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The sea is everything.

It covers seven-tenths of the terrestrial globe.

Its breath is pure and life-giving. It is an immense
desert place where man is never lonely [...].

The ocean is the vast reservoir of Nature.

Twenty Thousand Leagues under the Sea
Jules Verne
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ABSTRACT

Conservation actions aim to preserve and recover animal and plant species using in-situ or ex-
situ strategies. The first, aims to protect and sustain populations in their natural habitat, the
second are implemented when local populations are extinct or are about to be. Conservation
genetics can provide important insights into the dynamics of endangered populations facilitating
their management.

This thesis uses traditional markers and new generation sequencing to improve conservation
management of the loggerhead (Caretta caretta) and the green turtle (Chelonia mydas). In the
first 2 chapters we used microsatellites and mtDNA to assess the outcome of a reintroduction
program of green turtles in the Cayman Islands and the status of the reintroduced wild population.
We found that 90% of adult wild females and 80% of wild F1 hatchlings were related to the captive
population, proving the program successful. This relatedness did affect negatively the fithess of
the wild population. Moreover, we found that after only one generation, genetic differentiation
between the populations was significant. Our results suggest that assisted colonisation is a viable
solution to the global decline of biodiversity. The third chapter explores the potential of 2b-RAD
methodology in the field of non-model species population genomics and provides guidelines to
optimise protocol and decision making using 2b-RAD. We discovered that, given the big genome
size of the loggerhead turtle, a selective-base ligation should be used to obtain an overall depth
of coverage of 20x and make the study cost-effective. The fourth chapter studies the population
structure and local adaptation of 9 Eastern Mediterranean loggerhead turtle rookeries using 2b-
RAD genomic sequencing. We found a high level of population structure and no overlapping
among rookeries. Bayesian clustering indicated our individuals to be grouped in nine genetic
clusters, which correspond to the distribution found in the PCoA. We found that atmospheric
temperature and geographic location of the rookery have a significant impact on population
structure, as outlier loci were found associated with these predictors. These results aim to use
fine scale genetic information of the Eastern Mediterranean Sea to inform and improve

conservation management of loggerhead turtle rookeries.






Sea turtle conservation:
genetics and genomics for a better management

INDEX
INETOTUCTION L.t e e e e e 1
Threats to sea turtle CONSEIVATION ... .....oovi e 1
Sea turtle conservation Strategy .....ooveeeiie e 5
IN=SItU CONSEIVALION ... 7
EX-SItU CONSEIVALION ...ttt 8
SCIENCE ANA CONSEIVALION ..oiiiiiie i e 9
A brief history of conservation geNEICS ...........oooiiii e 9
GENELIC MAIKETS.. .. e e e 10
The role of genetics and genomics in CONSENVAtION ............cooiiiiiiiiiieeeeee e 11
THESIS SITUCTUINE <. e 12
ODJECHIVES . e 15

Advisors’ Report

Chapter 1: How many came home? Evaluating ex-situ conservation of green turtles in

the Cayman [SIaNdS ... 19
Supplementary INfOrMATION ... .....iiiii et e e e breaae e 35
Chapter 2: Architecture of assisted colonisation in sea turtles................cccoeeeeeeiiiiinnnnn. 51
Y=g T o 1RSSR 65
Supplementary INfOrMatioN ......... ... e 71

Chapter 3: Helping decision making for a reliable and cost-effective 2b-RAD sequencing

and genotyping analyses in NoN-model SPECIES .........ccccovviiiiiiieiiiiieeee 77
Supplementary INfFOrmMation ......... ... e 89

Chapter 4: Population structure and local adaptation of the Eastern Mediterranean
loggerhead turtle (Caretta caretta) rOOKEINES ..........ccevveveecieiieieiieeieeees 105

Supplementary INfOrMATION ... .....i it e e e e e e 135
DISCUSSION ..ttt ettt s et e ettt e ettt et te e 141
Genetic analysis for ex-situ conservation PlanNiNg...........ccouviiiee i 141
Genomic analysis for in-situ conservation PlanNiNg..........occuvviieie e 156
1= I =g F=T P PSUSUURRRRR 152
(@70] alo1 (011 (o] o S PP UPPPPRPIN 153
RETEIENCES ...t 155






INTRODUCTION







Introduction

In the past few decades, conservation of biodiversity and ecosystems has become a priority on a
global scale. The causes of the ongoing process of biodiversity collapse lie mostly in the collateral
effects of anthropogenic activities (Dietz and Adger, 2003): plastic pollution (Pawar et al., 2016),
global warming (Midgley et al., 2002), and invasive species (Doherty et al., 2016), are only three
of the many sources of threats for biodiversity and ecosystems. Conservation actions aim to
preserve and recover animal and plant species that are being or have been eradicated from their
natural habitat. Due to the enduring pressure caused by anthropogenic activities, conservation
strategies are often difficult to plan and implement. In fact, conservation and socio-economic
progress are hardly balanced in a battle where too often conservation comes out as loser (Dietz
and Adger, 2003; Barlow et al., 2016). Depending on the level of stress acting on a habitat,
conservation strategies can take place in-situ (Blanco et al., 2019; Mooney et al., 2020) or ex-
situ (Michaels et al., 2014; Kumar et al., 2017). The first, aims to protect and sustain populations
in their natural habitat, by preventing or eliminating threats and by individual care. In-situ
conservation does not only act directly on the target species, but also on restoring and protecting
its environment aiming towards self-sustainability. These techniques are generally recognised as
more secure and financially efficient. Ex-situ strategies, on the other hand, are implemented when
local populations are already extinct or are about to be. These strategies, such as captive
breeding programs, aim to recover populations outside of their natural habitat to avoid the
pressure of threats and can be followed by a reintroduction of captive individuals in their natural
habitat or by a relocation of both wild and captive individuals to a safer area. Although ex-situ
projects can be extremely costly, they have become an important conservation tool to face
biodiversity loss (Fischer and Lindenmayer, 2000; Storfer, 1999). These strategies, though,
always need a proper monitoring driven by key questions to improve efficiency on active

conservation (Nichols and Williams, 2006).

Threats to sea turtle conservation

Sea turtles are circumtropical species which live in temperate waters across the five continents.
Due to their range of distribution and to their characteristic and complex life cycle (Box 1) almost
all sea turtles are species of conservation concern on a global scale. The high level of
anthropogenic impact weighting on these animals derives from the high number of threats that
individuals of these species may encounter during their life (Denkinger et al., 2013; de Carvalho
etal., 2015; Guebert et al., 2013).



Introduction

[ -
BOX1

Sea turtle life cycle

All species of sea turtles are characterised by long-life cycle and long generation times. Sea
turtles can, in fact, live up to 80-100 years of age.

Nesting season starts in the early Summer and continues throughout the warmest months
until early autumn. Adult females approach the shore at night to build nests and lay about
100 eggs per clutch (Bjorndal and Carr, 1989; Broderick et al., 2003). The incubation lasts
between 50 and 60 days, and then offspring hatch at night and reach the sea following the
light of the moon.

The first stages of sea turtles’ lives are characterised by very high rates of mortality, due to
the fragility of hatchlings and the high level of predation. In fact, approximately 1 in 1000
hatchlings survives to reach sexual maturity (Frazer, 1986). The stages of a hatchling and
juvenile turtle are called “lost years” since the tracking of survivals to sexual maturity is almost
impossible and therefore there is not much information about the individuals. During this
period, the individuals can travel thousands of kilometres during their developmental
migration until maturity, when they return to their natal beaches (Bolten et al., 1998, Bowen,
et al.,, 1995). The age of sexual maturity varies depending on the species, ranging
approximately between 15 and 30 years of age. Adult females mate and nest several times
during their life. The interval between two nesting seasons is usually estimated between 2
and 6 years (Broderick et al., 2003; Troéng and Chaloupka, 2007), but it can vary depending
on the effort made by the female during the last nesting season. Between nesting seasons,
males and females migrate from the nesting beach to foraging grounds, where individuals
from multiple rookeries gather during these periods. During one nesting season a female can
lay numerous nests with an overall average of 13 days between one nest and the next
(Broderick et al., 2002). Female turtles have the capability of storing sperm to fertilise more
than one clutch during a season and mate with more than one male during reproduction
time. Therefore, it is possible to find multiple paternity inside one same clutch.

The sex of sea turtles cannot be assessed externally until they reach adulthood, since they
do not display clear sexual dimorphism, and even when adult it is very hard to distinguish the
sexes in open water. Females approach the shore only during nesting seasons, while males
remain in the shallow and almost never leave the water. -
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An indirect effect of anthropogenic activities on sea turtles is the impact of global warming (Zhai
etal.,, 2018). In 2011 Fuentes et al. predicted the consequences of this climatic process on turtle
nesting grounds due to turtle Temperature-dependent Sex Determination (TSD) (Box 2). In fact,
given the seriousness of the global warming threat, it is critical to understand the rate at which
sand temperatures are likely to change and the extent to which associated hatching success and
sex ratio will vary spatially as climate change progresses (Fuentes et al., 2009). The rise of sand
temperatures not only affects the viability of the nest, exciding the incubation temperature range
(i.e. 25 to 33°C) (Miller, 1985), but can also causes the production of a sex ratio strongly skewed
towards females, resulting in a future feminization of the adult population, as already happened in
Australia (Jensen et al., 2018). The shifting of geographical nesting range has been suggested
as a possible natural solution to nesting beaches warming, although it is impossible to know how
long this process will take and if it would be too late for the recovery of the population.
Nevertheless, in the past few years the Western Mediterranean Sea has been experiencing a
colonisation of loggerhead turtle females nesting sporadically along the coast of Spain, France
and ltaly (Figure 1). This is probably a response to the rising temperatures in the Southern-East

Mediterranean where all the rookeries are based (Carreras et al., 2018).
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Figure 1. Sporadic nesting in the Mediterranean Basin. Stars and dots indicate nesting events as
specified in Carreras et al. (2018). Pie graphs show the percentage of Atlantic (grey) and
Mediterranean (white) turtles visiting foraging grounds located near sporadic nesting events.
SWS: south Western Spain; MES: mid-Eastern Spain; NES; north Eastern Spain; WIT: Western
ltaly; LAM: Lampedusa. Image from Carreras et al. (2018).
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BOX 2

Sea turtles’ complex behaviour

Sea turtles are considered a charismatic species, not only for their cute appearances
but also for a number of complex behaviours such as natal homing (or philopatric
behaviour), temperature-dependent sex determination and their capability to migrate for
thousands of kilometres.

Natal homing

Also known as philopatric behaviour, natal homing means that adult sea turtles go back
to their natal beach to nest once they reach sexual maturity (Greenwood, 1980). Both
females and males are capable to find their way back thanks to chemical and mostly
magnetic cues (Lohmann et al., 2013). For females the accuracy of natal homing is high,
while male have been suggested to have a lower degree of philopatry. This behaviour
causes the development of geographically and genetically separate populations within
a very short distance (relative to sea turtle mobility) (Lee et al., 2007).

Temperature-dependent Sex Determination See turtles: highly migratory species

TSD

As for other reptiles, the sex of sea turtle embryos is not defined by specific
chromosomes, but by the temperature of the clutch incubation (Janzen and Paukstis,
1991). For instance, the temperature range for the success of a viable clutch in the
loggerhead sea turtle is between 25-33°C, and 29°C is the pivotal temperature at which
in a stable environment the clutch would result in half of the individuals being male and
half females (Mrosovsky and Pieau, 1991). Nest conditions are therefore a key element
for the development of offspring and sex determination, including not only the mere
temperature of the sand but also moisture and salinity of the environment (Lolavar and
Wyneken, 2020).

Migrations

Sea turtles are capable of swimming across oceans for several thousands of kilometres
to reach foraging or breeding grounds. This behaviour is found in both juveniles
(developmental migration) and adult (foraging migration) sea turtles. Loggerhead turtles
of the Caribbean Sea, for instance, cross the Atlantic Ocean to the Mediterranean Sea
during juvenile stages of life to find foraging grounds (Bolten et al., 1998). They then go
back to the Caribbean once they reach adulthood to mate and nest. Other similar
migrations have been studied across The Pacific Ocean among other species of sea
turtles (Shillinger et al, 2008). Turtles from different origins may share the same
developmental or foraging grounds and form ‘mixed stocks’ (Clusa et al., 2014).
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One of the main human activities directly affecting sea turtles is the fishing industry. In several
countries the intentional capture of sea turtles for meat consumption is still legal at date,
representing a threat to conservation (Milner-Gulland et al. 2003). In some regions the harvest
and trade of turtle meat is, in fact, the major cause of local extinction of sea turtle populations
(Nada and Casale, 2010; Mancini & Koch, 2009). For this reason, these species
commercialization is now regulated by CITES (Convention on International Trade of Endangered
Species) (Aiken et al., 2001; Seminoff, 2004). On the other hand, although in most countries turtle
fishing is illegal, the accidental bycatch represents one of the main causes of mortality (James et
al., 2005; Lewison and Crowder, 2007; Casale et al., 2010). Casale (2011) estimated that only
in the Mediterranean Sea 132000 turtles are captured by fishing gear every year, with possibly at
least 44000 deaths.

Sea turtle conservation strategy

The use of genetics in conservation studies led to the use of genetic information to define of
management and conservation units in either Evolutionary Significant Units (ESUs, evolutionary
independent units) or Management Units (MUs: genetically different units) (Moritz, 1994). In order
to deal with such mobile and complex species, the IUCN Marine Turtle Specialist Group (MTSG)
decided to define a specific conservation unit, the Regional Management Units (RMUs) (i.e.,
spatially explicit population segments defined by biogeographical data of marine turtle species)
as a framework for defining population segments for assessments (Wallace et al., 2010). These
units were generated based on geographic boundaries to distributions derived from studies on
genetics, tag returns, satellite telemetry, and other data. Wallace et al (2010), identified 10 RMUs
for Caretta caretta and 17 RMUs for Chelonia mydas (Figure 2). These units cover vast
geographical areas, including several nesting and foraging grounds, making it challenging to
manage the whole unit as a singular block. In the case of RMUs such the Mediterranean and
Atlantic Northwest region, they also comprise a very high number of countries which have
different regulations and cultural approaches towards the environment. This implies an even
harder task for conservation management of such large geographical ranges. In 2014 Casale and
Mariani suggested the identification of sub-Regional Management Units (sub-RMus) to facilitate
turtle conservation through a relative small-scale international approach, based on within region
dispersal patterns. The complexity of sea turtle behaviour and the uniqueness of each nesting
population status and conditions, in fact, cannot be grouped together in large scale blocks and
managed all in the same way with no distinction. For this reason, in 2018 Laurent et al. suggested
to consider each nesting area of the Mediterranean Sea as an independent demographic identity

and to manage each one separately at all life history stages. Gathering population level
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information such as the effective population size and connectivity of these MUs is crucial to plan

future management strategies effectively.

During the past century conservation management of sea turtles has been carried out on a global
scale (Wallace et al., 2010; Wallace et al., 2011), but the complexity of this species behaviour
represents multiple obstacles for their study and conservation. Nevertheless, philopatry is an
advantage in the study and conservation of nesting females, nests and hatchlings, since it allows

to group individuals into distinct reproductive populations (Chesser, 1991).

Caretta carettaRMUs [l Mediterranean [ Indian, Southeast
Il Avantic, Northeast 77/ ingian, Northeast * I Pacitc. South
Il Atantic, Northwest [l indian, Northwest [Jll Pacific, North

Il Atantic, Southwest [l indian, Southwest  * denotes putative RMU |

Chelonia mydas RMUs [l Atiantic, South Caribbean [l Mediterranean B Pacific, Southwest
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[0 Atantic, Northwest [ Indian, Northwest Pacific, North Central [l Pacific, West Pacific/Southeast Asia

Il Atantic, South Central | Indian, Southeast I Pacific, Northwest Overlap between four adjacent RMUS in the Coral Triangle
[ Atantic, Southwest Indian, Southwest I Pacific, South Central

Figure 2. Global Regional Management Units (RMUs) for the loggerhead and green turtle.
Loggerhead turtle RMUs are shown in shades of blue in the top graph; green turtle RMUs are
shown in shades of green in the bottom graph. RMUs were identified by georeferencing data on
marine turtle biogeography, including nesting sites, population abundances and trends,
population genetics, and satellite telemetry. Figures from Wallace et al. (2010).
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For this clear distinction of nesting populations and the accessibility to nesting females, the large
majority of conservation effort for sea turtles is carried out on nesting individuals (Dutton et al.,
2005; Engeman et al., 2003; Engeman et al., 2005; Hawkes et al., 2005), and many studies
regarding turtle conservation rely on nesting activity and nesting-related data (Broderick et al.,
2002; McClenachan et al., 2006). Males, juveniles and non-nesting adult females, on the other
hand, are more complicated to track, monitor and sample since they do not approach the shore
throughout the year (Roos et al., 2005). For this reason, data on yearlings, juveniles and adult
males is scarce and, therefore, conservation actions towards these groups are almost impossible
to be planned. Conservation management of these species is connected to four fundamental
factors which any conservation plan has to take into account: the industry (management and
monitoring), universities (research), the government (legislation) and the general public (public
education) (Figure 3). These are the four pillars on which conservation of biodiversity stands and
all of them should be in constant communication with each other. Working together these
branches can increase the possibilities of success of the conservation project in plan, and be
beneficial for both in-situ and ex-situ strategies. These two are both used in the conservation of

sea turtles in order to maximise the probability of recovery of endangered populations.

In-situ conservation

Most conservation actions to preserve sea turtles take place on nesting beaches. As mentioned
above, the pelagic stages of these species, both as juveniles and as adults, are very difficult to
track. For this reason, most efforts concentrate on preserving nests and on monitoring
populations based on nesting females’ data. Adult females and hatchlings can be sampled,
tagged and monitored over time to estimate population indices. Population size, for instance, is
calculated inferring the total number of adults from a census of nests or nesting females
(Broderick et al., 2002; Dutton et al., 2005), but given the possibility of missing individuals, even
in nesting beaches with an intense monitoring effort, this value can only be an estimate (Chassin-
Noria et al., 2017). For this reason, nests are commonly used as a proxy to estimate the size of a
population (Bjorndal et al., 1999), by performing simple population models as in Casale and
Heppell (2016). Nevertheless, the parameters used to transform nest count on adult individuals
have a geographical variation (e.g. Casale et al, 2018) and recent research has found that
calculations of breeding adults have been biased and thus need additional corrections (Casale
and Ceriani, 2020). In-situ conservation actions also involve the management of fisheries, the
control of turtle harvest and the improvement of awareness among local communities and
tourists. To ensure a good management of all these aspects of conservation, the identification of

fine scale MUs is essential to put in place correct conservation actions.
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MANAGEMENT SCIENTIFIC
AND MONITORING RESEARCH

CONSERVATION OF

PUBLIC LEGISLATION AND
EDUCATION ENFORCEMENT

Figure 3. Conservation of biodiversity network. This figure shows the main fields influencing and
interacting with conservation of biodiversity. All these four areas play a crucial role in the positive
outcome of conservation action. The figure also shows the relationship between in-situ and ex-
situ conservation, as the interaction between the two is a vital part of conservation management
and it is often overlooked.

Ex-situ conservation

Ex-situ strategies are fairly new to the conservation of sea turtles. Captive breeding and
reintroduction are the two main ex-situ approaches applied to these individuals. These techniques
have become crucial tools for the recovery of locally extinct species of other taxa, such as the
Przewalski horse (Equuferus przewalskii) in Mongolia or the Yellow-shouldered Amazon Parrot
(Amazona barbadensis) in Margarita Island (Venezuela) (Sanz and Grajal, 1998; Van
Dierendonck et al., 1996). For sea turtles, only two programs managed a consistent long-term
captive breeding and the reintroduction of individuals: the case of the Kemp’s ridley sea turtle
(Lepidochelys kempii) in Texas (Fontaine, 2005) and the case of the green turtle (Chelonia
mydas) in the Cayman Islands (Bell et al, 2005). In sea turtles, the reintroduction of captive
individuals, is based on turtles’ philopatry: this behaviour will lead the reintroduced individuals
back to their release area to nest, once sexual maturity is reached (Cury, 1994; Greenwood,
1980; Mayr, 1963). Both reintroduction programs turned out to be a success after many years of
captive breeding and headstarting (Heppell et al., 1996; Mitrus, 2005), demonstrating that these
techniques are feasible for sea turtles, although the impact of the reintroduction on the recovery

process was never assessed. Nevertheless, captive breeding has rose concerns related with
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human health, animal welfare and the efficiency of conservation activities (Warwick et al., 2013),
therefore short- and long-term monitoring of these programs is necessary to understand their
actual contribution to the recovery of the wild populations and its impact on other geographically

close populations.

Science and conservation

In the past decades, science has taken a step into the study of past and upcoming extinctions,
focusing on understanding the causes and finding solutions (McLaughlin et al., 2002; Gurevitch
and Padilla, 2004; Bellard et al., 2016). Several fields of research are now interacting to update
conservation with scientific information (Figure 3), implementing complex techniques such as
behavioural studies (Putman et al., 2012), stable isotopes analysis (Lemons et al., 2011) and
genetics (Jensen et al., 2013). The use of science in conservation has allowed to have a better
understanding of the functioning of ecosystems (Flynn et al., 2011), of the ecology of individuals
(Carrion-Cortez et al.,, 2010) and of dynamics and interactions between populations (Hays and
Scott, 2013), among others. Thanks to these studies, conservation decision making and actions
have greatly improved in the past few years, reverting the decline of the endangered species such
as the loggerhead turtle (Caretta caretta) in the Mediterranean Sea (Casale, 2015).

The study of genetic composition of biological populations is called population genetics.
Population genetics, thus, focuses on the dynamics that influence the evolutionary path of a
population, the status of the individuals and their contribution to the population, and the interaction
between populations in matters of migration, connectivity and structure (Hartl et al., 1997). Two
populations of the same species are considered genetically different if their gene flow is
significantly low. This can be measured comparing the genetic variability of individuals of a
population with the other, based on allele frequencies. Conservation genetics is the application of

population genetics to address, answer and inform conservation issues (Frankham et al., 2002).

A brief history of conservation genetics

Already in the 1980’s genetics was addressed as a field of extreme importance to manage
conservation activities, since genetic aspects of populations were considered fundamental in
conservation programs to maximise probability of long-term survival and continued adaptability
(Meffe, 1986; Hedrick and Miller, 1992). Genetics has been therefore applied in conservation to
improve management and inform decision-making. Some of these studies focused, for instance,
on fishery management through the assessment of acceptable gene flow (Ryman, 1991),
population structuring of isolated populations with zoogeographic models (Maffe & Vrijenhoek,

1988), management of dispersal in fragmented populations to design captive breeding programs
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(Vrijenhoek, 1998) and the effect of habitat fragmentation on gene flow and genetic variation
(Gonzalez et al., 1998). In the past three decades, genetics has been spanning in any possible
direction gradually increasing the facets of this field that could be applied to conservation of
endangered species and ecosystems (DeSalle and Amato, 2004). In a few years, the rapid
ascending of technology introduced genetics to high-throughput sequencing, driving the field of

conservation genetics to a proper revolution (Allendorf et al., 2010).

Genetic markers

Since the early 1990s, mitochondrial DNA and nuclear microsatellite loci have been the tools of
choice in molecular studies in ecology and evolution for answering population-level questions
(Morin et al., 2004). MtDNA has been largely used in this field to assess and detect population
structure based on haplotypes, as in the case of the shortnose sturgeon (Acipenser brevirostrum)
(Grunwald et al., 2002) and in loggerhead turtles mtDNA was used to date the Mediterranean
colonisation of the Pleistocene (Clusa et al., 2013). Since mitochondria are only transmitted from
mother to offspring, the information provided by this marker is partial and female based. For this
reason, in recent studies mtDNA was coupled with microsatellites to complement the population
study. Microsatellites are nuclear markers and explain variability of both sexes in a given
population. These markers have been used to understand how geographical and environmental
features structure genetic variation (Manel et al., 2003), to assess interpopulation differences in
genetic variation in black bears (Ursus americanus) (Paetkau & Strobeck, 1994) and to detect
fine scale genetic structure in brown trout (Slamo trutta) (Carlsson et al., 1999). In the loggerhead
turtle, microsatellites were essential to revealed that both females and males show philopatric
behaviour (Clusa et al.,, 2018), and have been used worldwide to run sea turtles’ population
genetics (Bowen and Karl, 2007). In addition, the identification of MUs was recently found highly
related to the number of markers used for population studies (Bradshaw et al., 2018; Carreras et
al., 2007; Clusa et al., 2018), therefore technologies that allow to increase that number would be
more suited for such studies. The application of genetics in sea turtles has been crucial to improve

our knowledge on the biology of the species and their conservation (Komoroske et al., 2017).

Recent improvements in the speed, cost and accuracy of next generation sequencing (NGS) are
revolutionizing the opportunities for generating genetic resources in non-model organisms. This
is driving a shift from mtDNA and microsatellites markers to the analyses of genome-wide markers
(Helyar et al., 2011). Until a few years ago, the idea of sequencing a whole genome or working
with thousands of markers was just idealistic in non-model organisms, either because the

technology did not exist, or, later on, because of the enormous costs of the new technology. In
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the last decade, the cost of NGS has dropped and laboratory and bioinformatic analysis have
progressed exponentially. As a consequence, several studies have explored the potential of
genomic analysis in non-model species in fields such as population structuring (Carreras et al.,
2020), inbreeding depression (Hoffman et al., 2014), local adaptation (Savolainen et al., 2013) or
hybridization (Hohenlohe et al., 2011). These new technologies providing an exponentially higher
number of markers, make population studies more reliable and allow to address questions that
remained inaccessible due to the lack of power of previous genetic markers. For these reasons,
in the past few years the field of sea turtle conservation studies has begun to shift towards NGS
technologies to have a deeper understanding of these species’ behaviour and status in order to

improve their conservation (Chow et al., 2019; Hurtado et al., 2016;; Komoroske et al., 2019).

The role of genetics and genomics in conservation

Genetics and genomics are not two separate entities but are highly integrated and interdependent
(McMahon et al., 2014). Genetic, and hence genomic diversity is recognised as one of the most
fundamental levels of biodiversity (Genome 10K, 2009) and the question on what should be
conserved and what matters the most for species survival, can only be solved with more genetic
data and genomic techniques (Allendorf et al., 2010). Genetic and genomic studies have more
and more taken an important role in the management of endangered species conservation, and
although conservation still does not rely on genetic studies as much as it should, the assessment
of population genetics has become a key factor for good management and animal welfare (Shafer
et al., 2015). Conservation genetics can provide important insights into the dynamics of
endangered populations facilitating the understanding of processes such as inbreeding and
genetic drift (Hoglund, 2009). Additionally, genetics can contribute to conservation by providing
crucial population parameters such as metapopulation structure, geneflow, effective population
size and evolutionary history (Hoglund, 2009; Puechmaille et al., 2011). On the other hand,
genomics can highly contribute to conservation science bringing important insights on local
adaptation and more accurate estimates of effective population size (McMahon et al., 2014).
Applying genomics to conservation would also mean gathering a higher number of markers per
individual, decreasing the necessity for enormous number of individuals to be sampled, and
therefore reducing sampling effort and costs (Funk et al., 2012). Genomics should be employed
but must be as cost-effective and designed in the best way possible to address a specific set of
scientific questions.

Here we want to show how genetics can be used to construct and improve both in-situ and ex-

situ conservation actions in sea turtles. A deeper knowledge of endangered species genetic

11



Introduction

structure can only benefit and advance the field of conservation management, preventing

uninformed decisions that can lead to poor actions.

Thesis structure

This thesis uses both traditional markers and new generation sequencing to answer key
ecological questions in order to improve conservation management of two species of sea turtles,
the loggerhead (Caretta caretta) and the green turtle (Chelonia mydas). We divided the study into
two blocks: the first block focuses on the application of genetic analysis in ex-situ conservation of
green turtles; the second block centres on the power of genomics in in-situ conservation of

loggerhead turtles (Figure 4). Each block is made of two chapters.

SREEN TURTLE LOGGERHEAD TURTLE
(Chelonia mydas) (Carettacaretta)

CAYMAN ISLANDS MEDITERRANEAN SEA
(Caribbean Sea)

Figure 4. Thesis Structure. This thesis is divided in two main blocks, focusing on green turtles of
the Cayman Islands and loggerhead turtles of the Mediterranean Sea.

Population genetics in ex-situ conservation management

The first two chapters focus on an ex-situ conservation strategy, showing how genetic studies are
essential in every step of the structuring and implementation of such programs. In these chapters
we use microsatellites and mitochondrial DNA to unveil the outcome of a reintroduction program
of green turtles in the Cayman Islands and to assess the status of the new reintroduced wild
population. We used traditional markers for two main reasons: first, to be able to compare genetic
variability with other wild populations, which had been measured using mtDNA; and second,

because microsatellites have been used and found to be reliable markers for paternity studies in
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this species (Wright et al., 2012). These chapters show the importance of the use of genetic tools
in combination with other sources of data in ex-situ conservation, assessing the present
population structure of a captive breeding program to detect signs of inbreeding, evaluating the
outcome of the long-term reintroduction of green turtles, and identifying possible negative impacts

of the reintroduction on future wild generations of green turtles.

Population genomics in in-situ conservation management

The third and fourth chapters focus on the development and use of genomic analysis to
understand the population structure of loggerhead turtles in the Eastern Mediterranean Sea and
unravel how environmental factors may impact their distribution. The third chapter explores the
possibilities given by 2b-RAD methodology in the field of non-model species population genomics.
This study also highlights how this methodology can be suitable for sea turtle studies, considering
the status of high degradation which turtle samples are frequently found. The fourth and last
chapter studies the population structure of Eastern Mediterranean loggerhead turtle rookeries
using 2b-RAD genomic sequencing. In this chapter we also investigate possible migrations and
connectivity among these populations and how few key environmental variables can affect their
population structure. This study aims to gather fine scale genetic information about this area of
the Mediterranean Sea to inform and improve conservation management of loggerhead turtle

rookeries.
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Objectives

Sea turtle conservation: genetics and genomics for a better management.

The main objective of this thesis is to apply genetic and genomic resources for ex-situ and in-situ
conservation to inform and improve sea turtles’ management actions. The thesis evaluates sea
turtle populations’ structure and relatedness patterns to answer specific ecological questions
using population genetics and genomics.

Ex-situ - Genetics

Evaluate the effect of the Cayman Turtle Centre reintroduction project in the natural
population to estimate the potential of such ex-situ strategy on conservation

|dentify the population structure of both captive and wild green turtle populations to
evaluate their potential negative impacts on other wild populations of the Caribbean Sea.

Study up close the foundation process and differentiation of new populations in a long
living and philopatric species

Assess the effect of the Cayman Turtle Centre reintroduction on fithess of wild new-borns,
and the impact on neighbour rookeries (i.e. Little Cayman Island).

In-situ - Genomics

Test and optimise 2b-RAD sequencing methodology protocols and post-genotyping
analysis for non-model organisms.

Create a set of guidelines to follow in order to reduce cost of sequencing and facilitate
decision making when using 2b-RAD in non-model organisms.

Refine population structure of Eastern Mediterranean rookeries improving the power and
reliability of population analysis using 2b-RAD genomic sequencing.

Assess levels gene flow between populations and estimate effective population size.

Understand the role of key environmental factors in genetic structuring and the possible
future impact of global warming.
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Abstract

Ex situ management is an important conservation tool that allows the preservation of
biological diversity outside natural habitats while supporting survival in the wild.
Captive breeding followed by re-introduction is a possible approach for endangered
species conservation and preservation of genetic variability. The Cayman Turtle
Centre Ltd was established in 1968 to market green turtle (Chelonia mydas) meat and
other products and replenish wild populations, thought to be locally extirpated,
through captive breeding. We evaluated the effects of this re-introduction program-
mme using molecular markers (13 microsatellites, 800-bp D-loop and simple tandem
repeat mitochondrial DNA sequences) from captive breeders (N =257) and wild
nesting females (N =57} (sampling period: 2013-2015). We divided the captive
breeders into three groups: founders (from the original stock), and then two subdivi-
sions of F, individuals corresponding to two different management strategies, cohort
1995 ("C1995") and multicohort F, ("MCF1”). Loss of genetic variability and increased
relatedness was observed in the captive stock over time. We found no significant
differences in diversity among captive and wild groups, and similar or higher levels of
haplotype variability when compared to other natural populations. Using parentage
and sibship assignment, we determined that 90% of the wild individuals were related
to the captive stock. Our results suggest a strong impact of the re-introduction pro-
grammme on the present recovery of the wild green turtle population nesting in the
Cayman Islands. Moreover, genetic relatedness analyses of captive populations are
necessary to improve future management actions to maintain genetic diversity in the

long term and avoid inbreeding depression.

KEYWORDS
Chelonia mydas, ex situ conservation, microsatellites, mtDNA, parentage analysis
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1 | INTRODUCTION

Over the past two decades, biodiversity loss has become a press-
ing global issue (Barnosky et al, 2011; Dirzo & Raven, 2003;
Hooper et al., 2012; Mora & Sale, 2011). Deforestation (Barlow
et al., 2016; Gibson et al.., 2013; Turner, 1996), overexploitation
{Coleman & Williams, 2002), agricultural expansion (Allan et al.,
2015) and invasive species (Ceballos & Ehrlich, 2002; Doherty,
Glen, Nimmo, Ritchie, & Dickman, 2016) are some of the factors
driving species and populations to experience severe declines and
are negatively influencing the functionality of food webs (Dunne,
Williams, & Martinez, 2002) and ecosystem sustainability (Hooper
et al, 2012; Worm et al., 2006).

Ex situ strategies (i.e., conservation measures applied away from
the natural habitat of the target species) such as captive breeding
and re-introduction have become an important conservation tool
used to combat biodiversity loss by recovering locally extinct pop-
ulations (Fischer & Lindenmayer, 2000; Storfer, 1999). The release
of captive-bred individuals into the wild has been identified as an
instrument for the conservation of threatened populations (re-in-
troduction) and for the establishment of new ones (introduction)
(IUCN, 1987). Captive breeding programmes followed by re-intro-
ductions, although controversial Jule, Leaver, & Lea, 2008), are one
of the most commonly used ex situ conservation strategies (Fischer
& Lindenmayer, 2000). Captive hreeders may include local individu-
als and/or individuals belonging to other wild populations, depend-
ing on the status of the population to be recovered. Some species
of conservation concern, such as the Przewalski horse (Equuferus
przewalskii) in Mongolia or the yellow-shouldered Amazon parrot
{Amazona barbadensis) on Margarita Island (Venezuela), have suc-
cessfully recovered to self-sustaining populations after captive
breeding and re-introduction programmes (Sanz & Grajal, 1998;
Van Dierendonck, Bandi, Batdorj, Diigerlham, & Munkhtsog, 1996).
Re-introductions from captive breeding programmes may, however,
produce individuals incapable of long-term survival in the wild due
to feeding incompetence (i.e., an inabhility to hunt or find food re-
sources in the natural habitat), unsuccessful predator/competitor
avoidance and disease (Jule et al., 2008). During the 1990s, sev-
eral studies highlighted the need for monitoring after the release
of individuals (Armstrong, Soderquist, & Southgate, 1994; Sarrazin
& Barbault, 1996; Sutherland et al., 2010), and that this monitoring
should be driven by key questions to improve efficiency on active
conservation (Nichols & Williams, 2008). Nonetheless, ocutcomes
often remain unknown and the causes of failures are rarely under-
stood (Rees et al.,, 2016; Weeks et al., 2011) as a result of the pau-
city of monitoring and/or the time lag necessary to detect actual
failure/success (Fischer & Lindenmayer, 2000).

The origin and number of breeders in ex situ conservation pro-
grammes should be considered to reduce potential negative im-

pacts during re-introductions, such as the generation of weak hybrid
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offspring as a consequence of outbreeding depression (Edmands,
2007; Weeks et al.,, 2011; Witzenberger & Hochkirch, 2011) or the
loss of genetic variability and inbreeding depression due to a low num-
her of founders (Hedrick & Fredrickson, 2008; Hedrick, Miller, Geffen,
& Wayne, 1997; Ralls & Ballou, 1986; Witzenberger & Hochkirch,
2011). Re-introduction programmes may show differential success,
ranging from total failure to complete replacement by re-introduced
individuals and extirpation of the wild local population (Sutherland et
al., 2010; Sweeting, Beamish, Noakes, & Neville, 2003).

Monitoring re-introduction programmes can be challenging, in
particular for species with high dispersal rates and long generation
times (Canessa et al., 2016); therefore, several methodologies, from
tracking using electronic devices to the use of biological markers,
have been adopted in different species. Telemetry was used to mon-
itor dispersal patterns of an endangered freshwater fish (the trout
cod Maccullochella macquariensis) in Australia (Ebner & Thiem, 2009),
whilst growth rates and survival indices were used in the manage-
ment of the re-introduced peninsular bighorn sheep (Ovis canadensis)
in California (Ostermann, Deforge, & Edge, 2001). Nuclear genetic
markers, such as microsatellites, have been valuable for assessing the
effectiveness of re-introduction programmes and measuring their
impact on natural populations (DeMay, Becker, Rachlow, & Waits,
2017; Koelewijn et al., 2010; Stenglein, Waits, Ausbhand, Zager, &
Mack, 2010). Similarly, mitochondrial DNA (mtDNA) has been suc-
cessfully used to monitor re-introduction (Godoy, Negro, Hiraldo, &
Donazar, 2004) and captive breeding programmes (Kitanishi et al.,
2013). Moreover, combining different types of genetic markers can
help to obtain diverse and complementary information about the
same sample set (Kim et al., 2011; Puckett et al., 2014).

To date, the long-term Cayman Turtle Farm (CTF) green turtle
(Chelonia mydas) re-introduction programmme has not been evaluated
genetically. Green turtles play an important ecological role in the main-
tenance of seagrass heds, as grazing stimulates new growth (Aragones,
Lawler, Foley, & Marsh, 2006). The large nesting population of green
turtles historically present in the Cayman Islands served as a key fish-
ery resource (Aiken et al., 2001; Bass, Epperly, & Braun-McNeill, 20086),
and was exposed to massive anthropogenic perturbations by the com-
mercial harvesting of nesting females for meat consumption. The de-
cline of green turtle nesting populations worldwide led this species
to be listed as Endangered in 1975 by the IUCN (International Union
for Conservation of Nature) and its commercialization was regulated
by CITES (Convention on International Trade in Endangered Species of
Wild Fauna and Flora) (Aiken et al., 2001; Seminoff, 2004). In the 1980s
several studies concluded that the green turtle nesting population of
the Cayman Islands was extinct (King, 1982; Stoddart, 1980), although
the presence of some green turtles was reported in the waters sur-
rounding the Islands (Brunt & Davies, 2012). In 1968 a private com-
pany, the CTF (up to 1983 known as Mariculture Ltd and now called
Cayman Turtle Centre Ltd), started a green turtle captive breeding pro-
grammme to restore a population nesting in the Cayman Islands whilst
providing an alternative source of turtle meat to alleviate harvest from
the wild population (Cayman Turtle Farm, 2002). The project consisted

of importing adult turtles and eggs from other populations to breed
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FIGURE 1 Map of founders of the Cayman Turtle Farm (CTF). Wild adult turtles and eggs were taken from populations in Mexico (MEX),
Costa Rica (CR), Guyana (GUY), Suriname (SUR) and Ascension Island (ASC) and from the foraging area of Nicaragua (NIC) (for details on
adults and eggs see Supporting Information Tables S1 and S2). Locations of the origin of founders are marked with black circles and the

Cayman Turtle Farm is marked with an empty circle

in captivity, and raised future generations for the re-introduction and
as a harvest resource. Individuals representing the F, generation were
typically grown in the farm up to 4-6 years of age and then arbitrarily
chosen to be part of the breeding stock, to be released or to be slaugh-
tered for meat consumption. By contrast, individuals of the F, genera-
tion were only released or used as a source of meat, but not as part of
the captive breeding stock.

Adult turtles and eggs were collected from the nesting populations
of Costa Rica, Suriname, Guyana, Ascension Island and Mexico and
from the foraging area of Nicaragua between 1968 and 1978 to form
the founder stock of the CTF (Figure 1; see Supporting Information
Tables 51 and S2). Given that individuals imported to the farm were
gathered from widely separated areas, they probably belonged to ge-
netically different populations, as shown by Naro-Maciel et al. (2014).
Between 1980 and 2001, the CTF released ~30,000 captive-raised
hatchlings and yearlings as part of the re-introduction programmme
(Bell et al., 2005). Between 1982 and 1983, the farm reduced the size of
the founder breeding stock by 46% (Supporting Information Table S3)
to decrease management costs (Cayman Turtle Farm, 2002). In 2001,
Hurricane Michelle caused major damage to the CTF, further decreas-
ing the number of founder breeders with the loss of 81% of individuals,
which either died or escaped (Supporting Information Table S3).

The re-introduction of marine turtles into the wild is based on
the premise that they exhibit natal philopatry. This behaviour is
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described as the return of individuals to their natal site to reproduce
(Cury, 1994; Greenwood, 1980; Mayr, 1963). Newhorn hatchlings are
thought to memorize different chemical and magnetic cues from the
nesting beaches where they hatch and use this information in adult-
hood to find their natal nesting beaches to reproduce (Lohmann,
Lohmann, Brothers, & Putman, 2013; Lohmann, Witherington,
Lohmann, & Salmon, 1997; Meylan, Bowen, & Avise, 1990). Natal
philopatry leads to genetic distinctiveness of populations, and thus
geographically distant groups might have limited genetic exchange
(Chesser, 1991; Lee, Luschi, & Hays, 2007). Therefore, the natural re-
covery of isolated populations on the verge of extinction may be dif-
ficult, as little migration would be expected from other populations
to increase the number of mating adults. This philopatric behaviour,
in hoth females and males (Clusa et al., 2018), is the basis for a rapid
colonization of new potential nesting areas after the first arrival of
marine turtles (Carreras et al., 2018).

Philopatry is also the basis of the success of the re-introduction
programmme of Kemp's ridley sea turtle (Lepidochelys kempii)in Texas,
through a headstarting programmme started in 1978 (Fontaine,
2005). Headstarting consists of the rearing of the offspring in cap-
tivity up to a certain size before their release, to prevent high rates
of mortality typical of the early stages of life (Heppell, Crowder, &
Crouse, 1996; Mitrus, 2005). However, headstarting, as a conserva-
tion measure, has been questioned over the last 20 years because of
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the expected poor survival of the released turtles. They have been
found to have nutritional deficiencies and behavioural modifications
resulting from factors associated with captivity, including insuffi-
cient exercise, lack of stimuli or lack of feeding skills (Heppell, 1998;
Heppell et al., 1996; Moll & Moll, 2000). Furthermore, the probabhil-
ity of surviving to adulthood increases exponentially with age, and
therefore the population dynamics of organisms such as turtles are
driven more strongly by changes in annual juvenile survival than by
survival in their first year of life (Heppell et al., 1996).

The headstarting re-introduction programmme of the CTF has also
raised some concerns about its utility and possible negative impacts.
Some of these concerns are related to human health, animal welfare
and conservation activities (Warwick, Arena, & Steedman, 2013).
Moreover, re-introduction programmes alsc have possible genetic
consequences such as the alteration of genetic variability of natural
populations caused by the introduction of hatchery-bred individuals
(Horreo, de la Hoz, Pola, Machado-Schiaffine, & Garcia-Vazquez, 2012).
Farm releases in the Caribbean region of individuals hatched from a
founder stock that includes South Atlantic genetic material are thus a
potential source of outhbreeding depression (Narum, Arnsherg, Talbot,
& Powell, 2007). Despite these concerns, the wild population of green
turtles nesting in the Cayman Islands has increased and the number of
nesting females is increasing despite the long generation time of the
species (Aiken et al., 2001; Cayman Islands DoE, unpublished data). To
date, the exact role of the CTF breeding programmme in this recovery
is unknown, but the application of living tags (created by the transplan-
tation of a 4-mm-diameter disc of plastron to the carapace) has shown
that at least some of the released hatchlings survived to adulthood and
reproduced on nesting beaches in the Cayman Islands (Bell et al., 2005).

Genetic evaluation and monitoring of the success of the CTF
re-introduction programmme is necessary to understand its con-
tribution to the recovery of the wild populations and its impact on
the local gene pool. Using a set of 13 microsatellites, a fragment
of the D-loop mtDNA (800 bp) and four mitochondrial simple tan-
dem repeat (STR) markers, we analysed the genetic diversity and
genetic structure of 257 captive and 57 wild green turtle females
nesting on the islands of Grand Cayman. This study aims to recon-
struct the farm population structure and evaluate the re-introduc-
tion programme, specifically (a) estimate the genetic diversity of the
farm breeding stock; (b) assess parentage and sibship relationships
between the farm and wild population; and (c) identify the genetic
structuring of the farm breeding stock and of the wild population in
relation to other wild green turtle populations. We aim to provide
novel insights and guidelines for future re-introduction actions using

our results as a case study.

2 | MATERIALS AND METHODS

2.1 | Sampling and DNA extraction

The study was conducted using samples from wild green turtle fe-
males nesting on Grand Cayman (Cayman Islands) and from breeding

females of the CTF. Tissue biopsies were taken from all females of
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the farm breeding stock from 2012 to 2014 (N = 257) and from all
wild nesting females encountered during 2013 and 2014 (N = 57).
Tissue samples were taken from the neck or from the rear flippers
with a scalpel blade and stored in 100% ethanol. All individuals
were PIT-tagged (passive integrated transponder; Bjorndal, Reich, &
Bolten, 2010) to avoid pseudoreplication. We also obtained informa-
tion about the origin of the farm breeders or year of birth from the
farm databases when available (Supporting Information Dataset 51),
which indicated that the breeding stock consisted of original founder
and captive F, individuals. Based on this background data, we identi-
fied three sample groups within the farm breeding stock, as they
represent different stages of the re-introduction: founders, C1995
and multicohort F, breeders (MCFl). The group “Founders” includes
individuals known to belong to the original stock and to come from
distinct populations (N = 25). The group “C1995" consists of F, in-
dividuals born in the farm in 1995 and kept to increase the number
of breeders after hurricane Michelle (N = 189). The group “MCF1”"
{(Multicohort Fy breeders)are F, females born from 1986 up to 2002
and used for routine replacement of the original founder stock in
order to maintain management census sizes (N = 43). These two i
groups were considered separately because they are the result of
two different management strategies (a single large replacement,
the first, vs. continuous small replacements, the latter).

The DNA of all samples was extracted using a QlAamp Blood
and Tissue Kit (Qiagen) or using an E.Z.N.A. Tissue DNA kit (OMEGA
Bio-tek), following the manufacturers’ protocols. DNA was sus-

pended in 100 pl of deionized water.

2.2 | Laboratory analysis

All samples were genotyped at 13 microsatellite loci, originally
designed for different species of sea turtles that amplify and are
polymorphic in green turtles (Wright et al., 2012). Additionally,
we sequenced an 800-bp fragment of the mtDNA D-Loop region
(Abreu-Grobois et al., 2006) and four (AT),, mtDNA STRs (Tikochinski
etal., 2012) in all wild individuals and a selection of the farm animals.
The selection of farm samples was based on the known origin of the
animals coupled with our microsatellite results, in order to charac-
terize the founder stock and to confirm parentage assignments (see
Results). Amplification PCR conditions for each marker are given in
Supporting Information Table 54.

One of the primers for each microsatellite (Supporting
Information Table S5) was labelled with a flucrescent dye (6-FAM,
HEX or NED). Microsatellite loci were amplified with two multiplex
PCR sets as described by Wright et al. (2012) and carried cut with
a GenAmp PCR System 2700 (Applied Biosystems). Each multiplex
was amplified in a final volume of 5 pl, with 2.5 pl of Multiplex PCR
Master Mix (Qiagen), 1.5 pl of primer mix (as detailed in Bradshaw
et al, 2018) and 1 pl of DNA. After amplification, 15 ul of ultrapure
H,O Ecolab was added in each reaction tube and amplification suc-
cess was assessed in an agarose gel. Microsatellite allele sizes were
estimated in 2 pl of diluted amplified DNA, 0.5 pl of GeneScan 500
Liz Size standard (Applied Biosystems) and 12.5 pl of deicnized
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formamide on an ABI 3730 DNA Analyzer (Applied Biosystems) at
the Serveis Cientifico-Técnics of the Universitat de Barcelona, and
alleles were assighed using GENEMAPPER software (version 3.7, Applied
Biosystems). To check for genotyping errors, 27 samples were ran-
domly selected and genotyped twice, resulting in a genotyping error
<0.2%.

Mitochondrial D-Loop sequences (800 hp long) were amplified
in 142 individuals (Supporting Information Dataset S1). The final
reaction volume was 15 pl containing 5.08 pl of deionized water,
3 ul of PCR buffer 5x (GoTaq Promega), 1.8 pl of dNTPs (1 mm),
0.6 pl of MgCl, (25 mm), 1.8 pl of bvine serum albumin, 0.3 ul of
forward primer (10 um), 0.3 pul of reverse primer (10 um), 0.12 pl
of GoTaq G2 Flexi DNA Polymerase (Promega, 5 U/ul), and 2 pl
of DNA. Mitochondrial STR amplifications were conducted for
the same individuals (Supporting Information Dataset S1). The
final reaction volume was 15 pl, with 5.48 ul of deionized water,
3 il of PCR buffer 5x (GoTaq Promega), 1.8 pl of dNTPs (1 mm),
0.6 ul of MgCl, (50 mm), 1 ul of forward primer (10 um), 1 pl of re-
verse primer (10 um), 0.12 pl of GoTaq G2 Flexi DNA Polymerase
{(Promega 5 U/ul), and 2 pl of DNA. The amplified DNAs (3 ul) of
both mtDNA markers were purified with Exo-SAP (2 pl containing
0.4 U of EXO and 0.4 U of TSAP) using a single cycle of 37°C for
15 min and 80°C for 15 min. Then, 1 pl (5 wm) of the correspond-
ing forward primer was added to the purified product (LCM15382
for D-loop and CM-D-1 for STRs) and dried at 80°C for 30 min
in order to be sequenced on an ABI 3730 automated DNA anal-
yser (Applied Biosystems) at the Serveis Cientifico-Técnics from

Universitat de Barcelona.

2.3 | Data analysis: microsatellites

We checked for null alleles using the program MICRO-CHECKER (Van
Oosterhout, Hutchinson, Wills, & Shipley, 2004). Pairwise linkage dis-
equilibrium and deviation from Hardy-Weinberg equilibrium were as-
sessed using GENEPOP version 4.3 software (Raymond & Rousset, 2004).
To correct for multiple comparisons, we used the Benjamini-Yekutieli
(B-Y) FDR (false discovery rate) correction (Narum, 2006). To test for
inbreeding through observed (H_) and expected (H) heterozygosity
we used GENETIX version 4.05.2 (Belkhir, Borsa, Chikhi, Raufaste, &
Bonhomme, 2004) software on all groups of individuals. Allelic rich-
ness was computed with rarefaction using the r package DiveRsity
{Keenan, Mcginnity, Cross, Crozier, & Proddhl, 2013; RStudio Team,
2016). Pairwise genetic distances (Fg;) among our groups were cal-
culated using GeNaLEX 6.503 (Peakall & Smouse, 2012). We used the
same program to calculate the relatedness estimator of Lynch and
Ritland (1999) among individuals within each group. Because we are
analysing samples with potentially very distinct origin, we estimated
relatedness values for each subset separately based on the allele fre-
quencies obtained within the subset. We also tested whether related-
ness values for each subset deviate significantly from those randomly
ohtained by 9,999 permutations, as implemented in GenaLEX 6.503
{Peakall & Smouse, 2012). For this last analysis we considered all the

samples together to calculate baseline allele frequencies.
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We identified the most probable number of genetic groups
among the founder individuals of the captive stock, as they could
come from geographically distant areas, while the remaining samples
from the breeding stock belong to the F, of the captive breeding and
therefore are the result of a mix of genetic material. We used the
software STRUCTURE version 2.3.4 (Pritchard, Stephens, & Donnelly,
2000) and performed 10 repetitions of each independent K value
from 1 to 10; burn-in length was set to 50,000 with 500,000 Markov
chain Monte Carlo (MCMC) runs. To select the best K we calculated
the log probability of the data with STRUCTURE HARVESTER (Earl, 2012).

We conducted sibship and maternity analysis using three dif-
ferent programs based on maximum-likelihcod: coLony version 2.3
{(Jones & Wang, 2010), cervus version 3.0.7 (Marshall, Slate, Kruuk,
& Pemberton, 1998) and mi-reLaTe (Kalinowski, Wagner, & Taper,
2006). coLony performs parentage assignment, sibship analysis and
reconstructs genotypes of unsampled parents. colony also gener-
ates the best cluster in which the program infers unsampled mothers
and fathers and allows for the formation of family groups. We set
the parameters to long run, high precision and error rate = 0.0001.
All individuals were included as offspring and motherhood input
data. To refine the analysis and to minimize the error we excluded
as mothers all wild individuals, as they could not have sired any of
the farm individuals, and all captive individuals born in 1995 (cohort
C1995) or later, according to the information provided by the CTF
(Supporting Information Dataset S1), as they would be too young
to be mothers of the other breeding females. cervus performs par-
entage analysis using strict a confidence level set at 95%. ML-RELATE
estimates the relationship among individuals from codominant ge-
netic data. We computed the log-likelihood of relatedness for all
pairs of individuals and produced a confidence interval of 95% after
999 simulations per test. The outputs of the three programs were
then combined to identify for maternity and sibship relationships in
our sample set. Maternity ocutputs of cervus and coLony were also
compared using PEDAGREE (version 1.06), software which can be used
to assess accuracy and congruence for genetically reconstructed
pedigree relationships from these two programs (Coombs, Letcher,
& Nislow, 2010).

2.4 | Dataanalysis: mtDNA

D-Locp sequences were aligned, cut and compared with published
haplotype sequences found in the database maintained by the
Archie Carr Center for Sea Turtle Research (http://accstr.ufl.edu/)
using BIoEDIT software (Hall, 1999). STRs were scored by counting the
number of (AT)n repeats in each of the four loci of the sequence de-
scribed in the literature and haplotypes were named using the four-
number barcoding system (Tikochinski et al., 2012). MEGAT software
(Kumar,Stecher,&Tamura, 2016)wasusedtocreateaNeighbor-Joining
tree (Saitou & Nei, 1987) to identify the phylogeny of D-Loop hap-
lotypes by maximum likelihood (Tamura, Nei, & Kumar, 2004) with
999 hootstrap replicates. The tree was rooted in the middle of the
longest branch. We also created a haplotype network using Median

Joining calculation (Bandelt, Forster, & R8hl, 1999) as implemented in
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NETWORK 5.0 software (www.fluxus-engineering.com). Each D-Loop
haplotype was assigned to a lineage by comparison to the lineages
identified by Naro-Maciel et al. (2014). We calculated haplotype and
nucleotide diversity for wild and captive individuals separately using
ARLEQUIN 3.5 (Excoffier & Lischer, 2010) and pnasp version5 (Librado
& Rozas, 2009). Both D-loop and STR sequences were also used to
confirm maternal assignments resulting from microsatellite analysis.
Using D-loop sequences we performed analysis of wild and captive
populations compared to other wild populations of the Caribbean
{Shamblin, Bagley et al., 2015), African (Patricic et al., 2017; Shamblin,
Dutton et al.,, 2015) and Mediterranean (Bradshaw et al., 2018) re-
gions. Incorporating D-loop sequences from these populations, we
tested for genetic structuring (Fg;) and genetic diversity.

We performed Mixed-Stock analysis (MSA) of the Founders
subset against a baseline of rookeries with short (400-bp) D-loop
sequences, consisting of North Caribbean, South Caribbean and
South Atlantic populations (23 populations in total). We used short
sequences to be able to include data from populations of known or-
igin of the founders according to CTF background records. We used
the program saves (Pella & Masuda, 2001), with 40,000 MCMC runs
for each potentially contributing nesting site with prior expectations
of 0.978 for a particular nesting site and 0.001 for the 22 other nest-
ing sites. Lack of convergence was assessed with the shrink factor of
Gelman and Rubin (1992). The contribution of each rookery to the
founder group was estimated from the mean of chains after 20,000
burn-in steps.

The results of both mtDNA and microsatellite analysis of wild and

captive animals were used together to define the farm population

structure. For this, we combined D-loop and STRs in a haplotypic
system as in Shamblin, Dutton et al. (2015) to perform Fgp tests

among all groups.

3 | RESULTS

3.1 | Genetic diversity

All 314 individuals were genotyped with the 13 microsatellite
markers showing a number of alleles ranging from six (B123)tc 23
(Cc2) (Supporting Information Tahle S5). Four markers were found
to be in Hardy-Weinberg equilibrium, ocne (D2) was not at equilib-
rium in both groups, and the remaining eight yielded different re-
sults depending on the sample group considered. However, we did
not discard any of the markers that were not in Hardy-Weinberg
equilibrium for two reasons. First, previous studies concluded
that none of these markers deviates from Hardy-Weinberg equi-
librium in other wild populations (Bradshaw et al., 2018; Wright
et al., 2012), suggesting that the detected deviations are not due
to the properties of the marker. Second, these deviations are
expected to be found both in the captive individuals, consider-
ing the process of founding from different natural populations,
and in the wild population, due to the re-introduction process.
Furthermore, analyses were run without these markers and the
results did not change substantially. Expected heterozygosity (H)
decreased from founders to C1995 and from C1995 to wild in-
dividuals (Table 1), although differences were not significant as

assessed with a Wilcoxon matched pairs test. Mean ohserved

TABLE 1 Genetic diversity values of
each sample subset. The farm breeding
wild stock was subdivided into Founders (from
the original founder stock), MCF1
(individuals of the breeding stock born at

Farm
Founders C1995 MCF1

Microsatellites

N P25 189 43

Ar 8.538 (0.592) 7.644 (0.181) 7.885 (0.369)

Hy 0.717 (0.037) 0.702 (0.034) 0.719 (0.029)

Ho 0.681 (0.04) 0.72 (0.038) 0.751 (0.038)

Rel -0.021 (0.0023) -0.003" (0.0004) -0.012 (0.0018)

Fis 0.05* -0.025* -0.042
mtDNA

N 25 41 19
D-Loop

Haplo 8 8 7

H 0.703 0.578 0.602

T 0.0069 0.0038 0.0043
STRs

Haplo 10 13 9

H 0.877 0.806 0.848
D-Loop + STRs

Haplo 13 16 11

H 0.703 0.578 0.602
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57 the Cayman Turtle Farm) and C1995

7.821(0.399) (individuals born in 1995 at the Cayman
Turtle Farm). The table shows number of

0.693 (0.042 4 "

{ ) samples used with each marker (N), allelic

0.664 (0.046) richness (Ar), expected (Hg) and ohserved

-0.009 (0.0016) (Ho) heterozygosities, degree of

0.045* relatedness (Rel) (values significantly
higher than those obtained by random
permutations are marked with #),

57 inbreeding coefficient (F) (values
significant for Hardy-Weinberg

12 disequilibrium are marked with *), number
of haplotypes (Haplo), haplotype diversity

0.573 (H) and nucleotide diversity (r). For

0.0039 microsatellite values, standard errors are
given in parentheses

16

0.814

19

k573
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FIGURE 2 Genetic relationships between the haplotypes found in the farm and wild samples of the Cayman Islands. Left: Neighbor-
Joining haplotype tree, middle-rooted at the longest branch, indicating maximum likelihood bootstrap values higher than 60%. Top branch
represents lineage B, and hottom branch represents lineage A. The new haplotype found (CM-A78.1) belongs to lineage A. Right haplotype
network of the individuals of the Cayman Islands. Connecting lines show single mutational changes between haplotypes. The red dot
represents an unsampled intermediate haplotype connecting sampled haplotypes. The size of the pies represents haplotype frequencies of

farm (blue) and wild (grey) individuals

heterozygosity (H) was highest in individuals in cohort C1995, al-
though differences were not significant. We obtained atotal of 17
D-Loop haplotypes (Figure 2; Supporting Information Table S6).
All but one had been previously described in populations in the
Caribbean Sea, South America, South Atlantic (Ascension Island;
Formia, Godley, Dontaine, & Bruford, 2006) and Africa (Shamblin,
Bagley et al., 2015; Shamblin, Dutton et al., 2015). The haplotypes
found in our samples belonged to different lineages as defined in
the literature (Naro-Maciel et al., 2014): most haplotypes belonged
to lineage A (84%), which is typically found in the Caribbean, while
the rest belonged to lineage B (Figure 2) typically found in South
America, South Atlantic and Africa (Patricic et al., 2017; Shamblin,
Bagley et al., 2015; Shamblin, Dutton et al., 2015). CM-A5.1 is the
only haplotype of lineage B found shared by both the captive and
the wild populations; however, this haplotype is not exclusive of
the South Atlantic region and can be found in other wild popula-
tions of the Caribbean region (Naro-Maciel et al., 2014). The new
haplotype (CM-A78.1) (GenBank accession no.: MH177873) be-
longs to lineage A (Figure 2). Haplotype diversity (H) and nucleo-
tide diversity (r) decreased from the founder generation to cohort
1995 and to wild females (Table 1). We found 23 different STR
haplotypes, with the highest haplotype diversity in the founder
generation. When considering the two mitochondrial markers
together, 32 haplotypes were obtained (Supporting Information
Tahle S6), also with the highest diversity in the founder genera-
tion (Table 1).

3.2 | Relatedness reconstruction among wild and
captive individuals

Individuals of the original founder stock (N = 25) showed the lowest
degree of relatedness (r = -0.021), while the cohort 1995 (N = 189)
showed the highest value (r = -0.003, Tahle 1). Only C1995 pre-
sented relatedness values significantly higher than those expected
considering the permutation analysis (p = 0.0001).

coLony identified a total of 82 mothers and 54 fathers (both as-
signed and inferred), differentially contributing to the F, generation
{Supporting Information Figure S1), while almost all founder individ-
uals were sired by different males and females. Mother/father sex
ratio proportions for parents assigned to each subset increased from
Founders (sex ratic = 0.96), toc MCF1 (sex ratio = 1.25) to C1995 (sex
ratio = 1.52). The proportion offspring/mother (Founders = 1.05,
MCF1 = 1.22 and C1995 = 2.82) and offspring/father increased in
the same way, in accordance with the increase of relatedness levels
in each group. A total of 43 mothers and 34 fathers were identi-
fied for wild females with a sex ratio similar to MCF1 individuals {sex
ratic = 1.26).

coLony identified 40 parent-offspring pairs consisting of seven
mothers of the captive breeding stock and 36 captive offspring plus
four wild offspring. M-reLATE found 45 parent-offspring pairs con-
sisting of 27 mothers of the captive breeding stock and 33 captive
offspring plus 12 wild offspring. Finally, cervus assigned a possible

mother to each one of the offspring in the sample set, so we only

25
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FIGURE 3 Pedigree of individuals of the Cayman Islands Turtle farm breeding stock. Parent-Offspring pairs were inferred hy coLony
{(Jones & Wang, 2010), cervus (Marshall et al., 1998) and mi-reLaTE (Kalinowski et al., 2006). The top row consists of captive individuals
inferred as mothers; the bottom row consists of wild and captive individuals, assigned to the mother from the farm. Black lines represent
matches supported by all three programs, while grey lines represent matches supported by two of the programs

considered the pairs invelving a mother already found in at least
one of the other two programs as an additional support of the re-
sults. Sibship relationships were assigned prioritizing the following
order: Parent-Offspring, Full-Siblings, Half-Siblings and Unrelated.
Comparison of the three programs found a total of 17 mothers and
41 offspring, of which seven individuals were wild and 34 were from
the farm (Figure 3). Of the identified mothers, 12 were parents of
captive offspring only, two were parents of wild offspring only and
three were parents of both farm and wild offspring. Only 13.2% of
farm individuals were assigned to a captive mother. Six wild individu-
als were full-siblings of one or more captive individuals as estimated
using two programs. All Parent-Offspring and Full-Siblings relation-
ships between a wild and a captive individual were consistent with
D-loop and STR haplotypes (Supporting Information Table S7). A
total of 90% of the wild individuals were found to be related to the
farm by at least two of the three programs used, either as offspring

or as sibling (Figure 4).

3.3 | Population differentiation

Pairwise F¢; values from microsatellite data identified significant ge-
netic differentiation between wild and two farm subsets (Founders
and C1995) and also hetween these two subsets (Table 2). However,
pairwise Fg; analysis based on the combination of both mtDNA
markers, D-loop and STR sequences did not show any significant
differentiation.

Moreover, based on published D-loop sequence data from other
wild populations of the Caribbean, South Atlantic and Mediterranean
Sea (Supporting Information Table $8), we found significant genetic dif-
ferentiation of both wild and farm Cayman populations to all the other

populations of the Atlantic and Mediterranean with two exceptions

26

12% parent-offspring 10% unrelated

11% full-siblings

67% half-sibling

FIGURE 4 Parentage assignment of wild individuals to the farm
breeding stock. All assignments are supported by at least two of
the three programs used - coLony (Jones & Wang, 2010), cervus
{(Marshall et al., 1998) and m-reLATE (Kalinowski et al., 2006)

TABLE 2 Pairwise Fg; values among the wild population and the
different groups of the farm. Microsatellite results are shown below
the diagonal and the results of the combination of D-loop and STR
markers are shown above the diagonal. Values in bold are

significantly different after FDR correction (FDR, ,c = 0.020)
Wild Founders C1995 MCF1
wild ] -0.0075 -0.0001 -0.0114
Founders 0.012 0 -0.0049 -0.0156
C1995 0.005 0.015 0 -0.0035
MCF1 0.007 0.033 -0.017 (0}

within the Caribbean (Supporting Information Table S9). The Dry
Tortugas (DRT) population is similar to the farm and wild Cayman

Island turtles and the Tequesta (TEQ) population is similar to wild only,
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but in both cases the sample size of previous studies was low and sev-
eral haplotypes present in both farm and wild Cayman Island turtles
are absent in DRT and TEQ. Moreover, we found that all Cayman Island
sampling groups have high haplotype diversity when compared to the
other wild populations of the Caribbean, the South Atlantic and the
Mediterranean Sea (Supporting Information Figure S2). MSA of the
Founders subset identified that the highest contributions were from
Cuba (22.74%), Singer Island, Florida (USA) (14.2%), Mexico (11.76%)
and Aves Island, Venezuela (11.76%) (Figure 5). This result is consistent
with the known contributions to the founder stock, which are limited
to five nesting locations and the foraging area of Nicaragua, poten-
tially hosting individuals from all the Caribbean (Figure 1). Onthe other
hand, only one genetic group was identified by bayesian clustering

using STRUCTURE (Supporting Information Figure S3).

4 | DISCUSSION

Biodiversity loss has become a major problem on a global scale

and ex situ conservation programmes are a useful tool to preserve

biodiversity in a wide range of taxa (Barnosky et al., 2011). It has
been estimated that in the next 200 years between 4,000 and 6,000
species of terrestrial vertebrates will require captive breeding and
re-introduction to avoid extinction (Frankham, Ballou, & Briscoe,
2010). Ex situ conservation actions require a scientifically informed
management strategy throughout the different stages of the pro-
cess, to establish self-sustained wild populations following the re-in-
troduction. In this study, we have combined the potential of genetic
analysis with background information of captive individuals across
different generations, to demonstrate how the Cayman Island's re-
introduction pregrammme has contributed to restore the wild popu-
lation of green turtles. We have alse shown how the different farm
management strategies have conditioned the genetic composition
of the breeding stock with added genetic value for the continuocus

small replacements of breeders.

4.1 | Farm structure

When the CTF was founded, eggs and adults from different popula-
tions in the Caribbean Sea and the South Atlantic Ocean were taken

100%
90%
. M Costa Rica
80% E Guyana
70% [IMexico
(o
.g 60% CJSuriname
é 50% [JUnknown
S 40%
O
30%
20%
1] I [ o 011 I | |
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CAN MEL HUT JUP TEQ SNG BCR BRW MAR DRT MEX CR CUBAAVE SURAASC POl BIO SAO TI RA FNI
NORTH SOUTH SOUTH
CARIBBEAN CARIBBEAN ATLANTIC

FIGURE 5 Mixed-Stock Analysis of the Founder subset against wild populations based on short (400-bp) D-loop sequences to include
samples of known origin of the founders for which long sequences were not available (i.e., Mexico). The highest contribution appears to be
from Cuba (CUB), Singer Island (SNG) (Florida), Mexico (MEX) and Aves Island (AVE), corresponding to the putative geographical areas of
origin of these individuals. The pie graph represents the origin of founder individuals as reported in the Cayman Turtle Farm background
data; the “unknown” category comprises individuals that are known to have wild origin but lack the information on the specific collection
site. North Caribbean populations are CAN = Canaveral National Seashores, MEL = Melbourne Beach, Archie Carr National Wildlife
Refuge, HUT = Southern Hutchinson Island, JUP = Northern Jupiter Island, TEQ = Tequesta (Southern Jupiter Island), SNG = Singer Island,
BCR = Boca Raton, BRW = Hillshoro, MAR = Key West Archie Carr Naticnal Wildlife Refuge and DRT = Dry Tortugas National Park (all in
Florida, USA) (Shamblin, Bagley et al., 2015), MEX = Quintana Roo (Mexico) (Encalada et al.,, 1996), CR = Tortuguero (Costa Rica) (Bjorndal,
Bolten, & Troeng, 2005) and CUB = Cuba (Ruiz-Urquicla et al., 2010). South Caribbean populations are AVE = Aves Island (Venezuela)

and SUR = Matapica (Suriname) (Bolker, Okuyama, Bjorndal, & Bolten, 2007). South Atlantic populations are ASC = Ascension Island,

BIO = Bicko Island (Equatorial Guinea), SAQ = Sac Tome (Formia et al., 2006), Tl = Trinidad Island (Trinidad y Tobago), RA = Rocas Atoll and
FN = Fernando de Noronha (Brazil), and POl = Poilao (Guinea Bissau) (Patricio et al., 2017; Shamblin, Dutton et al., 2015)
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to the farm to divide the impact of the removal of individuals among
different populations (Cayman Turtle Farm, 2002). However, this
strategy had an additional unexpected effect, because later stud-
ies demonstrated the profound genetic structuring among Atlantic
nesting beaches (Naro-Maciel et al., 2014, and references therein).
Farm haplotypes in fact belong to both lineage A and lineage B, de-
scribed by Naroc-Maciel et al. (2014) from the Caribbean and from
the South Atlantic/Africa region, respectively, consistent with the
reported origin of the founder stock.

The founder stock was thus characterized by high initial diver-
sity coupled with an expected low relatedness among individuals.
However, the breeding stock suffered a reduction in numbers in
October 2001 due to Hurricane Michelle when it was reduced from
355 to 87 adult individuals, only 34 belonging to the initial founder
stock. Individuals born on the farm, mainly from the 1995 cohort,
were kept for breeding purposes in order to increase the size of the
breeding stock after the hurricane, now representing 72.9% of the
present captive breeding stock. The high percentage of F, hreeders
not assigned to any of the current founder females (80.2%) shows
the contribution of the adult turtles lost in the hurricane or in pre-
vious management actions. Thus, F; breeders remain a potentially
valuable source of diversity to the wild population.

The reduction of the breeding stock caused by the hurricane
and the subsequent use of a large number of individuals (189) of
one cohort (C1995) in the breeding stock reduced the farm ge-
netic variahility at nuclear and mitochondrial markers. Moreover,
this management strategy has increased the degree of genetic
relatedness within farm individuals (Table 1) due to the higher
proportion of breeders sired by the same parents when using this
many individuals from a single generation. In contrast, the levels
of variabhility of the MCF1 group are higher, with no signals of in-
breeding and lower relatedness values. This suggests that contin-
ucus small replacements of the breeding stock using individuals
from different cohorts is a better strategy to maintain diversity,
when possible. Regardless, the loss of variability and increased
relatedness are expected consequences of any captive breeding
programmme due to genetic drift, especially in those programmes
lacking genetic management (Ralls & Ballou, 1986; Witzenberger
& Hochkirch, 2011). Furthermore, the higher ohserved (Hg) than
expected (Hg) heterozygosity in C1995 and the MCF1 fits the
expected outcome when individuals from different populations
reproduce (Witzenherger & Hochkirch, 2011), as their parents
belong to the original founder stock. The observed variations in
diversity provide valuable knowledge for future management ac-
tions in the farm, for instance, while deciding which individuals to
keep for the breeding stock or as a basis for a directed reproduc-
tion programme. The correct management of captive stock meant
for re-introduction is a critical point for any ex situ programme,
as the selection of captive breeders will reflect in the future wild
re-introduced population. Therefore, the genetic balance of the
captive stock has to be taken under consideration not only at the
beginning, but also throughout the whole project to ensure a ge-

netic combination that is as optimal as possible.
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4.2 | Relationship with the wild population

During the past 40 years, the CTF has been releasing hatchling and
yearling turtles following the headstarting method in order to avoid
the high rates of mortality during their early life stages (Bell et al.,
2005). Although in the 1980s several studies declared the former
wild population extinct (King, 1982; Stoddart, 1980), the Cayman
Islands currently hosts a nesting population. Fifty-seven of these
nesting females were captured and sampled, but ongoing tagging
studies suggest that there are around 100-150 nesting females
(ongoing data collection). Qur sibship reconstruction showed that
the farm provided a significant contribution to the wild population
as 90% of the wild nesting females in Grand Cayman are offspring,
full- or half-siblings of female captive breeders. Consequently, most
mothers and fathers (assigned or inferred by the program) of wild
breeding females were either permanently captive in the farm or had
escaped from the captive breeding stock (Supporting Information
Table S10). The contribution of the farm to the wild population
should be considered a minimum, as potential captive parents for
the wild breeders and current wild nesters might be part of the farm
breeding stock lost in 2001. Furthermore, the contribution of the
younger breeders has not yet had an impact on the population, due
to the long life cycle of marine turtle, with the released individuals
needing between 15 and 19 years to reach maturity, depending on
stage of release.

Considering the large number of related individuals detected
among captive and wild populations it is not surprising to find no
significant differences in haplotype frequencies even for the two
mitochondrial markers combined. The two groups share the highly
frequent CM-A3.1_6-8-4-4 (30%) haplotype, but also some rare
haplotypes, suchas CM-A13.1_5-7-7-4 (<5%) and CM-A27.1_5-9-4-4
(<5%), which further reinforces the relatedness between captive and
wild populations. By contrast, microsatellites show significant dif-
ferences between wild and twe farm subsets, C1995 and founders,
which could be due to the contribution of males to nuclear markers.
Therefore, although the success of the re-introduction has already
heen determined by the outcome of the present analysis, the geno-
typing of male individuals or the reconstruction of male genotypes
(Phillips, Mortimer, Jolliffe, Jorgensen, & Richardson, 2014; Wright
et al, 2012) could refine the actual contribution of the farm to the
wild population.

Due to the lack of historical samples of the original wild
Cayman nesting population for genetic analysis, it is not possi-
ble to know the extent of the impact of the farm re-introduction
programmme on the recovery of the population but our results
indicate two possible scenarios. On the one hand, the original
wild population could have been completely replaced by captive
individuals and thus the 10% of unrelated wild individuals could
he some of the captive individuals lost in 2001 during hurricane
Michelle or their descendants or siblings. As evidence for this, the
four South Atlantic exclusive haplotypes in the wild population
are found in individuals related to the farm as full- or half-siblings.

Therefore, these haplotypes may have beeninherited from captive
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individuals not present in our breeding sample. In fact, the possi-
ble escape of captive individuals caused by the hurricane could
be considered an accidental re-introduction. On the other hand,
the few wild females with no relationship to captive turtles could
be the remains of the original wild population. In fact, these non-
related individuals presented haplotypes typically found in other
Caribbean populations. In the context of a captive breeding or re-
introduction programme, these scenarios highlight the importance
of collecting samples from wild individuals of a population on the
edge of extinction, whenever possible. In fact, the gathering of
original wild samples would facilitate the identification of original
and re-introduced individuals of the future recovered population,

resulting in more accurate management decisions.

4.3 | Comparison with other natural populations

Any re-introduction programmme is usually associated with a de-
crease in genetic diversity due to the reduced size of the captive stock
and to the maintenance of the captive population that may lead to
major problems caused by inbreeding depression (Edmands, 2007;
Witzenberger & Hochkirch, 2011). Although in 1980 the number of
farm founder breeders (208) doubled the optimum suggested by
Witzenberger and Hochkirch (2011) to avoid inbreeding and loss of ge-
netic diversity, subsequent deaths in captivity and escapes as a result
of the hurricane caused a drop in the number of founders, potentially
increasing the risk of inbreeding depression. On the other hand, the
different origins of these individuals might trigger the loss of individ-
ual fitness due to outbreeding, as a result of negative interpopulation
hybridization (Edmands, 2007). Using MSA we showed that the pre-
sent founder stock still includes individuals from the North Caribbean
region (Mexico, Costa Rica and Nicaragua) and the South Caribbean
region (Guyana and Suriname), although the contribution of the South
Atlantic region (Ascension) remains unknown (Figure 5). However, we
found the African haplotypes CM-A8.1 and CM-A42.1 in the C1995
subset. Haplotype CM-A8.1 is the most abundant in Ascension Island
(Naro-Maciel et al., 2014), one of the source populations of the founder
stock. Haplotype CM-A42.1 is exclusive to Poilac (Patricio et al., 2017)
where it coexists at low frequency with CM-A8.1. As the populations
of Poilac and Ascension are genetically similar (Patricio et al., 2017),
finding the CM-A42.1 haplotype in the farm would imply that this
haplotype is alse found in Ascension Island but has yet to be discov-
ered there. Considering that after the hurricane catastrophe only 28
founder females out of 148 survived, this reduction probably resulted
in extensive loss of haplotypes in the founder stock but that were
transmitted to the F, and potentially alsc to the re-introduced individu-
als (Supporting Information Table S3). Therefore, the former founder
stock could have presented African and south Atlantic haplotypes,
now not detected in the founders, that could be found in the future in
wild breeders if admixture does not compromise their fitness.

The levels of variability of D-loop mtDNA found in captive and
wild females are similar to or higher than in other populations of
green turtles from the Atlantic Ocean or the Mediterranean Sea

analysed in other studies (Figure 5). The explanation of the high
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diversity found in the CTF may relate to the large number and high
diversity of origins of the farm breeders’ founder stock. This diverse
origin can be easily detected by an increase in observed heterozy-
gosity among the individuals that resulted from the admixture of
the founders (MCF1 and C1995); any offspring from parents of dif-
ferent origin are much more likely to have high levels of heterozy-
gosity, due to the parents not sharing common alleles. However, F¢
values of wild Cayman females are positive and significant despite
their high relatedness to the farm. The admixture of individuals from
genetically differentiated units can affect the fitness and repro-
ductive capacity of the offspring because of outbreeding depres-
sion (Weeks et al., 2011), by disrupting fine-scale local adaptaticn
or epistatic interactions (Weber et al., 2012). Tentative evidence
has been proposed for such an inbreeding-outhreeding tension in
an Indian Ocean population of hawksbill turtles (Phillips, Jorgensen,
Jolliffe, & Richardson, 2017). In the Cayman Islands, both admixed
breeding farm females and sampled wild females seem to be fully
capable of reproduction, suggesting that outbhreeding depression is
not relevant. Nonetheless, the menitoring of diversity along with the
study of the reproductive success of the wild population, as well as
the farm, is extremely important, in order to evaluate any long-term
impact on natural populations. Monitoring studies rarely evaluate
re-introduction effects of F, or F, generations, despite the fact that
some of the negative effects of outhreeding may appear in late gen-
erations (Edmands, 2007). For instance, a study on artificially trans-
located pink salmon detected outbreeding depression in F,, hybrids
resulting from spatially separated populations (Gilk et al., 2004).
Therefore, when forming a founder stock for captive breeding, al-
though the gathering of individuals from distinct genetic populations
is reasonable, the genetic composition of the populations should be
previously tested to minimize the risk of outbreeding depression.
Therefore, continuous genetic monitoring of wild Cayman nesting
events (including fertility and variability records) would be crucial to
investigate fitness consequences after different genetic groups have
mixed (Edmands, 2007).

4.4 | Concluding remarks

In this study, we have shown that the re-introduction programmme of
green turtles in the Cayman Islands has greatly impacted the recovery
of the wild population as 90% of the wild population are related to
the farm turtles. This re-introduction has been fuelled by a high ge-
netic diversity due to the diverse origin of the founders used to start
the captive population. Considering these results, we suggest scien-
tifically controlling the future mating of the captive breeding stock to
avoid outbreeding or inbreeding in the captive population while re-
cording fitness values of fecundity and survival. The success of the
re-introduction programmme opens new challenges for the future
management of the wild population. Further monitoring should assess
whether the recovered population is self-sustainable and monitor-
ing is essential to detect and prevent eventual negative impacts on
natural populations in the Caribbean. This monitoring is necessary be-

cause in species with long life cycles, such as green turtles, potential
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shifts in fitness can only be detected in the long term. In this study,
we evaluated a re-introduction programmme 40 years after its imple-
mentation. However, the ideal scenario for any re-introduction pro-
grammme would be to incorporate genetic studies from the beginning.
Future captive breeding programmes with re-introduction purposes
can benefit from following a few recommendations that arise from
this study. First, founder stock individuals should be collected from
the genetic region of re-introduction, to avoid the mixing of unrelated
genetic groups and the risk of outbreeding. Second, genetic pedigrees
could be used to program appropriate breeding strategies to maintain
genetic diversity, minimize inbreeding in the captive stock and select
individuals for the re-introduction. Finally, temporal menitoring of the
wild population should be performed including information regarding
its status before re-introduction. Scientifically informed ex situ con-
servation actions might have higher chances of success inthe recovery

of endangered species.
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Table S1. Eggs collected between 1968 and 1978 and part of the Cayman Turtle Farm founder stock. On average,

64% of eggs successfully hatched. One percent of hatched eggs were released at the collection sites as one-year
old animals (Cayman Turtle farm, 2002).

Country 1968 1969 1970 1971 1972 1973 1974 1976 1977 1978

Costa Rica 15000 15000 15000 - 14958 14803 - - - -

Ascension Island - 15000 15000 - 16746 19105 19814 - - -

Guyana - - 5000 - - - - - - -

Suriname - - 24000 30000 29582 63404 60650 42830 33609 28173
2

36



Chapter 1

Table 2. Adult, sub-adult and juvenile turtles collected between 1968 and 1977 to form the Cayman Turtle Farm
founder stock. Individuals were taken from Costa Rica, Suriname, Guyana, Ascension Island, Mexico and
Nicaragua. These individuals cannot be precisely divided by life stage or origin because for most of them one of
these parameters or both are not specified in the literature (Cayman Turtle Farm, 2002).

Year Turtles

1968 350
1968-1973 60

1971 31
1976-1977 117
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Table $3. Number of breeding founder individuals in the Cayman Turtle Farm from 1973 to 2001 before (1) and
after (2} hurricane Michelle (Cayman Turtle Farm, 2002).

Year Males Females Total
1973 10 65 75
1974 13 75 88
1975 22 89 111
1976 17 125 142
1977 42 172 214
1978 84 401 485
1979 90 450 540
1980 90 442 532
1981 62 437 499
1982 62 306 368
1983 41 228 269
1984 48 219 267
1985 45 212 257
1986 44 212 256
1987 41 210 251
1988 38 208 246
1989 32 204 236
1990 32 204 236
1991 26 195 221
1992 32 191 223
1993 34 205 239
1994 41 174 215
1995 38 171 209
1996 38 169 207
1997 37 165 202
1998 35 156 191
1999 35 155 190
2000 34 150 184
2001(1) 34 148 182
2001(2) | 6 28 34
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Table S4. PCR amplification conditions used for each marker type. The primers used for amplification are
described in the references.

39

Marker Reference PCR
Step 1 Step2 Step 3
Microsatellites | See Supplementary Table 5 95°C 15min | 35 cycles of 94°C 30s, 60°C 30min
58°C 90s, 72°C 60s
mtDNA D- Abreus-Grobois et al., 2006 94°C 5min 40 cycles of 94°C 60s, 72°C 10min
Loop 800hp Clusa et al., 2013 52°C 60s, 72°C 90s
mtDNA STRs Tikochinski et al., 2012 95°C 15min 35 cycles of 94°C 60s, 72°C 10min
52°C 60s, 72°C 90s
5
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Table S5. Characterization of microsatellites loci in green turtles (Chefonia mydas) of the Cayman Islands Farm
and Wild individuals sampled in the Cayman Islands. He = expected heterozygosity; Ho = observed
heterozygosity. The primers used for amplification are described in the references.

Farm{n=257) | Wild{n=57)
Locus Multiplex Fluorescent dye Reference No of alleles He Ho He Ho
cm3 1 NED F'tzs'mg‘;';s etal, 10 0741 0757 | 0745  1.000
ce28 1 HEX i 11 0.840 0243 | 0.836 0.785
etal., 2008
Ce7E1L 1 NED Sham;ggf‘ aly 8 0591 0603 | 0636 0666
CcP7D04 1 6-FAM Sham;é'gg“ o 16 0884 0906 | 0901 0781
KIk314 2 6-FAM Shamzbc')'g;t Al 6 0734 0852 | 0791 0821
Cmss 2 NED F'tzs'mg‘;';s etal, 10 0765 0766 | 0687 0719
B103 2 HEX Dutton & Frey 2009 10 0757 0743 | 0723 0578
Monzon-Arguello
c2 2 NED o i 23 0832 0879 | 0818 0767
€102 2 6-FAM Dutton & Frey 2009 9 0479 0505 | 043 0339
123 2 HEX Dutton & Frey 2009 6 0540 0529 | 0362 0333
A6 1 HEX Dutton & Frey 2009 10 0727 0742| 0716 0772
D2 1 HEX Dutton & Frey 2009 16 0666 0612 | 067 0625
or7 1 6-FAM Aggarwileral,, 9 0689 0634 | 0711 0627
2004
6

40



Chapter 1

Table $6. Mitochondrial haplotype distribution considering the D-Loop haplotype and the number of AT STR
repeats among farm and wild individuals of the Cayman Islands. “A” and “B” lineages correspond to the lineages
described by Naro-Maciel et al., 2014. (T) This sample presents a (T) insertion in STR 2 that divides this STR in
two fragments.

1D D-loop STRs Lineage Farm wild
H1_CM-Al.1_7-7-4-4 CM-A1.1 7-7-4-4 A 0 1
H2_CM-A1.2_6-8-4-4 CM-A1.2 6-8-4-4 A 2 1
H3_CM-A1.2_7-7-4-4 CM-A1.2 7-7-4-4 A 1 0
H4_CM-A1.2_8-10-4-4 CM-A1.2 8-10-4-4 A 3 1
H5_CM-Al1.4_6-8-4-4 CM-Al1.4 6-8-4-4 A 1 0
H6_CM-Al.4_7-8-4-4 CM-AL.4 7.8-4-4 A 1 0
H7_CM-A3.1_5-8-4-4 CM-A3.1 5-8-4-4 A 2 0
H8_CM-A3.1_5-9-4-4 CM-A3.1 5-9-4-4 A 6 2
H9_CM-A3.1_6-8-4-4 CM-A3.1 6-8-4-4 A 26 19
H10_CM-A3.1_6-8-4-5 CM-A3.1 6-8-4-5 A 1 0
H11_CM-A3.1_7-7-4-4 CM-A3.1 7-7-4-4 A 1
H12_CM-A3.1_7-7-4-5 CM-A3.1 7-7-4-5 A 2 0
H13_CM-A3.1_7-8-4-4 CM-A3.1 7-8-4-4 A 13 13
H14_CM-A3.1_7-8-4-6 CM-A3.1 7-8-4-6 A 0 2
H15_CM-A3.2_6-8-4-4 CM-A3.2 6-8-4-4 A 1 0
H16_CM-A5.1_6-12-4-4 CM-A5.1 6-12-4-4 B 1 1
H17_CM-A5.1_6-13-4-4 CM-AS5.1 6-13-4-4 B 4 1
H18_CM-A5.1_6-14-4-4 CM-AS.1 6-14-4-4 B 1 0
H19_CM-A5.1_7-11-4-4 CM-A5.1 7-11-4-4 B 1 0
H20_CM-AS5.1_7-12-4-4 CM-AS.1 7-12-4-4 B 3 2
H21_CM-A8.1_7-12-4-4 CM-A8.1 7-12-4-4 B 1 0
H22_CM-A10.1_7-16-4-4 CM-A10.1 7-16-4-4 B 1 0
H23_CM-A13.1_5-7-7-4 CM-A13.1 5-7-7-4 A 3 2
H24_CM-A16.1_5-11-6-5 CM-A16.1 5-11-6-5 A 0 1
H25_CM-A16.1_5-8-6-4 CM-A16.1 5-8-6-4 A 5 0
H26_CM-A17.1_7-10-7-4 CM-A17.1 7-10-7-4 A 2 2
H27_CM-A18.2_7-6-5-4 CM-A18.2 7-6-5-4 A 1 1
H28_CM-A22.1_5-8-4-5 CM-A22.1 5-8-4-5 A 0 2
H29_CM-A27.1_5-9-4-4 CM-A27.1 5-9-4-4 A 2 3
H30_CM-A34.1 7-7+6-6-4 CM-A341  7-(7+6)-6-4F A 0 1t
H31_CM-Ad42.1_7-12-4-4 CM-A42.1 7-12-4-4 B 1 0
H32_CM-A78.1_8-7-4-4 NEW 8-7-4-4 A 0 4l
7
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Table S7. Parent-offspring (PO) and full-siblings (FS) relationships between wild and farm individuals based on
three programs: COLONY, CERVUS and ML-RELATE. The table only shows pairs found by a minimum of two out of
the three programs. D-Loop and STR columns show the corresponding haplotypes of the pair. NA indicates not
available, as CERVUS only reports parentage relationships.

Wild ID FarmID  Relationship COLONY  CERVUS  ML-RELATE D-loop STR
G005 B149 PO 1 1 1 CM-A3.1 5-9-4-4
G002 B46 PO 1 1 1 CM-A3.1 6-8-4-4
G042 B74 PO 0 3 1 CM-A3.1 6-8-4-4
G041 B150 PO 0 1 1 CM-A3.1 6-8-4-4
G032 B138 PO 0 1 1 CM-A3.1 7-8-4-4
G018 B46 PO 1 1 0 CM-A3.1 6-8-4-4
G003 B74 PO 0 1 1 CM-A3.1 6-8-4-4
G056 B390 FS 1 NA 1 CM-A17.1 7-10-7-4
GO0S3 B301 FS 1 NA 1 CM-A1.2 8-10-4-4
G0s0 B415 FS 1 NA 1 CM-A3.1 7-8-4-4
G034 B415 FS A NA 1 CM-A3.1 7-8-4-4
G027 B415 FS 1 NA 1 CM-A3.1 7-8-4-4
G001 B415 FS 1 NA d CM-A3.1 6-8-4-4

8
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Figure S1. Individual contribution of males and females to the farm F1 generation. This graph reports the number
of offspring for every male and female turtle detected or inferred by COLONY v2 {Jones & Wang, 2010) as parent
of farm individuals.
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Figure S2. Haplotype diversity in D-loop sequences {800bp) from the Cayman Island compared to other wild
populations. Haplotype diversity of farm breeding stock subgroups in dark grey, Cayman wild population in light
grey and other wild populations in black. Farm subgroups are FOU = founders, MCF1= breeders born in captivity
and C1995 = breeders born in captivity in 1995 (Present study). Caribbean populations are CAN = Canaveral
National Seashores, MEL = Melbourne Beach, Archie Carr National Wildlife Refuge, HUT = Southern Hutchinson
Island, JUP = Northern Jupiter Island, TEQ = Tequesta {Southern Jupiter Island), SNG = Singer Island, BCR = Boca
Raton, BRW = Hillsboro, MAR = Key West Archie Carr National Wildlife Refuge and DRT = Dry Tortugas National
Park (all in Florida, USA){Shamblin et al., 2015a). South Atlantic populations are Tl = Trinidad Island (Trinidad y
Tobago), RA = Rocas Atoll and FN = Fernando de Noronha (Brazil), and POI = Poilao {Guinea Bissau) {(Shamblin et
al., 2015b; Patricio et al., 2017). Mediterranean populations are SKA = South Karpaz, NKA = North Karpaz, ALA =

Alagadi and AKD = Akdeniz {Cyprus) (Bradshaw et al., 2018).
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The highest value is K=1, which means that the program STRUCTURE v2.3.4 (Pritchard, Stephens, & Donnelly,
2000) does not divide these individuals into distinct populations.

13

47



Chapter 1

References

Abreu-Grobois, F. A., Horrocks, J., Formia, A., Dutton, P.,, LeRoux, R., Vélez-Zuazo, X, ... Meylan,
P. (2006). New mtDNA Dloop primers which work for a variety of marine turtle species may
increase the resolution of mixed stock analyses. Proceedings of the 26th annual symposium
on sea turtle biology. Island of Crete, Greece: ISTS.

Aggarwal, R. K., Velavan, T. P., Udaykumar, D., Hendre, P. S., Shanker, K., Choudhury, B. C., &
Singh, L. (2004). Development and characterization of novel microsatellite markers from the
olive ridley sea turtle (Lepidochelys olivacea). Molecular Ecology Resources, 4(1), 77-79.

Bjorndal, K. A., Bolten, A. B. & Troeng, S. (2005). Population structure and genetic diversity in
green turtles nesting at Tortuguero, Costa Rica, based on mitochondrial DNA control region
sequences. Marine Biology, 147(6), 1449-1457.

Bolker, B. M., Okuyama, T., Bjorndal, K. A. & Bolten, A. B. (2007). Incorporating multiple mixed
stocks in mixed stock analysis:‘many-to-many’analyses. Molecular Ecology, 16(4), 685-695.

Bradshaw, P.J., Broderick, A.C., Carreras, C. Fuller, W., Snape, R., Wright, L. |. & Godley, B. J.
(2018). Defining conservation units with enhanced molecular tools to reveal fine scale
structuring among Mediterranean green turtle rookeries, Biofogical Conservation, 222(2018),

253-260. https://doi.org/10.1016/j.biocon.2017.12.014

Cayman Turtle Farm. (2002). Application to register a captive breeding operation involving
Chelonia mydas on Grand Cayman, Cayman Islands. Submitted by the CITES Management
Authority of the United Kingdom of Great Britain and Northern Ireland pursuant to
Conference Resolution, 11, 14.

Clusa, M., Carreras, C., Pascual, M., Demetropoulos, A., Margaritoulis, D., Rees, A. F., ...
Turkozan, 0. (2013). Mitochondrial DNA reveals Pleistocenic colonisation of the
Mediterranean by loggerhead turtles (Caretta caretta).Journal of Experimental Marine
Biology and Ecology, 439, 15-24.

Dutton, P. H., & Frey, A. (2009). Characterization of polymorphic microsatellite markers for
the green turtle (Chelonia mydas). Molecular Ecology Resources, 9(1), 354-356.

FitzSimmons, N. N., Moritz, C., & Moore, S. S. (1995). Conservation and dynamics of
microsatellite loci over 300 million years of marine turtle evolution. Molecular Biology and

Evolution, 12(3), 432-440.

Jones, O. R. & Wang, J. (2010). COLONY: a program for parentage and sibship inference from
multilocus genotype data. Molecular Ecology Resources, 10(3), 551-555.

Monzdn-Argiello, C., Mufioz, J., Marco, A., Ldépez-Jurado, L. F., & Rico, C. (2008). Twelve new
polymorphic microsatellite markers from the loggerhead sea turtle (Caretta caretta) and

14

48



Chapter 1

cross-species amplification on other marine turtle species. Conservation Genetics, 9(4), 1045-
1048S.

Naro-Maciel, E., Reid, B. N., Alter, S. E., Amato, G., Bjorndal, K. A., Bolten, A. B., ... Pineda-
Catalan, 0. (2014). From refugia to rookeries: phylogeography of Atlantic green turtles. Journal
of Experimental Marine Biology and Ecology, 461, 306-316.

Patricio, A. R., Formia, A., Barbosa, C., Broderick, A. C., Bruford, M., Carreras, C., Catry, P.,
Ciofi, C., Regalla, A., Godley, B. ). (2017) Dispersal of green turtles from Africa’s largest rookery
assessed through genetic markers. Marine Ecology Progress Series, 569, 215-225, doi:
10.3354/meps12078.

Pritchard, J.K., Stephens, M. & Donnelly, P. (2000). Inference of population structure using
multilocus genotype data. Genetics, 155, 945-959.

Shamblin, B. M., Faircloth, B. C., Dodd, M., Wood-Jones, A., Castleberry, S. B., Carroll, J. P., &
Nairn, C. J. {2007). Tetranucleotide microsatellites from the loggerhead sea turtle (Caretta
caretta). Molecular Ecology Resources, 7(5), 784-787.

Shamblin, B. M., Faircloth, B. C., Dodd, M. G., Bagley, D. A,, Ehrhart, L. M., Dutton, P. H,, ... &
Nairn, C. J. (2009). Tetranucleotide markers from the loggerhead sea turtle (Caretta caretta)
and their cross-amplification in other marine turtle species. Conservation Genetics, 10(3),
577-580.

Shambilin, B. M., Bagley, D. A,, Ehrhart, L. M., Desjardin, N. A., Martin, R. E., Hart, K. M,, ... &
Johnson, C. (2015a). Genetic structure of Florida green turtle rookeries as indicated by
mitochondrial DNA control region sequences. Conservation Genetics, 16(3), 673-685.

Shamblin, B. M., Dutton, P. H., Bjorndal, K. A., Bolten, A. B., Naro-Maciel, E., Santos, A. J. B,, ...

& Nairn, C.J. (2015b). Deeper mitochondrial sequencing reveals cryptic diversity and structure
in Brazilian green turtle rookeries. Chelonian Conservation and Biology, 14(2), 167-172.

Tikochinski, Y., Bendelac, R., Barash, A., Daya, A., Levy, Y. & Friedmann, A. (2012).
Mitochondrial DNA STR analysis as a tool for studying the green sea turtle (Chelonia mydas)
populations: the Mediterranean Sea case study. Marine genomics, 6, 17-24.

15

49



50



CHAPTER 2






Chapter 2

Architecture of assisted colonisation in sea turtles

Anna Barbanti', Janice M. Blumenthal?, Annete C. Broderick®, Brendan J. Godley?, Maria

Turmo', Marta Pascual’, Carlos Carreras’

Affiliations
1.Department of Genetics, Microbiology and Statistics and IRBio, Universitat de Barcelona, Av.
Diagonal 643, 08028 Barcelona, Spain.

2. Department of Environment, PO Box 10202, Grand Cayman KY1-1002 Cayman Islands

3. Centre for Ecology and Conservation, University of Exeter, Penryn Campus, Penryn, TR10 9FE,
UK

51



Chapter 2

Abstract

Many species will have to adapt to changing environmental conditions or occupy new suitable
areas to avoid potential extinction in the biodiversity crisis our planet is facing. Long-lived animals,
with limited colonising potential, are especially vulnerable and ex-situ conservation actions can
provide solutions through assisted colonisations. However, there is little empirical evidence on the
process of founding new populations for such species organisms, nor on the feasibility of assisted
colonisations as a viable conservation measure. Here we combined genetics with reproductive
data to study the rise of two populations of green turtle (Chelonia mydas) in the Cayman Islands
as a result of a reintroduction program that started 50 years ago. The two reintroduced
populations rapidly diverged from the captive population of origin due to genetic drift, although
direct relatedness between individuals could still be detected. Individuals from the reintroduced
populations showed high levels of nest fidelity, indicating that philopatry may help reinforce the
success of new populations. Additionally, we show that reintroduction from captive populations
has not undermined the reproductive fitness of the individuals, and finally, that reintroduction

programs of sea turtles can be very successful in establishing new populations.
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The rate of biodiversity loss has accelerated during the last decade’. Anthropogenic impacts such
as global warming, habitat alteration and human-mediated dispersal are some of the main causes
of the biodiversity crisis facing animal and plant species at a global scale?. Ecosystems are being
dramatically altered to the point that they are no longer suitable for some of the organisms they
contain®. Consequently, species have to either adapt or move to new suitable habitats to avoid
extinction. For this reason, several species are changing their distributions by founding new
populations worldwide?. Under these circumstances, species with limited potential to adapt their
distributions to the new climatic conditions are potentially more vulnerable and thus more likely to
become extinct®. While adaptation is difficult to predict, range expansions can be detected and
even facilitated through reintroductions from ex-situ conservation programs®2. Unfortunately,
reintroductions from captive breeding programs are rarely evaluated to assess their longer term
success® . This evaluation is crucial, as newly founded populations can suffer reductions of
genetic variability due to the founder effect, or detrimental effects in the reproductive behaviour
of the reintroduced individuals'. The foundation process of new populations has been
theoretically described in the past century'®, however few studies have provided empirical data,

and most focus on short-lived organisms'°.

The study of founding processes in long-lived vertebrates is very challenging, but essential in the
current era of global biodiversity decline, as these species are potentially highly vulnerable to
habitat alterations and can have slow responses to environmental change. As reptiles, sea turtles
are highly affected by temperature'®'”, and have Temperature-dependent Sex Determination
(TSD) with rising temperatures causing the feminization of nesting populations'®. Furthermore,
modelling studies have predicted a mid-term collapse of existing nesting populations worldwide
due to environmental changes in current nesting areas while new potential areas would become
optimal for nesting'2°. While sea turtles are highly migratory species?', their potential to colonise
new nesting areas is limited due to their philopatric behaviour??®, To date only few cases of
change in distribution of sea turtle nesting areas have been detected® and for this reason,
assisted colonisation has been proposed as a promising conservation tool to conserve
populations threatened by anthropogenic activities or to reinforce natural expansion processes?.
The Cayman Island green turtle reintroduction program offers a unique opportunity to study the
process and consequences of an assisted colonisation of sea turtles.

The Cayman Islands (Figure 1a) green turtle (Chelonia mydas) nesting populations was
considered nearly extinct®®, however over the past 20 years it has increased exponentially in
Grand Cayman (Figure S1) potentially in part as a result of the reintroduction program initiated in

1983 from the now named Cayman Turtle Center (CTC)?"8. This reintroduction was based on
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headstarting (i.e. the rearing of offspring in captivity for the first few years) and yearlings would be
released to sea from Grand Cayman Island, where the CTC is based. This strategy increases
survival and, because of philopatry, ensures that the released yearlings would one day come back
as adults to nest where they had been released. Since philopatry drives genetically apart
geographically distant populations, this strategy would probably also cause the genetic isolation
of the reintroduced population from others surrounding it. The process and rate of differentiation
into genetically separated nesting grounds has never been observed in a newly founded sea turtle
population. For this reason, we have studied the foundation and differentiation process of the
Grand Cayman wild population (where the CTC is based) and also the possible impact of the CTC
on the nearby population of Little Cayman (distant 108.4 km), the role of philopatry during

foundation, and effect of the reintroduction on fitness that may result in long-term consequences.
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Figure 1. Study design. A, Location of the Cayman Islands in the Caribbean Sea, the white star
shows the location of the Cayman Turtle Centre. B, Samples used for the study. In dark blue,
number of hatchlings analysed during 2013, 2014, and 2015 from Grand Cayman Island, in light
blue number of hatchlings analysed during 2014, and 2015 in Little Cayman Island. In orange wild
adult females sampled during boat surveys in the waters of the Cayman Islands, and in grey
Cayman Turtle Centre female breeders, including original founders of the captive population, a
multi cohort of F1 breeders (MCF1) and the cohort of 1995 of F1 breeders (C1995). Wild and
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captive females’ genotypes are from a previous study?. C, Flowchart of computational analysis
performed in our study. Each genotyped hatchling was collected from a different nest and
combined with female genotypes to perform a parentage analysis. Genotypes from hatchlings
and females were also combined with CTC breeders’ genotypes to assess relatedness to the
CTC. Geographic coordinates, nesting dates and reproductive data were collected for each nest
and combined with parentage and relatedness analysis to assess nest-site fidelity, nesting
dynamics and fitness.

Population diversification from the captive population

Here we present a study that uses genetic data from 634 green turtles, including two generations
of CTC breeders?” and two generations of wild individuals (Figure 1b, Methods). This genetic
information is used in combination with individual nest information from Grand Cayman and Little
Cayman beaches gathered across three consecutive nesting seasons (Figure 1c). Similar levels
of observed heterozygosity were found between wild females and wild hatchlings of the two
islands (Table S1). We reconstructed the female breeding population by running maternity
analysis using the genotypes of hatchlings and wild females (Figure 1c). This analysis not only
linked our sampled females with clutches laid (n=140) but also inferred potential unsampled
mothers of the remaining clutches (n=171) (Figure 2a). By identifying mother-offspring pairs,
progeny from more than 43% of nests was found to be related to the turtles in the CTC, and by
adding the results of relatedness analysis between wild hatchlings and CTC breeders, the number
of related progeny (r-value > 0.3070) increased to 88.1%, for an overall total of 282 CTC related
hatchlings. We could therefore conclude that 79.4% of Little Cayman hatchlings and 90.3% of
Grand Cayman hatchlings were related to the adults in the CTC (Figure 2b), with no significant
difference between the proportion for the two islands (Chi-squared = 0.259, p-value = 0.610).
These results confirm that the nesting populations of these two Islands are mainly the result of an

assisted colonisation through individuals reintroduced from the captive breeding program.

Despite the high degree of relatedness of both nesting populations with the CTC, significant
genetic differences were found among the three groups, especially with biparentally inherited
markers (Figure 2c). This was also observed with the limited overlap of the three groups in the
Discriminant Analysis of Principal Components (Figure 2d). In particular Little Cayman hatchlings
showed less genetic overlap to the CTC female breeders than Grand Cayman hatchlings with
both nuclear and mitochondrial markers (Figure 2c, Figure 2d). This result is consistent with the
higher geographic distance from where captive individuals were released but also with the lower

level of relatedness found (Figure 2b).
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Figure 2. Population differentiation from the captive population. A, Number of nests assigned to
wild and inferred females according to parentage analysis using COLONY. B, Percentage of nests
inthe Grand Cayman (GC) and Little Cayman (LC) found to be related or unrelated to the Cayman
Turtle Farm (CTC) breeding stock as shown by Coancestry and ML-Relate. C, Genetic
differentiation among LC, GC and CTC showed as a heatmap of pairwise FST values obtained
with mitochondrial markers (above diagonal) or microsatellite markers (below diagonal).
Significant p-values after FDR correction values are shown in bold. Only one nest per female per
nesting season and island was considered in FST computations. D, Discriminant Analysis of
Principal Components of GC, LC and CTC individuals. The small inset shows the cumulative
eigenvalues (dark grey) of the 128 retained PCAs. E, Frequency of D-Loop haplotypes found in
GC (dark blue) and LC (light blue) nests. Blue shaded haplotypes belong to the Northern lineage
and the red shaded haplotypes to the Southern lineage as defined in a previous study=°.

This can be the result of the contribution of remnant individuals from the original Little Cayman
population but could also be caused by the breeding of founders from other locations, or of CTC
breeders that could not be assessed genetically. Genetic differentiation between hatchlings from
Grand and Little Cayman was statistically significant at the nuclear level and can be also
appreciated as shifts in haplotype frequencies (Figure 2e), meaning that they should also be
considered as two different and separated rookeries. The same haplotypes, from Caribbean and
South Atlantic lineages®, were present in the CTC captive population but were found at different
frequencies. The degree of differentiation found between these three populations suggests that
genetic drift that results from a founder effect is a strong force able to drive genetic differentiation
on a short time and geographic scale. Previous studies suggested that philopatry is one of the

main drivers of the deep genetic structuring found in sea turtles, as this behaviour prevents gene
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flow. Therefore, mutation and genetic drift across many generations would generate
differentiation among sea turtle populations at large evolutionary scales®'. In this study we
demonstrate that genetic drift during founding processes can have also an important role in
generating significant genetic structuring in sea turtles in only one generation after the foundation
of new populations. Philopatry is then expected to increase this initial differentiation in future

generations.

The role of nest-site fidelity in founding new populations

Philopatry limits the colonising potential of specific organisms but ensures re-utilisation of a
suitable habitat, reinforcing population growth. Furthermore, if a new population is established,
philopatry will accelerate its growth during the following generations®. The CTC reintroduction
program was based on the premise that the released animals would be philopatric to the new
areas, as shown for other species®*, and that the individuals of the new population would maintain
this successful evolutionary behaviour. We analysed the breeding dispersal (i.e. displacements
between different breeding episodes®®) on Grand Cayman individuals to assess the degree of
nest-site fidelity by combining parentage analyses and nesting information. Using nest geographic
coordinates, we calculated the distance between temporally consecutive nests in wild females
laying more than three clutches in the same season (Figure 3a). The majority of females exhibited
high nest-site fidelity within a nesting season, with 85.1% of mean distances between nests being
less than 5 km (Figure 3b). We also measured the distance between the two most distant nests
for the same female within a season, finding that 77.7% of observations covered less than 5 km.
These results show that females of Grand Cayman have a high degree of nest-site fidelity (Figure
3c) despite coming from a reintroduction program. Nevertheless, one wild female was found
nesting on both Little and Grand Cayman, covering a minimum distance of 141.7 km when moving
between islands, but showing strong nest-site fidelity when nesting in Little Cayman (mean
distance between nests = 484 m). Using parentage assignment analyses, a further 8 females and
13 males were inferred by the program contributing to both Little Cayman and Grand Cayman
rookeries. Females nesting on the two islands could reflect an actual failure in finding the natal
beach or be a consequence of external disturbance during nesting, which could affect philopatry
even in different nesting seasons. Nonetheless, long distance nesting (either on the same or
different islands) could also be an evolutionary strategy sea turtles developed to maintain the
income of gene flow into a population and avoid collapse due to extreme philopatry. Recent
research on within-season nest-site fidelity reports that long distance nesting appears to be more
common than previously described?®, unravelling the possibility of an evolutionary strategy behind

this behaviour. Similarly, sporadic nesting far away from natal beaches could be an opportunistic

57



Chapter 2

A 12 B .
H . Distance < 5km
10 Mean distance 100%
g 8 O Largest distance 80%
e w)
§ 6 E 60%
E 4 ° 40%
o 2 20%
0 0%

Mean Largest

19.40°N +

80.05°W 80.00°W 79.95°W

19.35°N +

19.30°N

19.25°N

1 1 1 1
81.40°W 81.30°W 81.20°W 81.10°W

Figure 3. Nest-site fidelity. A, Nest-site fidelity (NSF) of wild females laying more than 3 clutches
per season (N=27). Red shows the mean distance between consecutive nests, while yellow
shows the distance between the two most distant analysed clutches laid by the same female
within a nesting season. B, Percentage of females nesting within 5km, showing the high nesting
fidelity of the populations recovered after the reintroduction. C, Map detailing the exact
geographical locations of the 320 sampled nests, indicating in red rectangles the major nesting
sites on Grand Cayman and Little Cayman Islands. The CTC is marked with a green star on Grand
Cayman Island.

behaviour to escape philopatry and promote long-term species survival*®. We did not find any
significant impact of female heterozygosity (adjusted R?=0.010, p-value = 0.267) or of their CTC
relatedness (Kruskal-Wallis chi-squared = 0.410, p-value = 0.814) on MND, or on LND (adjusted
R?2=0.019, p-value = 0.230, Kruskal-Wallis chi-squared = 0.739, p-value = 0.691) meaning that
longer distance nesting events are not genetically determined and probably the result of

stochastic processes.

Long-term effects of the reintroduction
In the last few years, the male/female proportion of sea turtle populations has become a cause of
concern due to ocean warming'®'83%_Sea turtles, as with many other reptile species, exhibit

Temperature-dependent Sex Determination (TSD) with a greater proportion of female offspring
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produced at temperatures above the pivotal temperature (~29°C)**“° and a greater proportion of
males produced at temperatures below this. In new Cayman wild breeding adults, we did not
detect female skewed sex ratios that could indicate a potential feminisation due to temperature
changes. The genetically estimated breeding population size of the Cayman Islands was of 119
females and 115 males, with a sex ratio (male/female) of 0.96 not significantly different from the
50-50 proportion expected (Chi-square = 0.008, p-value = 0.926). Similar non-significant results
were obtained when each island was analysed separately (Grand Cayman sex ratio= 1.020 and
Little Cayman sex ratio = 0.935). Recently, studies on several Caribbean green turtle populations
indicated a higher proportion of females than males at primary sex ration as inferred using
incubation temperatures®, but our analyses show that in the Cayman Islands the sex ratio of the
adult breeding population is still balanced. Nevertheless, since adult sex ratios represent sand
incubation temperatures of at least 15 years ago, future wild generations should be monitored to

detect any effects of global warming on sex ratio shifting over time.

We used Linear Mixed Effects Models to detect the effect of hatchling heterozygosity, adult female
heterozygosity, and relatedness to the CTC on fitness variables. As described in previous
studies?’#! we found that larger females lay a significant higher number of eggs per clutch and
have higher fecundity (i.e. number of eggs that developed an embryo) (Table S5). Moreover,
nests with higher fecundity showed higher viability (i.e. number of eggs hatched) regardless of
the CTC relatedness (Figure 4c, Table S5)). Females’ and hatchlings’ heterozygosity and CTC
relatedness did not have any significant effect on fecundity or viability. This suggests that the
individuals coming from the CTC program are not affecting the fithess of the new population.
These results only refer to a first generation of wild hatchlings (hatchlings from reintroduced
individuals), however, and thus population fitness analyses should be repeated in the future to
monitor potential drops due to outbreeding of the different genetic lineages that conformed the
initial captive population®2. In fact, although the reproductive fitness is not affected, hatchling
relatedness with the CTC, had an influence on their heterozygosity (Table S5), since hatchlings
not related to the CTC had significantly higher observed heterozygosity than hatchlings not
related (Figure 4d).

Wilcoxon-Mann-Whitney test comparing heterozygosity values of hatchlings related and unrelated
to the CTC, with the adult wild population and the subgroups of the CTC (i.e. Founders, MCF1
and C1995)?", showed that related hatchlings had similar low heterozygosity levels to the wild
population and the founder group. On the other hand, unrelated hatchlings had similar values to
the outbred individuals within the CTC breeders (MCF1 and C1995). Thus CTC breeders have
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high levels of heterozygosity since both groups resulted from the mating of the founders, which
included individuals from genetically differentiated populations?’. The hatchlings of the wild
populations not related to the CT could be the result of the mating of individuals coming from
three different groups: i) individuals of external contribution (i.e. migrations from other
populations); ii) individuals of the original wild population still living in the waters of the Cayman
Islands; or iii) adult captive turtles escaped after Hurricane Michelle damaged the facilities in
2001. Unfortunately, these different hypotheses must remain untested, since genetic data from

the original population and the initial CTC founder stock are not available.
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Figure 4. Analyses of biological parameters. A, Genetically estimated breeding population size of
the Cayman Islands. Females count both wild individuals and females inferred by parentage
analysis, while males were all inferred by parentage analysis. B, Considering all clutches,
fecundity (i.e. number of eggs that developed an embryo) has a significant influence on viability
(i.e. number of eggs hatched). This happens in clutches related (blue) and unrelated (red) to the
CTC. C, Boxplots of observed heterozygosity values for the CTC breeding stock subgroups, the
wild females and the nests related (RH) or unrelated (UH) to the CTC. Similar letters show
statistically similar level of heterozygosity among groups after post hoc Wilcoxon sum rank tests.
Nests related to the CTC are grouped wild females and to the founder CTC breeding stock while
the nests non-related to the CTC show significant higher values, like F1 captive breeding females.
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Assisted colonisation as a possible conservation measure

This study provides evidence of success of an assisted colonisation as a conservation strategy
for an endangered species. Our results show that, at least in sea turtles, assisted colonisations
could possibly help to mitigate the predicted loss of nesting habitats due to climate change.
Consequently, assisted colonisations might soon become the most viable conservation strategy
to prevent species extinction where habitat degradation undermines species short-term survival®.
In this context, the study of the foundation of new populations using a multidisciplinary approach,
is crucial to improve assisted colonisations and to tailor conservation action plans to the target
species. Here, careful analyses have shown how this attempt started almost 50 years ago has
been successful even though it was subject to controversy. Furthermore, we show how the study
of the foundation of new populations in complex vertebrate species can provide information
relevant at evolutionary scales such as the time required to establish a genetically differentiated
new population or potential alterations of the fitness. Assisted colonisation has, therefore,
potential in conservation of sea turtles and in future application on other complex and highly

migratory species that require new habitats due to changing environmental conditions.
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METHODS

Sampling and data collection

Sampling and data collection were performed during the program of beach monitoring carried out
by the Department of Environment of the Cayman Islands Government to assess the populations
of marine turtles on the islands of Little Cayman and Grand Cayman, in the Caribbean. Data and
samples were collected from 320 nests laid in Grand Cayman and Little Cayman (Figure 1a)
during 2013, 2014 and 2015 nesting seasons, from June to September (Figure 1b). This sampling
effort corresponded to 58% of the 552 nests reported during these nesting seasons and locations.
For each nest, we recorded the nesting date and its exact location with GPS, as well as the
following reproductive parameters (Supplementary datafile): number of eggs, egg fecundity and
egg viability, following standard procedures’. If the female was present at the nest discovery, we
recorded its identification by using Passive Integrated Transponders (PIT tags) and we measured
its Curved Carapace Length (CCL). All known female-offspring pairs were used as control for
genetic parentage identification. Samples were taken from the rear flipper of dead hatchlings
found in the nest after excavation and only one hatchling per nest was sampled. Samples were
obtained with a scalpel blade and stored in 100% ethanol. For the statistical analysis, in addition
to our hatchling samples, we used genetic data from a previous study? that included genotypes
from 57 wild green turtle females nesting on Grand Cayman in 2013 and 2014, as well as 257
females belonging to the Cayman Turtle Centre (CTC) breeding stock. This CTC breeding stock
included original founders of the captive population (n=25), a first generation (F1) cohort of
breeders born in 1995 corresponding to a single cohort breeders replacement strategy (C1995,
n= 189) and a multicohort group of F1 breeders corresponding to a continuous breeders

replacement strategy (MCF1, n= 43) (Figure 1b).

Laboratory analysis and genotyping

The DNA of all samples was extracted using the QIAamp Blood and Tissue Kit (Qiagen®) or using
E.Z.N.A.® Tissue DNA kit (OMEGA Bio-tek), following the manufacturer protocols. All samples
were genotyped at 13 microsatellite loci (Supplementary datafile), originally designed for different
species of sea turtles that amplify and are polymorphic in green turtles® using protocols previously
described?. A selection of individuals from 67 independent nests, as determined by the parentage
analyses described below, was sequenced for 800 bp of the D-Loop mitochondrial DNA using
published protocols?. Haplotypes were assessed (Supplementary datafile) using Bioedit* by
comparison to the haplotype database maintained by the Archie Carr Center for Sea Turtle

research (https://accstr.ufl.edu/).

We used GENALEX® to compute within group observed and expected heterozygosity (Table S1).
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Parentage analysis

We performed maternity analysis using COLONY v2 software®, which performs parentage
assignment and reconstructs genotypes for unsampled parents, allowing the identification of
family groups with sampled and unsampled females and males. We set the parameters to long
run, high precision and error rate = 0.0001. All hatchlings were included in the analysis as
offspring and the genotypes of 57 wild adult females from a previous study’ were included as
mothers. We checked the accuracy of COLONY by comparison with 30 female-offspring known
pairs recorded during field observations (Table S2). We detected 25 concordant matches
between the field observation and the genetic assignment. In one case, the real and assigned
mother yielded equal probabilities of assignation, indicating that probably both females were close
relatives. The remaining four nests were assumed to be the result of a tagging mistake during
data collection as the genotypes of the hatchling and the tagged mother were not compatible (i.e.
alleles of the mother not found in the hatchling for several loci). In this case we considered the
inferred mother for further analyses In addition to providing parentage and sibship relationships,
the output of COLONY was used to perform a genetic census based on the number of males and

females identified or inferred by the program as parents of the analysed hatchlings.

In order to understand the impact of the CTC reintroduction program on the two populations we
computed Queller and Goodnight relatedness estimator® using the program Coancestry® between
the 320 hatchlings collected on the two islands and the 257 CTC individuals genotyped in a
previous study?. A pair of individuals was considered unrelated if its lower bound of 95%
confidence interval was lower than 0.0001 and its r value was less than or equal to 0.3069°. ML-
Relate was also used to estimate the relationship between individuals using a log-likelihood
approach. We only accepted pairs of individuals found as related by both programs. Hatchlings
of known relationship with the CTC (because having a genotyped wild mother related to the CTC)
were included in this analysis as control to assess the reliability of the programs. A total of 131
hatchlings had assigned a wild mother previously found to be related to the CTC. Of these, 120
hatchlings were confirmed as related to the CTC by the two programs, and the remaining 11
hatchlings were scored as half-siblings by ML-Relate. We calculated the proportion of hatchlings
related to the CTC by both programs for Little Cayman and Grand Cayman separately and we
tested for significant differences among islands with a Chi-squared test with Yates’ continuity

correction with R "2
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Genetic differentiation

To identify early signs of genetic structuring, we tested the level of genetic differentiation between
the hatchlings sampled in Grand Cayman and Little Cayman and the CTC adult females using
both nuclear and mitochondrial markers. Using microsatellites we calculated pairwise Fsr and
statistical significance through 999 permutations using GENALEX®. Then, we performed a
Discriminant Analysis of Principal Components using the R package adegenet', retaining 128
PCAs. As several nests were found to be laid by the same female (see Results), we used only
one random nest per female laid during the same nesting season to avoid pseudoreplication. The
mitochondrial haplotype frequencies extracted from 67 independent nests (nests laid by different
females as indicated by the parentage analysis) were also used to calculate pairwise Fsr values
between groups of samples, and significance was assessed through an exact test using
Arlequin™. A Benjamini-Yekutieli (B-Y) FDR correction’™ was applied to p-values in all multiple

comparisons, with an initial threshold before correction of p<0.05.

Nesting fidelity and reproductive fitness

With the results of the parentage analysis, we were able to link all the data collected in the field
for each nest with the identified mother. We added to the dataset information on 16 female-
offspring pairs recorded during night patrols but not genotyped (Table S3). With this data we
evaluated female nesting fidelity by considering the geographic locations of all the nests laid per
female. We analysed intra-seasonal nest-site fidelity (NSF) of wild females using geographic
coordinates of their nests within the same season. We only considered for the analysis nesting
females that laid three or more nests in the same season (N=27). Distances between nests were
obtained by measuring the coastline between the geographic coordinates of consecutive nests

using Daft Logic (https://www.daftlogic.com/projects-google-maps-distance-calculator.htm#), an

online tool to calculate distances with Google satellite maps. We used two different measures of
NSF: the mean distance between consecutive nests and the distance between the two most
distant nests laid by the same female within a season.

In order to assess any potential impact of the reintroduction program or inbreeding on NSF we
performed a linear regression in R' between wild female heterozygosity and the mean and largest
distance between their nests. We also performed a Kruskal-Wallis test to detect any impact of the
female relatedness to the CTC on mean and largest distance. We plotted bar plots of MND and
LND distributions and the map of the main nesting sites of Little Cayman Island and Grand

Cayman Island using R package ggplot2 (Wickham, 2016).
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The parentage analysis performed by COLONY also provided the number of males and females
that produced the offspring sampled on both Cayman Islands along the different nesting seasons.
This data allowed us to estimate a minimum breeding population across seasons and the degree
of mobility of nesting events per female and male between islands. We added to the analysis two
females recorded during night patrols whose nests were not genotyped (Table S3). We calculated
the sex ratio of the whole population and of each island separately, and performed a Chi squared
test with Yates’ continuity correction’ with R' to evaluate significant difference in the number of

males and females that would indicate skewed sex ratios.

We carried out Linear Mixed-Effects Models to detect possible impacts on nest fithess caused by
the reintroduction program as measured by female heterozygosity and relatedness with the CTC.
We performed six different models using as response variables clutch size, fecundity, viability and
nest heterozygosity (Table S5). Mother ID and the year of nesting season were set as random
factors in all the models. We only considered data belonging to wild sampled females due to the
lack of some parameters of the inferred females (Curved Carapace Length, Mother
Heterozygosity and Mother relatedness to the farm). We considered the nesting date as the
quartile of the nesting season in which the nest was laid. As nesting seasons can shift slightly in
different year, we first calculated the duration of the nesting season as the period between the
first and the last recorded nest of the season, and then we the divided this period into quartiles to
know in which quartile of the nesting season was laid a particular nest was laid. The models were
performed using the R package ‘Ime4’ '® and significance of categorical values were assessed
with the package ‘car’’’. Samples from 2014 nesting season of Little Cayman were excluded due
to non-available field data. Finally, we evaluated the levels of observed heterozygosity of
hatchlings related and unrelated to the CTC, and we compared them with observed
heterozygosity values of wild sampled females and CTC subgroups? using a Wilcoxon sum rank

test as implemented in R™.
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SUPPLEMENTARY INFORMATION

Table S1. Genetic diversity values for the studied group of samples (Figure 1b). Total number of
samples (N), expected heterozygosity (He) and observed heterozygosity (Ho). The letter “a”
marks groups genetically similar to Little Cayman and “b” to Grand Cayman Island as assessed

with Wilcoxon-Mann-Whitney test on Ho.

Samples N He Ho
Wild Females 57 0.693 0.664ab
CTC 257  0.712  0.721
*Founders 25 0.717 0.681ab
*C1995 189  0.702 0.72a
*MCF1 43 0.719 0.751
Little C. 63 0.691 0.679a
Grand C. 257 0.717  0.699b
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Table S2. Mother-offspring pairs recorded during night patrols while nesting and used as control
to test the efficiency of COLONY parentage assignations. Columns show the year of nesting
event, ID of the tagged mother during night patrols, ID of the nest where the hatchlings where
sampled, COLONY results and the diagnosis of the program failure based on our interpretation.
Equal probability: the real and assigned mother yielded equal probabilities of assignation. Tag
mistake: assumed to be the result of a tagging mistake during data collection.

Year Tagged Nest COLONY Match Diagnostic
2014 G025 307 Yes

2014 G025 324 Yes

2014 G025 382 Yes

2014 G026 224 #32 Tag mistake
2014 G027 368 Yes

2014 G031 889 Yes

2014 G033 385 Yes

2014 G034 391 Yes

2014 G038 424 Yes

2014 G043 487 Yes

2014 G044 494 Yes

2015 G001 321 Yes

2015 G008 179 #21 Tag mistake
2015 G048 281 Yes

2015 G048 324 Yes

2015 G048 428 Yes

2015 G049 421 Yes

2015 G050 277 Yes

2015 G051 292 Yes

2015 G052 438 #55 Tag mistake
2015 G052 293 Yes

2015 G053 432 #36 Tag mistake
2015 G053 380 Yes

2015 G053 369 Yes

2015 G054 375 Yes

2015 G055 403 Yes

2015 G055 427 Yes

2015 G056 429 Yes

2015 G056 409 Yes

2015 G058 431 G049 Equal probability
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Table S3. Female-nest pairs recorded during night patrols while nesting. Some females laid
more than one nest therefore the ID is repeated. No hatchling was genotyped from these nests.

Na indicates nests from which the exact geographical position was not recorded.

Year FemaleID NestID Latitude Longitude
2013 G001 80 19.366360 -81.396160
2013 G001 112 19.366850 -81.396910
2013 G002 81 19.366700 -81.396600
2013 G002 116 na na
2013 G003 85 19.364080 -81.393240
2013 G003 17 19.367140 -81.397350
2013 G005 125 19.366440 -81.396270
2013 G005 327 19.363430 -81.392370
2013 G006 115 19.369480 -81.402030
2013 G008 165 19.356590 -81.387120
2013 G008 242 19.355920 -81.386870
2013 G014 241 19.386630 -81.411200
2013 G016 267 19.354780 -81.386420
2013 G020 329 19.363590 -81.392600
2013 G022 396 19.386270 -81.412280
2014 G027 296 na na
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Table S4. Details of the six Linear Mixed-Effects Models performed on the nests that were
assigned to wild sampled females according to parentage analysis (n = 149). For each model
we detail the Response variable and the Random and Fixed effects considered. P-values in bold
are statistically significant after FDR correction.

Model Response Random Effects Fixed Effects p-value
Mother ID Mother Heterozygosity 0.870

; Viabilty Year Nest Heterozygosity 0.493
Fecundity 0.000

CCL 0.146

Mother ID Mother — Farm relatedness 0.920

2 Viability Year Nest — Farm relatedness 0.133
Nesting date (Quartile) 0.103

Mother ID Mother — Farm relatedness 0.899

3 Nest Heterozygosity Year Nest — Farm relatedness 0.014
Mother — Farm rel. * Mother Heteroz. 0.781

Mother ID Mother Heterozygosity 0.393

4 Fecundity Year Nest Heterozygosity 0.765
CCL 0.045

Clutch Size 0.741

Mother ID Mother — Farm relatedness 0.739

5 Fecundity Year Nest — Farm relatedness 0.281
Nesting date (Quartile) 0.153

Mother ID Mother Heterozygosity 0.857

6 Clutch size Year Mother — Farm relatedness 0.834
Nesting date (Quartile) 0.579

CCL 0.001
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Figure S1. Number of nests laid per nesting season in the Cayman Islands in the past 20 years. Data
provided by the Department of Environment of the Cayman Islands Government.

250
200
150
100

N of Nests

50

75



76



CHAPTER 3







Chapter 3

»n

Received: 30 October 2019 Revised: 4 February 2020 Accepted: 10 February 2020

Check for
DOI: 10.1111/1755-0998.13144 ‘ updates ‘
MOLECULAR ECOLOGY
RESOURCE ARTICLE WILEY

Helping decision making for reliable and cost-effective 2b-RAD
sequencing and genotyping analyses in non-model species

Anna Barbanti® | Hector Torrado? | Enrique Macpherson? | Luca Bargelloni® |

Rafaella Franch® | Carlos Carreras®

Department of Genetics, Microbiology and
Statistics and IRBio, University of Barcelona,
Barcelona, Spain

2Center for Advanced Studies of Blanes
{CEAB-CSIC), Blanes, Girona, Spain

SDepartment of Comparative Biomedicine
and Food Science, University of Padova,
Legnaro, Italy

Correspondence

Carlos Carreras, Department of Genetics,
Microbiology and Statistics and IRBio,
University of Barcelona, Barcelona, Spain.
Email: carreras@ub.edu

Funding information

Ministerio de Ciencia, Innovacién y
Universidades, Agencia Estatal de
Investigacion (AEI) and Fondo Europeo de
Desarrollo Regional (FEDER), Grant/Award
Number: CTM2017-88080 ; Generalitat de
Catalunya, Grant/Award Number: SGR2017-
1120 and SGR2017-378 ; Agéncia de Gestid
d'Ajuts Universitaris i de Recerca, Grant/
Award Number: FI_B 00997; Ministerio de
Ciencia, Innovacién y Universidades, Grant/
Award Number: FPU15/02390

| Marta Pascual®

Abstract

High-throughput sequencing has revolutionized population and conservation genet-
ics. RAD sequencing methods, such as 2b-RAD, can be used on species lacking a
reference genome. However, transferring protocols across taxa can potentially lead
to poor results. We tested two different IIB enzymes (Alfl and CspCl) on two species
with different genome sizes (the loggerhead turtle Caretta caretta and the sharpsnout
seabream Diplodus puntazzo) to build a set of guidelines to improve 2b-RAD protocols
on non-model organisms while optimising costs. Good results were obtained even
with degraded samples, showing the value of 2b-RAD in studies with poor DNA qual-
ity. However, library quality was found to be a critical parameter on the number of
reads and loci obtained for genotyping. Resampling analyses with different number
of reads per individual showed a trade-off between number of loci and number of
reads per sample. The resulting accumulation curves can be used as a tool to calcu-
late the number of sequences per individual needed to reach a mean depth 220 reads
to acquire good genotyping results. Finally, we demonstrated that selective-base li-
gation does not affect genomic differentiation between individuals, indicating that
this technique can be used in species with large genome sizes to adjust the number
of loci to the study scope, to reduce sequencing costs and to maintain suitable se-
qguencing depth for a reliable genotyping without compromising the results. Here, we
provide a set of guidelines to improve 2b-RAD protocols on non-model organisms
with different genome sizes, helping decision-making for a reliable and cost-effective
genotyping.
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1 | INTRODUCTION

High-throughput sequencing technologies have revolutionized
the fields of population and conservation genetics during the last
10 years by providing easy access to genomic data from virtually
any taxonomic group (Andrews & Luikart, 2014; Bellin et al., 2009;
Davey & Blaxter, 2011). Many studies have explored the potential
of genomic analysis to address a variety of questions, such as pop-
ulation structuring (Girault, Blouin, Vergnaud, & Derzelle, 2014),
inbreeding depression (Hoffman et al, 2014), local adaptation
(Savolainen, Lascoux, & Merild, 2013) or hybridization (Hohenlohe,
Amish, Catchen, Allendorf, & Luikart, 2011). Restriction site asso-
ciated techniques (RAD) are hased on massive sequencing after
enzymatically reducing the fraction of the genome being analysed
and can identify and score thousands of genetic markers, randomly
distributed across the genome in many individuals simultanecusly
(Davey & Blaxter, 2011; Pecoraro et al,, 2016). The advantage of
these methodologies is that they can be carried out with no or lim-
ited previous sequence knowledge, since RAD tags can be analysed
using pipelines for de novo loci identification if a reference genome
is not available {Catchen, Hohenlohe, Bassham, Amores, & Cresko,
2013; Davey & Blaxter, 2011; Hapke & Thiele, 2016; Lu, Glaubitz,
Harriman, Casstevens, & Elshire, 2012). These methods allow paral-
lel and multiplexed sample sequencing of tag libraries, with a rapid
and very cost-effective procedures resulting in high genome cov-
erage (Baird et al, 2008; Pecoraro et al.,, 2016). The RAD marker
approach has the flexibility to assay different number of markers
depending on the restriction enzyme of choice (Baird et al., 2008).
Many studies focusing on population structure in non-model
organisms have implemented different RAD technologies, such as
RADseq(Limetal,2017; Xuet al., 2014), ddRAD (Lavretsky, DaCosta,
Sorenson, McCracken, & Peters, 2019; Portnoy et al., 2015), GBS
{Carreras et al., 2017; Hess et al,, 2015), and 2b-RAD (Boscari et al.,
2019; Galaska, Sands, Santos, Mahon, & Halanych, 2017). By shifting
the realms of genomics from laboratory-based studies of model spe-
cies towards studies of natural populations of ecologically well-char-
acterized organisms, researchers can now start to address important
ecological and evelutionary questions on a scale and precision that,
only a few years ago, was unrealistic (Ekblom & Galindo, 2011). As
for all genotyping-by-sequencing methodologies, the mean number
of reads per locus (mean depth of coverage) is crucial to consider reli-
able the quality of markers and their genotypes (Sims, Sudbery, llott,
Heger, & Ponting, 2014). Some recent population studies prioritised
the number of sequenced individuals over depth of coverage or used
improved bioinformatics pipelines to extract information from low
coverage data (Buerkle & Gompert, 2013; Maruki & Lynch, 2014).
However, when depth is generally low, statistical uncertainty of in-
dividual sequence data is high and calling of genotypes is difficult
{(Maruki & Lynch, 2017). Although probabilistic genotyping methods
are thought to overcome shortcomings of low-depth sequencing
data, they may behave unpredictably when compared to high-depth
data (Hendricks et al., 2018). Thus, any analysis involving individual

genotypes is going to be limited by coverage (Chow, Anderson, &

8

Shedlock, 2019). For this reason, RAD sequencing techniques and
laboratory protocols should be adjusted to target enough sequenc-
ing depth to obtain reliable genotypes while optimising sequencing
costs.

2b-RAD is a RAD methodology that uses IIB restriction endo-
nucleases, which cleave genomic DNA upstream and downstream
of the target sites producing 32-34 bp fragments (Wang, Meyer,
McKay, & Matz, 2012). This method is simple and provides a cost-ef-
fective alternative to existing reduced representation genotyping
methods, allowing its use in routine experimental laboratory (Baird
et al., 2008; Luo et al., 2017; Wang et al.,, 2012). One of the most
interesting features of 2b-RAD is that the number of loci/marker
density can be adjusted by using selective adaptors (Wang et al.,
2012) to reduce the number of expected markers and increase the
coverage per locus for a given sequencing effort. This RAD sequenc-
ing technique has been used to identify candidate genes associated
with specific traits (Luo et al., 2017), to construct ultra-high density
genetic maps (Fu, Liu, Yu, & Tong, 2016), to identify genomic regions
under selection in population genetic studies (Pecoraro et al., 2016),
and to perform genomic prediction for relevant traits in agricultural
species (Palaiokostas, Ferraresso, Franch, Houston, & Bargelloni,
2016). It has also been extended to microbial ecology (Pauletto et al.,
2016).

In this paper, we provide a protocol for laboratory and bioin-
formatic analyses to optimise studies using 2b-RAD sequencing
on different non-model organisms. We focused our study on the
sharpsnout seabream Diplodus puntazzo Walbaum, 1792 and the
loggerhead turtle Caretta caretta Linnaeus, 1758 characterized by
very different genome sizes. This study aims to unveil key elements
to adapt library building of non-model organisms to best profit from
this genomic method. Specifically, we focused our analyses on five
main ohjectives. (a) Assess the effect of initial DNA quality and con-
centration on sequencing results. (b) Evaluate the performance of
different IIB enzymes (i.e., Alfl and CspCl) on genomic library con-
struction in the two species. (c) Calculate the optimum number of
raw sequences needed per each combination of species and enzyme
in order to achieve the maximum number of loci with an optimum
depth per locus for a correct genotyping. (d) Assess if selective base
ligation protocols have an impact on genetic differentiation among
individuals. (e) Set guidelines for new population genomic studies
on non-model organisms. Our study provides useful information for
future studies on non-model species with different genome sizes,
helping decision-making to obtain a reliable and cost-effective

genotyping.

2 | MATERIALS AND METHODS

2.1 | Samples
We analysed two species with approximately three-fold different

genome sizes. We consider the sharpsnout seabream (D. puntazzo)

genome size to be similar to that of Diplodus anularis (0.9 Gb), its
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FIGURE 1 Sampling sites. White
triangles show sampling sites for Caretta
caretta, Libya is a nesting ground while
Valencia is a foraging ground. Black
triangles show sampling sites for Diplodus
puntazzo

FIGURE 2 Selective-base ligation.

In 2b-RAD protocol, after I1IB enzyme
digestion, specific fragments can be
selected to reduce the density of markers
to be amplified by designing customised
adaptors with one fully degenerated base
(N) and one partially degenerated bhase

(S = G and C bases, W = A and T bases)

Standard Ligation
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Selective-base Ligation

closest relative's sequenced genome (www.genomesize.com). The
loggerhead turtle (C. caretta) genome size was considered to be
similar to the genome of Chelonia mydas (Wang et al., 2013), which
measures 2.24 Gh.

Juveniles of D. puntazze were collected in Blanes (N = 12) and
Xabhia (N = 12) (Spain) during recruitment using hand nets (Figure 1).
Samples of C. caretta were taken from bycaught juveniles at the for-
aging ground off Valencia (Spain) (N = 9; Figure 1) and from dead
hatchlings at the nesting ground west of Sirte (Lybia) (N = 14; Clusa
et al.,, 2018). We alsc added a sample collected from a live female
turtle nesting in Pulpi (Spain) as positive control (Carreras et al.,
2018). Consequently, our study included 24 samples per species. All

samples were stored in 96% ethanol.

2.2 | DNA extraction and library construction

Genomic DNA was extracted using Qiagen Qiamp blood and tissue
kit following the manufacturer's protocol. DNA concentration was
measured with Nanodrop or Qubit, and DNA degradation assessed
in 1% agarose gels. This information was recorded to be used in fur-
ther statistical analysis. We coded the level of degradation as high if

the DNA was mostly located at the bottom of the run in the agarose
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gel or the smear intensity increased in direction top-to-bottom, and
as low if the DNA was mostly located at the top of the gel or the
smear intensity faded in direction top-to-bottom. When possible
we included samples that presented degraded DNA or low DNA
concentration to test 2b-RAD efficiency for population genomics,
as DNA degradation is a common issue when sampling non-model
organisms (e.g., marine turtle studies targeting stranded individu-
als or dead embryos found after excavation of nests). A total of 24
individual libraries were constructed with each enzyme per species.
Individual libraries were prepared adjusting the protocol from Wang
et al. (2012). In brief, the construction of 2b-RAD libraries consisted
of four main steps (for detailed protocol, see Annex 51). (a) Genomic
DNA was digested by a IIB restriction enzyme providing short (32-
34 hp) sequences. Each individual sample was digested with Alff and
Cspcienzymes separately. (b) During ligation, adaptors were attached
to the sticky ends of the digested sequences. This step is crucial in
the library preparation process because at this point, adaptors can be
customised to attach to any sticky end or to attach only to sticky ends
with specific sequences, based on the last two bases of the adaptor.
For this study we used degenerated bases (5'-NN-37) for our adaptors
(Figure 2). (c) In the amplification step, barcodes and lllumina primers
were attached to the adaptors and sequences were amplified by PCR.

At the end of this step the resulting fragment is expected to measure
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~165 hp. Library products were run through a 1.8% agarose gel to
check amplification success. The library DNA quality of each sample
was coded as ‘good’ when the band of the agarose gel was bright or
‘bad’ when it was faint (Appendix S1: Figure S1). (d) Purification was
performed using magnetic beads to remove primers and sequences
longer and shorter than 165 bp. At the end of this step, 2b-RAD Ii-
braries were ready to be sequenced. The DNA concentration of puri-
fied libraries was quantified using a Real Time PCR. The 48 libraries
of each species were pooled for SR50 single read sequencing (one
species per lane) with a HiSeq 4000 lllumina at the DNA Technologies

and Expression Analysis Cores at the UC Davis Genome Center.

2.3 | Genotyping

Sequences were processed using customized scripts (Annex S2).
First, raw sequences were trimmed te eliminate ligation adaptors and
then cut down to the same length (i.e., 32 bp for CspCl and 34 bp
for Alfl). Processed sequences were used for genotyping using the
STACKS versus 1.47 pipeline (Catchen, Amores, Hohenlohe, Cresko, &
Postlethwait, 2011; Catchen et al., 2013). To construct a loci cata-
logue we used Stacks function denovo_map.pl setting the following
parameters: a minimum depth of three reads to consider a stack
within an individual (m = 3), up to three mismatches allowed between
stacks (putative alleles) to merge them into a putative locus within
an individual (M = 3), and two mismatches allowed between stacks
{putative loci) during construction of the catalogue (n = 2). Individual
genotypes were outputted as haplotype loci VCF files. We used five
main filters to process loci found in our samples. We removed individ-
ual genotypes based on less than five reads, loci present in <70% of
individuals, loci with outlier values of mean depth across all individu-
als (those above the upper whisker of the R hoxplot, corresponding to
1.5 times the interquartile range fromthe data), loci with a major allele
frequency higher than 99% and loci out of Hardy-Weinberg equilib-
rium (HWE) in at least one of the populations. In the case of C. caretta
HWE was considered only for Libya, since Valenciais a feeding aggre-
gation of individuals from different populations, and thus deviations
from HWE are expected (Clusa et al., 2014). Filtering was performed
with vertooLs vs 1.12 (Danecek et al., 2011), with the exception of loci
with a major allele frequency higher than 99%, which were identi-
fied by the functionisPoly from the package aDEGENET (Jombart, 2008)
and the assessment of HWE, computed with the function hw.test
from the package pegas (Paradis, 2010) in R (R Core Team, 2018).
We performed linear regression and Wilcoxon-Mann-Whitney test
in R to assess whether initial and library DNA concentrations, initial
DNA degradation and library quality influenced the number of total

sequences and the final number of loci of each sample.

2.4 | Resampling analysis

We used bioinformatic simulations for each species and enzyme to

ohtain several sample sets, each one presenting a different number
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of reads per individual. We used a customised script to create new
sample sets with different number of reads per sample by perform-
ing a random selection with replacement of the real data up to
different target numbers of raw reads per sample (Annex 52). We
performed 10 iterations for each target number. Target numbers
varied for each species to accommodate the data points to the ex-
pected accumulation curve results for the different genome sizes.
For D. puntazzo we simulated 0.5, 1, 2, 4, 8 and 10 million raw reads
per sample for CspCl and Alfl enzymes. For C. caretta we simulated
4,8, 12, 16 and 20 million raw reads per sample for each enzyme.
Each resampled set underwent the same process of loci identifica-
tion and filtering as explained ahove with the exception of the filter
removing loci out of Hardy-Weinberg equilibrium. This filter was not
applied because loci genotyping could be biased in the low depth
data sets, artificially creating loci out of H-W equilibrium, since re-
sampling was done with replacement. For this reason, this technique
should not be used to artificially increase locus depth for a proper
genotyping, as these genotyping errors are going to persist in the
extended data sets. We calculated the formula that best fitted the
accumulation curve for each species and enzyme and plotted the
curve with R package ‘copLoT2’ (Wickham, 2016). We calculated the
number of reads per individual needed to obtain a mean depth of
coverage of 20x, since this threshold of quality is used in 2b.RAD
studies (Resh, Galaska, & Mahon, 2018; Whelan et al., 2019). We also
estimated values for a coverage of 25x (Warmuth & Ellegren, 2019)
to evaluate if with higher coverage we can detect an improvement in

the number of total loci.

2.5 | Selective-base ligation simulation

We assessed the potential impact of reducing the number of loci by
selective-base-ligation in population genomic analyses. We bioin-
formatically selected trimmed reads of the corresponding combina-
tion of nucleotides to simulate the use of customised adaptors for
selective-base ligation on each combination of species and enzyme
(Annex S52). Thistype of ligation is usually performedinthe laboratory
by designing adaptors that will attach enly to reads having the target
base at both sticky ends (Figure 2). The simulation of a selective-
base-ligation aims to test whether the processing of a proportionally
lower number of loci per individual results in the same genetic differ-
entiation as for the whole sample set. We removed from this analysis
all samples that had a final mean depth per locus <10 to eliminate
errors given by low depth of coverage. For D. puntazzo no samples
were removed, while for C. caretta 5 samples were removed from the
Alfl sample set and 7 form CspCl sample set. We used a customized
script simulating the effects of building libraries with adaptors end-
ing in 5~WN-3' (W = A and T) or 5-SN-3' (S = G and C) instead of
5-NN-3’. These simulations aimed to select trimmed sequences by
their first and last base and allocate them in separate folders. These
selected sequences were then analysed with Stacks and loci were
filtered with the same process as explained above for the whole

data set. We calculated the genetic differentiation between pairs of
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individuals using Prevosti distance with the R function prevosti.dist
from the package poppr 2.8.0 (Kamvar, Brooks, & Griinwald, 2015;
Kamvar, Tabima, & Grlinwald, 2014) for the data set containing all
combinations (NN) and for the two simulated selective-bhase-ligation
data sets. The pairwise genetic distance matrixes among individuals
for each selective-base-ligation subset were compared to the origi-
nal NN matrix with a Mantel test using GeNaLEx v6.503 (Peakall &
Smouse, 2012), then for each matrix we ran a Principal Coordinate
Analysis (PCoA) to evaluate whether individuals maintained the
same clustering pattern among subsets, using the same program. To
detect the eventual decrease of heterozygosity in the subsets com-
pared to their original set of loci we calculated individual observed
heterozygosities for the three data sets with vertools and used R to

perform a Kruskal-Wallis test for each species and enzyme.

3 | RESULTS
3.1 | Library construction and loci identification in
Caretta caretta

In C. caretta extracted DNA ranged from 17.3 to 183.5 ng/ul, and
showed high level of degradation in 38% of the samples probably
due to the bad condition of the tissue used (Appendix S1: Tahle S1).
After adaptor ligation and amplification by PCR we ohserved gener-
ally good results with Alfl but much lower amplification success with
CspCl with 46% of faint bands, as assessed with gel electrophore-
sis (Appendix S1: Table S1). After purification, library DNA concen-
tration was similar for the two enzymes ranging between 6.7 and
52.3 ng/pl. The mean number of reads per sample was higher for
Alfl digested samples, 7.6 x 10° reads per sample (max 10.1 x 10°%,
min 4.0 x 10%), than for CspCl digested samples, 6.6 x 10° reads per
sample (max 10.7 x 105, min 2.6 x 105) mostly because some sam-
ples had low number of reads (Appendix S1: Table S1). The trimming
process discarded all the sequences that were shorter than 34 bp for
Alfl and 32 bp for CspCl or missed the chosen restriction site, with
an average (+SE) lower loss per sample in Alfl (19.2 = 2.1%) than in
CspCl (41.9 = 4.7%) (Table 1). After the loci calling, C. caretta showed
higher total number of loci with Alfl (66,907 loci) than CspCl (25,416

TABLE 1 Summary of sequencing
cutcome

Species enzyme
TR

TMR

IL

FL

RL

FMD

RESOURCES
loci). The mean number of loci retained after all filtering steps were
slightly higher for Alfl (72.9 = 0.4%) than for CspCl (69.4 = 0.9%), al-

though their final mean depth was smaller (Table 1).

3.2 | Library construction and loci identification in
Diplodus puntazzo

In D. puntazzo starting concentrations ranged from 22.3to 43.1 ng/ul
and none of the samples was degraded. Adaptor ligation and amplifi-
cation yielded successful amplifications with both enzymes although
17% of the samples digested with CspCl had faint bands (Appendix
S1: Table S2). After purification, library DNA concentration was
slightly higher for Alfl ranging between 13.6 and 109.63 ng/ul. As
for C. caretta the sequencing of Alfl in D. puntazzo resulted in slightly
higher mean number of reads per sample than for CspCl (Table 1).
After the loci calling and filtering higher number of loci were also
found for D. puntazzo for Alfl (84,382 loci) than for CspCl (31,111
loci). The mean number of loci retained after all filtering steps was
similar for Alfl (90.6 = 0.1%) than for CspCl (90.8 = 0.1%), although

their final mean depth was almost double in the latter (Table 1).

3.3 | Quality predictors of sequencing success

Inthe two species analysed and for both restriction enzymes the num-
ber of raw reads was significantly correlated to the final number of loci
(Table 2). For D. puntazzo, initial DNA concentration, DNA degrada-
tion and library DNA quality had no significant effect in the number
of raw reads or number of loci. However, for CspCl in C. caretta, the
initial DNA concentration showed a significant impact on number of
reads and loci, and on library concentration (Table 2). The library DNA
concentration explained sequencing success in both species since the
regression between library DNA concentration and the number of
reads and loci was significant in most cases, with the exception of Alfl
in C. caretta and the number of loci with CspClin D. puntazzo (Table 2).
The impact of DNA degradation on sequencing success was only as-
sessed in C. caretta since in D. puntazze DNA had initial good quality
(Appendix S1: Tables S1 and S2). Interestingly, initial DNA degradation

Caretta caretta Diplodus puntazzo

Alfl Cspcl Alfl Cspel

7.6 +0.3x 10° 66+04%10° 71+03x10°  65+0.3x%10°
6.2+ 0.4 x10° 42+05x10° 53+0.2x10° 4.3+0.2x10°
48,740+ 1,489  17,811+1,010 75971+ 130 27,989 + 40
35,576+ 1,124 12,455+ 732 68,978 + 115 25,421+ 27
72.9 + 0.4% 69.4 +0.9% 90.6+ 0.1% 90.8+0.1%
11,5+ 0.7 19.3+2.4 29.2+1.4 52.2+2.3

Note: Mean (£SE) values per individual are given for FMD, final mean depth of coverage per locus;
FL, final number of loci after filtering; IL, initial number of loci; RL, percentage of loci retained after
filtering; TR, total number of reads; TMR, number of trimmed reads.
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TABLE 2 Statistical analyses of potential quality predictors

Caretta caretta Diplodus puntazzo
CspC! Alfl CspCl Alft
Explanatory Response
variable variable Test ForW p-Value ForW p-Value ForW p-Value ForW p-Value
Raw reads Final loci Linear regression 17.7 .000 304 .000 4.7 041 344 000
Initial DNA Raw reads Linear regression 15.4 001 2.7 115 0.5 469 04 522
cancentralion: " pjnajloci Linear regression 52 032 21 159 0.0 959 1.5 .236
Library DNA Linear regression 15.8 001 0.0 .986 3.2 .087 0.3 611
concentration
Initial DNA Raw reads Wilcoxon-Mann-Whitney  60.0 682 61.0 726 na na na na
degradation Final loci Wilcoxon-Mann-Whitney  44.0 .170 45.0 194 na na na na
Library DNA Wilcoxon-Mann-Whitney  34.0 .048 44.0 174 na na na na
concentration
Library DNA Raw reads Linear regression 14.2 001 2.0 174 22.6 .000 6.3 .020
concentration Final loci Linear regression 20.3 .000 3.2 .086 0.4 559 6.2 021
Library DNA Raw reads Wilcoxon-Mann-Whitney  19.0 .002 13.0 .037 na na 25.0 261
quality Final loci Wilcoxon-Mann-Whitney ~ 12.5  .001 6.0 005  na na 9.0 018

Note: Significant p-values after FDR correction are shown in bold. na, tests not available due to insufficient samples with bad initial DNA quality or

low library DNA quality.
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was not a good predictor of neither the number of reads nor loci
{Table 2). However, library DNA quality and thus amplification suc-
cess assessed in an agarose gel significantly increased the number of
raw reads and final number of loci {Table 2).

Number of sequences (10°)

Caretta caretta (top) and Diplodus puntazzo
{bottom)

50 75 10.0

3.4 | Resampling analysis

We simulated the sequencing of different target number of reads
per sample set and we obtained the total number of loci and mean
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TABLE 3 Estimated number of loci and reads needed to obtain
different mean depth per locus as derived from the accumulation
curve

Caretta caretta Diplodus puntazzo
Alfl CspCl Alfl CspCl

20% Reads (106) 13.5 6.1 3.5 1.7
Lodi 142,910 49,588 68,079 22,225

25x  Reads(10% 174 7.9 4.6 2:9
Loci 152,998 53,842 70,571 24,173

Note: The table shows the number of reads per individual and the total
number of loci per set corresponding to a mean depth of coverage of
20x% and 25x for each species and enzyme.

depth for each simulation {(Figure 3; Appendix S1: Table S3). In all
simulations, the mean depth of coverage was highly correlated to
the number of reads per individual with an R? > .99. Based on the
accumulation curve (Figure 3) we estimated the mean number of
reads per individual and the corresponding number of loci for two
mean depth of coverage, 20x and 25x (Table 3). For both species,
Alfl needed a much higher number of reads per individual than
CspCl to reach the desired coverage of 20x%, due to the higher
number of loci obtained with this enzyme. We found that, using a
coverage of 25x, the total number of final loci improved in Alfl by
4% and by 7% for D. puntazzo and C. caretta, respectively, and by
9% in CspCl for both species.
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3.5 | Selective-base ligation simulation

The selective-base ligation subsets obtained from C. caretta retained
between 22.2% and 31.5% of the total loci from their original sample
sets (Appendix S1: Table S4). In D. puntazzo the amount of loci retained
was more variable hetween the two tested subsets (Appendix S1: Table
S4), ranging from 19.8% to 43.4%. In this species we also found that
for CspCl enzyme the subsets presented lower coverage than the origi-
nal set, which could be a consequence of the base composition of the
regions where this enzyme is cutting and related with the characteris-
tics of the genomes that make the results species specific (Seetharam
& Stuart, 2013). Mantel tests in both species showed high correlation
between the pairwise genetic distances among individuals assessed
with all loci and assessed with a selective base ligation, for both CspCl
and Alfl enzymes (Figure 4). This was also reflected in the PCoA, as
C. caretta samples do not have the exact same pattern among subsets
whereas D. puntazzo patterns match perfectly despite the lower num-
ber of loci retained in the different data sets (Appendix S1: Figure S2).
The Kruskal-Wallis test showed no significant differences in observed
heterozygosity among any of the subsets and the original set of loci for
hoth species and enzymes (Appendix 51: Table S5).

3.6 | Protocol optimization

We used the results obtained from these simulations to refine

the laboratory protocol for 2b-RAD libraries preparation and

C. caretta - CspCl
0.26
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@ S

D. puntazzo- CspCl o W

0.24
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0.13

0.18 0.23 0.28

Prevostidistance between individuals (NN)

FIGURE 4 Mantel test of genetic differentiation between selective-base subsets and original sets. X-axes show Prevosti distance between
pairs of individuals for each one of the four original sample sets (with fully degenerated bases -NN-). Y-axis show Prevosti distance hetween
the same pairs of individuals for subsets obtained from bicinformatic simulations of selective base ligation (either -SN- or -WN-) for each
species and enzyme. Dark grey shows genetic differentiation for S (G and C bases) subsets and light grey for W (A and T) subsets. Correlation
coefficient (1) is given for each test ahove the lines for S and below for W. The red line represents the expected correlation function when no
deviation in genetic distances is found in the selective-base subsets compared to NN [Colour figure can be viewed at wileyonlinelibrary.com]
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DEGRADED
DNA?

FIGURE 5 Flowchart for 2b-RAD
laboratory protocol. This flowchart is

2b—RAD

meant to aid decision making for 2b-RAD
laboratory protocels when studying
non-model species. Together with the
guidelines listed above this chart aims to
make 2b-RAD studies not only easier but

RAD-SEQ
DDRAD

GBS

also more cost-effective [Colour figure
can be viewed at wileyenlinelibrary.com]
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LIGATION

UNDER
BUDGET

OVER
BUDGET

SELECTIVE-BASE
LIGATION
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3

SEQUENCING

sequencing. In fact, given the mean value of depth of coverage, the
optimum number of loci and the size of the studied species genome,
we can calculate the number of samples to be sequenced in one lane
to optimize costs without compromising the results. To facilitate
the decision-making process, based on our results, we constructed
a flowchart (Figure 5) and a set of guidelines (Box 1) to help future
studies design the most efficient and cost effective protocol to reach

their goals.
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4 | DISCUSSION

In this study, we have shown that 2b-RAD protocol provides efficient
results even with degraded samples and we demonstrated how this
protocol can be optimised for population genomics of non-model
species with different genome sizes. To prove this point, we analysed
the sharpsnout seabream D. puntazzo and the loggerhead turtle

C. caretta with two different enzymes, Alfl and CspCl, and performed
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BOX 1. Guidelines for the optimisation of a 2b-
RAD protocol with non-model species.

Use 2b-RAD instead of other RAD sequencing tech-
niques if you have degraded samples.

If the target species has a big genome size, consider per-
forming a selective-base ligation to retain 20%-40% of
total loci.

If the species genome is small, proceed without selec-
tive base-ligation.

Test different II1B enzymes with the target species.

Use library quality and concentration as predictors of
sequencing success.

Sequence the test samples with conservative conditions
to obtain good coverage.

Calculate an accumulation curve in a preliminary analy-
sis with the test samples to identify the number of reads
needed per individual and the total number of loci cor-
responding to a coverage 220x.

If the total number of loci is adequate for the selected
type of study, proceed to sequence the rest of yoursam-
ples to obtain the mean number of reads needed accord-
ing to the curve.

If the total number of loci is too high for the selected
study, use a selective base ligation for library building to
reduce the amount of loci.

The number of samples to be sequenced in the same
lane is a trade-off between the number of reads per
individual, the number of reads provided per lane and
available budget.

If the total number of loci is adequate but the cost of se-
quencing is over budget, use a selective base ligation for
further 2b-RAD library building to reduce the amount of
reads needed per sample and therefore fit more samples

in one lane.

bioinformatic simulations. Qur simulations allow estimating the mean
number of reads needed per individual to obtain a reliable genotyp-
ing and the corresponding expected number of loci. Moreover, our
results indicate that selective-base ligation can be used without com-
promising pairwise genetic distances among individuals.

In the case of the loggerhead turtle, where several samples had
highly degraded DNA, we found that the quality of the initial DNA
did not affect the number of raw reads nor the final number of
loci, for both enzymes. In fact, the DNA short length for proper
11B enzyme functioning (i.e.,32-34 hp digested fragment) reduces
the probability of missing loci even in highly degraded samples.
This is a highly valuable characteristic of 2b-RAD methodology,
since not all studies can easily access high quality samples. For
instance, marine turtle genetic studies usually rely on sampling of

stranded individuals (Clusa et al., 2016) or dead embryos found at
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nests after excavation (Clusa et al., 2018), due to the complexity of
their behaviours and the paucity of individuals. In such cases, a ge-
nomic protocel capable of providing optimal results with degraded
samples is invaluable.

The library quality after adaptor ligation and amplification
was a good predictor of sequencing success. The electrophoresis
gel after the library amplification of the loggerhead turtle clearly
showed that Alfl resulted in a better amplification than CspCl,
which failed to yield a clear band in 46% of individuals. Moreover,
the sequencing success was poor for samples with faint amplifica-
tion bands, which resulted in lower number of reads per individual
and thus lower number of loci. We thus suggest discarding sam-
ples with poor library DNA quality to help coptimising sequenc-
ing costs. In the case of the sharpsnout seabream, both enzymes
showed good results after the amplification, although a few indi-
viduals yielded poorer amplification that resulted in significantly
lower number of loci, as observed also in the loggerhead turtle
were the difference in library quality with the two enzymes was
even greater. Moreover, Alfl provided higher number of loci than
CspCl in both species as expected, since Alfl recognition sequence
has six fixed nucleotides, while CspCl has seven fixed nucleotides.
Therefore, Alfl is expected to have a greater density of restric-
tion sites across any genome than CspCl, and potentially yield
more loci as ohserved in the kissing bug Rhodnius ecuadoriensis
{(Hernandez-Castro et al., 2017).

Obtaining more loci, though, reduces depth of coverage per
locus for the same mean number of reads per individual. As ex-
pected, when using CspCl enzyme our sample sets showed higher
values of mean depth then when using Alfl in both species, despite
poorer amplification success for CspCl in the loggerhead turtle.
A low mean depth per locus leads to less accurate genotype call-
ing and thus higher percentage of missing data across loci (Casso,
Turon, & Pascual, 2019; Chow et al., 2019; Maruki & Lynch, 2017),
and for this reason a good depth coverage is important to consider
data reliable. Since library construction and sequencing produces
a variable number of reads per locus, a mean depth of 20x would
guarantee that the minimum of five reads per genotype is con-
sistently achieved across most loci for each sample. This would
result in fewer genotypes lost and thus more loci retained over all
samples. Qur simulations on resampling analyses, allowed the con-
struction of the accumulation curve relating the number of reads
per sample and the resulting number of loci as well as the linear
correlation between the mean depth per locus and the number of
reads per individual. Based on the combination of these two func-
tions the number of individuals to be sequenced in one lane can
be calculated easily, simplifying decision-making and analysis de-
sign for optimizing population genomic studies at the lowest cost.
The amount of reads per individual required by the sharpsnout
seabream would allow including a fair number of individuals per
lane for each enzymes, since both yielded good library DNA qual-
ity across samples. However, in the case of the loggerhead turtle,
only Alfl enzyme should be used according to library DNA quality.

In this case, the amount of reads needed to achieve an adequate
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coverage would be very large and the number of loci obtained very
high, due to the size of the genome. Under these circumstances,
the number of individuals of loggerhead turtle to be included in
one sequencing lane would be too small and not affordable by
most research groups.

The difference between the two species is mostly related to
the crucial role played by the genome size. Species with large ge-
nomes will probably produce more loci (due to a greater number
of regions yielding the enzyme recognition site) and would need a
greater sequencing effort to reach the suitable number of reads
per sample for an adequate genotyping. Using a selective-base
ligation the number of individuals can be adjusted to the needs
of the study considering the number of loci projected by the ac-
cumulation curve. Our simulations of customized adaptors with
selective bhase ligation, which extremities would end in -WN or
-SN, proved that this type of reduction in the number of loci does
not affect genetic differentiation between pairs of individuals.
Therefore, the use of a selection of sequences for each sample
instead of the whole set, would allow reducing costs by fitting
more samples in one lane without compromising overall genetic
differentiation. In both species we found that the subsets from
the simulated selective-base ligation had a proportionally similar
lower number of raw sequences and final loci than the original
sets (~25%). However, some differences were observed accord-
ing to the base and enzyme used in each species suggesting that
the species’ genome hase composition may affect the cutcome.
Nonetheless, the high levels of correlation that we found between
the subsets and the original sets, regardless of the number of loci
retained, indicate that they are reliable sources of information. In
fact, the slightly lower correlation in genetic distances of C. caretta
and its differences in PCoAs patterns among subsets were proba-
bly a consequence of the bigger genome size of the species, result-
ing in a lower coverage. This type of selective ligation would be
particularly interesting in the case of species with large genomes
such as C. caretta. Considering the size of this species genome
(2.24 Gbh) and referring to our resampling simulation, we would
need 13.5-17.4 million reads per sample to achieve 20x-25x of
coverage, therefore only 20-25 samples could be sequenced in
the same lane of a platform providing 340 million reads per run
as in the present study. A selective-base ligation would allow re-
ducing the costs of sequencing while ensuring good loci coverage,
without influencing the outcome. In fact, since the selective-base
ligated set would need only ~ 25% of the original set, between 3.4
and 4.4 million reads per sample are expected to reach the ade-
quate coverage (Warmuth & Ellegren, 2019). Therefore, as much
as 78-100 samples could fit in the same lllumina lane, greatly
reducing costs without compromising genetic differentiation be-
tween individuals. Nevertheless, the number of loci required for a
study depends on the scope, the type of analysis performed, and
the target species. For instance, selective-base ligation would be
less powerful for studies aiming to identify adaptation, since the
probability of finding candidate genes can decrease when analys-

ing only a small fraction of the genome (Ahrens et al.,, 2018).
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Finally, we show that 2b-RAD methodclogies can be reliable
even for degraded DNA samples. Following our set of guide-
lines, researchers can optimize effort, time, and sequencing cost
of 2b-RAD library building for non-model species while main-
taining good sequencing depth for a proper genotyping (Box 1,
Figure 5).

In coenclusion, genomic population studies are increasing in
species without reference genomes that rely on restriction-site
associated DNA sequencing techniques, although some proto-
cols require good quality DNA. Moreover, transferring protocols
across taxa can potentially lead to poor results, such as low num-
ber of recovered markers or inadequate genotyping due to differ-
ential genomic features. Researchers working with species with
large genome sizes or needing lower number of markers can adjust
the number of loci by performing selective-base ligation, allowing
the sequencing of a larger number of samples, without altering
genomic differentiation between individuals as observed by our
simulations. The optimal number of samples per lane can, there-
fore, be adjusted as a trade off with the desired target number
of loci and the species genome size for an adequate mean depth
of coverage for a correct genotyping. Our results and guidelines
aim to improve 2b-RAD protocols on non-model organisms with
different genome sizes, helping initial decision-making for a reli-
able, faster and cost-effective genotyping for population genomic

studies.
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Table S3. Number of loci and mean depth per locus after filtering of the ten simulated runs for each
initial number of reads per individual. The simulated number of reads varies between the two species
according to their different genome sizes. Simulations for C. caretta (2.2 Gb) range between 4x10°-
20x10° reads and for D. puntazzo (0.9 Gb) range between 0.5x10°-10x10°.

Caretta caretta Diplodus puntazzo
Alfl CspCl Alfl CspCl
Reads (x105) RUN Loci MD Loci MD | Reads (x10%) RUN Loci MD Loci MD
4 1 46083 8.1 | 39308 14.2 0.5 1 1115 9.1 8459 7.8
4 2 46380 8.1 | 39720 141 0.5 2 1151 9.2 8548 7.8
4 3 46339 8.1 | 39734 141 0.5 3 1111 9.1 8508 7.8
4 4 46157 8.2 | 39373 14.1 0.5 4 1150 9.1 8603 7.8
4 5 46340 8.1 | 39582 14.1 0.5 5 1157 9.1 8510 7.8
4 6 45948 8.2 | 39713 141 0.5 6 1148 9.2 8521 7.8
4 7 46387 8.2 | 39657 14.1 0.5 7 1119 9.3 8557 7.8
4 8 46206 8.1 | 39627 14.2 0.5 8 1138 9.4 | 8551 7.8
4 9 45818 8.1 | 39499 141 0.5 9 1091 9.2 8527 7.8
4 10 46075 8.1 | 39706 14.1 0.5 10 1145 9.1 | 8609 7.8
8 1 113685 13.1 | 53510 25.5 1 1 21375 7.1 | 19521 124
8 2 112937 13.1 | 53802 254 1 2 21200 7.7 | 19409 124
8 3 113427 13.1 | 53664 25.5 1 3 21288 7.1 | 19461 124
8 4 113452 13.1 | 53870 254 1 4 21271 7.1 | 19426 124
8 5 113279 13.1 | 53596 25.5 1 5 21409 7.1 | 19463 124
8 6 113311 13.1 | 53413 255 1 6 21145 7.1 | 19433 124
8 7 112776 13.1 | 53570 25.5 1 7 21204 7.1 | 19445 124
8 8 113500 13.1 | 53675 254 1 8 21287 7.1 | 19410 124
8 9 113636 13.1 | 53521 254 1 9 21183 7.1 | 19428 124
8 10 113153 13.1 | 53682 255 1 10 21169 7.1 | 19358 124
12 1 137681 18.2 | 58829 36.5 2 1 54705 12.2 | 23888 225
12 2 137503 18.2 | 58990 36.6 2 2 54989 12.2 | 23953 225
12 3 137875 18.2 | 58922 36.6 2 3 54817 12.2 | 23890 225
12 4 137789 18.2 | 59093 36.6 2 4 54925 12.2 | 23883 225
12 5 137956 18.2 | 59035 36.6 2 5 54928 12.2 | 23950 225
12 6 137720 18.2 | 59063 36.6 2 6 54840 12.2 | 23866 22.5
12 7 137445 18.2 | 58910 36.6 2 7 54838 12.2 | 23828 225
12 8 137647 18.2 | 58843 36.6 2 8 54861 12.2 | 23904 225
12 9 137839 18.2 | 58904 36.7 2 9 55024 12.2 | 23914 225
12 10 137635 18.2 | 59209 36.6 2 10 54807 12.2 | 23892 225
16 1 150107 23.3 | 61443 47.6 4 1 67398 21.5 | 25827 42.7
16 2 150559 23.2 | 61562 47.6 4 2 67344 215 | 25819 42.7
16 3 150159 23.2 | 61622 47.6 4 3 67440 21.5 | 25779 428
16 4 150510 23.2 | 61668 47.6 4 4 67680 21.5 | 25818 42.8
16 5 150550 23.2 | 61569 47.6 4 5 67482 21.5 | 25809 42.7
16 6 150708 23.2 | 61535 47.5 4 6 67497 21.5 | 25804 42.7
16 7 150237 23.2 | 61639 475 4 7 67459 21.5 | 25785 42.7
16 8 150282 23.2 | 61469 47.6 4 8 67459 21.5 | 25775 42.8
16 9 150334 233 | 61619 47.6 4 9 67535 21.5 | 25812 42.7
16 10 150081 23.3 | 61349 47.6 4 10 67453 21.5 | 25784 42.7
20 1 158271 28.2 | 63011 58.4 8 1 73463 40.7 | 26665 82.2
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Table S5. Kruskal-Wallis test of heterozygosity values. We found no significant difference between
heterozygosity values of selective-base ligation subsets and their original set of loci.

Caretta caretta Diplodus puntazzo
Alfl CspCl Alfl CspCl
Kruskal-Wallis
test 4.512 3.232 1.647 3.229
p-value 0.105 0.198 0.438 0.198
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CspCl

Fa L12 L13
lib3 lib4a libS

BGGGGB

Figure S1. Example of library DNA quality identification. This agarose gel of C. caretta shows how
library DNA was labelled as ‘Good’ (G) if the band was bright or ‘Bad’ (B) if the band was faint.
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Figure S2. Principal Coordinates Analysis of different sets of loci. The PCoAs show the distribution of
genetic distances of subsets and original sets of loci. In the case of D. puntazzo the distribution follows
the same pattern among all enzymes and data sets. In C. caretta patterns do not match probably due
to the low depth of coverage of the original sequences. Diamonds show data for Alfl and squares for
CspCl enzyme. Individuals’ points for the original data set (N) are in black, For CG selection (S) in dark
Grey and for AT selection (W) in light grey.
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Annex |

Library building protocol
Genomic DNA of each sample is diluted with DNA-free water to obtain 7ul containing 180ng of DNA.

i)Digestion

Digestion of each sample is prepared using one of the following protocols depending on the enzyme
used. a) 1ul Enzyme Buffer R (10x), 1pl SAM (S-adenosyl-methionine, 100uM), 1l Alfl enzyme (2u/pl),
3ul of sterile water and 4l of DNA, or b) 1ul Enzyme CutSmart (10x), 1ul SAM (100uM), 1ul CspCl
enzyme (5u/ul), 3ul of sterile water and 4ul of DNA. All steps are performed with a GenAmp PCR
System 2700 (Applied Biosystems®). Digesting conditions are 37.0 °C for 60 min, 65.0 °C for 20 min.

Enzyme ‘ Fragment length and recognition sequence (5’-3’)
A|f| (N10.1z) GCA (Ns) TGC (N12.10)
CspCI (N10.11) CAA (Ns) GTGG (N12.13)

ii)Ligation

The two adaptors are prepared by hybridization of different oligos: adaptor 2 is obtained by
hybridising the oligos 1 and 2 and adaptor 3 is obtained by hybridizing the oligos 1 and 3. Mix 22ul of
oligo 1 (100uM) with 22ul of oligo 2 (or 3) (100uM) and 206l sterile water. Annealing conditions are:
65.0 °C for 30 min, 83 cycles of 65.0 °C for 20 sec and 64.7 °C for 20 sec, with temperature decreasing
by 0.3°C for each cycle, and a final hold of 15.0 °C for 10 min.

Oligo | Sequence (5’-3’)

1 AGA TCG GAA GAGC
2 CTA CACGACGCT CTT CCG ATCTNN
3 CAG ACG TGT GCT CTT CCG ATCTNN

Ligation is prepared using the following protocol: 3ul sterile water, 1.5ul T4 Ligase Buffer (10x), 2.5ul
adaptor 2 (4uM), 2.5ul adaptor 3 (4uM), 0.5ul ATP (10mM), 5ul T4 Ligase (200u/ul) and 10ul of
digested DNA. Ligation conditions are: 16.0 °C for 180 min and 65.0 °C for 10 min.

iii)Amplification

Amplification is prepared using the following protocol: 25.15ul sterile water, 12ul Taq HF Buffer (5x),
0.75ul dNTPs (25mM), 1.2l Amplification primer F (10uM), 1.2ul Amplification primer R (10uM), 3ul
primer FOR (10uM), 1.2ul Taqg phusion, 3ul Barcode primer (10uM) and 12.5ul of ligated DNA. Each 60
pl sample amplification is split in 3 microplate wells containing 20l of amplification mix to optimise
amplification outcome. Amplification PCR conditions are: 98.0 °C for 5 min, 14 cycles of 98.0 °C for 5
sec, 60.0 °C for 20 sec and 72.0 °C for 5 sec, and a final extension step of 72.0 °C for 5 min.
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Primer Sequence (5’-3’)
Amplification primer F | AAT GAT ACG GCG ACC ACC GA
Amplification primer R | CAA GCA GAA GAC GGC ATA CGA

Primer FOR AAT GAT ACG GCG ACCACC GAG ATCTACACT CTTTCC CTA CAC GAC
GCT CTT CCG ATCT
Barcode primer (N-) CAA GCA GAA GAC GGC ATA CGA GAT(N7)GTG ACT GGA GTT CAG
ACG TGT GCT CTT CCG ATC
iv)Purification

Purification is carried out mixing 60ul of amplified product with 90ul of magnetic beads (Beckman
Coulter®) and placing the plate on a magnetic plate. After removing the supernatant, the product was
washed with 180ul of 85% ethanol. The ethanol was removed and the beads with the attached DNA

were left to dry. Finally the DNA was resuspended in 25ul of sterile water and 20ul of supernatant
without beads were stored for sequencing.

v) Pool

Prepare the pool by pipetting 180ng of DNA for each purified library, based on each sample’s library
concentration.
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Annex Il

Alfl trimming

Cut the adapter form the raw data using cut_adapter_Alfl.sh.

The input files are raw reads in fastq format. This script cuts the adapter from the sequences using the
program cutadapt-1.5 (Martin, 2011) and finally converts the sequences in fasta format. The output
files must be used as input files for the next step.

Trim raw sequences using bRad_Alfl.sh.

The input files are raw reads in fasta format. This script identifies the enzyme recognition site, cut all
sequences down to a same length, flip sequences to have them all orientated in the same direction
and check for duplicates. This script uses the following programs: TruncateFastq.pl, 2b_Extract.pl
(http://people.oregonstate.edu/~meyere/tools.html), fnafile (NEWBLERtools), SHRiMP v2.2.3 (David,
Dzamba, Lister, Ilie, & Brudno, 2011), revcompl.pl (https://github.com/KorfLab/Perl utils) and CD-HIT
(Fu, Niu, Zhu, Wu, & Li, 2012). The output file includes the sequences ready to be used in Stacks.

CspCl trimming

Cut the adapter form the raw data using cut_adapter_CspCl.sh.

The input files are raw reads in fastq format. This script cuts the adapter from the sequences and
finally converts the sequences in fasta format. The output files must be used as input files for the next
step.

Trim raw sequences using recsite_CspCl_subset.sh.

The input files are raw reads in fasta format. This script identifies the enzyme recognition site, cut all
sequences down to a same length, flip sequences to have them all orientated in the same direction
and check for duplicates. The output file includes the sequences ready to be used in Stacks.

Resampling simulation for accumulation curve

Perform a resampling simulation with replacement using resampling_fasta.sh.

The input files are raw reads in fasta format. This script resamples a given number of raw sequences
per individual (Nsgo), with replacement.

Selective-base Ligation

Remove the adaptor sequence from each read using either cut_adaptor_Alfl.sh or
cut_adaptor_CspCl.sh. The input files are raw reads in fasta format. The output file is used as input
for the simulation of selective-base ligation.

Perform a simulation of selective-base ligation using select_bases_fasta_2.0.sh.

This script extracts sequences selected by first and last base to simulate a selective-base ligation. The
output has to be trimmed with one of the scripts mentioned above depending on the enzyme.

Each script is annotated with information on how to set the script parameters.
All scripts will be available upon request.
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Abstract

The loggerhead turtle (Caretta caretta) is a highly migratory species which interestingly fits in with
its philopatric behaviour. Feminisation of populations for global warming, mortality by
anthropogenic activities and declining hatchling survival rates are threatening current nesting and
foraging areas. Conservation measures in the eastern Mediterranean Sea are crucial to support
and monitor nesting populations, and should be based on population structure, not yet resolved
by previous research. Here we obtained genomic data from 2b-RAD libraries of 199 individuals
of 9 loggerhead turtle populations from the eastern Mediterranean. We calculated the effective
population size (Ne) from thousands of markers compared with the number of adult breeders to
understand the status of the studied populations. We found a strong correlation between these
estimates, although Turkish populations had higher Ne values, probably due to a past large
population size. We analysed the population structure of this area using principal coordinate
analysis (PCoA), pairwise Fst and Bayesian clustering analysis and found strong genetic
differentiation among all rookeries. Finally, we used outlier analysis and environmental association
analysis to identify candidate loci for local adaptation and test the potential role of temperature in
the population genetic structure of the region. We found several loci associated to temperature,
independently of the geographic location of the nesting beaches. Our results show the ability of
2bRAD to refine the population structure of endangered species such as marine turtles and
identify signals of local adaptation. These findings provide the baseline for future studies on sea

turtle genomics for conservation.
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Introduction

The marine ecosystem is one of the environments most affected by the pressure of anthropogenic
activities and climate change (Dietz and Adger, 2003; Hillebard et al., 2018). The study and
monitoring of marine and coastal environments has therefore become crucial for the preservation
of wildlife (Harris et al., 2019; Watanabe et al., 2019). Accurate knowledge of populations’
structure is fundamental to design management units (MUs) and to detect genetically isolated
populations, which require independent conservation actions (Casale and Mariani, 2014). The
design and conservation management of MUs not only depends on the mere structure of the
target population of study, but considers several other factors that shape and impact population
structure, connectivity and self-sustainability. For instance, the adaptability of a species to the
constant changing environment is critical for conservation planning since it can shape population
structure. Similarly, small effective population size is a crucial factor for populations’ self-
sustainability as it increases vulnerability for populations of conservation concern. Genetic
assessments can provide this information to advise and assist conservation planning of MUs.
Conservation of marine species should therefore ideally include a complete genetic assessment
of population structuring, including the role of adaptation, and estimates of effective population

sizes.

Sea turtles are species of conservation concern that would benefit from a complete genetic
assessment. These highly migratory species have been affected by the current biodiversity crisis
on a global scale and their populations are listed as vulnerable, endangered or critically
endangered by the IUCN red list worldwide (IUCN 2019). Although in the past 60 years
conservation actions have been looking after these species in the more critical regions, the study
and monitoring of their populations are still crucial to ensure the recovery and preservation of sea
turtles in the long term. Sea turtles can migrate thousands of kilometres, moving between foraging
grounds and nesting beaches (Mansfield et al., 2009; Nichols et al., 2000). Although they are
highly mobile individuals, they display philopatric behaviour, called natal-homing, by which
sexually mature females (i.e. approximately age from 15 to 30 years old (Casale et al., 2011))
return to their natal beach to nest (Limpus et al., 1984; Lohmann et al., 2013). This behaviour
leads geographically separated rookeries to be genetically isolated within a relatively short
distance (e.g. 30 kilometres (Nishizawa et al., 2018)). Nonetheless, females can nest sporadically
in very distant areas (Carreras et al., 2018). Recently adult males have also been discovered to
present a certain degree of natal homing (Clusa et al., 2018), although due to the difficulties in

studying male individuals of sea turtle species, the extent of this behaviour is still uncertain.
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The loggerhead turtle (Caretta caretta) is a charismatic species distributed worldwide throughout
the tropics and characterised by temperature-dependent sex determination (TSD), where the
pivotal temperature is around 29°C at which half of the clutch will result in female individuals and
half in males (Janzen and Paukstis, 1991; Mrosovsky et al., 2002). The Mediterranean Sea is
considered a regional management unit (RMU) for loggerhead turtles (Wallace et al., 2010), with
rookeries mostly located in the eastern region (Casale et al., 2018), where the water is warmer
and temperatures have been historically more suitable for nesting than the western region (Pike,
2013). The western area is characterised by the presence of developmental foraging grounds,
were mostly juvenile turtles from different regional management units gather (Carreras et al.,
2011, Clusa et al., 2014). The Mediterranean population has increased but is still dependent on
conservation actions (Casale, 2015). The two main conservation concerns linked to
Mediterranean populations are global warming and fishery activity (Casale et al., 2018). On one
hand, global warming is considered a global threat to marine turtles due to the temperature sex
determination (Hawkes et al., 2009), and recent reports indicate that the Mediterranean Sea is
going to be one of the places most affected by increasing temperatures on the planet (Zhai et al.,
2018). In this context, current Mediterranean nesting areas have been predicted to be heavily
impacted (Hawkes et al., 2007: Witt et al., 2010) resulting in a feminisation of populations and in
a decrease of hatchling viability (Pike, 2014). For this reason, information on the genomic
response of these populations to temperature can be highly informative for a better understanding
of the potential adaptation of the species to global warming. On the other hand, accidental
bycatch is still one of the main threats to juveniles and adults in foraging areas (Casale et al.,
2018). Assessing the area of origin of the animals captured at sea (e.g. Mediterranean or Atlantic)
is crucial to assign threats to the populations affected (Clusa et al., 2016) but high resolution of
the genetic markers is necessary to assign each individual to its own population within the region.
Therefore, understanding the genetic structure and dynamics of the nesting populations in this
area is critical to inform conservation management in both nesting and foraging areas in order to

improve conservation actions.

Eastern Mediterranean loggerhead nesting populations have been previously analysed using
genetic markers, although important questions remain to be answered. The use of 15
microsatellite markers revealed the existence of 5 different genetic units (Clusa et al., 2018), while
the maternally inherited mitochondrial DNA suggested at least 7 differentiated units (Shamblin et
al., 2014). Furthermore, the current nesting populations of loggerhead turtles in this region are
likely the result of at least two independent colonisation events from the Atlantic: first in Libya

(65,000 years ago) and more recently in Calabria (15,000 years ago) (Clusa et al., 2013). Early
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studies with microsatellites suggested that only females were philopatric, and that male mediated
gene flow helped homogenize some of the nesting populations in terms of nuclear DNA (Bowen
et al., 2005: Carreras et al., 2007). The use of larger sets of microsatellites provided general
support for male philopatry while other hypothesis were provided to explain the genetic similarities
among geographically distant rookeries (i.e. opportunistic mating either in foraging grounds or on
migratory routes) (Clusa et al., 2018). However, these genetic similarities could be due to the lack
of power of the markers used, considering the observed ability to identify genetic differentiation
among some nesting areas when increasing the number of markers (Carreras et al., 2007; Clusa
et al., 2018). As a result, the extent of male philopatry and genetic structuring has yet to be
resolved with a higher number of genetic markers. Moreover, it has been hypothesized that the
3-dimensional variations of the mitochondrial genes ND1 and ND3 within the Mediterranean may
be related to thermal adaptation (Novelletto et al., 2016), although a genome wide assessment

of the role of temperature in shaping population differentiation has not yet been performed.

All these unresolved questions that rely on using a large number of markers can be assessed
using genomic tools. Nowadays, high-throughput sequencing technologies can be applied to non-
model species at the individual level, to allow scoring many markers across the whole genome,
and identifying candidate loci for local adaptation (Carreras et al., 2020). A growing number of
population genomic studies in the Mediterranean Sea have focused on non-model marine
species, providing both an improved resolution for population structure (Boscari et al., 2019;
Casso et al., 2019) and genome wide signals of adaptation (Carreras et al., 2017, Carreras et al.,
2020, Torrado et al., 2020). Most population genomic studies rely on library construction
technologies that are only feasible with good quality and quantity of DNA, which is often hard to
obtain for sea turtle samples (e.g. dead hatchlings or stranded individuals). However, 2b-RAD
library construction and sequencing has been proved to work successfully with poor quality
loggerhead turtle samples, ensuring a good trade-off between cost and outcome, opening the
field of sea turtle population genomic studies (Barbanti et al., 2020). Implementing genomic
approaches in studying the population genetic structure of Mediterranean loggerhead turtles can
provide robust results for identifying population differentiation, including adaptation signals, to
help conservation policies. Moreover, genomics can also provide reliable estimates of effective
population sizes, a fundamental concept in conservation to evaluate population viability and the
genetic risk associated to small populations, affected by the number of mating individuals, sex
ratio, reproductive success, age structure, migration and other demographic factors (Waples et
al., 2016). While census sizes are normally used for conservation assessments worldwide (IUCN,

2012), genetic deleterious effects are related to the effective population size, defined as the
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number of breeders of a theoretical population that will show the same impact of random genetic
drift as the real population (Wright, 1938). Thus, potential genetic threats of natural populations,
such as loss of alleles by genetic drift or inbreeding depression, are related to the effective
population size rather than the adult census size (N,). Even though the concept of effective
population size is fundamental in conservation genetics, this estimate is rarely used and is

assumed to be constantly related to N, across populations.

Here, we aim to identify the diversity and population structure of loggerhead turtle Mediterranean
rookeries from a genomic perspective, to elucidate connectivity and adaptation patterns, and to
assess effective population sizes to improve conservation decision-making. We hypothesize that
if both males and females are philopatric we will detect strong genetic differentiation among
rookeries. However, if male mediated geneflow is acting among geographically distant sites as
previously suggested, increasing the number of markers will not result in significant genetic
differentiation among them. Furthermore, considering the potential vulnerability of this species to
global warming, we expect a strong genomic signal associated to temperature in Mediterranean
nesting populations. In this study we had the following specific objectives: i) assess the diversity
and effective population size of Mediterranean rookeries, ii) identify population differentiation
between rookeries, and iii) understand the role of environmental factors shaping population
genomic structure and local adaptation. This study will serve as a baseline for future studies on

sea turtle conservation.
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Methods

Sampling

Tissue samples of 199 dead loggerhead hatchlings were collected from 9 rookeries across the
Eastern Mediterranean basin (Figure 1). For Sirte, El Mansouri and Akamas, we reanalysed
samples from Clusa et al., (2018), for Belek and Dalyan samples from Yilmaz et al., (2011) and
for Kyparissia samples from Carreras et al., (2014). The three remaining sites were sampled
between 2016 and 2018 (Table 1). To avoid pseudoreplication (e.g. sampling hatchlings from two
nests of the same female), sampled females were tagged with external flipper tags or
subcutaneous PIT tags. When this was not possible, samples from different clutches were
considered to be from different females if laid within a 14-day window, or in two consecutive
nesting seasons, as in previous studies (Carreras et al., 2007). One hatchling per nest was

sampled and the tissue was stored in 96% ethanol.

N

Figure 1. Rookeries sampled in the Eastern Mediterranean basin. The map shows the location of
the study sites. Colours are the same as in the further analyses. LI = Sirte, LE = El Mansouri, AL
= Alagadi, AK = Akamas, DA = Dalyan, BE = Belek, RE = Rethymno, ME = Messara and KY =
Kyparissia.
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Table 1. Basic statistics per rookery. Each population was analysed separately to maximise the
number of markers used (Nomiss datasets). Columns show study site, code for this study, year
of sampling, number of samples, number of loci, observed and expected heterozygosity, and
coefficient of inbreeding.

Site Code Samplingyear n Loci Ho He Fis

Sirte, Libya LI 2005-2006 23 7455 0.245 0.237 -0.035
El Mansouri, Lebanon LE 2004-2006 19 8393 0.261 0.250 -0.044
Alagadi, Northern Cyprus | AL 2016-2017 25 4706 0.218 0.228 0.043
Akamas, Cyprus AK 2005 25 8100 0.235 0.230 -0.020
Belek, Turkey BE 2007-2008 24 8145 0.241 0.232 -0.038
Dalyan, Turkey DA 2004-2005 24 7575 0.244 0.236 -0.033
Rethymno, Greece RE 2018 23 6493 0.243 0.230 -0.056
Messara, Greece ME 2018 11 8637 0.300 0.289 -0.036
Kyparrissia, Greece KY 2012 25 9821 0.246 0.239 -0.027

DNA extraction and library building

Genomic DNA was extracted using Qiagen® Gentra Puregene blood cell kit adjusting the
manufacturer’s protocol to our samples. DNA concentration was measured with Nanodrop® or
PicoGreen®, and DNA degradation assessed in 1% agarose gels. 2b-RAD libraries were
prepared adjusting the protocol from Wang et al., (2012) as in Barbanti et al., (2020). We
performed DNA digestion using Alfl enzyme and customised adaptors were then attached to the
digested sequences with sticky ends 5-WN-3’. A previous pilot study simulating selective base
ligation in 2b-RAD protocols showed that reducing the number of sequences simulating selective
base ligation (W = A or T) results in the same genetic differentiation as using fully degenerated
bases, allowing a more cost-effective sequencing (Barbanti et al., 2020). Therefore, these
adaptors were used to select and sequence only a target portion of all the possible sequences
across the genome, allowing balancing mean depth of coverage, number of final markers and
number of samples in an lllumina plate. Barcodes and lllumina primers were attached to the
adaptors, sequences were amplified by PCR and then purified using magnetic beads to remove
primers and sequences longer and shorter than 165 bp. The DNA concentration of purified
libraries was quantified using PicoGreen®. Libraries were pooled so that no more than 48
samples were sequenced in the same lane, to ensure good depth of coverage for our data. We
performed single read 50bp sequencing per lane with a HiSeq 2500 lllumina at the Center for

Genomic Regulations (CRG) of Barcelona.
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Genotyping and filtering

Raw sequences were processed using customised scripts (Barbanti et al., 2020). First,
sequences were trimmed to eliminate ligation adaptors and then cut down to 34bp. Trimmed
sequences were used for genotyping using the STACKS v1.47 pipeline (Catchen et al., 2011;
Catchen et al.,, 2013). To construct a locus catalogue we used the Stacks function
denovo_map.pl, setting the following parameters: a minimum depth of 2 reads to consider a stack
within an individual (m = 2), up to 3 mismatches allowed between stacks (putative alleles) to
merge them into a putative locus within an individual (M = 3), and 4 mismatches allowed between
stacks between individuals (n = 4). These parameters were optimised for our species following
instructions as in Paris et al., (2017), using data of two populations with high number of reads per
sample (i.e. Akamas and Kyparissia) (Supplementary Table S1). Individual genotypes were
outputted as SNP (considering only the first SNP for each locus). Loci were filtered for minimum
depth of 5 reads, minimum number of alleles = 2 and maximum minimum allele frequency = 2
(thus keeping only polymorphic loci). Loci with outlier values of mean depth across all individuals
(above the upper whisker of the mean depth value boxplot, corresponding to the 95% CI) were
removed as could be potential paralog DNA regions. Filtering was performed with VCFtools v1.12
(Danecek et al., 2011). We produced three datasets for statistical and bioinformatic analyses,
which differ on the restrictiveness of missing data filters. First, we considered all populations
together, filtering for 70% of missing data across all individuals (Base dataset). Since we detected
high number of regional missing data related to the population of origin (see results), we produced
a second type of dataset by treating each population separately and filtering for no missing data,
as certain population analyses do not allow missing loci in the dataset (Nomiss datasets, one per
population). Finally, for comparisons across rookeries we built a third dataset filtering all

populations for 70% missing data within and across populations (HQ dataset).

Population diversity and effective population size

Within population analyses were carried out with the Nomiss datasets, that includes one dataset
specific for each rookery. We computed basic genetic statistics for each population such as
observed and expected heterozygosities (Ho and He) and inbreeding coefficient (Fis) using
VCFtools v1.12 (Danecek et al., 2011). We estimated the effective population size (Ne) of our
populations using the function Idne from the R package ‘strataG’ (Archer et al., 2017). The R
function Idne estimates Ne from linkage disequilibrium (LD) with a Pearson correlation
approximation. The use of ‘background’ LD allows to estimate Ne using only one sample per
population (instead of two or more temporally separated samples), but when using thousands of

loci, physical LD can create bias to estimates such as Ne. for this reason this function follows
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Waples et al., (2016) correction, which improves the Ne estimate precision by accounting for
physical LD bias. We used the Nomiss datasets as the function used to calculate Ne requires no
missing data. To obtain estimates number of adults (N,) we gathered information on nests counts
and population trends from the literature (Casale et al., 2018). Nest counts were then transformed
to number of adults following the formula of Ad = nr/pd (Casale and Heppell 2016), where n is the
number of nests, r is the remigration interval (years between consecutive nesting seasons for a
given female) p is the proportion of females in the population and d is the number of nests per
female and season. Values for these parameters were taken from the literature (r=2.3; p=0.4 and

d=1.9, Casale and Heppell 2016).

Population genetic differentiation

All population structure analyses were performed using the HQ dataset for population
comparison. We calculated pairwise genetic distances between individuals using Prevosti
distance with the R function prevosti.dist from the package ‘poppr’ 2.8.0 (Kamvar et al., 2014;
Kamvar et al, 2015). Using R package ‘ape’ (Paradis ef al., 2004) we computed a Principal
Coordinate Analysis (PCoA) to visualise the clustering of the studied populations based on
prevosti distances and plotted the results using ‘ggplot2’ (Wickham, 2011). This analysis allows
to visualise population structure at individual level, to identify the presence of clustering or random
distribution, and to assess whether individuals cluster within the rookery they were collected from.
Pairwise Fst values between populations were computed using Arlequin program (Excoffier and
Lischer 2010). We analyzed the number of genetically distinct groups using the Bayesian
assignment software STRUCTURE v2.3.4 (Pritchard et al., 2000). STRUCTURE assigns
proportions of within samples genetic diversity to a priori selected number of genetic clusters (K).
We performed 20 repetitions of each independent K value from 1 to 12; burn-in length was set to
50.000 MCMC steps and runs with 200.000 steps. We calculated the log probability of the data,
LnP(K) and the rate of change in second-order derivates of the log probability between successive
K values (IncK) (Evanno et al., 2005) with the aid of STRUCTURE HARVESTER (Earl, 2012). The
20 replicates per the most likely values of K were averaged using CLUMPP v1.1.2 (Jakobsson
and Rosenberg, 2007). We carried out the analysis of Isolation by distance (IBD) to detect the
correlation between geographic and genetic distance based on outlier markers. Euclidean
geographic distance between sites was computed using the function distm from the R package

‘geosphere’ (Hijmans et al., 2017). We also ran the analysis using coastline distance, which was

measured using Google maps (https://www.google.com/maps) (Supplementary Figure S1). We
used mantel.randtest function from R package ‘adegenet’, using pairwise Fgsr distances between

individuals as genetic distances.
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Detection of outlier loci

To identify candidate loci under selection in our dataset we used pcadapt function from R package
‘ocadapt’ (Luu et al., 2017). This package uses Bayesian factor models to determine both
population structure and outlier loci. The pcadapt function assumes that markers excessively
related to population structure are candidates for local adaptation. The number of principal
components (PC)was selected by plotting the proportion of explained variance in relation to the
number of PC. We ran this analysis using the HQ dataset. We calculated g-values using the gvalue
function in ‘gvalue’ R package (Storey et al., 2020) which performs false discovery rate (FDR)
estimation from a collection of p-values. We considered outliers all loci having a g-value lower
than a = 0.1 (based on the distribution of p-values and g-values in test plots). We then divided our
dataset in outlier and non-outlier markers and used R package ‘ape’ to perform a PCoA on both
subsets separately to compare patterns of population structure. The analyses were plotted using

‘ggplot2’ package.

Influence of temperature on population structure

Atmospheric temperature was taken as a proxy of sand temperature, which directly influences
the development of sea turtle embryos and determines their sex during incubation. We obtained
data for monthly means of atmospheric temperature from 1948 to present (0.5° x 0.5° grid) from

the NOOA Earth System Research Laboratory (ESRL) database (https://www.esrl.noaa.gov/). We

considered data from such a long period of time so that the variable could be reliable as a possible
impact factor on sea turtles’ life cycle, considering the length of their life. We extracted minimum,
maximum and mean temperatures for each one of our sampling sites, considering temperatures
within a 10km distance ray for each site using R packages ‘RANN’ (Kemp and Jefferis, 2012) and
‘ncdf4’ (Pierce and Pierce, 2019). We collected approximate latitude and longitude of the
sampling sites and tested the level of correlation among these two and the three temperature
variables using linear regressions. We discarded variables that were significantly correlated (i.e.
mean temperature) to avoid redundant data which could skew the analysis. To perform a
Redundancy Analysis (RDA) we used the rda function of the package ‘vegan’ (Oksanen et al.,
2007) and then plot the results using ‘ggplot2’ package in R. We considered as predictors only
variables not highly correlated to each other (i.e. longitude, latitude, minimum and maximum
temperature) and identified candidate outlier loci associated with the axes and significantly
correlated to the predictors. All loci identified by RDA were also found by pcadapt (see results).
We also performed a partial mantel test using mantel.partial function in R package ‘vegan’ to
assess significant correlation between outlier markers found by pcadapt (n = 35) and mean

temperature, removing geographic dependence. Here we used mean temperature because by
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being significantly correlated to both minimum and maximum temperature, it was the best
representation for our temperature data, and we performed analysis using both Euclidean and
coastline geographic distance. Genetic distance was calculated using pairwise Fsr of outlier

markers.
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Results

Diversity

lllumina sequencing resulted in an average number of 6.1 million raw reads per individual and 5.3
million trimmed reads per individual. Genotyping provided more than 80 thousand genotype loci
before filtering. After filtering the Base dataset counted 3685 loci and the mean depth of coverage
was 22.21 sequences per locus. Given that a population-related missing data was found in this
dataset (Supplementary Figure S2), within population analyses were carried out with the Nomiss
datasets for each specific site. The number of polymorphic loci ranged between 4706-9821 with

mean depth sequences per locus of 30.79 (Table 1).

The effective population size (Ne) of our populations ranged from 84 to 4754 individuals as shown
in Table 2. The estimated effective population size was significantly correlated to the number of
adults (Spearman rho, p=0.037, R=0.72) and was not correlated to the number of loci per
population (Spearman rho, p=0.437, R=0.3). The populations of Belek and Dalyan yielded an
effective population size greater than the adult census size (N.) (Figure 2) while the remaining

populations always yielded effective population sizes smaller than N, (Table 2).

Table 2. Effective population size calculated with strataG R package using Nomiss datasets.
Columns show the sampling site, effective population size and 95% confidence interval bounds,
number of nests at two temporal periods (before 1999 and after 2000), adult census size (N.) and
the population trend calculated as the percentage of change in the number of nests. NA: data not
available. Data on nest/year and population on the two temporal periods and the population trend
is from Casale et al., (2018). N, was calculated using the approach from Casale and Heppel 2016,
as decribed in the methods.

Site ldNe  Lower Cl Upper Cl Nests<1999 Nests >2000 Na Trend (%)
Sirte 432.4 411.8 455.1 NA 220 665.8 NA

El Mansouri | 133.4 130.9 136 NA 55 166.4 NA
Alagadi 84.3 83.1 85.6 65.7 541 163.7 7.7
Akamas 535.9 509.2 565.5 119.8 239.1 723.6 99.6
Belek 3585.7 2636.5 5598 129.7 638 1930.8 391.9
Dalyan 4754.6  3152.7 9649.8 165 269 814.1 63
Rethymno 110 108.2 111.9 387.3 275 832.2 -29
Messara 98 95.1 101 53.5 46.9 141.9 -12
Kyparissia 1670.1  1468.5 1935.5 580.7 987 2987 70
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Figure 2. Population size estimates for Eastern Mediterranean sampled rookeries. A) adult census
size (N,) calculated based on nests counts from the literature (Casale et al., 2018). B) effective
population sizes computed in this study based on genomic data.

Population structure

The HQ dataset resulted in 195 SNPs shared at least by 70% of the individuals within each locality
and a mean depth of coverage of 22.10 and constitutes a high-quality dataset to carry out
analyses sensible to missing data. Pairwise Fsr analyses showed that all populations are
significantly different from each other (Supplementary Table S2). The Principal Coordinate
Analysis based on Prevosti distances between pairs of individuals showed high level of genetic
differentiation among the studied populations, with little overlap of hatchlings from different
rookeries (Figure 3A). The first axis grouped Alagadi, Lebanon and Libya on one side and
Kyparissia and Akamas on the opposite site. Belek and Dalyan were the most separated
populations according to the second axis. Messara and Rethymno presented and intermediate
location in the plot. We found that 5 individuals from Alagadi were near to individuals from
Messara, as well as one individual of Libya and one of Rethymno. Bayesian clustering using
STRUCTURE revealed that the highest L(K) value was for K=6. Similar results were found using
the AK statistic (Evanno et al., 2005) with a clear peak on K=6 (Supplementary Figure S3). We
plotted clump results for the 20 runs of the best K (Supplementary Figure S4) finding Alagadi
grouped with Sirte and ElI Mansouri, except for five individuals which showed the same genetic
clusters as Messara. Kyparissia shared its cluster with Akamas, which also showed the same
clusters ass Alagadi and Messara. Isolation by distance analysis did not show significant
correlation between genetic and geographic distance, neither expressed as Euclidean distance

(simulated p-value = 0.761) nor as coastline distance (simulated p-value = 0.572).
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Figure 3. Reference map and Principal Coordinates Analysis. The map gives reference of the
geographic location of the studied rookeries to be compared with PCoA distribution of individuals.
Acronyms are as in Figure 1. A) shows PCoA for the whole HQ dataset (n=195), B) non-outlier
markers only (n=160) and C) outlier markers only (n=35). A) and C) graphs show high level of
population structure for our populations, while the distribution of individuals using non-outlier
markers only is random and does not show any sign of clustering.

Local adaptation

We found 35 outlier loci using pcadapt and 16 of them were also candidate outlier loci significantly
associated with the axes of the RDA. Each locus was significantly correlated with a different
predictor (Figure 4). The Redundancy Analysis showed significant differentiation between
populations under the effect of atmospheric temperature and geographic location (latitude and
longitude). Our first RDA explained 40.27% of variance while the second RDA explained 26.06%
of the remaining variance (Figure 4). Populations are distributed similarly as in the PCoA, with
Sirte and El Mansouri on one side of the first axes and Akamas and Kyparissia on the other side.
Belek is again isolated from the rest of populations, while Dalyan is now in between the two
populations from Crete. The PCoA of non-outlier markers does not show any signal of population

differentiation with random distribution and overlapping of individuals (Figure 3B). As expected,
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the plot of outlier loci has a strong population structure showing the same pattern as for the whole

dataset (Figure 3C).

The partial mantel test showed significant correlation between genetic distance and temperature

removing the effect of geographic location with both Euclidean distance (r = 0.438, significance

=0.032) and coastline distance (r = 0.443, significance = 0.039).
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Figure 4. Redundancy analysis. A) shows the effect of environmental and geographic factors on
genetic differentiation of studied populations. B) shows the number of outlier loci associated with
RDA axes and correlated to the predictors of this analysis.
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Discussion

Loggerhead turtle populations of the Mediterranean Sea have been recovering in the past years
after the crucial intervention of conservation management on nesting beaches (Casale, 2015).
Although individuals of this species are now increasing in numbers in this area, the level of
anthropogenic impact, mostly caused by the fishing industry and by tourism, is still a major cause
of mortality for adults and juveniles. Global warming is also predicted to have a great impact on
Mediterranean nesting areas. For all these reasons, the species is still considered to be
conservation dependent (Casale, 2015) as conservation actions and scientific studies are both
essential to provide crucial information for conservation managers and governments to make
optimal decisions for the health and longevity of these loggerhead populations. This study is the
first to use population genomics on marine turtles to estimate the effective population size of
eastern Mediterranean loggerhead rookeries, finding results that differ from the current adult
census size used for IUCN red listing. We also refined the genetic structure of these populations,
finding high genetic differentiation among all populations and low level of overlap of individuals
from different rookeries. Finally, we tested for the influence of temperature on genetic structure,
finding that this parameter has a significant impact on the differentiation of the studied

populations.

Genotyping and missing data for population barcoding

The advent of NGS allowed to exponentially increase the power of genetic analyses (Andrews
and Luikart, 2014). Using 2b-RAD methodology we were able to score thousands of markers in
a species, the loggerhead turtle, that until now had only been analysed using a handful of nuclear
markers. When filtering our dataset so that all loci would be present in 70% of individuals (Base
dataset) we could still run analysis with more than three thousand high quality markers. When
analysing our populations of interest separately we could still score between four and nine
thousand loci present in 100% of individuals per dataset. These results show the power of this
methodology in finding high quality markers for population genomic studies. Although the high
number of markers found in the base dataset, we detected a pattern of missing loci which was
not related to sequencing depth nor to plate related issues. The mean depth of coverage of the
base dataset was in fact 22.21 which is a reliable value to support further population analyses as
widely shown in previous studies (Resh et al., 2018; Whelan et al., 2019). The pattern of missing
loci also does not reflect a plate related issue since populations sequenced in the same plate
show different missing markers. Therefore, we suggest that the pattern of missing markers is
actually population driven and could be informative to understand the heritage of the studied

population. These regional missing loci can in fact be phylogenetically informative (Eaton et al.,
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2017) as they can be the result of historical processes, mutations appeared at a certain locality
that did not spread to others, strong regionally based genetic drift or selection (Carreras et al.,
2020). In most cases in fact, the frequency of our markers does not follow a cline or a progressive
gradient, but it stands at either sides of the spectrum, being fully present or fully absent in each
population. This pattern can be used to interpret the population structure of an area and resolves
in the concept of population barcoding, which relies on the visualisation of markers expressed as
presence/absence for each studied population. Although for the sake of this study further
analyses were performed using a dataset with reduced missing data (HQ dataset), regional
missing loci could be exceptionally useful in future analyses involving population assignation of
individuals. In the case of loggerhead turtle in fact, the identification of population of origin for
individuals found in feeding grounds can be facilitated by this high diversification of marker

frequencies among Mediterranean rookeries.

Effective population size and conservation

Understanding the effective population size of wild populations is critical to assess their status
and to plan conservation measures. However, this parameter is rarely used for conservation
purposes and adult census size (N,) (of the whole population or of breeding individuals) is normally
used for risk assessment (IUCN, 2012). Here we provided esteems of effective population sizes
based on thousands of genome wide markers. Considering our results, the Turkish populations
of Belek and Dalyan, followed by Kyparissia, had the highest effective population sizes, meaning
that they are less vulnerable to detrimental genetic effects related to population sizes, such as the
loss of alleles due to genetic drift. The Turkish populations are the only ones that exhibit an
effective population size larger than adult census size (Figure 2). This result reflects that these
populations have suffered a relatively recent reduction, and thus the effective population size is
the reflection of genetic variability inherited from a past abundance. Individuals from Turkish
populations use mainly the foraging areas of the Mediterranean Levantine (Casale and Mariani
2014; Clusa et al., 2014), an area which suffered an intense harvest of sea turtles for edible
consumption in the XX century until 1970s (Hornell, 1935; Sella, 1982). Thus, these two
populations were likely much larger than the present populations, suffered a decline at the end of
the XX century, and are now recovering after intense conservation efforts (Table 2). On the
contrary, Alagadi and the Island of Crete (Rethymno and Messara) populations showed the
smallest effective sizes and are therefore more vulnerable to genetic drift. In the case of Alagadi
and Messara, the low effective population size is clearly related to a low N,, but not in the case of

Rethymno, as this site hosts one of the largest populations in terms of nests per season.
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This population exhibits the lowest relationship between effective population size and census of
breeders of all our dataset, even though this population has showed signs of decrease in the past
decades (Table 2). According to mtDNA haplotype composition, the populations of the two Crete
and Cyprus have been proposed as colonised more recently in comparison of the populations of
Greece, Libya and Turkey, and thus the lower effective population sizes can be the result of a
more recent origin (Clusa et al., 2013).

Although we found a significant correlation between the effective population size and the
estimated number of breeders, the population by population analysis showed that the relationship
between these two parameters can be very variable. The parameters used to transform the nest
counts into number of adults may vary across populations and thus the estimation of adult census
sizes should be regarded with caution (Matsinos et al., 2008). However, these potential variations
can hardly explain the wide range of variance in the ratio between effective population size and
adult census size (from 0.13 to 5.84, Table 2). Consequently, although the adult census size is
globally related to the effective size, it cannot be used for population risk assessment. For this
reason, we recommend the use of effective population size based on a genome wide panel of
markers, as a complementary measure of population size for conservation purposes. Previous
studies suggest that an effective population of 500 is necessary to maintain equilibrium between
loss of adaptative genetic variation due to genetic drift and its replacement by mutation (Franklin,
1980, Franklin and Frankham, 1998) and that the target Ne for conservation programs of
endangered species should range from 500 to 1000 (Lynch and Lande, 1998). Although these
estimates likely depend on the target species, previous studies on sea turtles considered
populations with Ne of over a thousand breeders as healthy (Theissinger et al., 2009) and Ne
ranging between 90-220 individuals as sign of vulnerability (Rivalan ef al., 2006). Based on these
different classes of extinction risk, our results support the management of Mediterranean

rookeries as different units, given the range of Ne presented by the studied populations.

Genetic structure

We found that rookeries in the Eastern Mediterranean are more genetically isolated than
previously found in studies based on microsatellites (Clusa et al., 2018). This result is in
agreement with the observation that increasing the number of loci improves the ability of
identifying genetic differentiation (from Carreras et al., 2007; to Clusa et al., 2018) and that the
power of the genetic markers used is crucial to infer population genetic structuring (Bradshaw et
al., 2018). Previous studies suggested seven different units for management and conservation
using mtDNA (Shamblin et al., 2014) and five units using microsatellites (Clusa et al., 2018). In

our study we can conclude that at last 9 units should be considered, as every sampled population
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is significatively different from the others. This highlights the importance of using markers with
enhanced resolution for management and conservation and specifically the potential of genomics
studies for delineating conservation units. However, this number may increase, as some of the
populations considered isolated in previous studies (such as Calabria, Garofalo et al., 2013) have
not been included in this study. As a consequence of this enhanced resolution, our results suggest
that the degree of philopatry of both males and females in these populations is very strong.
Previous studies (Clusa et al., 2018) suggested that the populations of Libya and Akamas
belonged to the same genetic cluster despite being geographically distant. The authors
suggested same male mediated gene flow in foraging areas or while migrating. These two
populations were included in our study by using the same samples than in Clusa et al., 2018 and
we found that they are genetically different. Thus, we can conclude that the lack of differentiation
previously found between these two populations is due to a lack of resolution rather than male
mediated gene flow. Another interesting result comes from the comparison between Kyparissia,
Rethymno and Messara. Greek populations, including those on the island of Crete, have been
postulated to be panmictic both in terms of mtDNA (Carreras et al., 2014) and nuclear DNA
(Clusa et al., 2018). Despite the fact that we have no data for some of the populations analysed
in previous studies (Lakonikos and Zakynthos), the genetic differentiation found between
Kyparissia, Rethimno and Messara suggests the existence of at least three differentiated
populations. In summary, our results indicate that on top of female’s strong nest fidelity, males
also present a strong degree of natal homing and probably most of the mating would happen in
the areas surrounding nesting beaches. This extreme philopatry, coupled with reduced effective
population sizes, would favour differentiation among populations due to genetic drift.
Nevertheless, the misplacement of some individuals in the PCOAs and the results of STRUCTURE
indicate that some very low-level of gene flow could be present within the Eastern Mediterranean
to provide enough genetic variability to avoid inbreeding depression and the collapse of each
rookery. We hypothesis that the individuals from Alagadi showing the same genetic clusters as
Messara could in fact be descendants of individuals belonging to the Messara rookery, misplacing
their nests. It is also possible though that these individuals were the result of the mating between
Messara and Alagadi indviduals, since Messara is on the way from Alagadi to Libyan foraging

grounds (Haywood et al., 2020).

The deep genetic structuring found in the Mediterranean populations has also implications on the
study of foraging grounds. The assignation of individuals at sea to the populations of origin has
been neglected in this species due to a lack of resolution, and thus could only be analysed at

regional level (Carreras et al., 2011). The use of genomics is thus very promising for individual
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assignations to assess the populations of origin of individuals incidentally captured by fisheries
(Clusa et al., 2016) or individuals colonising new habitats (Carreras et al., 2018). Our results will
provide the baseline for identifying the population of origin of individuals of this highly migratory

species along its complex life cycle to adapt conservation strategies.

Temperature as driver for structuring

In addition to the extremely low degree of gene flow between the studied rookeries, temperature
showed a significant impact on genetic differentiation. The effect of temperature on the genetic
structuring is not an artifact of the geographical position of the nesting beaches, as shown by the
partial mantel test and by the fact that the loci related to temperature were different from those
related to either latitude or longitude in the redundancy analysis. Temperature is a crucial
environmental factor during the development of the embryos, as fluctuations can bring to shifts in
future sex ratio of adult breeders (Jensen et al., 2018) and can impact the viability and fertility of
the clutch (Hawkes et al., 2007). As a result, it is not surprising to find potential adaptation
genomic signals driven by temperature in marine turtles (Figure 3). The studied populations might
have adapted to the different temperatures of their nesting areas, which results today in a strong
genetic differentiation as found with the affected loci. Moreover, the fact that a higher number of
markers was correlated with maximum than minimum temperature could be a sign that warmer
climates have a stronger impact on sea turtles. In fact, the capacity to adapt to global warming
could be crucial for the survival of these populations. A recent study has suggested the existence
of sex-specific genotypes (Chow et al., 2019), stating that the coexistence of TSD and loci with
sex specific genotypes may suggest that thermosensitivity has genetic basis and that certain
genotypes may confer differential fitness benefits to the sexes.

Following this idea, the allele selected at population level may depend on the sex ratio, and
therefore on incubation temperatures. Our results are a preliminary indication of the impact of
temperature on population differentiation. Knowing which genes are affected, or how this genomic
signal is related to the nesting environment is something that remains to be tested in future
studies. We also found significant differentiation correlated to geographic locations of the
rookeries. Several outlier markers candidate for adaptation were in fact correlated with latitude or
longitude measurements of the sampling site. This can reflect how environmental factors linked
with geographic gradients (either north-south or east-west) can have significant impact on local
adaptation of each rookery to environmental conditions and therefore, enhance genetic
differentiation. The understanding of nest adaptation to these changes could be of great help to
the improvement of conservation measures, not only in the Mediterranean Sea but also globally

and may aid the assessment of nest success in new colonised areas.
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Conclusions

In summary, our findings allowed for a better understanding of the status and population dynamics
of loggerhead turtles in the Eastern Mediterranean and revealed significant genetic differentiation
among rookeries. Both males and females need to show a strong philopatric behaviour in order
to create the observed population structure in this area. Furthermore, maximum temperature is a
clear driver for genetic structuring in Mediterranean populations, highlighting the potential
vulnerability of this species to global warming. Our results set the baseline for evaluating future
conservation measures since the pressure loggerhead turtles face in the Mediterranean basin
goes beyond the conservation of nesting beaches. For this reason, future population genomic
studies should focus on other high-risk areas such as feeding grounds, to understand the
population of origin of turtles congregating there and set appropriate conservation measures. This
study shows that genomics represents a step forward in the field of population genetics, and the
results can be highly beneficial to improve conservation management of endangered species.
These methods not only apply to loggerhead turtles but can be used with all sea turtle species
and more broadly transferred to any complex highly migratory species. We therefore suggest the
application of genomic analysis for future studies focusing on marine organisms’ population and
conservation genetics, and, in specific cases, we suggest to consider reanalysing data published
using traditional genetic markers, since the power of genomics could unravel past misleading

results.
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SUPPLEMENTARY INFORMATION

Table S1. Genoryping and filtering results from optimisation of STACKS parameters. The program
was run analysing only Akamas and Kyparissia (n = 50) following instructions as in Paris et al
(2017). The first table shows the optimisation for the minimum number of reads to consider a
stack within an individual (m), the second table shows the optimisation for the number of
mismatches allowed between stacks (putative alleles) within an individual to include them into a
putative locus (M), and the third table shows the optimisation for number of mismatches allowed
between stacks between individuals (n). In bold are values identified as optimum for our species.
‘Full dataset’ refers to the number of total loci in the dataset, and ‘80% of individuals’ refers to the
number of loci present in the 80% of individuals.

m Full dataset  80% of individuals
1 17458 6472
2 18202 6661
3 16610 5957
4 15729 5604
5 15205 5467
m=2
M Full dataset  80% of individuals
1 17194 6326
2 18202 6661
3 18804 6892
m=2
M=3
n Full dataset  80% of individuals
2 19127 7035
3 19218 7173
4 19528 7333
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Table S2. Pairwise FST computed using Arlequin. All pairwise comparisons are significantly
different (p value < 0.000).

LI LE AL AK BE DA RE ME KY
LI 0.000
LE 0.118  0.000
AL 0.166  0.125 0.000
AK 0273 0286 0.215 0.000
BE 0.211 0181 0.214 0.226  0.000
DA 0.180 0.199 0.204 0.207 0.238 0.000
RE 0.216 0.245 0.183 0.203 0.249 0.194 0.000
ME 0.1772 0180 0.163 0.243 0.261 0.147 0.243 0.000
KY 0.231 0.260 0.241 0198 0.225 0.194 0.212 0.240 0.000
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)

Figure S1. Coastline considered for measurement between populations to calculate geographic
distance. To calculate distance between Kyparissia and all other population except from Crete,
we considered a mean value between northern and southern Crete path.
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EL MANSOURI MESSARA SIRTE DALYAN BELEK RETHYMNC ALAGADI AKAMAS KYPARISSIA

Figure S2. Heatmap showing the frequency of missing loci of the base dataset (n = 3685) per
population. The frequency of markers does not follow a progressive gradient for most loci, but it
stands at either sides of the spectrum, being fully present or fully absent in each population. This
result can be interpreted to infer low connectivity among our populations and could be used in
the future as population barcoding for assigning individuals.
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Figure S3. AK statistic (Evanno et al., 2005). Bayesian clustering using STRUCTURE revealed
that best K value was 6.
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Figure S4. The graph shows Bayesian clustering analysis using STRUCTURE software. Following
the estimation from Evanno the most likely number of clusters was K=6. Libya, Belek Kyparissia
and Dalyan show four different clusters, while the remaining five populations show a mixture of
the different clusters.
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Discussion

As climate change threatens thousands of species and populations throughout the world (Balint
etal., 2011) itis critical that conservation management practices are undertaken in a manner that
is both effective and cost efficient. Scientific research, and in particular genetic analysis, is a key
factor for efficiency and effectiveness of conservation planning (McMahon et al., 2014). This
thesis explores traditional and new generation methodologies in two case studies to illustrate the
critical role of genetic and genomic analysis for the management of both ex-situ and in-situ
conservation programs. We thus provide new elements to draw conclusions about the most
appropriate approaches on conservation genetics and to contribute to the understanding and

conservation of the studied species.

After decades of conservation activities to restore their populations, sea turtles still need support
and protection to avoid the definitive extinction of their species (Mazaris et al., 2017). The ongoing
threat of extinction places sea turtles in an unlucky group of species, most of them considered by
the IUCN as endangered or critically endangered in their red list (IUCN 2020). The results of this
thesis are applicable to all species in this group and their respective conservation management
programs. With an increasing number of species facing extinction (Butchart et al., 2010) and a
declining pool of funds available for conservation projects on a per-species basis (Martin et al.,
2018), it is more important than ever to ensure that conservation management projects are
designed in the most efficient and effective manner. The process of undertaking genetic analysis
as described in this thesis allows for an efficient approach to making decisions for conservation
management. The information gathered from genetic analyses can be used to improve
conservation because the information achieved through this process can be translated into actual
conservation management decisions. That is why this thesis can contribute to improve

conservation of several non-model species under threat of extinction.

Genetic analysis for ex-situ conservation planning

Recently reintroduction programs have become a new powerful tool to deal with locally extinct
populations (Russello and Jensen, 2018). Although this strategy is expensive and highly
demanding management wise, in recent years has become more and more popular in order to
deal with the global biodiversity crisis (Perzanowski et al., 2020; Van Houtan et al., 2020). Captive
breeding, reintroduction and assisted colonisation therefore must be well planned and managed
based on scientifically informed data at each step of the conservation plan. We carried out a
monitoring study on the Cayman Island Turtle Centre (CTC), an ex-situ reintroduction program
that has been breeding green turtles in captivity and releasing individuals to the wild for the last

50 years.
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The translocation of individuals from nearby populations to form the founder captive stock is a
crucial process that defines the quality of the whole program. In fact, the selection of the
populations contributing should be done based on historical data regarding the relationship
among them and between them and the now extinct populations, and most importantly,
considering their genetic variability and genetic similarity (Witzenberger and Hochkirch, 2011). In
the CTC reintroduction, the first founder group was gathered from several different populations in
the Caribbean Sea and South Atlantic region in order to minimise the impact on a particular
population by taking only a few individuals from multiple sources. As a consequence of this
strategy, the founder stock had a high genetic diversity and a significant deficit of heterozygotes.
However, this strategy also implied a potential risk associated with mixing genetically different
groups, which could cause long term effects due to outbreeding on the new reintroduced
population and potentially on nearby populations. This thesis though did not find any impact on
fitness measurements for the first wild generations after the reintroduction, although further

monitoring is crucial to detect long-term effects.

The correct management of the captive breeding stock is also a crucial step to set the program
towards success. In fact, maintaining a high genetic diversity of the breeding stock over time is
fundamental to avoid the risk of inbreeding in the short and long term. In this thesis we showed
that different replacement strategies for the captive breeding population may have different
consequences on the genetic diversity of the captive population. In the 1980s the original founder
stock for captive breeding was drastically reduced supposedly in response to economic interests
(i.e. the cost of the maintenance of the centre being too high due to the number of the individuals
forming the breeding stock). The cut to the founder stock was performed arbitrarily without
considering turtles’ origin. This left the remaining captive stock with unknown genetic diversity. At
this point, the population of breeders was maintained stable through small replacements of
breeders born in the CTC once the original founders died. After the 2001, the captive population
was reduced to less than 10% of its original numbers when the centre was partially destroyed by
hurricane Michelle. The reduction of the breeding stock caused by the hurricane was
compensated by the incorporation of a large number of individuals (189) of one single cohort
(C1995) to the breeding stock. Our genetic analysis showed that this single cohort replacement
decreased the CTC genetic variability at nuclear and mitochondrial markers because the use of
many individuals from the same generation increased the degree of genetic relatedness within
the CTC breeding stock. Thus, we show that continuous small replacements of the breeding stock
using individuals from different cohorts is a better strategy to maintain diversity than a single

replacement from the same cohort, since the levels of variability of the MCF1 group are higher,
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with no signals of inbreeding and lower relatedness values. Preferably the replacement should be
combined with genetic analyses to keep the diversity of the CTC high to ensure a long-term

survival and avoidance of inbreeding.

In these conservation projects, the monitoring of the wild population after the release of individuals
is necessary to assess the success of the reintroduction and to detect any possible short- and
long-term effect on the population. In this way the captive breeding and reintroduction program
can be adjusted and corrected if needed. Our results show that the CTC succeeded in
reintroducing a new wild population of green turtles that is now safely nesting in both Little
Cayman and Grand Cayman Islands. We found by microsatellite analyses that 90% of the wild
population of green turtle nesting in Grand Cayman Island was related to the female population
of the captive breeding stock. Therefore, most parents of wild breeding females were either
permanently captive in the CTC or escaped in 2001 because of the hurricane. Additionally, we
found that of the first generation of wild new-borns 79.4% of Little Cayman hatchlings and 90.3%
of Grand Cayman hatchlings were related to the CTC. This result confirmed the success of the
efforts carried out by the CTC in the past few decades and that the nesting events of green turtles
in these two Islands are mainly the result of an assisted colonisation through individuals
reintroduced from the captive breeding program.

We also scanned mitochondrial haplotypes in both captive and wild populations to assess their
origin (i.e. belonging to the Caribbean or South Atlantic/African lineage). CTC haplotypes belong
in fact to both lineage A and lineage B, described in Naro-Maciel et al. (2014) as from the
Caribbean and from the South Atlantic/Africa region respectively. This was consistent with the
reported origin of the founder stock. Although we did not find haplotypes from lineage B exclusive
of the South Atlantic/Africa region in the wild population, captive individuals from lineage B might
have contributed to the new wild population. These wild lineage B carriers might have not been
detected at this stage because the contribution of the younger breeders has not yet shown its
impact on the wild population, as the released individuals may need between 15 and 19 years to

reach maturity.

Monitoring of reintroduction programs is not only necessary for the welfare of captive and
reintroduced individuals, but also to assess the progress of the assisted colonisation in action and
the fitness of the new wild population. In the case of the Cayman Islands new wild populations,
we found that the reproductive fitness (i.e. size, fecundity and viability of the clutch) of these new
populations was not affected by the relatedness with the CTC reintroduction program. In addition,

hatchlings not related to the CTC showed higher heterozygosity than related hatchlings. These
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results suggest that the new wild population is currently fit and does not tend towards an
outbreeding scenario. Nevertheless, they only refer to a first generation of wild hatchlings and
thus population fitness analyses should be repeated in the future to monitor potential drops due

to outbreeding of the different genetic strains that were part of the initial captive population.

The study of the process and progress of an assisted colonisation is not only important for the
feedback provided to management, but also because the foundation of new populations of long
lived species is a process almost impossible to detect and study up close in nature while in action.
Marine vertebrates in particular are difficult to track and challenging to study. Therefore, the CTC
reintroduction offered a unique opportunity to understand how colonisation of new areas work for
sea turtles. We discovered that during the assisted colonisation of Grand Cayman Island, some
reintroduced individuals also reached Little Cayman Island which is located 108 km away. We
also showed that after colonisation the populations were genetically different after just one
generation. In particular Little Cayman hatchlings showed less genetic overlap to the CTC female
breeders than Grand Cayman hatchlings with both nuclear and mitochondrial markers. This result
is consistent with the higher geographic distance from where captive individuals were released
but also with the lower level of relatedness found, which can be the result of the contribution of
individuals from the original Little Cayman population. This means that, although turtles usually
show philopatric behaviour, not all reintroduced individuals went back to their beach of release
(i.e. Grand Cayman lIsland) to nest. Therefore, it is plausible that an unknown number of
reintroduced turtles reached other nesting populations of the Caribbean Sea and mingled with
their individuals. We cannot estimate what number of individuals might be involved in this
multidirectional dispersion, but genetic analysis could allow in the future to test several
populations of the area to assess the impact of the CTC. The possible mixing of turtles genetically
belonging to the South Atlantic lineage with populations of the Caribbean Sea could, on one hand,
enhance the genetic variability of those populations. On the other hand, this could also have

negative impacts such as resulting in an outbreeding depression.

The multidirectional dispersion caused by the reintroduction program will be incredibly
challenging to reconstruct. The assessment of the degree of nest site fidelity of the reintroduced
females though could be used as a proxy to project an approximation of how many reintroduced
adult females breed on other rookeries other than the Cayman Islands. Using nest geographic
coordinates, we found that wild females nesting in Grand Cayman Island have a high degree of
within season nest site fidelity. In fact, 85.1% of females showed a mean distance between nests

of less than 5 km, and 77.7% showed a distance between the two most distant nests of less than
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5 km. This was estimated to be the typical distance between successive nesting sites for adult
females (Shroeder, 2003). On the other hand, we found 9 females and 13 males contributing to
both Little Cayman and Grand Cayman rookeries. We hypothesise that long-distance nesting
could be an evolutionary strategy sea turtles developed to maintain the income of gene flow into
a population and avoid collapse due to extreme philopatry. Since we did not find any significant
impact of female heterozygosity or of their relatedness to the CTC on mean distance between
nests or on the two most distant nests, these long-distance nesting events are not genetically
determined and probably are the result of random processes. This behaviour was already
reported in the Mediterranean Sea for loggerhead turtles nesting sporadically in new areas,
possibly as a form of response to the increasing temperatures of nesting beaches (Carreras et
al., 2018). The high degree of NSF found in the reintroduced females of Grand Cayman Island
could suggest that only a low number of individuals moves to breed in other Caribbean rookeries.
Of course, this kind of analysis does not consider individuals that dispersed when juveniles and
never nested in the Cayman lIslands. Future studies could run models to approximate the
dispersion of juveniles and breeders and combine modelling with genetic analysis to confirm the

origin of other Caribbean breeders.

Ex-situ conservation could be the only option for several species in the near future. Species with
low dispersal, damaged habitat and limited potential to colonise mew areas are potentially more
vulnerable and more likely to become extinct. With this case study we could thus show how
genetic analysis can contribute to the management of a conservation strategies, such as captive
breeding, reintroduction and assisted colonisation, on many different levels. This methodology
provides insight unexplored in the previous literature because such programs are fairly new in sea
turtle conservation management and such monitoring program has never been carried out before
on these species. The management of ex-situ conservation projects is extremely complicated and
delicate, considering the welfare of the animals involved and also the economic cost of such
programs. The consequences of ex-situ projects not only affect the captive and reintroduced
population but also the environment in which it is being reintroduced and the communities sharing
that habitat. For this reason, scientifically implemented genetic analysis studies must be put into
place to understand the implications of captive breeding of a certain species in a certain area in
order to inform conservation management before, during and after the captive program is run.
These findings can be valuable not only for future management of sea turtle reintroductions, but
can also be transferred to the study other complex species with similar challenging

characteristics.
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Genomic analysis for in-situ conservation planning

Conservation of endangered species should be carried out preferably in-situ so that animals are
not taken from their natural habitat and the maintenance (i.e. food and artificial habitat) is less
costly. In-situ conservation not only ensures the target species survival by directly interacting with
it, but also involves the preservation of the habitat and surrounding ecosystem and the education
of the public (Edwards et al., 2020). Genetic markers are a powerful tool to inform conservation
because can detect ongoing evolutionary processes not visible to mere observation and allows
the assessment of a population status and fitness (Hoglund, 2009). Both genetic and genomic
analysis have been used in this thesis with the ultimate purpose of improving conservation
management strategies by providing scientific evidence regarding the target population of study.
Previous studies have proved that NGS methodologies and protocols can provide different
outcomes when used with different species, and for this reason, they need to be optimised and
adjusted. A foundation of the approach taken in this thesis is the use of the most effective and
efficient analysis on the target populations of sea turtles. In order to achieve this, an optimised
laboratory protocol was developed. Given the critical nature of conservation genetics, this thesis
sought to optimise laboratory protocols for conservation genetics to achieve cost-effective
analysis. Our pilot study (Chapter 3) showed the steps to follow when using 2b-RAD in non-model
species. We decided to run several analyses on two IIB enzymes to optimise this technique
tailoring it to our species of interest. In this way we were able to understand how loggerhead turtle
DNA interacts with 2b-RAD reagents, and we could calibrate both the library building and

sequencing protocol to our species needs.

First of all, we found that the quality of the initial DNA did not affect the number of raw reads nor
the final number of loci. This proves already that the methodology used is well suited for our target
species, the loggerhead turtle, since very often sea turtle samples come from dead highly
degraded individuals with poor DNA quality. Second, we focused on the obtention of the best
possible depth of coverage. A good depth coverage, in fact, is important to consider data reliable,
since low mean depth per locus leads to less accurate genotype calling and thus higher
percentage of missing data across loci (Casso, Turon & Pascual, 2019; Maruki & Lynch, 2017;
Chow et al., 2019). Simulation analyses allowed relating the number of reads per sample and the
resulting number of loci as well as the linear correlation between the mean depth per locus and
the number of reads per individual resulting in 20x as a minimum depth for reliable genotyping.
Combining these two functions the optimum number of individuals per one lane can be calculated
easily, simplifying decision-making and analysis design at the lowest cost. Only Alfl enzyme should

be used to build 2b-RAD libraries for loggerhead turtles, due to problems with digestion and library
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building with other enzymes. Unfortunately, due to the big genome size of this species to achieve
20x-25x of coverage, only a few samples could be sequenced in a same lane, which would result
in extremely expensive analyses. Simulating a selective-base ligation we found that we can reduce
the number of loci being analysed, decreasing the costs of sequencing per sample while ensuring
good loci coverage, without influencing the outcome. Finally, we used the results from this study
to create a set of guidelines for future studies using this methodology to optimize effort, time, and
sequencing cost, not only for our organism of interest but for non-model species in general. We
therefore used our optimised protocol to study population structure and dynamics of loggerhead
turtle rookeries of the Eastern Mediterranean Basin. The results of our genomic study (Chapter
4) indicated that the predictions we made with our pilot study were correct. In fact, we obtained
between 4706 and 9821 polymorphic loci per population with a mean depth of 30.79 reads per

locus by processing 48 samples per lane with 2bRAD and 5’-WN-3’ base selection.

In-situ conservation is fundamental for the survival of the loggerhead turtle in the Eastern
Mediterranean. For this reason, this thesis explored the application of In-situ genomics analysis
in 9 populations of sea turtles in this region. This case study was chosen because although many
years of beach patrolling and nest protection helped the recovery of several nesting populations,
in this region the loggerhead turtle still needs conservation intervention to prevent extinction
(Casale, 2015). Moreover, although previous studies already focused on this area, they left open
important evolutionary questions that at that time could not be answered fully by using traditional
markers. In addition, these same studies showed that the ability to detect differentiation relies on
the number of markers used for the analyses (Carreras et al., 2007; Clusa et al 2018), therefore
using genomics we could increase the power and accuracy of the analyses. For this reason, we
used genomic analysis to refine the population structure of the most important Mediterranean
rookeries, assess their status and to identify environmental impact on genetic differentiation. In

order to ensure validity and reliability we used the optimised protocol from chapter 3.

The understanding of the actual size of wild populations is critical to assess their status and to
plan conservation measures. The size of a breeding population is in fact an indicator of their
genetic health and a critical factor in the planning of conservation actions. However, this
parameter is often difficult to obtain in marine turtles and mostly relying on nest counts and
assumptions of certain population parameters (Casale and Heppel, 2016) that are not always
accurate (Casale and Ceriani, 2020). Furthermore, the male segment of a population is
challenging to study because they do not approach nesting beaches and remain at sea during all

their life, so adult operational sex ratios (i.e. sex ratios of the breeding individuals) remain mostly
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unknown. In this thesis we used parentage analysis on the Cayman green turtle populations to
assess the breeding census size as well as the operational sex ratio that can be applied to monitor
marine turtle populations. However, the risk of inbreeding and the vulnerability of a population to
genetic drift are related to the effective population size (Ne) rather than the size of the breeding
population (Figure 5). By computing the effective population size of Eastern Mediterranean
loggerhead rookeries we were able to complement data on population size collected by counting
the number of nests laid per nesting season by females of each population, and compare it with
estimates of breeding adults projected from the nest count. Although the studied populations
already had census data of population size, Ne allows to understand how certain evolutionary
processes influence the population taking into account the number of mating individuals, sex ratio,
variation in reproductive success, age structure, migration and other demographic factors
(Waples et al., 2016). The Turkish populations of Belek and Dalyan, followed by Kyparissia, had
the highest effective population sizes within the Mediterranean, meaning that they are less
vulnerable to detrimental genetic effects related to population sizes, such as the loss of alleles

due to genetic drift.
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Figure 5. Conceptual map for estimates of population size for conservation. IUCN assessments
rely on changes in census sizes (N). Within the total number of individuals, only adults reproduce
(Na = number of adults based on nest count), and thus produce gametes for the next generation.
However, since not all breeders reproduce equally, the effective population size (Ne), provides a
more accurate estimate of the effectively breeding population. Ne can therefore assess the actual

vulnerability of a population to genetic drift, which could result in diversity loss or Inbreeding
depression, and represents a more reliable source of information for conservation planning.
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Populations with small Ne, in fact, can easily collapse in response to any drastic change in the
environment or also just as a consequence of genetic drift. Alagadi, Messara and Rethymno
showed the smallest effective sizes and are therefore more vulnerable to genetic drift. In the case
of Alagadi and Messara. According to mtDNA haplotype composition, the populations of the two
Crete and Cyprus have been proposed as colonised more recently in comparison of the
populations of Greece, Libya and Turkey, and thus the lower effective population sizes can be the
result of a more recent origin (Clusa et al., 2013). Previous studies suggest that an effective
population of 500 is necessary to maintain equilibrium between loss of adaptative genetic variation
due to genetic drift and its replacement by mutation (Franklin, 1980, Franklin and Frankham,
1998). Lynch and Lande (1998) have also estimated that the target Ne for conservation programs
of endangered species should range from 500 to 1000. Although these estimates likely depend
on the studied species, previous studies on sea turtles considered populations with Ne of over a
thousand breeders as healthy (Theissinger et al., 2009) and Ne ranging between 90-220
individuals as sign of vulnerability (Rivalan et al., 2006). Based on these different classes of
extinction risk, our results support the management of Mediterranean rookeries as different units,
given the range of Ne presented by the studied populations. Therefore, these results are
extremely important to plan future conservation actions. Although we found a significant
correlation between the effective population size and the number of breeders estimated from nest
counts, the population by population analysis showed that the relationship between these two
parameters can be very variable. Consequently, although the census size is globally related to
the Ne, it cannot be used for population risk assessment. On the contrary, effective population
size based on a genome wide panel of markers should be used as a complementary measure for

conservation purposes, since it can be estimated without the need of temporal data information.

The analysis of population structure also points in the direction of redefining the Mediterranean
management unit. Previous studies already detected a certain degree of population structure in
Mediterranean rookeries (Clusa et al., 2018), identifying five distinct units. In this study even the
distribution of missing data alone indicated a strong difference in genetic markers among the
studied populations. We found, in fact, a population-based pattern of missing loci where the
frequency of our markers stood at either side of the spectrum, being fully present or fully absent
in each population. This population barcoding can be used to interpret population structure,
understand phylogenetic history and could be exceptionally useful in future analyses involving
population assignation of individuals. Confirming this differentiation suggest by regional missing

loci, we found no sign of overlapping populations and significant genetic differentiation between
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all pairwise Fsr comparisons. These rookeries thus are more genetically isolated than previously
found in studies based on microsatellites (Clusa et al., 2018). We also could not find evidence of
gene flow between these populations, which is probably caused by the strong philopatric

behaviour of both adult females and males.

These results suggest that the degree of philopatry of these populations is very strong, reinforcing
the genetic isolation of rookeries. This extreme philopatry, coupled with reduced effective
population sizes, would favour differentiation among populations due to genetic drift. We therefore
show that on top of female’s strong nest fidelity, males also may present a degree of natal homing
such that most of the mating would happen in the areas surrounding nesting beaches and only a
very small portion would occur in feeding grounds or during migrations where individuals from
several rookeries interact. Thus, even if turtles from different populations may share common
foraging areas that define sub-regional management units (Casale and Mariani, 2014), individuals
do not generally mingle genetically. This discovery is a key information for the conservation of
loggerhead turtle populations, considering the tremendous damage that could be done to turtles
mating in the vicinity of tourism-hotspot beaches. Bayesian clustering also found 6 genetic groups
within our sample set that mirrored the pattern found in the Principal Coordinate Analysis (i.e. 1)
Sirte, El Mansouri and Alagadi, 2) Akamas with Kyparissia, 3) Rethymno, 4) Belek, 5) Dalyan and
6) Messara). In addition, five individuals sampled at Alagadi showed to group with Messara in
both PCoA and clustering analysis. These individuals could either come from another population
and accidentally nest in Alagadi, or be hybrids resulting from different genetic groups. Both these
hypotheses though remain to be confirmed. Groups found in this study don’t fully match the units
found in Clusa et al. (2018) as they found Akamas grouped with Sirte and identified Greek
populations as one same unit. Based on our results we can therefore hypothesise the presence
of a low level of gene flow between rookeries, which should definitely be managed as separate
units.

At date, the whole Mediterranean basin is considered as one RMU for loggerhead turtles (Wallace
et al.,, 2010). In the past decade a few studies already pointed out the necessity of dividing this
region in smaller units in order to improve and customise management strategies. In 2007,
Carreras et al. identified 2 MUs in the Mediterranean using 7 nuclear markers; in 2018, Clusa et
al. identified 5 MUs using 15 nuclear markers and in the present study, using 195 genomic
markers, we found that all the main loggerhead rookeries of the Eastern Mediterranean have
significant genetic differentiation, identifying 9 MUs. Considering that the sampled rookeries were
not always the same, the number found in our study would be the minimum number of MUs to be

considered in the Mediterranean. This highlights the importance of using markers with enhanced

150



Discussion

resolution for management and conservation and specifically the potential of genomics studies
for delineating conservation units. This also proves that increasing the number of markers
improves the accuracy of detecting genetic differentiation. These results reinforce the importance
of splitting the Mediterranean basin into sub-regional MUs and consider each rookery as a

separate unit as previous studies have recommended (Laurent et al., 2018).

Conservation management of endangered individuals not only focuses of the target species but
should also consider its environment and the interaction between the two. In sea turtles for
instance, sand temperature directly influences the development of sea turtle embryos and
determines their sex during incubation, and atmospheric temperature can be used as a proxy for
this parameter. Based on our results using atmospheric temperature, we could suggest that the
studied populations might have adapted to the different temperatures of their nesting area, which
results today in a strong genetic differentiation. Moreover, the fact that a higher number of
markers was correlated with maximum than minimum temperature could be a sign that warmer
climates have a stronger impact on sea turtles. In fact, the capacity to adapt to global warming
could be crucial for the survival of these populations. We also found significant differentiation
correlated to geographic locations of the rookeries. Several outlier markers candidate for
adaptation were in fact correlated with latitude and longitude measurements of the sampling site.
This can reflect how environmental factors linked with geographic gradients (either north-south
or east-west) can have significant impact on local adaptation of each rookery to environmental
conditions and therefore, enhance genetic differentiation. The effect of temperature on the
genetic structuring is not an artifact of the geographic position of the nesting beaches, as shown
by the partial mantel test and by the fact that the loci related to temperature were different from
those related to either latitude or longitude. Unfortunately, the lack of a reference genome reduces
the capacity of identifying the role of the candidate regions on adaptation. Further studies focusing
on adaptation to temperature changes could help to understand even better the evolutionary
dynamics of loggerhead turtle nests in this area. The outcome of these kinds of analyses will be
extremely valuable to the management of nesting beaches, nest protection and also the
monitoring of adults colonising new areas. Previous studies suggested, in fact, that marine turtle
nesting behaviour can drive adaptive differentiation at remarkably fine spatial scales, and have
important implications for how we define conservation units for protection (Weber et al., 2012).
The combination of environmental data and genomics represents a fundamental baseline for the
studying and managing of sea turtles, since environmental conditions are critical factors for the

survival of these species, particularly in the early stages of their life.
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Final remarks

Genetic analysis can be complemented with and complementary to other kinds of analysis and
data. In the previous literature it was common to use nest related data or success rates to
estimate population parameters and fitness (Broderick ef al., 2003; Casale, 2010). In this thesis
though, we have used data regarding nest fertility and success, inter-nesting intervals,
geographical coordinates and environmental variables combined with genetic data to improve
our understanding of nesting dynamics, population fitness and local adaptation. This is a much
more reliable and valid approach as the combination of this data with genetics allows to
crosscheck the validity of the analysis and the data collected, and it allows to increase the number
of possible analysis to perform and their reliability. The combination of genetics and ecological or
biological parameters can in fact be used to have a deeper understanding of the processes driving
the genetic differentiation of populations. The combination of genetic and genomic data can thus
provide more complete results to inform conservation management. Conservation planning must,
in fact, consider several factors and potential variables (e.g. geographic location, genetic history,
environmental factors etc.) at the time to ensure optimal planning. For this reason, interdisciplinary

analyses are crucial to obtain holistic answers to conservation questions.
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Conclusions

1. The Cayman Turtle Centre captive stock was related to 90% of the wild green turtle females

nesting in Grand Cayman Island, suggesting a successful outcome of the reintroduction program.

2. The excess of heterozygotes in the captive F; is the result of the mixing of different genetic

groups.

3. We show that continuous small replacements of the breeding stock using individuals from

different cohorts is a better strategy to maintain diversity in captive populations.

4. We find high level of relatedness between hatchlings of both Little Cayman and Grand Cayman
Islands and the CTC.

5. Significant genetic differentiation between Little Cayman and Grand Cayman Islands and the

CTC suggests that founder effect can drive differentiation on a short time and geographic scale.

6. Heterozygosity of both islands was found lower in hatchlings related to the CTC. Nonetheless,

neither of them showed lower female reproductive fitness due to this relationship.

7. High degree of nest-site fidelity in females nesting in Grand Cayman Island suggests low

dispersal within the same season.

8. 2b-RAD genomic sequencing is a suitable methodology for non-model species with big genome

sizes and potentially degraded DNA, such as the loggerhead turtle.

9. We found that a selective-base ligation is necessary to optimise the trade-off between samples

per plate and number of reads per locus, in species with big genomes.

10. The reduction of loci using selective-base ligation did not affect the genetic distance among

samples nor individual heterozygosity.

11. We found high population structure among Eastern Mediterranean rookeries.

12. Half of the rookeries show very low effective population size suggesting high vulnerability and

indicating different conservation needs within the same Regional Management unit.
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13. The temperature and geographic location are likely to have an important role on local

adaptation of loggerhead turtle hatchlings.

14. Based on our results we suggest to consider at least 9 Management Units within the Eastern

Mediterranean and to plan their conservation plans separately.
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