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1.1. ANCIENT SPECIES WITH MODERN 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 wandering in todayôs global oceans. However, if we measured 

evolutionary success by longevity, then sea turtles have scored a quite 

impressive ecological triumph.  

The extant sea turtles are a monophyletic group (superfamily Chelonioidea) 

of the suborder Cryptodira (Figure 1.1).  

 

 
Figure 1.1. 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 members of this group are from the Early Cretaceous stage 

(about 110-120 million years before the present) (Hirayama 1998, Cervelli et 

al. 2003, Cadena & Parham 2015) when mammals were just tiny warm-

blooded furry creatures and dinosaurs dominated both land and marine 

ecosystems. These ancient sea turtles had primitive paddle like flippers with 

movable digits as in freshwater turtles, but they already possessed some of 
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the key anatomical and physiological adaptations that we observe in todayôs 

species such as the hydrodynamic body shape and the salt excreting system 

(Hirayama 1998, Cadena & Parham 2015). For millions of years sea turtles 

have evolved and diversified but only two families survived until the present 

(Hirayama 1998, Lehman & Tomlinson 2004, Kear & Lee 2006). The 

Dermochelyidae with the leatherback (Dermochelys coriacea) as the single 

living member, and Cheloniidae, with six species split into two sub-families, 

the Chelonini and the Carettini: the hawksbill (Eretmochelys imbricata) the 

Kempôs ridley (Lepidochelys kempii), the olive ridley (Lepidochelys 

olivacea), the loggerhead (Caretta caretta), the green (Chelonia mydas),and 

the flatback (Natator depressus) turtles (Figure 1) (Naro-Maciel et al. 2008, 

Duchene et al. 2012, Jensen et al. 2013).  

The seven extant sea turtle species are not quaint archaic relics. They inhabit 

oceanic and neritic habitats from the tropic to the subarctic regions and lay 

their eggs in tropical and temperate latitudes all around the globe (Wallace et 

al. 2010). Sea turtles are an essential component of marine ecosystems where 

they can play different roles as consumers, prey, competitors, hosts for 

parasites and pathogens, substrates for epibionts, nutrient transporters, and, 

finally, ecosystem engineers (Bjorndal & Jackson 2003, Heithaus 2013). 

Although consumption of sea turtles by humans traces back thousands of 

years, only few centuries ago (Frazier 2003) these species still occurred in 

numbers that today are difficult to imagine (Jackson 1997, Jackson et al. 

2001, Spotila 2004). When Columbus discovered the Cayman Islands in 1503 

he named it ñLas Tortugasò because sea turtles literally filled up the ocean 

and ships were constantly bumping on them (Spotila 2004). Scientists 

estimate the overall number of sea turtles at that time in thousands of millions 

and believe that these organisms regulated the functioning of their ecosystem 

(Bjorndal & Jackson 2003). However, the expansion of maritime commercial 

trade led also to a drastic increase in 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 aboard and kept alive 

without any food for months during the long at-sea voyages. In few decades, 

the sea turtle populations in the Caribbean disappeared (Spotila 2004). The 

same process reiterated in other parts of the world with the further expansion 

of European civilization and the great improvement of navy technology, gear 

and equipment (Campbell 2003, Spotila 2004). For centuries, direct harvest 

has been the main cause of the decline in sea turtle abundances and many 

societies around the world still make a consumptive use of these species 

(Thorbjarnarson et al. 2000). However, modern threats to sea turtles are 
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mostly incidental and derive from them simply getting in our way (Spotila 

2004). The unintended capture during commercial fisheries operations (by-

catch), coastal development, habitat degradation, marine pollution and 

climate change are currently the main factors driving the worldwide decline 

of sea turtle populations (Wallace et al. 2011). The greatly reduced number 

of sea turtles affects also the 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, non-governmental 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 variety of topics related to sea turtle 

biology and conservation (Hamann et al. 2010). Significant advances in our 

understanding of physiology, genetics, behaviour and health have been 

achieved, and conservation groups have scored several victories. However, 

there is still much to do. On a global scale, six of the seven sea turtle species 

are still categorized as vulnerable (Caretta caretta, Dermochelys coriacea 

and Lepidochelys olivacea), endangered (Chelonia mydas, Lepidochelys 

kempii), or critically endangered (Eretmochelys imbricata) by the IUCN Red 

List of Threatened Species as their population trends are decreasing (IUCN 

2015). Despite being one of the best studied groups of marine megafauna, the 

lack of basic knowledge on sea turtle biology and the human-turtle-

environment interactions is still one of the main causes hindering 

management actions (Hamann 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. In a recent attempt to gather and 

prioritise research themes to assist sea turtle conservation, 35 sea turtle 

researchers from 13 nations identified and assembled twenty meta-questions 

in five priority research categories (Table 1.1). Since population traits as well 

as environmental conditions vary geographically, answers to those questions 

must be sought at a regional level in order to provide information adequate to 

designing effective management strategies and conservation responses to the 

anthropogenic threats (Wallace et al. 2010, Wallace et al. 2011).  
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1.2. THE LOGGERHEAD TURTLE IN THE MEDITERRANEAN SEA 

The loggerhead turtle is a globally distributed species that nests on sandy 

beaches throughout the subtropical and temperate regions. Like the other sea 

turtles, loggerheads are long-lived, wide-ranging animals with a complex life 

cycle (Figure 1.2). After leaving their natal beaches, hatchlings swim into 

major ocean surface currents and undergo a first developmental phase in the 

oceanic zone that may last a decade or more. During this phase, loggerheads 

possess limited swimming capacities and mostly rely on ocean currents to 

disperse towards suitable developmental habitats although some level of 

active dispersal may be also involved (Putman & Mansfield 2015). Then, the 

now larger juveniles recruit to neritic foraging grounds to complete their 

development. The transit between these two phases is complex because 

juveniles exhibit significant behavioural plasticity and may return to the 

oceanic environment on shorter time scales (McClellan & Read 2007). 

Moreover, recent studies suggest that a portion of individuals in some 

populations maintain an oceanic foraging behaviour all through their life 

(Hatase et al. 2002, Hawkes et al. 2006). Adults undertake periodic 

reproductive migrations from foraging grounds to breeding areas that may be 

thousands of kilometres away, with females that are phylopatric to their natal 

nesting beach (Bowen et al. 2005).  

 

 
Figure 1.2. Loggerhead turtle life cycle (Adapted from Bolten 2003) 
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This homing behaviour enhances the formation of population structure by 

reducing the gene flow among geographically separated nesting beaches. In 

this context, Management Units (MUs) are defined as population segments 

that are demographically isolated with respect to female recruitment (Moritz 

1994). Males undergo similar migrations although they may be less faithful 

to the natal site and mate opportunistically on migratory corridors or foraging 

grounds (Bowen et al. 2005). Generally, migratory 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 populations (Bolker et al. 2007) (Figure 2). 

Located at the northern edge of the speciesô range, the Mediterranean Sea 

hosts a biologically and geographically discrete loggerhead turtle 

subpopulation (Casale 2015), or Regional Management Unit (RMU, Wallace 

et al. 2010) that is the result of at least two immigration events from Atlantic 

rookeries (Garofalo et al. 2009, Clusa et al. 2013a). The species has survived 

the climatic oscillations which occurred in the basin since the Pleistocene by 

contracting or expanding its nesting range in accordance with the migration 

of its thermal niche (Clusa et al. 2013a). Today, the loggerhead turtle is the 

most common sea turtle species in the Mediterranean Sea with a total of 

>7200 nests estimated per year (Casale & Margaritoulis 2010). Regular 

nesting occurs exclusively in the warmer eastern basin, mainly in Libya, 

Greece, Turkey and Cyprus (Figure 1.3, Casale & Margaritoulis 2010) 

although in the last two decades, the number of sporadic nests documented in 

the Western Mediterranean has considerably increased (Bentivegna et al. 

2008, Tomas et al. 2008, Sénégas et al. 2009, Bentivegna et al. 2010).  

Based on the available genetic information, at least seven different MUs have 

been identified within the Mediterranean RMU: Calabria (Italy), Libya, 

western Greece and Crete, Dalyan (western Turkey), Dalaman (western 

Turkey), and the Levant (central and eastern Turkey, Cyprus, Israel and 

Lebanon) (Garofalo et al. 2009, Yilmaz et al. 2011, Saied 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 exists where the females nesting in Cyprus are the smallest within 

the basin (Margaritoulis et al. 2003). The vast majority of loggerhead nesting 

occurs between the beginning of June and early August (Margaritoulis et al. 

2003). Mean incubation periods range 47.3-59.6 days. Hatching success 

(HS%) is similar at all nesting beaches for which this parameter is available 

ranging from 60-80% (Margaritoulis et al. 2003, Cardona et al. 2015). Sex 

ratios have been estimated at few nesting sites only, but it appears that 
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hatchling production in the Mediterranean Sea is female biased with the 

proportion of females ranging from 61% to 100% (for a review see Cardona 

et al. 2015).  

 

 
Figure 1.3. Regular nesting areas of Loggerhead turtles in the Eastern 

Mediterranean Sea 

Loggerhead turtles practically occupy all Mediterranean marine areas (Casale 

& Margaritoulis 2010). According to current knowledge, the most important 

neritic foraging grounds for juvenile and adult individuals are located on the 

wide continental shelves in the north Adriatic Sea and off the southern coasts 

of Tunisia (Margaritoulis et al. 2003, Casale & Margaritoulis 2010). Other 

large continental shelf areas in the Eastern Mediterranean, such as the bays 

of Mersin and Iskenderun in Turkey and the Nile Delta in Egypt might also 

represent important neritic habitats for the species but their exact relevance 

must still be evaluated (Margaritoulis et al. 2003). Loggerhead adults and 

juveniles regularly forage also in the Western Mediterranean Sea and are 

commonly found in shallow sandy coasts in the south Tyrrhenian Sea 

(Bentivegna et al. 2001, Hochscheid et al. 2013) Oceanic developmental 

areas have been identified in the Alboran Sea, the Balearic Sea, the Sicily 

Channel and the Ionian Sea (Casale & Margaritoulis 2010). Nursery and early 

developmental areas are less well known (Margaritoulis et al. 2003). Based 
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on the number of stranded early juveniles Casale et al. (2010) suggested the 

importance of the south Adriatic Sea as nursery area at least for young 

loggerheads from the Greek MU. More recently, using hatchling drift 

simulation models, the Levantine zone and the Ionian-south Adriatic area 

have been indicated as the most important nursery areas for the 

Mediterranean loggerhead turtle sub-population but model results must yet 

be verified by field surveys (Casale & Mariani 2014).  

Mixed stock analyses indicate that turtles from the different Mediterranean 

MUs do not distribute homogeneously within the basin (Laurent et al. 1998, 

Carreras et al. 2006, Maffucci et al. 2006, Clusa et al. 2013b, Garofalo et al. 

2013, Maffucci et al. 2013). Moreover, the demographic composition of the 

oceanic foraging habitats in the Western Mediterranean Sea, Sicily Straits 

and Ionian Sea appears to be characterized by a high proportion of loggerhead 

turtles with an Atlantic origin (Laurent 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 at neritic foraging grounds in both the Western and Eastern side 

of the basin but several areas have not yet been fully characterised (Laurent 

et al. 1998, Carreras et al. 2006, Maffucci et al. 2006, Clusa et al. 2013b, 

Garofalo et al. 2013, Maffucci et al. 2013).  

The Mediterranean loggerhead turtle sub-population 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. 2003). Although 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 issue (Margaritoulis et al. 2003, Casale & Margaritoulis 2010, 

Nada & Casale 2011). Today, the major threats to loggerhead turtle survival 

come from fisheries by-catch and anthropogenic deterioration of both marine 

and coastal habitats (Margaritoulis et al. 2003). Casale (2011) estimated that 

over 132.000 sea turtles are accidentally caught each year in the 

Mediterranean Sea of which more than 44.000/year die as result of the 

capture. Uncontrolled coastal development and exploitation have led to the 

degradation of several nesting habitats around the basin with some sites 

known to have hosted nesting activity in the past, but which re not utilised 

anymore by the species (Margaritoulis et al. 2003). Finally, ingestion of 

plastic marine debris has a higher incidence in the Mediterranean Sea than in 

other regions in the Atlantic or Pacific oceans (Tomas et al. 2002, Lazar & 

Gracan 2011, Campani et al. 2013, Camedda et al. 2014).  
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Nevertheless, it is not all bad and wrong. Over the last three decades, 

loggerhead turtles have been afforded an increasing level of protection under 

several international conventions. Today, all Mediterranean countries possess 

national laws to protect sea turtles and many conservation programmes have 

been started and are currently underway, specifically to protect the major 

nesting beaches in the region (Casale & Margaritoulis 2010). Moreover, 

during the last years, several demonstrative actions have been founded to test 

conservation measures to reduce turtle by-catch in Mediterranean fisheries 

(e.g. NETCET Project, http://www.netcet.eu/ref or TURTLELIFE Project, 

http://www.tartalife.eu/). Thanks to these efforts, population trends are stable 

or even increasing and it has been possible to downgrade the Mediterranean 

loggerhead sub-population from ñendangeredò to ñleast concernò in the 2015 

Red List Assessment of the International Union for the Conservation of 

Nature and Natural Resources (IUCN) (Casale 2015). However, these results 

are completely conservation dependent and cessation of conservation 

programmes around the Mediterranean Sea would most likely have 

significant detrimental effects (Casale 2015). The conservation status of the 

loggerhead turtle in the Mediterranean Sea is still far from being optimal and 

research will play a major role in assuring that conservation strategies and 

interventions are based on the best available knowledge and are promptly 

adjusted to possible future changes (Hamann 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 Sea by answering a number of sub-objectives 

related to the research priorities identified for sea turtle (Table 1.1, Hamann 

et al. 2010): 

 

¶ Are there any anatomical features that are functionally related to 

stage specific aquatic habits? 

¶ What are the juvenile and adult sex ratios at foraging grounds and 

how do they relate with those produced at nesting beaches? 

¶ Which connections exist among rookeries and foraging grounds 

and what parameters shape them? 

¶ Is there any evidence that climate warming is already affecting the 

loggerhead turtle in the western Mediterranean and what are the 

likely future impacts? 

  

http://www.netcet.eu/ref
http://www.tartalife.eu/
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Abstract 

Several studies investigated how changes in bone density are related to the 

evolution of complex buoyancy control systems in aquatic mammals. Very 

little is known on sea turtles, although this is 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, Caretta caretta, with the aim to elucidate 

possible functional connections with the speciesô aquatic habits. Humeri were 

extracted from the carcasses of 72 loggerhead turtles ranging in size from 7 

to 89 cm (males = 18, females = 44, unknown = 10). Whole bone density was 

determined by Archimedesô principle. Sexes exhibited comparable humerus 

densities (t-value = 0.49, P > 0.05). Mean humerus density (1.33 g cmī3) 

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 were significantly correlated 

(Pearsonôs correlation = 0.638, P < 0.01). Small juveniles had very light 

bones compared to adults in accordance with their stage specific pelagic 

diving and foraging behaviour.  
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Introduction   

Tetrapods that secondarily invaded aquatic habitats underwent a remarkable 

suite of structural adaptations to overcome the mechanical constraints of 

locomotion and stability in water (Taylor 2000, Gray et al. 2007).  

The most obvious changes occurred at the gross morphological level. 

Animals acquired a streamlined body form and modified appendages 

effective for aquatic propulsion, trim control and drag reduction (Carroll 

1985, Fish & Stein 1991, Llorente et al. 2008). Equally important were the 

modifications of structural properties of the body that affected 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 functionally correlated 

to the evolution of buoyancy control mechanisms in aquatic tetrapods and 

have been suggested to reflect the particular habitat and foraging strategy 

adopted by different species (Wall 1983, Fish & 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 

cmī3, (Wall 1983)] 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 elephant seal, Mirounga angustirostris, humerus density is 1.15 g 

cmī3) (Wall 1983, de Buffrenil, Sire & Schoevaert 1986, Gray et al. 2007, 

Houssaye 2009).  

Testudines are unique among tetrapods primarily because of their shell, 

which includes girdles that lie 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 (Wyneken, Godfrey & Bels 2008). The superfamily Chelonioidea, which 

includes both the extant families of sea turtles, the Dermochelydae (genus 

Dermochelys) and the Cheloniidae (genera Chelonia, Caretta, Eretmochelys 

and Lepidochelys), is the only extant group of Testudines that adapted 

successfully to the marine environment (Pritchard 1997). Sea turtles display 

a more streamlined body than freshwater species, and their forelimbs were 

modified into long wing-like rigid flippers and hindlimbs into semi-rigid 
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paddles (Renous et al 2008). The morphology and growth pattern of 

appendicular bones have been shown to differ between hard shelled turtles, 

all belonging to the family Cheloniidae, and the leatherback turtle, 

Dermochelys coriacea, which has evolved a lighter skeleton as an adaptation 

to its nearly exclusive pelagic lifestyle (Rhodin, Ogden & Conlogue 1981, 

Snover & Rhodin 2008). However, little information is available on the 

structural properties of bone in hard shelled turtles and how these influence 

buoyancy control during the different phases of the life cycle. 

The loggerhead turtle, Caretta caretta, is one of the extant members of the 

family Cheloniidae. This species possesses a complex life history 

characterized by a succession of life stages and corresponding ontogenetic 

habitat shifts and migrations (Bolten 2003). Emerging from the nest, 

hatchlings enter the sea and swim actively to reach major offshore currents 

where the oceanic juvenile stage begins (Bolten 2003). After a decade or 

more, the older juveniles recruit to coastal areas to enter a neritic 

developmental stage which will last at least another decade (Bolten 2003). 

The switch between these two phases is reversible and neritic juveniles may 

return to the oceanic environment on shorter time scales (McClellan & Read 

2007). Only adult females venture back to the land to lay their eggs (Miller 

1997).  

In the present paper, we determine for the first time the density of the 

loggerhead turtle humerus and examine the relationship between bone 

density and turtle size with the aim to contribute to a better understanding of 

bone density patterns and the possible functional relation to the diving 

behaviour and foraging strategy adopted during the different phases of the 

speciesô life cycle.  

 

Material and methods 

Right humeri were sampled from the carcasses of 72 loggerhead turtles that 

were found either floating lifeless at the water surface or stranded dead along 

the coast of the south Tyrrhenian sea, central Mediterranean, between June 

2009 and December 2010. No turtles were purposefully sacrificed in the 

course of the present study. All specimens were obtained through the local 

Sea Turtle Stranding and Rescue Network coordinated by the Stazione 

Zoologica Anton Dohrn of Naples.  

The humerus bone was selected because it is easily removed from dead 

animals, its chondro-osseous development has already been described and it 

is commonly employed in similar studies (Wall 1983, Gray et al. 2007, 

Snover & Rhodin 2008).  
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Standard curved carapace length (CCLst) was measured to the nearest 0.1 cm 

in each specimen. Sex was determined during necropsies by visual 

examination of the gonads and associated reproductive ducts.  

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

to remove any remaining tissue and allowed to dry outdoors for a minimum 

of 2 weeks. Additional removal of fat from bones was not performed because 

it has been shown to bias density measurements by Archimedesô principle 

(Keenan et al. 1992). This method provides a true whole bone density value 

and it is relatively inexpensive and easy to perform compared to more 

sophisticated alternatives. such as dual-energy X-ray absorptiometry or 

computer tomography (Keenan et al. 1997).  

Entire humeri were hydrated by submerging them in distilled water at reduced 

atmospheric pressure (48 kPa). Duration of the hydration period was 

experimentally established using five humeri of different size. The time at 

cessation of bubble formation was annotated for each bone and the maximum 

time recorded (approximately 2 h) + 1 h was thereafter set as the standard 

hydration duration for the experiments. Bones were always hydrated together 

in groups of at least four humeri prior to each measurement trial.  

Bone density was obtained using a custom made density determination kit 

that consisted of two platforms suspended by a wire frame that was mounted 

onto the scaleôs balance dish (Figure 2.1). The upper platform was submerged 

in a beaker containing distilled water that was supported by an independent 

structure that did not touch the balance or weighing platforms. The other 

platform was directly connected to the weighing plate of the analytical 

balance (Adventurer Pro AV812, Ohaus Europe GmbH, Nänikon, 

Switzerland). 

The weighing procedure was carried out with each individual bone in the 

following steps: First, the bone was removed from the hydration chamber and 

held a few seconds in air to let the water drop. Thereafter, the bone was gently 

dabbed to remove excess surface moisture and weighed in air on the lower 

platform. Then it was moved to the upper platform and its under water weight 

was recorded. Finally, the bone was removed from the water, dabbed slightly 

and reweighed in air to control for effects of order of weighing (air-water vs. 

water-air).  

All  measurements were performed to the nearest 0.01 g. 
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Figure 2.1. Density determination system. (a) 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 nearest 0.01 g. Water temperature 

in the beaker was measured for each weighing period by an electronic digital 

thermometer (Checktemp, HANNA Instrument Inc., Woonsocket, RI, USA) 

with ±0.3°C accuracy to correct water density values in the formula  

 

Humerus density = (A Aī1 ī B) Ĭ ɟdw  

 

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

hydrated bone submerged in water and ɟdw is the density of distilled water at 

a given temperature.  

For each bone, density was calculated twice using for A the first obtained 

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

air.  

Bone densities were then compared by paired t-test to detect if the order of 

weighing had any effect on the estimated bone density. Size distributions of 

the two sexes were compared using a KolmogorovïSmirnov test in the 
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software package PAST (Hammer et al. 2001). The two samples t-test was 

employed to compare humerus density in males and females. The Pearson 

product moment correlation coefficient (Sokal & Rohlf 1995) between CCL 

and humerus density was calculated in Minitab 15 (Minitab Inc., State 

College, PA, USA). 

A Model II regression [also known as óreduced major axisô or ógeometrical 

meanô regression; (Sokal & Rohlf 1995)] was used to investigate the 

relationship between CCL (m) and humerus density data. This regression 

technique is more appropriate than standard ordinary least squares regression 

when both variables are measured with some error (Smith 2009). Error 

estimates of both the slope and intercept were calculated using bootstrapping 

over the cases (10 000 iterations). All 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 (CCLst, n = 72, median = 

56.85 cm, first quartile = 40.77 cm, third quartile = 66.20 cm). Sex was not 

determined in 10 carcasses because of their advanced status of decay. The 

remaining sample was composed of 18 males and 44 females. Size 

distributions did not differ between sexes (D = 0.220, P > 0.05; Table 2.1).  

 

Table 2.1. Size (CCLst) of the loggerhead turtles analysed.  

Sex N Median 1st quartile  3rd 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 7 to 11.1 cm (CCLst), 

remained neutral or slightly positive buoyant after the hydration period which 

prevented us from determining their density. Therefore, they were removed 

from the subsequent analysis. The order of weighing did not affect density 

measurements (paired t-test value = ī3.4, P < 0.01). Sexes exhibited 

comparable mean humerus density (t-value = 0.49, P > 0.05; Table 2.2). The 

overall mean humerus density was 1.33 ± (sd) 0.05 g cmī3.  
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Table 2.2. 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 cmī3       

 

Loggerhead turtle size and humerus density were significantly correlated 

(Pearsonôs correlation = 0.638, P < 0.01). The Model II regression equation 

was  

 

Humerus density = 1.166 + 0.296 CCL (m)  

 

(99% bootstrapped confidence intervals: 1.103 to 1.213 and 0.218 to 0.400 

for the intercept and the slope respectively, Figure 2.2).  

 

 
Figure 2.2. Model II 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 environment several times during 

their evolutionary history (Houssaye 2009). The transition from a terrestrial 

to an aquatic lifestyle required some striking modifications of body form and 

functions. Changes in skeletal mass, ranging from extremely high to 

extremely low density, have been suggested to be functionally related to the 

evolution of buoyancy control mechanisms and diving behaviours (Wall 

1983, Taylor 2000, Gray et al. 2007, Houssaye 2009).  

High bone density (bone ballastin) is usually associated with animals living 

in shallow waters and foraging on the bottom while low density is one of the 

aquatic specializations for deep diving and pelagic lifestyle (Taylor 2000, 

Gray et al. 2007).  

The mean humerus density of the loggerhead turtle indicates that this species 

has denser bone than exclusively pelagic marine tetrapods but bone ballastin 

is not as extreme as in some slow swimming, shallow diving mammals (Wall 

1983, Taylor 2000). No additional information is available on long bone 

density in sea turtles. However, the analysis of the chondro-osseous 

morphology supports our finding showing that loggerhead humerus is less 

spongious and has relatively more lamellar bone than that of the almost 

exclusively pelagic leatherback turtle (Rhodin et al. 1981, Snover & Rhodin 

2008). The loggerhead turtle lifestyle is coherent with the evolution of such 

a reduced degree of bone ballastin (Taylor 2000). This species is a surfacer 

(Kooyman 1989, Hochscheid et al. 2010) that spends more than 90% of its 

time submerged and uses its lungs both as buoyancy organ and major oxygen 

store when diving (Hochscheid, Bentivegna & Speakman 2003). 

Nonetheless, both juveniles and adults have been reported occasionally to 

float motionless at the surface either to absorb solar radiation, to recover from 

anaerobic activity or simply to rest (Hochscheid et al. 2010).  

Several studies indicated that this species usually forage and rest either on the 

sea floor or, if this is not within reach, at mid-water (Minamikawa, Naito & 

Uchida 1997, Hochscheid et al. 2010) where it preys mostly on slow moving 

or sessile species (Plotkin, Wicksten & Amos 1993, Tomas, Aznar & Raga 

2001, Lazar et al. 2011). Increased bone density would offer some advantages 

in terms of stability and larger air volume that can be inhaled during shallow 

dives and benthic feeding but an extremely enlarged and dense skeleton 

would strongly penalise the animals during their long distance migrations 

especially when they stay in the open sea and perform deeper dives (Wall 

1983, Taylor 2000, Bolten 2003).  
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The similarity in the mean humerus densities of males and females deserves 

further investigation. Our sample did not include a significant number of 

adults to allow us to observe sex-related differences of long bone densities 

that could be associated with the reproduction process and the development 

of the calcareous egg shell as reported in other turtle species (Edgren 1960). 

Increase in bone density with size, which is a proxy for turtle age, was 

expected because of the pattern of chondroosseous development in this 

species. The appendicular bones of the loggerhead turtle are laid down as 

cartilaginous anlagen with only a periosteal cuff of cortical bone while 

laminar compact bone is deposited later in growth (Snover & Rhodin 2008). 

Similar patterns have also been reported in other aquatic tetrapods (Wall 

1983, de Buffrenil et al. 1990, Taylor 2000), and fit perfectly with the 

ontogenetic habitat shifts and changes in foraging habits of the species. 

Neonate loggerhead turtles have very limited diving capabilities, swim at low 

speeds and are largely inactive drifters that adopt a low-energy float-and-wait 

foraging strategy (Witherington 2002, Witherington, Hirama & Hardy 2012). 

The neutral or slightly positive buoyant humerus that we found in individuals 

with less than 11.1 cm of CCL, approximately up to 1 year old, is a clear 

benefit during this early surface-epipelagic stage (Witherington 2002). Later 

in life, turtles become more active, dive to deeper depths and after a decade 

or more in the oceanic province start to recruit to neritic habitats (Bolten 

2003). Larger juveniles and adults spent the majority of their time in coastal 

areas and are important bioturbators of benthic systems (Lazar et al. 2011). 

These individuals feed predominantly on benthic invertebrates that they dig 

out from soft sediments using their front flippers and beak, a foraging method 

known as infaunal mining (Preen 1996; Schofield et al. 2006; Lazar et al. 

2011). Therefore, they would profit from the combination of denser bones 

and the smaller lung volumes than juvenile individuals (Hochscheid et al. 

2007) as a static ballast system (Taylor 2000, Gray et al. 2007).  

The results obtained in the present study suggest that bone density is 

functionally correlated to the marine aquatic habits of the loggerhead turtle 

during the various phases of its complex life cycle. Although the comparison 

with other tetrapod taxa provides evidence of a moderate degree of bone 

ballastin in this species, further investigation are required because of the lack 

of information on bone density in terrestrial and semiacquatic turtles.  

Although caution must be used because of the extent of bone remodelling 

reported in this species (Snover & Rhodin 2008), the relation between 

humerus density and turtle age deserve additional study to understand if this 

measure can be a valuable alternative to the enumeration of lines of arrested 
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growth in skeletochronological studies to infer turtle age, as demonstrated in 

some cetacean species (Guglielmini et al. 2002; Butti et al. 2007).   
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Abstract  

Sex ratios are a crucial parameter for evaluating population viability. In 

species with complex life history patterns and temperature sex determination 

mechanisms, such as the loggerhead turtle (Caretta caretta), 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 

estimates 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 (2000ï2011) 

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 underlying forces that drive regional and 

age-dependent differences in sex ratios. Sex was determined through visual 

examination of the gonads in 271 dead turtles (curved carapace length range 

29.5ï89 cm). A fragment of the mitochondrial DNA control region was 

sequenced from 61 specimens to characterise the demographic composition 

of this foraging assemblage by applying a many-to-many mixed stock 

analysis approach. No significant association 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 even 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 

Mediterranean are largely unaffected by immigration of Atlantic individuals 

into the basin, as previously suggested. Continued long-term monitoring of 

juvenile sex ratios is necessary to detect biologically significant sex ratio 

shifts in the Mediterranean loggerhead turtle population.   
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Introduction  

Sex-determining mechanisms in gonochoristic vertebrates can be 

conveniently divided into two general categories: genotypic (GSD) where 

gender is determined by sex chromosomes at the time of fertilization and 

environmental (ESD) where offspring become male or female in response to 

environmental cues during development (Bull 1983). The sex ratio, that 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 Fisherôs assumptions do not hold and 

population sex ratios may depart from 1:1 (Hamilton 1967, Bull & Charnov 

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

sex ratios can be influenced by different demographic factors including 

skewed sex ratios at hatching, differential mortality, differential emigration 

and immigration or differential age at maturity (Gibbons 1990). These factors 

may act at different times during development, thus resulting in a dynamic 

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

The loggerhead turtle, Caretta caretta, is a suitable model organism to 

investigate the dynamics of sex ratios in natural populations. This species 

possesses a complex life history pattern characterised by a succession of life 

stages and corresponding ontogenetic habitat shifts and migrations (Bolten 

2003). Emerging from the nest, hatchlings enter the sea and swim actively to 

reach major offshore currents where the oceanic juvenile stage begins (Bolten 

2003). After a decade or more, the now larger and older juveniles recruit to 

coastal areas to enter a neritic developmental stage which will last at least 

another decade (Bolten 2003). The switch between these two phases is 

reversible and neritic juveniles may return to the oceanic environment on 

shorter time scales (McClellan & Read 2007). Foraging assemblages using 

both the oceanic and the neritic developmental habitats are mixed stocks 

composed of individuals originating from different nesting beaches (Bowen 

et al. 2004, Carreras et al. 2006, Maffucci et al. 2006). Upon sexual 

maturation, loggerhead turtle females begin periodic reproductive migrations 

to nest in the vicinity of their natal beach. Males may undergo similar 

migrations, although they can mate opportunistically on migratory corridors 

or coastal foraging grounds (Bowen et al. 2005).  

The loggerhead turtle, like all sea turtle species, possesses a temperature-

dependent sex determination (TSD) in which incubation temperature 
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experienced by embryos during the thermosensitive period (TSP, middle 

third of the incubation) has a major influence on the hatchling sex ratio 

(Mrosovsky 1994). At incubation, temperatures around 29 °C 50 % of either 

sexes are produced; while cooler temperatures produce more males, warmer 

ones favour females (Carthy et al. 2003, Wibbels 2003). Female skewed 

hatchling sex ratios have been estimated at most nesting sites, although great 

variability exists in the methodology and scope of the different studies 

(Mrosovsky 1994, Hanson et al. 1998, Godley et al. 2001a, b, Wibbels 2003, 

Kaska et al. 2006, Hawkes et al. 2007, Zbinden et al. 2007). In general, very 

few of these studies have adequately taken into account the effect of nest 

location on hatchling sex ratios or the possible seasonal and yearly variations 

in gender production (Wibbels 2003, TEWG 2009). Sex ratios in other life 

stages also are of interest because they represent a condensation of many 

years of hatchling production and integrate a number of different life history 

events (Wibbels 2003, TEWG 2009). However, they are logistically more 

difficult to obtain because juveniles and adults must be sampled at sea, have 

a solitary life style and spend most of their life in places that are difficult to 

access (Wibbels 2003). Moreover, external morphological cues can be used 

exclusively for sexing adults because sexual dimorphic characters (i.e. the 

long tail and the strongly curved front claws on the second digit typical of 

males) appear only as turtles approach sexual maturity (Wibbels et al. 1987, 

Kamezaki 2003). Different methods have been used for sexing juveniles 

including serum testosterone, histology, laparoscopy or direct observation of 

gonadal morphology during necropsies (Wibbels et al. 2000, Wibbels 2003, 

Casale et al. 2006, Lazar et al. 2008). Interpretation of sex ratio data in 

immature and adult portions of loggerhead turtle populations requires 

additional information on the size/age class composition and demographic 

structure of the analysed aggregations (Casale et al. 2006, Delgado et al. 

2010). Adult sex ratios may be biased by sex-specific differences in the 

breeding pattern and migratory behaviour of males versus females that are 

likely to be less intense in juveniles (Wibbels 2003). Moreover, the various 

source nesting beaches that contribute to a specific foraging assemblage may 

have different hatchling sex ratios (Casale et al. 2006, Delgado et al. 2010).  

Previous investigations suggested that female-biased sex ratios are 

maintained in juvenile assemblages from the Atlantic ocean where an 

approximately 2:1 sex ratio (F:M) has been consistently reported from both 

oceanic and neritic habitats (Wibbels 2003, Delgado et al. 2010). In contrast, 

immature sex ratios in the Mediterranean Sea appear not to differ 

significantly from 1:1 (Casale et al. 2006) which is surprising considering the 
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highly female biased hatchling sex ratios estimated for the majority of the 

Mediterranean nesting beaches (Table 1) (Godley et al. 2001a, b, Oz et al. 

2004, Rees & Margaritoulis 2004, Margaritoulis 2005, Zbinden et al. 2007). 

The immigration of large numbers of males from the Atlantic population was 

suggested to explain such a discrepancy (Casale et al. 2002, 2006) but 

evidence supporting this hypothesis is limited. Moreover, it was recently 

found that the oceanic juvenile loggerhead turtle assemblage foraging in the 

eastern Atlantic, the putative source of Atlantic individuals entering the 

Mediterranean Sea, exhibits a female-biased sex ratio of 2:1 (Delgado et al. 

2010).  

In this study, we analysed a multi-year dataset on the loggerhead turtle 

assemblage foraging along the southwestern coasts of Italy, central 

Mediterranean. Information on mtDNA control region sequence diversity 

was employed to investigate the demographic structure of this stock and of 

those utilising adjoining juvenile habitats in the Mediterranean and Atlantic 

regions by applying the ómany-to-manyô mixed stock analysis approach 

(Bolker et al. 2007). Our objectives were to: (1) understand the dynamics of 

loggerhead turtle sex ratio on this important Mediterranean juvenile habitat, 

(2) clarify the spatial variation of loggerhead turtle juvenile sex ratios in 

Mediterranean and Atlantic areas, and (3) verify whether immigration of 

Atlantic individuals can adequately explain the spatial variation of the sex 

ratio in loggerhead turtle juvenile assemblages from the Mediterranean Sea.  

 

Materials and methods 

 

Sample collection 

We examined the carcasses of 271 loggerhead turtles ranging in size from 

29.5 to 89 cm (curved carapace length, CCL) that were found either floating 

lifeless at the waterôs surface or stranded dead along the coast of the south 

Tyrrhenian sea, central Mediterranean (from lat 41°13ô N, long 13°03ô E to 

lat 30°40ô, long 15°48ô, Figure 3.1) in the period 2000ï2011. Previous studies 

have demonstrated that this area is regularly utilised by loggerhead turtles for 

foraging (Bentivegna 1997, Bentivegna & Paglialonga 1998, Bentivegna et 

al. 2001). Since 1983, the Stazione Zoologica of Naples (SZN) coordinates a 

sea turtle stranding and rescue network in the study area (Bentivegna et al. 

2003). Sampling and observer efforts were uniform during the sampling 

period.  
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Figure 3.1. Map showing the location of the juvenile loggerhead turtle 

habitats considered in the present study. The 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 (1 north-west 

Mediterranean, 2 central Mediterranean, 3 north-east Adriatic, 4 south-west 

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 during necropsies by visual examination of the gonads 

and associated reproductive ducts. This method is commonly employed to 

sex dead turtles and has been proved to be one of the most reliable sexing 

techniques in individuals larger than 30 cm of CCL, approximately the 

minimum size of the turtles in our sample (Lazar et al. 2008). The state of the 

analysed loggerhead carcasses varied from fresh dead to moderately 

decomposed. Muscle or skin samples for genetic analysis were collected from 

61 (F = 38, M = 23) of the sexed individuals and stored in 95 % ethanol for 

the subsequent genetic analysis. Automation of the genomic DNA extraction 

method was accomplished on the Biomek FX workstation (Beckman Coulter 

Inc.) equipped with the ORCA Robotic arm using NucleoSpin96 Tissue, 

(MACHEREYï NAGEL GmbH & Co. KG) following the manufacturerôs 

protocol. Genomic DNA was purified by binding and eluting to a silica 

membrane using vacuum filtration. A fragment of mtDNA encompassing 

tRNAThr, tRNAPro and the control region was amplified by polymerase 

chain reaction (PCR) using the primers LCM15382 (50-GCT 
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TAACCCTAAAGCATTGG-30) and H950 (50-GTCTCG 

GATTTAGGGGTTTG-30) (Abreu-Grobois et al. 2006). These primers 

amplify a fragment of ~800 bp that completely encompasses the shorter (380 

bp) region which has been used as reference to define mtDNA haplotypes in 

the literature (http://accstr.ufl.edu/ccmtdna.html). The shorter fragment was 

employed in the many-to-many mixed stock analysis because only few data 

on the longer sequence at nesting populations and foraging grounds are 

available in the literature up to date. PCRs were prepared in automation and 

performed in 50 ll volumes using the following conditions: 95° for 5 min, 

followed by 35 cycles of 95° for 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 96-Well Plate Kit (Millipore Corporation) and 

sequenced in both directions. Sequence reactions were prepared using 

BigDye Terminator Cycle Sequencing technology (Applied Biosystems) and 

purified using the Agencourt CleanSEQ Dye terminator removal Kit 

(Agencourt Bioscience Corporation) on the Biomek FX workstation 

(Beckman Coulter Inc). Products were analysed on an Automated Capillary 

Electrophoresis Sequencer 3730 DNA Analyzer (Applied Biosystems). 

Forward and reverse chromatograms of each sample were analysed and 

assembled using the software package SeqManII (DNASTAR Inc.). 

Resulting sequences were aligned using the Bioedit Sequence Alignment 

Editor 7.0.9.0 (Hall 1999).  

 

Data analysis 

Size distributions of the two sexes were compared using a Kolmogorovï

Smirnov test in the software package PAST (Hammer et al. 2001). Chi-square 

analysis in Minitab 15 (Minitab inc.) was employed to evaluate sex ratio 

differences among years across the study period, to assess possible age-/size-

dependent sex ratios and to examine whether observed frequencies of males 

and females differed significantly from the theoretical Fisherian ratio (1:1) or 

from sex ratios reported from other Mediterranean and Atlantic foraging 

grounds. Association between size and sex ratio was assessed by dividing the 

sample into six arbitrary size classes based upon the CCL corresponding to 

<40 cm (N = 12), 40.1ï50 (N = 43), 50.1ï60 (N = 59), 60.1ï70 (N = 104), 

70.1ï80 (N = 41) and >80 (N = 12). Juvenile sex ratio was obtained by 

excluding individuals with a CCL greater than 70 cm. This value was chosen 

after considering the mean CCL of nesting females in the Mediterranean Sea 

(Margaritoulis et al. 2003). Adult sex ratio was calculated considering only 

those individuals with a CCL >75 cm.  
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Genetic differentiation between the two genders was verified with the exact 

test of population differentiation, computed with 100,000 steps in the Markov 

Chain with 10,000 dememorization steps, and pair wise genetic distance 

(Ust), computed with 10,000 random permutations. In all tests that required 

the estimates of sequence divergence, we used the TamuraïNei model of 

nucleotide substitutions which was designed for control region sequences 

(Tamura & Nei 1993). All statistical analyses were carried out using the 

statistical software package ARLEQUIN v.3.5.1.2 (Excoffier & Lischer 

2010). The different nesting populations contributing to the foraging area 

were defined employing a Bayesian mixed stock analysis (MSA) based on 

the many-to-many approach (Bolker et al. 2007). This method, contrary to 

the most common many to one allows the analysis of a meta-population made 

up of multiple sources and multiple mixed stocks, thus providing the 

opportunity to compare directly the demographic composition of several 

foraging assemblages (Bolker et al. 2007). Six additional foraging grounds 

were considered in the analysis corresponding to, or in the close proximity of 

areas for which sex ratio data were available: central Mediterranean Sea 

(Casale et al. 2008), north central Adriatic Sea (Giovannotti et al. 2010), 

north-eastern Spain (Carreras et al. 2006), Madeira (Bolten et al. 1998), 

southern USA (Bowen et al. 2004) and northern USA (Bowen et al. 2004). 

Fourteen nesting populations were used as possible sources for the MSA: (1) 

Libya (N = 49); (2) Greece (N = 60); (3) Mediterranean Islands comprising 

Cyprus and Crete (N = 54), (4) Dalyan (N = 40), (5) Dalaman (N = 20), (6) 

western Turkey (N = 76), middle Turkey (N = 48), eastern Turkey (N = 72), 

(7) Cape Verde (N = 187), (8) Florida coast/northern Gulf of Mexico (N = 

49), (9) south Florida (N = 109), (10) northeast Florida to North Carolina (N 

= 105), (11) Dry Tortugas (N = 58) and (12) Quintana Roo, Yucatan (N = 20) 

(sources of haplotype frequencies: Bowen et al. 2005, Carreras et al. 2007, 

Encalada et al. 1998, Monzon-Arguello et al. 2010, Yilmaz et al. 2011, Saied 

et al. 2012). As required by the mixed stock analysis, both the source 

population and the mixed stock datasets exhibited significant spatial structure 

(Ust = 0.81, p value<0.01 and Ust = 0.27, p value<0.01, respectively). The 

average annual number of nests was used as a proxy of rookery sizes and 

incorporated into the analysis as an ecological covariate assuming that the 

overall contribution of a rookery is proportional to its size (Okuyama & 

Bolker 2005). Estimates of rookery size were derived from the literature 

(Ehrhart et al. 2003, TEWG 2009, Casale & Margaritoulis 2010, Monzon-

Arguello et al. 2010). To distinguish larger from smaller contributions, an 
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arbitrary cut-off value of 5 % was utilised for the óóforaging centricôô 

estimates (Bolker et al. 2007).   

 

Results 

Due to the small number of animals sexed in 2005 and 2006 (4 and 8 turtles, 

respectively), these year cohorts were pooled together for the statistical 

analysis. The sex ratio across years was consistently biased towards females 

with only 2001 and 2002 exhibiting equal proportions of the two genders 

(Figure 3.2). No statistical association between year cohorts and sex ratio was 

found (ɢ2 = 5.33, df = 10, p value >0.05); therefore, all individuals were 

pooled together for further analysis.   

 
Figure 3.2. Observed sex ratios between 2000 and 2011; bars are labelled 

with the absolute numbers of males and females found each year (2005 and 

2006 were pooled together because of low numbers). The dashed line 

indicates even sex ratio.  

The overall sex ratio was 1.44:1 (F:M, Nfemale = 160, Nmale = 111) which 

differed significantly from both an even sex ratio (ɢ2 = 8.86, df = 1, p value 

<0.01) and the 2:1 sex ratio (ɢ2 = 7.76, df = 1, p value <0.01).  

Genders exhibited comparable size distributions (D = 0.11, p value >0.05) 

with a mean CCL ± SD of 61.9 ± 12.5 and 61.0 ± 11.0 cm for males and 

females, respectively (Figure 3.3). 
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Figure 3.3 Sizeïfrequency distribution of male and female loggerhead turtles 

analysed in this study  

All but the largest size class was dominated by females (Figure 3.4). 

However, no significant association between size and sex ratio was found (ɢ2 

= 3.88, df = 5, p value >0.05). When considering only sexually mature 

animals (N = 26, data not shown), males were more frequent than females 

constituting 61.5 % of the sample (1:1.45 sex ratio). Sex ratio in the juvenile 

portion was estimated to be 1.56:1 (N = 218) which was significantly 

different from 1:1 (ɢ2 = 10.57, df = 1, p value <0.01) but not from 2:1 (ɢ2 = 

3.53, df = 1, p value >0.05). Results of statistical comparison between our 

observed juvenile sex ratio and those reported from different Mediterranean 

and Atlantic juvenile foraging grounds are reported in Table 3.1. 

No genetic differentiation was found between the two sexes (ʌst = -0.01787, 

p value >0.05; exact p value = 0.27420 ± 0.0210 SD); therefore, all samples 

were pooled together for the subsequent analysis. The Markov chain Monte 

Carlo (MCMC) method was used to obtain the posterior distributions of the 

parameters of interest in the manyto- many MSA. Three chains of 20,000 

iterations were run in each analysis from over-dispersed, randomly selected 

starting points. The GelmanïRubin diagnostic criterion was <1.2 for all 

variables indicating the convergence of MCMC. When considering 
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Mediterranean foraging habitats, South 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 (Table 3.2). However, only in north-eastern Spain, 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 cut-off value (Table 3.2).  

 

   

Figure 3.4. Observed sex ratios for each size cohort; bars are labelled with 

the absolute numbers of males and females found in each category. The 

dashed line indicates even sex ratio  

  




















































































































































































