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Abstract: Sea turtles are keystone species in marine environments due to their essential role as
seagrass grazers and population regulation of jellyfish and sponges in coral reefs. However, due
to their predominant presence in coastal areas, sea turtle populations face significant threats due
to the impact of human activities. In this systematic review, 655 peer-reviewed publications were
analyzed to assess the extent of population monitoring for all seven sea turtle species. The analyses
revealed that, although population monitoring studies have increased for sea turtles in the past
four decades, these have been biased towards certain species and oceanic regions. Furthermore, sea
turtle population monitoring has been undertaken primarily using field-based methods, with satellite
tracking and nest surveys being the most commonly used methods; however, the implementation of
genetic methods for population monitoring has increased since the 2000s. Direct conservation recom-
mendations from this study include the urgent need to establish population monitoring studies in
the Critically Endangered Kemp's ridley and hawksbill and the Data Deficient flatback. Furthermore,
population monitoring programs should be implemented in Southeast Asia and Northern and Central
Africa, where knowledge on sea turtle populations is still limited. Finally, due to the long-distance
movements of sea turtles, we also advocate for international cooperation and collaboration of local
communities to protect these ecologically important and iconic marine species.
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1. Introduction

Protecting marine biodiversity is crucial for ensuring the functioning of marine ecosys-
tems and the sustainability of resources derived from them. Therefore, it is the primary
focus of the UN Decade of Ocean Science for Sustainable Development [1,2]. Unfortunately,
species diversity and abundance in the marine environment continue to decline due to
anthropogenic activities [3], with sea turtles, in particular, being vulnerable to the impact
of human activities in the ocean [4].

Sea turtles are keystone species in marine environments due to their vital role in regu-
lating jellyfish and sponge populations through predation, and seagrass health through
grazing [5]. There are seven species of sea turtles found throughout the world: green
(Chelonia mydas), Kemp’s ridley (Lepidochelys kempii), leatherback (Dermochelys coriacea), olive
ridley (Lepidochelys olivacea), hawksbill (Eretmochelys imbricata), loggerhead (Caretta caretta) and
flatback (Natator depressus). Five of the seven sea turtle species disperse widely throughout the
world; green, loggerhead, leatherback, hawksbill, and olive ridley turtles all forage and breed
along the coasts of every continent except Antarctica [4]. The flatback is the only sea turtle
species present across the eastern limits of the Indian Ocean and does not migrate to the extent
that the other species do [6]. The Kemp’s ridley sea turtle is also regionally limited, typically
ranging across the Gulf of Mexico and the western Atlantic, although some individuals have
been observed in the Mediterranean Sea [7].
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Sea turtles are predominantly present in coastal areas and, therefore, are impacted
by different human activities that result in declines of sea turtle numbers for decades [8].
Sea turtles have a strong natal homing and return to the shores on which they hatched for
breeding [9-11] and, hence, the increasing development of coastal shores has had a detri-
mental impact on their movement and migration [2,12]. Furthermore, sea turtles can dis-
perse across entire oceans to find foraging grounds, traveling through multiple international
economic zones with varying fishing and offshore development regulations [2,12]. Death
from bycatch during fishing operations significantly threatens their populations [13]. Hu-
mans also hunt sea turtles for consumption, particularly in Central America and Asia [14].
Available reports assessing the impact of sea turtle hunting indicate that c. 42,000 deaths
occur annually [15], although the actual number is likely much higher. Other threats to
sea turtles are predation of clutches in unprotected grounds, including nesting beaches, by
introduced predators [16]. Furthermore, changes in environmental temperatures affect the
sex ratio of sea turtles, with rising temperatures of the sand offsetting the hatchling ratio
towards the development of female offspring, ultimately reducing population viability due
to fewer breeding partners [17].

The multiple threats that sea turtle species face have led to their recognition as threat-
ened species and are listed on the IUCN Red List. The Kemp’s ridley turtle and the
hawksbill are classified as Critically Endangered, and the green turtle as Endangered. The
leatherback, the olive ridley, and the loggerhead are all classified as Vulnerable, and the
flatback as Data Deficient [4]. All seven sea turtle species are listed under Appendix I of
the Convention on International Trade in Endangered Species of Wild Fauna and Flora [18],
and except for the flatback, they are also either classified as Threatened or Endangered
on the Endangered Species Act, ESA [4]. The conservation status of sea turtle species is
still a matter of concern due to the lack of available data to determine with confidence the
significant population risks [5,18].

Population monitoring is an approach for obtaining critical information on sea turtle
population trends needed to inform conservation and management actions [19-21]. How-
ever, assessing sea turtles” long-term population viability is difficult due to the challenges of
collecting accurate, consistent, and diverse data for monitoring purposes [21]. In addition to
their wide-ranging migratory patterns, sea turtles mature late, approximately when they are
20 to 30 years old, and have a long lifespan ranging from 50 to 100 years [13,19,22]; therefore,
requiring long-term monitoring projects to collect robust data about their populations.

Field-based methods for gathering data on the movements of marine species include
counting individuals or nests and tagging and tracking individuals, commonly via satel-
lite, capture-mark-recaptures, and nest surveys [23-25]. These approaches can provide
information on foraging grounds, nesting locations, population abundance, and migratory
patterns [21,25-28]. Some of these field-based methods can also benefit from citizen-based
data collection, an effective way to gather large quantities of data and garner local education
and cooperation [29]. However, obtaining robust estimates of population parameters such
as survivability and migration requires data collection over years, and even decades [21].
Fishery data, such as bycatch records, are often used to estimate the abundance of sea turtle
species in an area [30], but this approach may be prone to errors, as it is sensitive to human
biases and dependent on the accuracy of the logs and cooperation and standardization of
reporting across international fisheries [31].

Genetic monitoring methods can help overcome some of the challenges encountered
when implementing field-based methods and provide estimates of population parameters
such as genetic diversity, levels of inbreeding, gene flow, hybridization, or the geographical
origin of individuals [32-36]. Genetic methods are often costly; therefore, substantial
funding is needed to implement them in population monitoring projects [37]. Ultimately,
genetic and field-based monitoring are necessary to understand wildlife populations [36].

Here, we present the results of a systematic review of peer-reviewed literature on sea
turtle population monitoring to provide an overview of the conservation-relevant data
on these iconic and keystone marine species. In particular, we assess the extent to which
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population monitoring (field-based and genetic) has been conducted for the seven species
of sea turtles in the past four decades. The analyses highlight taxonomic, geographical,
conservation status, and data acquisition gaps and biases that should be addressed to
protect sea turtle populations. In this study, we refer to population monitoring in a broad
sense, including studies representing population characterization to obtain baseline data as
a first step in a monitoring program.

2. Materials and Methods

This systematic review gathered data from peer-reviewed publications for all seven rec-
ognized sea turtle species: green, hawksbill, leatherback, loggerhead, olive ridley, Kemp’s
ridley, and flatback. Further information was obtained about each sea turtle species, in-
cluding conservation statuses and species characteristics from the IUCN Red List website.
Different sources were consulted to obtain details on legislation explicitly implemented
to protect sea turtles and global funding for sea turtle conservation. Publications in peer-
reviewed journals were gathered by searching several established literature databases,
Web of Knowledge, PubMed, Mendeley, and DiscoverEd (the local library service of The
University of Edinburgh). Search criteria were established to filter through publications
and select those representing sea turtle population monitoring studies: 1. The publications
needed to include short-term or long-term empirical research on one or more sea turtle
species; 2. No literature reviews, systematic reviews, or meta-analyses were included;
3. The studies needed to present data on monitoring individuals or populations using any
method; 4. Studies could cover any oceanic region, as sea turtles are found globally; 5. The
publication date range was set from 1980 to 2020.

As a first step, following the criteria above, database searches were conducted with
only the keywords “sea turtle” and “monitoring.” This first search resulted in over
30,000 results across all databases. To narrow down the number of publications to be
evaluated a new set of keywords was established: “sea turtle”, “population”, “monitor-
ing”, and “conservation”. These keywords were used in combination with each of the
seven species’ names (both common and scientific names), which resulted in 14 unique
searches in each database (e.g., “sea turtle” AND “population” AND “monitoring” AND
“conservation” AND “Chelonia mydas”). Additional searches were conducted with the
same keywords (as described above) plus the keywords “Satellite”, “Tagging”, “Telemetry”,
“Capture-Mark-Recapture”, “Fishery”, “Citizen”, “Drone”, “Photo Identification”, “Nest
Surveys”, “Historic Data” and “Genetics” to cover the different approaches/methods to
conduct population monitoring (see Table 1). The total number of records retained from
the databases for further analyses was 2017.

Table 1. Variables recorded from the sea turtle population monitoring studies (including inebreak
population characterization).

Variable

Details

Species Name

Population status
Publication year

Publication Details

Locations

Common and scientific name of all the sea turtle species included in the study

Population trend is increasing, decreasing, or stable
Year of publication of the study
Title and authors of the study

257 unique locations categorized by country and oceanic region. These locations varied between studies, as some
studies focused on large oceanic areas, and others on smaller gulfs/seas, or specific coastlines. The oceanic
regions were defined as northwest, northeast, southwest, and southeast sections of the Atlantic, Pacific, and
Indian oceans. Because of the long-distance migration of sea turtles, several studies represented monitoring of sea
turtles across entire oceans, and this was recorded as “entire ocean”. When the study was on a particular sea turtle
population, the country (or countries) referred to as part of the sampling area was recorded.
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Table 1. Cont.

Variable

Details

Population parameters

Type of monitoring

TIUCN information

Field-based monitoring

Genetic markers

Divided into 12 categories: abundance (current/historic), gene flow, genetic diversity, habitat range,
hybridization, migration, multiple paternity, origin, phylogeny, population structure, sex ratio, and survivability.

Field-based monitoring methods versus genetic monitoring methods.

Conservation status; current status, previous status, dates of all assessments, range of the species, and list of
threats to the species. Data extracted from the IUCN Red List of Threatened Species website.

Field-based methods for population monitoring were categorized into 24 unique methods. The top five most
commonly used approaches used for time-series analyses were: satellite (satellite tracking of individuals), nest
surveys (clutch and egg counts), tagging (capture-mark-recaptures of tagged individuals), existing /historic data
(reanalysis of previously published data to establish current population trends), and fishery data (reports from
sightings and accidental bycatch). The duration of the field-based monitoring studies was also recorded (i.e., the
total observation time used for analysis in these studies).

Genetic markers used in genetic monitoring studies. These included: microsatellites, mitochondrial DNA (control
region, cytochrome b, cox1, minisatellite, and mitogenome), single nucleotide polymorphisms (SNPs), nuclear
sequences (nDNA), and other genetic markers (major histocompatibility complex, transfer RNA, and banded krait
minor satellite).

The 2017 records were automatically imported into Zotero v.5.0.92. The data extracted
from the publications included titles, authors, publication sources, publication date, source
type, and abstracts. Due to the overlap of records found by searches in different databases,
duplicates were identified, and 956 records were deleted. The remaining records (1061)
were inspected manually to ensure they met the established criteria. After this manual
filtering, the number of publications was 655, and these were selected for further analysis.

The final 655 publications were read in detail, and relevant data were extracted and
recorded in a spreadsheet using Excel v.15.0.5337. In addition to the publication details (see
above), the data collected included the species studied, the population status, the study’s
oceanic location, the population parameter(s) assessed or estimated in the publications, and
data on the population monitoring methods (field-based and genetic), including population
characterization used in the study. Furthermore, the IUCN Red List website was consulted
to record data on each species’ conservation status, population trends, and threats (Table 1).
Finally, each variable analyzed in this systematic review was standardized and further
categorized for comparison (see below).

2.1. Variables Recorded

The variables recorded from each selected publication were taxonomic representation
(sea turtle species name(s) included in the study), population parameters, oceanic regions,
conservation status, population trends, field-based monitoring methods, genetic monitoring
methods, and in the case of studies including genetic techniques, the type of genetic markers
used for the estimation of population parameters was also recorded (see Table 1 for details).

In addition to the oceanic regions covered by each study, the number of sea turtle
species present in each oceanic region (not necessarily included in the paper) was also
recorded to assess research effort per species in each region. The number of sea turtle species
in each region was collected from the IUCN Red List of Threatened Species website [4].
Information on the conservation status of each species included the current conservation
status, previous conservation statuses (and dates of those), the most recent assessment
dates, the species’ global range, and noted threats to the species (Table 1). The conservation
status of the sea turtle species across all years included the categories of Data Deficient,
Vulnerable, Endangered, and Critically Endangered.

The population trends for five of the seven sea turtle species at the time the study
was conducted were determined as Decreasing on the IUCN Red List website, namely
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for the green, loggerhead, leatherback, olive ridley, and hawksbill [4]. In addition, the
population trend for Kemp’s ridley was reported as Unknown, and for the flatback reported
as Unspecified [4]. To further assess population trends, studies reporting statistically
significant population trends, either decreasing or increasing/stable, were further evaluated
and the direction of the trend recorded. Furthermore, population trends were assessed for
each sea turtle species by recording if the study (reporting significant population trend
changes) was published before or after the latest species IUCN species assessment. This
comparison would help highlight the extent to which a species has been reported to increase
or decline since its last IUCN assessment and whether the IUCN status reflected up-to-date
population trends.

The type of population monitoring approach used in each study was recorded. Details
on monitoring approaches included whether the method was field-based or genetic. Field-
based population monitoring methods were categorized further (Table 1). For field-based
monitoring studies, observation time was recorded, and the average duration and median
of the monitoring across all studies calculated. Citizen participation in studies was also
recorded. For those studies including genetic monitoring methods, the genetic marker(s)
used in this study were also recorded (Table 1).

2.2. Data Analyses

Data analyses followed a similar approach to those adopted by [37]. Descriptive statis-
tics were conducted for all the variables recorded, and the data were plotted using Excel
v.15.0.5337. These descriptive statistics included the number of studies and percentages for
each variable assessed in the systematic review. In addition, population monitoring (includ-
ing population characterization) effort in terms of number of publications per coastal region
was visualized with heat maps using Maptive (available at: https:/ /www.maptive.com/
accessed on 21 March 2021).

Temporal patterns, in terms of the number of studies over time (1980-2020), were also
analyzed for the following variables: 1. Sea turtle population monitoring studies; 2. Studies
per oceanic region; 3. Studies according to IUCN species conservation statuses; 4. Studies
assessing each category of population parameters; 5. Studies that implemented field-based
monitoring methods; 6. Studies that implemented genetic monitoring; 7. Studies using a
particular genetic marker. For those variables that included many categories, only the five
most common categories were analyzed to examine patterns over time. This applied to
the following variables: oceanic region, field-based methods, and population parameters.
Patterns over time were examined by conducting time-series analyses of these variables
using XLSTAT v.2021.1.1. These analyses were performed first using each data set with a
moving average model to remove noise and determine any underlying patterns. Next, the
patterns over time were determined using a Mann-Kendall test using the smoothed data
for each variable (significance of patterns defined by p < 0.0001). Finally, significant shifts
in the datasets over time were assessed using Pettitt’s test, which determined the year that
the data shifted (based on the resulting t-value, and determined statistically significant
when p < 0.001).

3. Results
3.1. Taxonomic Representation

Overall, the number of population monitoring studies on sea turtles increased over
time and for all species (Mann—Kendall test, p < 0.0001; Figure 1a, Table S1). However, the
data were not homogeneous, with the Pettitt’s test indicating positive shifts in the number
of studies on sea turtle population monitoring in 1996, 2002, 2007, and 2013 (Pettitt’s Test,
p < 0.0001; Figure 1a). Furthermore, a taxonomic bias was found in population monitoring
studies on sea turtles, with the largest percentage of studies focusing on green turtles
(40.15% of the studies) and loggerhead turtles (32.31%). The remaining studies focused on
hawksbill turtles (21.37%), leatherback turtles (16.03%), olive ridley turtles (9.31%), Kemp’s
ridley turtles (5.65%), and flatback turtles (2.60%); see Table S1.
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Figure 1. Annual trends of the variables assessed from sea turtle population monitoring studies
(including population characterization): the total number of publications/studies (a), oceanic re-
gions (b), studies per IUCN conservation status (c), population parameters (d), top five most used
field-based methods (e), use of genetic vs. field-based monitoring (f), top five most used genetic
markers (g). Statistical significance for all the time series was confirmed by Mann-Kendall tests
(p < 0.0001).

3.2. Oceanic Regions

The most significant effort of sea turtle population monitoring has been conducted
in the Caribbean Sea/Gulf of Mexico (46.26% of the total studies reviewed), followed by
Mediterranean Sea (30.23%), NE Pacific Ocean (25.04%), the NW Atlantic (21.37%), the
SW Atlantic (15.42%); see Figures 1b, 2 and S1, and Table S2. The least studied oceanic
regions were the Philippine Sea and the Tasman Sea, with only one study each (0.31% of the
total studies). Considering the five most studied oceanic regions, population monitoring
studies per species were as follows: in the Caribbean, most population monitoring has
been conducted on hawksbill and green turtles; in the Mediterranean on loggerhead turtles,
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in the NE Pacific Ocean on green turtles; in the NW Atlantic on loggerhead, and the SW
Atlantic on loggerhead and hawksbill. For details, see Figure S1 and Table S2.
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Figure 2. Heat map illustrating the sea turtle population monitoring (including population character-
ization) effort per coastal region. Colors range from green (low number of studies) to yellow to red
(high number of studies). This heat map does not include far-reaching studies (i.e., migratory path
studies), as these studies covered entire oceanic regions and cannot be pinpointed to one location.
Map prepared with Maptive.

When looking at population monitoring conducted per species and oceanic region,
most population monitoring studies on green, hawksbill, leatherback, and Kemp’s ridley
turtles were conducted in the Caribbean, for loggerhead turtles mainly in the Mediterranean,
olive ridley turtles mainly in the NE Pacific Ocean, and flatback in the Indian Ocean; see
details in Figure S1 and Table S2. Flatback turtles are limited to the shorelines around
Australia [4], with most studies conducted on the coast of Western Australia. Kemp's ridley
turtles are primarily found in the Caribbean and the Atlantic Oceans, where most studies
have been conducted. However, a few population monitoring studies have focused on
individual Kemp's ridleys that have been able to cross into the Mediterranean Sea [7].

Time-series analyses assessing the effort on sea turtle population monitoring in the
five most studied oceanic regions (Caribbean, Mediterranean, NE Pacific, NW Atlantic, and
SW Atlantic) indicated a positive trend over time (Mann—Kendall test, p < 0.0001; Figure 1b).
However, the trends were not homogeneous across years (Pettitt’s test, p < 0.0001), with
positive shifts in the number of studies conducted in the Mediterranean and the NW
Atlantic in 1999, for studies on the NE Pacific in 2001, for studies on the Caribbean/Gulf of
Mexico in 2002, and in for studies in the SW Atlantic 2003 (Figure 1b).

3.3. Conservation Status

Overall, the highest number of population monitoring studies in any given year was
on sea turtle species categorized as Endangered. However, a marked decline in studies
on Endangered species was observed after 2014, when more studies focused on sea turtle
species categorized as Vulnerable (Figure 1c). Positive shifts in the number of population
monitoring studies on Endangered and Critically Endangered sea turtle species were
indicated in 2001, for Data Deficient in 2003 (although the number of studies remains
significantly lower than for other conservation status categories), and for Vulnerable in
2006 (Pettitt’s test, p < 0.0001).

The percentage of population monitoring studies published per species after their
last conservation status assessment in the IUCN Red List of Endangered Species were
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as follows: flatback (88.24% of the total number of studies in this species), green turtle
(85.93%), hawksbill (82.86%), olive ridley (72.13%), leatherback (47.62%), and loggerhead
(42.18%); see details in Table S3. Kemp’s ridley turtle’s species conservation status was
assessed in 2019; 13.51% of studies on Kemp’s ridley population monitoring were published
since this recent assessment (Table S3).

3.4. Population Parameters

The population parameters most assessed or estimated in sea turtle population mon-
itoring studies were abundance (31.45% of all studies reviewed), habitat range (26.26%),
population genetic structure (21.07%), origin (15.73%), survivability (14.20%), and genetic
diversity (10.23%); see Figure 1d and Table S4. The number of studies estimating these
parameters significantly increased over time (all Mann-Kendall tests with p < 0.0001).
Pettitt’s tests indicated significant positive shifts in the number of studies (p < 0.0001) for
abundance, habitat range, and survivability in 1999, for genetic diversity in 2001, and for
population genetic structure in 2003 (Figure 1d).

3.5. Population Trends

Over a quarter (25.5%) of the population monitoring studies analyzed reported statis-
tically significant trends of population increase, stabilization, or decline. The other studies
either did not report population trends or, if reported, were not statistically significant.
Significant increasing or stable population trends before and after the last IUCN species
assessment were reported for all sea turtle species but the percentage of studies reporting
this differed among species (Figure 3). The percentage of studies reporting a significant
increasing or stable population trend before the last IUCN species assessment was notably
higher for Kemp’s ridley and leatherback. In contrast, for green, hawksbill, and olive, the
percentage of studies reporting a significant increasing or stable population trends were
much higher after the last IUCN species assessment. For flatback, the same percentage
of studies reported a significant increasing or stable population trend before and after
the last IUCN assessment. Significant decreasing population trends before the last IUCN
species assessment were reported in studies in leatherback, olive, loggerhead, hawksbill,
and green (Figure 3). The percentage of studies reporting significant decreasing population
trends before their respective last [IUCN species assessment was higher for leatherback,
olive, and loggerhead. No studies on Kemps’ ridley or flatback reported a significant
decreasing population trend before their IUCN species assessments. Significant decreasing
population trends after the last IUCN species assessment were reported in studies for all
species, with the highest percentage of studies reporting this found in flatback, followed by
green, hawksbill, leather, and olive (Figure 3). When comparing the percentage of studies
reporting significant decreasing population trends before and after the last IUCN species
assessment, it was notable that there was a substantial increase of studies reporting popu-
lation decreases for green and hawksbill. In contrast, for leatherback and loggerhead the
percentage of studies reporting population decrease after the last IUCN species assessment
was much lower than before their last assessment. For olive, the percentage of studies
reporting population decrease before and after the IUCN species assessment did not differ.
The dates of the IUCN species assessment for sea turtles ranged from 1996 (flatback) to
2019 (Kemp'’s ridley), see Table S3 for details.
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Figure 3. Percentage of population monitoring studies (including population characterization) that
indicated significant positive or stable population trends per species (top graph) or decreasing
population trends (bottom graph). Grey bars indicate reporting of those trends before each species’
most recent [UCN Red List species assessment; black bars indicate reporting of significant population
trends after the most recent IUCN Red List species assessment.

3.6. Field-Based Monitoring Approaches

Field-based monitoring methods were used in 424 studies (i.e., 64.73% of the total
studies reviewed). The most used methods were satellite tracking (31.60% of the studies
using field-based methods), followed by nest surveys (29.48%), and tagging /capture-mark-
recapture (19.10%). Use of existing/historic data and fishery data to estimate population
numbers, each represented 12.26% of the field-based studies. An element of citizen science
was included in 3.77% of the studies using field-based methods; see Table S5 for details.
Analyses of trends for the use of these five most common field-based monitoring methods
indicated a positive increase in the use of these over time (Mann—Kendall test, p < 0.0001;
Figure le). However, the trends were not homogeneous (Pettitt’s test, p < 0.0001), with
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positive shifts indicated for tagging/CMR in 1999, nest surveys and existing/historical
data in 2001, fishery data in 2002, and satellite tracking in 2003.

The average duration of field-based population monitoring studies was 6.4 years
(SD = 8.7 years), with the most common duration being 1 to 3 years, and a median of
1.5 years (Figure 4).

I‘Ill... 1

1to03 4106 7t09 10to12 13to15 16t018 19to21 22t030 31to50
Total Study Time (in years)

Figure 4. Duration (in years) of sea turtle population monitoring studies employing field-based
methods. The Y-axis represents the total number of studies per study duration time category.

3.7. Genetic Monitoring Approaches

This systematic review revealed that 242 studies included genetic monitoring ap-
proaches (36.95% of the total studies reviewed) and that they increased over time
(Mann-Kendall test, p < 0.0001; Figure 1f). Of all the studies using genetic markers for
sea turtle population monitoring, 127 (52.48% of the studies using genetic markers) used
mtDNA (Figures 1g and S2), with a significant positive shift in the use of mtDNA markers
for sea turtle genetic monitoring occurring in 2003 (Pettitt’s Test, p < 0.0001; Figure 1g).
The percentage of genetic monitoring studies using mtDNA markers per sea turtle species
was 73.58% of the genetic monitoring studies on hawksbill, 71.29% on green, 65.15% on
loggerhead, 58.33% on Kemp's ridley, 57.14% on flatback, 52.38% on olive ridley, and 45.83%
on leatherback (Figure S2).

Seventy-three studies (30.17% of all studies including genetic monitoring) used mi-
crosatellite markers to monitor sea turtle populations (Figures 1g and S2). There was a
positive trend in the use of microsatellite markers in studies over time, with a significant
positive increase detected in 2003 (Pettitt’s Test p < 0.0001; Figure 1g). The percentage
of studies using microsatellite markers for genetic monitoring per sea turtle species was
45.83% of the genetic monitoring studies on leatherback, 42.86% olive ridley, 33.33% on
Kemp’s ridley, 28.79% on loggerhead, 28.57% on flatback, 18.87% on hawksbill, and 17.82%
on green (see Figure 52). Studies using SNPs were limited, all published between 2009
and 2020; six studies using SNPs were conducted on green turtles (5.94% of the genetic
monitoring studies), one on leatherbacks (4.17%), one on hawksbill turtles (1.89%), and one
on loggerhead turtles (1.52%) (see Figure S2).

4. Discussion

Sea turtle population monitoring is crucial to provide stakeholders with accurate data
on the current status of individual populations and inform the necessary conservation
actions needed to protect them [3,5,8]. In addition, data providing accurate estimates of
population size and migration patterns are crucial for assessing whether populations are
currently increasing or declining, and projecting future estimates of these demographic



Diversity 2024, 16, 177

11 of 17

parameters. Population monitoring of sea turtles can be conducted through field-based
methods such as capture-mark-recapture, satellite tracking, and nest counts [16,17,19,36]. In
addition, genetic methods can also be used for population monitoring (genetic monitoring)
by using genetic markers to make inferences of population demography, such as population
size and gene flow [32,33,36].

This systematic review assessed the application of population monitoring (field-based
and genetic) in sea turtles to identify gaps, biases, and patterns in data derived from
monitoring programs and provide recommendations for future sea turtle conservation
research. The following sections highlight and discuss the main results found in this
systematic review.

4.1. Taxonomic Representation

This study revealed taxonomic bias in sea turtle population monitoring studies. Of
particular concern is the lower number of population monitoring studies on the flatback
and Kemp’s ridley, as these species have been classified as Data Deficient and Critically
Endangered under the IUCN Red List since 1996 [4]. Although the distribution range of
flatbacks and Kemp's ridley are limited to Australia and the North Atlantic/Gulf of Mexico,
respectively, a significant number of studies have been published on other turtle species
present in these oceanic regions, e.g., [38,39]. There is no available data on the threats
specific to the flatback. Still, their populations are likely subjected to similar threats faced
by other sea turtle species in the same oceanic regions, such as the effect of commercial
activities, coastal urbanization, and climate change [4]. Therefore, research on flatback and
Kemp’s ridley populations is urgently needed.

4.2. Oceanic Regions

A geographical bias in sea turtle population monitoring studies was also found in
this study. This bias cannot be explained by the number of sea turtle species present in
the most studied oceanic regions in comparison to lesser studied other regions. Although
the top five most studied oceanic regions have five or six of the seven sea turtle species
present [4], the Philippine Sea and the Tasman Sea are also inhabited by five or six species
of sea turtles [4] and were the least studied oceanic regions. The fact that a large number of
sea turtle population monitoring (and characterization) studies have been conducted in the
Caribbean/Gulf of Mexico could be justifiable by the rich overall marine biodiversity in
this area, the number of sea turtles present (6 out of 7 species), the harboring of essential
rookeries, the connectivity to more significant rookeries in the Atlantic, and the facilitation
of large-scale movement via the Gulf Stream [40-42]. However, sea turtle population
monitoring is also necessary for other biodiversity-rich regions. The Philippines, for
instance, was the focus of only one sea turtle population monitoring study, despite the rich
biodiversity along its coasts and its proximity to nesting beaches in Southeast Asia [43].

4.3. Conservation Status

This systematic review indicated that the number of sea turtle population monitoring
studies has increased over time for species categorized as Endangered, Critically Endan-
gered, and more recently on species categorized as Vulnerable. Furthermore, the publishing
of conservation status in the IUCN Red List of Threatened Species had a positive effect on
all sea turtle species in terms of the number of population monitoring studies on sea turtles.
This study, therefore, provides further support for the positive impact of the publication of
conservation status in the IUCN Red List for Endangered Species [44].

In terms of temporal patterns of publication of sea turtle monitoring studies within
each conservation status category, a marked decrease in publications was found for Criti-
cally Endangered species from 2014. Further research is needed to determine the causes
of this marked decrease in publications; however, a potential cause could be related to
funding cycles and priorities in major funding calls [45]. Regarding population monitoring
studies, the temporal analyses also highlighted the long-term neglect of flatback, a species
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still categorized as Data Deficient. Therefore, this further supports the urgent need for
coordinated efforts to protect critically endangered species (Kemp’s ridley and hawkbill)
and to acquire data on flatback to assess its conservation status [46].

4.4. Population Parameters

Population abundance and habitat range were the most studied population parameters
in sea turtle population monitoring (mainly through telemetry), followed by population
genetic structure, survivability, and genetic diversity. These population parameters are im-
portant to understand population demography and interactions between populations [47]
and help conservationists make projections about future population trajectories [32,48].
Hence, population parameter estimates obtained using field-based and/or genetic methods
must be considered when devising sea turtle conservation and management actions as well
as current conservation policy.

4.5. Population Trends

The population trends examined as part of this systematic review indicated that fur-
ther conservation and research efforts are required to halt or slow the decline of sea turtle
populations. The dates of the IUCN species assessments for sea turtles range from 1996
(flatback) to 2019 (Kemp’s ridley). Of conservation concern is the reporting of significant
population decrease trend in studies on all the seven sea turtle species after their last [IUCN
species assessment, in particular for flatback, a species for which its IUCN species assess-
ment has not been updated since 1996, green turtle, with reports of declining populations
increasing since the last IUCN species report in 2004, and hawksbill for which the last
TUCN species assessment dates back to 2008 [4]. Therefore, it is essential to highlight that
despite population monitoring data (including population characterization) on sea turtles
is available, there is a critical gap in the conservation policy of these species. These results
further support the need to urgently conduct and update species assessments to effectively
conserve and manage sea turtle populations [44].

4.6. Field-Based Monitoring

Field-based monitoring approaches were more common than genetic monitoring
across the publications analyzed in this systematic review, with satellite tracking and nest
surveys as the most adopted methods for population monitoring in sea turtles. Satellite
tracking is a powerful monitoring method as it allows tracking individuals when they are
at sea [41]. In addition, it can be a cost-effective monitoring method (considering the type,
quantity and quality of data obtained in comparison to other field-based methods), and data
can be acquired until trackers are lost, or the signal is interrupted [49,50]. Data obtained
with satellite tracking has been used to successfully determine population boundaries,
changes in demographic parameters, migratory pathways, foraging hotspots, and natal
homing of sea turtles, as well as to predict and mitigate the impacts of climate change on
sea turtle populations [23,51-55]. Furthermore, satellite devices for the tracking of animals
have become more sophisticated and more durable over time, with transmission available
for more extended amounts of time, and the size of the tags small enough to fit individuals
as small as 11 cm [54].

The second most commonly field-based monitoring approach, nest surveying, is a cost-
effective method that can benefit from the involvement of local communities and volunteers
to collect large amounts of data on sea turtles [56,57]. As part of nest surveying, clutch, and
egg counts can provide data on the current breeding population when analyzed alongside
data such as counts of multiple clutches per female, estimates of multiple paternity, and
survival rates [42,56]. This information can help determine how individuals can find mates
and reproduce, essential factors in declining populations. However, these methods must
be more encompassing to account for all nesting areas [25,58].

The average duration of field-based population monitoring (6.4 years + 8.7 years) con-
trasts with the sea turtles’ life, which spans from 50 to 100 years, and the breeding age of 20 to
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30 years [19,20]. Understanding the migration routes, natal homing, and survival rates of sea
turtles requires several decades of monitoring [59]. Therefore, further effort in establishing
longer-term monitoring programs is still needed for these long-lived organisms [28]. However,
the difficulties associated with studies in marine environments and tracking individuals for
an extended period to estimate population parameters is one of the main challenges to devise
effective conservation strategies for sea turtle populations [8,54].

4.7. Genetic Monitoring

Although genetic monitoring methods were less commonly used than field-based
monitoring approaches in sea turtles, there has been a marked increase in the implementa-
tion of genetics for sea turtle population monitoring since the 2000s; in particular, studies
using mtDNA and, to a lesser extent, microsatellites as genetic markers. The general use of
mtDNA for genetic monitoring of sea turtle populations can be explained by the relatively
easy implementation and cost-effectiveness in obtaining mtDNA sequence data in different
species [35]. Microsatellite markers, although requiring more time and expertise for the
genotyping of samples, provide more resolution for estimating contemporary population
parameters due to their faster mutation rates, higher polymorphism, and biparentally
inheritance, as opposed to the slower mutation rate of maternally inherited mtDNA [60].
Microsatellites have been successfully implemented in sea turtle population monitoring
such as to provide detailed data on sex ratio [61], geographic origin [62], population genetic
structure [63] and paternity analyses [64]; however, it is evident that further research using
higher resolution genetic markers such as microsatellites or SNPs is still required to obtain
current estimates of population parameters in threatened populations of sea turtles [65].
Despite the higher resolution power of SNPs to infer population-level parameters in highly
migratory species [66,67], the implementation of SNPs in sea turtle population monitor-
ing has been limited. The slower implementation of SNP data in sea turtle population
monitoring can be explained due to the more costly procedures to identify informative
SNPs for the genotyping of individuals [68]. However, with the increasing affordability of
next-generation sequencing techniques and the availability of user-friendly software for
the analysis of SNP data, it is foreseeable that the implementation of SNP-based population
monitoring projects on sea turtles will become more popular [69].

5. Conclusions

Population monitoring (including characterization) of sea turtles is crucial if we are
to devise effective management strategies to halt or minimize population decline in these
iconic and keystone marine species. This systematic review provided a detailed overview
of population monitoring studies on sea turtles in the last four decades. It also identified
several research gaps that must be addressed to ensure their populations’ protection and
long-term survival.

Sea turtle population monitoring has increased substantially over the past decades,
likely due to legislation and funding targeted to our understanding and the protection of
these iconic animals. Population monitoring has been primarily conducted using field-
based methods, but the use of genetic monitoring has significantly increased since the 2000s.
The results from this systematic review have highlighted the importance of conducting
further species assessments. The findings presented in this paper indicate an urgency for
conservation actions for sea turtle species for which population characterization and moni-
toring data is scarce, and the need to study sea turtle populations across their distribution
range, particularly the hawksbill, the Kemp’s ridley, and the flatback. For the successful
conservation of sea turtles, the establishment of further population characterization and
monitoring programs must secure greater international cooperation and collaboration of
different stakeholders, including local communities.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/d16030177/s1, Figure S1: Heat maps illustrating pop-
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ulation monitoring effort (in terms of published studies) for each sea turtle species. Figure S2:
Number and percentage of sea turtle genetic monitoring studies that used a particular genetic marker
type per species; Table S1: Number and percentage of publications on sea turtle population moni-
toring per species across years, from 1980 to 2020; Table S2: Oceanic regions covered by population
monitoring studies on each of the sea turtle species and overall percentage of studies per oceanic
region; Table S3: IUCN Red List classification of all seven sea turtle species between 1980 and 2020;
Table S4: Number and percentage of studies estimating each population monitoring category; Table
S5: Number and percentage of publications reporting results from field-based methods for sea turtle
population monitoring.
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