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Abstract 
 

Marine turtles are wide-ranging, long-lived, iteroparous species of conservation 

concern. From indirect threats, such as development at their breeding grounds and 

negative fisheries interactions, to direct take of eggs meat and shells, they are 

impacted at all stages of their life-cycle by the activities of Man. A better understanding 

of their reproductive and spatial ecology together with knowledge of population status 

can inform conservation and management actions for their protection. This thesis 

presents a collection of chapters covering three species of marine turtle, from four 

countries in two regions where major knowledge gaps existed on marine turtle biology 

and ecology. 

 

In Oman we identify plasticity in adult loggerhead turtle (Caretta caretta) internesting 

behaviour combined with globally-atypical, predominantly oceanic habitat use and we 

raise concerns over potential bias derived from temporally-restricted tracking studies. 

Conversely, we show that adult female individuals of the principally oceanic olive ridley 

turtle (Lepidochelys olivacea) remain in neritic waters outside of the breeding season, 

with some local turtles unusually utilising the same location both during and after the 

breeding period. We also show that green turtles (Chelonia mydas) nesting on Masirah 

Island are long distance migrators, travelling 2000 km or more into the Red Sea. 

Together with our tracking data for the other species in Oman we highlight the threat 

that fisheries interaction, in a region with poor fisheries regulation, is likely to have on 

these populations. 

 

We describe the recent status of green turtle populations in Kuwait and Syria. In Kuwait 

nesting habitats have recently been halved through development of one of the two 

critical nesting areas and with the remaining nesting population estimated at no more 

than 5 females per year. For Syria, we describe the discovery of a regionally important 

nesting aggregation located south of Latakia city, with 30 individuals estimated nesting 

in 2004. Using satellite telemetry we identify potentially important foraging locations for 

individuals from both locations. Results from Syria further highlight the importance of 

neritic habitats off north Africa for adult turtles in the Mediterranean and results from 

Kuwait revealed the potential threat from the use of the unselective coastal fish traps 

locally known as a ‘hadra’. 

 

Lastly, in Greece we investigate the status of turtles in a neritic coastal habitat through 

a boat-based mark-recapture study. Combining flipper tagging, satellite telemetry and 

genetic research we verify that Amvrakikos Gulf hosts regionally important numbers of 
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loggerhead turtles (300 individuals identified from 67 days fieldwork) that establish 

distinct home ranges and maintain long-term associations to the area. A male-biased 

sex ratio was revealed in the area. These turtles are predominantly derived from local 

breeding stocks, especially from Zakynthos Island, and we hypothesise that a 

combination of environmental and biological factors specific to Zakynthos Island are 

the cause of this bias. 

 

The results presented here, generated from a range of techniques including field 

surveys, satellite telemetry and genetic analysis, contribute to our knowledge of the 

status of several under-reported or previously unknown sea turtle populations, 

including evidence of their spatial footprint, and demonstrate the utility in adopting a 

variety of methods to corroborate results on migrations and linkages at individual and 

population levels. 
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Introduction 
 

This thesis presents eight chapters grouped into four geographically selected locations 

covering poorly studied sea turtle populations across the eastern Mediterranean and 

the Middle East. Each spatially explicit research location required site-specific research 

actions to elucidate the population status and migratory behaviours at individual or 

population level. Use of satellite telemetry as the major or complementary research tool 

at each location unifies the studies. I undertook the first such tracking initiatives at each 

of the subject locations, revealing novel insights in to population and species level 

ecology and life histories that in combination serve to greatly improve our 

understanding of sea turtle conservation needs in each region. 

 

Section 1 is comprised of three chapters, each covering analysis of satellite tracking 

data of a different species of sea turtle from their nesting areas on Masirah Island, 

Sultanate of Oman. In chapter 1, I provide an analysis of satellite tracking data of ten 

adult female loggerhead turtles (Caretta caretta) tagged on the beach near the 

beginning of the breeding season (Rees et al, 2010a). The purpose of the study was to 

identify spatial distribution during the breeding period, generate a clutch frequency 

estimate to compare to that identified by previous nocturnal surveys and to validate 

post nesting dispersal patterns derived from potentially biased long-distance flipper tag 

recoveries. End locations for an additional ten loggerhead turtles that nested later in 

the same season were made available to compare post-nesting distribution of early 

and late nesting individuals. In chapter 2, I provide analysis of satellite tracking data for 

9 adult female olive ridley turtles (Lepidochelys olivacea) (Rees et al. 2012a). The 

purpose of this study was also to identify spatial distribution during the breeding period 

and for the first time gain insights into the post-breeding dispersal. The study 

population represents the only sizeable nesting aggregation of olive ridleys in the 

Arabian region and there was no data on turtle movements and migrations for it. In 

chapter 3, I provide analysis of satellite tracking data of 2 adult female green turtles 

(Chelonia mydas) (Rees et al. 2012b) and combine it with the end locations for the 20 

loggerheads (chapter 1) and 9 olive ridleys (chapter 2) tracked from the island. The 

purpose of the study was to identify post-nesting dispersal for green turtles nesting on 

Masirah Island and to assess the general spatial footprint of marine turtles nesting 

there to highlight potential relevant region-wide threats.  

 

Section 2 is comprised of a single chapter on the status of green turtles in Kuwait 

(Rees et al. 2012c). In chapter 4, I provide analysis of satellite tracking data from four 

adult female green turtles and nesting levels at Kuwait’s last remaining green turtle 
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breeding site over the past 5 years. The study aimed to describe the status of the 

green turtle nesting population in Kuwait and to identify potentially important foraging 

areas and, consequently, potential threats for adult green turtles originating from 

Kuwait. This was the first reliable long-term research undertaken on green turtle 

nesting in Kuwait and likewise we generated the first true indications of migratory 

routes and foraging grounds for adult green turtles in the country. The information 

gleaned should lead to better understanding of threat and appropriate conservation 

measures that need to be taken to protect this depleted population.  

 

Section 3 is comprised of two chapters, covering, in turn, discovery of a regionally 

important green turtle nesting area in Syria and a first indication of migratory routes 

taken by adult female green turtles nesting there. In chapter 5, I describe results from 

beach surveys undertaken in Syria in 2004 (Rees et al. 2008a). The purpose of this 

study was to generate an update on sea turtle nesting in Syria thirteen years after the 

previous organised survey had taken place. This was valuable research as it revealed 

a hitherto unknown, regionally important green turtle nesting population in a country 

that was reported as hosting only low levels of loggerhead nesting. In chapter 6, I use 

satellite tracking to describe the migration of a single adult female green turtle from the 

recently discovered population nesting in Syria (chapter 5). The purpose was to identify 

post-nesting migratory route and overwintering habitat for this single turtle and 

compare it to those of other turtles tracked from nesting areas in Cyprus. This study 

was important, as within two years progress was made from knowing nothing about 

green turtles nesting in Syria, to establishing they nested there in noteworthy levels and 

having an indication that similar to turtles from Cyprus, they forage and overwinter in 

neritic waters off north Africa.  

 

Section 4 is comprised of two chapters that characterise the loggerhead turtles in 

Amvrakikos Gulf, Greece including analysis from a decade-long flipper tagging 

(capture-mark-recapture) programme, satellite telemetry and genetic assessment. In 

chapter 7, I analyse flipper tagging and satellite tracking results to describe the size 

distribution, growth rates, residency and fidelity of loggerhead turtles captured in the 

Gulf together with estimating sex ratio of large-juvenile and adult turtles based on tail 

length (Rees et al. 2013). The purpose of this study was to describe the turtles present 

in the Gulf, highlighting the regional importance of this foraging area and to validate the 

threshold at which tail-length can be used to sex individuals. To aid these objectives I 

obtained tracks of two additional turtles that migrated into Amvrakikos after being 

tagged after nesting on Zakynthos Island (Zbinden et al. 2011) and tail lengths from 

adult female loggerheads observed nesting in Greece in 2011 (N = 94). The study is of 
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importance as it provided the first in-depth analysis of loggerhead turtles from a long-

term dataset obtained in a defined foraging area in the Mediterranean. It provided 

rarely-obtained growth rates for wild caught juvenile loggerheads and through use of 

known sex, adult turtles it validated the use of tail length measurements to sex larger 

individuals. It also revealed the existence of a male-biased sex ratio in these larger size 

classes of turtles. In chapter 8, I analyse flipper tagging, satellite tracking and genetic 

scoring to identify the likely origins of turtles found in Amvrakikos Gulf. The purpose of 

this study was to generate robust assessment of the linkage between Amvrakikos Gulf 

foraging area and the source breeding stocks of the turtles present there and in doing 

so to hope to provide insights as to the origin of male bias in the area (chapter 7) when 

a female biased sex ratio of hatchling production is prevalent across the Mediterranean 

(Witt et al. 2010a). The results are important as they revealed that turtles from nearby 

Greek stocks contribute the majority of individuals in the Gulf, thus identifying the 

management units that will be affected by conservation management, and they also 

suggest a mechanism by which anomalous sex ratios can be created in heterogeneous 

marine habitats.  



 19 

 

SECTION I: SULTANATE OF OMAN 

 

 

Chapter I: Behavioural polymorphism in one of the world’s largest populations 

of loggerhead sea turtles Caretta caretta 

 

 

 

 

ALan F. REES1, Salim AL-SAADY2, Annette C. BRODERICK1, Michael S. COYNE3, 

Nancy PAPATHANASOPOULOU4 and Brendan J. GODLEY1 

 

 

Published in Marine Ecology Progress Series (2010) Volume 418: 201-212 

 

 

 
1 Marine Turtle Research Group, Centre for Ecology and Conservation, University of 

Exeter, Cornwall Campus, Penryn TR10 9EZ, UK 
2 Ministry of Environment and Climate Affairs, Muscat, Sultanate of Oman 

3 SEATURTLE.org, 1 Southampton Place, Durham, North Carolina 27705, USA 
4PO Box 214383, Dubai, UAE 

  



 20 

Abstract 

 

To aid management and conservation of widely distributed marine vertebrate species, 

it is necessary to have a knowledge and understanding of their spatial ecology. We 

tracked 10 adult female loggerhead turtles Caretta caretta from Masirah Island, 

Sultanate of Oman, which hosts one of the world’s largest breeding aggregations. 

Transmitters were specifically deployed early in the nesting season to enable tracking 

throughout the internesting and post-nesting habitats. Turtles displayed a dichotomy in 

behaviour during the internesting period, with 6 remaining close to Masirah Island and 

the others undertaking circuitous oceanic loops, hundreds of kilometres in length. This 

behaviour did not appear to be related to body size. Tracking-derived minimum clutch 

frequency was on average (± SD) 4.8 ± 1.2 nests (n = 8 ind.). Post-nesting migrations 

revealed a propensity towards long-term utilisation of oceanic habitats in the region 

between Socotra Island (Yemen) and the mainland of Yemen/Oman, with 76 ± 15.4% 

of time spent in oceanic habitat (n = 8 ind.). The spatial footprint of our tracked turtles 

was found to be far less than that of a similar number of turtles that were tagged later in 

the same season (from a separate unpublished study) and from long-distance returns 

of flipper tags. The spatial and temporal sub-structuring of the population highlights the 

need for more comprehensive tracking projects, with deployments across the breeding 

season in multiple years, in order to obtain reliable estimations of high-use foraging 

habitats of widely dispersed marine vertebrates. Variation in behaviour patterns 

suggests the need for diverse conservation measures. 
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Introduction 

 

Many megavertebrate taxa utilise large expanses of the marine environment, with 

differential spatial use according to life stage (e.g. tuna: Dickhut et al. 2009; 

albatrosses: Croxall et al. 2005; penguins: Jouventin et al. 1994; seals: Field et al. 

2005, 2007; whales: Zerbini et al. 2006). The range of marine turtles may encompass 

entire ocean basins as foraging and development habitats (Bolten et al. 1998, Hays et 

al. 2004). This places them in contact with a wide range of spatially explicit threats 

such as incidental capture in marine fisheries in oceanic (Ferraroli et al. 2004, Lewison 

et al. 2004, Carranza et al. 2006) and coastal waters (James et al. 2005a, Peckham et 

al. 2008). This mandates the generation of a more effective understanding of their 

spatial ecology. 

Flipper tagging has provided many important insights on migratory capabilities of 

marine turtles and point-to-point identification of long-distance movements and/or long-

term residency to specific areas (Hendrickson 1958, Balazs 1976, Carr et al. 1978, 

Meylan 1995, Limpus & Limpus 2001). However, the adoption of satellite telemetry in 

recent decades has revealed a wealth of hitherto unobtainable insights (Godley et al. 

2008). Researchers are now able to accurately and remotely track individual turtles 

over many hundreds of kilometres for many months and in some cases multiple years 

(Broderick et al. 2007). Although sample sizes are often constrained, findings are 

almost instant and spatial information often surpasses that resulting from flipper 

tagging of hundreds or thousands of turtles over a number of years (e.g. Godley et al. 

2003a, Troëng et al. 2005a, and compare Margaritoulis et al. 2003 with Zbinden et al. 

2008). Movement data have facilitated the questioning of existing management 

methods (Zbinden et al. 2007, Witt et al. 2008, Schofield et al. 2009) and suggestion of 

new ones (Shaver & Rubio 2008, Shillinger et al. 2008). 

Of the sea turtles, the loggerhead turtle Caretta caretta is the species for which the 

spatial ecology has been best elaborated. For example, neonate turtles from the NW 

Atlantic rookeries spend their first years in the open oceanic realm (Witherington 2002), 

moving within the North Atlantic Gyre (Bolten et al. 1998, Bolten 2003) before returning 

to the neritic coastal zone to complete their maturation (Bolten 2003, Schroeder et al. 

2003). Once adult, the turtles undertake regular migrations between nesting grounds 

and foraging areas, which may or may not involve oceanic periods (Plotkin & Spotila 

2002, Hawkes et al. 2007). Evidence is accumulating that this life-history pattern is not 

so rigidly adhered to, in that ontogenetic shifts between oceanic and neritic 

developmental habitats may be reversible (Kamezaki & Matsui 1997, Bolten 2003, 

McClellan & Read 2007, McClellan et al. 2010) and that variation exists in behaviour 

during both internesting and intranesting periods (Blumenthal et al. 2006, Hawkes et al. 
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2006, see also Seminoff et al. 2008 and Hatase et al. 2006 for green turtles Chelonia 

mydas). 

The loggerhead population at Masirah Island, off the coast of the Sultanate of Oman, 

was first researched in the 1970s and was determined to be one of the largest nesting 

aggregations in the world, comprising several tens of thousands of individual turtles 

nesting annually (Ross & Barwani 1982). In the ensuing decades, flipper tagging has 

been undertaken to some extent and nesting beach surveys generated a more recent 

update on the population at 20,000 to 40,000 turtles nesting annually (Baldwin et al. 

2003). However, certain key facts relevant for conservation management— internesting 

habitat, reproductive output and details of post nesting migrations — are lacking. 

In the present study we sought to gain insights into the spatial ecology of this 

population by equipping nesting turtles with satellite transmitters. We deliberately 

deployed the satellite transmitters near the beginning of the breeding season to 

facilitate insights into movements during their breeding season and post-nesting 

migration. 

 

 

Materials and Methods 

 

Adult female turtles (turtles A to J; see Table 1) were located on the nesting beaches of 

Masirah Island (20.62° N 58.91° E, n = 8; 20.49° N 58.94° E, n = 2; Fig. 1). After 

completion of nesting and egg covering, turtles were equipped with Kiwisat 101 

platform transmitter terminal (PTT) satellite tags (Sirtrack). All deployments were 

undertaken between 11 and 16 May 2006, which was early in the nesting season, 

shown in Ross & Barwani (1982) as starting in April. 

The precise level of nesting occurring prior to tag deployment was not available for the 

current season. Previous data (Ross 1979) suggest that approximately 26% of the 

study individuals would have nested once prior to instrumentation; therefore the clutch- 

frequency estimations derived for our study animals should be considered minima. No 

animals bore tags from a previous nesting season. Curved carapace length (CCL, 

measured from the nuchal notch to the tip of the longest marginal scute; i.e. CCLn-t 

from Bolten 1999) was recorded prior to transmitter deployment. Transmitters were 

programmed to be continuously on, with salt water switches used to inhibit signals 

during submergence, and were attached using 2-part epoxy resin (Foilfast, SFS 

Stadler; see Godley et al. 2002 for attachment methodology). Tags and epoxy were 

also coated with antifouling paint to minimise epibiont encrustation. The turtles were 

additionally flipper-tagged to facilitate re-identification following possible loss of the 

transmitter. 
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Telemetry data were generated utilising the Argos data collection system (CLS 2007) 

that were subsequently retrieved, managed and manipulated through the Satellite 

Tracking and Analysis Tool (STAT; details of this system are reported in Coyne & 

Godley 2005). 

Locations that were used for assessing movements were taken from Argos Location 

Classes 3, 2, 1, A and B (shown to be the most accurate locations; Witt et al. 2010a) 

and filtered to remove locations which required unlikely swimming speeds (5 km h-1; 

see Luschi et al. 1998), turning behaviour (<25° turn angle) or were inland (1 m above 

sea level). Locations were then interpolated to provide a single location per 24 h 

period. No interpolation was undertaken for days where no locations were received. 

To facilitate comparison, data for nesting activity assessment were filtered as per 

Tucker (2010) and nesting was inferred from evaluating 6 of the 8 criteria used by that 

author; namely (1) distance criterion from a nearest coastline of 1 km, (2) temporal 

criterion of emergences coinciding within the expected internesting intervals for 

loggerheads, (3) behavioural criterion for the turtle movements directed onshore for 

nesting followed by an immediate offshore departure, (4) depth criterion for bathymetry 

locations associated with depths of -0.5 to 0.5 m indicating time ashore, (5) location 

quality criterion for an improvement in multiple Argos Location Classes 2 or 3 within a 

short time span, and (6) signal frequency criterion for evidence of an increased surface 

interval in the PTT data. Logistical limitations meant that the final 2 criteria of Tucker 

(2010), ground truthing and genetic verification, were not possible. 

Using the above criteria we were unable to distinguish, with any certainty, non-nesting 

from nesting emergences. Consequently, internesting periods determined here equate 

to ‘egg-laying to egg-laying’. These may be several days longer than the ‘egg- laying to 

next emergence’ period, defined by Limpus (1985) and shown to have a temperature-

dependent relationship (Hays et al. 2002a), for turtles that required attempts over 

several nights to successfully deposit a clutch. 

Two distinct behaviours were identified with regards to movements and habitat use 

during the internesting period: sedentary or wide-ranging. We defined as wide-ranging 

those turtles whose maximum displacement was >50 km from their initial nesting site 

during the internesting period. Those not displaying this behaviour were termed 

sedentary. 
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Results 

 

Internesting movements 

Overall transmitter performance compared well with other studies of conspecifics. 

Mean ± SD duration of tracking, from release to last transmission, was 266 ± 153 d 

(range: 84 to 665 d). Transmitter duration was sufficient to encompass part of each 

animal’s nesting period and at least provide indications as to patterns of post-nesting 

dispersal and foraging habitats of all individuals. Transmitters on 2 turtles (turtles B and 

C) temporarily ceased to function during their internesting periods but resumed 

functionality (after 47 and 70 d respectively) when the turtles were distant from Masirah 

Island and did not return. These turtles are excluded from analysis of clutch-frequency 

values. A further transmitter (turtle I) temporarily ceased to function after 398 d and 

resumed transmissions after 112 d for an additional 154 d. 

Six of the 10 turtles (turtles A to E and J) were classed as sedentary for their entire 

internesting periods. They remained in shallow water, averaging <10 m deep, with 

maximum displacement from point of deployment ranging from 9.1 to 42.3 km (Table 1, 

Fig. 2). 

The remaining 4 turtles (turtles F, G, H and I) were classed as wide-ranging, 

undertaking circuitous movements away from the island to the northeast, following local 

sea currents, roughly parallel to the coastline of the Omani mainland to maximal 

displacement of 61 to 317 km (Table 1, Fig. 2). All but 1 of these wide- ranging turtles 

spent all of their time in waters averaging 29 to 51 m deep (Table 1) in which it might 

be possible to feed benthically (Hawkes et al. 2006, Hatase et al. 2007). However, the 

most wide-ranging of the turtles ranged into waters >3 km deep, averaging >1200 m in 

depth. Turtles F and G switched to sedentary behaviour for a single internesting period 

after the 5th and 3rd clutches, respectively. All turtles remained in the territorial waters 

of Oman during the internesting period. 

 

Estimating internesting interval and clutch frequency 

Time-depth recorder studies have shown that sea turtles become more active in the 

few days before a subsequent nesting event (e.g. Houghton et al. 2002). Increased 

surface time during this period raises the likelihood of the orbiting Argos satellites 

receiving uplinks from the transmitters. Coupling this with possible multi-night nesting 

activity made precise identification of individual nesting events difficult. However, close 

examination of the data enabled us to determine individual periods of nesting activity 

with some confidence (Fig. S1) and calculate a mean (±SD) time between nesting 

(internesting interval) of 16.4 ± 1.7d (range: 13 to 20 d, n = 36 from all 10 ind.), which is 

in accordance with conspecifics elsewhere (Miller 1997). 
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Mean (± SD) minimum clutch frequency for the 8 animals for which we have complete 

tracking records was 4.8 ± 1.2 nests (range: 3 to 6 nests; Table 1). Mean (±SD) CCL 

for the sampled turtles was 101.0 ± 5.0 cm (range: 94.5 to 108.5 cm, n = 10; Table 1). 

There was no difference in carapace size between wide-ranging and sedentary 

individuals (Mann-Whitney U = 11, p = 0.91; Table 1) and no significant difference was 

found between the internesting behavioural groups in relation to minimum clutch 

frequency (Mann-Whitney U = 4, p = 0.35). No significant correlation was found 

between carapace length and clutch frequency (Spearman’s rS = -0.40 , n = 8, p = 

0.33). 

 

Post-nesting migrations 

Post-nesting migrations of the 8 turtles which were tracked to a foraging area for 89 to 

197 d spanned the whole Indian Ocean coast of Oman, the easterly waters of Yemen 

and the oceanic area north of Socotra Island (Yemen). There was, however, variation 

in the patterns of movement shown. 

Individual animals displayed combinations of behavioural modes described by Godley 

et al. (2008). Eight turtles (turtles B to E and G to J) combined migration to neritic 

foraging areas (type A1 behaviour) with extended periods in oceanic waters (type B 

behaviour). One turtle initially remained near Masirah before migrating southwards, but 

the transmissions ceased before final foraging habitat was determined (turtle F). 

Transmission for the final turtle (turtle A) ceased early into its southward migration; 

hence all turtle tracks ended south of Masirah, with 6 turtles entering territorial waters 

of Yemen, undertaking large-scale oceanic loops north of Socotra Island. However, 

turtles D and H initially migrated north, circling the oceanic waters off Ras Al Hadd 

(Oman) (Table 1, Fig. 3). Further descriptions and figures of individual turtle routes can 

be found in Fig. S2. 

High-use areas defined by residence time and number of turtles occupying the location 

clearly show 2 hotspots. The first was focused along the wide continental shelf of 

Oman, between 17.5 and 21.5°N, and the second was an extensive oceanic area north 

of Socotra Island (Fig. 4) spanning the waters of Oman and Yemen, with the latter area 

showing a denser utilisation. 

Omitting turtles A and F, for which final destinations were not determined, we found 

that there was no significant relationship (Mann-Whitney U = 21, p = 0.77) between 

internesting behaviour and maximum displacement from nesting area, and a positive 

but non- significant (Spearman’s rS = 0.70, n = 8, p = 0.056) relationship between turtle 

size and proportion of time spent in waters >200 m deep, with a suggestion that the 

largest turtles are resident in oceanic waters for a greater proportion of time. 
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The longest tracking duration (turtle I) exceeded 22 months and in this period the turtle 

demonstrated several important life-history traits including remigration with a 1 yr. 

remigration interval. The turtle initially migrated to the region north of Socotra Island, 

displaying both type A1 and B behaviours (P1 in Table 1) until it migrated towards 

Masirah Island, reaching there in mid-May the following year. She remained close to 

the island for almost a month, when she appears to have nested twice, before 

transmissions ceased. After 112 d without signals, transmitter activity resumed, 

showing the turtle to have returned to the north of Socotra Island, undertaking large-

scale looping movements in the area once more, almost exclusively in oceanic waters 

(P2 in Table 1). 

 

 

Discussion 

 

Depending on species, marine turtles display highly variable levels of ontogenetic shift 

in habitat selection. Juveniles of most species live in oceanic conditions (Bjorndal 

1997) and the leatherback turtle Dermochelys coriacea shows least shift, with adults 

remaining in oceanic waters to feed mainly on gelatinous plankton (Hays et al. 2004). 

Some hard-shelled species (e.g. hawksbill turtles Eretmochelys imbricata and green 

turtles Chelonia mydas) generally change to become inhabitants of shallow, coastal 

environments and feed on benthos as adults (Bjorndal 1997). The olive ridley turtle 

Lepidochelys olivacea is a generalist exhibiting a somewhat intermediary behaviour — 

with adults capable of foraging benthically in relatively deep neritic water (McMahon et 

al. 2007) — but is shown to also inhabit shallow coastal and the open oceanic 

environment (Polovina et al. 2004, Whiting et al. 2007). 

Although there are exceptions (McClellan & Read 2007, McClellan et al. 2010), juvenile 

loggerhead turtles undergo an ontogenetic shift in habitat use as they mature and 

grow, moving from oceanic to neritic waters. This is thought to be explained by higher 

growth rates prevalent in neritic conditions (Bolten 2003) due to increased availability of 

food (Snover 2008). Thus, post-nesting migrations normally terminate at neritic 

foraging habitats (Papi et al. 1997, Godley et al. 2003b, Schroeder et al. 2003, Hawkes 

et al. 2007, Zbinden et al. 2008). Recently, a dichotomy in behaviour for adult female 

loggerheads has been identified during post-breeding migrations and residencies from 

Cape Verde, West Africa (Hawkes et al. 2006) and Japan (Hatase et al. 2002, 2007). In 

both cases smaller turtles used oceanic habitats with the more usual neritic habitats 

only used by larger individuals. 

In contrast, most of the turtles in the present study extensively used pelagic habitats in 

addition to coastal neritic ones during the post-nesting phase, with the largest 
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individuals mostly utilising the oceanic realm. We suggest that a polymodal foraging 

strategy for individuals is widespread in this population; this was recently suggested at 

population level for loggerheads breeding in southeastern USA (Reich et al. 2010). 

Additionally it should be noted that sizes of all turtles in the present study were 

equivalent to the larger neritic dwelling individuals from Cape Verde (Hawkes et al. 

2006). We suggest that oceanic foraging may be equally if not more beneficial in 

energetic terms as neritic foraging in the Arabian Sea region. The lack of strong size 

differentiation between neritic and oceanic-dwelling individuals has also been shown in 

green turtles (Hatase et al. 2006, Seminoff et al. 2008). 

The spatial footprint of the turtles tagged in the present study ranged from northeast 

Oman to the entrance to the Gulf of Aden, with maximum migratory distances from the 

nesting region ranging from approximately 400 to 1400 km. Turtles tagged and tracked 

at Masirah Island later in the same season as part of a separate study also utilised the 

core foraging area, above Socotra Island, but half the individuals either progressed 

further southwest into the Gulf of Aden or north and west into the Arabian Gulf (Fig. 1, 

B. E. Witherington & E. Possardt pers. comm.). Limpus (1985) found that loggerheads 

from different foraging areas in Australia begin migrations to a single nesting area at 

different times. Therefore there may be intraseasonal temporal sub-structuring of the 

population, leading the cohorts to experience diverse threats, separated both spatially 

and temporally. 

Furthermore, long-distance recoveries of loggerhead turtles tagged on Masirah Island 

have been reported by Baldwin et al. (2003) (see Fig. 1). They indicate that turtles 

travelled south and west to the Gulf of Aden, north and northwest to the Gulf of Oman 

and the Arabian Gulf and additionally to the northeast to Pakistan or the Gulf of Kutch. 

Our present study and the other telemetry results broadly concur with this distribution. 

However, both satellite-tracking studies lack turtles that migrated across the Arabian 

Sea to the Indian subcontinent. The significance of this omission needs be determined. 

It may be that dispersal to this region is rare or it is only demonstrated by mid-season 

turtles or those from a different year-cohort not yet tracked. 

Some seminal sea-turtle satellite-tracking studies (e.g. Hays et al. 1991) noted the 

utility of satellite tracking for deriving clutch-frequency estimations. However, as the 

technique became more widespread, a shift in emphasis on examining post-nesting 

migrations occurred (e.g. Luschi et al. 1998, Godley et al. 2002, Hays et al. 2002b). 

Many studies then focused on end-of-season deployment to avoid dangers to the 

transmitter in the internesting environment (e.g. cleaning behaviour in Schofield et al. 

2006). Their findings may present a biased representation of the true spread of post-

nesting movements for the population as a whole, as suggested here. This bias may be 

exacerbated with results obtained from a single nesting season, strongly suggesting 
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that to obtain a full representation of a population, both intra-seasonal temporal spread 

and multi-annual telemetry need to be undertaken, as demonstrated by Whiting et al. 

(2007) and indicated by Shillinger et al. (2010). This flags the necessity for existing 

studies of marine turtles and other megafauna to be revisited to determine if suitable 

spread of sampling has been achieved to substantiate the inferences made. 

The results of the present study also identify plasticity in behaviour during the breeding 

season. No link between body size and behaviour was established and some 

individuals carried out coastal sedentary and wider-ranging movements involving 

oceanic looping. This is the third population of loggerheads, in addition to those of 

Japan (Sakamoto et al. 1990) and the Cayman Islands (Blumenthal et al. 2006), in 

which individuals demonstrate oceanic habitat utilisation during internesting periods, 

contrasting with other populations (e.g. Greece: Zbinden et al. 2007; Cyprus: Fuller et 

al. 2008; USA: Stoneburner 1982, Plotkin & Spotila 2002; Australia: Tucker et al. 1996) 

and further highlights the highly plastic behaviour of this species. We would note, 

however, that in a recent study of 12 loggerhead turtles in the USA (Hawkes et al. 

2007), one female spent at least some time in oceanic habitats before returning to 

neritic habitats. Thus, as our knowledge base expands it is likely that we will discover 

that multiple behavioural strategies are employed in other populations previously 

thought to conform to the typical model. 

Female loggerhead turtles typically have 2.5 to 3 yr remigration intervals between 

breeding years (Schroeder et al. 2003); however, evidence is accumulating for the 

common occurrence of single-year remigrations from flipper-tag returns (Broderick et 

al. 2001, Schroeder et al. 2003) and using satellite tracking (Cape Verde: B. J. Godley 

et al. unpubl.; Cayman Islands: Blumenthal et al. 2006). We confirm, as previously 

reported (Ross 1979), that single-year remigrations occur within the Masirah population 

at an unquantified level, which has implications for population modelling requiring 

accurate fertility and migration rates to produce meaningful population estimates (Hays 

2000, Heppell et al. 2003a). 

High levels of fidelity to nesting beaches, as displayed by turtle I, are well documented 

and established (see Schroeder et al. 2003); however, over-wintering-site fidelity is less 

well published. Broderick et al. (2007) showed that both loggerhead and green turtles 

from northern Cyprus returned to the same overwintering areas after successive 

breeding years. Limpus & Limpus (2003) had previously suggested that, for loggerhead 

turtles, the adults forage in the same areas as they grew to maturity. The propensity for 

foraging-site fidelity, albeit in this case a large and mainly oceanic area, is corroborated 

through the movements of turtle I in the present study. If this oceanic region is also the 

developmental habitat for the nesting population of Masirah then we can expect the at-

sea population in the area to number tens of thousands. In identifying and describing 
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the key foraging habitat for this globally significant population, we have contributed to 

one of the global research priorities for marine turtles (Hamann et al. 2010). 

Accurate estimation of clutch frequency with appropriate error statistics is very 

important for estimating population size (Schroeder et al. 2003). Satellite tracking has 

recently been shown to provide accurate clutch-frequency counts for loggerheads in 

Florida (Tucker 2010), with a higher-than-previously estimated clutch frequency 

generated. Interpretation of tracking data was simpler for that study site, along a barrier 

island, in comparison with locations based around the head of a peninsula on an 

offshore island such as Masirah. However, technological advances in satellite tracking 

and data relay through the Argos system could still further improve assessments of 

clutch frequency. Advances include the use of haulout times, demonstrated for 

leatherback turtles (Georges et al. 2007) and olive ridley turtles (Hamel et al. 2008), 

and GPS positioning, which is more accurate than the standard Argos system (Witt et 

al. 2010a). It has been shown that a loggerhead population of small individuals 

becomes resource-limited after 4 clutches in a single season (Broderick et al. 2003), 

whereas larger turtles may deposit more (Tucker 2010; the present study). Despite this, 

the current clutch-frequency estimate (mean minimum: 4.8 nests) is higher than that 

used in previous populationestimate calculations and hence would significantly reduce 

estimates that incorporate this datum (e.g. Baldwin et al. 2003). It is clear that although 

the loggerhead population at Masirah Island is undoubtedly one of the world’s largest, 

more up-to-date and extensive data are required to produce a current population 

estimate and systematic annual surveying is necessary to identify any possible trend in 

population size. 

The present study indicates that individual, early- nesting turtles remain in the Masirah 

region for nesting for a conservative average of 63 d (range: 32 to 85 d), with some 

turtles remaining for a period after their nesting season. This does not include the pre- 

nesting period during which the turtles congregate near the nesting beach (Miller 

1997). If we assume this length of residency also applies to later-nesting turtles 

(nesting occurs April through September; Ross & Barwani 1982), we can infer that the 

Omani seas around Masirah and further north will be densely populated by 

reproductively active females and males for 6 full months of every year. This intensive 

habitat use should be a stimulus for at-sea studies and conservation measures to be 

adopted by the authorities. Additionally, Masirah hosts nesting populations of 3 other 

sea-turtle species whose nesting seasons fall outside that of the loggerhead’s (olive 

ridley turtles and hawksbill turtles: Ross & Barwani 1982, Rees & Baker 2006; green 

turtles: Ross & Barwani 1982) from which we can infer that the seas around Masirah 

are of year-round importance for adult marine turtles. 
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In Oman, loggerhead turtles are reportedly not targeted for capture by fishermen to the 

same extent as green turtles (Baldwin & Al-Kiyumi 1999) and therefore directed take 

may not significantly impact on the population. However, with high-use locations 

covering large-scale oceanic habitats both for the inter- and intra-nesting period, the 

population is susceptible to the negative impacts of incidental capture in fisheries 

targeting other species. Trawling activities in Oman have been shown to negatively 

affect turtle populations, with an estimated mortality rate of 50% for incidentally caught 

specimens (Hare 1991). Lewison & Crowder (2007) suggest that fisheries possibly 

have a large, albeit largely unquantified impact on loggerhead turtle populations. 

A loosely coastal migratory corridor heading southwest from Masirah has been 

determined together with extensive foraging habitats, both neritic and oceanic, between 

Socotra Island and the mainland. The predictability of large numbers of loggerhead 

turtles in the region supports further investigations on the impacts of fishing on the 

population and highlights the need for joint conservation initiatives between the 

Sultanate of Oman and the Republic of Yemen. Such actions could protect upwards of 

50% of the adult population based on the current findings. 

We now have an idea as to the spatial extent of adult females from this rookery, but do 

not yet have any indication as to the key areas for males. It appears that in multiple 

species, including loggerhead turtles, males generally display migration patterns 

broadly similar to those observed in adult female conspecifics (Plotkin et al. 1996, 

Sakamoto et al. 1997, Hays et al. 2001b, James et al. 2005a,b,c, Shaver et al. 2005). 

However, for hawksbill turtles, male patterns have been shown to be different to those 

of adult females from the same population (Van Dam et al. 2008). 

Our findings covering plasticity of behaviour during the breeding season and temporal 

differences in dispersal from the nesting area for this globally significant population of 

loggerhead turtles have implications on conservation policy and management at a 

national and international level. We have suggested areas that should be the focus for 

further study, possibly to allow establishment of protected areas or other mitigation 

strategies (Grantham et al. 2008, Howell et al. 2008). In turn these measures need to 

be assessed in the context of other regional biodiversity, which includes populations of 

other marine turtle species. Furthermore, the spatial and temporal sub-structuring of 

the population highlights the need for more comprehensive tracking projects, with 

deployments across the breeding season in multiple years, in order to obtain reliable 

estimations for high-use foraging habitats of widely dispersed marine vertebrates. 
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Table 1. Caretta caretta. Details of each female’s size, behaviour and habitat utilisation 

during internesting and post-breeding periods. CCL: curved carapace length. CF: 

clutch frequency. Water depth: average depth of water inhabited during internesting 

period; it includes positive values, as the daily-interpolated locations were obtained 

from turtles in near-shore habitat around a peninsula. Av. displ.: average displacement 

from initial tagging location. Values are means ±SD, ranges in parentheses. Data- 

days: number of days with data from total number of days during the period 

(percentage in parentheses). Oceanic days: number of data-days spent in water depths 

>200 m from data-days (percentage in parentheses). Post-nesting data include 

migration and foraging periods. Max. displ.: maximum displacement from initial nesting 

location. Values for countries are the number of data-days the turtle spent within the 

country’s territory (percentage in parentheses). Turtle I remigrated to Masirah to nest 

after a single year, hence the data are divided into first (P1) and second (P2) post-

nesting periods 
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    I n t e r n e s t i n g P o s t - n e s t i n g 

Turtle CCL 
(cm) 

CF 
(nests) 

Water  
depth (m) 

Av. displ. 
 (km) 

Data- 
days 

Oceanic 
days 

Max. displ. 
(km) 

Data- 
days Iran Pakistan Oman Yemen Somalia Int’nal 

Aa 105.5 5 2±4  
(8 - 26) 

8.4±3.4 
(1.7-21.7) 

53/62 
(85) 9/20 (45) 496 20/22  

(91)   20 (100)     

Bb 98.0 ≥5 1±3  
(+15 - 9) 

8.5±3.8 
(1.1-15.4) 

67/76  
(88) 64/89 (72) 959 89/89  

(100)   10 (11.2) 79 (88.8)    

Cc 108.5 ≥3 1±2  
(+6 - 6) 

4.4±2.0 
(0.5-9.1) 

21/44 
(48) 168/185 (91) 1427 185/200  

(93)   26 (14) 149 (81) 10 (5)   

D 97.0 6 2±6  
(18 - 21) 

9.1±4.6 
(0.2-18.9) 

33/78 
(42) 109/169 (64) 431 169/172  

(98) 1 (0) 3 (2) 165 (98)     

E 102.0 4 2±3  
(1 - 9) 

7.4±4.0 
(0.6-14.6) 

17/47  
(36) 101/121 (83) 1033 121/171  

(71)   72 (60) 49 (40)    

Fa 101.0 6 41±139  
(0 - 1238) 

29.5±29.9 
(1.4-139.9) 

81/85 
(95 23/90 (26) 340 90/99  

(91)   90 (100)     

G 94.5 4 51±147  
(2 - 945) 

20.9±28.7 
(1.1-122.5) 

47/58 
(81) 77/152 (51) 533 152/223  

(68)   152 (100)     

H 108.0 3 1217±1303  
(8 - 3184) 

121.3±96.4 
(0.8-317.0) 

32/32 
(100) 184/197 (93) 1097 197/197  

(100)  5 (3) 91 (46) 94 (48)  7 (4) 

Id 99.0 4 29±40  
(15 - 243) 

21.9±15.8 
(2.5-61.7) 

58/58 
(100) 

P1: 148/232 (64) 
P2: 137/154 (89) 

 P1: 1182 
P2: 1324 

P1: 232/272 
(85) 

P2: 154/154 
(100) 

  
 P1: 116 

(50) 
P1: 116 (50) 
P2: 137 (89) 

P2: 17 
(11)   

J 96.0 6 10±59  
(10 - 384) 

12.0±7.7 
(0.4-42.3) 

42/85 
(49) 116/130 (89) 1000 130/138  

(94)     41 (32) 89 (68)     

 

aTransmitter ceased functioning before final foraging location was identified. bTransmitter temporarily ceased functioning on 27 July 2006, thus 
possibly missing a 6th nest, restarted when turtle was far from the island on 12 September. cTransmitter temporarily ceased functioning on 27 June 
2006, thus missing possible subsequent nests until the transmitter resumed functioning far away from the island on 5 September 2006. dTurtle moved 
away from the island and returned again, finally departing on 12 August; however, timing and locations do not indicate the turtle renested after 12 
July.
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Figure 1. Study region for Caretta caretta. Star indicates tagged turtle origin (Masirah 

Island). Filled turtle icons indicate the end locations of turtles tracked in the present 

study (tags deployed May 2006). Outline turtle icons indicate final locations of a further 

10 transmitters placed on post nesting loggerheads at Masirah, August 2006 (B. E. 

Witherington & E. Possardt pers. comm.). Circles indicate the locations of long-

distance tag recoveries published prior to the present study; no indication of numbers 

given (Baldwin et al. 2003) 
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Figure 2. Caretta caretta. Internesting period habitat ranges for 10 loggerhead turtles 

equipped with satellite transmitters early in the 2006 nesting season on Masirah Island. 

(a) Raster showing number of turtles that had passed through each location during the 

internesting period. Raster shows 5 km grid cells. (b) Example track for ‘sedentary’ 

internesting behaviour (turtle A) The track is erroneously shown crossing the northern 

tip of Masirah Island, this is due to the track linking consecutive locations located on 

either side of the peninsular with intermediary locations not received. (c) The most 

wide-ranging track (turtle H). Each map shows the 100 m isobath. Locations were 

a 

b c 
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determined using the filtering regime given in ‘Materials and methods’, except that a 1 

h interpolation interval was used. 
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Figure 3. Caretta caretta. Examples of data acquired during the internesting period for 

sedentary turtle A (left) and wide-ranging turtle H (right). Fidelity to nesting location is 

shown by water depth and displacement at near-zero. Data cycles are synchronised at 

approx. 2-week intervals. The increased activity and on-land time during nesting is 

generally represented in peaks in daily number of uplinks received by the Argos 

satellite system shown in the lower graphs. Arrows indicate inferred nesting activity. 

Depth and displacement are shown with values of -50 or 50 where these values were 

exceeded. Each tick on x-axes represents 1 day. Similar charts for all turtles are 

presented in Fig. S1 
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Figure 4. Caretta caretta. Post-nesting spatial 

utilisation of the 10 turtles tracked. (a) 

Movements of 2 turtles (D and G) which, despite 

lengthy tracking (> 250 d), did not migrate into 

Yemeni waters. (b) The other 6 turtles (B, C, 

E, H, I and J) for which extensive post-nesting 

movements were obtained. (c) Total number 

of turtles having passed through a location. 

(d) Sum of number of days turtles were in 

each location. See Fig. 1 for additional 

geographic locations. Rasters show 25 km 

grid cells and locations were determined 

using the filtering regime given in ‘Materials 

and methods’, except that a 6 h interpolation 

interval was used. See Fig. S2 for post-

nesting tracks of individual turtles. 
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Figure S1. Female nesting activity and nest site fidelity for the ten study turtles. High-fidelity nesting is represented by displacement (km) and depth 

(m) concurrently = 0 at approximately two-weekly intervals after tag deployment (initial nesting). Additionally the daily number of uplinks received by 

Argos satellites is plotted and generally shows peaks around the deduced time of nesting. This is expected as the animal is more active and for some 

period on land at this time. Turtle A provides the best example of site fidelity and corresponding high number of Argos uplinks at nesting with 5 

discernible nesting events taking place before departure from the nesting area. These results were used together with absolute location to determine 

the nesting activity of each individual. 
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Figure S3. Descriptions and maps of post-nesting behaviour of individual turtles. For 

geographical locations see Fig. 1. 

Turtle A was tracked for 22 days after completion of its breeding season. This turtle 

migrated southwards but the track ceased before any foraging area could be identified. 

A second turtle (F) spent the next 88 days within 100 km of the nesting area, after it 

had finished nesting, before departing to the south. Tracking of this southerly migration 

lasted 11 days and no final foraging area was determined. Both the above tracks 

ceased abruptly in the area of the Al Halaniat Islands (Oman).  

Two turtles remained wholly within the waters of Oman. Turtle D first migrated north, 

where it spent one-month undertaking extensive oceanic loops in waters over 3000 m 

deep off the coast at Ras al Hadd. Subsequently it moved to shallow (mean 172 m 

deep) coastal waters 160 km north of Masirah for a further month. After one final loop, 

taking it to the territorial waters of Pakistan, it headed south, passing Masirah en route. 

It spent a final 59 days foraging in waters averaging 1500 m deep 275 km south of 

Masirah before transmissions ceased. Turtle G, migrated south after a month, which 

included a brief loop to the north. Maximum southerly displacement (530 km) coincided 

with a period in deep waters (>1000 m depth). The final four months of tracking were 

spent in shallow water (mean 170 m deep) averaging 314 km from the nesting area.  

A total of 6 turtles (B, C, E, H, I, J) migrated south of Masirah to the area north of 

Socotra Island (Yemen) at the junction of the Arabian Sea and the Gulf of Aden. One 

(H) initially moved north spending one month looping in waters averaging over 2000m 

deep east off Ras al Hadd before moving nearer to shore for a week. Subsequently the 

turtle moved once more into oceanic waters and commenced its migration south to the 

large-scale habitat north of Socotra Island. Turtle I migrated north after her fourth nest, 

coming close to shore near the green turtle nesting area at Ras Al Hadd. She then 

returned to Masirah for a short period before continuing her southward migration to the 

same region as the others. Timing of the movements indicates it was unlikely that she 

nested again after her initial departure. The six turtles spent a significant portion of time 

(64-93%) circling between the island and the mainland in deep water. One of these 

turtles (C) temporarily entered the eastern part of the Gulf of Aden but soon returned to 

the region north of Socotra Island. 
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Abstract 

 

We followed the movements of 9 adult female olive ridley turtles Lepidochelys olivacea 

after nesting on Masirah Island, Oman, using satellite tracking. Their post-breeding 

migrations ranged from 85 to 796 km. Three individuals travelled north to foraging 

grounds in Pakistan, Iran and the United Arab Emirates. The other 6 turtles remained in 

Omani seas for extended periods (mean ± SD = 171.3 ± 109.4 d; range = 40 to 310 d). 

These locally resident turtles experienced biannual cooling of sea temperatures due to 

the effect of the west Arabian Sea upwelling which was not experienced by those that 

migrated to the north. Indications of disparity in turtle size between foraging locations 

are identified for the first time in this species. The majority of turtles (8) settled in 

coastal areas of water depth <100 m. Two locally resident turtles remained in very 

shallow water (<40 m depth) where they were capable of extended dive durations 

(>100 min) in water warmer than 21°C, which is a feature unique to olive ridleys 

amongst sea turtles. They displayed a shift to shorter diving after breeding, indicating 

increased activity levels. The entire spatial footprint of olive ridley dispersal remained 

within a putative regional management unit (RMU) for this species in the western 

Indian Ocean, supporting its delineation. We reveal Oman’s key role in conserving this 

demographic unit, with 6 turtles remaining within its national boundary. Our data add to 

the growing body of evidence that marine turtles show varied migration behaviours 

within populations, thus complicating their management. 
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Introduction 

 

In order to effectively manage migratory vertebrates, it is necessary to gain insights into 

their spatial ecology (e.g. Baker et al. 1990, Tuck et al. 2001, Wilcove & Wikelski 

2008). The recent advent of remote tracking technologies has greatly improved our 

ability to understand patterns of movement of marine vertebrates (Block et al. 2001, 

Wilson et al. 2008). For adult marine turtles, which are typically highly migratory, 

satellite tracking has become the method of choice to unlock the patterns of their 

movements (Godley et al. 2008). 

Post-breeding migration in hard-shelled marine turtles has been assigned to 4 main 

patterns (Godley et al. 2008). The first 3 categories involve directed movement to a 

fixed, generally neritic feeding area. Examples of these include migratory distances 

ranging from a few hundred to a few thousand kilometres (e.g. green turtles Chelonia 

mydas: Troëng et al. 2005, Seminoff et al. 2008; loggerhead turtles Caretta caretta: 

Girard et al. 2009, Zbinden et al. 2011; hawksbill turtles Eretmochelys imbricata: Van 

Dam et al. 2008). The final category, pelagic living, which is typical of the leatherback 

turtle Dermochelys coriacea (e.g. Hays et al. 2004, Luschi et al. 2006, Benson et al. 

2007a) has until recently also been thought to be the main life-history strategy of the 

olive ridley Lepidochelys olivacea (Plotkin 2003). 

Through satellite tracking, previously accepted life-history models for sea turtle species 

are being shown as oversimplifications, with considerable levels of behavioural 

plasticity becoming evident. As well as posing questions as to the ecological drivers of 

such variation, this also presents challenges for conservation management. 

Ontogenetic habitat shifts from oceanic to neritic habitats have been revealed as 

reversible for loggerhead turtles (McClellan & Read 2007), and some populations 

contain mixed foraging strategies, with a proportion of the adult females remaining 

oceanic foragers (Hatase et al. 2002, Hawkes et al. 2006, Rees et al. 2010a). Similar 

plasticity is also becoming evident in green turtle populations (Hatase et al. 2006, 

Seminoff et al. 2008). Multiple strategies during the internesting period, including 

oceanic looping away from the nesting beach, have also been shown for loggerheads 

(Blumenthal et al. 2006, Rees et al. 2010a), adding further complexity to time-

dependent spatial habitat use. 

The most numerous globally distributed marine turtle is the olive ridley (Pritchard 

1997). It has breeding populations in the western and eastern Pacific, Atlantic and 

Indian Oceans with several locations comprising >100 000 breeding females annually 

(Bernardo & Plotkin 2007). Satellite tracking of this species has begun to elucidate 

behavioural differences among populations. Adult females from the eastern Pacific 

disperse into the open ocean after breeding, as do reproductively active males (Plotkin 
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2010). Turtles in this area have been shown to remain in oceanic conditions (Beavers 

& Cassano 1996), capable of dives to greater than 400 m depth (Swimmer et al. 2002 

& 2006), with indications that they are not surface feeders (Polovina et al. 2004). 

Conversely, adult females from northern Australia largely remain in neritic waters, 

preferring coastal, continental shelf habitat (McMahon et al. 2007, Whiting et al. 2007), 

where they are benthic divers and foragers, although this is possible at depths to 100 

m or more (McMahon et al. 2007, Whiting et al. 2007). Adult females nesting in the 

east of India were shown to initially disperse into the oceanic waters of the Bay of 

Bengal, with the longest tracked turtle (115 d; n = 4) spending the majority of time in 

that habitat (Sasamal & Panigraphy 2006). Recent work in west Africa has shown that 

during the interesting period, olive ridleys have a preference for coastal neritic habitats 

but may subsequently venture into oceanic seas (Maxwell et al. 2011). 

The olive ridley nesting aggregation at Masirah Island, Oman, was first reported in the 

1970s and was indicated as unique to the Arabian region, with an estimated 150 turtles 

nesting annually (Ross & Barwani 1982). Unlike the globally important nesting 

loggerhead aggregation that occurs at Masirah, which has received persistent tagging 

and tracking efforts (Baldwin & Al Kiyumi 1999, Rees et al. 2010a), olive ridleys have 

been subject to very limited research (see Rees & Baker 2006), and post-breeding 

dispersal to long-term foraging areas has not yet been determined. 

Developing regional conservation management strategies for globally distributed 

protected species is most effective with correct identification of regional management 

units (RMUs). In these circumstances, protection can be afforded to subject species in 

a meaningful manner based on the geographical spread of the population. A recent 

global analysis of marine turtle populations (Wallace et al. 2010) characterised a total 

of 58 RMUs for the 7 marine turtle species and highlighted our lack of knowledge 

through defining only putative delineations for 16% of them. Against this backdrop, to 

expand our knowledge on global variation in olive ridley behaviour and investigate 

habitat use and dispersal patterns of the regionally important population breeding at 

Masirah Island, we tracked adult females that were encountered nesting there. 

 

Materials and Methods 

 

Argos system satellite tags were deployed on 9 nesting female olive ridley turtles (A−I) 

between 25 and 31 March 2008, during the peak nesting season for this population 

(Ross & Barwani 1982). The turtles were located at the eastern side of the southern tip 

of Masirah Island, Sultanate of Oman (20.20° N, 58.69° E; Fig. 1). Seven turtles (A, B, 

D−F, H, I) were equipped with location-only Kiwisat 101 tags (Sirtrack) and 2 (C, G) 

were equipped with pressure-sensing SPLASH tags (Wildlife Computers). Devices 
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were attached using Powerfast 2-part epoxy following established methods (Godley et 

al. 2002). Each turtle carapace was measured (curved carapace length, CCL; Bolten 

1999), and prior to satellite tag attachment, each turtle was tagged on its fore flippers 

with uniquely numbered metal tags (Balazs 1999). 

Pressure-sensing tags were configured to sample depth every 10 s and to convert 

these readings into various dive parameters. Six-hourly time bins (beginning at 00:00, 

06:00, 12:00 and 18:00 h local time) were used to summarise the sensor data, and the 

dive threshold was set at 3 m. Absolute number of dives is reported per time bin. Depth 

utilisation is reported as the number of dives to maximum depths in 10 m bins. Dive 

duration is reported as the number of dives to maximum durations in 10 min bins up to 

100 min and then to 150, 200 and > 200 min. Hourly proportion of time spent at the 

surface is also reported. 

Argos data were downloaded, managed and analysed using the Satellite Tracking 

Analysis Tool (STAT; Coyne & Godley 2005). Turtle movements were reconstructed 

using positions obtained from Argos Location Classes 3, 2, 1, A and B as 

recommended by Witt et al. (2010a). Positional errors were removed by filtering 

locations that required maximum travelling speed >5 km h−1 and turning angle between 

points of < 25°. Tracks were then interpolated to provide a daily location assigned to 

12:00 h local time. 

The change from internesting to post- nesting status was visually determined from an 

individual’s departure from the nesting area confirmed by its long-term displacement 

from the nesting site. As per Maxwell et al. (2011), location accuracy and frequency 

were insufficient to precisely determine nesting events. However, individual nesting 

periods were determined using a combination of turtle movement, absolute location, 

the receipt of a number of high-quality Argos locations received near the nesting beach 

and timing, relative to known internesting periods for this species (Tucker 2010). 

Additionally, for the 2 depth-sensing tags, hourly percentage time at the surface was 

used to determine nesting activity through significantly increased surface time during 

the night. 

 

 

Results 

 

Morphometrics, tracking duration and inference of nesting periods and clutch frequency 

Mean CCL for the 9 study animals was 74.1 cm (SD = 1.6 cm; range 71 to 76 cm). 

Average tracking duration was 211 ± 125.2 d (range 72 to 459 d; Table 1). Turtles were 

deemed to have finished nesting when they moved away from the original nesting area 

and did not return. As turtles were tagged during the peak nesting season, nesting prior 
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to tag deployment was highly likely. Turtles D and I (Fig. 2a) departed immediately after 

tagging and therefore laid a minimum of 1 nest. Turtles E, G, and H (Fig. 2b) initially 

migrated more than 50 km from origin (= tagging site = nesting site) prior to returning 

for a variable length of time before nesting again and final departure, thus nesting at 

least twice. Turtles A and C (Fig. 2c) initially departed, but returned after approximately 

18 d. However, only Turtle C was inferred to have re-nested. The movement of Turtle 

A, initially north of Masirah, indicated that it bypassed southern Masirah on its way to 

the Gulf of Masirah foraging habitat. Turtles B and F (Fig. 2a) remained within 40 km of 

origin for 27 and 38 d, respectively, before permanent departure. Turtle B was inferred 

to have re-nested once and Turtle F twice. A summary of clutch frequency values 

(number of nests laid per individual) is found in Table 1. 

 

Internesting habitat use 

All turtles that re-nested subsequent to transmitter deployment (N = 6) utilised the 

shallow waters (<40 m depth) of the Gulf of Masirah as internesting habitat (Fig. 3). 

Mean maximum displacement from initial nesting location during the internesting period 

was 59 km (range 29 to 75 km). All nests were made at the southern tip of Masirah 

Island (ca. 13 km of nesting beach), but no precise measure of nest site fidelity was 

possible due to data limitations. 

 

Post-nesting dispersal 

Broadly speaking, 4 geographically distinct foraging habitats were identified for olive 

ridley turtles outside of the breeding season (Fig. 1). North to south these were (1) 

entrance to the Arabian Gulf (Turtles E and H), (2) coastal waters of western Pakistan 

(Turtle F), (3) Omani coastal waters north of Masirah (Turtle D) and (4) the Gulf of 

Masirah, which was also the internesting habitat (Turtles A, C, G, I). These 

predominantly neritic locations accounted for 8 of the 9 individuals (with 1 individual, 

Turtle A, using both foraging areas proximate to Masirah). The last individual (Turtle B) 

remained within Omani seas but was a persistent wanderer, spending a significant 

portion of time (39% of days with data) in oceanic waters (> 200 m). Post-breeding 

turtle displacement clearly shows the variation in migratory distance travelled, with 

average maximum distance from origin of 368 km (range 85 to 796 km, n = 9; Table 1, 

Fig. 1). Excluding the more oceanic turtle (Turtle B; Fig. 1a), the remaining turtles can 

be grouped according to their location and distance migrated. Turtles that migrated 

over 450 km all went north (n = 3; Fig. 1b,c), with the remaining turtles remaining near 

the southern nesting habitat (n = 5; Fig. 1d,e). The single turtle tracked for >1 yr (Turtle 

H) did not show an annual return to the nesting area. 
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We investigated whether turtle size was related to foraging location, initially driven by 

the observation that the smallest turtle (D) was the only one that exhibited dense algal 

growth over the carapace during nesting and was the only individual that went on to 

inhabit mainland coastal waters north of Masirah. We compared carapace size 

between northern (E, F, H; mean CCL = 73.5 cm) and southern, Gulf of Masirah (A, C, 

G, I; mean CCL = 75.3 cm) turtles and found the difference, with these small sample 

sizes, was not significant (Mann-Whitney U = 12, p = 0.0571). 

 

Foraging habitat selection 

All turtles remained in neritic water for the majority of the time they were tracked in 

foraging areas (range 61 to 100%). Although foraging could have taken place during 

the migration phase, ‘foraging areas’ were defined as the approximate regions where 

directed migrations ceased and were replaced by more convoluted tracks (McMahon et 

al. 2007; Fig. 1). Turtle B did not establish a discreet long-term foraging area (Fig. 1a), 

and the entire post-breeding track was included as its foraging area. Locally resident 

turtles (A, C, D, G, I; Fig. 1d,e) showed a preference for extremely shallow seas, 

located in water < 50 m deep for upwards of 85 % of the foraging period. Turtle F, 

which migrated to Pakistan (Fig. 1c) displayed a similar preference for shallow seas but 

undertook an oceanic loop during the foraging period. The 2 turtles (F and H) that 

migrated to the entrance of the Arabian Gulf (Fig. 1b) mainly resided in intermediate 

sea depths (Table 1). 

The northern turtles (see above) avoided the summer cooling that occurs along the 

Oman coast, caused by the southwest monsoon and the west Arabian Sea upwelling, 

whereas the southern turtles experienced a biannual oscillation (Fig. 4). 

 

Dive data 

Dive data were obtained from Turtles C and G for 136 and 72 d, respectively. Both 

turtles re-nested after initial tag deployment, and hence both internesting and post-

nesting behaviour were obtained. They utilised a similar area for the internesting and 

post-breeding phase of tracking. 

Overall, the turtles were shown to inhabit the full range of depth available to them, 

residing in extremely shallow coastal waters. The low number of dives to depths 

greater than 30 m is interpreted as being location limited, as sea depths in the area 

occupied rarely exceeded 30 m. Many of the shallower dives were assumed to be 

bottom dives and not a preference for mid-water diving. Both turtles displayed a shift in 

preference from dives between 20 and 30 m during the internesting period to shallower 

10 to 20 m dives in the post-nesting period (Fig. 5) as they generally moved closer to 
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shore (compare internesting locations in Fig. 3b,c with post-nesting locations in Fig. 

1e). 

Both Turtles C and G exhibited a preference for longer dives during the internesting 

period, with median values of 70 and 60 min, which shortened to 30 and 20 min, 

respectively, after the breeding period (Fig. 6). Notably, the turtles were capable of ex- 

tended dives of over 100 min while inhabiting shallow (see Fig. 5) and warm (see Fig. 

4) seas, with maximum dive duration for both turtles occurring in the 150 to 200 min 

and 100 to 150 min time bins for Turtles C and G, respectively (Fig. 6). 

 

 

Discussion 

 

As with many previous tracking studies, this work quickly revealed significant insights 

into the ecology of this population. Firstly, we demonstrate a degree of variability in the 

duration of internesting periods (Fig. 2), which concurs with data from other nesting 

populations (see Whiting et al. 2007, Hamel et al. 2008, Tripathy & Pandav 2008 and 

references therein, Maxwell et al. 2011), indicating that in this species the internesting 

period is less tied to direct physiological development of the eggs but is likely more 

dependent on environmental cues (Plotkin et al. 1997). The noted change to shorter 

dives after breeding is interpreted as a change from sedentary behaviour in the 

internesting period to greater activity post breeding, as has been shown for other turtle 

species (Hays et al. 1999, Houghton et al. 2002) and relates to the relationship 

between dive depths, oxygen stores and activity levels (Hays et al. 2000). 

Outside the breeding season, the turtles displayed a distinct preference for shallow 

coastal seas and as such are aligned with the habitat selection of conspecifics from 

northern Australia (McMahon et al. 2007, Whiting et al. 2007) rather than the eastern 

Pacific (Polovina et al. 2004, Plotkin 2010), eastern Atlantic (Maxwell et al. 2011) and 

northern Indian Ocean (Sasamal & Panigraphy 2006) populations that appear to 

generally prefer oceanic habitats. 

Except for Plotkin (2010) and Maxwell et al. (2011), results, including this study, have 

been obtained with relatively small sample sizes (n = 4 to 9) carried out in a single 

year. Dispersal patterns from nesting beaches may vary among years (Rees et al. 

2010a, Witt et al. 2011). Turtles in a particular season’s breeding cohort are composed 

of mixed proportions of turtles derived from differing foraging locations, with remigration 

rates driven by variation in local environmental conditions in the foraging grounds 

(Broderick et al. 2001, Hays 2000, Hatase et al. 2004, Solow et al. 2002). 

Consequently, further efforts are needed to confirm how typical the movements of our 9 

study animals are. 
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Turtle behaviour derived from depth-sensing tags suggested they were benthic divers. 

Dive characteristics for most hard-shelled sea turtles are related to aerobic limits, 

showing longer-duration dives possible in colder water (Southwood et al. 2003, 

Broderick et al. 2007, Hochscheid et al. 2007), due to thermal dependence of 

metabolism, and a positive relationship between dive depth and maximum dive 

duration (Hays et al. 2000, Houghton et al. 2000). However, olive ridley turtles from 

Australia have been shown to have unusual dive characteristics, capable of dives in 

excess of 3 h in warm seas (McMahon et al. 2007). Our study animals were also able 

to undertake dives of extended duration (>150 min) in warm shallow waters, which 

adds further evidence supporting the unique diving abilities of this species. 

Individuals displayed low to moderate migratory distances when compared to 

conspecifics from other populations (e.g. Pandav & Choudhury 2006, McMahon et al. 

2007, Plotkin 2010). The Gulf of Masirah, less than 150 km from the nesting area, was 

identified as a key foraging habitat both during and after the breeding season. Tracking 

durations ranging from 71 to 261 d revealed this to be the sole foraging location for 3 of 

the study turtles (C, G, I) and was also frequented by 2 other individuals (A and B). 

This contrasts with movements of females from the much larger population of 

loggerhead turtles nesting on Masirah Island that did not use this gulf (Rees et al. 

2010a). Although our results are from only 1 year of tracking, this site can clearly be 

identified as a ‘hot spot’ for olive ridleys nesting in Oman and warrants further study 

concerning threats to resident turtles. 

There may be a correlation between foraging grounds and body size in the study 

population. Previous studies have revealed size dichotomies in populations of other 

sea turtle species at the ocean basin level (e.g. leatherback, Saba et al. 2008 and 

loggerhead turtles, Margaritoulis et al. 2003), between foraging habitat types 

(loggerheads in oceanic and neritic habitats; Hatase et al. 2002, Hawkes et al. 2006) 

and between differing neritic habitats (loggerheads, Zbinden et al. 2011). 

Our results revealed indications of differences in body size between southern and 

northern turtles that may result from the effects of environmental factors. Larger, 

southern turtles experience cooler summer seas caused by the southwest monsoon 

and the west Arabian Sea upwelling that affect sea productivity and consequently prey 

abundance. This is the first time that intrapopulation phenotypic differences have been 

suggested for olive ridleys; however, our small sample size necessarily implies that 

inferences should be accepted with caution. Further satellite tracking and possible 

scaling-up through stable isotope analysis, as used by Zbinden et al. (2011), may 

provide further insights into the interplay of behaviour and phenotypic variation within 

the population. Two aspects of the dispersal patterns demonstrated are worthy of note. 

Firstly, despite nesting in the same area as an important loggerhead turtle nesting 
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aggregation, the 2 species used different core foraging habitats. The loggerheads 

mostly migrated to the oceanic region between the Yemen and Oman coastline and the 

Island of Socotra over 800 km distant from Masirah (Rees et al. 2010a). If the oceanic 

waters of the Arabian Sea are sufficient to sustain a large population of loggerhead 

turtles, then conditions should be suitable for the smaller olive ridley that has been 

shown to inhabit similar habitat in the eastern tropical Pacific and western Indian 

Ocean. Secondly, for reasons unknown, neither the loggerheads nor the olive ridleys 

from Masirah Island have so far been observed to migrate eastwards to India across 

the Arabian Sea, a feat that is within the capabilities of both. 

In total, 6 of the 9 turtles tracked remained within Oman’s territorial jurisdiction, which 

indicates the country’s unique role in managing and protecting the adult stage of this 

population. Nevertheless, the northern turtles settled for extended periods in the 

territorial waters of Pakistan, Iran and the United Arab Emirates, revealing that, as for 

most marine turtle populations (e.g. Troëng et al. 2005a, Blumenthal et al. 2006, 

Benson et al. 2007b), conservation and management activities for single populations 

may be more effective if they involve actions in multiple range states. 

Having established the spatial footprint for nesting olive ridleys that highlights a very 

limited distribution, we can conclude that the turtles are likely susceptible to bycatch in 

regional fisheries that have been identified as the source of hundreds of turtle deaths 

within the country (Hare 1991). In addition to larger-vessel, industrial fishing fleet 

interactions, the population is likely to be impacted upon by coastal artisanal fisheries 

that are poorly documented but are cause for concern elsewhere (e.g. Peckham et al. 

2007, Alfaro-Shigueto et al. 2011). 

We present the first results on migrations and behaviour of olive ridleys nesting in 

Oman, filling a void in the life-history data of this important population in one of the 

globally most endangered sea turtle RMUs (Wallace et al. 2011). Understanding such 

spatial movements has been highlighted as a research priority (Hamann et al. 2010). In 

this context, we found the distribution of our study animals to lie within the spread of 

the putative boundary of the west Indian Ocean RMU (Wallace et al. 2010), therefore 

supporting its current delineation. 

In this study, we have described movements of adult female individuals. Male turtles 

may have different dispersal characteristics (Plotkin et al. 1996, Van Dam et al. 2008, 

Hays et al. 2010a) and thus warrant dedicated tracking efforts (Godley et al. 2008). 

Additional tracking studies from the different nesting populations in the region, together 

with genetic characterisation of these populations and animals obtained at sea are 

necessary to firmly define this RMU and hence provide a biologically relevant basis for 

regional conservation actions. 
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Table 1. Lepidochelys olivacea. Individual size, nesting and tracking characteristics for 

the 9 study animals. CCL: curved carapace length; CF: inferred minimum clutch 

frequency; max. displ.: maximum displacement from tagging site; duration: duration of 

tracking; data days: number of days with location data from total number of days in 

foraging area (percentage in parentheses); <200 m: proportion of days spent in waters 

less than 200 m deep; <50 m: proportion of days spent in waters less than 50 m deep. 

Turtles C and G were equipped with pressure-sensing tags 

     

Foraging areas 

 Turtle 
ID 

CCL 
(cm) 

CF 
(nests) 

Max. displ. 
(km) 

Duration 
(days) Data days (%) 

<200 m 
(%) 

<50 m 
(%) Terminus 

A 74.5 1 120 74 71/74 (95.9) 94 86 Oman 

B 75 2 434 255 182/227 (80.2) 61 34 Oman 

C 76 2 101 136 100/117 (85.5) 100 100 Oman 

D 71 1 204 314 225/310 (72.6) 100 95 Oman 

E 74 2 796 145 68/82 (82.9) 100 19 Iran 

F 72.5 3 714 178 80/113 (70.8) 88 65 Pakistan 

G 76 2 87 71 39/40 (97.5) 100 100 Oman 

H 73.5 2 775 462 306/398 (76.9) 100 11 Iran 

I 74.5 1 85 261 172/260 (66.2) 100 93 Oman 
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Figure 1. Lepidochelys olivacea. Post-breeding migrations and foraging habitat of the 9 

olive ridley turtles tracked after nesting on Masirah Island, Oman. (a) Long-distance 

directed and wandering migrations of 4 individuals. Tracks are smoothed from daily 

locations to improve visual impact. The remaining 5 individuals remained local to 

Masirah, and their foraging movements are depicted in the lower panels: (b) 2 

individuals that migrated north to the entrance of the Arabian Gulf, (c) 1 individual that 

migrated to the coastal waters of Pakistan, (d) habitat use north of Masirah by 2 

individuals, one of which also used the Gulf of Masirah and (e) 3 individuals that 

exclusively used the Gulf of Masirah. Lower panels show the 50 m bathymetry contour. 

Circled letters indicate turtle IDs. Arrow indicates tagging site on Masirah Island. 
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Figure 2. Lepidochelys olivacea. Displacement from nesting site (origin) during 

potential nesting period. (a) Individuals that either departed immediately and did not 

return, i.e. they were recorded nesting once, or remained within 50 km of the nesting 

area for an extended period, which would facilitate nesting once or twice more. (b) 

Individuals that returned after approximately 16 d and remained close to the nesting 

area for between 1 and 2 weeks before departure; this was interpreted as further 

nesting after protracted nest site searching. (c) Individuals that returned after 17 and 19 

d and immediately departed; this was interpreted as possibly nesting a subsequent 

time. However, Turtle A was thought not to re-nest, as it was constantly wandering and 

coincidentally passed the nesting site during the potential internesting period. Open 

circles indicate inferred nesting events. 
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Figure 3. Lepidochelys olivacea. Internesting habitat from daily-interpolated locations 

(see ‘Materials and methods’) for the 6 turtles inferred to have re-nested after 

transmitter deployment (B, C, E, F, G, H). (a) Hexagonal utilisation plot of the number 

of turtles per area. (b, c) Examples of inter-nesting tracks showing directed movements 

away from and towards the nesting location for Turtles C and G, respectively. The 50 m 

bathymetry contour (dashed line) is depicted in all panels, which display the same 

spatial extent. All turtles mainly remained within the nearby shallow waters of the Gulf 

of Masirah. 
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Figure 4. Lepidochelys olivacea. Sea surface temperature (SST) variation experienced 

by turtles at different localities. Southern individuals (Turtles A, C, D, G, I; grey line, 

max. n = 5) experience cooled monsoon seas during the summer that are not 

experienced by the northern individuals (Turtles E, F, H; black line, max. n = 3). Error 

bars ± 1SD. Temperature data sourced from Advanced Very High Resolution 

Radiometer (AVHRR) global dataset, retrieved by STAT. 
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Figure 5. Lepidochelys olivacea. Proportion of dives per depth bin for Turtles C and G. 

Both turtles showed a shift to shallower dives after the breeding season. At all times, 

these turtles were depth limited by their surroundings, as they were in locations <40 m 

deep.  
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Figure 6. Lepidochelys olivacea. Proportion of dives per duration bin for Turtles C and 

G. Both turtles showed a shift from longer dives during the internesting period to 

shorter dives after breeding; this was interpreted as switching from a more sedentary, 

internesting period to a greater level of activity afterwards. Vertical dashed lines 

indicate median dive duration bin.  
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Abstract 

We tracked two adult female green turtles (Chelonia mydas) from their nesting location 

on Masirah Island, Oman (lat 20.441 °N, long 58.843 °E) into the Red Sea. Comparing 

these tracks with published movements of nesting loggerhead (Caretta caretta) and 

olive ridley (Lepidochelys olivacea) turtles, also tracked from Masirah, revealed 

remarkably different inter-specific patterns of post-nesting dispersal. High-capacity 

artisanal fisheries, with undescribed levels of sea turtle bycatch, exist within the region, 

making introduction of effective conservation measures difficult. 
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Introduction 

 

Marine turtles are highly migratory species, often ranging across vast distances during 

their development and maturation (Musick and Limpus 1997). As adults, they undergo 

seasonal reproductive migrations from foraging areas often hundreds of kilometres or 

more from their breeding sites (Plotkin 2003). The predictable return of nesting females 

to breeding sites over a defined season means this is the most accessible part of their 

life cycle and the best-studied life-history stage (Miller 1997). Flipper tagging of nesting 

females, often involving thousands of individuals (e.g., Balazs 1980; Limpus et al. 

2003; Margaritoulis et al. 2003; Troëng et al. 2005a), has provided insights into marine 

turtle migrations and offered indications of important foraging habitats, but tag recovery 

rates may be biased because they require the animal to be observed and the observer 

to report their findings (Godley et al. 2003a). Over the last decade, the preferred 

methodology for gaining insights into the spatial ecology of marine turtles has become 

satellite telemetry using the Argos network (Godley et al. 2008). Although sample sizes 

are often constrained for financial reasons, satellite tracked individuals can provide a 

wealth of unbiased data regarding behaviour and migrations, information that may take 

decades to obtain through traditional methods. 

Research on marine turtles started in Oman in the 1970s and verified that four species 

of turtles nest there (loggerhead [Caretta caretta], green [Chelonia mydas], olive ridley 

[Lepidochelys olivacea], and hawksbill [Eretmochelys imbricata]) and that all four 

species nest on Masirah Island, situated off the east coast of mainland Oman (Ross 

and Barwani 1982). The country’s main nesting area for green turtles is at Ras Al Hadd 

and for hawksbills is the Daymaniat Islands. However, Masirah hosts nationally and 

regionally important populations of these species in addition to a unique olive ridley 

population and one of the largest nesting aggregations of loggerheads in the world 

(Baldwin and Kiyumi 1999). 

Because of the size of the population and its preference to nest nearer to the island’s 

main town, the loggerheads of Masirah Island received the most effort with regard to 

flipper tagging, and consequently, several long-distance tag recoveries for this 

population have been recorded (Baldwin et al. 2003). Two long distance tag recoveries 

have been recorded from Yemen and Somalia for green turtles tagged at Masirah 

(Ross 1987), whereas tagging of olive ridleys and hawksbills, which nest in more 

remote locations and in lower numbers, has not resulted in any tag recaptures (Al 

Saady et al. 2004). 

Satellite telemetry projects undertaken by the authors tracked loggerhead and olive 

ridley turtles from their nesting sites on Masirah Island to long-term foraging and 

overwintering areas; revealing novel insights into the preference for oceanic waters by 
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the loggerheads (Rees et al. 2010a) and coastal neritic waters by the olive ridleys 

(Rees et al. 2012a). 

In this paper, we describe, for the first time, migratory behaviour of green turtles that 

nest on Masirah Island, contextualize the results with the previous studies tracking 

turtles from the island, and offer insights as to the probable threats facing these 

populations. 

 

 

Methods 

 

We located two green turtles that had emerged to nest on the east coast of Masirah 

Island, Oman (lat 20.441 °N, long 58.843 °E) in 2008. Number of nesting green turtles 

on Masirah Island is low, and these were the only turtles encountered during the field 

periods. We have no records for their nesting histories. Turtles were detained on their 

way back to the sea in a wooden corral. Two-part epoxy (Foilfast, SFS Stadler) was 

used to affix the Kiwisat 101, Argos-linked satellite transmitters (Sirtrack Ltd, Havelock 

North, New Zealand) according to methodology used previously (Godley et al. 2002). 

Location data were generated by Service Argos (Argos 2012) and were retrieved, 

compiled, and processed in the Satellite Tracking and Analysis Tool (STAT; Coyne and 

Godley 2005). 

Positional data were filtered within STAT using the following regime: Positions from 

Argos Location Classes (LC) 3, 2, 1, A, and B were included as per Witt et al. (2010a). 

From these, position fixes requiring travelling speed greater than 5 km h-1 or a turning 

angle less than 25 degrees were omitted. The filtered locations were then edited to 

provide a single, best daily location. The best location was obtained by choosing the 

highest quality LC per day, and if two or more similar LCs existed, the one nearest to 

12:00 local time was chosen to ensure temporal spread of positions. Distance from 

shore was generated in STAT using the General Bathymetric Chart of the Oceans 

(GEBCO; www.gebco.net) dataset. Minimum speed of travel, after departing the 

nesting area, was calculated between best daily locations using the Spherical Law of 

Cosines. 

Probable nesting events subsequent to transmitter deployment were inferred from 

convergence of more than one high-quality Argos location being obtained at night, 

which situated the turtle within 1.5 km of the tagging site. The change from migratory to 

foraging behavior was identified visually, through the turtle’s movements becoming less 

directed and more tortuous and convoluted and corresponds to the asymptote in 

displacement from the nesting area. Where distinct foraging areas were identified, we 

used kernel analysis to define the 75% and 50% use levels, equivalent to estimates of 
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home range and core areas, respectively. A 1-km smoothing factor (h) was used in the 

fixed kernel density estimator method (Worton 1989) of Hawth’s Tools 

(www.spatialecology.com) for ArcGIS 9.3.1 (ESRI, Redlands, CA). 

 

 

Results 

 

Green Turtle Departure from Nesting Site. — Neither green turtle had nested during the 

emergence in which it was equipped with a satellite transmitter. Turtle 1 departed 6 d 

after transmitter deployment, before which time she probably nested. Turtle 2 remained 

near the nesting area for 58 d (Fig. 1). Information derived from Argos locations 

indicated the turtle nested 6 times after receiving the transmitter, with internesting 

intervals ranging from 10 to 12 d. 

Migratory Routes and Parameters. — The two turtles showed remarkably similar 

migratory behavior. They adopted a largely coastal route from nesting to final location; 

initially migrating in a southwesterly direction (Fig. 2), although we received no 

locations between 8 December 2008 and 20 January 2009 for turtle 2. Average speed 

travelled along the Arabian coast was 1.5 and 1.6 km h-1 for turtles 1 and 2, 

respectively (Table 1). They averaged around 5 km from shore for most of their 

migrations, hugging the shallow water of the coastline rather than taking a more direct 

route across the large, open bays of Oman and Yemen (Table 1; Fig. 2). The migratory 

period for turtle 1 lasted 68 d and was in excess of 64 d for turtle 2 because it had not 

settled before its transmitter ceased to function. 

Final Destinations of Green Turtles. — The tracks of both turtles ended in the Red Sea 

(Figs. 2, 3) at least 1800 km straight-line distance from origin (Fig. 1). However, 

because of the geography of the area, with the turtles needing to navigate around the 

Arabian Peninsula to enter the Red Sea, turtles 1 and 2 had migrated a minimum of 

2400 and 2500 km respectively. Turtle 1 had settled into a localized foraging habitat 

prior to the end of tracking (see inset, Fig. 2), as indicated by a change from directed 

travel to more convoluted movements for the last 31 d. This was not the case for turtle 

2, because the limited tracking data obtained within the Red Sea showed the turtle had 

not settled in a foraging area but was still undertaking directed movement 

northwestward along the Saudi Arabian coast (Fig. 2). It is likely that both turtles 

passed through the coastal waters of Yemen before entering the Red Sea, where turtle 

1 moved to the west coast and Eritrea, whereas turtle 2 evidently remained on the 

Arabian coast and passed into Saudi Arabia. 

Final Destinations of Loggerheads and Olive Ridleys. — We overlaid the final locations 

of 20 loggerhead turtles (Rees et al. 2010a; B. Witherington and E. Possardt, unpubl. 
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data, 2009) and nine olive ridley turtles (Rees et al. 2012a) that were tracked from their 

nesting sites on Masirah, onto the end points of the two green turtle tracks presented 

here. With one exception, the olive ridleys remained localized around the island or 

migrated several hundred kilometres north, whereas the majority of loggerheads 

headed southwest to Yemen, often far distant from the shallow coastal zone. However, 

three loggerheads also migrated northwestward into the Arabian Gulf (Fig. 3). 

 

 

Discussion 

 

Both green turtles migrated through coastal habitats with one recorded as settling in a 

neritic foraging area, which is typical of green turtles (Godley et al. 2008). The 

minimum travelling speed for turtles that nested on Masirah, mean 37 km d-1, is 

intermediary between the speeds of oceanic (61 km d-1) and coastal (25 km d-1) 

migrations of Ascension Island turtles (Hays et al. 2002c) but is similar to coastal 

migrations of conspecifics from Cyprus (41 km d-1; Godley et al. 2002) and Syria (38 

km d-1; Rees et al. 2008) and indicates the turtles may be foraging en route to their 

ultimate foraging grounds, as suggested in these studies. 

The function of conservation corridors has been variously described in the literature 

and includes roles as conduits, habitats, filters, sinks and sources (reviewed by Hess 

and Fischer 2001). Long distance marine turtle migrations that follow a somewhat 

defined geographical area have been identified as migratory corridors, though these 

may be hundred of kilometres wide (e.g. Morreale et al. 1996). The best-established 

occurrences of these corridors are in the open-ocean phase, directed migration 

between breeding and foraging grounds (e.g. Luschi et al. 1998).  

Both turtles tracked in this study apparently followed the same route to the Red Sea, 

using a migratory corridor defined by shallow coastal waters along which foraging was 

possible. Combining these tracks with two existing Masirah Island green turtle tag 

recoveries coming from the direction of the Red Sea (Ross 1987) provides initial 

indications of a potentially important migratory corridor for this population that warrants 

further investigation. 

Interestingly, the three species tracked so far show distinct divisions in location and 

habitat preference, with loggerheads having a preference for oceanic waters between 

Yemen and Oman and olive ridleys remaining in local neritic waters (Fig. 3). The green 

turtles display the most ‘‘classic’’ behavior (neritic foraging habitats), whereas results 

from loggerhead and olive ridley tracking have highlighted plasticity both within and 

between populations (Rees et al. 2010a, 2012a). A telemetry study on hawksbills, the 

fourth species of marine turtle to nest on Masirah Island, is underway (N. Pilcher, L. 
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Perry, and M. Antonopoulou, unpubl. data, 2012), and information derived from it will 

add to the growing body of data that should be used to inform conservation 

management measures of these species breeding on Masirah. 

Interaction with fisheries is well documented as a threat for marine megafauna, 

including turtles (Lewison et al. 2004; Soycan et al. 2008; Wallace et al. 2008; Alfaro-

Shigueto et al. 2011). Following coastal migratory routes makes the tracked green 

turtles more susceptible to fisheries operating in shallow, nearshore waters (Hare 1991; 

Lutcavage et al. 1997; Hays et al. 2002b). These small-scale fisheries have been 

shown in other regions to have potentially major impacts on turtle populations and are 

a cause for concern (Godley et al. 1998; Peckham et al. 2008; Alfaro-Shigueto et al. 

2011). Oman’s main fisheries have recently changed with the 2009 ban on bottom 

trawlers (Ministerial Decree 20/2009). This law came into effect in May 2011, at the 

same time as the government announced subsidies for artisanal fisheries (Oman News 

Agency 2011), which will likely lead to the increase in the already large number of 

coastal fishers. Oman’s artisanal fisheries target demersal fish species as well as rock 

lobster and abalone, although pelagic species are also caught, and a small shrimp 

fishery exists in the Gulf of Masirah (Morgan 2006). Capacity limiting programmes in 

the region are generally rare (Morgan 2006), and the potential higher number and wide 

distribution of an expanding artisanal fishery will make management even more difficult 

than at present. Oman is not alone in encouraging the already large artisanal fisheries 

sector because many countries in the region are using subsidies to develop this sector 

(Morgan 2006). 

Oman’s fishers will not be the sole source of fisheries impact, because turtles tracked 

from Masirah have migrated into and through eight other sovereign territories, each 

with their own fisheries polices and wildlife protection laws. There is currently no 

marine fisheries policy framework for the region, and coordination between countries is 

weak or non-existent (Morgan 2006). Therefore, any bycatch reduction and marine 

turtle conservation measures adopted will be fragmented and of less impact than any 

multinational initiative covering range states of endangered species. As with other 

investigations, our results highlight the need for international cooperation to completely 

protect these migratory species (e.g., Blumenthal et al. 2006), However, autonomous 

conservation actions, noting in this instance the key role played by Oman, which hosts 

important turtle foraging areas as well as the breeding locale, will likely have significant 

beneficial effects on the impacted populations (Moncada et al. 2012). 

 

 

 

 



 68 

Acknowledgements 

 

Satellite telemetry of all three turtle species was sponsored by the TOTAL Foundation 

and TOTAL SA, Muscat Branch. The authors wish to thank Salim Al Saady who helped 

facilitate the project as Director of Biodiversity of the then Ministry of Regional 

Municipalities, Environment, and Water Resources (now Ministry of Environment and 

Climate Affairs-MECA); Khamis Al Farsi, municipal leader of Masirah Island; Salman Al 

Farsi and the municipality wildlife rangers who assisted with locating and tagging the 

turtles; and Mussalam Al Madhousi who coordinated activities on the island. We would 

also like to thank Jean-Claude Farina of TOTAL SA, Muscat Branch; Guy Sallavyard, 

Gina Sardella-Sadiki, and Laure Fournier of the TOTAL Foundation; and Henri 

Crouhade, Hubert Faure, and Maurice Drapier of IPEDEX/ SPIE who each supported 

implementation and showed personal interest in the projects. AFR thanks Catherine 

McClellan for useful discussions on data filtering and other GIS matters. BJG and ACB 

receive funding from NERC and the Darwin Initiative. Permission to work with turtles 

was granted by Oman’s MECA. The authors would like to thank two anonymous 

reviewers for comments that helped improve this manuscript. 

  



 69 

Table 1. Carapace size, transmitter activity and migration data for two green turtles 
tracked from their nesting area on Masirah Island, Oman. CCL: Curved carapace 
length. Start and End dates of transmitter activity. Coast: distance from coast. Speed 
and Coast relate to the turtles’ westerly migrations along the coast of the Arabian 
Peninsula; presented as mean ± SD and range. Territories traversed: sovereign state 
waters the turtles passed through in addition to those of Oman. 
 
ID CCL 

cm 
Start 
date 

End 
date 

No. 
days 

Speed 
km h-1 

Coast 
km 

Territories 
traversed 

1 99.5 26 Aug 
2008 

13 Dec 
2008 
 

109 1.5 ± 0.8, 0.2 - 4.4,  
N = 49 

5.2 ± 5.4, 0 - 21, 
N = 49  

Yemen, Eritrea 

2 98.0 26 Sep 
2008 

25 Jan 
2009 

121a 1.6 ± 0.3, 1.3 - 2.3,  
N = 13 

4.9 ± 4.3, 0 - 15,  
N = 14 

(Yemen), 
Saudi Arabia 

 
a A period of 43 consecutive days without transmissions during operational life of the 
tag spanned the time the turtle needed to have passed through Yemeni seas to reach 
Saudi Arabia (see Fig. 2).  
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Figure 1. Temporal evolution of displacement from nesting location on Masirah Island, 

Oman. Turtle 1 (black circles) shows a departure soon after tag deployment, indicating 

she likely nested no more than once after tag deployment, and an asymptote around 

2000 km indicates she settled into a discrete foraging area. Conversely, turtle 2 (white 

circles) shows extended period in the vicinity of the nesting site, when it probably 

nested six more times and shows no asymptote, indicating the turtle was still migrating 

when transmissions ceased. 
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Figure 2. Post-nesting migrations of green turtles nesting on Masirah Island, Oman. 

Turtle 1 (black line) had settled in a foraging area before transmissions ceased. The 

inset shows the 50% (dark grey) and 75% (light grey) habitat use for turtle 1, derived 

from16 daily locations over a period of 31 d. Turtle 2 (two-part grey line) had a long 

period without data (between locations a [in Oman] and b [in Saudi Arabia] on map) 

before several signals were received in the Red Sea and showed no indication that a 

foraging area had been reached. The end points of both tracks are indicated by filled 

circles. The rectangle to the right of the main map indicates Masirah Island. The 200-m 

bathymetry contour is displayed for reference.  
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Figure 3. Location of the Masirah Island (tagging site; rectangle) and end locations of 

green turtles and all previously published satellite tracked turtles from location. Black 

icons: green turtles (n = 2). Grey icons: loggerhead turtles (n = 20; Rees et al. 2010a). 

White icons: olive ridley turtles (n = 9; Rees et al. 2012a). The numerals 3 and 2 on the 

figure indicate the number of individuals represented by overlapping icons. The 200-m 

bathymetry contour is displayed for reference. 
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Abstract 

 

There is a paucity of information on the presence and nesting of green turtles, Chelonia 

mydas, in Kuwait and known nesting habitats have been altered in recent years. 

Through beach monitoring and satellite telemetry we determined that green turtle 

nesting is now limited to Qaru Island with 1-5 turtles nesting annually and that foraging 

habitats occur along the northern shore of Failaka Island (n = 2 turtles) and coastal 

region of central Saudi Arabia (n = 1 turtle). Foraging habitat in Kuwait overlaps with a 

coastal trap-fishery, raising concerns for the conservation of this depleted population. 
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Introduction 

 

Green turtle (Chelonia mydas) nesting has been recorded in the Persian/Arabian Gulf 

(from hereon referred to as The Gulf). Thousands of turtles nest each year on the 

islands of Saudi Arabia (Pilcher 2000) and a few nests have been recorded in the 

United Arab Emirates (Al Suweidi et al. 2012). No green turtle nesting has been 

documented in Qatar (Pilcher 2006). Green turtles nest on the beaches of Iran, mainly 

outside The Gulf in the Gulf of Oman (Mobaraki 2004) however low-level nesting has 

been confirmed on several of Iran’s islands within The Gulf (A. Mobaraki Pers. Comm.). 

Several thousand green turtles nest each year outside The Gulf in Oman (Ross and 

Barwani 1982). This species also nests in Kuwait (Meakins and Al Mohanna 2004) 

along with hawksbill turtles (Eretmochelys imbricata) (Meakins and Al Mohanna 2004). 

Three other species of sea turtle are also known from the waters of Kuwait - 

loggerhead (Caretta caretta; Meakins and Al Mohanna 2000; Al Mohanna and George 

2010), olive ridley (Lepidochelys olivacea; Bishop et al. 2007) and leatherback turtles 

(Dermochelys coriacea; Al Mohanna and Meakins 2000) - but no records of nesting 

exist. 

There is a distinct lack of historic information on turtles in Kuwait. In their review of 

turtles in the Arabian region Ross and Barwani (1982) provide no indication of turtle 

nesting in the country and that only one green turtle had been caught by a fisheries 

research vessel. The limited information that exists is derived from observations 

covering a little over the past decade (see citations above). 

Until recently, green turtles in Kuwait had nested on Umm Al-Maradim (UAM), an island 

approximately 0.55 km long by 0.35 km wide (28.6798°N 48.6520°E; Fig. 1) using a 

sand spit extending some 150 m from the main island (Meakins and Al Mohanna 

2004). However, in 2005 construction of a large coastguard station including a harbour 

began, which led to reclamation of the green turtle nesting beach and cessation of 

nesting. The limited nesting activity reported from the mainland is all attributed to 

hawksbill turtles (unpublished data), which means Qaru, an approximately circular 

sandy island less than 300 m in diameter (28.8174°N 48.7765°E; Fig. 1) is likely the 

last remaining nesting area in Kuwait for green turtles. 

In order to confirm the on-going loss of green turtle nesting from UAM and quantify 

levels of green turtle nesting on Qaru, we undertook three nesting seasons of 

monitoring on the islands (2009-2011), in addition to spot surveys undertaken in the 

preceding and following years (2008 and 2012). We also used satellite telemetry to 

assess movements and habitat utilisation of adult-sized female green turtles both at 

and away from the nesting area. 
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Methods 

 

Preliminary investigations on Qaru and UAM began in 2008, with two brief visits to the 

islands in July and August, peak nesting for green turtles in neighbouring Saudi Arabia 

(Pilcher 2000), and more dedicated surveys were continued between 2009 and 2011. 

Monthly fieldwork comprising periods of ≥8 days were undertaken between May and 

August. Patrols were undertaken at hourly intervals between dusk and dawn on Qaru. 

Curved carapace length (CCL) of turtles encountered was recorded and photographs 

of the turtles’ heads were taken for ID purposes. Track surveys were undertaken on 

UAM at least once per field period to look for green turtle emergences. The islands 

were surveyed once near the end of the nesting season (August) to confirm levels of 

green turtle nesting in 2012. Environmental conditions in the area, calm weather and 

limited trampling of the beach, were such that evidence of nesting from the entire 

season was still easily discernable. 

To identify foraging locations of green turtles away from the nesting area we undertook 

the first sea turtle satellite tracking in Kuwait and deployed four Kiwisat 101 Argos 

satellite tags (Sirtrack Ltd, Havelock North, New Zealand) using two-part epoxy (Sika 

Anchorfix 3+, Athens, Greece) following established methods (Godley et al. 2002). Two 

tags were deployed on turtles that had completed unsuccessful nesting attempts on 

Qaru, one in 2009 and one in 2010 (Table 1). The final two tags were deployed on 

adult-sized female turtles that had been rehabilitated at Kuwait’s Scientific Center 

Aquarium, after becoming trapped in power-plant water intakes on the mainland at 

Fahaiheel (approximately 29.075°N, 48.143°E). These turtles were released at Kubbar 

Island (29.0719°N 48.4924°E; Fig. 1) in November 2010 (Table 1), approximately 30km 

from their capture site. 

Location data were generated by Service Argos (Argos 2012) and were retrieved, 

compiled and processed in the Satellite Tracking and Analysis Tool (STAT; Coyne and 

Godley 2005). 

To reveal movements and general habitat use, location-data processing was 

undertaken similarly to Rees et al. (2012b). Positional data were filtered so that Argos 

location classes (LC) 3, 2, 1, A & B were included as per Witt et al. (2010a) and 

locations requiring unlikely speed of travel (>3 km h-1) or severe change in direction 

(<25 ° inside turning angle) were omitted. Best daily location was obtained by choosing 

the highest quality LC, and to ensure temporal spread of positions, if two or more 

similar LCs existed per day, the one nearest to 1200 hrs, local time, was chosen. Sea 

depth was generated in STAT utilising the General Bathymetric Chart of the Oceans 

(GEBCO; www.gebco.net) dataset. Minimum travel speed was calculated between best 

daily locations using the Spherical Law of Cosines and the change from migratory to 
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foraging behaviour was identified by visual detection of the turtle’s movements 

becoming less directed and more convoluted. Kernelling for foraging area analysis was 

undertaken on a dataset comprising the best daily location from unfiltered LCs 3, 2, & 1 

(those attributed as typically having sub-kilometre accuracy by Argos) with the location 

nearest to 12:00 local time taken if two LC of similar quality were received. Using 

Hawth’s tools (www.spatialecology.com) in ArcGIS 9.3.1 (ESRI, Redlands, CA, USA) 

we used a 1 km smoothing factor (h) in the fixed kernel density estimator method 

(Worton 1989) to define the 95% and 50% utilisation levels, indicative of home range 

and core areas respectively.  

 

 

Results and Discussion 

 

Surveys verified that green turtles no longer nest on UAM, but confirmed they are still 

nesting on Qaru. The number of nesting females is low (5 were observed in 2008, 1 in 

both 2009 and 2010 and 3 in 2011) and none of the turtles were observed nesting in 

more than one year. Twelve green turtle nests were recorded during the one field 

survey undertaken near the end of the season in 2012, which likely equates to 2 - 3 

breeding females. Average curved carapace length of the nesting turtles recorded 

between 2008 and 2011 was 98.2 cm (SD = 4.0 cm, range 93-105 cm, n = 10). Three 

green turtles were observed on Qaru in 1998, with several additional nests seen on the 

beach (Meakins and Al Mohanna 2004) and thus the population may have remained 

small but stable for the past decade. 

The satellite tag of the first nesting turtle (A) became dislodged soon after deployment. 

The turtle was observed without the tag, on the beach attempting to nest two days after 

deployment and hence no useful data was derived from this tag. Transmissions from 

the second tagged turtle (B) spanned 121 days. Locations (near the nesting area) and 

associated sea depth data (periodic shifting from deeper to shallower water) suggested 

the turtle nested three times after tag deployment before departing the nesting area 

(Fig. 2). Using this telemetry-derived data in combination with track records, a clutch 

frequency of 5 is suggested for this turtle in 2010.  

We obtained 10 high-quality locations for a nesting turtle (B) over the 28-day 

internesting period (36%), which enabled us to define habitat utilisation for that time 

(Fig. 3b). Core internesting habitat covered 3.8 km2, encompassing the nesting site. 

However, sample size needs to be increased to verify this is the preferred internesting 

habitat of this population. After completing breeding, the tagged turtle migrated 

approximately 105 km south, to very shallow seas in Saudi Arabia (27.8890°N 

48.9928°E; Fig 2 & Fig. 3) where it was tracked for another 89 days. We obtained 19 
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high-quality locations over the initial 31-day foraging period (62%), which revealed a 

core foraging area and home range extent of 5.3 km2 and 26.0 km2, respectively; 

though these values are likely to be artificially reduced due to the low number of 

locations used. This was followed by a 35-day gap in transmissions before several low-

quality locations were received over a 17-day period (see Fig. 2). The final locations 

indicated the turtle was still resident in the same foraging location. 

The two tracked rehabilitated turtles, from unknown breeding populations, both swam 

in the opposite direction of the turtle that had nested in Kuwait and established long-

term residencies along the northern shore of Failaka Island (29.4587°N 48.3295°E; Fig. 

4) 180 km north of the nesting turtle’s over wintering site. After an 11-day migration, 

evidently including several days west of the island in Kuwait Bay, Turtle C remained 

near Failaka Island for the remaining 227-day duration of the tag’s operation (Fig 4a). 

We obtained 109 days with high-quality locations over the 227-day foraging period 

(48%), which revealed a core foraging area and home range extent of 14.5 km2 and 

64.9 km2, respectively, for this individual that extended along the most of the north side 

of Failaka. Turtle D took four days to migrate to Failaka Island. In February 2011 it 

undertook a 200 km, 26-day round-trip south to the border with Saudi Arabia (Fig 4c) 

and finally settled near Failaka Island for a further 118 days (Fig 4b). We obtained 104 

days with high-quality locations over a 188-day foraging period (55%), which revealed 

a core foraging area and home range extent of 8.4 km2 and 75.9 km2, respectively, for 

this individual that was mostly restricted to the northernmost point of Failaka. 

All three turtles tracked for periods in foraging sites revealed very particular location 

selection utilising sub 80 km2 home ranges which is similar to that found in the 

Mediterranean (Broderick et al. 2007). Green turtles generally display small, defined 

home ranges, but their foraging ecology is dependent on the extent of suitable habitat 

within a region together with turtle size and water temperature (Seminoff et al. 2002). 

Precise habitats of the animals tracked here are unknown, however, home ranges are 

located in shallow coastal conditions that would be suitable for sea grass and algae 

growth which comprise the main food source of adult green turtles (Bjorndal 1997). 

Mapping marine sea grass and algal pastures in the northern Gulf region would 

therefore help to identify the extent of potential green turtle foraging habitat and, if 

supplemented with further tracking or in-water research, would facilitate directed 

conservation measures.  

Notably, the tracked turtles of unknown nesting origin overwintered in an area far 

distant to the tracked nesting turtle, which may indicate they derive from the far larger 

population nesting in Saudi Arabia (Pilcher 2000). Genetic characterisation of the 

nesting locations is lacking. With such information it would be possible to determine 

any divergence between the Kuwait and Saudi Arabian breeding populations and 
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ascertain if Kuwait’s small population represents a marginal population sourced from 

the Saudi Arabian stock or a distinct breeding colony and hence its importance to the 

biological diversity of the species. 

A type of coastal fish trap called ‘hadra’ is used around Failaka Island and other areas 

in Kuwait and turtle bycatch has been recorded at this island (Papathanasopoulou 

2010) and elsewhere (Meakins and Al Mohanna 2004). Hence, as with other locations 

(McClellan et al. 2009) it is clear that spatial overlap between fishing and green turtle 

foraging habitats that impacts on turtle survivorship exists in Kuwait.  

In conclusion, five years of field observations and satellite telemetry has highlighted 

that Kuwait hosts a tiny population of breeding green turtles compared to regionally 

important sites with thousands of nesting turtles in Saudi Arabia (Pilcher 2000) and 

Oman (Ross and Barwani 1982). However, within Kuwait Qaru Island represents the 

last remaining nesting site for this species and hence a nationally important nesting 

habitat for a population at critically low levels. Consequently, measures should be 

taken to minimise anthropogenic disturbance at this site and prevent any developments 

that may further impact nesting and hatching success; in doing so the hawksbill turtles 

nesting there will also be afforded protection. Also, the nesting turtle’s migration to 

coastal waters of Saudi Arabia indicates that full protection of this endangered 

population requires bi-national conservation measures. However, two green turtles 

tracked to Failaka Island for extended periods and bycatch in hadra around the country 

is indicative that Kuwait may host important numbers of foraging turtles, equal in 

importance to its nesting populations. Investigation into the in-water abundance and 

distribution of turtles in Kuwait as well as precise levels of turtle bycatch and mortality 

in hadras and other fishing gear should therefore be prioritised. 
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Table 1. Data pertaining to the four green turtles equipped with satellite transmitters in 

Kuwait. Location = site of release/tagging. Status = how the turtle was obtained. 

Duration = lifespan of transmitter. 

 

  

Turtle Location CCL (cm) Status Deployed 
Duration 

(days) 

A Qaru Island 96.0 Nesting 12 Aug 2009 2 

B Qaru Island 105.0 Nesting 28 Jul 2010 121 

C Kubbar Island 98.8 Rehabilitated 7 Nov 2010 248 

D Kubbar Island 97.0 Rehabilitated 7 Nov 2010 238 



 82 

 
 

Figure 1. Location of Kuwait’s islands in regional setting. a) Map of region showing 

Kuwait’s neighbouring countries. Rectangle indicates extent of map b. BH = Bahrain. b) 

Kuwait’s main islands relevant to sea turtles presence.  
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Figure 2. Sea depth and displacement from nest site for a green turtle tracked from 

Qaru Island, Kuwait. Arrows indicate inferred nesting events. Limits in Argos location 

accuracy and the bathymetry layer combine to show minimum sea depth of ca. 10 m 

during the internesting period and close to 0 m during the majority of the foraging 

period. Filled circles = displacement. Open circles = sea depth. Date = dates within 

2010.   
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Figure 3. Post-nesting migration and spatial use of an adult female green turtle tracked 

from Qaru Island, Kuwait. a) Basic route of the 3-day migration from the nesting site in 

the north to foraging location in the south. b) Internesting habitat utilisation around 

Qaru Island. c) Post nesting foraging habitat utilisation in Saudi Arabia. Dark and pale 

shaded areas in parts b and c are 50 and 95% utilisation distributions, respectively. 

The 20 m bathymetry contour is depicted for reference.  
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Figure 4. Foraging area selection and 

migration of two adult-sized female green 

turtles released on Kubbar Island after 

rehabilitation at the National Aquarium of 

Kuwait. a) Foraging habitat for turtle C. b) 

Foraging habitat for turtle D. In parts a and 

b, the dark and pale shaded areas are 50 

and 95% utilisation distributions, 

respectively. c) route of turtle D’s 200 km 

round-trip migration undertaken in February 

2011, which was proceeded and followed by 

extended periods in a defined foraging area 

depicted in part b. Locations during the 

migrations from Kubbar Island were too 

infrequent and inaccurate to plot a 

meaningful route for either turtle. The 20 m 

bathymetry contour is depicted for 

reference. 
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Abstract 

 

In 2004 an intensive survey of Latakia and other Syrian beaches was undertaken to 

improve and update knowledge of Syria’s marine turtle nesting populations. The survey 

confirmed that loggerhead turtles Caretta caretta nest in Syria (eight nests recorded), 

distributed diffusely along the coast, but also identified hitherto undescribed green turtle 

Chelonia mydas nesting aggregations. The most important green turtle nesting site was 

the 12 km of beach south-east of Latakia that ranks in the Mediterranean’s top 10 

rookeries for this species (in terms of maximum number of nests), with 104 of the 106 

nests recorded in this study. Mean clutch size of green turtles (108 ± SD 25.1, range 

72-164, n = 29) was comparable with other Mediterranean rookeries, and hatching 

success (percentage of eggs that produced hatchlings) of successful nests was 83.5%. 

The main problems facing the turtles and their nests were found to be deliberate killing 

of adults, nest predation and hatchling disorientation. We recommend initiation of 

annual monitoring and nest protection at the main green turtle nesting beach and 

investigations of possible at-sea turtle populations together with a campaign to raise 

awareness and acceptance amongst stakeholders. 



 88 

Introduction 

 

Of the seven species of marine turtles only the loggerhead turtle Caretta caretta and 

green turtle Chelonia mydas nest on Mediterranean beaches (Groombridge, 1990). 

Loggerhead turtles mainly nest in the eastern basin, with major nesting areas in 

Greece, Turkey, Cyprus and probably Libya (Margaritoulis et al., 2003). The green 

turtle has a more restricted distribution, nesting only in the eastern region of the 

eastern basin, mostly in eastern Turkey and Cyprus (Kasparek et al., 2001). Both the 

loggerhead and green turtles are categorized globally as Endangered on the IUCN Red 

List (IUCN, 2007), and the number of loggerhead and green turtles nesting annually in 

the Mediterranean are estimated to be 2,280-2,787 and 339-360, respectively 

(Broderick et al., 2002). 

There is only limited information on the status of marine turtles in Syria. In June 1991 a 

brief survey of the 183 km coastline documented low-level nesting, attributed to 

loggerhead turtles, with most of the activity concentrated on a 12 km beach south of 

the city of Latakia (29 nesting tracks) with two additional tracks identified between 

Tartous and the border with Lebanon (Kasparek, 1995). 

 

 

Methods 

 

From 30 June to 27 August 2004, which incorporates a major portion of both the 

nesting and hatching season of turtles in the Mediterranean (Broderick & Godley, 

1996), we surveyed beaches at Latakia-Jablah, Ras al Basit and south of Tartous, 

described by Kasparek (1995), and previously un-surveyed nesting beaches (Fig. 1). 

From 30 June to 27 August 2004 (excluding 1, 7 & 31 July and 1 August) the 6 km 

beach between Snoubar and Jablah was surveyed on foot in the early morning for 

evidence of marine turtle nesting, nest hatching and events that may have affected the 

incubation of nests, such as inundation by storm waves or depredation. The adjoining 6 

km beach to the north, from Snoubar to the river Al Kabir al Shamali, 1 km south-east 

of Latakia, was surveyed weekly for a total of 10 times. Single surveys of other 

beaches at Ras al Basit, Um Toyour, Wadi Kandil, Banias, and south of Tartous to the 

border with Lebanon were undertaken between mid July and mid August. 

Emergence tracks of adult turtles that had crawled onto the beaches to nest were 

checked to identify species and evidence of nesting, and the track recorded as either a 

nesting or non-nesting emergence. Nesting species was determined from appearance 

of the track, as green turtles crawl with a symmetrical gait and loggerhead turtles 

asymmetrically (Schroeder & Murphy, 1999) and from maximum width of the track. In 
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the eastern Mediterranean loggerhead turtles are generally much smaller than green 

turtles (Broderick & Godley, 1996), and hence their track widths are much narrower. Up 

to 18 July emergences were assigned to nests from appearance of the track, with only 

some being confirmed through clutch location, after which an emergence was only 

assigned to a nest if the clutch was located. Tracks and nests were marked to avoid 

duplication of records. Nests from Latakia beach were excavated, post-hatching, to 

assess hatching success (the percentage of eggs that produced hatchlings). 

 

 

Results and Discussion 

 

The number of green turtle nests recorded at Latakia, where only loggerhead turtle 

nesting had previously been reported, was 104, making it the most important green 

turtle nesting site in Syria. Nesting success was 33.6% for the period prior to routine 

clutch location and 40.6% afterwards. Assuming no significant seasonal changes in 

nesting success, nest determination from track observation can be considered an 

accurate (or somewhat conservative) method and hence the total number of nests may 

probably be more. The temporal pattern of green turtle nesting matched other 

Mediterranean populations, with nesting activity starting in June, peaking in July and 

trailing off into August (Broderick & Godley, 1996), and was confirmed by the large 

number of old tracks observed on the beach during the first survey (30 June) and the 

subsequent activity pattern recorded (Fig. 2). 

The number of green turtles nesting at Latakia in 2004 can be estimated from the 

maximum number of nests made over the modal inter-nesting interval or by dividing the 

total number of nests laid by the average clutch frequency (the number of clutches a 

turtle produces in one nesting season). Broderick et al. (2002) calculated the inter-

nesting interval to be 13 days and the clutch frequency to be three nests for green 

turtles on Cyprus. Using these values gives a population estimate of 31-35 turtles 

nesting on Latakia beach. 

Post-hatch excavation of 29 undisturbed green turtle nests on Latakia beach indicated 

a mean clutch size of 108 ± SD 25.1 eggs (range 72-164), which is similar to that from 

Cyprus (Broderick et al., 2003), and hatching success was 83.5%, with 80.0% of eggs 

producing hatchlings that successfully emerged from the nest. However, general nest 

survival was not high. Prior to the end of the survey period canids depredated 26% of 

nests and others suffered inundation by high waves. Of the hatchlings that did emerge, 

numerous hatchling tracks oriented inland indicated that many were misoriented by 

artificial lights to the brighter inland horizon. Syria’s coast is generally poorly developed 

or undeveloped beyond the four urban areas of Latakia, Jablah, Banias and Tartous. 
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The sandy beaches are generally backed by agricultural land or have few and 

scattered buildings, whereas Latakia beach has an illuminated highway 2-3 km from 

the shore. 

Hatchling tracks also suggested considerable numbers were lost to ghost crab 

Ocypode cursor predation. Ghost crabs were numerous, probably due to the high 

levels of beach litter. The identified threat of greatest concern was the deliberate killing 

of at least three adult female green turtles on or near the nesting beach, each of which 

had specific and characteristic injuries to the head. One turtle was found alive on the 

beach, having been attacked soon after egg laying. Two others were found with similar 

injuries in the strand line. None were apparently killed for consumption or any form of 

utilization as the carcasses were intact, except for the head injuries. 

In addition, two further green turtle nests were recorded, one on a 1.5 km beach at 

Banias and the other at Wadi Kandil. Diffuse loggerhead turtle nesting was also 

confirmed, with six nests observed on Latakia beach, two nests on 12 km of beach at 

Banias and south of Tartous, and a single non-nesting emergence at Ras al Basit. 

Several adult green turtles were observed and carapace lengths measured (Rees et 

al., 2005). Mean curved carapace length (Bolten, 1999) of 91.4 ± SD 3.9 cm (range 

85.0-97.5, n = 10) was similar to other populations of green turtles in the 

Mediterranean. Mediterranean loggerhead turtles vary in size between nesting areas 

(Margaritoulis et al., 2003) with these different populations being identifiable through 

genetic analysis (Carreras et al., 2007). It is therefore important to undertake genetic 

analyses of Mediterranean green turtles to identify any population structuring that may 

occur. 

Green turtle nesting at Latakia beach is of national importance, being the only site in 

Syria with a significant number of nests. It is also of major regional importance as it 

ranks in the top 10 Mediterranean nesting beaches in terms of maximum number of 

nests recorded (Table 1). Since this initial study a monitoring programme, focusing on 

Latakia, has been initiated by AS and MJ, as marine turtles exhibit high interannual 

variation in numbers of nests (Broderick et al., 2001) that can mask actual population 

levels and trends. Additionally, conservation efforts to mitigate the identified threats of 

deliberate killing of nesting turtles and nest and hatchling predation have been 

attempted; for example, laying wire mesh screens over the nests has been trialled to 

reduce nest predation. Education and awareness activities for the public and 

stakeholders have followed from this study and need to be developed with a long-term 

strategy comprising clear targets and goals. 

It is known that adult loggerhead turtles from Cyprus (Godley et al., 2003b) and adult 

green turtles from Turkey (B. Godley, unpubl. data) migrate to Syrian waters. There is, 
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therefore, a need to investigate Syria’s at-sea populations of marine turtles to identify 

regionally critical habitats that may be present and to assess interaction with fisheries. 
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Table 1. Maximum numbers of nesting green turtles on the 10 Mediterranean beaches 

with the highest number of recorded nests, including Latakia. 

 
Rank Country Beach name* Max. no. nests Source 

1 Turkey Akyatan 735 Kasparek et al. 2001 

2 Turkey Kazanli 216 Kasparek et al. 2001 

3 Turkey Sugozu beaches 213 A.F. Canbolat (unpubl. data) 

4 Cyprus N Karpaz (51-56) 179 Kasparek et al. 2001 

5 Turkey Alata 134 C. Aymac (unpubl. data) 

6 Cyprus Akamas 115 
Demetropoulos, (pers. 

comm., April 2006 

7 Turkey Samandag 113 Kasparek et al. 2001 

8 Cyprus Alagadi (76-77) 111 Kasparek et al. 2001 

9 Syria Latakia 104 This study 

10 Turkey S Karpaz (45-46) 57 Kasparek et al. 2001 

 

*Numbers in parentheses are beach numbers, from Kasparek et al. (2001). 
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Figure 1. Locations of beaches surveyed for marine turtle nesting activity in 2004. Lines 

perpendicular to the coast indicate shorter stretches of beach and lines parallel to the 

coast indicate the lengths of beach surveyed. Rectangle on the inset indicates the 

location of the main figure in the eastern Mediterranean. 
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Figure 2. Fresh green turtle nesting activity (number of nests and number of 

emergences) on Latakia beach (Figure 1) in 2004, grouped into 4-day bins. 
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Abstract 

 

In 2006, we tracked a single Green Turtle after nesting in Latakia, providing the first 

evidence of foraging grounds and migratory routes from this rookery which is one of the 

most important nesting areas in the Mediterranean. Tracking lasted 95 days during 

which time the turtle migrated southward (minimum average speed = 0.9 km/h) and 

then westward (minimum average speed = 1.6 km/h), following the coast. The turtle 

settled in the Bay of As Sallum, western Egypt where it remained in neritic, coastal 

waters for the final 26 days of transmissions. These results, when combined with 

findings from Cyprus, Turkey and Greece, further highlight the importance of the North 

African coast for foraging adult turtles and the need for effective conservation 

measures to be adopted there.  
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Introduction 

 

The Green Turtle, Chelonia mydas, population in the Mediterranean has been 

demonstrated to be relatively discrete from those in the wider Atlantic (Bowen et al. 

1992, Encalada et al. 1996). Nesting occurs only in the eastern basin, mainly in Turkey 

and Cyprus (Kasparek et al. 2001). The population at monitored beaches was 

estimated to range between 339 and 360 females nesting annually (Broderick et al. 

2002), indicating the endangered status of this subpopulation. Recently in Syria - 

where only Loggerheads (Caretta caretta) were previously known to nest (Kasparek 

1995) - a regionally important Green Turtle nesting population was discovered, at 

Latakia, with an estimated 31-35 individual turtles nesting in 2004. This site is likely the 

ninth largest nesting aggregation in the Mediterranean Sea (Rees et al. 2008). 

Using satellite telemetry, Godley et al. (2002) elucidated migration routes and foraging 

grounds for Green Turtles that had nested on Cyprus. Turtles promptly departed the 

nesting area after making their final nests and the majority migrated south, to 

overwinter off the North African coast. All five turtles that migrated south travelled 

through Egyptian coastal waters; four moved into coastal waters of Libya and the 

transmissions from one turtle ceased abruptly, with the last locations in Egypt. The 

turtles that were tracked for extended periods at their foraging grounds maintained 

distinct home ranges in neritic waters (Godley et al. 2002). Subsequent studies have 

shown that Green Turtles display high levels of fidelity to their foraging grounds, having 

followed similar routes to reach there from the nesting areas, with the turtles moving to 

deeper water and remaining more sedentary during the winter period (Broderick et al. 

2007). 

 

 

Methods 

 

Here we set out to complement an on-going flipper tagging programme (Rees et al. 

2005) by tracking one Green Turtle via satellite telemetry, to obtain information about 

its migratory route and foraging area destination. We attached a Kiwisat 101 satellite 

tag to the carapace of a Green Turtle at Latakia (35.452°N, 35.863°E) after nesting on 

8 July 2006 (Fig. 1). The transmitter was adhered to the highest point on the carapace 

(2nd vertebral scute) using Araldite AW2101, 2-part epoxy (see Godley et al. 2002 for 

details). Data collection, management and mapping were undertaken using the 

Satellite Tracking and Analysis Tool (STAT; Coyne & Godley 2005). 

Location data were generated and downloaded from the Argos system, with levels of 

accuracy to each given location. Three location classes (LCs; 3, 2 & 1) have an 
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approximate error to within 1 km and a further three classes (0, A & B) have no 

assigned error (CLS 2007) but may still produce usable locations (Hays et al. 2001a). 

The route was constructed from Argos LCs 3,2,1,0&A with a filtering regime of: speed 

<5 km/h, topography <1m altitude, interval >12 hours between locations and turning 

angle of >25°. An additional 5 position fixes from LC B, which complied with the filtering 

protocol, were included at the later part of the track to supplement extended periods 

with no other position fixes. Following this regime, data points were generated for 46 

days. 

 

 

Results and discussion 

 

The turtle was tracked for a total of 95 days. Locations were obtained on a total of 46 

separate days, with fixes near daily for the first 44 days and intermittent thereafter. 

The turtle immediately departed the nesting area in a southerly direction after nesting. 

The turtle’s migration occurred primarily in coastal waters and as such, it passed 

through territorial waters of all geopolitical units en route (i.e. Lebanon, Israel and the 

Gaza Strip), before reaching the Bay of As Sallum in Egypt (Fig. 2a) at some point 

between 23 August and 16 September. 

For the initial 5 days, the turtle travelled up to 38 km from shore through waters up to 

1800m deep, at approximately 2.1 km/h, which compares well to the 2.8 km/h reported 

for open sea crossing by Godley et al. (2002). For the subsequent 39 days it swam 

through waters that averaged only 38.8 m deep (SD 54.7, 3.7-228.6 m, N = 40 

locations) and 4.7 km (SD 4.9, 0-18km, N = 40 locations) from the coast. 

Average minimum speed between locations was 0.9 km/h (SD 0.6, 0.1-1.9 km/h, N = 

16) for the southward leg of the coastal migration following the open sea crossing. 

Between 19 and 22 July, whilst in the coastal waters of Israel, average minimum swim 

speed was less than 0.12 km/h, when intensive foraging or resting is assumed to have 

occurred (Fig. 2a&b). The mean minimum speed of the westward migration along the 

Egyptian coast was 1.6 km/h (SD 0.5, 0.8-2.7, N = 24; Fig. 2a&b). This compares well 

with the 1.7 km/h found by Godley et al. (2002) for migrations along Turkish and North 

African coastal waters by turtles from Cyprus. 

It is interesting to note that, except for the first five days, the turtle migrated in coastal, 

neritic waters where it could feed ad hoc, rather than taking a more direct route to its 

final destination that would have taken it through deep oceanic water in which benthic 

feeding would be impossible (Godley et al. 2002). An alternative reason for adopting a 

coastal migration is that navigation is more straightforward compared to the open sea 

(Hays et al. 2002b). 
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The final, intermittent, locations placed the turtle for 26 days in one area, in neritic 

waters, within 16 km of the Egyptian coast (Fig. 2c), indicating it had at least 

temporarily become resident in a foraging area likely centred within the 50 m isobath. 

Post-nesting migrations of this kind, i.e. pelagic crossings with additional coastal 

movements to neritic foraging grounds (type A1; Godley et al. 2008) are the kind, at 

least in part, exhibited by all Green Turtle populations tracked so far (Godley et al. 

2008). It appears that adult Green Turtles are indeed obligate benthic feeders in the 

Mediterranean with all individuals tracked to date foraging in neritic waters, although 

recent evidence indicates this is not the case for all Green Turtles tracked elsewhere 

(Hatase et al. 2006, Seminoff et al. 2008). 

 

 

Conservation implications 

 

Although the present study examines the movements of only a single individual, the 

information presented here when combined with other Green Turtle studies from 

Cyprus (Broderick et al. 2007) and Turkey (Godley et al., unpublished data) and 

Loggerhead data from Cyprus and Greece (Godley et al. 2003b, Broderick et al. 2007, 

Zbinden et al. 2008) indicates that North African waters host critically important 

foraging grounds for the two species of sea turtle breeding in the Mediterranean. Only 

breeding individuals migrate north to the nesting areas in the spring and return again in 

autumn. This comprises a relatively small proportion of an adult turtle’s life (several 

months in every 2-4 years; Miller 1997) hence a substantial proportion of the sea turtle 

populations remain in North African waters year-round. The process of migration for 

most of the tracked animals (above) involved significant periods of movements in 

coastal neritic areas. These movements would make them vulnerable to artisanal and 

commercial fisheries interaction (Godley et al. 1998, Oruç 2001) and, specifically in the 

case of Egypt, direct take (Nada 2001) thus impacting on individual survivorship and 

population sustainability. Conservation of Green Turtles and marine turtles in general, 

in the Mediterranean - which has historically centred on nesting beaches - must also 

focus on foraging grounds to be fully effective. 
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Figure 1. Nesting Green Turtle returning to the sea near Latakia, equipped with a 

Kiwisat 101 satellite transmitter. 
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Figure 2. (a) Migration route of a green turtle from nesting area in Syria to its foraging 

ground in Egypt. Route was constructed utilising one location per day. Open circle 

indicates location of reduced migratory speed and a probable foraging site. Filled circle 

indicates end-point of the migration and location of the turtle for at least the final 26 

days of transmitter activity. (b) Displacement plot indicating open sea (left of arrow 

labelled A) and coastal movements and presumed foraging activity (between arrows A 

and B). Slope of line is indicative of speed. (c) Turtle locations obtained from the 

foraging ground at end of migration and transmitter activity. 
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Abstract 

 

Much is still to be learned about the spatial ecology of foraging marine turtles, 

especially for juveniles and adult males, which have received comparatively little 

attention. Additionally, there is a paucity of ecological information on growth rates, size 

and age at maturity, and sex ratios at different life stages; data vital for successful 

population modelling. Here, we present results of a long- term (2002-2011) study on 

the movements, residency, growth and sex ratio of loggerhead turtles (Caretta caretta) 

in Amvrakikos Gulf (39°0’N 21°0’E), Greece, using satellite telemetry (N = 8 

individuals) and on-going capture-mark-recapture (CMR; N = 300 individuals). 

Individuals encountered at sea ranged from large juvenile to adult (46.2-91.5 cm 

straight carapace length) and demonstrated growth rates within published norms (<2.7 

cm yr-1) that slowed with increasing body size. We revealed that an unexpectedly high 

proportion of animals were male (>44 % of captures above 65 cm straight carapace 

length), compared to region-wide female-biased hatchling production, indicating sex-

biased survival or possible behavioural drivers for likelihood of capture in the region. 

Satellite tracking confirmed that some turtles establish discrete, protracted periods of 

residency spanning more than 1 year, whilst others migrated away from the site. These 

findings are underlined by CMR results with individual capture histories spanning up to 

7 years, and only 18 % of individuals being recaptured. 
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Introduction 

 

Understanding the ecology of marine vertebrates is challenging as a result of the wide 

spatiotemporal scales over which their life cycles may take place (e.g. Block et al. 

2005; Croxall et al. 2005). Accordingly, long-term studies are required to accurately 

assess demographic and behavioural changes and support efficacy of conservation 

measures in long-lived species (Abesamis and Russ 2005; Troëng and Rankin 2005; 

Baird et al. 2008). Technological advances in satellite tracking techniques have allowed 

global coverage, with studies now encompassing all major marine taxa, from fish (e.g. 

Holdsworth et al. 2009; Eckert et al. 2002) to sea birds (e.g. Lynnes et al. 2002; Croxall 

et al. 2005) so that valuable insights into movement patterns and behaviour have been 

gathered (Heithaus et al. 2007; Andrews et al. 2008; Block et al. 2011). To gain deeper 

understanding of the ecology of these wide ranging taxa, there has been a progressive 

move to interdisciplinary studies, incorporating the combinations of telemetry with more 

traditional identification methods, for example, radio tracking and photograph ID in 

cetaceans (Scott et al. 1990). A combination of flipper tagging and satellite telemetry 

has been used to more fully determine spatial distribution of marine turtles (Godley et 

al. 2003a; Troëng et al. 2005a, b) with stable isotope analysis also used to complement 

these methods (Zbinden et al. 2011).  

The loggerhead sea turtle (Caretta caretta) is a circum-globally distributed species 

demonstrating regional population structuring as a result of natal philopatry (Bowen et 

al. 1994). Development and maturation take place over several decades (Chaloupka 

2003; Casale et al. 2011) during which time juveniles may traverse whole ocean basins 

before returning to their natal region (Bowen et al. 1995; Bolten et al. 1998; Bowen et 

al. 2004; Boyle et al. 2009). Traditionally, individuals were thought to exhibit a two- 

stage ontogenetic life history pattern, with smaller juveniles living and feeding in the 

epipelagic realm and larger juveniles and adults inhabiting neritic waters feeding on 

benthic prey (Bolten 2003). However, recent evidence has shown that this shift to 

neritic habitats is reversible during development (McClellan and Read 2007) and not 

obligatory for all adults in a population (Hatase et al. 2002; Hawkes et al. 2006; Rees et 

al. 2010a). Additionally, the temporal and spatial scales over which marine turtle life 

histories occur make comprehensive ecological studies difficult to undertake, and 

consequently, accurate assessment of vital demographic parameters is difficult to 

achieve. 

Turtle populations are impacted by diverse anthropogenic threats (Lutcavage et al. 

1997). Climate change is likely to profoundly affect sea turtles, as temperature 

influences vital life history characteristics, such as sex determination, breeding 

phenology and habitat selection (reviewed by Hawkes et al. 2009 and Witt et al. 
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2010b). Fisheries interactions and coastal development, however, have been identified 

as causing most concern (Donlan et al. 2010; Hamann et al. 2010). The Mediterranean 

Sea contains a genetically isolated metapopulation of loggerhead turtles (Encalada et 

al. 1998; Carreras et al. 2011), and anthropogenic threats prevalent within the region 

(see Coll et al. 2010) reflect the situation globally. 

Mediterranean loggerheads mature at the smallest size globally (Tiwari and Bjorndal 

2000; Margaritoulis et al. 2003) and grow more quickly than their Atlantic conspecifics 

that are present but do not breed in the West Mediterranean (Piovano et al. 2011). The 

distribution of oceanic and open-sea neritic juvenile loggerheads has been examined 

within the region (Tomas et al. 2001; Cardona et al. 2005; Casale et al. 2007; Revelles 

et al. 2007), as have the inter-breeding locations of adults (Margaritoulis et al. 2003; 

Broderick et al. 2007; Schofield et al. 2010; Margaritoulis and Rees 2011; Zbinden et 

al. 2011) There is, however, a paucity of literature on foraging populations in shallow 

coastal areas (see White et al. 2010 for the exception), which are likely comprised of 

the demographically important large juvenile and adult size classes. Furthermore, 

through temperature-dependent sex determination, highly biased offspring sex ratios 

may be produced in marine turtle populations (Marcovaldi et al. 1997; Hanson et al. 

1998; Wibbels et al. 1999; Booth and Freeman 2006; Chu et al. 2008; Steckenreuter et 

al. 2010). 

These biases are likely to become more extreme in the face of climate change 

(Mrosovsky et al. 1984; Fuentes et al. 2010; Witt et al. 2010b). Since the anticipated 

threat of climate change is believed to be particularly pronounced within the 

Mediterranean Basin (Nicholls et al. 1999; Giorgi and Lionello 2008), there is a need for 

sex ratio studies of juvenile and adult turtles in foraging habitats. 

We report the results of a decade-long study of the Mediterranean loggerhead sea 

turtle using multiple methods to generate an understanding of the foraging ecology of 

this species in a shallow, neritic habitat. Using satellite telemetry and capture-mark-

recapture, we set out to ascertain the degree of inter- and intra-annual fidelity to 

capture location. Utilising sexually dimorphic traits, we set out to identify the size at 

maturation of males from which we could estimate sex ratio of sub-adult and adult-

sized individuals in a region where hatchling production is female skewed. Further, the 

long-term nature of the study allowed us to generate information on growth rates, which 

are poorly reported in the literature. 
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Materials and Methods 

 

Sampling site and data collection 

Amvrakikos Gulf, in western Greece (39°0’N 21°0’E), is a virtually enclosed basin 

covering 405 km2 with an opening to the Ionian Sea through the Preveza Channel that 

is 3 km long, 8 m deep and, at its narrowest, 600 m wide (Fig. 1; Kapsimalis et al. 

2005). The northern part is formed from the deltas of the Arachthos and Louros rivers, 

which have created three large lagoons and expansive saltmarsh, reed bed and 

shallow water habitats. The Gulf has been termed the ‘only Mediterranean Sea fjord’ 

(Ferentinos et al. 2010) with a maximum depth of 65 m. Due to low levels of circulation, 

the deeper regions, encompassing some 50 % of the seafloor, of the gulf are hypoxic 

or anoxic (Kountoura and Zacharias 2011; Ferentinos et al. 2010). Local knowledge 

indicated high densities of loggerhead marine turtles were present in the shallow 

waters around the Arachthos and Vovos estuary system in the north east of 

Amvrakikos Gulf. The area is specifically characterised by extensive shallow waters <2 

m deep; therefore, this region was initially selected as the sampling site (Fig. 1). 

In June and September 2002 and May 2003, turtles were captured from a boat using a 

seine net (N = 16) primarily for the purpose of deploying satellite transmitters (see 

below). This region of the Gulf was then selected for subsequent research due to the 

abundance of turtles observed. Therefore, from 2004 to 2011, between the months of 

May and September, for periods between 3 and 6 days, animals were captured at this 

location, using the sea turtle rodeo technique (Ehrhart and Ogren 1999) from a 4-m 

inflatable dinghy. Captured turtles were hauled on board for data collection and were 

generally released within 15 min of capture. 

GPS coordinates were recorded for the majority of turtle captures. Curved carapace 

length (notch to tip) (Bolten 1999; CCL) was measured to the nearest 0.5 cm with a 

fibreglass tape measure, and straight carapace length (notch to tip) (Bolten 1999; SCL) 

was measured using wooden or, more commonly, metal callipers (0.5 and 0.1 cm 

precision, respectively). Tail lengths (TL), from tail tip to inner part of the notch between 

the supracaudal scutes (Limpus and Limpus 2003), were also recorded using a 

fibreglass tape measured to the nearest 0.5 cm, with negative values recorded when 

the tail did not protrude past the edge of the carapace. Turtles were externally tagged 

on two flippers (Balazs 1999) using a combination of uniquely numbered Monel metal 

(National Band and Tag Company, Kentucky, USA) and plastic (Dalton, Oxfordshire, 

UK) tags. 

In order to determine natural variation and maximum values presented by adult 

females at probable source populations, TL and SCL measurements were taken from 

94 nesting turtles (after completion of egg laying) at the three main nesting areas of 
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Greece (Laganas Bay on Zakynthos Island (N = 23), southern Kyparissia Bay on the 

Peloponnese (N = 48) and Rethymno on the Island of Crete (N = 23)), in 2011. 

Satellite tracking 

We tracked six turtles using Kiwisat 101 satellite transmitters (Sirtrack Ltd, Havelock 

North, New Zealand) using the Argos system (www.argos-system.org) with three tags 

deployed in 2002 and three in 2003. Captured turtles were taken ashore and retained 

in a shaded, wooden corral to affix the transmitters and were then released on a beach 

less than 2.5 km from capture location. The fibreglass and polyester resin attachment 

method of Balazs et al. (1996) was adopted. Transmitters were duty-cycled to be 

continuously on for the first 28 days, followed by 24 h. on: 36 h. off to extend battery 

life, for the rest of the transmitter’s functional duration. A separate study involved 

satellite tracking a further 18 turtles whilst nesting at Laganas Bay, Zakynthos (see 

Zbinden et al. 2011 for details). Two of these turtles, from 2007, migrated into 

Amvrakikos Gulf and their movements within the Gulf are opportunistically included 

here. 

Location data for Amvrakikos-tagged turtles were manually retrieved, through Telnet, 

on a daily basis. Datasets were then uploaded into the Satellite Tracking and Analysis 

Tool (STAT; Coyne and Godley 2005) for processing and filtering. Data for Zakynthos-

tagged turtles were both downloaded by and processed in STAT. Raw Argos data were 

filtered in the following manner: Location classes 3, 2, 1, A and B were used (Witt et al. 

2010a), and locations requiring excessive speed (>5 km h-1) or highly acute turning 

angles (<25°) were omitted. The filtered data were interpolated to provide a single daily 

location, attributed to noon local time. 

Home range kernel estimates were generated for five individuals (4-8), where we 

obtained sufficient data (over 20 daily locations) within the Gulf. We defined the 75 and 

50 % utilisation levels to estimate home range and core areas, respectively, using a 1-

km smoothing factor (h) in the fixed kernel density estimator method (Worton 1989) of 

Hawth’s Tools (www.spatialecology.com) for ArcGIS 9.3.1 (ESRI, Redlands, CA, USA; 

www.esri.com/software/arcgis/index.html). 

 

Biometric data analyses 

Individual growth rates were calculated as the difference between carapace length 

measurements separated by intervals of greater than or equal to 10 months (van Dam 

1999), divided by the intervening time period and expressed in cm yr-1. Growth rate 

was assigned to the mean size between release and subsequent observation as per 

previous investigations (Chaloupka and Limpus 1997; Casale et al. 2009). A single TL 

measurement and corresponding SCL is presented per individual. In cases with more 

than one record per individual, the initial record was used. Several captured turtles 
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bore tags applied whilst nesting at monitored sites in Greece, indicating they were adult 

females. We carried out the assessment of sex through determining a cut-off point at 

which extended tail length indicated maleness, blind to the presence of such tags. 

All data were checked for normality using the Shapiro-Wilk test, and where normality 

was not met, nonparametric statistical analyses were undertaken. Additionally, we used 

GLMs to investigate variation in turtle growth. To normalise growth rate, we log + 1 

transformed the data. 

 

 

Results 

 

We repeatedly observed and captured tens of individuals in water less than 2 m deep 

(maximum 41 individuals captured in a 6-day field period), which indicates that the 

study area is a high-use foraging habitat for loggerhead turtles. In a decade of study, 

comprising 67 days of fieldwork, we have recorded 300 individual loggerhead turtles 

from 370 captures. Mean size (SCL) at first capture was 67.4 cm and ranged from 46.2 

to 91.5 cm (SD = 8.2 cm, N = 293) encompassing both juvenile and adult size classes. 

 

Fidelity 

Eight individuals were tracked by satellite within the Gulf with median of 57-day 

duration (interquartile range 18.25-248 days) ranging from 10 to 548 days (Fig. 2; 

Table S1). Poor quality and infrequent locations from turtles 1-3 indicated they 

remained in the northern part of the gulf before transmissions ceased (for minimum 

periods of 10-22 days; Fig. 2a). Two turtles (4 and 5) remained within the study area for 

44 and 548 days, respectively (Fig. 2b,c), with turtle 4 subsequently departing the gulf 

for Syria and Turkey (track not shown). Turtle 6 resided near the entrance to the gulf 

for the majority of its 70-day tracking duration (Fig. 2d). Turtles 7 and 8 (tagged whilst 

nesting on Zakynthos) never entered the sampling area, although they established 

long-term foraging locations in the northwest and south-central parts of the Gulf, 

respectively (Fig. 2e,f), and were tracked for 266 and 194 days in these locations. 

Median 50 % core area foraging habitat was 18.2 km2, ranging from 4.9 to 54.7 km2. 

No relationship was found between core area size and residency duration (Spearman’s 

rank correlation, rs = 0.300, N = 5, P = 0.624), indicating individuals rapidly established 

foraging habitat limits. 

In total, 54 turtles (18 %) were recaptured during the study with recapture intervals 

ranging from 1 to 1986 days. We recorded individuals present at the study site for up to 

7 years including recaptures in the intervening time period (Fig. S1). The maximum 

distance between the most disparate capture locations, which defines our sampling 
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range, was 3.6 km. Mean distance for within-year recaptures (range 1-144 days) was 

1.05 km from 13 individuals (SD = 0.65, 0.25-1.99 km) including one turtle that was 

caught three times in a year, for which the distance between the first and last capture 

was used. Mean distance for multi-year recaptures (range = 328-1875 days) was 0.82 

km from 14 individuals (SD = 0.61, 0.08-2.18 km). A further five turtles were recaptured 

at marked locations three times over several years. Mean maximum distance between 

recaptures for these turtles was 1.54 km (SD = 0.49, 1.04-2.09 km). 

 

Growth rates 

This fidelity evidenced by some individuals and their consequent recaptures permits 

estimations of growth rates. Of the multi-sampled turtles, 33 individuals were 

recaptured with intervals of ≥10 months and were successfully measured on both 

occasions. Maximum growth rate derived from these recapture data was 2.7 cm yr-1 at 

49.9 cm SCL. No significant difference in growth rate was found between sexes (F1,18 = 

0.1313, P = 0.72) nor for size (F1,18 = 2.24, P = 0.15) with turtles of estimated sex (SCL 

>65 cm). However, growth rate was significantly higher in smaller turtles when included 

in the model (F1,32 = 7.37, P = 0.01, Fig. 3). This significance was generated by the 

smallest turtle that had the fastest growth rate. No significant relationship between size 

and length existed when this data point was removed (F1,31 = 2.87, P = 0.10). 

 

Sexual dimorphism 

Tail length measurements (TL) of known adult females (measured after nesting in 

Greece) ranged from -3 to 7 cm (mean = 2 cm, SD = 2.1 cm, N = 94). More than 95 % 

of adult females had TL measurements of less than 6 cm. No significant relationship 

between carapace length (SCL) and TL was found for adult females (Pearson’s product 

correlation, r92 = 0.194, P = 0.062; Fig. 4a). TL measurements for turtles captured 

within Amvrakikos Gulf ranged from -5 to 28.5 cm (N = 274) (Fig. 4b). It can be 

inferred, from our data and from published studies (Casale et al. 2005; Limpus and 

Limpus 2003), that individuals with TL ≥ 6 cm are highly likely to be males. In our 

sample, the onset of tail elongation occurred between 60 and 65 cm SCL (Table 1; Fig. 

4b) and from around 75 cm SCL individuals fell into two distinct tail length categories 

(Fig. 4b). 

 

Sex ratios 

Based on extended tail length, the minimum percentage of males (MPM) per 5cm size 

category progressively increases from SCL 60 cm, reaching 100 % in the two largest 

classes (Table 1). Using the common minimum size of nesting females (65 cm SCL; 

Fig. 4a), which coincides with the increased proportion of identifiably male turtles, we 
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calculated the MPM captured during each field period. Grouped, monthly sample sizes 

ranged from 13 to 65 captures, and the corresponding MPM ranged from 31 to 55 % 

with May and July having values of 40 % or more (Table S2); however, monthly 

variation in sex ratio did not vary significantly (Kruskal-Wallis test, H4 = 5.176, P = 

0.270). Overall MPM was 44 % (N = 216). The proportion of males increased if the 

threshold was raised to 75 cm SCL (which permits full sex discrimination based on tail 

length) and ranged from 40 to 90 %, with an overall of 64 % males calculated from 72 

captures (Table S2). This increase is to be expected, as there was a higher MPM in 

larger turtles (Table 1). 

 

 

Discussion 

 

The annual number of nesting loggerheads in the Mediterranean region has been 

estimated as less than 2800 (Broderick et al. 2002) and so localised foraging areas in 

which turtles may be numbered in hundreds, such as Amvrakikos Gulf, comprise 

regionally important habitats. Focal foraging areas for adult female loggerheads in the 

Mediterranean have previously been revealed through flipper and satellite tagging 

nesting females. The African coastline and Adriatic Sea are highlighted as key foraging 

areas for turtles breeding in Greece and Cyprus (Zbinden et al. 2011; Broderick et al. 

2007), though there is evidence that at least one breeding aggregation also 

preferentially utilises the Aegean Sea (Margaritoulis and Rees 2011). Most mixed sex 

and size class studies, from which turtle abundance have been estimated, have relied 

on fisheries bycatch to sample turtles (see Casale et al. 2012c for a summary). In our 

study, the first of its kind in Greece, through identifying 300 individual turtles, with 

limited recaptures, in only 67 days of fieldwork spread over a decade, we confirmed 

that Amvrakikos Gulf is a hotspot for loggerhead turtles. We have only recorded large 

juvenile and adult turtles that appear to have undergone the ontogenetic shift from 

being epipelagic to benthic foragers. This shift, though reversible (McClellan and Read 

2007), occurs in Atlantic and North East Pacific loggerheads from around 46 cm 

(Bjorndal et al. 2000; Seminoff et al. 2004) with loggerheads from Australia and South 

Africa recruiting into neritic habitats at larger sizes (Limpus and Limpus 2003; Hughes 

1974). Within the Mediterranean, a relaxed life history model has been suggested, with 

individuals slowly shifting from epipelagic to benthic foraging from around 26 cm 

carapace length (Laurent et al. 1998; Casale et al. 2008a). Our results are aligned with 

those from the Atlantic with only turtles greater than 46 cm in length being recorded, 

although we cannot rule out the possibility of smaller turtles occurring elsewhere within 

the gulf. The apparent exclusive presence of adult and large-sized juvenile loggerhead 
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turtles in the Gulf may be a result of the geographical constraints of location; this 

imparts a certain importance to the region, as modelling has shown that reduced 

survivorship in these size classes will have most effect on breeding population viability 

(Crouse et al. 1987; Heppell et al. 1999). 

Multi-year fidelity, by loggerheads, to foraging areas has been previously demonstrated 

(Limpus and Limpus 2003; Broderick et al. 2007; Schofield et al. 2010; White et al. 

2010). From tag recaptures, we report a pattern of long- term fidelity (up to 7 years), 

and from telemetry, we have confirmed year-round presence of turtles in the Gulf. 

Fidelity to a foraging habitat is thought to persist for juveniles through to maturity 

(Limpus and Limpus 2001). Though not conclusive for changes in maturity status, we 

have recorded male turtles going through puberty, based on rapidly increasing tail 

length, and females that were originally tagged in the study location subsequently 

witnessed on nesting beaches before being re-sighted in the Gulf (details not 

presented); thus, the growing body of data from this study indicates that, for at least 

some individuals, turtles of the Mediterranean also maintain fidelity to foraging 

locations through maturation. 

Core area utilisation was broadly in line with other studies, in that coastal, neritic core 

foraging areas cover tens of square kilometres (Broderick et al. 2007; Schofield et al. 

2010), whereas core areas for turtles in open water habitats are orders of magnitude 

larger (Schofield et al. 2010; Hawkes et al. 2011). We also reveal that Mediterranean 

loggerheads establish spatial structuring within extensive suitable foraging habitat. 

Non- and poorly overlapping home ranges of study animals tracked for extended 

periods indicate that individuals establish distinct foraging areas, often not at the study 

site. Behaviour of another adult male that was tracked into the Gulf in successive years 

(Schofield et al. 2010) further supports this observation as it established two localised 

foraging areas, using one in 1 year and both in the other, with neither incorporating the 

study area. This, aligned with the fact that only 18 % of turtles have as yet been 

recaptured in the small area of our intensive survey efforts, would indicate that many 

turtles have only a transient association with the study site, as demonstrated by the 

majority of the tracked turtles establishing foraging areas elsewhere (Schofield et al. 

2010; present study). Similar results have been recorded in the NW Atlantic where 

some individuals show strong fidelity to localised foraging areas (Avens et al. 2003), 

whereas the majority of individuals are recorded as transients (Sasso et al. 2006), 

confirming widespread behavioural plasticity in foraging habitat use. 

Growth rates for wild sea turtles require recapture of potentially wide ranging 

individuals over long periods of time and hence are difficult to obtain. New data on 

growth rates therefore may contribute to our understanding of marine turtle 

demographics. The rates derived from our study lie within published norms for 
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loggerheads (Table S3), indicating that the gulf is a suitable developmental and long-

term foraging site. Large size (possibly adult) individuals captured at the study site 

showed growth at near zero as found in other studies (e.g. Broderick et al. 2003; 

Limpus and Limpus 2003). However, this contradicts other results from the 

Mediterranean where the larger-sized animals still exhibited growth in excess of 1 cm 

year-1 (Casale et al. 2009; Piovano et al. 2011). These fast-growing larger turtles were 

hypothesised, by Casale et al. (2009), to be of Atlantic origin and from stocks that 

mature at a larger size, but the more recent work of Piovano et al. (2011) has indicated 

that, in this size range, Mediterranean loggerheads actually grow almost twice as fast 

as their Atlantic conspecifics. The present study still requires more data for the smaller 

size classes present to create a more robust growth curve for turtles foraging in 

Amvrakikos Gulf and only when this is achieved will we be able to provide an estimate 

of age at maturity and duration of the juvenile neritic foraging stages, which are vital 

parameters for modelling turtle life histories. 

The simple, non-invasive sexing of larger turtles through use of tail lengths has great 

utility in studies that lead to better understanding of population demographics. As 

stated, our results using TL to sex individuals compare well with others (Casale et al. 

2005 (Mediterranean), Limpus and Limpus 2003 (Australia) and Ishihara and Kamezaki 

2011 (Japan)), but have additional validation over the other Mediterranean study in that 

we obtained tail and carapace length measurements from a large sample of turtles of 

known sex and maturity status (adult females) and thus we were able to determine with 

more certainty the tail length threshold which, when exceeded, is indicative of 

maleness (i.e. 6 cm). 

A female-biased sex ratio of hatchling production has been reported for loggerheads at 

its major nesting areas in the Mediterranean (reviewed in Witt et al. 2010b), and 

although methodology and timescales of studies differ, this bias is accepted to be 

globally predominant (Wibbels 2003). Conversely, studies have generated conflicting 

estimates for at-sea sex ratios of larger loggerhead turtles in the Mediterranean; from 

female biased to balanced ratios (Table 2). Sample sizes that contribute to the overall 

sex ratio estimations presented here were generally small (range of n = 2 - 23) with 

resulting high confidence intervals for the means (Table S2), weakening any inferences 

that may be drawn from comparing individual field periods, but they combine to provide 

more robust results from which differences may be determined. Our study has revealed 

a male bias, increasing with size, with 69 % of individuals over 75 cm SCL determined 

to be male. It may be that males preferentially settle in this location or that sex-specific 

mortality rates differ through the development and maturity. However, further 

investigations including the use of genetic techniques to identify contributions from 
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different source populations from which hatchling sex ratios have been or can be 

estimated need to be undertaken to explain this. 

The sex ratios we generated provided some intriguing revelations concerning lack of 

seasonality. Within the Mediterranean, loggerhead turtle nesting is mostly confined to 

the summer months of June through to early August (Margaritoulis et al. 2003) and 

hence the sex ratios in adult foraging areas might be expected to follow a predictable 

pattern, namely April should show reduced numbers of adult male and female turtles in 

foraging grounds as they migrate to their breeding areas with a higher proportion of 

males departing the foraging area as they undergo breeding migrations more 

frequently than females (Hays et al. 2010a). Males return to their foraging areas in 

May/June, whilst females continue their breeding season that ends in August and it is 

then they return to foraging areas (Schofield et al. 2009). A full complement of adults 

should therefore be present in foraging grounds in September after the completion of 

the breeding season. However, our results do not support this scenario as no 

significant differences in sex ratio per month were identified. This may be due to the 

small sample size of monthly captures, leading to a type II statistical error, in which 

case more intensive sampling efforts need to be made, from the relatively small 

proportion of adult females that leave the Gulf each summer to breed or from more 

complicated behaviour patterns. Adult female loggerheads typically undertake breeding 

migrations to the nesting grounds every 2-3 years, with interbreeding intervals varying 

per individual (Broderick et al. 2002); consequently, no more than 50 % of the adult 

females in a region would normally depart their foraging habitats to breed. If those 

individuals that lay only one or two clutches in a season return immediately to their 

foraging areas, this could mask evidence for reduced presence of adult female turtles 

due to breeding migrations during all sampling periods except May. 

In conclusion, we have, over time, identified hundreds of turtles, with an unusually high 

proportion of males that reside and transit through a small area of Amvrakikos Gulf. 

These turtles evidently select the region for the latter part of their maturation and adult 

life stages. Amvrakikos Gulf is a known ecologically important area hosting 

internationally important breeding populations of Dalmatian pelicans (Pelecanus 

crispus) and other protected bird species (Zogaris et al. 2003) and it is also inhabited 

by a resident population of bottlenose dolphins (Tursiops truncatus; Bearzi et al. 2008). 

The additional recognition of sea turtles as long-term residents in the Gulf will increase 

its importance, and existing management plans and schemes should incorporate sea 

turtle protection. Although, through combining the use of diverse research techniques, 

we have progressed in identifying the intrinsic significance of the loggerhead turtle 

population in Amvrakikos Gulf, several important ecological/conservation research 

questions remain unanswered; especially, how many turtles are present in the entire 
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Gulf and which rookeries (and in what proportions) are represented in the foraging 

assemblage? Research on these topics, which will provide evidence on connectivity 

with nesting grounds across the region, is already underway.  
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Table 1. Minimum percentage of males in different size classes determined from 

sexually dimorphic tail length and based on one observation per individual. 

 

SCL (cm) TL <6 cm TL ≥6 cm (≡ male) Min. % male 

>45-50 4 0 0 

>50-55 7 0 0 

>55-60 36 0 0 

>60-65 a 63 4 6 

>65-70 45 12 21 

>70-75 31 25 45 

>75-80 b 12 16 57 

>80-85 4 15 79 

>85-90 0 3 100 

>90-95 0 1 100 

 

SCL straight carapace length, TL tail length. a Size class with the onset of tail 

elongation and the size at which maleness can be ascribed. b Minimum size class in 

which sex can be definitively assigned based on tail length, as it falls within two distinct 

groups (see Fig. 4b). 
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Table 2. Sex ratios from different studies on loggerhead turtles in the Mediterranean 
Sea. 
 

Region 
Age 
class 

Sex ratio 
% female N Reference 

North Western Mediterranean Juvenile 53.8 104 Casale et al. 2006 

South Tyrrhenian Sea Juvenile 61.0 218 Maffucci et al. 2013 

Central Mediterranean Juvenile 54.5 66 Casale et al. 2006 

North East Adriatic Sea Juvenile 57.9 57 Casale et al. 2006 

South West Adriatic Sea Juvenile 51.8 83 Casale et al. 2006 

NE Adriatic and C Mediterranean Juvenile 49.5 99a Lazar et al. 2008 

Drini Bay, Albania Mixed ≤73.0b 407 White et al. 2011 

Undefined Adultc 61.0 69 Casale et al. 2005 

South Tyrrhenian Sea Adultc 38.5 26 Maffucci et al. 2013 

Amvrakikos Gulf Adultd 31.4 51 Present study (Table 1) 

 
a May contain individuals used in estimations of Casale et al. 2006. b Twenty-seven 
percent of turtles sampled were identified as males based on external morphology. The 
number of individuals too small to sex in this way is not presented. c maturity status 
based on size class, with animals Curved Carapace Length > 75cm considered adult. d 
maturity status based on size class, with animals Straight Carapace Length > 75cm 
considered adult. 
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Table S1. Satellite tracked animals and site fidelity. SCL = straight carapace length. 
For graphical representation of behaviour see Figure 2. 
 
ID Sex Deployment 

Period 
SCL  
(cm) 

Duration 
of activity 
(days) 

No. days 
with 
locations 

Behaviour 

1a F June 2002 80.0 22 13 Moved to north central area 
 

2a M June 2002 83.0 10 8 Remained close to study area 
 

3a F June 2002 76.5 17 6 Indications of remaining in north 
central / north east area 

4 F May 2003 70.0 44 24 Remained near study site until 
departing the Gulf after 44 days 

5 U May 2003 68.0 548 53 Remained almost entirely in or near 
study area 

6 M May 2003 71.5 70 50 Majority of time at entrance to Gulf, 
but briefly returned to study site 

7b F July 2007 78.5 266c 87 Entered Gulf on 25 Aug 07 and 
remained in north west area 

8b F July 2007 85.0 194c 40 Entered Gulf on 29 Jul 07 and 
remained in south central area 

 
a Location data for these turtles were generally of low frequency and poor quality but 
sufficient to indicate foraging locations. b Turtles that were tracked to Amvrakikos Gulf 
after nesting on Zakynthos (Zbinden et al. 2011). c Duration after entering Amvrakikos 
Gulf. 
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Table S2. Sex ratios of turtles captured per field period expressed as percent male. 
Data presented as: %male (95% CI) N=individuals. Upper table: The percentage 
individuals with SCL ≥65 cm, which represents common minimum size for adult female 
turtles and maleness could start to be assigned based on tail length. Overall sex ratio 
44 % male (N = 216). Lower table: The percentage of individuals with SCL ≥75 cm at 
which sex could be assigned based solely on tail length.. NC = no captures. Overall 
sex ratio 64 % male (N = 72). 
 

Year May June July August September 

2002  33% (0.0 - 86.7) 
N=3 

  33% (0.0 - 86.7) 
N=3 

2003 50% (1.0 - 99.0) 
N=4 

    

2004 45% (12.0 - 74.9) 
N=11 

   53% (29.2 - 76.7) 
N=17 

2005 61% (40.9 - 80.8) 
N=23 

 50% (29.1 - 70.9) 
N=22 

 42% (19.9 - 64.3) 
N=19 

2006   50% (19.0 - 81.0) 
N=10 

  

2007  43% (23.2 - 63.7) 
N=23 

  29% (0.0 - 62.0) 
N=7 

2008  24% (3.4 - 43.7) 
N=17 

  25% (0.0 - 67.4) 
N=4 

2009  30% (1.6 - 58.4) 
N=10 

   

2010   40% (15.2 - 64.8) 
N=15 

 53% (28.1 - 78.6) 
N=15 

2011    31% (5.7 - 55.9) 
N=13 

 

Total 55% (39.5 - 71.1) 
N=38 

34% (21.2 - 46.7) 
N=53 

47% (32.5 - 61.1) 
N=47 

31% (5.7 - 55.9) 
N=13 

45% (32.5 - 56.7) 
N=65 

      

      

Year May June July August September 

2002  33% (0.0 - 86.7) 
N=3 

  50% (0.0 - 100) 
N=2 

2003 NC     

2004 83% (53.5 - 100) 
N=6 

   60% (17.1 - 100) 
N=5 

2005 80% (55.2 - 100) 
N=10 

 75% (32.6 - 100) 
N=4 

 33% (0.0 - 86.7) 
N=3 

2006   100% ( N/A ) 
N=3  

  

2007  44% (12.0 - 76.9) 
N=9 

  33% (0.0 - 86.7) 
N=3 

2008  33% (0.0 - 71.1) 
N=6 

  NC 

2009  50% (0.0 - 100) 
N=2 

   

2010   100% ( N/A ) 
N=3  

 87% (64.6 - 100) 
N=8 

2011    60% (17.1 - 100) 
N=5 

 

Total 81% (62.1 - 100) 
N=16 

40% (18.5 - 61.5) 
N=20 

90% (71.4 - 100) 
N=10 

60% (17.1 - 100) 
N=5 

62% (41.1 - 82.7) 
N=21 
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Table S3. Published growth rates of loggerhead turtles of similar size classes to those 
captured in Amvrakikos Gulf. 
 
Size range  
(CCL) 

Growth rate 
(cm year-1) Location Reference 

40.0 - 80.0 1.5 - 3.6 Central Mediterranean Casale et al. 2009 (from their 
Fig. 2) 

40.0 - 80.0 2.9 - 4.0 Med’ origin 
1.5 - 3.0 Atlantic origin Central Mediterranean Piovano et al. 2011 (from their 

Table 1) 

40.0 - 80.0 1.8 - 4.8 Atlantic (Azores) Bjorndal et al. 2000 (from 
their Fig. 3) 

40.0 - 80-0* 5.2 - 15.7 Atlantic (Bahamas) Bjorndal and Bolten 1988 
(from their Table 2) 

50.0 - 80.0* 4.99 - 7.36  Atlantic (Florida) Mendonça 1981 (from their 
Table 1) 

50.0 - 79.0 ‘no sig effect of size’ 
1.7 cm Atlantic (N Carolina) Braun-McNeill et al. 2008 

(from their Table 1) 
‘Large immature’ 
‘Young adults’ 

‘one to two centimetres’ 
‘few millimetres’ Australia Limpus and Limpus 2003 

 
* Straight Carapace Length measurements (SCL); 40 cm SCL ≈ 43.5 CCL, 80 cm SCL 
≈ 85.6 cm CCL 
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Figure 1. Location of study area and turtle captures: a Amvrakikos Gulf with contextual 

inset. Rectangle indicates study area, and the Preveza Channel is indicated with a star. 

GR Greece, TU Turkey. 10-, 20- and 50-m bathymetric contours are shown. b GPS, 

turtle capture locations in the study area (N = 300). Dashed line delineates area 

covered in surveys and the 2-, 10- and 20-m bathymetric contours are shown 
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Figure 2. Site fidelity and movement of loggerhead turtles within Amvrakikos Gulf 

described by satellite telemetry. a Three turtles (1-3) tagged in 2002 with maximum 

duration of usable data of 22 days; filtered locations shown. b Turtle 4 that departed the 

gulf after 60 days of transmissions. c Turtle 5 that remained in the Gulf for over 540 

days. d Male turtle 6 (SCL = 71.5 cm) that transmitted for 70 days. e Adult female turtle 

7, tracked in the gulf for 266 days. f Adult female turtle 8, tracked in the Gulf for 194 

days. Polygons show 50 % (dark) and 75 % (pale) occupancy levels. See Table S1 for 

further details of the satellite-tracked turtles 
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Figure 3. Annualised growth rates in terms of carapace length (SCL). See text for 

methods of selecting growth data. Maximum growth rate was recorded for the smallest 

individual and growth rate decreased to approximately zero for larger turtles (N = 33). 

Triangles = unsexed individuals. Open circles = (probable) females. Filled circles = 

males. Line indicates regression through all data points, showing decrease in growth 

rate with increasing size.  
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Figure 4. Tail length plotted against carapace length (SCL). a) Known adult female 

turtles, sampled from nesting areas (N = 94), showing their distribution from which our 

maximum TL for females was derived. b) Amvrakikos turtles (N = 274) show onset of 

tail elongation at 60-65 cm SCL and separation of the sexes, based on tail length, by 

75 cm—indicated by the dashed vertical line. The dashed horizontal line on both plots 

represents the cut-off point where longer tails indicate the turtles are male (6 cm). 
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Figure S1. Frequency of maximum recapture history within the study area. A total of 54 

turtles were recaptured during the decade-long study with a maximum interval, 

between first and last capture, of seven years. 
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Abstract 

 

Many marine megavertebrate species disperse widely from their hatching or birthing 

locations but display natal homing as adults. Sea turtles are notable examples of this 

phenomenon with juveniles often dispersing across entire oceans during maturation but 

returning to their natal area to breed. Within the Mediterranean the majority of 

loggerhead sea turtle nesting occurs in Greece, Turkey, Cyprus and Libya and 

juveniles disperse across the eastern Mediterranean basin. The neritic seas off North 

Africa and the Adriatic Sea have been identified as key foraging and overwintering 

habitats for adult Mediterranean loggerheads. Amvrakikos Gulf in the northern Ionian 

Sea has been identified as hosting regionally important numbers of large-juvenile, sub-

adult and adult turtles that display long-term residency and/or association to the area, 

and a male biased sex ratio amongst adults. We used flipper tagging, satellite tracking 

and genetic investigations to identify the origin of turtles in Amvrakikos Gulf. A total of 

17 individuals have been linked to nesting areas in Greece through tagging and 

telemetry, with the majority (12) coming from Zakynthos Island nesting area. One 

additional female was tracked from Amvrakikos Gulf to Turkey where she likely nested. 

Mitochondrial DNA mixed stock analyses of turtles captured in Amvrakikos Gulf (95 

individuals) revealed 82% of individuals came from Greece, mainly from Zakynthos 

Island (63%), with notable lesser contributions coming from central Turkey, Cyprus and 

Misurata in Libya. These results combine to suggest that loggerhead turtles tend to 

mature in regions proximate to their natal origins and that the male biased sex ratio 

found in Amvrakikos Gulf is likely driven by environmental factors (oceanographic 

currents and beach temperatures) specifically experienced by the Zakynthos Island 

nesting aggregation. Conservation measures for the protection of sea turtles in 

Amvrakikos Gulf will principally have a positive impact on the larger breeding 

populations in Greece, but also potentially on depleted populations elsewhere in the 

Mediterranean.  
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Introduction 

 

Distribution and dispersal of many marine megavertebrate species involve large spatial 

scales (e.g. tuna: Block et al. 2005; sharks: Domeier & Nasby-Lucas 2008; albatrosses: 

Weimerskirch et al. 2006; seals Field et al. 2005; whales: Zerbini et al. 2006). 

Understanding and quantifying the intra-species connectivity between distant habitats 

is important for conservation and management (Webster et al. 2002, Gerber & Heppell 

2004, Martin et al. 2007) and may necessitate international cooperation and 

collaboration for effective species protection (Blumenthal et al. 2006, Jodice & Suriyan 

2010, Hamann et al. 2010).  

Tagging and satellite tracking technologies have revealed a wealth of information on 

marine vertebrate life histories and migratory behaviour (Thompson et al. 2003, Cooke 

et al. 2008, Block et al. 2011) and genetic studies have revealed cryptic population 

structures (e.g. Mesnick et al. 2011, Blower et al. 2012) that are essential for the 

definition of management units of endangered species (Moritz 1994). Important 

additional insights into population partitioning and foraging ecology of vertebrates can 

be drawn from stable isotope studies (Hobson 1999, Webster et al. 2002, Inger & 

Bearhop 2008, Witteveen et al. 2009), which may be used in tandem with other 

methods (Clegg et al. 2003, Cook et al. 2007) though careful interpretation of results is 

often required (Rubenstein & Hobson 2004). 

Sea turtles may traverse oceans (Bowen et al. 1995, Hays et al. 2002b) and pass 

through exclusive economic zones of several countries during their development and 

maturation that may take several decades (Heppell et al. 2003b). Natal homing in these 

species contributes to genetic structuring of breeding populations so that adult turtles 

from different nesting areas can be identified genetically (Encalada et al. 1996, 

Shanker et al. 2004, Amorocho et al. 2012, Leroux et al. 2012). As with other species, 

tagging, tracking and genetics can reveal movements of individuals and stock 

composition in foraging grounds. Foraging assemblages have been shown to comprise 

an admixture of turtle stocks from often-distant rookeries (Lahanas et al. 1998, Luke et 

al. 2004, Bowen et al. 2007). 

Breeding populations and management units for loggerhead sea turtles have been 

defined using genetic and behavioural data (Bowen et al. 2004, Wallace et al. 2010) 

and seasonal and ontogenetic movements have been identified at several locations 

(Limpus & Limpus 2001, McClellan & Read 2007, Hawkes et al. 2007, Casale et al. 

2008a, Mansfield et al. 2009, Marcovaldi et al. 2010, Rees et al. 2010a). Recent use of 

improved genetic primers and extending sample-sets has increased resolution in 

mitochondrial DNA (mtDNA) analyses, aiding identification of further sub-populations 

(Shamblin et al. 2012, Clusa et al. 2013, Monzón-Argüello et al. 2010, Saied et al. 
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2012, Yilmaz et al. 2011). These genetic data provide the baseline on which mixed 

stock analyses (MSAs) of foraging aggregations are based, with the MSAs used to 

highlight turtle movements and conservation requirements (Roberts et al. 2005, Reece 

et al. 2006, Monzón-Argüello et al. 2012, Garofalo et al. 2013, Carreras et al. 2006). 

Portions of two global loggerhead turtle management units overlap in the 

Mediterranean, with turtles of Atlantic and Mediterranean origin in the western basin 

(Carreras et al. 2011, Chaieb et al. 2012). In the central Mediterranean, Atlantic 

loggerheads are limited but still present (Garofalo et al. 2013, Casale et al. 2008b) so 

that turtles in the east, where the vast majority of nesting in the Mediterranean occurs 

(Casale & Margaritoulis 2010), are almost exclusively of Mediterranean stock. These 

local stocks originated in the Pleistocene with settling at most breeding sites taking 

place 30,000 years ago (Clusa et al. 2013). Accordingly Mediterranean loggerheads 

are considered an isolated meta-population (Carreras et al. 2011, Clusa et al. 2013) 

and a distinct regional management unit (Wallace et al. 2010) with most nesting 

occurring in Greece, Turkey, Cyprus and Libya (Casale & Margaritoulis 2010).  

A growing body of literature on the life-history of Mediterranean loggerheads exists, 

incorporating tagging, tracking, biochemical and genetic studies. Hatchlings enter 

oceanographic currents in which they disperse to varied locations away from the 

breeding area (Hays et al. 2010b). As the turtles increase in size they are capable of 

more directed movements and may undertake long migrations through oceanic and 

neritic waters (Bentivegna 2002, Casale et al. 2007, Hochscheid et al. 2010, Casale et 

al. 2012a) with a protracted switch from oceanic to benthic foraging (Laurent et al. 

1998, Casale et al. 2008a). In general, they complete maturation in locations closer to 

their natal origin than would be found by random dispersal (Laurent et al. 1998, 

Maffucci et al. 2006, Garofalo et al. 2013).  

As adults, maternal philopatry to breeding areas has created several reproductive 

clades across the eastern Mediterranean as evidenced through mtDNA analysis 

(Carreras et al. 2007, Garofalo et al. 2009, Yilmaz et al. 2011, Saied et al. 2012, Clusa 

et al. 2013), but some male mediated gene flow may reduce the overall depth of 

reproductive isolation (Carreras et al. 2007, Yilmaz et al. 2011). The neritic area off 

North Africa is an important adult foraging habitat away from the breeding areas, used 

by turtles from Greece (Margaritoulis et al. 2003, Zbinden et al. 2011, Schofield et al. 

2013), Cyprus (Broderick et al. 2007) and Libya (Casale et al. 2013) with no published 

data for loggerheads nesting in Turkey. The Adriatic Sea is also an important 

foraging/overwintering area for turtles that breed in Greece (Margaritoulis et al. 2003, 

Zbinden et al. 2011, Schofield et al. 2013, Giovannoti et al. 2010) with foraging location 

impacting on phenotype, in that turtles utilising the Adriatic sea are significantly larger 

than those found in southern foraging locations (Zbinden et al. 2011). Adult 
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loggerheads have also been recorded in lower numbers elsewhere around the 

Mediterranean, including the Aegean Sea, the Levant coast and Cyprus (Godley et al. 

2003b, Margaritoulis et al. 2003, Margaritoulis & Rees 2011). 

An important foraging population of loggerhead turtles has been identified in 

Amvrakikos Gulf, western Greece, comprising numerous large-juvenile and adult 

individuals (Rees et al. 2013). The study revealed a male-biased sex ratio, which is at 

odds with established widespread female-biased hatchling production (Witt et al. 

2010b).  

To address the general lack of knowledge on the origins of loggerhead turtles in 

Amvrakikos Gulf, through flipper tagging, satellite tracking and genetic investigations 

we sought to: 1) Identify direct linkages between the Amvrakikos foraging ground and 

breeding areas of varying remoteness. 2) Quantify composition of the Amvrakikos 

foraging aggregation with regard to loggerhead breeding stocks. 3) Determine the 

reason for the previously highlighted male-biased sex ratio present in the gulf (Rees et 

al. 2013).  

 

 

Methods 

 

Flipper tagging and sample collection 

All turtles were obtained from an extensive shallow region (< 2m deep) in the northeast 

part of Amvrakikos Gulf (39°1.3’ N, 21°3.6’ E; Fig. 1). In 2002 and 2003, turtles were 

encircled with a net to capture them and six were equipped with satellite transmitters 

(see below). In subsequent years, captures were made using turtle rodeo technique 

(Ehrhart & Ogren 1999) from an inflatable dinghy. Captured turtles were hauled on-

board the dinghy and flipper tagged. GPS location at the capture site, biometric data 

and skin samples were also taken; samples were stored in 90% ethanol until analysis. 

See Rees et al. (2013) for further details on methods and location of captures. 

 

Satellite tracking 

We tracked six turtles using Kiwisat 101 Argos-linked satellite transmitters (Sirtrack Ltd, 

Havelock North, New Zealand) with three deployed in June 2002 and three in May 

2003. Turtles were taken ashore and retained in a shaded, wooden corral to affix the 

transmitters and were then released at the water’s edge. The fibreglass and polyester 

resin attachment method of Balazs (1996) was employed. To extend battery life, 

transmitters were duty-cycled to be continuously on for the first 28 days, followed by 24 

hr. on 36 hr. off for the rest of the transmitter’s functional duration. Location data were 

calculated by the Argos system (http://www.argos-system.org/) and manually retrieved 
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through telnet on a daily basis. Compiled datasets were then uploaded into the Satellite 

Tracking and Analysis Tool (STAT; Coyne and Godley 2005) for processing and 

filtering. Raw Argos data were filtered in the following manner: Location classes 3, 2, 1, 

A and B were used (Witt et al. 2010a) and locations requiring excessive speed (>5 km 

h-1) or unlikely turning angle (<25 °) were omitted. Locations that passed filtering were 

averaged to produce a single daily location. 

Additionally we undertook a review of publications on loggerhead tracking in the 

Mediterranean that may identify turtles migrating into Amvrakikos Gulf, to complement 

the results of our own investigation. 

 

DNA extraction and sequencing 

Skin samples from turtles captured in Amvrakikos Gulf between 2008-2011 were 

processed. DNA from 95 samples was extracted using the Phire® Animal Tissue Direct 

PCR Kit (Finnzymes) and ~800bp fragment of the mtDNA D-loop control region was 

amplified by polymer chain reaction (PCR) using the primer pair LCM15382 (5’ - 

GCTTAACCCTAAGCATTGG - 3’) and H950 (5’ - GTCTCGGATTTAGGGGTTT - 3’) 

(Abreu-Grobois et al. 2006). PCR protocol comprised an initial denaturation phase of 

98°C for 5 min followed by 40 cycles of 5s at 98°C, 5s at 60.6°C and 20s at 72°C, with 

a final 1min at 72°C before cooling to 4°C to hold. The resulting PCR product was 

visualised in agarose gel before being purified by enzymatic reactions (Exo 1 and 

FastAP; Fermentas). Sequencing was undertaken on an Automatic Sequencer 

3730XL, in both forward and reverse directions (Macrogen Europe, the Netherlands). 

These ~800bp sequences were aligned in Geneious v5.5 (Drummond et al. 2011) or 

BioEdit v7.1.11 (Hall 1999) and compared to known loggerhead haplotypes found in 

the database maintained by the Archie Carr Center for Sea Turtle Research 

(http://accstr.ufl.edu/). 

 

Mixed stock analysis 

A ‘one to many’ Mixed Stock Analysis using the genetic data was conducted to test the 

contribution of each nesting area to the foraging area of Amvrakikos using a Bayesian 

approach (Pella and Masuda 2001). Hierarchical Bayesian models also allow to 

combine genetic and ecological data, like rookery size, to avoid the over representation 

of extremely small populations typical of other Bayesian approaches (Okuyama and 

Bolker 2005). We used the programme Bayes and applied the BM2 model from 

previous studies, that used the rookery size as a weighting factor, as shown to be 

appropriate for sea turtle studies (Bass et al. 2004). As a baseline we used published 

and unpublished haplotype frequencies of the Atlantic (Monzon-Arguello et al. 2010; 

Shamblin et al. 2012) and the Mediterranean (Yilmaz et al. 2011; Saied et al. 2012; 
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Clusa et al. 2013; Rees unpublished data) nesting beaches. Mean annual nests per 

year were also obtained from the literature as an approximation of population size 

(López-Jurado et al. 2007; Casale and Margaritoulis 2010; Shamblin et al. 2012). The 

Gelman-Rubin shrink factor was used diagnostically to test for anomalous realizations 

of the Bayes predictive posterior distribution (Pella and Masuda 2001). Values greater 

than 1.2 indicated a lack of convergence in the algorithm and the corresponding 

estimates were considered unreliable. A ‘many to many’ mixed stock analysis (Bolker 

et al. 2007) was not performed as it requires the inclusion of all available feeding 

grounds, and so far only a few feeding grounds (Yilmaz et al. 2012, Garofalo et al. 

2013) have been assessed using the ~800bp fragment.  

Additionally, we used the results from the Albanian assessment (Yilmaz et al. 2012) in 

an MSA similar to that performed on the Amvrakikos haplotype frequency results in 

order to compare breeding stock contributions to foraging grounds separated by 

approximately 350 km. 

 

 

Results 

 

Links from flipper tagging 

During the decade of the capture-mark-recapture study in Amvrakikos Gulf, involving 

300 individuals (Rees et al. 2013), linkage to several nesting areas in Greece has been 

confirmed through flipper tag observations. Four turtles originally tagged nesting on 

Zakynthos Island and two from southern Kyparissia Bay were recaptured in 

Amvrakikos, as was a single turtle from Rethymno, Crete. Additionally, a turtle tagged 

nesting on Kefalonia was observed in Amvrakikos and reported to the authors by local 

fishers. Three turtles tagged in Amvrakikos have been subsequently observed nesting, 

one in southern Kyparissia Bay, one in Zakynthos and one in both southern Kyparissia 

and Zakynthos during a single breeding season. In total 55% (6 of 11) of turtles linked 

between Amvrakikos and a nesting area are linked to Zakynthos. Details of these 

observations and nesting area locations are provided in Table 1 and Fig. 1. 

 

Links from satellite telemetry 

Five of the six satellite tracked turtles remained within the Gulf and their behaviours are 

discussed elsewhere (Rees et al. 2013). The sixth turtle (probably adult, female, curved 

carapace length (CCL) = 75 cm), tagged in May 2003, departed the Gulf and its 

movements are presented in Fig. 1. The turtle left the Gulf on July 3rd and made an 

oceanic migration reaching to Syria on 14th August, with a minimum possible distance 

travelled from origin of 1650 km. It then moved north and westwards following a more 
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coastal route in Turkey. After undertaking a large oceanic loop it returned to the coast 

and arrived at its overwintering spot near the Kale and Kumluca nesting areas on 23rd 

October, having travelled a total of 3425 km. It remained there through to May 2004 

until it travelled westwards and the last location was received on 24th June (mid-nesting 

season in the Mediterranean), 15 km from Fethiye beach, a known loggerhead nesting 

area in Turkey (Kaska et al. 2006). 

 

Links from genetics 

A total of four haplotypes were found in Amvrakikos (Table 2), the widespread 

haplotype CC-A2.1 (Genebank EU179445, Shamblin et al. 2012), the Cretan haplotype 

CC-A2.8 (Genebank FM200217, Garofalo et al. 2010), and the Greek haplotypes CC-

A6.1 (Genebank JQ350705, Yilmaz et al. 2012, Clusa et al. 2013) and CC-A32.1 

(Genebank JF837822, Clusa et al. 2013). A preliminary mixed stock analysis including 

all Atlantic and Mediterranean nesting areas showed that no Atlantic nesting area 

contributed more than 0.5%, and that the contribution of all Atlantic nesting areas 

pooled was less than 1% of the Amvrakikos sea turtles (data not shown). A second 

analysis was performed excluding all these Atlantic nesting areas, as previous studies 

suggested removing from the analysis those nesting areas whose contribution was 

biologically unrealistic in order to avoid spurious results (Engstrom et al. 2002, Godley 

et al. 2010). This second mixed stock analysis showed that most of the Amvrakikos 

turtles (78 %) originated from western Greece (Fig. 3, Table S1), although notable 

contribution from Crete, Mid Turkey and Cyprus was also inferred (Figures 2 & 3, Table 

S1). Further analysis was undertaken for a fine scale assignation, considering western 

Greece nesting beaches (Zakynthos, Kyparissia and Lakonikos) separately. Zakynthos 

was the origin of most (63%) of western Greek turtles feeding in Amvrakikos, followed 

by Kyparissia (8 %) and Lakonikos nesting areas (4 %) (Figure 3, Table S1). 

Similar MSAs were undertaken using the haplotype frequencies for loggerheads 

foraging in Drini Bay, Albania, presented in Yilmaz et al. (2012). The turtles from Drini 

Bay (mean CCL 68.8cm, SD = 10.3 cm, range 32-84.5cm, n = 40) were similar in size 

to those sampled from Amvrakikos (mean CCL 69.9 cm, SD = 8.3, range 49.5-91.5, n = 

94; one CCL was omitted, as a turtle had a damaged carapace). MSAs indicated the 

majority (50%) of turtles present originated from western Greece, with larger 

contributions from the same three other nesting units (Crete, Mid Turkey and Cyprus, 

Fig. 3) and if western Greece beaches were included separately in the MSA, Zakynthos 

was again shown to contribute the single largest proportion of turtles (22%), although 

far less dominant when compared to Amvrakikos (Fig. 3, Table S1). 
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Discussion 

 

Links from flipper tagging and satellite telemetry 

Our results from mark-recapture revealed links with proximate nesting areas in Greece, 

through cross-sighting of tagged adult females at a nesting beach and Amvrakikos 

Gulf. These breeding sites represent some of the largest populations in the 

Mediterranean (i.e. Zakynthos (Margaritoulis 2005) and Kyparissia Bay (Margaritoulis & 

Rees 2001)). Extensive satellite tracking of adult turtles at Zakynthos has provided 

further evidence supporting important connections between the two locations. A total of 

three females (Zbinden et al. 2011, Schofield et al. 2013) and three males (Schofield et 

al. 2013) were tracked from the nesting area (190 km distant) into Amvrakikos Gulf 

after breeding and remained there for extended periods with one male tracked into the 

Gulf in two separate years (Schofield et al. 2010)(Table 1). These six turtles represent 

9% of the total number of turtles tracked from Zakynthos over an eight-year period. A 

single turtle tracked from Kefalonia (Hays et al. 1991) and another from Rethymno on 

Crete into the Aegean Sea (Margaritoulis & Rees 2011) represent the only published 

tracks from other Greek nesting areas and consequently the biased effort precludes 

proportional comparisons of the links with other areas. 

Although no turtles tagged outside Greece have been recorded within Amvrakikos Gulf, 

tag recaptures from nesting females in Turkey (n = 1) and Cyprus (n = 1) have been 

recorded in the Adriatic Sea (Lazar et al. 2004), which requires the individuals to have 

passed Amvrakikos Gulf. Satellite tracking also confirms the potential for more distant 

breeding populations seeding into the Amvrakikos foraging aggregation through the 

one small adult-sized female that was tracked upwards of 2,000 km from Amvrakikos to 

the extensively-nested coastline of Turkey. Timing of this migration is cryptic. Sea 

turtles generally migrate for reproduction (refs in Plotkin 2003) or to avoid seasonally 

cooling water temperatures (Bentivegna 2002, Hawkes et al. 2007). However, as 

turtles generally migrate to breeding areas just before the onset of the nesting season 

(Limpus 1985) and loggerhead nesting starts in May or June in the Mediterranean 

(Turkozan & Yilmaz 2008) this migration, that initiated in July, was possibly too late for 

a contemporary breeding migration. The turtle eventually settled in October and 

overwintered for six months in a coastal location in Turkey before moving once more. 

The timing of this second migration and its end location indicate it was a putative 

breeding migration. If true, this would indicate either a) a permanent switch in foraging 

site prior to maturation and first breeding, b) a bimodal foraging pattern based on 

anticipated reproductive status or c) low site fidelity and a vagrant life-history of this 

individual. Flipper tagging data for loggerhead turtles in Australia suggests individuals 

remain in the same location through adolescence and into maturity (Limpus & Limpus 
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2001) and similar results have been reported from elsewhere in the Mediterranean 

(Casale et al. 2007). However, this ontogenetic shift is known to be reversible for some 

individuals (McClellan and Read 2007, Mansfield et al. 2009), and in other populations 

some individuals remain largely in the oceanic realm except for migrations to breeding 

areas (Hatase et al. 2002, Hawkes et al. 2006, Rees et al. 2010a).  

Interestingly, despite a large-scale, long-term tracking programme on Cyprus (Godley 

et al. 2003b, Broderick et al. 2007), loggerhead turtles from the island are yet to 

demonstrate northern Ionian / Adriatic directed migrations and hence the single flipper-

tag recapture (Lazar et al. 2004) remains the only direct evidence of migration into the 

region. 

 

Life stage and sex bias 

All long-distance tag recaptures and satellite tracking results to date that relate to 

Amvrakikos Gulf have involved adult individuals and mainly females, and yet many of 

the turtles found in the Gulf are juveniles, sub-adults and males (Rees et al. 2013). This 

bias in life stage representation directly relates to the opportunity for observation and 

tagging outside the foraging area. Nesting females are the most commonly 

encountered life stage and sex thanks to their predictable appearance on traditional 

nesting beaches each year and as such are the subject of the majority of flipper 

tagging and satellite tracking studies (Godley et al. 2008). 

Tagging and tracking studies of loggerhead males and juveniles in the eastern 

Mediterranean, have sourced animals from bycatch and rehabilitation in three main 

locations, 1) the Adriatic (Casale et al. 2012a, White et al. 2011), 2) southern Italian 

waters (Bentivegna 2002, Casale et al. 2007), and 3) waters of the African continental 

shelf off Tunisia and Libya (Hochscheid et al. 2010, Casale et al. 2012b, Casale et al. 

2013), with some exceptions (Schofield et al. 2010, present study) and there is a 

complete lack of published information from further east (Turkey, Cyprus, the Levant 

coast and Egypt). No individuals from the African continental shelf region have thus far 

been recorded in the northern Ionian or Adriatic seas whereas there have been several 

recorded from the southern Italian waters. This is highly suggestive of geographical 

developmental segregation, with a large latitudinal component and the sole driver 

stimulating any north-south movement through oceanic areas only occurs in adulthood 

with the need to undertake reproductive migrations (Margaritoulis et al. 2003, Broderick 

et al. 2007, Zbinden et al. 2011, Casale et al. 2013, Schofield et al. 2013). 

 

Links from genetics 

We have successfully used physical external identifiers, tracking technologies and 

genetic markers to estimate breeding stock contributions, as with other sea turtle 
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studies (Lahanas et al. 1998, Roberts et al. 2005, Reece et al. 2006, Prosdocimi et al. 

2012, Stewart et al. 2013). The foraging aggregation was not limited to adult females 

but comprised a mixture of size classes and both sexes. Our results suggest the 

majority of the turtles in Amvrakikos are of Greek origin, supporting the assertion that 

loggerhead turtles locate their maturation and adult life stages closer to their nesting 

areas than would be expected from random settling after pelagic dispersal (Bowen et 

al. 2004, Reece et al. 2006, Casale et al. 2007, Pajuelo et al. 2012, Garofalo et al. 

2013). Lack of fidelity to breeding areas witnessed in some individuals nesting in 

Greece (Margaritoulis 1998, present study) would support the western Greece 

grouping of breeding populations (Carreras et al. 2007, Clusa et al. 2013, Rees 

unpublished data). However, when analysed in detail, the majority of turtles in 

Amvrakikos are indicated to originate from a single nesting area. Zakynthos is 

calculated to contribute 63% of the turtles characterised in genetic analysis, which is a 

similar level of contribution derived from flipper and satellite tracking studies 

incorporating only adults (see above). 

Predominance of Greek and specifically Zakynthian contributions to foraging 

loggerheads sampled in Drini Bay reinforce this assumption of proximal settlement to 

natal breeding area. Again these genetic data are further supported by two Drini Bay 

tag recaptures linking adult females to Zakynthos and no other tag recaptures linking 

the area to other nesting grounds. 

Genetic analyses indicate Amvrakikos Gulf and Drini Bay are of international 

relevance. Low contributions to both assemblages from Turkish and Cypriot nesting 

areas and tag returns from the Adriatic (Lazar 2004) confirm that migrations to this 

region from these locations occur at low levels. However, mixed stock analysis of 

mtDNA relies on breeding isolation and characterisation of individual nesting areas. 

Although the increased-length mtDNA sequences have provided greater resolution 

over the previously used shorter sequences (Shamblin et al. 2012, Clusa et al. 2013), 

the Mediterranean loggerhead populations remain linked through the common CcA2.1 

haplotype that accounts for 80% or more of the samples in nine of the 15 nesting areas 

assessed (Table 2) and reaches over 95% in three (Lakonikos, Cyprus & Mid Turkey). 

Additionally, not all haplotypes that have been described in the Mediterranean can be 

incorporated in MSA (as smaller datasets are dropped to avoid pseudoreplication) thus 

weakening their potential resolution.  

No haplotypes apparently endemic to breeding areas outside Greece were obtained in 

our current analysis, thus when Greek endemic and common haplotypes are combined 

in a MSA with population size as a prior the results are likely to indicate contributions 

from larger non-Greek nesting areas. The Amvrakikos Gulf MSA results display wide 

confidence limits around average contribution levels reported here (Table S1, Figure 
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3), consequently the smaller contributions of populations outside of Greece, namely 

Turkey, Cyprus and Libya should be accepted with caution, unless supported by other 

lines of evidence (such as CMR and satellite tracking). 

Furthermore, mtDNA only assesses matrilineal reproductive isolation. Some levels of 

male mediated gene flow, demonstrated by lower differentiation in nuclear DNA 

compared to mtDNA have been recorded in the Mediterranean (Carreras et al. 2007, 

Yilmaz et al. 2012, Schroth et al. 1996), Crete and Cyprus nesting areas were 

assessed to play pivotal roles in homogenising Mediterranean stocks (Carreras et al. 

2007). However, these islands might not be exclusive locations for potential genetic 

mixing. Loggerhead mating has been reported in Amvrakikos Gulf (Teneketzis et al. 

2003) and hence potential for individuals that hatched on beaches separated by 

thousands of kilometres to interbreed in distant foraging areas. This genetic mixing 

may increase the genetic variability of loggerhead nesting aggregations, making the 

smaller ones more robust against inbreeding depression (Bell et al. 2009). However, 

natal philopatry in females means that recovery in nesting levels for compromised or 

near extirpated populations requires recruitment of individuals with ancestral origins at 

those sites (Carreras et al. 2007, Watanabe et al. 2011). It is therefore important to 

protect established nesting areas as well as foraging hot-spots to properly conserve the 

extant genetic diversity within the meta-population. Conservation measures adopted 

within Amvrakikos Gulf, which hosts year-round, regionally important numbers of 

loggerhead turtles (Rees et al. 2013) will help preserve both the larger nesting 

populations of Greece, including that of Zakynthos that has in recent years suffered 

from severe and unusual localised predation from monk seals Monachus monachus 

(Margaritoulis and Touliatou 2011) and the distant, more depleted nesting areas in 

Turkey, Cyprus and Libya.  

 

Sex ratios 

An unexplained, high proportion of male turtles has been reported in Amvrakikos Gulf, 

with male-biased sex ratios in the largest size classes (Rees et al. 2013). This is 

contrary to the female-biased sex ratios thought to be produced at the different 

Mediterranean nesting areas (Kaska et al. 1998, Godley et al. 2001a/b, Houghton & 

Hays 2001, Kaska et al. 2006, Oz et al. 2004, Rees & Margaritoulis 2004, Zbinden et 

al. 2007, Ucar et al. 2012). This male bias is likely a consequence of several factors. 

Approximately 60 % of turtles in Amvrakikos originate from the large breeding 

aggregation at the relatively nearby Island of Zakynthos. On that island the six nesting 

beaches, comprising the nesting habitat, have distinctive incubation conditions. Most 

notably the beaches of Marathonissi and Laganas Beaches, hosting on average 21% 

of nests (Margaritoulis 2005), are shown to have heavily male-biased hatchling 
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production (Zbinden et al. 2007) and are probably the source of the majority of males in 

Amvrakikos Gulf. Male-producing nests incubate for longer periods than female-

producing ones, due to the cooler temperatures (Ackerman 2007, Zbinden et al. 2007), 

which leads to peak male hatchling production occurring later in the year. These later, 

more male biased, cohort of hatchlings encounter different sea currents to those from 

earlier in the season with a tendency for more northerly dispersal (Hays et al. 2010b). 

Thus they may be transported to oceanic regions that eventually lead these turtles to 

recruit in disproportionate numbers to the Adriatic and northern Ionian Seas (that 

include Amvrakikos Gulf) during the ontogenetic shift to shallow, benthic foraging 

habitats. Given that loggerheads remain faithful to the location at which they mature 

(Limpus & Limpus 2001) male loggerheads from Zakynthos would tend to remain in the 

northern eastern Mediterranean. Additionally, there is growing evidence that adult male 

turtles remain closer to the nesting areas than female conspecifics. This has been 

shown in hawksbill turtles, Eretmochelys imbricata (Van Dam et al. 2008) and 

loggerheads (Arendt et al. 2012) and most recently in Zakynthos (Schofield et al. 

2013). 

 

Conclusions 

Through the integration of flipper tagging, satellite tracking and genetic markers we 

have garnered a number of insights, both fundamental and applied. We advance 

understanding of factors affecting natal homing and location specific variation in sex 

ratios in foraging grounds. Congruence in data obtained from low and high-tech 

methodologies validates genetic designations of statistical ambiguity, generating 

defensible results that may serve as a template for other foraging ground studies. 

It is likely that advances in genetic marker resolution in tandem with increased sample 

sizes and more comprehensive sampling from nesting areas would reveal further 

structuring within foraging turtle aggregations that could lead to enhanced individual-

level assignments regarding natal origins, in contrast to the few individuals that may 

currently be assigned with any confidence, through presentation of low-frequency 

endemic haplotypes. Additional methods of characterising individuals within a 

geographical area, such as use of biogeochemical markers like stable isotopes and 

heavy metals, even in the absence of external markers, could enhance our 

understanding of links between specific foraging areas and nesting areas. 

Finally, data sharing through publication and collaboration produce enhanced datasets 

that can be subjected to more rigorous analysis from which more robust inferences 

drawn. These stepwise contributions of complementary insights into the life-histories of 

sea turtles may directly impact conservation measures, as management plans are 

revised in line with the latest ecological findings. 
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Table 1. Links to nesting areas derived from flipper tag recaptures and satellite 

tracking. Breeding = breeding area where turtles were observed. CCL = curved 

carapace length, AMV = Amvrakikos Gulf, KEF = Mounda beach - Kefalonia, KYP = 

southern Kyparissia Bay, ZAK = Laganas Bay - Zakynthos, CRE = Rethymno - Crete. 

Eight turtles tagged at the nesting beaches of Greece have been recorded in the Gulf 

since 2002. Three turtles first tagged in the Gulf have later been observed at nesting 

areas of Greece and six turtles tracked from Zakynthos migrated into Amvrakikos Gulf. 

See Fig. 1 for location of nesting areas.  

 
 Breeding Sex CCL 

(cm) 
Re-observation records Source 

1 KEF F - Tagged at KEF. Sighted in AMV in May 2002 Reported to 

ARCHELON 

2 KYP F 81.0 Tagged at KYP. Captured in AMV 07/09/02 Present study 

3 ZAK F 77.0 Tagged at ZAK. Captured in AMV 18/05/05 Present study 

4 ZAK F 88.5 Tagged at ZAK. Captured in AMV 18/05/05, 

15/06/07, 03/08/11, 05/08/11 

Present study 

5 KYP F 83.5 Tagged at KYP. Captured in AMV 18/05/05, 

09/09/05 

Present study 

6 CRE F 78.5 Tagged at CRE. Captured in AMV 07/09/05 Present study 

7 ZAK F 81.5 Tagged at ZAK. Captured in AMV 11/06/07 Present study 

8 ZAK F 88.0 Tagged at ZAK. Captured in AMV 04/06/08, 

09/09/08, 09/09/10 

Present study 

9 ZAK F 73.5 Tagged in AMV 2004. Observed nesting at ZAK 

2011 

Present study 

10 ZAK, KYP F 73.5 Tagged in AMV 2007. Observed nesting at ZAK & 

KYP 2009 

Present study 

11 KYP F 80.5 Tagged in AMV 2007. Observed nesting in KYP 

2009. Captured in AMV 06/07/12 

Present study 

12 ZAK F 86.0 Tracked from ZAK to AMV in 2007 Zbinden et al. 

2010 

13 ZAK F 76.0 Tracked from ZAK to AMV in 2007 Zbinden et al. 

2010 

14 ZAK F 83.0 Tracked from ZAK to AMV in 2009 Schofield et al. 

2013 

15 ZAK M 90.0 Tracked from ZAK to AMV in 2008 & 2009 Schofield et al. 

2013 

16 ZAK M 89.0 Tracked from ZAK to AMV in 2009 Schofield et al. 

2013 

17 ZAK M 88.0 Tracked from ZAK to AMV in 2011 Schofield et al. 

2013 
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Table 2. Haplotype frequencies from Amvrakikos Gulf (AMV) and Drini Bay feeding 

grounds and the Mediterranean nesting areas used for the mixed stock analysis. 
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n Ref. 

Amvrakikos - AMV 88 1    4       2       95 A 

Drini Bay, ALBANIA 37 1    1 1             40 G 

ITALY                      

Calabria - CAL 22        14   2        38 B 

LIBYA                      

Misurata - MIS 12  1 1                14 C 

Sirte - SIR 16  12 2      4         1 35 C 

GREECE                      

Zakynthos - ZAK 16     2       1       19 D 

Kyparissia - KYP 33     2      1        36 E 

Lakonikos - LAK 18     1              19 D 

Crete - CRE 16 4                  20 D 

CYPRUS                      

CYP 44              1     45 D 

TURKEY                      

Dalyan - DLY 25   15                40 F 

Dalaman - DLM 5   15                20 F 

W Turkey - WTU 60   16                76 F 

Mid Turkey - MTU 46       1            47 F 

E Turkey - ETU 60   8 1         1  1 1   72 F 

LEBANON                      

LEB 17   2                19 D 

ISRAEL                      

ISR 15  2        2         19 D 

 
A: Present study; B: (Garofalo et al. 2009), C: (Saied et al. 2012); D: (Clusa et al. 

2013); E: (Rees unpublished data); F: (Yilmaz et al. 2011); G: (Yilmaz et al. 2012). 

WTU, MTU and ETU are groups of nesting beaches as defined in Yilmaz et al. (2011). 

ZAK, KYP and LAK were grouped as WGR for some analysis, as in Clusa et al. (2013). 
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Table S1. Nesting area contributions to the Amvrakikos Gulf and Drini Bay foraging 

aggregations determined by mixed stock analysis. Greece (ZAK = Laganas Bay - 

Zakynthos Island, KYP = southern Kyparissia Bay, LAK = Lakonikos Bay, CRE = 

Rethymno - Crete Island; WGR is a genetically distinct unit (Clusa et al. 2013) 

comprising ZAK, KYP & LAK), Turkey (DLM = Dalaman, DLY = Dalyan, WTU = 

western Turkey, MTU = mid Turkey, ETU = eastern Turkey), Cyprus (CYP), Lebanon 

(LEB), Israel (ISR), Libya (SIR = Sirte, MIS = Misurata), Tunisia (TUN = Kuriat Islands), 

Italy (CAL = Calabria).  

 

A) Grouped nesting areas.  

Amvrakikos Gulf 
STOCK MEAN SD 2.5% MEDIAN 97.5% 
WGR 0.7806 0.218 0.2483 0.8613 0.9984 

MTU 0.088 0.1754 0 0.0016 0.6492 

CYP 0.0562 0.1366 0 0.0002 0.5326 

CRE 0.0411 0.0748 0 0.007 0.2515 

MIS 0.0159 0.0483 0 0.0001 0.1732 

ETU 0.0086 0.0282 0 0 0.085 

WTU 0.0036 0.0149 0 0 0.04 

LEB 0.0024 0.0166 0 0 0.0206 

SIR 0.0013 0.0053 0 0 0.0144 

DLY 0.0012 0.0064 0 0 0.0132 

ISR 0.0006 0.0056 0 0 0.0038 

DLM 0.0003 0.0024 0 0 0.0026 

CAL 0.0001 0.0019 0 0 0 

 

Drini Bay 
STOCK MEAN SD 2.5% MEDIAN 97.5% 

WGR 0.499 0.3053 0.0136 0.4944 0.9863 

MTU 0.1366 0.2343 0 0.0049 0.817 

CYP 0.104 0.2163 0 0.0007 0.8068 

CRE 0.1689 0.2134 0 0.0815 0.7726 

MIS 0.0452 0.13 0 0.0003 0.5144 

ETU 0.0174 0.0532 0 0.0001 0.1776 

WTU 0.0131 0.0521 0 0 0.1429 

LEB 0.006 0.0445 0 0 0.0388 

SIR 0.0035 0.0147 0 0 0.0383 

DLY 0.0032 0.0178 0 0 0.0346 

ISR 0.0022 0.0186 0 0 0.0138 

DLM 0.0005 0.0038 0 0 0.0048 

CAL 0.0004 0.0064 0 0 0 
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B) Nesting areas, with the western Greece group (ZAK, KYP & LAK) treated as 

individual areas. 

Amvrakikos Gulf 
STOCK MEAN SD 2.5% MEDIAN 97.5% 

ZAK 0.6266 0.2799 0.0936 0.675 0.9912 

MTU 0.1012 0.1792 0 0.0037 0.6378 

KYP 0.0843 0.1851 0 0.0011 0.7156 

CYP 0.0608 0.1471 0 0.0002 0.5738 

CRE 0.0521 0.0941 0 0.0139 0.3372 

LAK 0.0431 0.1395 0 0 0.5816 

MIS 0.0167 0.0559 0 0.0001 0.159 

ETU 0.0072 0.0241 0 0 0.071 

WTU 0.0034 0.0137 0 0 0.0391 

LEB 0.0014 0.0106 0 0 0.0105 

SIR 0.0012 0.0052 0 0 0.0139 

DLY 0.0011 0.0064 0 0 0.0117 

ISR 0.0006 0.0065 0 0 0.0028 

DLM 0.0003 0.0022 0 0 0.002 

CAL 0.0001 0.0014 0 0 0 

 

Drini Bay 
STOCK MEAN SD 2.5% MEDIAN 97.5% 

ZAK 0.2187 0.278 0 0.0855 0.9229 

MTU 0.1482 0.2513 0 0.0045 0.8387 

KYP 0.1979 0.2843 0 0.0294 0.9207 

CYP 0.1099 0.2184 0 0.0011 0.7988 

CRE 0.1538 0.2024 0 0.0717 0.7504 

LAK 0.0793 0.2072 0 0 0.8137 

MIS 0.0477 0.1333 0 0.0003 0.5296 

ETU 0.0175 0.0545 0 0.0001 0.1836 

WTU 0.0107 0.0474 0 0 0.111 

LEB 0.007 0.0545 0 0 0.0363 

SIR 0.0032 0.0135 0 0 0.0355 

DLY 0.0033 0.0184 0 0 0.0366 

ISR 0.002 0.0175 0 0 0.0089 

DLM 0.0006 0.0047 0 0 0.0052 

CAL 0.0002 0.0026 0 0 0 
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Figure 1. Linkage between Amvrakikos Gulf and nesting sites through flipper tagging 

and satellite tracking. Flipper Tagging: A) Black circles indicate nesting areas linked to 

Amvrakikos Gulf through flipper-tagged nesting individuals. North to south: Mounda 

Beach on Kefalonia, Laganas Bay on Zakynthos (ZAK), southern Kyparissia Bay (KYP) 

on the Peloponnese and Rethymno on Crete. Numerals indicate the number of turtles 

from the nesting site linked with Amvrakikos Gulf (N = 12 links from 11 individuals, as 

one nested at both ZAK and KYP). Satellite tracking: A) Long-distance migration to 

Syria and Turkey of a turtle satellite tagged in Amvrakikos Gulf is shown as a black line 

with arrows indicating direction of travel. Left Open circle = study site and release 

location, Amvrakikos Gulf. Right open circle = end point. B) Filled circles = loggerhead 

nesting areas overlapping the migratory route. Open circles = overwintering location (a; 

October 2003 - May 2004) between Kale and Kumluca nesting beaches, and end of 

track (b; June 2004) near Fethiye nesting beach. (CY = Cyprus, LB = Lebanon, SY = 

Syria.)  
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Figure 2. Proportional contribution of Mediterranean nesting units to the foraging 

population in Amvrakikos Gulf using genetic markers. Circles = Mediterranean nesting 

units that have been defined for mitochondrial haplotypes in previous studies (Garofalo 

et al. 2009, Yilmaz et al. 2011, Clusa et al. 2013) and considered for Mixed Stock 

Analysis of Amvrakikos (AMV) samples. Open circles indicate a nesting unit 

contribution of >1% to the Amvrakikos aggregation, with size denoting percentage 

contribution. Greece (ZAK = Laganas Bay - Zakynthos Island, KYP = southern 

Kyparissia Bay, LAK = Lakonikos Bay, CRE = Rethymno - Crete Island), Turkey (DLM 

= Dalaman, DLY = Dalyan, WTU = western Turkey, MTU = mid Turkey, ETU = eastern 

Turkey), Cyprus (CYP), Lebanon (LEB), Israel (ISR), Libya (SIR = Sirte, MIS = 

Misurata), Tunisia (TUN = Kuriat Islands), Italy (LAM = Lampedusa Island, CAL = 

Calabria). WGR is a genetically distinct unit (Carreras et al. 2007) comprising ZAK, 

KYP & LAK. 
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Figure 3. Mixed Stock Analysis (MSA) of loggerhead turtles from Amvrakikos Gulf 

foraging area, Greece, and comparison with similar analysis on turtles from Drini Bay 

foraging area in Albania (Yilmaz et al. 2012). (A) MSA using defined breeding units 

(see Fig 2). (B) MSA with nesting areas in the western Greece unit (WGR) incorporated 

individually (ZAK, KYP, LAK) to identify likely source nesting beaches. See Fig. 2 for 

locations and abbreviations. Charts are truncated at the 2% contribution level; data for 

all areas are available in Table S1. Error bars show the 95% confidence interval range. 

  

(A) (B) 
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SECTION V 

 

 

Chapter IX: General Discussion 

 

 

ALan F. REES 

 

 

Taken together, the work of this thesis highlights a number of themes that are worthy of 

further consideration:  

 

1) There is still incomplete knowledge of sea turtle nesting distribution and population 

levels. 

Despite some nesting beach research commencing well over half a century ago, 

important new discoveries are being made. Even within the last decade several 

important new discoveries have been made, such as the green turtle nesting in Syria 

(chapter 5) and better quantification of hawksbill turtles nesting in the Eastern Pacific 

(Gaos et al. 2010) and green turtles in Kuwait (chapter 4). Incomplete coverage is also 

problematic. Partial surveys of the Libyan coast undertaken in the last 20 years 

revealed previously unknown loggerhead nesting in the Mediterranean and yet 76%, 

over 800 km, of the potential nesting habitat in the country remains un-surveyed 

(Hamza 2010). This means that a potentially large population segment is unquantified 

and unsampled, complicating molecular approaches (chapter 8). Conversely, other 

nesting populations that were scientifically quantified several decades ago have 

received little or no attention in recent years. Examples of these are the nesting 

populations of Masirah Island in Oman (Ross & Barwni 1982), where recent efforts 

have mainly focussed on tracking individuals (chapters 1-3). With incomplete survey 

coverage and lack of recent data for a notable portion of sea turtle populations, 

conservation assessments of certain regional management units could be 

compromised (Wallace et al. 2010). 

 

2) There is still incomplete knowledge of the sea turtle life cycle. 

A growing body of literature exists that adds increasing complexity to the simple life 

history model proposed for several species of sea turtle. This model prescribed that 

hatchlings dispersed into the open ocean until they were sufficiently large to settle in 

neritic foraging areas. There they grew to maturity and, as adults, individuals would 

migrate between the neritic foraging grounds and their natal areas to breed, with 
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females laying more than one nesting in a season, at intervals of two or more years 

(Van Buskirk & Crowder 1994). I have shown that residence in neritic foraging habitats 

may be eliminated or greatly reduced for adult female loggerheads of Oman (chapter 1) 

and conversely, the usual oceanic habitats of adult female olive ridleys are replaced 

with shallow neritic habitats for those nesting in Oman (chapter 2). My tracking data 

indicate clutch frequencies may be higher than previously thought (chapter 1) which if 

true has a fundamental impact on population size estimates which frequently employ 

nest counts to estimate annual number of breeding females and thus elaborate 

conservation status. Additionally, we are still trying to unravel the often contradictory 

observed sex ratios for different segments of the population, and we show that 

combining in depth knowledge of nesting area characteristics integrated with 

oceanography may explain some of these anomalies (chapter 8).  

Greater understanding of variation in reproductive output, developmental dispersal, 

migration and ontogenetic shifts are required to more accurately model populations and 

hence establish their resilience to anthropogenic threats including environmental 

change. 

 

3) The need for long-term data 

Many forms of sea turtle research benefit from long-term datasets that permit the 

proper assessment of biological variation to identify trends. For example annual nest 

numbers at a given nesting area may fluctuate widely from year to year, especially for 

green turtles (Broderick et al. 2001). It was fortuitous that the initial turtle nesting survey 

conducted in Syria occurred in a ‘good’ year and identified a regionally important 

nesting site. Surveys in subsequent years recorded nesting levels at less than 20% and 

more than 200% of the initial survey (Rees et al. 2010b) and despite obtaining data 

from multiple years, they are still not sufficient to identify any real trends in population 

size. Often decades of research are required to detect changes in population status 

(Jackson et al. 2001).  

Similarly we have shown with telemetry that short-term sampling, with constrained 

sample size, may produce biased results. This is highlighted from the end-points of 20 

loggerhead tracked during a single breeding season from Masirah Island, as they 

revealed intra-seasonal differences in the spatial footprint used by nesters from early 

and later parts of the season (chapter 1). Additionally, the single loggerhead that has 

been tracked migrating out of Amvrakikos Gulf did not travel to breed at one of the 

nesting areas in Greece, which genetic data indicate account for 82% of the turtles in 

the Gulf, but instead migrated to Turkey that accounts for only 10% of the turtles 

(chapter 8). Consequently, seasonally distributed multiple-year telemetry studies, e.g. 

Broderick et al. (2007), are required to adequately reveal the underlying trends in 
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population dispersal and habitat selection and eliminate erroneous generalisations 

drawn from tracks of atypical individuals. 

 

4) Power of integration of multiple techniques 

Our work, particularly in the foraging area in Greece (chapter 8), also demonstrates the 

utility of combining multiple techniques to provide corroborative results on which 

defensible inferences can be based. Other multi-threaded work from Greece used 

stable Isotope analysis to upscale results from satellite tracking and reveal a dichotomy 

in phenotypic variation driven by foraging habitat preference (Zbinden et al. 2011). 

Similarly, tracking and genetic data have been effectively integrated with 

oceanographic current modelling to give insights into the distribution and connectivity of 

green turtles across west Africa (Godley et al. 2010) that may act as a model 

framework on which other regional population assessments can be based.  

However, one of the limitations of current genetic investigations is the widespread lack 

of diversity in mitochondrial genetic markers (Godley et al. 2010, Bagda et al. 2012) 

demonstrated in entire populations of green turtles that may show little or no haplotype 

diversity. A technique involving short tandem repeats in the mitochondrial DNA code, 

has recently revealed possibilities for higher resolution discrimination within populations 

of this species (Tikochinski et al. 2012) and is in need of further investigation in this and 

the other species of sea turtle. 

 

Noting the themes outlined above, details of future research needs specific to each 

geographical region in my thesis follow:  

 

In Oman, there is a need for genetic characterisation of the nesting populations of all 

four species nesting on Masirah as no data have been published on this topic. 

Considering the loggerhead turtle population is such a globally important population, at 

least in terms of size, its omission is a large weakness in our understanding of the 

global phylogeography of the loggerhead turtle. Genetic sampling of loggerheads on 

Masirah has been undertaken in the past, but unfortunately the results were never 

formally published (Reece et al. 2008). Important follow-up telemetry work has been 

undertaken as evidenced from a conference abstract detailing increased clutch 

frequency derived from tracking turtles from the very beginning of the nesting season 

(Tucker et al. 2013), which builds on the work we started (Rees et al. 2010b). The 

nesting olive ridleys of Masirah have been identified as part of the most endangered 

regional management unit of any of the sea turtle species, globally (Wallace et al. 

2010) and yet published accounts of this population are limited to the seminal chapter 

by Ross and Barwani (1982) and recent work undertaken by myself (Rees and Baker 
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2006, Rees et al. 2012a). There is clear need for collection and publication of 

elementary data on nest numbers, clutch size and frequency, hatching success and 

threat assessments. Recent estimates for most of these data are also lacking for the 

loggerhead population and their assessment should be considered a priority, as 

indications from monthly surveys over several years (Papathanasopoulou, unpublished 

data) suggest that nesting levels in the ‘00s were far less than those previously 

recorded (Ross & Barwani 1982, Baldwin et al. 2003). Similarly, no recent estimates for 

nest numbers or other basic biological data exist for the green turtles nesting on 

Masirah Island and this omission should be addressed to confirm their conservation 

status. 

 

Green turtle nesting levels in Kuwait are critically low, with the situation made worse in 

the past decade by loss of one of the two remaining nesting beaches (Rees et al. In 

press; chapter 4). Genetic investigations should be undertaken to confirm the 

relatedness of the few turtles nesting in Kuwait with the much greater number nesting 

in adjacent Saudi Arabia (Pilcher 2000) and verify if the remnant green turtle population 

hosts any unique genetic diversity that would be lost with their extirpation. Due to the 

apparent small size of the breeding population, it also presents an interesting case 

study for investigating fundamental biological breeding traits, such as adult sex ratio, 

existence of multiple paternity and evidence of depensation or inbreeding depression; 

and it is conceivable that a telemetry programme would be able to track 100% of the 

breeding population on an annual basis which would contribute greatly to basic 

understanding of the biology of the species in the region. At a national level, any 

conservation and protection measures enacted for the more numerous hawksbill turtles 

(Papathanasopoulou, unpublished data) would in part protect the green turtles as they 

share the same nesting beach, thus making green turtle protection more financially 

viable. 

 

At the time of writing, with Syria in the throes of a civil war, sea turtle conservation and 

research in Syria is of less concern than political stability and human safety. Once 

security is no longer an issue then, as for the previous two locations, continued nesting 

surveying to obtain baseline biological data will be essential to identify population 

status and genetic characterisation of the breeding assemblage will contribute to the 

phylogeography of green turtles in the Mediterranean. Also, further satellite tracking 

would reveal the preferred habitats for adults during the internesting period and 

foraging habitats outside of the breeding period. Lastly, in-water research should be 

initiated to investigate the importance of Syria in hosting green turtle developmental 
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habitats, as groups of juvenile green turtles were evident on sea grass beds in Syrian 

coastal waters (Rees et al. 2010b). 

 

Yearly turtle surveying in the foraging area of Amvrakikos Gulf, should continue and be 

expanded as an on-going study to build on the most comprehensive long-term dataset 

on a loggerhead foraging ground in the region. Increasing the sample sizes for growth 

rates and sexual dimorphic traits will provide more robust data from which to derive 

vital demographic indices. Further telemetry work (planned for 2013) will provide 

additional insights into spatial use of turtles within (and potentially without) the gulf, 

useful for targeted protection measures and surveys to estimate the total number of 

turtles present in the gulf at a given time (current research takes place in only a small 

fraction of the gulf) would highlight the areas regional importance. 
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