3-4a). In contrast, no statistically
significant difference in SSFI values was found between turtles with and without injury
observations, as assessed by the Wilcoxon rank sum test (W = 5109.5, p = 0.090; Fig.

3-4b).
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Resighted rates of the present study were higher (82%), had fewer individuals at
SSFI =0, had a more even distribution, and relatively middle to high SSFI (SSFI range:
0 — 0.08) than that of those we calculated from published data from other studies in
Liuqiu-TS (skewed towards low SSFI; distribution 0 — 0.06), Maldives (middle SSFT;
0 — 0.06), and Oslob (high SSFI; 0 — 0.5). See Fig. 3-3d, Fig. S3-6, and Table S3-4.
SSFI values varied significantly across the four datasets, as indicated by the Kruskal-
Wallis test (x> = 169.71, df =3, p < 0.001). Post-hoc pairwise Wilcoxon rank sum tests
with Benjamini-Hochberg correction revealed that SSFI values of Liuqiu were
significantly higher than Liuqiu-TS (p < 0.001) and Maldives (p < 0.001), but not
significantly different from Oslob. Liuqiu-TS, Maldives, and Oslob also differed

significantly from one another (p < 0.001; Fig. 3-5).

3.4. Discussion
3.4.1. Conducting representative snorkel-based surveys

Effective monitoring of marine populations requires methods that account for
imperfect detectability to avoid biased estimates (Katsanevakis et al., 2012).
Insufficient data can undermine the reliability of ecological models (Simmonds et al.,
2020) and may reduce the accuracy of key metrics. In this study, multiple-event surveys
achieved over 97% sampling coverage in contrast to single-event surveys, which had
65 to 70%. This approach improved individual detection and provided a more
representative estimate of individual diversity. Moreover, multiple-event surveys
captured 3.5 times more resighted individuals than single-event surveys (330 in 398 vs.
93 in 214), offering a stronger foundation for assessing site fidelity and residency
duration. In contrast, relying on a single snorkel survey per season (or once every three

months) risks underestimating the numbers of aggregation and misrepresenting
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residency pattern. We recommend multiple-event surveys on consecutive days each
season or at set intervals, as this approach is not only more logistically feasible,
especially for remote study sites, but also ensures more representative data. Sampling
efforts should be tailored to local conditions, as representative sample sizes, sampling
frequencies, and strategies may vary due to local environmental factors (e.g., tidal
influences, benthic features) and/or logistical constraints (e.g., available personnel,
photo-ID processing time).

Survey counts in October 2020 and August 2021 were lower than expected, and
these anomalous counts are ascribed to weather conditions and COVID-19, respectively.
Persistent inclement weather in October 2020 forced a reduced snorkel effort due to
safety concerns, resulting in only four and five surveys being conducted for each site,
respectively, rather than the six planned surveys. Likewise, a COVID-19 level 3 health
alert in Taiwan from mid-May to the end of July 2021 prohibited all water activities,
leaving in the previously heavily human-influenced waters of the study sites absent of
human disturbance for a uniquely prolonged period. During this period the turtles may
have become accustomed to the human-free conditions, potentially resulting in them
becoming more skittish and reclusive when water access was opened again to humans
just prior to the mid-August 2021 surveys (personal observations).

Tides significantly influence the number of turtles encountered during snorkels,
with higher counts observed during flood and high tides than during ebb tides. This
pattern is consistent with turtle tracking studies, which have shown that both flatback
and green turtles in Australia rest in the deeper offshore water zones and then move into
shallower near-shore water zones to forage when high tides make them accessible
(Hounslow et al., 2023; Pillans et al., 2021). In our study, fewer unique individuals

were recorded during low tides, suggesting that turtles frequenting the survey sites
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during low tides tend to remain present across multiple tidal phases. In contrast, flood,
high, and ebb tides brought in more less frequently recorded or unique individuals,
likely reflecting tide-driven movements between foraging and resting areas. These
findings highlight the importance of considering tidal influences when designing in-

water surveys to ensure comprehensive population assessments.

3.4.2. Comparative site fidelity across different datasets and foraging grounds

The SSFI is a standardized methodology allowing quantitative population-level
comparison of site fidelity within and among studies (Ferreira et al., 2022; Tschopp et
al., 2018). In our dataset, SSFI was strongly positively correlated (0.85) with sighting
count and moderately with MRD (0.62), indicating SSFI better reflects how often
individuals return to a site rather than how long they remain there. AHC identified two
distinct SSFI clusters in our data; however, the Low Fidelity group actually exhibited
two different behavioral types: individuals sighted only once or twice on the same day
(ca. 36.4%,n="71; MRD: 0, SSFI: 0), and those that made occasional return visits (ca.
63.6%, n = 124; sighting: 2 — 9, MRD: 1 — 765, SSFI: 0.00261 — 0.02103).

Adults were more abundant in the Low Fidelity group and had a significant higher
SSFI than juveniles and subadults, which aligns with an ontogenetic expansion of space
use. For example, in Australia, average 50% kernel utilization distribution (KUD) areas
(i.e., the core space used by an individual) increased from 0.29 km? in juveniles to 0.47
km? in subadults to 0.57 km? in adults (Pillans et al., 2022). Larger home ranges
naturally reduce the probability of detecting a turtle at any single location. Further,
various environmental factors, such as seasonal changes (i.e., over-wintering)
(Broderick et al., 2007; Fukuoka et al., 2019), food availability (Siegwalt et al., 2020),

or predation risk (Lamont et al., 2015; Smulders et al., 2023), and intrinsic traits, such
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as behavioral tendencies (van Overveld & Matthysen, 2010) or ontogenetic shift in
foraging behavior among immature turtles (Hays et al., 2021) are all likely to shape
variations in site fidelity. Individuals exhibiting lower fidelity in the present study are
likely a reflection of their larger home ranges and innate foraging movements, which
reduces the likelihood of repeated detection at fixed snorkel sites. However, such lower
detectability does not necessary imply shorter residency, as these turtles may still
remain within the broader study area but outside the spatial coverage of our surveys.

By applying a standardized and representative survey design, we minimized
biases from opportunistic observations (e.g., observer preferences; (Goldstein et al.,
2024) or overreporting of rare individuals (Bird et al., 2014), generating an SSFI
distribution that more faithfully represents true site-fidelity patterns, together vital for
informed management. Although the present study and Liuqiu-TS dataset both cover
the same location (Liuqiu Island, Taiwan), this SSFI distribution in this study (Liuqiu)
was more even, whereas the Liuqiu-TS citizen science dataset were skewed toward low
fidelity. SSFI values from the Maldives fall largely in the moderate to high range,
consistent with the minimal temporary emigration and infrequent movement between
atolls documented by Hudgins et al. (2023). The overall high SSFI values from Oslob
were driven by exceptionally high resighting frequency of a subgroup of individuals,
where 22% of 82 turtles were encountered over 130 times and two individuals were
recorded over 500 times (527 and 670 sightings) within their respective residency
periods of 1,521 and 1,611 days (Araujo et al., 2019). These results emphasize that site
fidelity may be site-specific, and accurate assessment of local fidelity patterns requires
representative spatiotemporal coverage.

While the SSFI values in Oslob appeared higher than those in Liuqiu in both range

and mean, the statistical comparisons did not detect a significant difference between the

60



two. Instead, both Liuqgiu and Oslob were statistically grouped due to their similarly
high SSFI values, both significantly higher than those of Liuqiu-TS and the Maldives.
This suggests that although Oslob may show stronger site fidelity anecdotally (e.g., due
to extremely high sighting frequency), the broader and more even distribution of SSFI
values in Liuqiu contributes to comparable overall site fidelity levels.

Although the SSFI provides a standardized scale of 0 to 1 for comparing site
fidelity at population level, direct numerical comparisons between datasets or across
studies should be interpreted with caution. Differences in survey duration and sampling
frequency can influence SSFI values, and such comparisons may require consistent
survey designs or appropriate corrections to account for sampling bias. In this study,
we combined clustering analysis, statistical groupings, and distributional analysis to
interpret SSFI values within and across fidelity groups. This approach enables a more
ecologically informed understanding of site fidelity, as statistical groupings on SSFI
values reflect central tendencies but may overlook behavioral extremes that are
ecologically meaningful. Rather than relying on absolute SSFI values alone, our
interpretation emphasizes the importance of contextualizing fidelity metrics in relation

to sampling design, data structure, and the ecological characteristics of the study site.

3.5. Conclusions

This study provides a methodological framework for collecting representative
mark-resight data to evaluate population trends and site fidelity in marine turtles. An
extended survey effort and ensuring known confounding factors affecting marine turtle
habits (i.e., tidal cycles) were shown to improve the resolution of SSFI results, leading
to a more accurate description of marine turtle site fidelity. This approach fills a

methodological gap of previous studies (e.g., single time point and/or opportunistic
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surveys), which often overlooked sampling representativeness and thus underestimated
the numbers of aggregation, residency, and site fidelity, leading to misdirection of
conservation efforts. Although photo-ID cannot match the fine-scale movement and
near-continuous tracking afforded by satellite telemetry, it scales to much larger sample
sizes and is a cost-effective means to cover longer temporal periods. Further research
to improve our understanding of green turtles’ habitat use and residency patterns could
integrate satellite or acoustic tracking with photo-identified individuals to quantify and
compare their home ranges and movement patterns, assessing how environmental and
intrinsic factors shape their site use. The present study accumulated an extensive,
structured mark-resight dataset spanning two years, providing a valuable foundation for
future population modeling, including estimation of apparent survival, temporary
emigration, and sighting probability, under a capture-mark-recapture framework
analysis of marine turtles. Lastly, we encourage the broader application of SSFI in
marine turtle research, alongside open-access data sharing, to facilitate interstudy
comparisons and improve consistency in site fidelity assessments. These efforts will
ultimately enhance our understanding of population ecology and strengthen

conservation strategies for marine turtles.
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Tables

Table 3-1. Overview of Definitions and Metrics Used to Assess Site Fidelity in

Marine Turtle Studies.

Definition of Site Fidelity

Avens et al. (2003)

radio telemetry

Repeated use of specific areas

Study Reference Method .. Metrics Used (Resolution)
(Description)
Sanchez ot al Frequently returned to a site
’ CMR more often than expected under Numerical
(2024a)
random movement.

Palaniappan and Repeated use of specific dive .

Hamid (2017) CMR sites (recapture) Nominal

Bechhofer and Repeated use of specific dive .
Henderson (2018) CMR sites (recapture) Nominal

CMR and Homing behavior and

recapture rate (Nominal and
Numerical)

Return to the same foraging

Foraging site home range
Scho(glgll%)e tal. GPS tracking areas after breeding seasons in with kernel analysis
consecutive years (Nominal)
Shimada et al Return to the foraging sites they Foraging site home range
(2020) ' GPS tracking had used previously after with kernel analysis
breeding (Nominal)
Tracking duration (mean + SD: Foragine site h
Chambault et al. . 136 + 104 days) and the small OTAgIng stie ome range
GPS tracking . with kernel analysis
(2020) home ranges (mean + SD: Nominal
0.18+0.25 km2) (Nominal)
Gonzalez Carman ot Return to the same foraging Foraging site home range
al. (2016) GPS tracking areas after overwintering and with state-space model and
' stay there for extended periods. kernel analysis (Nominal)
; Estimated residency times
Siegwalt et al. GPS tracking I;%r(ljgr-;:filciz(sjlgezgz é:ezvsglif}?irrsl) (Numerical); foraging site
(2020) and CMR . P home range with kernel
specific developmental areas . .
analysis (Nominal)
Godley et al. (2003) GSS dtrg{\:/l{(}l{n & Distances of movement range Categorical and nominal

Chevis et al. (2017)

Passive acoustic
telemetry tracking

Residency within the specific
foraging areas

Categorical

Araujo et al. (2019)

Mark-resight data

Being resighted consistently
during study period

Nominal

Neves-Ferreira et
al. (2023)

Mark-resight data

Sighting frequency, resighted
rate and residency

Numerical

Thomson et al.
(2012)

Stable isotope
analysis, animal-
borne video and

CMR dataset

Frequency of recapture and the
tendency returns to the same
feeding sites over time

Nominal

Hancock et al.
(2018)

Stable isotopes

Remain specific areas linked to
diet for several months

Nominal

Sanchez et al.
(2024b)

Stable isotopes

Isotopic differences in prey at a
fine spatial scale (1 km) suggest
strong turtle foraging site fidelity

Nominal

Tucker et al. (2014)

Stable isotopes
and GPS tracking

Return to the same foraging
areas after breeding seasons in

different years

Distances between track
termini in different year

(Numerical)
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Table 3-2. Comparison of sampling effort and turtle recapture outcomes between single-event and multiple-event surveys at Lobster

Cave and Dafu.

Method

Information about sampling efforts

Duration Sites Sichtines Sightings valid for Individuals in each survey
(days) ghiing photo-ID (mean £ SD)
Single-event surveys 763 Lobster Cave 192 176 7.46 £10.29
Dafu 332 307 17.14 £ 20.75
Multiple-event surveys 765 Lobster Cave 1828 1683 24.85 + 14.82
Dafu 2363 2163 3391 +21.59

Information about turtle individuals

Method
Recorded site Number of Individual sight Individuals with resight
individuals once Total | Intra-annual | Inter-annual

Single-event surveys Lobster Cave 81 49 32 12 20

Dafu 129 72 57 21 36

Both 4 0 4 3 1
Multiple-event surveys Lobster Cave 161 41 120 39 81

Dafu 217 27 190 68 122

Both 20 0 20 5 15
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Table 3-3. Two-way ANOVA table of results examining the effects of site and tidal phase on the number of green turtles identified per

snorkel. * =p <0.05.

Source of Variation DF SS MS F P
Site 1 0.544 0.544 0.26 0.611
Tide 3 21.864 7.288 3.488 0.019*
Site x Tide 3 0.748 0.249 0.119 0.949
Residual 97 202.7 2.09

Total 104 226.604 2.179

SNK tests

H=F=L > E=L

Note: H = High tide, F = Flood tide, E = Ebb tide, L = Low tide.

Table 3-4. Comparison of SSFI metrics from four green turtle foraging ground sighting datasets.

SSFI (day) Liuqiu Liuqiu-TS Maldives Oslob
Reference This study Fong et al., 2025 Hudgins et al., 2023 Araujo et al., 2019
Duration Oct 2020 - Nov 2022 | Jun 2017 - May 2022 | Jan 2016 - Dec 2019 May 2012 - Oct 2018

Number of individuals 398 576 535 82
Resight rate 82.0% 75.9% 61.0% 72.0%
SSFI Range 0-0.0827 0-0.0614 0-0.0612 0-0.5178

SSFI Mean + SD 0.0246 = 0.0205 0.0078 = 0.0093 0.0170 £ 0.0183 0.0865 + 0.1258
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Figure 3-1. Study area, sampling design, and survey effort assessment.

(a) Map of Taiwan and Liugqiu Island (enlarged in 1a lower panel), showing study sites
Lobster Cave (L) and Dafu-Houshi Reef (D). (b) Sample coverage (SC) curves for
single-event surveys (open symbols) and multiple-event surveys (solid symbols) at
Lobster Cave (green) and Dafu (purple). SC estimates the proportion of the total
population detected by the survey, with values near 1 indicating that most individuals

have been detected. Solid and dashed lines represent rarefaction and extrapolation,
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respectively. (¢) Running mean (+1SD) of turtles identified per snorkel at both sites. (d)
Cumulative number of identified turtles (lines) and individuals sighted per survey event
(bars) over the study period at both sites. (¥) indicates when the number of sampling
events reach 35, at which point the cumulative mean of turtle individuals and
cumulative number of turtle individuals started to level off in (c) and (d), respectively.
Map was generated in QGIS (version 3.34.9-Prizren) and further refined with Affinity

Designer (version 1.10.5).
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Figure 3-2. Variation on turtle counts and individual sightings among tidal
periods.

(a) Mean (£1SD) turtle count per hour at Lobster Cave (green) and Dafu (purple) across
tidal cycles. Annotations a, b, and ab indicate significant groupings in pairwise SNK
tests (p < 0.05). (b) UpSet plot showing the distribution of unique individuals sighted
across tidal periods. The bar plot represents the total number of turtles observed, while
the intersection matrix indicates individuals sighted across multiple tidal cycles (F:

Flood, H: High, E: Ebb, L: Low).
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Figure 3-3. Site fidelity metrics and clustering analysis of green turtles across

datasets.

(a) Distribution of sighting counts (b) MRD and (c) SSFI values of turtles identified in
Liugiu (this study). (d) Ridge plot of SSFI values for Liuqiu (green), Liuqiu-TS (pale
green), Maldives (pink), and Oslob (rose pink) datasets. Dashed lines indicate group

means; solid lines indicate medians.
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Figure 3-4. Variation in SSFI values in green turtles associated with biological
characteristics.

(a) SSFI values across estimated age-classes (juvenile, subadult, and adult). Individuals
with unknown age classes were excluded (n = 5). (b) SSFI values between turtles with
and without observed external injuries. Bars represent mean SSFI + standard deviation
(SD). Letters in (a) indicate statistically distinguishable groups based on post-hoc
pairwise Wilcoxon tests following a significant Kruskal-Wallis test (p < 0.001). No
significant difference was found in (b) using the Wilcoxon rank sum test. Sample sizes

are provided below each bar.
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Figure 3-5. Mean SSFI values (+ SD) across datasets.
The letters above the bars indicate statistically distinct groups based on post-hoc

Wilcoxon tests following a significant Kruskal-Wallis test (»p < 0.001). Sample sizes

are provided below each bar.
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Fig. S3-2. Biological characteristics of green turtles.
(a) Estimated age-class distribution of green turtles. Colors represent sighting locations:
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injury prevalence of green turtles at each site.
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75



—
L)
~

<

0.62—

o

S

v 0.61

2

$ 0.60

o

=

V 0.59—

2 4 6 8 10
Number of clusters
(b) n
D Low Fidelity (cluster 1; SSFI:0)

§ 150 [T Low Fidelity (cluster 1)

N High Fidelity (cluster 2)

©

g 100 —

(]

<

£ o

2 ‘T

a rid |

{ =
) N i
0 0.02 0.04 0.06 0.08
SSFI

Fig. S3-4. Agglomerative hierarchical clustering (AHC) of green turtles in Liuqiu
based on Standardized Site Fidelity Index (SSFI). (a) Silhouette scores for clustering
analysis of SSFI values. The highest silhouette score ('¥) indicates the optimal number
of clusters. (b) Normalized SSFI distributions for the two clusters: “Low Fidelity”
(cluster 1; grey [SSFI = 0] and turquoise) and “High Fidelity” (cluster 2; coral). Colors
represent group membership, with grey indicating turtles observed only once (SSFI =

0).

76



Low High

0
(7]
©
9
@
(e)]
<
(n=203) (n=195)
OJuvenile 7 Subadult MW Adult EUnknown
High
g 'uHI
c
o
©
(7]
Q.
Q.
©
-
o
=
£

(n=203) n=195)
1T With ™ Without

Fig. S3-5. Proportion of green turtles across different age groups (top), and

observed occurrence of injuries (bottom) between fidelity groups.

77



Liugiu (n=398)

Number of green turtles

0
0  0.0083 0.0165 0.0248 0.0331 0.0414 0.0496 0.0579 0.0662 0.0744 0.0827
SSFI

Maldives (n=490)

Number of green turtles

0
0 0.0061 0.0122 0.0183 0.0245 0.0306 0.0367 0.0428 0.0489 0.0550 0.0612
SSFI

300
Liuqiu-TS (n=576)

0
0  0.0061 0.0123 0.0184 0.0245 0.0307 0.0368 0.0430 0.0491 0.0552 0.0614
SSFI

Oslob (n=82)

30

20

0
0  0.0518 0.1036 0.1553 0.2071 0.2589 0.3107 0.3625 0.4142 0.4660 0.5178
SSFI

Fig. S3-6. Distribution of SSFI values for green turtles across datasets.

78



Supplementary Formula 3-1. Calculation of the Standardized Site Fidelity Index
(SSFD).

The SSFI integrates two aspects of detection history—duration of presence and
regularity of sightings—into a single index between 0 and a study-design maximum.

Here, we illustrate the SSFI calculation using two example turtles.

Example 1: Turtle A
A turtle was sighted in every snorkel sampling event (sighting: 53) throughout the

entire study (MRD: 765 days).

IT; =— = 765/765 = 1

It, = (T#y = (765/(53 — 1)) = (765/52)"1 = 52/765
j=1Cij — 1

2
SSFI = = =2/(1 + 765/52) = 104/817 ~ 0.1273

Turtle A, therefore, reaches the maximum SSFI (0.127) obtainable under our survey

design.

Example 2. Turtle B

A turtle with 26 sightings and an MRD of 663 days in this study.

F;
IT; :Fl: 663/765 ~ 0.8667

T

-1

F, _

It; = (—11> = (663/(26 — 1)) ' = (663/25)71 = 25/663 ~ 0.03771
j=1Cij —

2 2
SSFI = l_}_l = E+@ = 2/(1.1544 + 26.52) = 2/27.6744 =~ 0.0722
IT "It 663 25
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CHAPTER 4
Injury and resilience: wild recovery of green turtles from various

anthropogenic damages

4.1. Abstract

Injuries from human activities are commonly reported in marine turtles
worldwide, and efforts to promote recovery through treatment at rehabilitation centers
have proven important. However, little is known about the resilience of turtles
recovering in the wild without human intervention. Here, we document the natural
healing of external injuries in green turtles (Chelonia mydas) using repeated in-water
photographic sightings from a coastal foraging ground at Liuqiu Island, Taiwan.
Drawing from two photo-identification databases spanning 14 years, we identified 105
injured turtles among ca. 7200 sightings (709 individuals). Thirteen turtles with 19
injuries had multiple re-encounters, allowing for estimation of healing durations.
Average healing times were 527 days (propeller strikes), 538.5 days (fishing line
entanglements), and 560.2 days (injuries of unknown causes), with severe injuries
requiring ca. 600 and minor injuries ca. 491 days to heal. Healing trajectories in wild
green turtles were slower than those reported for other marine megafauna. Long-term
resightings of five individuals confirmed survival after recovering from severe injuries
at least 106 to 2264 days, after which monitoring was discontinued. Individuals with
recurring injuries were observed, with tracked individuals showing frequent use of
nearshore areas near ports, emphasizing the need for targeted conservation measures
specific to port areas and by extension regions with high boat traffic. These include go-

slow zones, recreational fishing regulations, and increases in public outreach. This
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study provides the most extensive evidence of natural injury recovery in marine turtles
to date, demonstrating the long recovery durations and impacts of multiple recurring
injuries. This highlights the value of long-term monitoring, supported by citizen

scientists, in assessing sublethal impacts and guiding mitigation for marine megafauna.

4.2. Introduction

Marine megafauna inhabiting coastal ecosystems are increasingly exposed to
numerous anthropogenic threats, including vessel traffic, fishing activity, pollution, and
coastal development (Ferreira et al. 2023; Womersley et al. 2021). Green turtles (C.
mydas), listed as Endangered on the IUCN Red List (Seminoff, 2023), forage
predominantly in shallow seagrass beds and reef areas (Hazel et al. 2007; Shimada et
al. 2017) and are especially susceptible because individuals often exhibit residency for
years to over a decade (Fong et al. 2025; Siegwalt et al. 2020). This long-term habitat
use increases their likelihood of repeated exposure to localized anthropogenic threats,
particularly in coastal regions with intense fishing and tourism activity.

Anthropogenic causes of marine turtle injury and mortality are diverse, including
bycatch (e.g., Cheng et al. 2019), ghost-net entanglement (e.g., Himpson et al. 2023),
marine debris entanglement or ingestion (e.g., Oros et al. 2016; S6nmez 2018), hook-
and-line gear entanglement (e.g., Dentlinger et al. 2024), vessel collision (e.g., Read et
al. 2023), and propeller strike (e.g., Godoy and Stockin 2018; Li et al. 2022; Work et
al. 2010; Work et al. 2015). Although marine turtles are frequently observed in the wild
with mild to severe injuries (Archibald and James 2018; Ataman et al. 2021; Fong et al.
2025; Franchini et al. 2022; Papafitsoros et al. 2021; Work et al. 2010), long-term
continuous field records documenting their natural recovery trajectories remain

exceedingly scarce. As a result, it is expected that the rate and trajectory of marine turtle
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recovery from anthropogenic threats as measured in individuals undergoing medical
treatment and rehabilitation underrepresents those experienced by wild individuals.

Determining the causes and mitigating occurrences of anthropogenic sources of
injury and mortality, combined with rehabilitation efforts for injured individuals, are of
primary importance to marine turtle conservation. However, understanding the
resilience of wild marine turtles to single or multiple sub-lethal injuries through
determining the rate of and time to recovery is important towards assessing impacts of
long-term anthropogenic threats. Phu and Palaniappan (2019) provided one of the
earliest field-based observations of wild green turtles recovering from propeller strike
injuries through repeated captures in Mabul Island, Sabah, Malaysia; however, only
four individuals exhibited a fully recovery, with healing times ranging from 174 to 723
days. More recently, Balensiefer et al. (2024) tracked the recovery of a single juvenile
green turtle across six recaptures over two years in Santa Catarina, Brazil, documenting
a 728-day period from a partially healed wound to complete recovery. The data
obtained by these capture-mark-recapture studies demonstrated the feasibility and
importance of long-term field monitoring of marine turtle injury recovery; however,
due to their low sample sizes it remains uncertain how representative these values are,
emphasizing the need for more comprehensive empirical data on wild recovery
outcomes in marine turtles.

Bridging this knowledge gap and properly characterizing wild recovery rates of
injured marine turtles requires long-term monitoring with representative mark—resight
data. A compelling example is provided by McGregor et al. (2019), who documented
the first case of natural wound healing in a reef manta ray (Mobula alferrdi) through a
15-year photo-identification (photo-ID) study in Australia. However, the acquisition of

these data is both temporally and financially limiting to most conservation and research
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programs, impeding our understanding of how marine turtles respond to injuries of
varying severity in the wild. Leveraging citizen scientists and the comprehensive
temporal and spatial data available from underwater photographs of marine turtles in
foraging habitats experiencing anthropogenic threats, combined with photo-ID
techniques and complementary in-water surveys, provides an opportunity to collect
data at a resolution necessary to answer outstanding questions related to wild injury
recovery.

In this study, we examined a series of injury-healing cases—f{rom minor carapace
lacerations to severe propeller strike wounds to flipper amputations—based on repeated
in situ observations of green turtles at Liuqiu Island in Taiwan, a known foraging
hotspot for green turtles (Fong et al. 2025) that is experiencing numerous concurrent
anthropogenic threats and is also a popular coastal tourism destination. These records
were compiled from two extensive datasets: a multi-year citizen science photo-ID
dataset (Fong et al. 2025; Hoh et al. 2022) and two years of regular in-water surveys
(Fong et al. in submission), combining to form 14 years of long-term monitoring (2010
to 2024). Our study provides the first comprehensive estimates of natural healing times
and recovery trajectories for green turtles by injury type, cause, and severity. Further,
our data captures individuals experiencing recurring injuries (multiple unique injuries
over time), reflecting the consistent exposure to multiple anthropogenic threats that

marine turtles face within coastal habitats at Liuqiu Island.

4.3. Materials and Methods
4.3.1. Data collection
Turtle sighting records from the coastal areas of Liuqiu Island, Taiwan

(22.34172° N, 120.36960° E) were examined for the presence of injuries and injury-
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healing progression from two databases: (1) the citizen science projects maintained by
TurtleSpot Taiwan (See Fong et al. 2025; Hoh et al. 2022), covering 3024 occurrences
from 18 dive sites from March 2010 to May 2022, and 17 sporadic sightings of known
injured turtles from June 2022 to July 2024; and (2) a two-year systematic in-water
survey dataset (Fong et al. in submission) covering 4192 occurrences at two dive sites,

conducted quarterly from October 2020 to November 2022.

4.3.2. Evaluation of injury types, causes and severity of injured individuals

Individual injured turtles were identified by their unique facial scale patterns on
both sides of their faces (Carpentier et al., 2016) either manually or with HotSpotter
facial recognition software (Crall et al. 2013) to support photo-ID analysis based on an
established database of Liuqiu turtles. In some cases, distinctive wound patterns were
also used as supplementary markers to confirm individual identity. Injury assessment
was based on individual turtle sightings documented through photographs or videos.
Each occurrence was visually examined to determine the presence of external injuries
or signs of healed scars. Injuries were categorized according to four criteria: (1) cause
(i.e., propeller strike, fishing line entanglement, unknown), (2) location (e.g., carapace,
flipper, face), (3) severity (minor or severe), and (4) healing stage (i.e., fresh, partially
healed, healed), following criteria adapted from NMFS (2022), Phu and Palaniappan
(2019), Work et al. (2010), and Ataman et al. (2021).

Observed injuries were categorized into seven types: amputation, propeller
laceration, carapace fracture, abrasion, entanglement, carapace deformity, and flipper
laceration (Table 4-1). Each was scored as minor or major based on wound dimensions
and whether it caused permanent structural damage, such as carapace deformity or
flipper amputation that prevents a full return to the pre-injury state (Table 4-1). Because

lesion morphology can change during healing (e.g., a carapace fracture may later

84



present as an abrasion or deformity, and a fishing-line entanglement may progress to
partial amputation), we grouped wounds by their initial cause (i.e., propeller strike,

fishing-line entanglement, or unknown) when quantifying recovery timelines.

4.3.3. Measurement of healing progression

Images of injured individuals that had multiple sightings were used to determine
the healing process. Injured turtles that were sighted only once were excluded from the
analyses. For each injury case, the healing time was estimated as the number of days
between the initial sighting (i.e., when the injury was classified as fresh or partially
healed) and the subsequent sighting in which the wound was visually determined to be
fully healed. Partially healed injuries were characterized by early signs of tissue
regeneration such as granulation or scar tissue, or residual necrotic material, showing
some regrowth along the edge of the wound. Fully healed injuries were characterized
by complete wound closure, no necrosis or inflammation, and full regeneration of
scutes or soft tissue, along with surface keratinization and remodeling (Table 4-2). For
individuals with multiple distinct wounds, each injury was assessed independently. To
examine whether injury characteristics influenced recovery duration, we performed
non-parametric comparisons of healing time (measured in days) across categories of
injury cause, type, anatomical location, and severity. Kruskal-Wallis rank sum tests
were applied using base R (kruskal.test function; R version 4.3.3, R Core Team, 2024)
through RStudio (version 2024.04.01+748, RStudio Team, 2024).

To estimate healing rate, we used image analysis software SigmaScan Pro version
5.0.0 to measure the surface area of the wound at different time points. Prior to
measurement, all injury images from each case were manually reviewed to identify a

consistent reference point (ex., the width of a specific lateral scute or two stable spots
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within the carapace scute pattern) to act as a relative scale bar. The rectangle tool in the
image analysis software was used to select and measure the surface area of the wound
and was then calibrated against the selected reference feature to ensure consistency
across images (Fig. S4-1). The healing rate of each injury between two consecutive

time points was calculated using the formula:

1-3) . 100 - (1 - %=1). 100
(1-g) 100-(1-%

0 0

‘T ti —ti—q

where y; is the relative healing rate (percentage reduction in wound surface area per day)
over the time interval # — #.1, ao is the initial wound surface area at the first sighting
(Day 0) or the earliest measurable sighting, and @i and ai.1 are the wound surface areas
at time point # and #.;, respectively. This formula is a simplified version as that used by
Womersley et al. (2021), as all reference scales for surface area determination were
standardized to 1 during measurement. The recovery trajectories of individuals with at

least three measurable time points were plotted using Tidyverse package in R and

refined with Affinity Designer (version 1.10.5).

4.4. Results
4.4.1. Prevalence of external injuries in the marine turtle aggregation at Liuqiu
Island

We obtained 7233 occurrences of marine turtles around the waters of Liuqiu
Island across the 14-year monitoring period, from which we were able to identify 790
unique individuals. Of these, 13.3% (n = 105; 104 green turtles and one hawksbill)
showed evidence of active or healed injuries. Among the injured turtles, the primary
causes of injury were fishing line entanglement (n = 18, 17.1%), propeller strike (n =

16, 15.2%), and unknown causes (n =71, 67.6%). Recurring injuries were documented
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in 11 individuals, with 10 turtles injured twice, and one injured three times. Most
injuries were located on the carapace (n = 52, 49.5%), followed by the flippers (n = 35,
33.3%), head (n =7, 6.7%), multiple body parts (two of carapace, flippers, or head; n
=10, 9.52%), and the mouth (n = 1, 0.95%). Of the injured turtles, 73 (69.5%) had
minor injuries while 32 (30.5%) had severe injuries. At their final sighting (the latest
recorded condition), 84 turtles (80%) had fully healed lesions, eight (7.6%) were
partially healed, seven (6.7%) were recently injured (fresh), and six (5.7%) were found
dead with the previously observed injuries presumed to be the cause. Injury causes are
grouped into severity classes, and the observed final condition of injured turtles is

shown in Fig. 4-1.

4.4.2. Healing times by injury causes, anatomic location and severity

Of the 105 injured turtles observed, 13 individuals (12.4%; all green turtles) were
resighted multiple times post-injury. Six (46.2%) of these bore more than one trackable
wound, yielding a total of 19 wounds for recovery-timeline analysis. Injuries caused by
propeller strikes (n = 12, from seven individuals) fell into two types: propeller
laceration (n = 10) and carapace fracture (n = 2), which required 274 to 860 days (mean
+ SD: 527 £ 215.6) to heal, respectively. Some turtles retained lasting deformation of
their carapace after the injury had healed. For example, the green turtle TW01G0059
suffered a severe propeller-induced carapace fracture that gradually recovered but left
a permanent kyphosis bulge (Fig. 4-2A; Table 4-3). On its earliest sighting (Day 0), an
irregular fracture with bone exposure and epibiotic algae was evident on the right
posterior scutes. By Day 216 bone regrowth had begun beneath the wound margins,
and the wound was considered healed at Day 388 when the encounter sightings showed

keratinous sealing and scute regrowth, with a slight dome forming over the former
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fracture (a further observation on Day 401 supported this determination; Fig. S4-2).
When resighted on Day 1172, the “bump up” was more obvious, and neither rear flipper
showed any sign of movement during swimming. Seven further resightings of
TWO01G0059 were made after Day 1172, most recently on July 3, 2024 (Day 2652),
resting in the same reef spot as on Day 2481 (Fig. 4-2A), demonstrating its long-term
survival after this severe injury.

Turtle TWO01GO111 incurred two separate injuries from propeller strikes during
our observation period, with a pre-existing but fresh injury of carapace fracture on Day
0 and a second propeller laceration observed on Day 1281 (Fig. 4-2B and 4-2C; Table
4-3). On Day 0, the fracture wound had exposed bone on the left posterior side of the
carapace. By Day 70, the bone had bridged, surface scutes began to regrow by Day 316,
and the wound was observed to be fully healed on Day 630. As of the next resighting
on Day 695, the carapace surface had smoothed over but retained a permanent
deformity at the wound site (Fig. 4-2B). About 3.5 years after its first sighting with
injury (Day 1281), Turtle TW01GO0111 suffered a second propeller strike and left three
lacerations on its carapace (Fig. 4-2C). Both the first and second wounds measured over
20 cm in length and about 1 to 2 cm in depth and the third wound was about 10 cm in
length and shallower than the first two. By Day 1463 (182 days after second injury
observation), early bone bridging was visible. Surface scutes took longer to regenerate,
and on Day 1652 (371 days after second injury observation) the lacerations were
observed to be healed as the wounds were completely sealed with signs of surface scale
regrowth. Sightings on Days 1692 and 1803 (411 and 522 days after second injury
observation) showed clearly that the wounds were fully healed with a continuous scute
layer. In total, Turtle TW01GO111 has been sighted 43 times and estimated to have a

minimum residency duration of 2623 days on Liuqiu Island. These resightings occurred
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at six different sites along both the east and west shores of Liuqiu Island, including
inside the main harbor, suggesting a broad home range.
Turtles with fishing line entanglements (n = 2) took at least 450 to 627 days (mean

* SD: 538.5 % 125.2) for their front flipper to progress through entanglement, swelling,

necrosis, auto-amputation, and healing. On its first sighting, Turtle TW01G0048 (Fig.
4-3) was initially observed entangled by a fishing line attached to a rock-fishing buoy;
the observer, a citizen scientist, attempted but was unable to remove the line. By Day
182, the line had constricted the base of its right front flipper, causing visible swelling.
A video on Day 475 confirmed that the turtle was not using the injured flipper while
swimming. On Day 488, the swelling persisted with suspected ischemic necrosis and
by Day 627, the flipper had already auto-amputated but showed no signs of
inflammation and was considered as healed. When resighted on Days 1107 and 1149,
the turtle appeared to have fully resolved the loss of its flipper with adaptive function
and was thereafter resighted feeding on Day 1549. On Day 1776, a new line was
observed around the left front flipper and possibly a hook in its mouth. However, in a
sighting on Day 1850, the turtle appeared uninjured. On Day 1993 the same turtle was
sighted feeding in the surf zone, demonstrating robust recovery and resilience after the
severe fishing line entanglement followed by self-amputation.

Injuries of unknown causes (n = 5, form four individuals) were either abrasions
on the carapace (n = 3) or those on the facial area near the eyes (n = 2). These were
observed healed over 193 to 968 days (mean = SD: 560.2 & 293.3; Table 4-3). Observed
healing times by injury cause, anatomic location, and severity are shown in Fig. 4-4A.
Minor wounds (n = 11) healed over 193 to 968 days, with a mean + SD of 491 + 240
days. Severe wounds (n = 8) took at least 371 to 860 days to fully heal, with a mean +

SD of 600 + 190 days. Despite apparent differences in healing time between severity,
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statistical test did not find significant differences in healing time were found among
groups based on injury cause (x> =0.018, df =2, p = 0.991), location (> = 4.63, df = 4,
p = 0.328), severity (y* = 1.15, df = 1, p = 0.283), or wound type (¥* = 0.019, df =3, p

=0.999).

4.4.3. Healing rate and recovery trajectory

The reduction in surface area of the wounds was measurable in eight injuries
incurred by five individuals. Injuries included abrasion (n = 1), propeller lacerations (n
= 5), and carapace fractures (n = 2). Severity of each injury was categorized as minor
(n = 2) and severe injuries (n = 6). Healing rates were measured as the as percentage
reduction in injury surface area per day and ranged from 0.08% to 1.53% per day (mean
+ SD: 0.38 £ 0.49, n = 20; Table 4-3). Most injuries (n = 5) had a higher healing rate
during the early stages (Table 4-3) but declined over time (Fig. 4-4B). Minor injuries
achieved 50% within 300 days; notable exceptions, such as Turtle TW01G0047
(propeller-induced facial laceration), progressed to full recovery earlier than this (i.e.,
Day 275), showing a substantial variability in recovery times among the observed
individuals. Several severe injuries (n = 4) remained less than 50% healed even after
375 days. The slowest observed recovery (TW01G0162) took approximately 725 days

to reach the 50% closure threshold, which included the regrowth of surface scutes.

4.5. Discussion

Anthropogenic injuries are a pervasive threat to marine megafauna globally.
Although conservation programs exist to minimize these impacts through medical
treatment and rehabilitation (Baker et al. 2015; Gallini et al. 2021), the number of

injured individuals that make it to these centers are insignificant compared to those that
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are left to recover in the wild (Willette et al. 2023). Currently, we know very little about
the fate of injured marine megafauna in the wild, including that of marine turtles. This
knowledge has importance in our understanding of the impacts of anthropogenic
injuries on populations and on their conservation.

Here, we present the first comprehensive and long-term direct in-water
observational evidence of injury healing in wild green turtles at a coastal foraging
ground in Taiwan. Of the identified individuals, 13.3% exhibited external injuries or
healed scars and 80% of these turtles were later observed with fully healed wounds.
The healing times of injuries were prolonged, averaging 491 days for minor injuries
and 600 days for severe injuries, with some cases exceeding 860 days. Several
individuals survived serious trauma—such as propeller strikes or amputation caused by
fishing line entanglement—and were able to adapt their behaviors and remain resident
in the area after recovering. Recurring injuries in some individuals highlight the
ongoing risk of human activities in nearshore habitats and the need for targeted
mitigation. Opportunistic in-water sightings may introduce bias, particularly toward
injured individuals, as citizen scientists tend to report unusual or visually striking cases
(Deacon et al., 2023; Snéll et al., 2011). This observational bias, combined with the
irregular observation intervals, could result in an overrepresentation of injury rates and
an overestimation of healing times. Nonetheless, this limitation is unavoidable with in
situ observation of marine megafauna. However, given the temporal (n = 14 years)
coverage and injury observations (n = 105) observed in our study, our results provide
foundational information that describes the potential for wild marine turtles to heal and
provides a template for expected healing and recovery trajectories for wild individuals

observed in the future.
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4.5.1. Recovery success and healing times of injured marine turtles

Wild marine turtles exhibited a strong capacity to recover from the injuries at
their foraging site. In this study, 80% (n = 84 of 105) of injured individuals showed
complete recovery, and an additional 7.6% (8 of 105) showed signs of partial recovery.
This finding aligns with previous observations in nesting loggerhead turtles in
southeastern Florida, USA, where 24% (107 of 450) of examined individuals had at
least one or more external injuries, 88% of which were fully healed and 9% were
partially healed (Ataman et al., 2021).

Long-term records (ca. 20 years) of rehabilitation centers in Florida, however,
showed that anthropogenic injuries had a significant impact on marine turtle survival
and fate. During this time, over half (55.3%; 1,047 of 1,700 individuals) of the marine
turtles died during rehabilitation, only 36.8% (626 individuals) healed to a point where
they could be released, and 1.5% (27 individuals) remained in captivity permanently
due to severe injuries (Baker et al., 2015). Recovery rates appear, however, to be injury
specific. Stranded marine turtles had a substantially lower recovery and release rate,
with data from Queensland, Australia, showing that only 26% were ever healthy enough
to be released (Baker et al., 2015). Individuals suffering from head trauma had a higher
release rate from rehabilitation center, with 72.4% (21 of 29) of rehabilitated
individuals recovered after treatment and were released after a period ranging from a
few days to 8 months (Franchini et al., 2022). The recovery success rates for turtles
admitted to rehabilitation centers are not directly comparable to those observed in wild
populations, due to the severity of their injuries and the fact that these stranded turtles
could not survive independently in their natural habitat, resulting in their stranding and

subsequent admission to the rehabilitation facility. Additionally, euthanizing animals
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in rehabilitation centers for animal welfare reasons may contribute to the decreased
success rate of releasing individuals back into the wild.

In our study, healing times based on in-water sightings averaged around 1.5 years,
ranging from ~491 days for minor to ~600 days for severe injuries, with similar
durations across different causes (fishing line entanglement: 538.5 days; propeller
strikes: 527 days; unidentified causes: 560.2 days) These values align with healing
times reported in other capture-mark-recapture studies, such as Phu and Palaniappan
(2019) and Balensiefer et al. (2024), which documented recovery periods of 181 to 728
days for propeller injuries—comparable to our observed range of 274 to 860 days. It is
important to note that healing time itself is not the only metric that affects marine turtle
health, longevity, and reproductive output, all of which are important impacts of an
initial injury. During the healing process, individuals may be at risk of infection (Fichi
et al. 2016; De Oliveira et al. 2021) and flipper constriction or amputation may
compromise feeding efficiency and diving behavior (Franchini et al. 2020). As such, it
is important to note that healing time is a representation of a marine turtle’s resilience
to the initial trauma, but the presence of the trauma itself can have secondary impacts.
This emphasizes the importance of mitigating the sources of trauma for the protection
and conservation of marine turtles.

While our study provides evidence of wild turtle recovery and survival following
minor to severe injuries from anthropogenic causes, direct human intervention and
rehabilitation practices are still important conservation tools. Freire et al. (2021)
reported a juvenile green turtle with severe propeller lacerations exposing the coelomic
cavity, was recovered and released after 120 days in rescue center, following surgical
carapace reconstruction and intensive care. However, lacking pre-release images or

documentation of scute regrowth, it is difficult to directly compare the recovery time
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with those in our study. Franchini et al. (2016) treated three loggerhead turtles with
skull fractures and brain exposure using surgical curettage and a plant-based wound
dressing. The wounds closed within 66 to 85 days, and one turtle with neurological
deficits fully recovered after ca. 10 months of rehabilitation. Moreover, Franchini et al.
(2020) demonstrated that among severely entangled flippers in loggerhead turtles (n =
14), only two required amputations, while the rest recovered fully within 1 to 3 months
with a combination treatment of surgical curettage, antibiotics, and plant-based wound
dressing. These cases demonstrate that intensive care can substantially speed up
recovery. In addition to surgical care and nutritional support, these rapid recoveries
were likely aided by the stable conditions of rehabilitation centers (e.g., constant
temperature, salinity, and possibly filtered water), in contrast to fluctuating conditions
in the natural environment that may prolong healing.

Although the rate of healing in reptiles is temperature-dependent, the common
garter snake healed significantly faster in higher ambient temperatures (Smith & Barker,
1988). On Liuqiu Island, the sea surface temperature averages 27.7 +2.3 °C (Central
Weather Bureau, 2023), indicating a moderate and biologically stable thermal
environment. This range is unlikely to cause thermal stress or cold-stunning but may
still influence healing rates slightly, with potentially faster recovery during warmer
periods. However, current data are insufficient to examine this variation, as healing
observations in the wild are limited in number, irregular in timing, and rarely coincide
with detailed environmental measurements such as water temperature at the time of
injury or recovery.

Compared to marine turtles, other marine megafauna species exhibit far more
rapid wound healing following anthropogenic injuries. Whale sharks (Rhincodon typus)

were found to achieve 90% surface-area closure within 35 days and complete healing
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of severe lesions by 170 days (Womersley et al., 2021), while reef manta rays (M.
alfredi) showed a steady reduction in laceration size with 95% closure within 295 days
(McGregor et al., 2019). Recent studies have found that cetaceans have evolved unique
genetic adaptations and specialized immune cells that modulate inflammation and
facilitate skin wound healing (Kang et al. 2024; Su et al. 2025), potentially accounting
for observations of increased wound healing rates in common dolphins (Delphinus
delphis), such as those by Olaya-Ponzone et al. (2020) which observed complete
healing between 21 to 147 days. In contrast, marine turtles require a longer time to heal
after injuries, often taking 1-2 years to regrow both carapace and scutes, which could
be due to their lower metabolic rates. This significant difference underscores the
challenges of carapace regeneration and the long duration required for complete

recovery in chelonians.

4.5.2. Conservation implication

The identified causes of injuries, namely fishing line entanglement and propeller
strikes, can result in both permanent carapace deformity or disability (loss of flipper)
after recovery. A hull strike injury to a green turtle (TW01G0059) impacted its spinal
cord, resulting in a “bump up” carapace and impairing its ability to move its hind limbs.
This secondary impact of the primary injury may further compromise its ability to crawl
properly and, if female, to build a nest successfully (Ataman et al. 2021). Threats from
fishing line entanglement are serious, as turtles cannot actively remove the lines
independently and the nylon fishing line won’t break down naturally, incurring a
continued harm that could later lead to necrosis, septicemia, and amputation.

Most sightings of injured turtles with trackable healing progression were

concentrated in nearshore waters (<5 m depth), often close to ports (Fig. 4-5). This
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spatial clustering highlights the importance of implementing targeted conservation
measures to reduce the risk of vessel strikes. Several prevention measures for propeller
strikes have been proposed and examined, but most have been found to be ineffective.
For example, propeller guards are only slightly helpful when the boat is at idle speed
(i.e., when the motor is in gear but operating at its lowest speed, ca. of 7 km h™') but are
completely ineffective at planing speed (Work et al., 2010) when most turtle impacts
occur. Speed reduction is therefore considered the most effective measure, limiting boat
speed (e.g., 4 km h!; 2 knots) within foraging areas so that turtles have the capacity to
swim away from the threat (Hazel et al., 2007). Speed reduction has been found to
reduce cetacean injury and death, with speed limitations for large ships (i.e., > 300 gross
registered tons) of 10 knots (ca. 18 km h'!) decreasing death in both blue and humpback
whales by 11-13% and 9-10%, respectively (Rockwood et al. 2020). This rate of
reduction would have important impacts on marine turtle injuries, as nearly half of the
healed turtles in our study (46.2%, 6 out of 13; Table 4-3) experienced secondary
injuries, and at least three of these cases involved propeller strikes as the cause for both
injuries. Our results therefore provide strong evidence that establishing “go-slow”
zones at foraging hotspots around Liuqiu Island and implementing a strict vessel speed
limit (less than 6 knots) when entering and exiting the harbor can substantially reduce
the main causes of human-induced marine turtle injuries around the island.

Mitigating turtle fishing line entanglement remains a more difficult challenge
locally and globally (Battisti et al. 2019). On Liuqiu Island, although fishing exclusion
zones have been established since 2000 and a ban on gillnet fishing within three nautical
miles of the island established in 2013 likely reduced bycatch and ghost fishing nets,
the issue of thin fishing lines and fishhooks harming marine life remains an ongoing

issues. Stranding records from Liuqiu Island indicate that entanglement in fishing line
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and gear poses a more significant risk than propeller strike and boat collisions. In 2019,
42.8% (6 out of 14) of dead stranded turtles found on Liuqiu Island exhibited carapace
damage from propeller impacts (Li et al. 2022). Yet when data from 2017 to 2022 were
aggregated, more stranded turtles were affected by fishing line, hook, or gear
entanglement (30%) than by propeller strikes (25%; Li 2022). Our data also show that
discarded recreational fishing lines were responsible for severe injuries, but to date
these remain unregulated. Tackling this issue will require targeted public outreach and
community engagement, the installation of recycling bins and signs at popular fishing
spots, and the promotion of biodegradable fishing line, if available, to minimize long-
term hazards.

Long-term observations of a subset of five individuals recovered from severe
injuries showed ongoing evidence of their adapted behavior and survival in the wild for
at least 106 to 2,264 days (mean + SD: 948.7 & 765 days) after complete recovery. This
group includes two front flipper amputation survivors (TW01G0048: 1,366 days;
TWO01G0429: 106 days) and three individuals with permanent carapace deformities
(TWO01G0049: 620 days; TWO01G0059: 2,264 days; TWO01GO0111: 516 days after
healing from the first injury before a secondary injury, and a further 820 days after
healing from the secondary injury). These post-recovery survival times greatly exceed
the 8 to 387 days (155 £ 95 days) reported in a satellite-tracking study on post-release
rehabilitated marine turtles, despite nearly 20% (5 of 26) of the deaths being linked to
other anthropogenic factors (Robinson et al., 2021). Our findings reveal the remarkable
resilience of wild-recovered turtles and strengthen the case for releasing rehabilitated
individuals back into their natural habitats. However, despite our findings that wild
turtle recovery does occur, as long as anthropogenic threats persist within their foraging

and migratory waters, injuries to marine turtles from boat propellers, hulls, and fishing
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gear remain a substantial conservation concern requiring immediate and locally-

adapted solutions.
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Tables

Table 4-1. Injury type and severity classification of green turtle injuries from
external visual assessment in-water and using encounter photographs.

Images (top to bottom): courtesy of Huai Su (1-5), Shih-Ting Liu (6), and Chian-Shiun Hu (7).

Entanglement

Fishing line, gear or
rope present and
attached to the animal.

Superficial line mark or
hook attached.

Major
Deep constriction.
Causing swelling,
necrosis or amputation.

Injury type Description Severity Photographic example
Minor 4 - X
Partial or total removal of < 25% of flipper loss. \o!
Amputation | an appendage, including ——
front and rear flipper. el ;
> 25% of flipper loss.
Minor
Linear cuts produced by Superﬁcial slice <1 cm
a sharp object, often depth and < 5¢cm length.
Propeller apprearing as one or | Major
laceration more parallel, evenly Slice = 1 cm depth with
spaced incisions, often underlying tissue or bone
on carapace. visible and/or scute
fractured.
Minor
Thin or shallow crack < 5
G ISgHarermes cm and no bone exposed.
alapace resulting from a blunt -
fracture collision with a vessel, y :
K ¢ heav i > 5 cm and bone or tissue
SKeg, or heay exposed, or shell
segment unstable.
Scraped keratin; Minor .
. white or pink dermis <25cm”.
Abrasion . .
visible; often on Major
scutes or plastron. =25 cm”’.
Minor

Minor
Indentation < 25 % of
perimeter or confined to

or surface of a flipper.

Carapace Irregular or asymmetric marginal scutes
deformity shell edge. Major
Indentation = 25% shell
perimeter and reach to
the lateral scute.
Minor
Incision that does not
Flipper Alinear cut, notch, or | impair flipper movements.
. incision on the margins :
laceration 9 Major

> 5 cm length with
tissue/bone exposure or
impaired function.
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Table 4-2. Criterion and representative images used to determine the healing stages of four common injury types (entanglement, abrasion,
propeller laceration, and carapace fracture) observed in green turtles.

Injuries were categorized as partially healed (tissue regeneration evident at wound margins), or completely healed (sealed wound, full regrowth of scutes or skin). Images
illustrate each injury type at different healing stages to guide standardized classification. Image credits: Huai Su (entanglement, abrasion partially healed, carapace fracture
partially healed); Chia-Ling Fong (abrasion healed, propeller laceration partially healed [lower]); Yoko Nozawa (propeller laceration partially healed [upper]); Yeng Hsun

Huang (propeller laceration healed, carapace fracture healed).

Entanglement

Abrasion

Propeller laceration

Carapace fracture

Wound closure

Regrowth of the affected
scales

el
Full regrowth of the
affected scutes

o .
@ s s . Y
© . Necrosis tissue on the Fractures showing signs of Carapace wound healing
o Acute ligature wound " 4 s B
< scales regrowth with epidermal proliferation
>
8
5
o
% o Necrosis tissue on the Fractures showing signs of Carapace wound healing
Necrosis tissue : . . X
carapace regrowth with epidermal proliferation
]
2
©
O
=~

Full regrowth of the
affected scutes
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Table 4-3. Summary of observed injuries in green turtles with estimated healing times.
Each entry includes the turtle ID, inferred cause, injury type, location, severity classification, and healing time (in days). Healing time is estimated based on repeated sightings,

representing the interval from the first observation of an injury to the point at which when external healing was visually confirmed.

Injury No.| Turtle ID Note Cause Injury Type Location Severity Day:n(}i(;:;e;) v;iltei:ll;;rom
1 TWO01G0047 Ist wound Unknown Abrasion Carapace Minor 369
2 TW01G0047 | 2nd wound Unknown Abrasion Carapace Minor 669
3 TW01G0048 Ist wound Fishing line entanglement Entanglement, amputation Right front flipper Severe 627
4 TWO01G0049 | 1st wound Propeller strike Propeller laceration Carapace Severe 619
5 TW01G0049 | 2nd wound Propeller strike Propeller laceration Carapace Severe 852
6 TWO01G0049 | 2nd wound Propeller strike Propeller laceration Right face Minor 275
7 TW01G0058 Ist wound Propeller strike Propeller laceration Carapace Minor 317
8 TW01G0059 | 1st wound Propeller strike Carapace fracture Carapace Severe 388
9 TWO01G0106 | 1stwound Propeller strike Propeller laceration Carapace Minor 393
10 TWO01G0106 | 2nd wound Propeller strike Propeller laceration Carapace Minor 677
11 TWO01GO0111 Ist wound Propeller strike Carapace fracture Carapace Severe 630
12 TWO01GO0111 | 2nd wound Propeller strike Propeller laceration Carapace Severe 371
13 TWO01G0120 | 1st wound Propeller strike Propeller laceration Carapace Minor 668
14 TWO01G0120 | 2nd wound Propeller strike Propeller laceration Carapace Minor 274
15 TW01G0162 Ist wound Propeller strike Propeller laceration Carapace Severe 860
16 TW01G0218 | 2nd wound Unknown Abrasion Left eye Minor 602
17 TW01G0294 Ist wound Unknown Abrasion Carapace Minor 968
18 TWO01G0429 | 1st wound Fishing line entanglement Entanglement, amputation Right front flipper Severe 450
19 TWO01G0514 | 1st wound Unknown Abrasion Eye Minor 193
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Table 4-3. Summary of relative healing rates (% per day) for injured green turtles
based on the reduction in wound surface area between consecutive observations.

Injury Label corresponds to injuries shown in the recovery trajectories (Fig. 4-5).
Injury No. refers to the identifiers in Table 4-2, which provide information on injury
type, location, cause, and severity. Interval indicates the number of days between two

measurable observations, with day values referenced to the initial sighting of the injury.

Injury Label  Injury No. Interval Healing Rate (%/day)
TWO01G0047-2 2 Day 042 0.43
Day 42-669 0.13
TWO01G0049-1 5 Day 61-193 0.19
Day 193-852 0.11
TWO01G0049-2 5 Day 61-193 0.09
Day 193-852 0.13
TWO01G0049-3 6 Day 51-79 1.51
Day 79-89 1.53
Day 89-275 0.23
TWO01G0059-1 8 Day 0-111 0.32
Day 111-388 0.23
TWO01GO111-1 11 Day 0-52 0.08
Day 52-316 0.12
Day 316630 0.21
TWO01GO111-2 12 Day 0-19 1.41
Day 19-182 0.22
Day 182-371 0.20
TW01G0162-1 15 Day 93-144 0.13
Day 144-593 0.09
Day 593-860 0.20
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Figure 4-1. Sankey diagram illustrating the flow of injury causes through
severity classes to the final status for injured turtles observed in situ.

The width of each band is proportional to the number of injuries: left nodes represent
injury causes (propeller strike, fishing line entanglement, unknown), middle nodes
represent severity (minor, severe), and right nodes represent the last observed condition

of turtles regarding its injury (healed, partially healed, fresh, dead).
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# Day411

Figure 4-2. The natural healing progressions of injured green turtles with severe
injuries caused by propeller strikes.

A: Turtle TW01G0059 had a carapace fracture and spinal cord injury that impaired the
movement of rear flippers. Its carapace experienced depression, gradually lifted, and
resulted in a permanent kyphosis bulge after healing. Images courtesy of Huai Su (Day
0, 216, 1172) and Ying-Hsiu Liao (Day 2481). B: Turtle TW01GO0111’s carapace
fracture exposed underlying bone on Day 0. By Day 70, initial bone bridging had sealed
the fracture, while complete scute regrowth and surface remodeling took longer. Images
courtesy of Yeng-Hsun Huang (Day 0, 70, 695) and Huai Su (Day 316). C: Turtle
TWO1GOI111 experienced a second propeller laceration 651 days after the initial
fracture had healed. By Day 182, bone bridging had sealed the laceration, and new
scutes had begun to grow. By Days 411 and 522 the wounds were completely closed,
with a continuous shell surface. The healing point for this injury was considered to be
Day 371. Images courtesy of Arwen Lin (Day 0), Chia-Chen Tsai (Day 182), Yeng-
Hsun Huang (Day 411), and Cheng-Yu Chao (Day 522).

105



Day 1776 ',

Figure 4-3. Healing progression and subsequent sightings of green turtle
TW01G0048 following fishing line entanglement that resulted in flipper
amputation.

The yellow asterisks indicate a fishing line entanglement. The white arrows indicate
lacerations. Images courtesy of Po-Han Hsu (Day 0), Huai Su (Day 182, 627, 1149,
1776), Jiun-Shian Li (Day 488), and Shang-Ping Liu (Day 1993).
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Figure 4-4. Healing times and recovery trajectories.

Symbols indicate the injury location: circles indicate carapace, triangles indicate flipper,
and squares indicate wounds on the face. Colors indicate wound severity: blue for minor
wounds, brown for severe. (A) Observed healing times for green turtle wounds by
injury cause and severity. Each point indicates the number of days from injury to the
last sighting of complete healing. (B) Recovery trajectories based on surface area

reduction of wounds.
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Figure 4-5. Distribution of injured turtles with trackable healing times around
Liuqiu Island.

Each point marks a sighting location of individuals whose injury recovery was
monitored over time. Colors indicate injury causes: green (propeller strike), orange
(fishing line entanglement), and purple (unknown cause). Circle sizes indicate the
number of sightings per cause at each site. Labels (e.g., 1) next to circles indicate the

number of injured turtles per cause at each site.
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Supplementary Materials

Figure

15* Nov 2020

Fig. S4-1. Example of wound-area measurement protocol in SigmaScan Pro. The
blue polygon outlines the selected wound surface, and the blue line between white dots
indicates the pixel-based reference scale used to standardize measurements. Images

courtesy of Arwen Lin (15" Nov 2020) and Chia-Chen Tsai (16" May 2021).
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Fig. S4-2. Keratinous sealing and scute regrowth of injured green turtle

TWO01G0059. Images courtesy of Chi-An Sung (Day 388) and Yeungs Ting (Day 401).
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CHAPTER S

General discussion

5.1. Summary and conservation implications

Conservation of marine turtles requires an integrative approach that covers all life
stages from different aspects, such as nesting populations, hatchlings, foraging
populations, stranded turtle rescue, and rehabilitation. While most research and
conservation efforts in Taiwan have focused on nesting beaches and rehabilitation
centers, this dissertation addressed a critical gap by focusing on population ecology on
foraging green turtle (Chelonia mydas) in coastal waters. By combining crowdsourced
data and systematic in-water surveys, this research provides a better understanding of
their spatial distribution, demographic structure, habitat connectivity, residency

patterns, and resilience under anthropogenic threats in Taiwan,

Foraging grounds are vital for maintaining populations, in order for individuals
to restore energy, enhance population growth, and support successful breeding
migrations (Chatzimentor et al., 2021). Conducting in-water research in foraging
grounds offers valuable insights into demographic population structure and spatial use,
but also presents unique logistical and methodological challenges. To overcome these
challenges, we explored two complementary approaches: opportunistic data
contributed by citizen scientists and statistically representative data obtained through
systematic in-water snorkel surveys. Crowdsourcing reports of marine turtle sightings
enables broad geographic and temporal coverage that would be logistically challenging
for research teams to achieve alone. However, variations in sampling efforts and

observer bias can affect data reliability. For instance, citizen scientists may
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disproportionately report rare events such as injury incidents, while underreporting
individuals frequently encountered, as noted in Chapters 2 and 3. In contrast, surveys
conducted or led by research teams can implement standardized protocols, thereby
improving data consistency and enabling robust ecological modeling, albeit within
more constrained spatial and temporal scopes. Importantly, this does not imply that the
citizen science approach is inferior. Even researcher-led surveys may lack an optimal
sampling design (Hoffmann et al., 2019). Depending on the study's objectives,
designing systematic surveys with consistent sampling efforts at key monitoring sites,
coupled with participation from trained citizen scientists, can help address spatial gaps
or observer bias. When citizen science is well-integrated, citizen science data can
provide a reliable complement to traditional survey methods (Harvey et al., 2018;
Krabbenhoft & Kashian, 2020).

Currently, the inconsistent use of the term °‘site fidelity’ and the lack of
standardized metrics, including quantitative descriptions, hinders advanced analysis
and cross-study comparisons. The application of a Standardized Site Fidelity Index
(SSFI) in this study provided a quantitative framework for evaluating residency patterns
among foraging turtles. However, further methodological refinement is needed. For
example, combining SSFI with other fidelity metrics (e.g., residency duration,
resighting rate, or sighting frequency) may offer a more robust basis for clustering
analyses like AHC. Additionally, exploring normalization procedures or effort-based
corrections would help address the strong influence of sighting or survey frequency,
which can inflate or deflate SSFI values and compromise comparisons across studies
with differing survey designs. Furthermore, clustering SSFI values enables the
identification of distinct fidelity groups, allowing for the estimation of the proportion

of local aggregation that repeatedly utilizes the same foraging area over multiple years.
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Long-term monitoring and collaborative efforts between scientists and citizen
scientists, combined with contributions to open photo-ID data, it becomes possible to
define critical foraging hotspots globally more effectively. These definitions can go
beyond identifying areas with a higher number of local aggregations, also by
incorporating residency patterns to pinpoint key foraging hotspots that support long-
term use by foraging populations. As current models predicting of shifting foraging
hotspots under the impact of climate change heavily rely on species occurrence records
(Duquesne & Fournier, 2025) and thermal vulnerability assessments of foraging
grounds using compiled satellite tracking data (Goudarzi et al., 2024), integrating
global photo-ID datasets and residency pattern information, if available in the future,
could refine these projections and contribute to more ecologically realistic conservation
strategies.

The in situ observation of injury healing progression in Chapter 4 represents one
of the few comprehensive datasets of its kind globally, and such monitoring would not
be possible without the sustained involvement of citizen scientists. Recovery from
fishing line entanglement, propeller strikes, and unknown causes was observed over
months to years, providing solid evidence that certain injuries can heal in the wild
without intervention and exhibit strong resilience despite permanent dysfunction of
flippers or carapace deformity. However, the cases of repaid recovery from rescue
centers (Franchini et al., 2016; Franchini et al., 2022; Freire et al., 2021) demonstrates
the potential role of rescue and rehabilitation in supporting turtle survival and recovery.
In Taiwan, intervention efforts are currently limited to the stranded, floating, or bycatch
individuals. Therefore, developing (1) clear criteria to guide decisions on whether an
injured turtle should remain in the wild or be rescued and transferred to a rehabilitation

center, and (2) handling protocols and training for safely disentangling or capturing
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wild individuals in need of intervention, should be considered as important topics for
future discussion on conservation measures.

Although marine turtles are listed as protected species in Taiwan, the direct use,
killing, or harassment of individuals is strictly prohibited. The high prevalence of
injuries and recurring injuries observed in wild populations, as noted in Chapters 2 and
4, and the stranding records (Li, 2022; Li et al., 2022), all indicate that anthropogenic
threats remain persistent pressures in the coastal foraging habitats. Authorities such as
the Ocean Conservation Administration, local county or town governments, and the
National Park Service should take more active roles in promoting conservation
measures and enforcing regulations, including go-slow zones for vessels, fishing
restrictions in critical foraging sites, improvements in sewage management, and visitor
control. Notably, marine turtle foraging grounds in Taiwan are predominantly degraded
coral reef ecosystems, now dominated by algae, particularly on Liuqiu Island.

Although protective measures are necessary and urgently need to reduce human-
related threats to green turtles on Liuqiu Island, it is also important to recognize that
increasing turtle abundance can pose challenges to their foraging habitats (Heithaus et
al.,2014). Research has shown that intensive turtle grazing can reduce seagrass biomass,
hinder regrowth, and alter community structure, especially in shallow and disturbed
habitats (Christianen et al., 2014). Similar concerns have been raised in the Dongsha
Atoll, a Taiwanese atoll in the South China Sea, where green turtle activity was
associated with significant seagrass decline, raising questions about ecosystem-level
feedbacks (Hsu et al., 2024). On Liuqiu Island, a small intertidal seagrass patch in the
Duzaiping area that once supported abundant seagrass growth has been largely
degraded in recent years. Experimental exclusion studies by Wu (2025) demonstrated

that seagrass growth was significantly higher in the turtle-exclusion plots, suggesting
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potential grazing pressure in this area. However, there is currently insufficient evidence
to establish a direct causal link between turtle foraging to the seagrass decline in Liuqiu
Island, as multiple factors such as wave exposure, typhoon, nutrient availability, and
substrate type, and anthropogenic disturbance can also affect seagrass resilience and
recovery (Unsworth et al., 2015; see examples in Fig. 4).

A similar but more complex situation have been observed on Liuqiu Island’s coral
reefs throughout the duration of this study. While green turtles can help sustain reef
health through grazing on turf algae (Goatley et al., 2012), increased turtle aggregation
over the past decade (Fong et al., 2025) has not been accompanied by improved reef
conditions. On the contrary, live coral cover dropped from 30-50% before 2015 to as
low as 6-12% by 2021-2023 (Taiwan Control Yuan Report, 2024). The degradation and
loss of coral reefs is likely driven by increased tourism activity for turtle watching and
the resulting influx of new residents working in the tourism sector. Natural factors also
play a role, including coral bleaching due to warming, and typhoon-driven sediment
and runoff from the main island of Taiwan.

Today, although Liuqiu Island is a coral reef island, this description merely
reflects a geological state rather than an ecological one; although the entire island was
built by coral reefs, today the ecological community is nearly void of corals or a
semblance of a coral reef community. Divers often say that “there are only green turtles,
there is nothing else in the water around Liuqiu Island.” These interactions highlight a
potential conservation dilemma: efforts to protect and restore green turtle populations
must also consider the carrying capacity and resilience of their foraging habitats.
Leveraging marine turtles as umbrella species may offer an entry point for establishing
marine protected areas to protect the critical foraging habitats at the ecosystem level

and to benefit reef-associated biodiversity.
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5.2. Future direction

This dissertation addresses several knowledge gaps in the study of green turtles
at foraging grounds in Taiwan, including the lack of a baseline on foraging populations,
the absence of a standardized in-water photo-ID survey design, and a limited
understanding of residency patterns, emerging threats, and turtle resilience. Based on
the findings presented herein, several future research directions are recommended to
further advance our understanding of foraging turtle populations in Taiwan and the

broader Northwest Pacific region.

To improve TurtleSpot Taiwan, future efforts should focus on standardizing
observer effort to make the interpretation and estimation of turtle sighting data more
reliable. For example, including information about sampling effort, encounter rate, and
whether sightings were incidental or targeted. This data can enhance the “structured”
aspect of current semi-structured citizen science data. Questionnaires on participant
motivations and expectations toward the project can also inform strategies to improve
user experience, foster long-term engagement, and align outreach with contributors’
values and goals. More automated processes for data entry, interpretation, and photo-
ID can reduce the time project coordinators (or co-founders) spend on repetitive tasks,

thereby improving the efficiency and sustainability of the program.

Expand standardized in-water surveys to additional foraging areas like Kenting,
Green Island, and the northeastern coast to obtain reliable and methodologically
consistent data. Complementing these efforts with long-term citizen science datasets to
enhance detectability and temporal resolution, and to help establish a robust nationwide
photo-ID database for further analysis. This will aid in identifying both ecological and

anthropogenic factors that influence the distribution and population dynamics of
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foraging turtles around Taiwan. Applying population modeling approaches (e.g.,
Pollock’s Robust Design) will also enable estimation of demographic parameters (such
as survival, temporary emigration, and population size) and support projections of

future trends.

SSFI analysis revealed clusters of low- and high-fidelity individuals, but the
ecological or behavioral drivers of this variation remain unknown. Biologging on a
subset of known turtles (identified via photo-ID) could help elucidate how individuals
with different fidelity levels utilize habitats, and further examine how environmental
factors (e.g., season, habitat type, tidal cycles) and intrinsic traits (e.g., age class,

personality) influence site fidelity patterns.

Habitat connectivity between Taiwan and neighboring countries, including Japan,
the Philippines, and Micronesia has been partially confirmed through tag recoveries
(Fong et al., 2025), satellite tracking, and genetic evidence (Ng et al., 2018; Ng et al.,
2024) based on a limited number of individuals. However, the post-emigration
movement of short-term resident turtles remains largely unknown. More satellite
tracking of foraging individuals is needed to assess their connection to neighboring
countries. Meanwhile, expanding population genetic studies could reveal links between
foraging turtles in Taiwan and their nesting origins, helping clarify Taiwan’s role as a

foraging hub supporting multiple genetic stocks in this region.

Last but not least, explore historical information about foraging populations and
habitats of marine turtles in Taiwan, for example, by collecting local knowledge from
older residents (when still possible), archived media, and historical records. Oral
histories and community-based questionnaires with elderly fishers and coastal residents

may offer valuable insights into how foraging turtle abundance, distribution, and
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human-turtle interactions. It can help reconstruct how the ecological and socio-cultural
context of turtle populations has changed over the past 30 to 50 years and their
connections to wider environmental and human-driven transformations. Where
available, historical specimens from museums or stranded individuals may also provide
DNA for retrospective population genetics analyses. Combined with contemporary
genetic data, these potentially could illuminate changes in population structure over
time and inform predictions about future connectivity, resilience, and conservation

priorities.
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Abstract

Background Determining sea turtle foraging grounds, emerging threats, and population status are essential for
conservation management, Crowdsourced science is a recently recognized approach that enables internet-based
data collection, providing important contributions to scientific goals while also benefiting society and public
education. This study is based on the published dataset from TurtleSpot Taiwan (2017-2022) with the aim to leverage
crowdsourced data to determine sea turtle foraging grounds, emerging threats, demography, and residency patterns
inTaiwan,

Results We identified three green turtle (Chelonia mydas) foraging grounds in Taiwan (Liugiu Island, Kenting, and
Green Island), defined as sites with > 100 sightings and > 50 individuals. Among all sites, Liugiu Island contributed
77% of the total sightings, suggesting this island is a hotspot, Emerging threats to foraging aggregations of sea turtles
in Taiwan were evident from the reported sightings, with ~ 10% of the total sightings involving turtles with fishing
line entanglement, ingested debris, missing flippers, or injuries, Most of these sightings occurred in Liugiu Island,
indicating a significant level of human-turtle disturbance. Residency patterns identified from sighting data showed
that 43.4% of individuals stayed in the same area for one or more years, with adult-sized turtle residency greater than
that of immature turtles.

Conclusions Taiwan supports healthy foraging grounds for green turtles, where adults often stay for more than one
year and with dynamic populations of younger individuals, However, despite a certain number of foraging green
turtles observed in Liugiu Island, many of these turtles displayed injuries, This high population density combined with
increased injury frequency suggests thata comprehensive management plan for turtle foraging grounds is urgently
needed, including measures to reduce boat speeds in hotspot areas and strict regulations on coastal human activity.
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Background

As migratory megafauna, sea turtles have a complex life
cycle requiring unique life stage-dependent nesting and
foraging habitats (i.e., hatchling, juvenile, sub-adult, and
adult) [1]. Historically, sea turtle research and conser-
vation efforts have focused on nesting habitats, while
their foraging habitats are less understood [2, 3]. Deter-
mining the distribution of and the population dynam-
ics within key foraging habitats has been recognized as
a global research priority for sea turtle conservation [4],
ecology, and conservation management. Despite signifi-
cant progress in addressing these knowledge gaps, prog-
ress remains limited by a bias towards specific questions,
species, and regions, highlighting the need for greater
engagement with social sciences and a broader range of
contributors [5].

Five of the world’s seven sea turtle species — green
(Chelonia mydas), hawksbill (Eretmochelys imbricata),
loggerhead (Caretta caretta), olive ridley (Lepidochelys
olivacea) and leatherback (Dermochelys coriacea) — have
been recorded in the East Asia region [6]. Among these
species, green and hawksbill turtles are the two most
common species historically observed in the waters of
Taiwan. Many studies have attempted to identify poten-
tial foraging grounds for green and hawksbill turtles in
East Asia through various methods, including historical
records, bycatch, mark-recapture studies, stable isotope
analysis, and satellite tracking [7-10]; however, crucial
information such as demography and residency of local
aggregations remain lacking. This gap is understandable
as both measures require direct in-water surveys and
long-term mark-recapture studies, both of which are
logistically challenging given the necessary person-hours
and financial investments to provide the required reso-
lution of data. Properly moderated citizen science and
crowdsourced data collection projects can offer a way to
alleviate these logistical hurdles and thereby address the
standing knowledge gaps on both local and global scales.

Citizen science (CS) broadly refers to the engage-
ment of the general public in scientific research and has
existed for centuries in various forms [11] but has in
recent decades expanded dramatically in both scope and
application [12]. The current use of crowdsourced data
through CS has proven powerful in generating ecologi-
cal knowledge [13], improving conservation science, and
enhancing environmental protection [14]. Crowdsourced
science, a subset of CS that utilizing internet connectiv-
ity to recruit large groups of volunteers who would other-
wise be disconnected for the purpose of problem-solving
scientific projects, has the potential to expand societal
participation and reduce associated costs of acquiring
data [15].

‘While providing opportunities for increased data col-
lection, including higher temporal and spatial resolution,
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with minimized logistical limitations to the researcher,
CS and crowdsourced conservation projects have their
own sets of challenges. These challenges include improv-
ing participant engagement and retention, establishing
comprehensive project evaluations, and developing bet-
ter communication strategies [16], while also mitigating
potential challenges in data quality, and data coverage
[17]. For crowdsourced science to provide data in both
the quantity and quality needed for scientific purposes,
it is necessary for projects to include standardized data
collection protocols, means of quality-assurance, engag-
ing community involvement (co-creation), and venues to
share data and knowledge with the public [13, 18].

Photographic identification (photo-ID) methods that
use unique body patterns for individual identification
provide an innovative avenue for researchers and citizen
scientists to study animals in their native habitats [19].
The distinctive facial and flipper scale patterns of sea
turtles have been validated as reliable natural markers
for studying their in-water biology and ecology [20-23].
The recent availability of digital platforms, affordable
underwater cameras, and photo-ID software (e.g., I3S,
HotSpotter, Internet of Turtles) facilitated the emergence
of photo-ID CS projects to reveal the population status of
foraging turtles [24—27].

TurtleSpot Taiwan is a crowdsourced conservation
project launched in June 2017 on social media plat-
form (https://www.facebook.com/groups/turtlespot
intw; Facebook, Meta) with the dual aim of collectin
g sighting reports of sea turtles for identifying forag-
ing grounds in Taiwan and providing a portal for pub-
lic education. Engaging over 20,000 group members,
TurtleSpot Taiwan’s key innovations were establishing a
publicly accessible sea turtle photo-ID database website
(https://turtlespottw.org/) that allows users to search
and provide optional functions for users to identify their
documented/photographed turtles. This database has
standardized data collection protocols to enhance data
quality, and employs numerous interactive measures
to foster community engagement and enhance societal
engagement.

Hoh and Fong [28] and Hoh et al. [29] previously pub-
lished occurrence open-access datasets from TurtleSpot
Taiwan data between 2017 and 2022, along with metadata
and data collection methodology. Here we provide the
first analysis of these datasets and identify the foraging
grounds, emerging threats, demography, and residency
of sea turtles in Taiwan. To examine the effectiveness and
scope of crowdsourced conservation, we further analyzed
citizen scientist participation and retention trends over
five years of TurtleSpot Taiwan’s implementation.

146



Fong et al BMC Ecology and Evolution (2025) 25:27

Methods

Sea turtle sighting and distribution in Taiwan

A total of 760 sea turtle individuals were identified and
documented on the photo-ID database of TurtleSpot Tai-
wan, including C. mydas (n=724), E. imbricata (n=35),
and L. olivacea (n=1). To study the diversity and abun-
dance of different species of sea turtles around Taiwan,
density distribution maps for all sea turtle sightings,
individual turtles and participating citizen scientists
were generated in R using mapdata (version 2.3.1), sf and
ggplot2 [30-32], and modified with Affinity Designer
(version 1.10.5).

Foraging grounds, demographic structure and residency of
green and hawksbill turtles

Foraging grounds were identified as areas that have
received a high number of sightings (> 100 sightings) and
a stable number of local aggregations (>50 individuals)
over the monitored period. This study focused on evalu-
ating foraging grounds, demographic structure and resi-
dency for green and hawksbill, as these species are the
two most common sea turtles in Taiwan.

To determine the demographic structure of sea turtles,
turtle body size was visually estimated from whole-body
photographs and categorized into different life his-
tory stages (post-hatchling, juvenile, subadult, or adult),
combined with the carapace color pattern and marginal
scute roundness characteristics and descriptions pro-
vided by the reporters. Turtles that lacked a whole-body
image and estimated size information were recorded
as life stage ‘unknown! We used previously published
straight carapace length (SCL) measurements and cara-
pace characteristics to categorize all sighted turtles into
putative age classes as follows: For green turtles, post-
hatchling SCL of 10 to 20 c¢m, juvenile SCL<65 cm with
sunburst patterns on each scute, subadult SCL of 65 to
90 cm with camouflage patterns on each scute, and adult
SCL>95 cm with variously light and dark spotting on the
carapace [33-35]. For hawksbill turtles, post-hatchling
SCL of 8 to 22 cm, juvenile SCL of 23 to 50 ¢cm, subadult
SCL of 50 to 80 cm, and adult SCL>80 cm [36-38]. For
olive ridley turtles, adult SCL from 53 to 79 c¢m, with a
median size of 60 cm at sexual maturity [39]. The identi-
fication of sex in adult-sized turtles was limited to males,
defined as individuals having tail lengths exceeding
25 c¢m (visually longer than the rear flippers) [40]. Since it
is not possible to definitively determine the sex and sex-
ual maturity of sea turtles with short tails, turtles with tail
lengths of 10 to 15 ¢cm (visually shorter than rear flippers)
or with no visible tail were classified as sex unknown.

To examine the residency of the sea turtles, mini-
mum residency duration (MRD) of green and hawksbill
turtles was calculated and plotted separately. The MRD
for each turtle was estimated based on total duration
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(days) between the earliest and latest recorded sighting
[25]. Individuals who stayed in the same area for more
than 365 days (1 year) were considered residents. To
study variations of MRD and number of sightings among
estimated age-class groups (i.e., juvenile, subadult, or
adult-sized), only green turtles were included due to low
sample sizes for other species. Variations in MRD and the
number of sightings per individual across different esti-
mated age-class groups were examined using One-Way
Analysis of Variance (One-Way ANOVA; factor: esti-
mated age-class groups) in SigmaPlot 11 (Graffiti LLC).
The dataset included 428 green turtle individuals from
six areas: Northeastern coast, Penghu, Green Island, Liu-
qiu Island, Kenting, and Hualien. The MRD values passed
the equal variance test (p=0.509) without requiring
transformations. The number of sightings per individuals
were square root transformed twice and passed the equal
variance test (p=0.118).

Participation and retention of citizen scientists
The publicly accessible TurtleSpot photo-ID database
website houses information and images of documented
turtles, featuring a filter function that enables users to
search using keywords (e.g., number of the post-ocular
scutes, morphological features, location, species, age-
class, turtle ID number, or turtle name). This allows
citizen scientists to browse through the image database
to manually identify the turtles they photographed.
To assess citizen science participation, we counted the
number of citizen scientists who attempted to identify
the turtles they sighted at the individual level, using the
photo-ID database website or other means. Regardless of
identification accuracy, these attempts were used as an
indicator of the involvement level of citizen scientists.
The number of new and retained citizen scientists from
previous years was analyzed for each year from 2017 to
2022 to assess the recruitment and retention trends of
TurtleSpot Taiwan. Retention of citizen scientists was
calculated as the total duration (in days), including both
the first and the last sightings reported by an individual
to the Facebook Group. A Pearson correlation coeffi-
cient analysis was conducted to examine the correlation
between the number of sightings contributed by each
participant and their retention time, visualized with a
scatter plot in SigmaPlot 11. To avoid bias, sightings
directly provided by citizen scientists to us without post-
ing to the Facebook Group were excluded from the above
analysis.

Results

Distribution of foraging grounds and demographics of sea
turtles

The majority of the sea turtle individuals identified
from sightings were from Liugiu Island (76.7%, n=584
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identified from 3,024 sightings), followed by Kenting
(8.7%, n=66 identified from 239 sightings) and Green
Island (7.5%, n=57 identified from 182 sightings), all
of which serve as foraging grounds for green turtles
(Fig. la). We observed a steady increase in the number
of unique individuals recorded over time, with an aver-
age of 127 (range: 60 to 201) new individuals recorded
each vyear (Fig. 1b), resulting in a total of 760 individuals
as of May 2022. For the estimated age-class groups of C.
mydas, 61.3% (n=444) of documented turtles were juve-
niles, 26.2% (n=190) were subadults, and 12.4% (7 =90)
were adults (Fig. 1c). Among the adult-sized green tur-
tles, 33 individuals were identified as males. For E. imbri-
cata, 74.3% (n=26) were juveniles, 17.1% (n=6) were
subadults, and 5.7% (7=2) were adults (one identified
male), with one individual identified as a post-hatchling
(Fig. 1c).

In addition to identifying turtle foraging grounds,
sighting data highlighted emerging threats to forag-
ing aggregations of sea turtles in Taiwan, such as boat
strikes, propeller injuries, and marine debris. Nearly 10%
(n=358) of total sightings involved turtles with fishing
line entanglement or with ingested debris (i.e., plastic
bags, fishing lines and ropes) observed protruding from
the anus (1.5%, n=53), missing flippers or injuries to flip-
pers (3.2%, n=116), or carapace injuries (5.3%, n=189).
There were 114 injury-related turtles, comprising 106
green turtles (346 sightings), 8 hawksbill turtles (10 sight-
ings) and two sightings for which neither species nor
individual was identified. Most of these sightings (93.3%,
1n=334) were from 98 turtle individuals and occurred at
Liugiu Island (Table 1), indicating a significant level of
human-turtle interaction in this area.

Minimum Resident Duration (MRD) of sea turtles

A total of 723 green turtles (sightings n=3,201) and 35
hawksbill turtles (sightings 7 ="70) were included in MRD
analysis after excluding records with incomplete date
information (n=>5). Of these, 295 green and 22 hawksbill
turtles were categorized as “non-resighted” because they
were only sighted once (green 1 =287; hawksbill #=22)
or only had multiple same-day sightings (green n=8).
The resighting rates of green and hawksbill turtles were
59.2% (n=428) and 37.1% (n=13), respectively, with the
number of re-sightings per individual ranging from 2 to
47 (mean: 4.56, SD: 6.47). Among resighted green turtles
(1n=428), 74.3% (n=318) stayed in the same area for one
or more years (i.e., resident turtle), and 25.7% (n=110)
stayed for less than one year (Fig. 2a). Resident green tur-
tles (MRD zone year) were mainly distributed in south-
ern Taiwan (Fig. S2) at Liugiu Island (7=280), Kenting
(n=18), and Green Island (#=15). Among resighted
hawksbill turtles (n=13), 15.4% (n=2) stayed for less
than one year (Fig. 2a) and 84.6% (n=11) were resident
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turtles, mainly in Liuqiu Island (#=6) (Fig. $2). Juvenile
green turtles contributed more than half of the propor-
tion of non-resighted, < 90 days, 90-364 days and 1-2
years groups (Fig. 2b). However, the proportion of turtles
with larger body sizes (estimated as subadults and adults)
generally increased with longer MRDs. In the >2 years
MRD category, juveniles accounted for 46.9%, while sub-
adults and adult-sized turtles made up 28.8% and 24.3%,
respectively (Fig. 2b). Green turtle mean MRD increased
with age-class, from juvenile (775 days), subadult (882
days), to adult-sized turtles (1,182 days). Adult-sized
turtles had significantly greater MRD than juveniles and
subadults (One Way ANOVA, F 9, 25 = 13.36, p<0.001,
SNK: adults >juveniles =subadults; Fig. 2¢). Adult-sized
turtles had a significantly higher resighting rate (aver-
age 10.12 times per individual) than both juveniles (5.71
times per individual) and subadults (6.75 times per indi-
vidual) (One way ANOVA, F 2,105 = 14.67, p<0.001, SNK:
adults > juveniles = subadults; Fig. 2d).

Additionally, the longest MRD recorded to date was
3,502 days (ID: TW01G0049; 28 sightings), documented
in an adult-sized green turtle with carapace injuries and
scars, presumably female, from Liuqiu Island. The longest
interval between two consecutive sightings was 1,604
days (ID: TW01G0034) documented in a subadult green
turtle from Liugiu Island. This single individual was
recorded at a deep boat diving site, which is likely less
frequently visited by divers, potentially explaining the
extended gap between sightings.

Participation and retention of citizen scientists

From a total of 2,324 sightings contributed by 442 citi-
zen scientists directly to the Facebook group platform,
nearly 30% (1n=683) of the sightings were manually iden-
tified by 99 individual citizen scientists, indicating their
engagement beyond mere data contribution. From June
2017 to May 2022, the annual number of turtle reporters
ranged from 95 to 148, with an average of 122 + 20 citizen
scientists per year. In each year, about 67% of reporters
were new participants (ranging from 61 to 75%), while
33% were retained from the previous years (Fig. 3a). The
consistent influx of new participants in each year high-
lights sustained public interest in the initiative and the
project’s effectiveness in recruiting contributors. The
number of sightings per citizen scientist ranged from 1
to 339, with 52.7% (=233, including one author) con-
tributing a single sighting, 34.8% (1n=154) reporting 2—5
sightings, 11.1% (n=49, including one author) reporting
6-50 sightings, and 1.4% (n=6, including two authors)
reporting more than 50 sightings (Table S1). These con-
tributions accounted for 10%, 18.7%, 31.6%, and 39.7%
of the total sightings, respectively. Participant retention
duration ranged from one day to 1,789 days. Among the
citizen scientists, 61.3% (n=271, including one author)
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Fig. 1 Distribution of documented turtles around Taiwan, their annual population trends, and demographic structure. (a) Spatial distribution of sightings
(pin marker symbol), participants (diver symbal), and documented turtles (circle). The color and size of the circle represent the species and the number of
individuals, respectively. (b) Annual variations in numbers of sea turtle individuals and line chart showing the cumulative number of recorded turtles. (¢)

The proportion of estimated age-class groups of green and hawksbill turtles
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Table 1 Number of injury-related sightings and turtle individuals
ateach location in Taiwan

Location Total Unique individu- Injuryrelated
injury-related als with injury- sightings
sightings related sighting  at each loca-

tion (%)

Liugiu Island 334 98 11.04

Kenting 8 5 335

Northeastern 4 1 5.26

coast

Green Island 4 3 220

Kinmen 2 2 2857

Orchid Island 2 2 8.00

Penghu 2 1 6,90

Dongsha 1 1 100.00

Yilan 1 1 25.00

contributed their sightings on a single day, while 19.9%
(rn=88) contributed within a one-year period (2 days —
1 year), 8.8% (n=39) contributed over 1 to 2 years, 3.8%
(n=17) over 2 to 3 years and 4.5% (n=20, including one
author) over 3 to 4 years. Lastly, 1.6% (n=7, including
two authors) contributed sightings consistently across all
five years (Table S1). A significant moderate positive cor-
relation (Pearson correlation coefficient=0.44, p<0.001)
was observed between the number of sightings reported
by each participant and their retention time (Fig. 3b).

Discussion

Foraging sea turtles in Taiwan

Direct in-water sighting data showed that Taiwan’s
coastal waters, especially Liugiu Island, Green Island, and
Kenting, are foraging grounds for green turtles and host
a smaller aggregation of hawksbill turtles, represented
by individuals of all size groups but dominated by juve-
niles (61% and 74%, respectively). The foraging grounds
of sea turtles surrounding Taiwan exhibit diverse ecologi-
cal characteristics. Liugiu Island and Kenting primarily
feature fringing reefs, intertidal zones, and small sporadic
seagrass beds along their coastlines. Many reefs in these
areas are algae-dominated reefs, especially turf algae [41,
42] making them preferable foraging sites for herbivorous
green turtles. This dominance of juveniles in foraging
grounds is comparable to that of green turtles in the Japa-
nese Kuroshima Islands (79.9% juveniles) and Yaeyama
Islands (1995-2003: 88%; 2004—2016: 78%) to the north
[43, 44], as well as Malaysian Mabul Island (78.9%) and
Semporna (49%) to the south of Taiwan [45, 46]. In the
Great Barrier Reef in Australia, foraging grounds typi-
cally host a greater mix of life stages, but with juveniles
still comprising the majority (approximately 80.5%)
[47]. The ratio of juveniles in Taiwan’s coastal foraging
aggregations (61%) lies in between the values at these
other locations. The variation in juvenile dominance
among regions may influenced by differences in habitat
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characteristics and food availability. For example, the
foraging habitats in the Great Barrier Reef are coral reef
dominated [47], while Kuroshima Islands and Yaeyama
Islands feature coral reef habitats mixed with seagrass
and algae [43, 44], and Semporna and Mabul Island com-
bines coral reef with seagrass meadows [45, 46, 48, 49].
The foraging grounds in Taiwan are mainly algae-dom-
inated reefs. Variations in food availability among these
different habitats may contribute to the differences in the
demography of sea turtles across regions. Temporal shifts
in food availability can also contribute to different age-
class demographics. In Bermuda, a decline in seagrass
availability may have driven the emigration of juveniles
before maturation, altering the demographic structure
of the aggregation [50]. Mortality rates of turtles can also
affect the demographic composition of foraging aggrega-
tions. For instance, in the Yaeyama Islands, the decline
of the sea turtle fishery due to increased conservation
awareness led to a 10% rise in the proportion of larger-
sized turtles during 2004—2016 compared to earlier peri-
ods [44]. Establishing long-term monitoring programs in
Taiwan could help track demographic shifts and provide
insights into site-specific ecological roles.

Steady increases in newly sighted individuals each
year and a high ratio of juvenile turtles suggest a healthy
recruitment pattern in these foraging grounds [44]. Our
study also found that adult-sized turtles have significantly
longer residency durations and higher resighting fre-
quencies than immature turtles. A similar trend of adults
having higher residency indices than juveniles and sub-
adult green turtles has been observed in Australian for-
aging grounds [51]. Lower resighting rates and shorter
residency of juveniles and subadults suggest a more
dynamic assemblage within these aggregations. Addi-
tionally, individual variability in home ranges and core
areas [52—-54] may influence the resighting probability in
photo-ID-based surveys. However, current understand-
ing of their habitat shifts in this region remains limited.
Ng et al. [10] tracked four rehabilitated and released
immature green turtles: one turtle released from Dong-
sha migrated to the Philippines over 143 days, while three
turtles released from Kenting remained within Taiwanese
waters (tracking duration ranging from 124 to 188 days).
Two of these turtles returned from their release sites to
the areas where they were originally found stranded or
bycaught. These findings suggest that immature turtles
can have high variability in home ranges or dynamic
movement patterns, with some traveling large geographi-
cal distances, making them less frequently observed by
volunteer turtle watchers.

Our study showed an increasing temporal trend in sea
turtle residency over the past decade. Cheng et al. [55]
surveyed 432 individual turtles at Liugiu Island from 2011
to 2017 and found that around 10% remained for more
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than one year. Our study found that from 2017 to 2022, of
584 identified individuals, 49% stayed for over a year. It is
possible that the habitat conditions of Liugiu Island have
become more suitable for foraging turtles since 2017.
Two adult-sized turtles (short tail, presumed female) with
flipper tags from the Secretariat of the Pacific Regional
Environmental Programme (SPREP) were sighted in Liu-
qiu Island multiple times each between 2017 and 2022

15

and 2022, respectively, indicating this foraging ground is
also utilized by adults following ontogenetic emigration.
‘This suggests that the foraging grounds around Taiwan,
particularly Liuqiu Island, support all turtle life stages
of turtles and are therefore of heightened conservation
importance.

Our study also identified a small number of resi-
dent turtles on the northeastern coast of Taiwan which
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supports previous suggestions [56] that this area could
be a foraging ground for green turtles. The benthic com-
munity on the northeastern coast consists mainly of turf
algae, macroalgae, and non-reefal coral communities
[42], which may contain a high abundance of Rhodophyta
and Chlorophyta, the main diet of green turtles in reef
ecosystems [57].

One factor to consider is that the foraging grounds
identified in this study may be biased toward sites more
accessible for diving. For instance, Penghu has a notable
number of sea turtles documented through fishing indus-
try bycatch [56] but showed low sightings in our data.
This may be due to the high turbidity of Penghu’s waters,
which likely increased the difficulty of sighting and
recording turtles in the area. Potential biases can occur
in opportunistic observation databases, such as over-
representation of common species [58] and over-sam-
pling of accessible locations [59] due to uneven sampling
efforts. However, such bias can be mitigated by applying
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photo-ID at the individual level in this study, thereby
reducing the likelihood of overestimation. In contrast,
Liuqgiu Island, a popular diving destination with frequent
turtle encounters, yielded significantly more sightings.
This higher resolution data enabled more reliable esti-
mates of residency and population trends, offering a
closer reflection of reality-based population distribution.

Habitat connectivity

Sightings of sea turtles with flipper tags can provide valu-
able information about their previous foraging grounds
or nesting sites, offering insights into habitat connectiv-
ity. This project recovered five turtles with flipper tags,
three of which had visible tag numbers: An olive rid-
ley turtle (PH1004M/PH1005M) originally tagged and
released from Cabangan, Zambales, the Philippines, in
January 2018, was found alive (bycatch) in September
2018 along the east coast of Taiwan (Hualien County); a
subadult green turtle (KK3 0125) originally tagged and
released from Ishigaki Island, Okinawa, Japan, in 2003
was found alive (bycatch) in 2020 along the east coast of
Taiwan (Hualien County); a green turtle (R36192; https:
//turtlespottw.org/turtle-profile/TW01G0082), was an
adult nesting female from Ulithi Atoll, Yap State, Feder-
ated States of Micronesia, where it nested in 2006 and
2012. Notably, this third turtle was first observed at Liu-
qiu Island in 2011 and has been frequently seen foraging
at the same site from June 2017 to May 2022, indicating
that this individual has migrated between Ulithi Atoll and
Liuchiu Island (2,500 km apart) at least twice (Fig. 4). In
additional, both front flipper tags (R36192/R36191) of
this turtle were intact during its first sighting in 2011. By
2017, only one tag (R36192) remained, which was subse-
quently lost in Feb 2020. The information gleaned from
these tagged turtles corroborates previous studies using
satellite tracking and molecular techniques, which dem-
onstrated that Yap in the Federated States of Micronesia
and Yaeyama of Japan are potential source rookeries for
the green turtle foraging aggregations around Taiwan [6,
60]. These observations underscore the importance of
understanding sea turtle migratory patterns and habitat
use across international boundaries and highlight the sci-
entific significance of the collective efforts of citizen sci-
entists to enhance the conservation of sea turtles.

Operation and maintenance of an extensive crowdsourced
conservation network

After seven years of operation (as of 19 August 2024),
TurtleSpot Taiwan Facebook Group has more than
21,723 members from diverse sectors of society, includ-
ing SCUBA and free divers, scientists, schoolteach-
ers, and students, among other members of the general
public. Member profile data described a diverse cohort
of participants, with a nearly even male-to-female ratio
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(45% and 55%, respectively), an age range of 13 to +65
years old (majority within the 35—44 range; 39%). How-
ever, only about 2% of these members have actively con-
tributed turtle sightings, indicating that much of the
engagement represents passive support, such as express-
ing interest in the initiative, rather than active participa-
tion. This low proportion of contributors may also stem
from logistical barriers associated with data collection,
as accessing turtles in their natural habitats typically
requires SCUBA diving or snorkeling, which may limit
broader involvement.

Despite strategies developed to increase public par-
ticipation [61-63], recruitment and retention of citi-
zen scientists remains an ongoing challenge that limits
the efficacy and usefulness of many existing projects.
To maintain recruitment, TurtleSpot Taiwan actively

engages the public through in-person workshops, edu-
cational outreach events, and online interactions, such
as inviting citizen scientists to name the turtles they
reported and providing feedback and photo-ID results to
sighting posts. These initiatives likely contributed to the
good number of recruitments of new participants, with
nearly two-thirds of participants each year being new-
comers. However, our analysis on participant retention
revealed that most participants (52%) contributed only
once and only a small proportion (12.4%) contributed
more than five reports. Correlation analysis indicated
that participants with multiple contributions tended to
remain active in TurtleSpot Taiwan for longer periods.
For instance, 70% of those contributing more than five
reports demonstrated retention of over one year. Similar
patterns were also identified in other studies, where most
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contributors participated only once and with minimal
effort, while a relatively small percentage of contributors
showed higher activity [64, 65]. Meanwhile, although 52%
of participants were single-time contributors, this ratio
is still lower compared to other environmental CS proj-
ects, where single-time contributors often account for
higher proportions (e.g., 72%; [65]). To increase partici-
pation and retention levels, conducting surveys or inter-
views to understand the motivations of citizen scientists
[66], more regular updates on the project’s progress, and
a system of milestones to encourage sustained engage-
ment can be further integrated into the current project’s
framework.

Conservation implications
Qur analyses found that nearly 10% of sightings included
observations of at least one category of injury. These
injured turtles could be due to human prejudice, as citi-
zen scientists are more prone to report rare and charis-
matic species or events [67, 68], leading to over-reporting
of injured turtles; however, it also suggests increased
human activity and tourism [69] may be stressing local
foraging aggregations, similar to the effect seen in other
regions [70]. These data suggest that a comprehensive
management plan is urgently needed, including measures
to reduce boat speeds in hotspot areas and strict regula-
tions on coastal human activity (e.g., rock fishing, sewage
treatment, and coastal construction) to benefit these flag-
ship species and the broader marine ecosystem.
Conservation efforts can make use of crowdsourced
data to complement field-based research by covering a
larger geographic area while engaging a broader public
in conservation efforts. However, achieving high-quality
spatial data requires substantial resource investment,
including building strong community partnerships [71].
Working toward a community contributory approach
in the main foraging grounds (e.g., Liugiu Island, Kent-
ing, Green Island, and the northeastern coast), where
local participants are actively involved in data collection,
analysis, or decision-making, should be the conservation
focus moving forward. The present crowdsourced con-
servation platform can further develop for international
collaboration projects studying global sea turtle foraging
grounds or contribute to the Internet of Turtle, a web-
based photo-ID system with a worldwide database [72].
Our study provides evidence that this citizen science
platform is important in providing reliable, long-term
global monitoring data for tracking changes in sea turtle
aggregations and foraging grounds, enabling adaptive
management strategies that can respond effectively to
global climate change issues.

Abbreviations
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Abstract

Background

We describe a dataset of sea turtle sightings around the coast of Taiwan and its islands
(Hoh and Fong 2022). This data collection was initiated by TurtleSpot Taiwan, a citizen-
science project that collects sea turtle sighting data. This dataset includes 3,515 sighting
data dated from March 2010, except most of the data (n = 3,128; 89%) were collected
between June 2017 to December 2021. Sightings were reported by citizen scientists to the
Facebook Group of TurtleSpot Taiwan by providing occurrence information. We also
requested photos and videos for species identification and to record any physical
abnormality of the turtle, if observable. In addition to recording data often associated with
an occurrence, TurtleSpot aims to identify each sea turtle up to the individual level using
the Photo Identification (Photo ID) method. Hence, if photos of left facial scutes were
available, the sighted individual can be identified and given a unique turtle ID. In total, 762
individuals were assigned a turtle ID, comprising 723 Greens (Chelonia mydas), 38

@ Hoh D etal. This is an open access article distributed under the terms of the Creative Gommons Attribution License (CC BY
4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are
credited.
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Hawksbills (Eretmochelys imbricata) and one Olive Ridley (Lepidochelys ofivacea) turtle.
This dataset is now publicly opened in Global Biodiversity Information Facility (GBIF) and
available for download. It is hoped that the data may assist in future ecological studies and
the development of conservation measures.

New information

This dataset contains 3,515 occurrence records of sea turtles (Cheloniidae) and is
currently the largest public dataset of sea turtle sighting records in Taiwan. Post-publication
of this dataset to the GBIF platform demonstrated that the number of Green sea turtle
Chelonia mydas records in Taiwan is one of the largest in the world (last accessed date:
15-10-2022). The data served as the foundation for understanding biogeography and sea
turtle ecology in Taiwan's coastal waters.

Keywords

sighting data, citizen science, coastal waters, photo identification

Introduction

People involved in citizen-science programmes have played a major role in contributing
occurrence data of diverse organisms worldwide (Global Biodiversity Information Facility
2022, iNaturalist 2022). Following technological advancement, citizens can now report their
sightings simply by using a mobile phone with an internet connection to biodiversity-
associated citizen science platforms, such as iNaturalist and eBird. In addition, some
citizen-science programmes are now incorporated with the use of social media for
biodiversity data collection (Liberatore et al. 2018, Oliveira et al. 2021). One of the
advantages of using social media platforms is the convenience and great opportunity for
the recruitment and retention of volunteers and Facebook is the most widely used (Oliveira
et al. 2021). For example, the Taiwan Roadkill Observation Network effectively use the
Facebook Group for interactions within the community and collection of information,
making it one of the most successful and active citizen-science projects in Taiwan.

Sea turtles are migratory Chelonian species that travel between nesting and foraging sites
during their life cycle. In Taiwan, much is known about the nesting ecology (Cheng et al.
2009, King et al. 2013, Cheng et al. 2015, Cheng et al. 2018), owing to the easier
accessibility of the nesting sites. Nonetheless, understanding of the foraging population
and its ecology is still limited. Recognising the gap, TurtleSpot Taiwan - a community-led
citizen-science initiative was founded to collect data with the majority focusing on the
sighting of sea turtles underwater. This project started in 2017 and receives sighting
reports provided by citizen scientists via the TurtleSpot Facebook Group. In addition to the
sighting reports, TurtleSpot aims to develop a database of turtle profiles in Taiwan by
identifying each individual turtle using the Photo ID method (Dunbar et al. 2021). We
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identified sea turtle individuals through their unique facial-scutes patterns and record any
distinct characteristics of their physical appearances, such as carapace or limb injury, if
available. To encourage continuous reports of the citizen scientists, we allow the sighting
reporter to name the turtle if the individual is a new record in our database.

The purpose of preparing the current dataset was to publicly open the data for
advancement, especially in the scientific and conservation communities. The data of
TurtleSpot Taiwan have allowed a basic understanding in biogeography of foraging sea
turtles in Taiwan and some ecological observations of sea turtles in the wild, such as
witnessing the recovery of some injured turtles, types of behaviour, intra- and inter-species
interactions and physical abnormalities.

Sampling methods

Step description: 1. Data collection: Citizens who encountered sea turtles reported their
sightings to us via our Facebook Group. Reporters post a regular post to the Group
following our reporting format (Fig. 1) to contribute sighting information including sighting
location, date, time, depth, observation method, photographs of the whole body and left-
and right faces of the turtle individual.

2. Quality control of sighting report received: Each sighting reported to the Group was first
checked by the group administration prior to approval. The group administration checked if
the post followed the reporting format mentioned above and the sighting provider will be
requested to provide any of the missing information unless unavailable. Once the
submitted post passed the quality check, the post will be approved by the group
administration to be visible in the Facebook Group.

3. Data transcription: Sighting information contained in the post/report was transcribed into
Google Sheets as raw data.

4. Determine additional information from the sighting report: We recorded additional
information about the occurrence through the sighting reporter's notes of onsite
observation and our identification through the provided photos and videos. Additional
information included the biological characteristics of the sighted individual turtle (sex, life
stage, behaviour, associated taxa) and physical abnormality of the turtle (e.g. fishing line
entanglement, tumour and others).

5. Sea turtle individual identification: If clear photos of the left face of the sighted turtle were
provided in the report, we use the Photo Identification (Photo ID) method to identify the
turtle individual. Currently, we use two methods to perform Photo ID: (1) compare the facial
scute pattern manually and (2) HotSpotter (Crall et al. 2013, Dunbar et al. 2021), open-
source software for pattern recognition in wildlife research. Each sea turtle individual was
assigned a unique turtle ID. The turtle ID was assigned as follows: Country code, site code,
species code and sequence number. For example, in TWO1G0082, “TW”, “01”, “G” and
“0082" stands for Taiwan, island or county label, green turtle and unique number for the
individual, respectively.
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6. Open data preparation: The language used in most of the recorded data is Traditional
Chinese. Nevertheless, valuable information including sighting location, method, common
name and life stages which allowed future data use was translated into English. We
converted the occurrence data into Darwin Core Archive standard in Google Sheets, an
online spreadsheet tool, using the Darwin Core Archive Assitant Add-on (Salim and Saraiva
2020). Refer to the Data resources section for a detailed description of each column. We
then validated the occurrence dataset using the Data Validator developed by GBIF (Global
Biodiversity Information Facility 2017). Lastly, we uploaded, stored and published the
dataset using The Integrated Publishing Toolkit (IPT) of GBIF installed under the Taiwan
Biodiversity Information Facility. The data is then opened on the IPT and GBIF for the
public to access.

K3 TurtleSpot Taiwan

C\ Facebook User

Date: 2020/06/16

Time: 09:35

Location: Liuchiu Island

Dive site: Lobster Cave

Depth: 3 m

Sighting method: SCUBA diving

Note: Not afraid of divers, swimming gracefully!

Whole body

Figure 1. [ doi |

Format of reporting sea turtle sighting to TurtleSpot Taiwan. Facebook icon made by Freepik
via Flaticon.

Geographic coverage

Description: Most of the sighting data were from Taiwan and its islands (Fig. 2) and only a
few (n = 35) were from other countries which include Indonesia, Philippines, Malaysia,
Palau, the Mariana Islands, Japan, Maldives and United States.
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Location of sea turtle sightings in Taiwan. Data outside of Taiwan are not shown. Map was
plotted using the R package 'rnaturalearth' (South 2017).

Taxonomic coverage

Description: Four species of sea turtles were recorded in the dataset, including Green
turtle (Chelonia mydas), Hawksbill (Eretmochelys imbricata), Olive Ridley (Lepidochelys
olivacea) and Kemp's Ridley (Lepidochelys kempii). Most of the sea turtle sightings in the
dataset were of Green and Hawksbill turtles (97.3% and 2.4%). Occurrences that failed to
assign species (n = 11) were recorded as Cheloniidae.

Taxa included:

Rank Scientific Name Common Name
kingdom Animalia Animal

phylum Chordata

subphylum Vertebrata

superclass Reptilia

order Testudines

suborder Cryptodira

superfamily Chelonioidea Sea turtle

family Cheloniidae
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genus Chelonia

genus Eretmochelys

genus Lepidochelys

species mydas Green
species imbricata Hawksbill
species olivacea Olive Ridley
species kempii Kemp's Ridley

Temporal coverage
Data range: 2010-3-23 - 2021-12-29.

Notes: TurtleSpot was officially founded in June 2017. Hence, most sighting records range
from June 2017 to December 2021, comprising about 89% (n = 3,128) of the dataset
(Fig. 3). Occasionally, we receive sighting reports dated before June 2017, with the earliest
dated 23 March 2010. Sighting reports dated before June 2017 were accepted and
recorded if the sighting reporters could provide both photos/videos and occurrence
information by following our reporting format as described in the Step description.
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Number of sighting records across the year. '"NA' indicates no sighting year was given.
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Usage licence

Usage licence: Other

IP rights notes: The dataset in the current work is licensed under a Creative Commons
Attribution (CC-BY) 4.0 Licence. Any image and video accessed through the URL from the
dataset are licensed under the Creative Commons Attribution (CC-BY-NC) 4.0 Licence.

Data resources

Data package title: Sea turtle sightings in Taiwan

Resource link: https://doi.org/10.15468/43z4m|

Number of data sets: 1

Data set name: Sea turtle sightings in Taiwan
Data format: Darwin Core Archive
Data format version: 2021-07-15

Description: The dataset contains data of two major categories: data associated with
the occurrence and data related to the biological characteristics of the sighted turtle
individual. The former category consists of information during the sighting event such
as date, time, location, geographical coordinates, observation method and species.
The latter category characterised the observed turtle individual using our controlled
vocabulary (see Suppl. material 1) during the sighting, including data such as living
status, life stage, sex, physical abnormality and associated organism. The data allowed
future research studies, such as biogeography, sea turtle foraging ecology that includes
habitat use, sex ratio, abnormalities encountered and intra- and interspecies
interaction. The data may also potentially guide any policy-making process through the
assessment of species conservation status and diversity in the area of occurrences.

Some additional remarks on the dataset:
1. On average, 57 sighting reports were received monthly;

2. More than half (n = 2,235; 63.6%) of the data were provided by citizen scientists.
The remaining data (n = 1,280; 36.4%) was records contributed by two of the co-
authors as part of the citizen-science programme;

3. So far, only turtle sightings in Taiwan were given a turtle ID.

Data fields were standardised into 46 Darwin Core terms as listed in the following table.
The column label and some of the relevant descriptions are written as listed in the List
of Darwin Core terms (accessed June 2022; created by the TDWG Darwin Core

164



Hoh D et al

Maintenance Group). A more specific description of the column used in the current
dataset was also added if applicable.

The dataset is publicly opened in GBIF (see Resource link) and users can download
the occurrence dataset in CSV format through the ‘Download’ section of the dataset
page. The dataset can also be downloaded using GBIF API-based tools such as ‘rgbif’
and ‘pygbif’ for further analyses.

Column label

occurrencelD

catalogNumber
rightsHolder
recordedBy

year

month

day
eventDate
eventTime
country
countryCode

higherGeography

locality
locationRemarks

decimalLatitude

decimalLongitude

coordinateUncertaintyInMetres

Column description

An identifier for the Occurrence (as opposed to a particular digital record of the

occurrence).

An identifier unique for the record within the dataset.

A person or organisation owning or managing rights over the resource.
Names of the sighting reporter/citizen scientist.

The four-digit year in which the Event occurred, according to the Common Era

Calendar. Year of sighting.

The integer month in which the Event occurred. Month of sighting.

The integer day of the month on which the Event occurred. Day of sighting.
Sighting date.

The time or interval during which an Event occurred.

The name of the country in which the Location occurs.

The standard code for the country in which the Location occurs.

A list of geographic names less specific than the information captured in the

locality term.
Name of the sighting location or dive site.
More specific location compared to locality, usually the name of the dive site.

The geographic latitude (in decimal degrees, using the spatial reference system
given in geodeticDatum) of the geographic centre of a Location. Positive values
are north of the Equator, negative values are south of it. Legal values lie between

-90 and 90, inclusive.

The geographic longitude (in decimal degrees, using the spatial reference system
given in geodeticDatum) of the geographic centre of a Location. Positive values
are east of the Greenwich Meridian, negative values are west of it. Legal values lie
between -180 and 180, inclusive.

The horizontal distance (in metres) from the given decimallatitude and
decimalLongitude describing the smallest circle containing the whole of the

Location.
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georeferenceRemarks

geodeticDatum

verbatimDepth

samplingProtocol

associatedReferences

basisOfRecord

individualCount

kingdom
taxonRank
vernacularName
scientificName

taxonlD

behaviour
occurrenceRemarks

dynamicProperties

associatedTaxa

lifeStage

organismName

licence

A note stating that our GPS coordinates were estimated from the dive site or

sighting location.

The ellipsoid, geodetic datum or spatial reference system (SRS) upon which the

geographic coordinates given in decimallatitude and decimalLongitude are based.

The original description ofthe depth below the local surface. This is an estimation

provided by the sighting reporter.
Sighting method of the Occurrence.

An URL links to the Facebook post from the sighting reporter in our Facebook
Group, which we define as a single Occurrence event. The link may be broken if

the sighting reporter decided to delete the post.
The specific nature of the data record.

Our purpose of preparing this occurrence dataset is to identify each turtle
individual. Hence, if a sighting report contains more than one sea turtle, this
occurrence record will be duplicated as a new row. Hence, the individual count of

each data is only "1".

The full scientific name of the kingdom in which the taxon is classified.
The taxonomic rank of the most specific name in the scientificName.
A common or vernacular name.

The full scientific name.

An identifier for the set of taxon information (data associated with the Taxon class).

We use the URL of species in GBIF Backbone Taxonomy checklist.

The behaviour shown by the subject at the time the Occurrence was recorded.
Condition ofthe turtle during the sighting (e.g. alive, dead, stranded).

Any physical abnormality that was observed (e.g. injury, tumour, debris

entanglement).

A simple description of association and vernacular name of taxa in which this

Occurrence is to each of them.

The age class or life stage of the organism at the time the Occurrence was

recorded. Estimated via physical appearence of the sighted turtle.

The sex of the biological individual represented in the Occurrence. Determination
of sex is only applicable to adult sea turtles through the size of their tail. Sex

determination is successful only when photos/videos of the tail are available.

Atextual name or label assigned to an Organism instance. Mostly named by the

citizen scientists.

A legal document giving official permission to do something with the resource. The

licence in this column is applied to the text data of this dataset only.
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identificationID Turtle ID. Every identifiable turtle individual has a unique ID.

associatedMedia An URL links to the website of TurtleSpot Turtle Photo ID database, which show

media and information about this particular individual.

identifiedBy Names of people who identified the turtle individual via Photo-ID method.
informationWithheld Additional information that exists, but that has not been shared in the given record.
occurrenceStatus A statement about the presence or absence of a Taxon at a Location. All value is

‘present’ in the current dataset.

eventRemarks Notes about the incomplete sighting eventDate.
continent The name of the continent in which the Location occurs.
county The full, unabbreviated name of the next smaller administrative region than

stateProvince (county, shire, department etc.) in which the Location occurs.

island The name of the island on or near which the Location occurs.
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