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1. GENERAL INTRODUCTION



1.1.ANCIENT SPECIES WITHVODERN PROBLEMS

Sea turtles are truly marvellous creatures, complex, successful and very
worthy objects of research. The seven extant species may not seem like a
horde compared to the tens of different marine mammal or marine bird
species ander i ng iglobal boeah aHpweser, if we measured
evolutionary success by longevity, then sea turtles have scored a quite
impressive ecological triumph.

The extantsea turtles are a monophyletjmoup (superfamilyfChelonioidea

of thesuborder CryptodiréFigurel.1).
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Figure1.1. Chronogram for complete mitogenomic analysis of all sea turtle
species. Red squares indicate nodes for which the time to the most recent
common ancestor (TMRCA) was estimated. (Adapted from Duchene et al.
2012.

The oldest known membeo$ thisgroupare from the Early Cretaceousge
(about 110120million years before the presefitjirayama 1998Cervelli et

al. 2003,Cadena & Parham 201%hen mammals were just tiny warm
blooded furry creatures and dinosaurs dominated both land aridema
ecosystems. These ancient sea turtles had primitive paddle like flippers with
movable digitsas in freshwater turtles, but they already possessed some of

3



the key anatomical and phg#pgical adaptations that we obseiven t oday 0 s
speciessuch as theydrodynamic body shape and the salt excreting system
(Hirayama 1998, Cadena & Parham 201=)r millions of years sea turtles
have evolved and diversified but only two families survived until the present
(Hirayama 1998, Lehman & Tomlinson 2004, Kear & L2@06) The
Dermochelyidaewith the leatherbackOermochelys coriacdaas the single
living member and Cheloniidae, with six specigdlit into two sukfamilies,

the Chelonini and the Carettini: thawksbill (Eretmochelys imbrica)ahe
Kemp 6s (repdddhedyg kempjj the olive ridley (Lepidochelys
olivaceg, theloggerheadCaretta caretty, the green(Chelonia mydasand

the flatback (Natator depressygurtles(Figure 1)(Naro-Maciel et al. 2008,
Duchene et al. 2012, Jensen et al. 2013)

The severextantsea turtle species are rptaint archaic relicsThey inhabit
oceanic and neritic habitats from the tropicthe subarctic regions and lay
their eggs in tropical and temperate latitudes all around the (l¢akace et

al. 2010) Sea tutlesarean essential component of marine ecosystems where
they can play different roles aoonsumers, prey, competitorisosts for
parasitesand pathogens, substrates for epibiontdgrient transportersand

finally, ecosystem enginee(8jorndal & Jackon 2003, Heithaus 2013)
Although consumption of sea turtldsy humangraces back thaands of
years, only few centuriesgo (Frazier 2003these species still occurred in
numbes that today ardlifficult to imagine (Jackson 1997, Jackson et al.
2001, Sptila 2004) When Columbus discovered the Cayman Islands in 1503
he named ifiLas Tortugas because sea turtles literally filled up the ocean
and ships were constantly bumping on théBpotila 2004) Scientists
estimatehe overall number of sea turtleglaat timein thousands of millions

and believahat these organisms regulated the functioning of their ecosystem
(Bjorndal & Jackson 2003However, the expansion of maritime commercial
trade led also to a drastic increase the rate of decline of sea turtle
populations around the word. Sea turtles were in fact an abundant, cheap and
easy to get source of fresh meat that could be taken abodrikeat alive
without any foodor months during théong at-sea wyages. In fewdecades,

the sea turtle populations in tiaribbeandisappearedSpotila 2004) The

same process reiterated in other parts of the world with the further expansion
of European civilization and the great improvementafyntechnology, gear

and equipmen(Campbell 2003, Spotila 2004for centuries, direct harvest
has been the main causetbé decline in sea turtle abundasand many
societies around the world still make a consumptive use of these species
(Thorbjarnarson et al. 2000However modern threts to sea turtles are
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mostly incidental and derive from them simply getting in our \{Byotila
2004) The unintendedapture duringcommercialfisheries operationfoy-
catch), coastal development, habitat degradation, marine pollution and
climate change are currently the main factors drivingntbddwide decline

of sea turtle population@Vallace et al. 2011)The greatly reduced number

of sea turtles affects alsbe extent to which they can fulfil their ecological
roles in maintaining the structure and function of marine ecosystems
(Bjorndal & Jackson 2003, Heithaus 2013)

Over the last thirty years, there has been a growing interest of environmental
agencies, nogovernmental organisations (NGOs) and the general public
regarding the status of sea turtles and the need to protect and restore their
populations(Campbell 2007) This has been matched by the concurrent
increase of research attention on a wide varietppits related to sea turtle
biology and conservatiofHamann et al. 20105ignificant advances in our
understanding of physiology, genetics, behaviour and health have been
achieved and conservation groups have scored several victories. However,
there 8 still much to doOn a global scalejxsof the severseaturtle species

are still categorized asulnerable(Caretta caretta Dermochelys coriacea

and Lepidochelys olivacéa endangered(Chelonia mydasLepidochelys
kempi), orcritically endangeredEretmochelys imbricajaoy thelUCN Red

List of Threatened Species their population trends are decreagifcN

2015) Despite being one of the best studied gsmfpnarine megafauna, the
lack of basic knowledge on sea turtle biology and the htinde-
environment interactions is still one of the main causéndering
management actionHamann et al. 2010)This reflects the logistic
challenges of studying sea turtles in the open ocean due to their solitary
nature, migratory behaviour and longevity.a recent attempt to gather and
prioritise research themes to assist sea turtle conservation, 35 sea turtle
researchers from 13 nations identified and assembled twentyquestions

in five priority research categories (Tabld)1 Sincepopulation traisas well

as environmental conditiongry geographicallyanswers to those questions
must besoughtataregional level in order to provide information adequate to
designing effective management strategies and conservation responses to the
anthropogenithreatgWallace et al. 2010, Wallace et al. 2011)



Table 1.1. The five priority research categories and twenty-medations relating to sea turtle research ¢
conservation elaborated in 2010 by 35 international sea turtl@bss¢Adapted fromHamann et al. 2010)
In bold are reported the questions addressed in the present study.

1. Reproductive biology

2. Biogeography

3. Population ecology

4. Threats

5. Conservation strategies

1.1. What are the factors that
underpin nest site selection
and behaviour of nesting
turtles?

2.1. What are the population
boundaries and connections
that exist among rookeries an
foraging grounds?

3.1. Can we develop methods {
accurately age individual
turtles, determine a
popul ati onds (
age at maturity, and define age|

based demography?

4.1. What will be the impacts

from climate change on sea

turtles and how can these be
mitigated?

5.1. How can we effectively
determine the conservation
status of sea turtle
populations?

1.2. What are the primary sex|

ratios being produced and ho

do these vary within or among
populations and species?

2.2. What parameters
influence the biogeography of|
seaturtles in the oceanic
realm?

3.2. What are the most reliab
methods for estimating
demographic parameters?

4.2. What are the major sourd
of fisheries bycatch and ho!
can these be mitigated in wa
that are ecologically,
economically and socially
practicable?

5.2. What are the most viabl
cultural, legal and
socioeconomic frameworks fc
sea turtle conservation?

1.3. What factors are importa
for sustained hatchling
production?

2.3. Where are key foraging
habitats?

3.3. How can we develop an
understanding of sea turtle|
metapopulation dynamics an|
conservation biogeography

4.3. How can we evaluate th
effects of anthropogenic factd
on sea turtle habitats?

5.3. Which conservation
strategies are working (have
worked) and which have failec

3.4. What are the past and
present roles of sea turtles i
the ecosystem?

4.4. What are the impacts o
pollution on sea turtles and
their habitats?

5.4. Under what conditions
(ecological, environmental,
social and political) can
consumptive use of sea turtl
be sustained?

3.5. What constitutes a healt
turtle?

4.5. What are the etiology an
epidemiology of
fibropapillomatosis (FP), and
how can this disease be

managed?




1.2.THE LOGGERHEAD TURTLEIN THE MEDITERRANEAN SEA

The loggerhead turtle ia globally distributed species that nests on sandy
beaches throughout the subtropical and temperate regions. Like the other sea
turtles, loggerheads are lofiged, wideranging animals with a complex life
cycle (Figurel.2). After leaving their natal beaes,hatchlings swim into
major ocean surface currents amttlergoa first developmental phase in the
oceanic zon¢hat may last a decade or mobriring ths phase, loggerhead
possess limited swimming capacities and mostly rely on ocean currents to
dispase towards suitable developmental habithough some level of
active dispersal may be also involy@utman & Mansfield 2015 hen, the

now largerjuvenilesrecruit to neritic foraging grounds to complete their
development. The transit between thés® phases is coptex because
juveniles exhibitsignificant behavioural plasticity and may return to the
oceanic environment on shorter time scalgkClellan & Read 2007)
Moreover, recent studies suggest tlaportion ofindividuals in some
populationsmaintain an oceanic foraging behaviouwall through their life
(Hatase et al. 2002, Hawkes et al. 2008jults undertake periodic
reproductive migrations from foraging grounds to breeding areas that may be
thousands of kilometres away, with females thatrylopatric to their natal
nesting beackBowen et al. 2005)
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Figurel.2. Loggerhead turtle life cycle (Adapted fr@dnlten2003




This homing behaviouenhances the formation of population structure by
reducing the gene flow amomgographically separated nesting beaches. In
this contextManagement Unit§MUs) are defined apopulation segments
that are demographically isolated with respect to female recruitiiienitz
1994) Males undergo similar migrations although they maydss Faithful

to the natal site and mate opportunistically on migratory corridors or foraging
groundg(Bowen et al. 2005)senerally, nigratory connectivity is weak, that

is loggerhead turtles from one breeding area migrate to a variety of foraging
grounds where they mix with individuals from other demographically
independent populatior{Bolker et al. 2007§Figure 2).

Located at the northern edge Q& the
hosts a biologically and geographically discrete loggerhead turtle
subpopulatiorfCasale 2015)r Regional Management Unit (RMW/allace

et al. 2010}hat is the result of at least tirmmigration events from Atlantic
rookeriegGarofalo et al. 2009, Clusa et al. 2013 e species has survived
the climatic oscillatioawhich occurred in the basin since tR&eistocene by
contracting or expandinigs nesting rangé accordance with the migration

of its thermal nich€Clusa et al. 2013aYoday, the loggerhead turtle is the
most common sea turtle species in the Meditegan Sea witla total of
>7200 nests estimated per yd&@rasale & Margaritoulis 2010)Regular
nesting occurs exclusively in the warmer eastern basin, mainly in Libya,
Greece, Turkey and Cyprugigure 1.3, Casale & Margaritoulis 2010)
althoughin the last two decadethe number of sporadic nestscumented in

the Western Mediterranedras considerablyincreased(Bentivegna et al.
2008, Tomas et al. 2008, Sénégas et al. 2009, Bentivegna et al. 2010)
Based on the available genetic informatiangast seven different MUs have
been identified within the Mediterranean RMUQalabria (Italy), Libya,
western Greecand Crete, Dalyarfwestern Turkey) Dalaman (western
Turkey), and the Levant (central and eastern Turkey, Cyprus, Israel and
Lebanon)(Garofalo etal. 2009, Yilmaz et al. 201Raied et al. 2012, Clusa

et al. 2013a) Loggerhead turtles nesting in the Mediterranean Sea are
significantly smaller than those in the Atlantic but some intraregional
variability existswherethe female nesting inCyprusarethe smallest within

the basin(Margaritoulis et al. 2003)The vast majority of loggerhead nesting
occurs betweethe beginning ofJune and early Augugiargaritoulis et al.
2003) Mean incubation periods range 458.6 days Hatching success
(HS%)is similar at all nesting beaches for which this parameter is available
ranging from60-80% (Margaritoulis et al. 2003, Cardona et al. 201%x
ratios have been estimated at few nesting sites only, but it appears that



hatchling production in the btliterranean Sea is female biaseith the
proportion of femalesanging from 8% to100% (for a review se€ardona
et al. 2015).
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Figure 1.3. Regular nesting areasf Loggerhead turtlesn the Eastern
Mediterranean Sea

Loggerhead turtlegractically ocupy all Mediterranean marine ar¢@sisale

& Margaritoulis 2010) According to current knowledge, the most important
neritic foraging groundfor juvenile and dult individuals are located on the
wide continental shelves in the noAlriatic Sea anadff the southern coasts
of Tunisia(Margaritoulis et al. 2003, Casale & Margaritoulis 2Q10dher
large continental shelf areasthe Eastern Mediterranean, suclttlas bays

of Mersinand Iskenderun in Turkey and the Nile Delta in Egyight also
representmportant neritic habitatfor the species but their exact relevance
must still be evaluate(Margaritoulis et al. 2003)Loggerhead adults and
juveniles regularly forage also in the Western MediterraneanaBéaare
commonly found in shallow sandy coasts the south TyrrheniarSea
(Bentivegnaet al. 20d, Hochscheid et al. 2013)ceanic developmental
areas have beddentified in the Alboran Sea, the Balearic St Sicily
Channelnd the lonian Sg&asale & Margaritoulis 2010Nursery and early
developmental areame less well knowiiMargaritoulis et al. 2003)Based



on the number oftrandecearly juvenileCasale et a2010)suggested the
importance of the south Adriatic Sea as nursery area at least for young
loggerheadsfrom the Greek MU More recently,using hatchling drift
simulation modelsthe Levantine zonand the loniarsouth Adriatic area
have been indicated as the most important nursery areas for the
Mediterranean loggerhead turtle spbpulation but model ressltmust yet

be verified by field surveyfCasale & Mariani 2014)

Mixed stock analyses indicate that turtles from the different Mediterranean
MUs do not distribute homogeneously within the bgkeurent et al. 1998,
Carreras et al. 2006, Maffucci et aQ0b, Clusa et al. 2013b, Garofalo et al.
2013, Maffucci et al. 2013Moreover, the demographic composition of the
oceanic foraging habitats e Western Mediterranean Sea, Sicily Straits
and lonian Sea appears to be characterized by a high propottiggefead
turtles with an Atlantic originlLaurent et al. 1998, Carreras et al. 2006,
Maffucci et al. 2006, Clusa et al. 2013b, Garofalo et al. 2013, Maffucci et al.
2013) The percentage of these Atlantic travellers appears to decrease
significantly atneritic foraging groundsn both the Western and Eastern side

of the basin but several areas have not yet been fully charactiréaednt

et al. 1998, Carreras et al. 2006, Maffucci et al. 2006, Clusa et al. 2013b,
Garofalo et al. 2013, Maffucci et al023).

The Mediterranean loggerhead turtle gadpulation has undergone severe
exploitation in the past. Fisheries targeting directly sea turtles have been
operating in several areas of the Mediterranean Sea up to early 1980s
(Margaritoulis et al. 2003Although commercial exploitation of sea turtle is
currently forbidden, intentional killing and illegal consumption of turtle meat
still occurs in some countries but it does not represent a significant
conservation issu@Margaritoulis et al. 2003, CasateMargaritoulis 2010,
Nada & Casale 2011Yoday, the major threats to loggerhead turtle survival
come from fisheries bgatch and anthropogenic deterioration of both marine
and coastal habita{Margaritoulis et al. 2003Casalg2011)estimated that

over 132.000 sea turtles are accidentally caught each year in the
Mediterranean Sea of which more than 44/9€@r die as result of the
capture. Uncontrolled coastal development and exploitation have led to the
degradation of several nesting habitats arothrd basin with some sites
known tohavehostd nesting activityin the past but whichre not utilised
anymore by the specigdlargaritoulis et al. 2003 Finally, ingestion of
plastic marine debribasa higher incidence in the Mediterranean @ in

other regionsin the Atlantic or Pacific oceangTomas et al. 2002, Lazar &
Gracan 2011, Campani et al. 2013, Camedda et al. 2014)
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Neverthelessjt is not all bad and wrongOver the last three decades,
loggerhead turtles have been affor@edncreasing level of protection under
several international conventions. Today, all Mediterranean countries possess
national laws to protect sea turtles and many conservation programmes have
beenstarted and are currently undety, specifically to protet the major
nesting beaches in the regi¢@Gasale & Margaritoulis 2010Moreover,
duringthe last years, several demonstrative asti@mve been founded to test
conservation measurés reduce turtle bgatch in Mediterranean fisheries
(e.g. NETCET Projet, http://www.netcet.eu/rebr TURTLELIFE Project,
http://www.tartalife.el. Thanks to these efforts, population trends are stable
or even increasing and it has been pdedib downgrade the Mediterranean
loggerheadsup opul ati on from fiendangered?o
Red List Assessment of the International Union for the Conservation of
Nature and Natural Resources (IlUQgasale 2015However, these results

are completely conservation depemieand cessation of conservation
programmes around the Mediterranean Sea would most likely have
significant detrimental effect&Casale 2015)The conservation status of the
loggerhead turtle in the Mediterranean Sea lisfatifrom beingoptimal and
research will playa major role in assuring thabnservation strategies and
interventions ardased on the best available knowledge and are promptly
adjusted to possible future changdamann et al. 2010, Cardona et al. 2015
Casale 2015)

This PhD thesis aims at advancing basic biological knowledge on the
loggerhead turtle to foster the conservation of this charismatic and iconic
species in the Mediterranean SBaanswering a number of swlbjectives
related tothe resealrt priorities identified for sea turtld éble 1.1 Hamann

et al. 2010)

1 Are there any anatomical features that are functionally related to
stage specific aquatic habits?

1 What are the juvenile and adult sex ratios at foraging grounds and
howdo they relate with thogeroduced at nesting beaches?

I Which connections exist among rookeries and foraging grounds
and what parameters shape them?

1 Is there any evidence that climate warming is already affecting the
loggerhead turtle in the western Meditmean and whadre the
likely future impacs?
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2.1 BONE DENSITY IN THE LOGGERHEAD TURTLE FUNCTIONAL IMPLICATIONS
FORSTAGE SPECIFIC AQUATC HABITS
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Hochscheid

This chapter has been published Journal of Zoology291, 4: 243248
(2013).

Abstract

Several studies investigated how changes in bone density are related to the
evolutionof complex buoyancy control systems in aquatic mammals. Very

little is known on sea turtles, although this is one of the most ancient tetrapod
groups thatsuccessfully colonized the marine environments. Here, we
investigated for the firgtme the relationship between bone density and body

size in the loggerhead turtl€aretta caretta with the aim to elucidate

possible functional connections withtbigece s 6 aquati c habits.
extracted from the carcasses of 72 loggerhegtes ranging in size from 7

to 89 cm (males = 18, females = 44, unknown =\Hole bone density was
determined by Archi medeanparaple humerusp | e .
densities (tvalue = 0.49P > 0.05). Mean humerus densityl . 33 g ¢ mT &
was intermediate within the range reported for marine mammals and
suggested no extreme specialization towards an either pelagic or benthic
lifestyle. Turtle size and humerus density r@esignificantly correlated
(Pear sonos 0638,°P < &.D1A tSimadl juveniles had very light

bones compared to adults &tcordance with their stage specific pelagic

diving and foraging behaviour.
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Abstract

Several studies investigated how changes in bone density are related 10 the evol
tion of complex buoyancy control systems in aquatic mammals. Very little is
known on sea turtles, although thisis one of the most ancient tetrapod groups that
successfully colonized the marine environments. Here, we investigated for the first
time the relationship between bone density and body size in the loggerhead turtle,
Caretia caretta, with the aim to eludidate possible functional connections with the
species’ aquatic habits. Humeri were extracted from the carcasses of 72 loggerhiead
turtles ranging in size from 7 to 89 ecm (males = 18, females = 44, unknown = 10).
Whole bone density was determined by Archimedes’ principle. Sexes exhibited
comparable humerus densities (t-value - 0.49, P > 0.05). Mean humerus density
(1.32 g cm ) was intermediate within the range reported for marine mammals and
suggesred no extreme specialization towards an either pelagic or benrhic lifestyle.
Turile size and humerus density were significantly correlated (Pearson’s correla-

ol:10. tion

Introduction

Tetrapods that secondarily invaded aquatic habitats under-
went a remarkable suite of structural adaptations to overcome
the mechanical constraints of locomotion and stability in
water (Taylor, 2000; Gray ef al, 2007). The most obvicus
changes oceurred at the gross morphological level. Animals
acquired a streamlined body form and modified appendages
effective for aquatic propulsion, trim control and drag reduc-
tion (Carroll, 1985; Fish & Stein, 1991; Llorente ef al., 2008).
Equally important were the modifications of structural prop-
erties of the body that affecred the ability of the animal to dive
and surface easily. forage successfully and escape predators
(Wall, 1983; Williams et al., 2000; Houssaye, 2009, 2012},
Changes in skeletal mass and density, for example, are fu
tionally correlated to the evolution of buovancy control
mechanisms in aquatic tetrapods and have been suggested to
reflect the particular habitat and foraging strategy adopted by
different species (Wall, 1983: Tish & Stein, 1991; Taylor, 2000;
Houssaye, 2009).

Manatees, Trichechus manatus, order Sirenia, have taken
the use of bones as hydrostatic ballast system (i.e. bone
ballastin) to extreme levels (Taylor, 2000). These slow moving,
herbivorous animals possess the highest bone density among
aquatic mammals [humerus density = 2.0 g em, (Wall, 1983)]

Jaurnal @

0.638, P <0.01). Small juveniles had very light bones compared fo adulis in
accordance with their stage specific pelagic diving and foraging behaviour.

that enables them to be negatively buoyant even at very
shallow depths where they normally rest and forage (Taylor,
2000; Houssaye, 2009). On the other hand, some of the most
highly aquatic mammals belonging to the orders Cetacea and
Pinnipedia, have evolved an extremely light skeleton that
allows them to swim fast and dive deep in pelagic habitats (e.g.
the clephant seal, Mirounga angustirostris, humerus density
115 g em™) (Wall, 19 de Buffrenil, Sire & Schoevaert,
1986; Gray et ai., 2007; Houssaye, 2009).

Testudines are unique among tetrapods primarily because
of their shell, which includes girdles thar lic within the rib cage,
and which influences many aspects of their life (Llorente et al.,
2008}, This group exhibits a significant ecological diversity
and several taxa adapted to an aquatic existence, occupying
most of the available habitats, from freshwater bodies to the
open sea (Wyncken, Godfrey & Bels, 2008). The superfamily
Chelonicidea, which includes both the extant families of sea
turtles, the Dermochelydae (genus Demnocielys) and the
Cheloniidae (genera Chelonia, Caretta, En N
Lepidochelys), is the only extant group of Testudines
adapted successfully to the marine environment (Pritchard,
1997). Sea turtles display a more streamlined body than fresh-
water species, and their forelimbs were maodified into long
wing-like rigid flippers and hindlimbs into semi-rigid paddles
(Renous ef al., 2008). The morphology and growth pattem of
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Introduction

Tetrapods that secondarilyvaded aquatic habitats underwantemarkable
suite of structural adaptations to overcothe mechanical constraints of
locomotion and stability invater(Taylor 2000, Gray et al. 2007)

The most obviouschanges occurred at the gross morphological level
Animals acquired a streamlined body form and modified appendages
effective for aquatic propulsion, trim control and drag reducti©arroll
1985, Fish & Stein 1991, Llorente et al. 200Bjjually important were the
modifications of structural properties the body that affected the ability of
the animal to diveand surface easily, forage successfully and escape
predatorgWall 1983, Williams et al. 2000, Houssaye 2009, 2012

Changes in skeletal mass and density, for example, are functicoakyated

to the evolution of buoyancy controiechanisms in aquatic tetrapods and
have been suggested rteflect the particular habitat and foraging strategy
adopted bydifferent species (WhI1983 Fish & Stein 1991 Taylor 2000
Houssaye 2009ManateesTrichedius manatusorder Sirenia, have taken
the use of bones as hydrostatic ballast system (i.e.dmilaestin) to extreme
levels (Taylor 2000). These slow movirggrbivorous animals possess the
highest bone density amoraguatic mammals [humerus density2:0 g
cmi 3, ( Wahlatlenallles th&m tg be negatively buoyant even at very
shallow depths where they normally rest and forage (T&@660 Houssaye
2009). On the other hand, some of the miigihly aquatic mammals
belonging to the orders Cetacea d&idnipedia, have evolved an extremely
light skeleton thaallows them to swim fast and dive deep in pelagic habitats
(e.g.the elephant seal, Mirounga angustirostris, humerus densltyl 5sg
cmi 3) ( Wdd BluffrehiloS8e3& Schoevaert986 Gray € al. 2007
Houssaye 2009).

Testudines are unique among tetrapods primarily becafigbeir shell,
which includes girdles that lie within the rib cagad which influences many
aspects of their life (Llorente et &008). This group exhibits a signidint
ecological diversityand several taxa adapted to an aquatic existence,
occupyingmost of the available habitats, from freshwater bodies tofiba

sea (WynekerGodfrey & Bels 2008). The superfamiGhelonioidea, which
includes both the extant famiieof seaturtles, the Dermochelydae (genus
Dermochelys) and th€heloniidae (genera Chelonia, Caretta, Eretmochelys
and Lepidochelys), is the only extant group of Testudines Huwpted
successfully to the marine environment (PritchE987). Sea turtledisplay

a more streamlined body than freshwagpecies, and their forelimbs were
modified into longwing-like rigid flippers and hindlimbs into semigid
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paddles(Renous et al2008). The morphology and growth pattern of
appendicular bones have been shaavdiffer between hardhelled turtles,

all belonging to the family Cheloniidae, anthe leatherback turtle,
Dermochelys coriaceavhich hasvolved a lighter skeleton as an adaptation
to its nearlyexclusive pelagic lifestyle (Rhodin, Ogden & Conlogu&19
Snover & Rhodin 2008). However, little information available on the
structural properties of bone in hard sheliedles and how these influence
buoyancy control during thdifferent phases of the life cycle.

The loggerhead turtl&Caretta carettais one of the extanhembers of the
family Cheloniidae. This species possessescanplex life history
characterized by a succession of life staged corresponding ontogenetic
habitat shifts and migration§Bolten 2003). Emerging from the nest,
hatchling enter thesea and swim actively to reach major offshore currents
wherethe oceanic juvenile stage begins (Bolten 2003). Aftdeeade or
more, the older juveniles recruit to coastal areasember a neritic
developmental stage which will last at leasbther decade (Bolten 2003).
The switch between these tybases is reversible and neritic juveniles may
return to theoceanic environment on shorter time scales (McClelldRe&d
2007). Only adult females venture back to the lankhyaheir eggs (Miller
1997).

In the present paper, we determine for the first time déesity of the
loggerhead turtle humerus and examine tkkationship between bone
density and turtle size with the abmcontribute to a better understanding of
bone density patternand the possible functional relation to the diving
behaviourand foraging strategy adopted during the different phasése
speciesbd6 |ife cycle.

Material and methods

Right humeri were sampled from the carcasses of 72 loggethetisd that
were foundeither floating lifeless at the watearface or stranded dead along
the coast of the south Tyrrheniaea, central Mediterranean, between June
2009 andDecember 2010. No turtles were purposefully sacrificed in the
course of the present study. All specimemere obtainethrough the local
Sea Turtle Stranding and Rescue Netwedordinated by the Stazione
Zoologica Anton Dohrn oNaples.

The humerus bone was selected because it is easily remfraveddead
animals, its chondrosseous development halseady been described and it
is commonly employed in similastudies (Wall1983 Gray et al. 2007
Snover& Rhodin 2008).
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Standard curved carapace length (GOkas measured the nearest 0.1 cm
in each specimen. Sex was determingdring necropsies by visba
examination of the gonads aadsociated reproductive ducts.

After humeri were extracted from the flippers, they witgased and boiled

to remove any remaining tissue and allowedlry outdoors for a minimum
of 2 weeks. Additionalemoval of fat fronbones was not performed because
ithasbeen shown to bias densi pnnciplee as ur e
(Keenan et al. 1992). This method provides a whele bone density value
and it is relatively inexpensive arghsy to perform compared to more
sophisicated alternativessuch as duatnergy Xray absorptiometry or
computetomography (Keenan et al. 1997).

Entire humeri were hydrated by submerging them in distillatbr at reduced
atmospheric pressure (48 kPa). Duratioh the hydration period was
experimentally establisheasing five humeri of different size. The time at
cessation olbubble formation was annotated for each bone anchéx@émum
time recorded (approximately 2 h) + 1 h was thereaft¢ras the standard
hydration duration for the exgeents.Bones were always hydrated together
in groups of ateast four humeri prior to each measurement trial.

Bone density was obtained using a custom made deshsigrmination kit
that consisted of two platforms suspentigda wire frame that was moteul
ont o t he sdishFigu&xl). bhe uppenpadorm was submerged
in a beakercontaining distilled water that was supported by an independent
structure that did not touch the balance or weighptegforms. The other
platform was directly camected to theweighing plate of the analytical
balance (Adventurer ProAV812, Ohaus Europe GmbH, Na&nikon,
Switzerland).

The weighing procedure was carried out with each individual Harhe
following steps: First, the bone was removed fromhtydrationchamber and
held a few seconds in air to let tvater drop. Thereafter, the bone was gently
dabbed to removexcess surface moisture and weighed in air on the lower
platform.Then it was moved to the upper platform and its undger weight
was recordedrinally, the bone was removéwm the water, dabbed slightly
and reweighed in air to contrfur effects of order of weighing (awater vs.
waterair).

All measurements were performed to the nearest 0.01 g.
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a

Figure2.1. Density determination systerta) analytical balance; (b) lower
platform for in air weight measurements; (c) upper platform for in water
density measurements; (d) beaker containing distilled water; (e) structure
supporting the beaker.

All measurements were performed to the nearestd) Blater temperature
in the beaker was measured for eaglighing period by an electronic digital
thermometefChecktemp, HANNA Instrument Inc., Woonsocket, BEA)
with £0.3°C accuracy to correct water density valughénformula

Humerus density =X AT B)aw | |

where A is the weight of the hydrated bone in air, B iswtlegght of the

hydr ated bone s uhwisdhedeesiy ofidistiled eweteeat a n d
a given temperature.

For each bone, density was calculated twice using for Aiitsteobtained

value for weight in air, then the second vaftem the repeated measure in

air.

Bone densities were th@ompared by pairedtest to detect if the order of
weighinghad any effect on the estimated bone denSiize distributions of

the o sexes were compared usingkalmogorow Smirnov test in the
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software package PAS(Hammer et al. 2001)The two samplestest was

employed to compare humerdsnsity in males and femaléBhe Pearson

product moment correlation coefficient (SokaRohlf 1995) between CCL

and humerus density was calculatied Minitab 15 (Minitab Inc., State

College, PA, USA)

AModel 1 regression [ al s obgkmomen rdas a
meand regression; ( S wded to indestigate tthe f 19
relationship between CCL (m) aritimerus density data. This regression
technique is morappropriate than standard ordinary least squares regression
when both variables are measured with some error (S2@9). Error

estimates of both the slope and inggrcwerecalculated using bootstrapping

over the cases (10 000 iteration).calculations were performed with RMA

for JAVA v. 1.21 software (Bohonak & van der Linde 2004).

Results

Loggerhead turtle sizes ranged from 7 to 89 cm (&@L= 72,median =
56.85 cm, first quartile = 40.77 cm, third quartilé&.20 cm).Sex was not
determined in 10 carcasses because of Hwbianced status of decay. The
remaining sample was compose&d 18 males and 44 females. Size
distributions did notliffer between sexe(D = 0.220, P > 0.05; Tabgl).

Table2.1. Size (CCLy) of the loggerhead turtles analysed.

Sex N Median 18t quartile 3 quartile
Male 18 58.10 52.95 76.75
Female 44 57.95 40.77 63.3
Total 72 56.85 40.77 66.2

All measurement units are in cm

The humeri of five individuals, ranging in size from 71tb.1 cm (CCly),

remained neutral or slightly positive buoyafter the hydration period which
prevented us from determininigeir density. Therefore, they were removed

from the subsequemnalysis The order of weighing did not affect density
measurementgpaired t e st val ue = $efes éxhibitdd < O
comparable mean humerus densityalue = 0.49, P > 0.05; Tab®?). The

overall mean humeruwtensity was 1.33 + (sd) 0.05 g 'dn
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Table2.2. Summary statistics of volumetric density of loggerhead turtle

humerus.
Sex n Mean SD Minimum Maximum
Male 18 1.33 0.05 1.22 1.41
Female 44 1.33 0.05 1.19 1.43
Total 67 1.33 0.05 1.19 1.43

Units are g
Loggerhead turtle size artdumerus density were significantborrelated
(Pearsonds corr el dheiModel Il regréssiof 8g8ation P
was

Humerus density = 1.166 + 0.296 CCL (m)

(99% bootstrapped confidence intervals: 1.103 to 1.2130&1B to 0.400
for the intecept and the slope respectivefygure2.2).

1.30 1.35 140
1 1 1

125
|

Humerus density (g cm™)

1.20
L

T T T T T T T T
02 03 04 05 06 07 08 09

CCL (m)

Figure 22. Model Il regression of humerus density versus CCLst. 99%
bootstrapped confidence intervals are reported in light grey.
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Discussion

Tetrapods secondarily invaded the marine environmewtratimes during
their evolutionary history (Houssa@®09). The transition from a terrestrial
to an aquatic lifestyleequired some striking modifications of body form and
functions. Changes in skeletal mass, ranging from extrerhigi to
extremely low densgy, have been suggested tofbactionally related to the
evolution of buoyancy contrainechanisms and diving behaviours (Wall
1983 Taylor 200Q Gray et al. 200,Houssaye 2009).

High bone density (boneallastin) is usually associated with animals liyin

in shallowwaters and foraging on the bottom while low density is ortheof
aquatic specializations for deep diving and pelagic lifesfyiylor 2000
Gray et al. 2007).

The mean humerus densdf/the loggerhead turtle indicates that this species
hasdensembone than exclusively pelagic marine tetrapods but baliastin

is not as extreme as in some slow swimming, shalli®img mammals (Wall
1983 Taylor 2000). No additionainformation is available on long bone
density in sea turtlesHowever, theanalysis of the chondrosseous
morphologysupports our finding showing that loggerhead humerus is less
spongious and has relatively more lamellar bone than th#teoflmost
exclusively pelagic leatherback turtle (Rhodiral. 1981 Snover & Rhodin
2008. The loggerhead turtle lifestyle is coherent with the evolutibsuch

a reduced degree of bone ballastin (Taylor 2008)s species is a surfacer
(Kooyman 1989Hochscheid et aR010) that spends more than 90% of its
time submerged angses its lungboth as buoyancy organ and major oxygen
store when diving (Hochscheid, Bentivegna & Speakman 2003).
Nonetheless, both juveniles and adults have been repactagionally to
float motionless at the surface either to absoihr radiation, to recover from
anaerobic activity or simply teest (Hochscheid et al. 2010).

Several studies indicated thhis species usually forage and rest either on the
sea floor or, itthis is not within reach, at midiater (Minamikawa, Naito &
Uchida 1997Hochscheid et al.®L0) where it preys mostiyn slow moving

or sessile species (Plotkin, Wicksten & Anii893 Tomas, Aznar & Raga
2001 Lazar et al. 2011)ncreased bone density would offer some advantages
in termsof stability and larger air volume that can be inhaledrdishallow
dives and benthic feeding but an extremely enlarged dense skeleton
would strongly penalise the animals durithgeir long distance migrations
especially when they stay in tlogpen sea and perform deeper dives (Wall
1983 Taylor 200Q Bolten2003).
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The similarity in the mean humerus densities of malesfamdles deserves
further investigation. Our sample did nioclude a significant number of
adults to allow us to obsensexrelated differences of long bone densities
that could beassociated with the reproduction process and the development
of the calcareous egg shell as reported in other turtle sgéaigsen 1960).
Increase in bone density with size, which is a proxyttotle age, was
expected because of the pattern of chonseousdevelopment in this
species. The appendicular borwfsthe loggerhead turtle are laid down as
cartilaginous anlagemith only a periosteal cuff of cortical bone while
laminarcompact bone is deposited later in growth (Snover & Rh2add8).
Similar patterns have also been reported in otguatic tetrapods (Wall
1983 de Buffrenil et al. 1990Taylor 2000), and fit perfectly with the
ontogenetic habitaghifts and changes in foraging habits of the species.
Neonatdoggerhead turtles have vdimited diving capabilities, swirat low
speeds and are largely inactive drifters that adaptvaenergy floatandwait
foraging strategy (Witheringta2002 Witherington, Hirama & Hardy 2012).
The neutral oslightly positive buoyant humerus that we fdun individuals
with less than 11.1 cm of CCL, approximately up to 1 yadyr is a clear
benefit during this early surfa@pipelagic stagéWitherington 2002). Later

in life, turtles become more activeive to deeper depths and after a decade
or more n the oceani@rovince start to recruit to neritic habitats (Bolten
2003. Larger juveniles and adults spent the majority of their timsoastal
areas and are important bioturbators of berdggtems (Lazar et al. 2011).
These individuals feed predomimty on benthic invertebrates that they dig
out from softsediments using their front flippers and beak, a foragiathod
known as infaunal mining (Preen 1996; Schofietdal. 2006; Lazar et al.
2011). Therefore, they would profitom the combination oflenser bones
and the smaller lungolumes than juvenile individuals (Hochscheid et al.
2007) as static ballast system (Taylor 2Q@yYay et al. 2007).

The results obtained in the present study suggest that densty is
functionally correlated to thmarine aquatic habitsf the loggerhead turtle
during the various phases of @smplex life cycle. Although the comparison
with other tetrapodaxa provides evidence of a moderate degree of bone
ballastin in this species, further investigation are reglbiecause of the lack

of information on bone density in terrestréald semiacquatic turtles.
Although caution must be usdstcause of the extent of bone remodelling
reported in thisspecies (Snover & Rhodin 2008), the relation between
humerus density ahturtle age deserve additional studytalerstand if this
measure can be a valuable alternatovéhe enumeration of lines of arrested
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growth inskeletochronological studies to infer turtle age, as demonstrated
some cetagan species (Guglielmini at. 2002;Butti et al. 2007).
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3.1. SEX RATIO OF JUVENILELOGGERHEAD TURTLES N THE MEDITERRANEAN
SEA: IS IT REALLY 1:17?
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Giovanni De Martino, Andrea Travaglini, Gianluca Treglia, Flegra
Bentivegna

Thischapter has been publishedMarine Biology160, 5: 10971107(2013).

Abstract

Sex ratios are a cruciglarameter for evaluatingopulation viability. In
species with complex life histopatterns and temperature sex determination
mechanisms, such as the loggerhead tu@rdtta caretty, sex ratios may
vary within a population and amorgppulations. In tB Mediterranean,
juvenile sex ratiosappear to not differ significantly from 1:1, although
estimatedor hatchling sex ratios are highly female biased. iffmigration

of males from the Atlantic has been suggested possible cause of such
variation. Hee, we presemnesults of a multyear investigation (200@011)

on thesex ratios of loggerhead turtles foraging along the soytthenian
coast, Western Mediterranean, with the aim moviding a better
understanding of the potentially underlyifgrcesthat drive regional and
agedependent differences sex ratios. Sex was determined through visual
examination of the gonads in 271 dead turtles (cucaedpace length range
29.589 cm). A fragment of thenitochondrial DNA control region was
sequenced fim 61 specimens to characterise the demographic composition
of this foraging assemblage by applying a mémynany mixed stock
analysis approach. No significant associatieas found between sex ratios
and years or size classefthough the largest size siaale biased. Juvenile
sexratio was 1.56:1, which was different from an evenrsgio but still less
female biased than hatchling sex rafrasn Mediterranean beaches. Results
of the mixed stockanalysis indicate that juvenile sex ratios in the
Mediteranearare largely unaffected by immigration of Atlaniidividuals
into the basin, as previously suggested. Continaeg-term monitoring of
juvenile sex ratios is necessaxy detect biologically significant sex ratio
shifts inthe Mediterranean loggaead turtle population.
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Abstract  Sex ratios are a crucial parameter for evaluat-
ing population viability. In species with complex life his-
tory paterns  and  temperature  sex  determination

i such as the | d turtle (Caretta caret-
ta), sex ratios may vary within a population and among
populations. In the Mediterranean, juvenile sex ratios
appear to not differ significantly from 1:1. although esti-
imates for hatchling sex ratios are highly female biased. The
immigration of males from the Atlantic has been suggested
as a possible cause of such variation. Here, we present
results of a multi-year investigation (2000-2011) on the
sex ratios of loggerhead turtles foraging along the south
Tyrrhenian coast, Western Mediterranean, with the aim of
providing a better understanding of the potentially under-

mixed stock analysis h. No

was found between sex ratios and years or size classes,
although the largest size was male biased. Juvenile sex
ratio was 1.56:1, which was different from an cven sex
ratio but still less female biased than hatchling sex ratios
from Mediterranean beaches. Results of the mixed stock
analysis indicate that juvenile sex ratios in the Mediterra-
nean are largely unaffected by immigration of Atlantic
individuals into the basin, as previously suggested. Con-
tinued long-term monitoring of juvenile sex ratios is nec-
cssary to detect biologically significant sex ratio shifts in
the Mediterranean loggerhead turtle population.

lying forces that drive regional and age-d dent differ-
ences in sex ratios. Sex was determined through visual
examination of the gonads in 271 dead turtles (curved
carapace length range 29.5-89 cm). A fragment of the
mitochondrial DNA control region was sequenced from 61

hi ition of

Intr
Sex-de ini i in horistic vertebrates
can be conveniently divided inlo two general categories:
genolypic (GSD) where gender is determined by sex
at the time of fertilization and environmental

specimens to characterise the demograp
this foraging assemblage by applying a many-lo-many
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(ESD) where offspring become male or female in response
w© i al cues during devel (Bull 1983).
The sex ratio, tha is, the number of males and females in a
population, is a key demographic parameter crucial for
evaluating population viability.

Fisher (1930) was the first to provide a theoretical
explanation of why, under natural selection, the two sexes
are usually produced approximately in equal numbers if
parental investment is uniform. Subsequent studies
emphasised several circumstances in which Fisher's
assumptions do not hold and population sex ratios may
depart from 1:1 (Hamilton 1967; Bull and Chamoyv 1989;
Charnov and Bull 1989; Lovich and Gibbons 1990). Nat-
ural population sex ratios can be influenced by different
demographic factors including skewed sex ratios at
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Introduction

Sexdetermining mechanisms in gonochoristic vertebratesn be
conveniently divided into two general categorigenotypic (GSD) where
gender is determined by sekromosomes at the time of fertilization and
environmenta(ESD) where offspring become male or female in resptmse
environmental cues during developmeBulf 1983). The sex ratio, that is,

the number of males and females in a population, is a key demographic
parameter crucial for evaluating poatibn viability.

Fisher (1930) was the first to provide a theoretical explanation of why, under
natural selection, the two sexes are usually produced approximately in equal
numbers if parental investment is uniform. Subsequent studies emphasised
several tr cumst ances in which Fi sher 6s
population sex ratios may depart from 1:1 (Hamilton 18¥l & Charnov

1989 Charnov& Bull 1989 Lovich & Gibbons 1990). Natural population

sex ratios can be influenceay different demographic factors including
skewed sex ratios datching, differential mortality, differential emigration
and immigration or differential age at maturity (Gibbons 1990). These factors
may act at different times during development, thusltieg in a dynamic

sex ratio within a population (Wibbels et al. 1987).

The loggerhead turtleCaretta caretta is a suitable model organism to
investigate the dynamics of sex ratios in natural populations. This species
possesses a complex life histogttern characterised by a succession of life
stages and corresponding ontogenetic habitat shifts and migrations (Bolten
2003). Emerging from the nest, hatchlings enter the@sdawim actively to
reach major offshore currentdhere the oceanic juvenileagte begins (Bolten
2003). Aftera decade or more, the now larger and older juveniles reoruit
coastal areas to enter a neritic developmental stage wiiiclast at least
another decade (Bolten 2003). The switnétween these two phases is
reversible ad neritic juvenilesmay return to the oceanic environment on
shorter time scale@icClellan & Read 2007). Foraging assemblages using
both the oceanic and the neritic developmental habitatsnased stocks
composed of individuals originating frodifferent nesting beaches (Bowen

et al. 2004 Carreras et al2006 Maffucci et al. 2006). Upon sexual
maturation, loggerhedadrtle females begin periodic reproductive migrations

to nest in the vicinity of their natal beach. Males madergo similar
migrations, &hough they can mate opportunisticatly migratory corridors

or coastal foragingrounds (Bowen et al. 2005).

The loggerhead turtle, like all sea turtle species, possessasperature
dependent sex determination (TSD) which incubation temperature
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experienced by embryoduring the thermosensitive period (TSP, middle
third of theincubation) has a major influence on the hatchling sex ratio
(Mrosovsky 1994). At incubation, temperatures aroR8dC 50 % of either
sexes are produced; while coolemperatures produce more males, warmer
ones favourfemales (Carthy et al. 20p3Vibbels 2003). Femalskewed
hatchling sex ratios have been estimated at mesting sites, although great
variability exists in themethodology and scope of the differentdies
(Mrosovsky1994 Hanson et al. 199&odley et al. 2001a, Wibbels2003
Kaska et al. 2006Hawkes et al. 20QZbinden et al2007). In general, very
few of these studies have adequatalen into account the effect of nest
location onhatchlingsex ratios or the possible seasonal and yearigtions

in gender production (Wibbels 200BEWG 2009). Sex ratios in other life
stages also are of interdstcause they represent a condensation of many
years othatchling production and integrate a numbgdifferentlife history
events (Wibbels 20Q3rEWG 2009). Howeverthey are logistically more
difficult to obtain becauspiveniles and adults must be sampled at sea, have
a solitarylife style and spend most of their life in places thatdiffecult to
access (Wibbels 2003). Moreover, extenrmalrphological cues can be used
exclusively for sexingadults because sexual dimorphic characters (i.e. the
long tail and the strongly curved front claws on the second tigital of
males) appear only as twtl approach sexualaturity (Wibbels et al. 1987
Kamezaki 2003). Differenmethods have been used for sexing juveniles
includingserum testosterone, histology, laparoscopy or daleservation of
gonadal morphology during necropsi®gibbels et al. 2000Wibbels 2003
Casale et al. 2008.azar et al. 2008). Interpretation of sex ratio data in
immature and adult portions of loggerhead turtle populatictpires
additional information on the size/age classnposition and demographic
structure of the anadedaggregations (Casale et al. 20@&lgado et al.
2010). Adult sex ratios may be biased by specific differencesn the
breeding pattern and migratory behaviour of malesus females that are
likely to be less intense in juvenil@d/ibbels 2003). Mreover, the various
source nestinpeaches that contribute to a specific foraging assembiage
have different hatchling sex ratios (Casale et al. 2D@fyado et al. 2010).
Previous investigations suggested that ferbédsed sexratios are
maintainedin juvenile assemblages from th&tlantic ocean where an
approximately 2:1 sex ratio (F:Mijas been consistently reported from both
oceanic andheritic habitats (Wibbels 200B®elgado et al. 2010). lcontrast,
immature sex ratios in the Mediterranean Smapear not to differ
significantly from 1:1 (Casale et &006) which is surprising considering the
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highly femalebiasedhatchling sex ratios estimated for the majority of the
Mediterranean nesting beaches (Table 1) (Godley €08lla, b Oz et al.
2004, Rees& Margaritoulis 2004Margaritoulis 2005Zbinden et al. 2007).
The immigratiorof large numbers of males from the Atlantic population was
suggested to explain such a discrepancy (Casale et al. 2008) but
evidence supporting this hypothesislimited. Moreover, it was recently
found that the oceanic juvenileggerhead turtle assemblage foraging in the
easternAtlantic, the putative source of Atlantic individuals enterithg
Mediterranean Sea, exhibits a femhlased sexatio of 2:1(Delgado et al.
2010).

In this study, we analysed a mwear dataset on thiwggerhead turtle
assemblage foraging along the southwesteaasts of Italy, central
Mediterranean. Informatioen mtDNA control region sequence diversity
wasemployed to invefgate the demographic structure of thteck and of
those utilising adjoining juvenile habitatstime Mediterranean and Atlantic
regions by applying thé ma-to-mnany é mi xed stock ana
(Bolker et al. 2007). Our objectives were to: (1) ursiend thedynamics of
loggerhead turtle sex ratio on this importdMediterranean juvenile habitat,
(2) clarify the spatialvariation of loggerhead turtle juvenile sex ratios in
Mediterranearand Atlantic areas, and (3) verify whetharmigration of
Atlantic individuals can adequately explaime spatial variation of the sex
ratio in loggerhead turtlpivenile assemblages from the Mediterranean Sea.

Materials and methods

Sample collection

We examined the carcasses of 271 loggerhead tuatggng in sie from
29.5 to 89 cm (curved carapdesmgth, CCL) that were found either floating
lifelessatt he waterdés surface or ssouthnded
Tyrrhenian sea, central Mediterranean (fromAlE136N, long 13030E to
lat 3404 long 15483 Figure3.1) in the period 2002011. Previous studies
have demonstratdfiat this area is regularly utilised by loggerhaatles for
foraging (Bentivegna 199Bentivegna& Paglialonga 1998Bentivegna et
al. 20Q). Since 1983, the Stazione Zoolagicf Naples (SZN) coordinates a
seaturtle stranding and rescue network in the study éBeativegna et al.
2003). Sampling and observer effogre uniform during the sampling
period.
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Figure 3.1. Map showing the location of the juvenile loggerheadletu
habitats considered in the present stuichhe sampling location in the south
Tyrrhenian sea is highlighted in grey in the right panel, while black circles in
the left panel represent the areas analysed in previous studies (lastth
Mediterranean? central Mediterranean, 3 nomlast Adriatic, 4 soutivest
Adriatic, 5 Madeira Island, 6 southern USA, 7 northern USA). Maptool is a
product of SEATURTLE. ORG. (Information is available at
www.seaturtle.org)

Laboratory procedures

Sex was determined dag necropsies by visual examinatiohthe gonads
and associated reproductive dudbis method is commonly employed to
sex dead turtles arfiths been proved to be one of the most reliable sexing
techniques in individuals larger than 30 cm of CG@lpproximately the
minimum size of the turtles in osample (Lazar et al. 2008). The state of the
analysed loggerheadarcasses varied from fresh dead to moderately
decomposedMuscle or skin samples for genetic analysis were colldobaa

61 (F = 38, M =23) of the sexed individualnd stored in 95 % ethanol for
the subsequent genedinalysis. Automation of the genomic DNA extraction
method was accomplished on the Biomek FX workstg@tkman Coulter
Inc.) equipped with the ORCA Robotarm using Nu@oSpin96 Tissue,
(MACHEREYT NAGEL
protocol. Genomic DNA was purified by binding aetuting to a silica
membrane using vacuum filtration. ffagment of mtDNA encompassing
tRNAThr, tRNAPro andthe control region as amplified by polymerase
chain reaction (PCR) wusing the primers LCM15382 -GBCT
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TAACCCTAAAGCATTGG-30) and H950 (5@TCTCG
GATTTAGGGGTTTG30) (AbreuGrobois et al. 2006)These primers
amplify a fragment o800 bp that completelgncompasses the shor(d880

bp) region which habeen used as reference to define mtDNA haplotypes in
the literature (http://accstr.ufl.edu/ccmtdna.html). The shdr@gment was
employed in the manto-many mixed stoclkanalysis because only few data
on the longer sequence agsting populations and foraging grounds are
available inthe literature up to date. PCRs were prepared in autoneatidn
performed in 50 Il volumes using the following conditio88° for 5 min,
followed by 35 cycles of 95for 1 min, 50 for 1 min, 72 for 1.5 min and
72° for 7 min.PCR products were purified in automation using the Millipore
Multiscreen HTS PCR 98Vell Plate Kit (Millipore Corporation) and
sequenced in both directions. Sequemeactions were prepared using
BigDye Terminator Cycl&equencing technology (Applied Biosystems) and
purified using the Agencourt CleanSEQ Dye terminator remokdl
(Agencourt Bioscience Corporation) on the Biomek Rorkstation
(Beckman Coulter Inc). Products were analysacan Automated Capillary
Electrophoresis SequenceB730 DNA Analyzer (Applied Biosystems).
Forward and reverse chromatograms of each sample were anadyskd
assembled using the software package SegM&bDNASTAR Inc.).
Resulting sequences were aligned uding Bioedit Sequence Alignment
Editor 7.0.9.0 (HallL999).

Data analysis

Size distributions of the two sexes were compared usiKglaogorowv
Smirnov test in the software package PAHammer et al. 2001). Clsiquare
analysis in Minitab 15Minitab inc.) was employed to evaluate setio
differencesamong years across the study period, to assess paagiiteze
dependent sex ratios and to examifeether observed frequencies of males
and femalesliffered significantly from the theoretical Fisherian rgfiol) or
from sex ratios @ported from other Mediterraneamd Atlantic foraging
grounds. Association between sa@ sex ratio was assessed by dividing the
sample into sivarbitrary size classes based upon the CCL corresponding to
<40 cm (N = 12), 401150 (N = 43), 50.160 (N = 8), 60.5' 70 (N = 104),
70.1180 (N = 41) and>80 (N = 12).Juvenile sex ratio was obtained by
excluding individualsvith a CCL greater than 70 cm. This value was chosen
after considering the mean CCL of nesting females itMb@iterranean Sea
(Margaritouls et al. 2003). Adult sesatio was calculated considering only
those individualsvith a CCL>75 cm.
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Genetic differentiation between the two genders vea#ied with the exact
test of population differentiatiocpmputed with 100,000 steps in the Markov
Chain with 10,000 dememorization steps, and pair wise genetic distance
(Ust), computed with 10,000 random permutationsalltiests that required
the estimates of sequence divergenee,used the Tamduidlei model of
nucleotide substitutiongshich was designed for control region sequences
(Tamura& Nei 1993). All statistical analyses were carried osing the
statistical software package ARLEQUIN3.5.1.2 (Excoffier& Lischer
2010). The differennesting populations contributing to the foraginga
weredefined employing a Bayesian mixed stock analysis (M&#ged on
the manyto-many approach (Bolker et al. 2007This method, contrary to
the most common many to oakbows the analysis of a mepopulation made
up of multiple sources and multiplenixed stocks, thus providing the
opportunity to compare directly the demographic compositibseveral
foraging assemblages (Bolker et al. 20(ix additional foraging grounds
were considered in th@nalysis corresponding to, or in the close proxirofty
areasfor which sex ratio data were available: central Mediterrariéea
(Casale et al. 2008), north central Adriatic §€&sovannotti et al. 2010),
north-eastern Spain (Carrerat al. 2006), Madeira (Bolten et al. 1998),
southern USABowen et al. 208) and northern USA (Bowen et al. 2004).
Fourteen nesting populations were used as possible sdor¢be MSA: (1)
Libya (N = 49); (2) Greece (N = 60); (8)editerranean Islands comprising
Cyprus and CretéN = 54), (4) Dalyan (N = 40), (5) Dalaman (N28), (6)
western Turkey (N = 76), middle Turkey (N = 48), easfrurkey (N = 72),
(7) Cape Verde (N = 187), (&lorida coast/northern Gulf of Mexico (N =
49), (9) southlorida (N = 109), (10) northeast Florida to North Carol(iNa
=105), (11) Dry Tortgas (N = 58) and (12)uintana Roo, Yucatan (N = 20)
(sources of haplotypfequencies: Bowen et al. 200Garreras et al. 2007
Encalada et al. 1998, Monza@wrguello et al. 2010Yilmaz et al. 2011 Saied

et al. 2012). As required by the mixed stock asialyboth the source
population and the mixed stodktasets exhibited significant spatial structure
(Ust = 0.81,p value<0.01 and Ust = 0.27, p vaki@.01, respectively)The
average annual number of nests was used as a praxpkdry sizes and
incorporated into the analysis as egological covariate assuming that the
overall contributionof a rookery is proportional to its size (Okuyada
Bolker 2005). Estimates of rookery size were derived ftom literature
(Ehrhart et al. 2003TEWG 2009 Casale& Margaritoulis 2010Monzon
Arguello et al. 2010). Talistinguish larger from smaller contributions, an
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arbitrary cuto f f value of 5 % was wutilised

estimates (Bolker et al. 2007).

Results

Due to the small number of mmals sexed in 2005 argD06 (4 and 8 turtles,
respectively), these year cohorts wegreoled together for the statistical
analysis. The sex rat@cross years was consistently biased towards females
with only 2001 and 2002 exhibiting equal proportions e two genders
(Figure3.2). No statistical association between yearorts and sex ratio was
found @ = 5.33, df = 10,p value>0.05); therefore, all individuals were
pooledtogether for further analysis.
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Figure 3.2. Observed sex ratiogetween 200@nd 2011; barsre labelled
with the absoluteumbers of males and femalesind each year (2005 and
2006 were pooled together because lofv numbers).The dashed line
indicates even sex ratio.

The overall sex ratio was 1.44:1 (F:Myethie = 160, Nmae = 111) which
differed significantly from both amven sex ratio® = 8.86,df = 1, p value
<0.01) and th&:1 sex ratio@ = 7.76,df = 1, p value<0.01).

Genders exhibited comparable size distributiids= 0.11, p value >0.05)
with a mean CCLt SD of 61.9+ 12.5 and 61.& 11.0 cm for males and
femalesyrespectively Figure3.3).
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Figure3.3 Sizea frequency distribution of male and female loggerhteaites
analysed in this study

All but the largest size class was dominated by fematdguie 3.4).
However, no significant association between size and sex ratio was 8und (
= 3.88, df = 5, p valuee0.05). When considering only sexually mature
animals (N = 26, data not shown), males were more frequent than females
constituting 61.5 % of the sample 145 sex ratio). Sex ratio in the juvenile
portion was estimated to be 1.56:1 (N = 218) which was significantly
different from 1:1 ¢ = 10.57, df = 1, p valug0.01) but not from 2:1¢f =

3.53, df = 1, p value0.05). Results of statistical comparisonviseen our
observed juvenile sex ratio and those reported from different Mediterranean
and Atlantic juvenile foraging grounds are reported in T8dle

No genetic differentiation was found between the $&res £ st=-0.01787,

p value>0.05; exacp value= 0.27420+ 0.0210 SD); therefore, all samples
were pooledogether for the subsequent analysis. The Markov diaimte

Carlo (MCMC) method was used to obtain the posteatistributions of the
parameters of interest in the manytoany MSA. Three ciins of 20,000
iterations were run ieach analysis from ovalispersed, randomly selected
starting points. The GelmarRubin diagnostic criterion was1.2 for all
variables indicating the convergence of MCMC. Wheansidering
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Mediterranean foraging habisatSouth Florida and Dry Tortugas were the
only Atlantic source nesting populations exhibiting contributions above the
arbitrary cutoff value of 5 % in 3 and 1 Mediterranean foraging areas,
respectively (Tabl&.2). However, only in nortleasterrSpain, did Atlantic
juveniles seem to constitute a significant portion of the juvenile stock (Table
3.2). On the contrary, all contributions from the Mediterranean source
populations to the Atlantic foraging areas were estimated well below the
arbitrary ait-off value (Table3.2).

Figure 3.4. Observed sex ratios f@ach size cohort; bars debelled with
the absolutenumbers of males and femalésund in each category. The
dashed linéndicates even sematio
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