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Introduction

Human activities are affecting and in many cases threatening literally all
ecosystems nowadays. Whilst the ecology of many terrestrial and
freshwater vertebrates is relatively well-studied, our knowledge of marine
species generally lags behind. Many marine organisms suffer from
overexploitation by fisheries, whilst others are indirectly affected by
fishery bycatch. Populations of large marine charismatic vertebrates, such
as whales, dolphins, seals, seabirds and sea turtles, are especially
vulnerable to accidental catch (Lewison et al., 2004). Species which
furthermore have to go to land for reproduction, for example marine
turtles, face additional threats as their coastal breeding habitat is
progressively deteriorated or disturbed.

Loggerhead sea turtles (Caretta caretta) are nowadays threatened in
most parts of the world. Knowledge of their complex life cycle, which
includes a number of ecologically distinct phases during ontogenetic
development, is essential to identify their conservation needs (Meylan &
Meylan, 1999). Upon emergence from their nests and leaving the beach,
hatchlings enter an oceanic phase that is believed to last at least several
years. During the early oceanic phase, turtles are passively drifting with
large currents, which may span entire ocean basins. When having reached
a certain size, loggerhead sea turtles perform a dramatic habitat shift to
neritic waters (waters above the continental shelf), where they forage on
benthic prey. They may inhabit various neritic habitats until they reach
maturity, probably at an age of 30 or more years. It has been
hypothesized that they adhere to the habitat where they reached maturity
as adults. Females typically reproduce every few years, while males may
reproduce annually. Both sexes migrate to the nesting areas to mate.
Nesting areas are usually situated several hundred or thousand kilometres
from the foraging areas. Females (and probably to a lesser extent males)
show a high degree of philopatry to their natal area for reproduction.
Female natal homing leads to strong population structure, with isolation of
individual nesting colonies. The exact mechanisms of imprinting and




navigation remain only partly understood, but are likely to involve
orientation according to the earth magnetic field. Females deposit several
large clutches of eggs in nests excavated about half a meter deep in the
sand at intervals of roughly two weeks. During this internesting period,
they stay at sea in the vicinity of the nesting beach. Incubation of clutches
takes between 40 and 80 days, depending on sand temperature.
Incubation temperature also determines the sex of hatchling sea turtles.
In sea turtles in general, natural mortality is very high early in life and low
in later life stages. This is reflected in a high sensitivity of population
growth rate to subadult and aduit mortality rates compared to fecundity or
mortality in the earlier life stages.

Loggerhead sea turtles occur in all temperate and tropical oceans.
While the other six extant sea turtle species nest mostly on tropical
beaches, the distribution of nesting habitat of the loggerhead sea turtle
reaches well into temperate zones. The loggerhead sea turtle is listed as
an endangered species by the IUCN. Compared to that of other sea turtle
species, commercial exploitation of loggerhead sea turtles has never
played an important role in most areas. However, because many of the
species’ nesting areas occur in regions with dense human populations,
coastal development might be a particularly critical issue for this species.
Reduction in the survival rates of immature and adult turtles caused by
fishery bycatch is often responsible for sea turtle population declines.
Juveniles in their oceanic phase are heavily affected by longlines.
Individuals having shifted to the neritic zone suffer from being accidentally
caught in trawling and gill nets. The bycatch problem has long been
ignored due to past research and conservation focusing primarily on the
terrestrial life stages. Hence, even basic knowledge on distribution and

ecology of turtles at sea remains sparse.

Sea turtles appeared very early on Earth, with the oldest fossil
records dating from the Cretaceous period. Sea turtles have thus been
confronted with profound ecological challenges in the past. Although their
worldwide distribution might prevent them from biological extinction,




loggerhead sea turtles might go regionally extinct if the present conditions
persist or further deteriorate.

Loggerhead sea turtles in the Mediterranean represent a distinct
management unit with a rather uncertain future. This meta-population is
relatively small with an average of roughly 5000 clutches deposited yearly
on the known nesting beaches of Greece, Turkey and Cyprus. Various
sources of information suggest that juveniles frequent the western
Mediterranean basin while subadults and adults, i.e. individuals which
have switched to a neritic habitat, are mostly found in the eastern basin
(Margaritoulis et al., 2003). Casual information indicates a large
population decline before systematic monitoring started in the 1970ies
(Margaritoulis, 1982). As the Mediterranean is one of the world’s tourism
hotspots, many nesting beaches are affected by human encroachment.
Although no quantitative population dynamics model exists, the current
levels of fishery bycatch are thought to be incompatible with the long-
term protection of Mediterranean sea turtles.

This situation, together with a scarcity of basic scientific knowledge
about the biology of Mediterranean loggerhead sea turtles which could
lead to tailored, efficient conservation actions, elicited the development of
the present PhD study. Our investigations were carried out on the largest
known population of loggerhead sea turtles in the Mediterranean, in the
Bay of Laganas on the Ionian Island of Zakynthos (Greece). Here, nesting
activity has been monitored for over two decades by the Greek NGO
ARCHELON, The Sea Turtle Protection Society of Greece,

The thesis consists of two main parts. The first part (three chapters)
is devoted to the potential effects of the ongoing global warming on
Mediterrean loggerhead sea turtles. The second part (two chapters) deais
with the spatial behaviour of loggerhead sea turtles at sea. Each chapter
represents a publishable paper with one chapter (chapter two) being in
press, whereas another one (chapter one) is submitted.




In chapter one, I tested the hypothesis of small-scale temperature
and related hatchling sex ratio variation within the nesting habitat of the
Bay of Laganas. Indirect methods, namely sand temperature
measurements at nest depth and incubation duration data, both used for
determining hatchling sex ratio, showed that the nesting area is very
heterogeneous in terms of hatchling sex ratios produced. This has direct
implications for setting new conservation priorities for this population. The
habitat producing predominantly male hatchlings warrants particular
attention, this because males are not only the rare sex, but also likely to
decline under a global warming scenario. The fine-scale variation in sand
temperature conditions could potentially act as buffer in the face of
climatic change, enabling the population to keep producing a certain sex
ratio, this without necessitating a change in natal homing behaviour.

The second chapter is tightly connected to the first one. Here I
investigated whether sand temperatures at nest depth consistently differ
from actual nest temperatures due to metabolic heating produced by the
clutch. Metabolic heating was evident in most clutches, but the level of
extra heat produced was low during the middle third of incubation, when

sex is determined.

The third chapter is related to chapter one and two in that the
changes in sex ratio may potentially affect the mating system, with
possible dramatic consequences on population dynamics. The aim was to
assess the current level of multiple paternity in the population and to
investigate whether multiply fathered clutches have better survival than
clutches fertilized by one male. We found a very high rate of multiple
paternity. Clutch hatching success was related to the number of fathers
detected. In addition, the number of fathers detected in a clutch was

positively correlated with female size.

Unbiased information about the whereabouts of turtles at sea is
urgently needed to locate main foraging areas so as to implement
spatially-explicit, tailored action plans to mitigate fishery-bycatch related
problems. In the fourth chapter, I investigated the post-nesting




migrations and locations of foraging grounds in seven adult females
equipped with satellite transmitter. They dispersed to two main areas,
namely the north Adriatic Sea and the north African coast. Moreover, we
witnessed extended seasonal migrations in two individuals originally
foraging in the north Adriatic Sea.

The satellite transmitters additionally provided location information
during the internesting period, i.e. during the period when females lay
their successive clutches. This is presented in the fifth chapter. Our
tracking data allowed scrutinizing female habitat use in relation to offered
zones of protection from disturbance from turtle-watching tourism. Turtles
generally stayed within the restricted area of the bay during the
internesting period, but did not seem to spend more time in the highly
protected area.

Field work was carried out in cooperation and under a research
agreement with ARCHELON. A large part of the project was funded by the
MAVA Foundation for the Protection of Nature. We thank them for their
collaboration and for funding.
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Abstract

Monitoring and understanding the influence of sex ratio on population
dynamics is becoming imperative due to global warming in threatened
species with temperature-dependent sex determination such as sea
turtles. We used two approaches (sand temperature profiles and clutch
incubation duration) to estimate hatchling sex ratios produced on the
individual nesting beaches of Zakynthos (Greece), the largest known
nesting population of loggerhead sea turtles (Caretta caretta) in the
Mediterranean. The overall primary sex ratio of Zakynthos was female-
biased in 2002 and 2003 (68% and 75% females, respectively).
Interestingly, we found clear differences in estimated hatchling sex ratios
between two groups of beaches with over 70% difference in the
proportion of females produced between the coldest and warmest beach.
Such pronounced differences in hatchling sex ratio production between
adjacent beaches, which cannot be explained by geographic climate
variation, could potentially act as an avenue for behavioral reaction of sea
turtles to global warming. Such a mechanism seems plausible because
female site fidelity amongst the individual beaches of Zakynthos is weak.
Whether or not females will lay more clutches on the cooler beaches with
future climate warming, particular attention should be paid to the
management of these beaches which produce more males, as this sex is
expected to become even rarer in the future due to global warming.




Introduction

Sex ratio is a crucial demographic parameter affecting the viability of
populations, and sex ratio figures amongst the determining factors in
calculations of both demographic and genetic effective population size
(Caughley & Gunn, 1996; Wedekind, 2002). Sex determination in most
species is genetic, leaving little scope for deviations from the evolutionary
stable balanced sex ratio (Krebs & Davies, 1993). Although evolutionary
theory holds regardless of the mode of sex determination, primary sex
ratios in species with environmental sex determination are often far from
balanced (Mrosovsky, 1994; Marcovaldi et al., 1997; Wibbels, 2003).
While this parameter is of little conservation concern in species with
genetic sex determination (except in extremely small populations),
species with environmental sex determination may be vulnerable to

disturbances in the environmental sex determining factors.

Sea turtles“:':\.re amongst the taxa wh&éé éex is determined
environmentally, specifically by the temperature prevailing in the middle
third of the incubation period, with warmer temperatures producing
females and colder temperatures resulting in males (Mrosovsky & Pieau,
1991). In sea turtle populations where primary sex ratio was investigated,

it is often highly female-biased (Mrosovsky, 1994; Wibbels, 2003).

Even assuming high heritability of the pivotal temperature T, (the
temperature producing a 1:1 sex ratio) and/or behavioral adaptations
affecting clutch temperature, evolution is unlikely to be fast enough to
compensate for temperature changes caused by current global warming.
The extent to which female sea turtles can adapt their behavior to higher
temperatures (e.g. by moving to colder nesting beaches, digging deeper
egg chambers or changing the seasonal distribution of clutches) is
probably limited. Philopatry inhibits shifts of nesting areas in ecologically
relevant time frames (Bowen et al., 1994). Variation in egg chamber
depth is restricted by female morphology. A seasonal shift in the nesting
season correlated to increasing sea surface temperatures off the nesting
beach has been demonstrated for a population of Atlantic loggerhead sea




turtles (Caretta caretta) (Weishampel et al., 2004). However, unless the
seasonal distribution of precipitation shifts as well, early clutches are
expected to be adversely affected by rain and storms during spring in
most climates, in particular in the Mediterranean. That a lack of males
might become an actual problem for sea turtle populations is
demonstrated by a high rate of infertility (22% of clutches) among
leatherback sea turtle (Dermochelys coriacea) clutches in Malaysia, which
has been attributed to an insufficient number of males in the population -
a highly probable explanation given that in the past mainly clutches
incubating during the warmer part of the nesting season had been
protected (Chan, 1991). Sex ratios might become a key factor for the
future conservation of sea turtles, and a clear understanding of hatchling
sex ratios and the degree to which they vary is essential for effective
conservation of threatened populations.

Variations in hatchling sex ratios are expected over latitudinal scales
and such large-scale variation has been reported for the eastern US
(Mrosovsky, 1987) and Brazil (Marcovaldi et al., 1997; Baptistotte et al.,
1999). Because of female philopatry, the beaches producing markedly
different sex ratios should be viewed as separate management units in
these cases irregardless of the sex ratio produced. Differences in (
incubation temperature that were not associated with the latit clbn‘c;l
locations of the respective beaches have been reported for the gr”één
turtle (Chelonia mydas) population of Ascension Island (Hays et al., 1999;
Hays et al., 2001; Hays et al., 2003). Furthermore, these differences in
temperature result in estimates of hatchling sex ratios ranging from 54%
females on the coldest beach investigated to >99% females on the
warmest beach studied (Godley et al., 2002). Even though those beaches
are within approximately 20km of each other, therﬂs ‘E/I/ strong tendency
for individual females to nest consistently on one ofthe beach groups of
this area (Mortimer & Portier, 1989).

The first aim of this study was to estimate the sex ratio of
loggerhead sea turtle hatchlings produced in the Bay of Laganas,




Zakynthos, Greece (hereafter referred to as Zakynthos). Zakynthos hosts
the largest known population of sea turtles in the Mediterranean,
accounting for roughly one fourth of all clutches (Margaritoulis et al.,
2003). Our second aim was the resolution of small-scale patterns of
offspring sex ratio production, continuing the preliminary findings of
Margaritoulis (2005). The nesting area of Zakynthos is composed of six
distinct but adjacent beaches (Fig. 1). Individual females frequently
alternate between beaches for successive egg layings within a season
(ARCHELON internal reports, unpublished data). The six beaches differ
considerably in physical characteristit;\s; baising the possibility that /
hatchling sex ratio differs amongst them. Such a situation could
potentially open new avenues for turtle females to react to global
warming.

Materials and methods
Study area

The Island of Zakynthos is situated in the Ionian Sea in the eastern
Mediterranean (Fig. 1). The climate is highly seasonal both in terms of
temperature and rainfall, with high temperatures and generally low
precipitation during the summer months, while autumn and winter are
characterized by lower temperatures, heavy rains and storms. The south-
facing Bay of Laganas contains the six discrete nesting beaches
Marathonissi (MAR), East Laganas (LAG), Kalamaki (KAL), Sekania (SEK),
Daphni (DAP) and Gerakas (GER); the opening of the bay is ca. 12km
wide (Fig. 1). Loggerhead sea turtles nest on Zakynthos from the second
half of May to the first half of August (Margaritoulis, 2005), and the
shallow bay is used as a mating and internesting habitat (chapter five).
Apart from a small nesting aggregation on the neighboring island of
Kephalonia, the nesting beaches of Zakynthos constitute the northernmost
loggerhead nesting area in the Mediterranean (Margaritoulis et al., 2003).




Nest data collection

We collected data on the number of nests laid as part of a long-term
monitoring program conducted by ARCHELON, The Sea Turtle Protection
Society of Greece (Margaritoulis, 2005). This program included monitoring
of all beaches on a daily basis during the entire season. Most egg
chambers were not physically located. Instead, clutches were identified
from track characteristics on the laying date (defined as the morning after
they were laid). As most nests were left unprotected and not externally
marked, we measured the distance from the estimated clutch location to
two flanking marker poles set up at the back of the beaches, as well as
the distance from the clutch to the sea. These measurements were done
on surveys starting at first light and allowed us to locate and identify the
nest during hatching. Hatching was determined by the observation of
tracks during the daily transects of the beach. We considered the morning
the first hatchling tracks were recorded from a nest as that nest’s
hatching date. The incubation duration (ID) was defined as the number of
days from the laying date to the nest’s hatching date. We excavated
clutches fourteen days after first hatching and categorized their contents
(Miller, 1999). We counted the number of eggs that had developed to over
about 75% of incubation [determined by estimating the relation of the
volume of the yolk sac to the volume of the embryo (Miller, 1985)]. These
were assumed to have contributed to metabolic heating. A team led by at
least one person with appropriate training and experience conducted data
collection.

Sex ratio estimates

Since the sex of sea turtle hatchlings cannot be assessed from external
morphology, we used two indirect methods to estimate hatchling sex
ratios: 1) measurements of sand temperature at nest depth and 2)
incubation durations of clutches.

Sand temperature. Sand temperature may be an appropriate proxy
for estimating sea turtle hatchling sex ratio (Mrosovsky, 1994; Godfrey &
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Mrosovsky, 1999), and has been applied in a number of studies
(Mrosovsky, 1994; Godfrey et al., 1997; Godfrey et al., 1999). Other
studies, e.g. Godley et al. (2001a), based their sex ratio estimates on
clutch temperature instead. Inferring hatchling sex ratio estimates from
sand temperature is complicated by the fact that developing embryos may
produce additional heat (metabolic heating). However a comparison of
within-nest temperatures with that of the surrounding sand indicated that
metabolic heating was negligible (0.20 + 0.20°C, N=20 clutches) in the
study area during the middle third of development (chapter two). The
main advantage of measuring sand instead of nest temperature is that
data can be collected over the entire season with a minimal investment in
equipment and effort. This method seemed therefore suitable for this
study, as we required estimates of sex ratio for six different beaches.

The effect of temperature on sex determination is classically defined
by two parameters: the pivotal temperature, T,, and the transitional range
of temperature (TRT), the range in which both sexes are produced
(Mrosovsky & Pieau, 1991). Values for T, and TRT were inferred from a
laboratory study on eggs from the nesting population of Kyparissia Bay,
Peloponnese (Mrosovsky et al., 2002), which is about 80 km away from
the Bay of Laganas. Since we measured sand temperature, we corrected
the T, value obtained from egg temperature measurements in the lab by
the estimated amount of evaporate cooling (0.4°C), resulting in a field T,
of 29.7°C. Since Mrosovsky et al. (2002) estimated the TRT to be around
1.5°C, we considered that 29.0-30.5°C produces clutches containing both

sexes.

In 2003 we programmed «Tinytalk» data loggers (accuracy
+ 0.3°C; Gemini Dataloggers, UK) to record temperature at 1 h intervals
and placed them at five haphazard locations on each beach, within an
area encompassing ca 90% of nests. The loggers had been calibrated by
the manufacturer and their precision tested by placing them next to each
other. We placed data loggers at a depth of 39 cm, the average middle
depth of loggerhead sea turtle clutches in Zakynthos (ARCHELON internal
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reports, unpublished data). Due to data storage capacity, data loggers
were exchanged midway through the season. Therefore, each temperature
profile was constructed from measurements by two successive data
loggers. Mean daily temperature (from midnight to midnight) was used for
analysis.

Incubation duration. Incubation durations are also used to estimate
hatchling sex ratio (Marcovaldi et al., 1997; Godley et al., 2001b). The
validity of this approach has been confirmed by histological sexing of
hatchlings from nests of known incubation duration (Godfrey et al., 1997;
Mrosovsky et al., 1999). We collected data on incubation duration during
2002 and 2003 from a representative sample of clutches on each beach,
and used the relationship between hatchling sex ratio and incubation
duration estimated by Mrosovsky et al. (2002) to convert observed
durations to sex ratio. Lab incubation durations were corrected by the
estimated time gap between hatching and emergence of 4 days (Godfrey
& Mrosovsky, 1997). Thus, we considered that observed incubation
durations of <55 days produced only females, 56 days produced 80%
females, and 57 days produced an unbiased sex ratio. 58 days was
assumed to produce 10% females and =59 days only males. To estimate
sex ratio for an individual beach, each nest on the beach was placed in the
appropriate incubation duration/sex ratio category and we calculated
beach sex ratio based on the proportion of nests in a class. Finally, we
estimated an area sex ratio (overall ratio for the entire nesting area) from
beach values accounting for the proportions of nest numbers on a beach.

To evaluate the variation in incubation durations reflecting
differences amongst beaches (as opposed to other factors that may
influence this variable), we tested the factor «beach» in a general linear
model together with the date a clutch was laid (laying day), the location of
the nest in relation to the sea (distance to sea) and the number of eggs
that had developed to over 75% of incubation. Interactions between all
factors were included in the initial model. We performed this analysis with
data from 2003 where sample sizes were generally higher.




Statistical analysis. Statistical treatment consisted of analysis of
variance (ANOVA) followed by Tukey-Kramer HSD post-hoc tests. They
were performed with the program JMP IN © (version 4.04, SAS Institute).

Results
Sand temperature profiles

Seasonal trends in temperature profiles were similar within beaches

(Fig. 2b). Temperatures rose sharply from the onset of the nesting season
until mid-June, and then increased gradually until the second half of
September. Temperatures then declined to levels similar to those
measured in spring. Sand temperature range during measurements was
about 7°C across the season, but only 2°C during the crucial period for
sex determination (Fig. 2). The general pattern was chiefly affected by
storms, visible in Fig. 2b as dramatic declines in temperature lasting about

onhe week.

Sand temperature variation within a beach was high, reaching over
2°C on some beaches (Fig. 2b). The location of profiles in relation to the
T, (and by extension TRT) indicates that KAL, SEK, DAF and to a lesser
extent GER were characterized by temperatures resulting in female-biased
sex ratios, whereas MAR and LAG produced male-biased sex ratios.
Comparison of the temperature profiles of these two beaches suggests
that a higher proportion of males was produced on MAR than on LAG

(Fig. 2).

Incubation duration

Incubation durations were generally longer in 2002 than in 2003 (Fig. 3),
which was predictable given the unusually high precipitation in summer
2002. The estimated area sex ratio for Zakynthos was biased towards
females, which accounted for an estimated 68% and 75% of hatchlings, in
2002 and 2003, respectively.




In the original model we found no significant effect of distance to
sea or any interaction between factors on incubation duration. We ran a
new model with only «beach», laying date and the number of eggs that
had developed to over 75% of incubation as factors. This model explained
nearly 60% of the variation in incubation duration (ANOVA, F; 277 = 56.66,
p < 0.001, R? = 0.59), with the factor «beach» alone explaining about
57% of the variation (partial R?). Laying date and the number of eggs that
had developed to over about 75% of incubation were negatively correlated
with incubation duration. There were significant differences in incubation
durations between the beaches MAR and LAG, which formed one group,
and KAL, SEK, DAP and GER forming the other. Within the latter group,
the only two beaches with statistically different incubation durations were
KAL and SEK (N = 328, Tukey-Kramer HSD post-hoc test: g* = 2.87, p <
0.05). Estimates of sex ratios from incubation durations established that
MAR and LAG produced a male-biased and the other beaches a female-
biased sex ratio (Fig. 3).

A comparison of June-August monthly air temperatures on
Zakynthos for the years 2002 and 2003 with those of the previous 18
years revealed that temperatures during these two seasons were
representative for the temperature conditions of the area (data not
shown).

Discussion

We feel that the most interesting result of this study is the finding of
pronounced spatial thermal variation (resulting in hatchling sex ratio
differences of up to over 70%) within a nesting area, which would, under
all traditional criteria be defined as one management unit. This finding is
in some ways very similar to the situation for green turtles of Ascension
Island (Godley et al., 2002). However, the range of hatchling sex ratios
produced is apparently much larger in Zakynthos loggerheads (75-85%)
than in Ascension Island green turtles (ca. 46%). Moreover, females of
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Ascension Island seem to be bound more strongly to a given beach group
within the area than loggerheads of Zakynthos (although a quantitative
analysis is lacking for the latter). This is consistent with generally higher
levels of gene flow in the loggerhead than in the green turtle (Bowen &
Avise, 1996).

The estimated hatchling sex ratio of the entire area of Zakynthos
was female-biased in both years, however still produced a considerable
proportion of male hatchlings. In northern Cyprus, the proportion of
female hatchlings (inferred from incubation duration data, backed up with
intra-nest temperature measurements and direct sexing of hatchlings
found dead) is much higher (89-99%) than on Zakynthos (Godley et al.,
2001a; Godley et al., 2001b). There is also evidence that the loggerhead
hatchling sex ratio of Kephalonia is female-skewed (Houghton & Hays,
2001). Although rough summary information on incubation durations exist
for other Mediterranean nesting areas (Margaritoulis et al., 2003), we
consider such data inadequate for inference of hatchling sex ratios, since
using an average incubation duration will generate inappropriate
estimates if prevailing thermal conditions in a given habitat are not
homogenous. Zakynthos is the northernmost major nesting population in
the Mediterranean and therefore has a relatively cool boundary climate.
Therefore it is unlikely that any other sizeable nesting aggregation in the
Mediterranean produces a strongly male-biased sex ratio. Assuming no
contemporary gene flow between Atlantic and Mediterranean loggerhead
sea turtles (Bowen et al., 1993; Laurent et al., 1993) and male-mediated
gene flow amongst regional populations of loggerheads, as shown for the
green turtle (Karl et al., 1992; FitzSimmons et al., 1997), the males
produced in Zakynthos might be crucial for the entire Mediterranean
loggerhead metapopulation.

There were significant differences in incubation durations among
beaches, which translated into marked differences in the estimated
hatchling sex ratios. This result is supported by sand temperature data of
the given beaches. However, given the rather high intra-beach sand

11




temperature variation, five locations did not enable us to assess the
overall amplitude of temperature conditions within an entire beach. For
this reason, we generated only qualitative sex ratio estimates from this
data. The much higher number of locations sampled by incubation
durations - although less accurate per sample - can much better account
for this situation. Differences in incubation duration amongst beaches
explained the by far largest proportion (by over an order of magnitude) of
the explained variation in incubation duration. While laying date and the
number of embryos contributing to metabolic heating explained some of
the residual variation, they probably did not impact much on sex ratio
variation, given that incubation duration is determined by temperature
throughout incubation, whereas for sex determination, only the middle
third of development is relevant (Mrosovsky & Pieau, 1991). Nests laid at
the start of the season experienced much lower incubation temperatures
during the first part of their development than during the time period
relevant for sex determination (Fig. 2b). Similarly, the amount of
metabolic heating was considerable during the last stage of incubation,
but not during the critical middle third of development (chapter two). As
neither seasonal distribution of nests, egg chamber depth or clutch sizes
seem to differ significantly among the beaches of Zakynthos (ARCHELON
internal reports, unpublished data), differences in the physical nature of
the individual beaches, such as albedo (Hays et al., 2001) or beach
orientation and inclination, seem to be the crucial determinants of
hatchling sex ratio differences in Zakynthos.

The pronounced differences in hatchling sex ratio within a single
geographically small nesting area demonstrate that hatchling sex ratios
can vary dramatically on extremely small scales. The wide range of

/

incubation conditions found in Zakynthos-might possibly act as a bt:fé [w {M
G)

against climate change. Two beachei’(TMAF},énd to a lesser extent
crucial for present male production will continue to produce males under
moderate warming scenarios. This new information could be integrated

into current protection plans to further increase their effectiveness. So far,
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the most important beach in terms of nest numbers (SEK) has been
afforded the best protection. Unfortunately, over the last three decades,
about half of the nesting habitat of LAG has been destroyed by
development and tourism, whereas hatchlings from MAR apparently suffer
from disorientation caused by artificial lighting from tourist resorts
(personal observation). We have demonstrated that these two beaches
are producing a large proportion of the male hatchlings of Zakynthos, and
probably of the entire Mediterranean metapopulation. Since they produce
the sex that is foreseen to decline under global warming, MAR and LAG
warrant better protection than they currently receive.

The implications of our results are not limited to Zakynthos, or to
the Mediterranean. Many sea turtles nesting sites may not show as much
variation as those in our study, particularly in the case of continuo?\(i
uniform beaches. However, the existence of extremely small-scale‘yet
significant variation reported here suggests that the possibility of
differences in sex ratios within single nesting areas should not be
discounted. In the case of Zakynthos, where individual female site fidelity
is not restricted to an individual beach, females may have the opportunity
for behavioural reaction to global warming. It is conceivable that female
turtles will lay more clutches on colder beaches with an increase in
temperature. The appeal of this possible scenario is that it requires no
change in female site fidelity. Continued monitoring of clutch numbers on
the individual beaches will show whether loggerheads do indeed take
advantage of such a situation to maintain production of male hatchings in
the future.

As a precautionary principle, the potential substructure of nesting
areas with regards to hatchling sex ratio should be considered when
developing conservation strategies. Whether or not females will lay more
clutches on the cooler beaches with future climate warming, particular
attention should be paid to the management of male-producing beaches.
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Figure Legends

Fig 1. Map of the Bay of Laganas with the six distinct nesting beaches
(MAR = Marathonissi, LAG = East Laganas, KAL = Kalamaki, SEK =
Sekania, DAP = Daphni, GER = Gerakas).

Fig. 2. A. Proportion of nests in the thermo-sensitive stage for sex
determination with respect to date (2003). The graph is shown twice for
easier interpretation to the temperature profiles. B. Temperature profiles
(daily average values) obtained in 2003 on the six beaches. For KAL, due
to loss of a data logger, one of the five profiles only exists for the first half
of the season. The horizontal line indicates the pivotal field temperature

(Tp).

Fig. 3. Mean (+SD) incubation durations (ID, a) and derived sex ratio
estimates (b) for the individual beaches in 2002 and 2003. Sample size is
indicated at the base of each column, whereas the pivotal field incubation
duration is indicated by a horizontal line.
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Abstract

Offspring sex ratio is an important demographic parameter and, given its determination by incubation temperature in sea turtles,
might be a key factor for their conservation under climate warming. An appealing approach to estimate hatchling sex ratios is to
measure sand temperatures at nest depth and deduce hatchling sex ratios from a beforehand-established relationship of hatchling
sex ratio and sand temperature. Such estimates will only be accurate though if metabolic heat produced by the embryos is
considered. Judging whether metabolic heating has a potential effect on hatchling sex ratios without actually measuring
temperature within clutches would greatly facilitate monitoring protocols. We tested for a relationship between the amount of
metabolic heating and the number of developed embryos as well as clutch size in the largest known loggerhead sea turtle (Caretta
caretta) population of the Mediterranean on Zakynthos (Greece). Temperatures were measured within 20 nests as well as at a
reference site in the sand at nest depth. Metabolic heating was detected, but only during the last third of the incubation period did
nests heat up considerably (1.6°C on average) above the temperature of the surrounding sand. During the middle third of
incubation, when sex is determined, the amount of metabolic heating was negligible. The amount of metabolic heating during the
last third of the incubation duration was significantly correlated to the number of offspring developed to at least about 75% of
incubation duration. This factor explained nearly 50% of variation in metabolic heating. Metabolic heating was also significantly
comrelated to clutch size. Given that clutch size within the Mediterranean is largest in Zakynthos loggerheads, we conclude that
metabolic heating can be ignored in the estimate of hatchling sex ratios in Mediterranean loggerhead populations. These results
thus provide the basis for a feasible monitoring of hatchling sex ratios in the loggerhead sea turtle in the Mediterranean.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Caretta caretta; Hatchling sex ratio; Mediterranean; Metabolic heating; Temperature-dependent sex deterrnination

1. Introduction

Increase of temperature in reptilian clutches over that
of the surrounding environment is a consequence of
high metabolic activity during development and re-
stricted thermal conductivity of the surrounding medi-
um. Sea turtles bury sizeable clutches of large eggs in
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sandy beaches. The large amount of living tissue in
these clutches combined with the relatively low thermal
conductivity of the medium (air) between the eggs
suggests that sea turtle clutches heat up during
development above the temperature of the surrounding
sand. Indeed metabolic heating has long been proposed
to occur in sea turtle clutches (Carr and Hirth, 1961).
Although the embryonic development of sea turtles has
been studied in detail (Miller, 1985), only recently the
availability of small data loggers has made it feasible to
measure temperature within clutches during the entire
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incubation duration with minimum disturbance to
natural conditions. It seems that—as expected—detectable
amounts of metabolic heating are a general character-
istic of sea turtle clutches and that metabolic heating
becomes evident around halfway through development
and raises towards hatching (Godfrey et al., 1997; Booth
and Astill, 2001; Broderick et al., 2001; Godley et al.,
2001; Glen and Mrosovsky, 2004).

Metabolic heating in sea turtles is not merely an
interesting topic in itself, but given the temperature-
dependent sex determination of sea turtle embryos
(Mrosovsky and Picau, 1991), understanding what
factors determine the amount of metabolic heating will
improve monitoring protocols for these endangered
species. Since sexing is not possible from external
morphology in hatchling sea turtles, hatchling sex ratio
estimates are traditionally inferred through indirect
parameters (sand and within-nest temperatures or clutch
incubation durations), based on their correlation with
hatchling sex ratios established through histology of
sacrificed hatchlings (Godfrey and Mrosovsky, 1997,
Mrosovsky et al., 1999; Mrosovsky et al, 2002).
Inferring to hatchling sex ratios through sand temper-
ature measurements is a particularly appealing approach
for several reasons, e.g., data can be collected with a
minimum of working force. Meaningful hatchling sex
ratio estimates can, however, only be obtained if a
number of factors are considered, a major point of
consideration being the average amount of metabolic
heating. If metabolic heating is considerable, average
clutch temperatures will systematically differ from sand
temperatures at nest-depth. Indeed it has been suggested
for several sea turtle populations that metabolic heating
has a feminizing effect on hatchling sex ratios
(Broderick et al., 2001; Glen and Mrosovsky, 2004).
Therefore, to infer from sand temperature data to
accurate hatchling sex ratio estimates, the amount of
extra heat produced during the middle third of
development must be known. Unfortunately, measuring
metabolic heating is not all that simple, and monitoring
hatchling sex ratios for a wide range of populations
would be facilitated could metabolic heating be
estimated from known population characteristics. It is
likely, e.g., that the mass of developing tissue (i.e., the
number and size of embryos) determines at least part of
this variation. Two studies have indeed found correla-
tions between the amount of metabolic heating and
developed embryos/clutch sizes, both for the green sea
turtle (Chelonia mydas). Broderick et al. (2001) found
the amount of metabolic heating correlated positively
with both clutch size and the number of hatchlings plus
embryos that died during development in the Ascension

Island population. However, the relationship they found
may be driven by a few data points and should thus be
interpreted with caution, as the authors state themselves.
Booth and Astill (2001) also found that a surrogate of
metabolic heating positively correlated with clutch size
in Australia. However, their analysis is based on a very
small sample (five clutches).

We investigated patterns of metabolic heating in
Zakynthian loggerheads, the largest known population
of the species in the Mediterranean (Margaritoulis et
al., 2003) with a twofold goal: firstly, we simply aimed
at estimating the amount of metabolic heating in
Zakynthian loggerhead clutches as a prerequisite to
estimate hatchling sex ratios from sand temperatures in
this important nesting area. Secondly, we aimed to test
for areliable relationship between metabolic heating and
developed embryos/clutch size, which could simplify
estimates of metabolic heating in loggerhead popula-
tions within the Mediterranean and possibly on a larger
scale.

2. Materials and methods
2.1. Study area

The Island of Zakynthos is situated in the Ionian Sea
in the eastern Mediterranean. The climate is highly
seasonal both in terms of temperature and rainfall, with
high temperatures and almost inexistent precipitation
during the summer months, while autumn and winter are
characterized by lower temperatures, heavy rains and
storms. The south-facing Bay of Laganas contains six
discrete nesting beaches; the opening of the bay is ca.
12km. Loggerhead sea turtles nest from the second half
of May until the first half of August (Margaritoulis and
Rees, 2003). Apart from a small nesting aggregation on
the neighbouring Island of Kephalonia, the nesting
beaches of Zakynthos constitute the northernmost
loggerhead nesting area in the Mediterranean (Margar-
itoulis et al., 2003).

2.2. Data collection

The study was conducted on one of the beaches of the
Bay of Laganas [Gerakas beach (37°42'N, 20°59'E)],
during 2003 and 2004. Clutches we investigated were
laid between 15 June and 24 July. To measure clutch
temperature, we placed a temperature logger («Tiny-
talk», accuracy+0.3 °C; Gemini Dataloggers, UK) into
20 nests (eight in 2003 and twelve in 2004). We
programmed loggers to record temperature at 1 h inter-
vals. Their precision was confirmed by comparing
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temperature measurements taken with loggers placed
next to each other. We inserted data loggers into the
clutch in the early moming following the night a clutch
was laid (i.e., within 2 to 6 h of the clutch being laid),
temporarily removing part of the eggs from the egg
chamber and placing the logger in the approximate
centre of the clutch. This methodology was chosen
based on a preliminary study where loggers were
dropped while turtles were laying eggs, as we noticed
that the device often rolled to the side of the clutch.
This was done at first light when the air temperature
was still rather cold and humid and care was taken to
replace sand in the original order and to work fast.
Therefore, we have no reason to suspect that the
positioning procedure or the data logger itself (the
electronic device fits into a photographic film canister)
influenced the incubation conditions of the clutches.
Additionally, we measured sand temperature at average
nest depth for Zakynthos (39cm, ARCHELON intemnal
reports, unpublished data) at one location within the
same beach, at a distance of no more than 500m from
any study nest, for reference in both years of the study.
Nests were monitored daily by observation of tracks
in order to detect hatching. The morning the first
hatchling’s track was recorded was considered as
hatching date. The incubation duration (ID) was defined
as the number of days from the date after the night a
clutch was laid until the date of observation of the first
hatchling tracks. We excavated nests 14 days after initial
hatching, retrieved data loggers, categorized nest
contents and determined hatching success (Miller,
1999). Additionally to the overall count of dead

embryos, the ones having reached at least about 75%
of incubation duration were counted separately. All
fieldwork was conducted during surveys by ARCHE-
LON, The Sea Turtle Protection Society of Greece.

2.3. Data analysis

Nest temperature data of the time period between
actual hatching and emergence, the latter being referred
to as «observed hatchingy, estimated on 4 days (God-
frey and Mrosovsky, 1997), had to be excluded. Because
sand temperature at nest depth can vary between nearby
locations (i.e., the location of the study clutch and the
location where sand temperature was measured),
metabolic heating at any moment could not be simply
calculated as the difference between clutch temperature
and sand temperature.

Instead, as a first step, we determined the difference
between clutch temperature and sand temperature per
day for each day of the incubation duration. In a second
step, the day-to-day change in this parameter was
calculated. The baseline difference between nest
temperature and sand temperature was considered as
the average value of the difference between clutch
temperature and sand temperature before its day-to-day
change exceeded 0.3°C (the precision of data loggers).
We calculated metabolic heat per day as the difference
between clutch temperature and sand temperature
subtracted by the baseline difference as described
above. To visualize the pattem of metabolic heating
over the entire incubation period, we calculated the
mean amount of metabolic heating during each 2%
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observed hatching) to visualize temperature changes caused by metabolic heating. Note the effect of a storm at the start of August.
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period of the incubation duration. We tested for a
relationship between the amount of metabolic heating
and clutch size as well as the number of embryos that
developed to at least about 75% of incubation duration
(i.e., number of hatchlings plus number of late-stage
dead embryos). To get an idea about the generalization
of our results, we compared the data point of average
metabolic heating vs. average clutch size of Cyprus
loggerheads (Godley et al., 2001) to our data.

Apart from investigating metabolic heating, we
verified the relationship between observed incubation
duration and nest temperature—a basis to deduce
hatchling sex ratio estimates from incubation durations.

Statistical analyses were performed with the program
JMP INO (version 4.04, SAS Institute Inc.).

3. Results
3.1. Metabolic heating

Clutch temperatures closely followed the course of
sand temperatures during the first third of incubation as
illustrated in the example (Fig. 1). The increasing
discrepancy between nest and sand temperature after-
wards is attributed to metabolic heating. The pattern of
metabolic heating of the eight nests of 2003 (in 2004,
sand temperature was recorded only from 12 July
onwards due to loss of a data logger) over the entire
incubation duration is shown in Fig. 2. Over the entire
incubation period, these nests increased their tempera-
ture by, on average, 0.60+0.25°C (+=SD) over that of the
sand. During the first third of development, no metabolic
heating could be detected (—0.06+0.10°C). During the
middle third of development, the 20 clutches increased

their temperature by, on average, 0.20°C (£0.20) above
that of the surrounding sand. During the last third of
incubation, metabolic heating accounted for on average
1.64°C (£0.56) in all clutches studied. Because
metabolic heating during the middle third of develop-
ment was negligible, we only tested the effect of eggs
developed to at least about 75% of incubation duration
and clutch size on metabolic heating during the last third
of development. Since the number of eggs developed to
at least about 75% of incubation duration were highly
correlated to clutch size (F13=72.11, p<0.001, R’=
0.80), we tested each factor separately. The amount of
metabolic heating was significantly correlated to both
factors, although the number of eggs developed to at
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developed eggs+0.27, black symbols) and clutch size (metabolic
heating=0.013 x clutch size +0.12, grey symbols). The data point from
Cyprus (grey outlined symbol) is an average of 15 clutches taken from
Godley et al, (2001).
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least about 75% of incubation duration explained more
of the variation (F, 15=15.22, p=0.001, R*=0.46, Fig.
3) than clutch size did (F 15=7.41, p=0.014, R*=0.29,
Fig. 3). The data point from Cyprus fits rather well into
the relationship (Fig. 3). The amount of metabolic
heating is significantly higher than in loggerhead sea
turtle nests of northern Cyprus during the final third of
development (f33=—4.09, p<0.001), although not
during the middle third (t;3=0.076, p=0.94).

3.2. Relationship between incubation duration and nest
temperature

The negative correlation of incubation duration with
average within-nest temperature was highly significant
(F1.19=18.16, p<0.001, R*=0.502, Fig. 4), as was the
correlation of incubation duration with average tem-
perature during the middle third of development
(Fy.16=9.74, p=0.0059, R*=0.35).

4. Discussion

A better understanding of how sea turtle sex ratios
are affecting population dynamics is needed to predict
the effect of climate change on turtle populations. In the
meantime it seems wise to monitor hatchling sex ratios.
The fact that we found nearly half the variation in
metabolic heating explained by the amount of devel-
oped eggs has implications for development of moni-
toring protocols for hatchling sex ratio. Tentatively, we
suggest that whether or not metabolic heating is a
significant factor shaping hatchling sex ratios does not
have to be tested for each nesting area. Instead, the

amount of metabolic heating in a given nesting area can
be judged based on the results of a conspecific
population and differences in the average number of
developed embryos. It is obvious that this notion is
based on rather little data and should certainly be
verified in other populations before being widely
applied. The fact that no such relationship was found
in Cyprus loggerheads despite a comparable sample size
is not necessarily challenging our result, but might
simply be the outcome of low variation in factors. The
most obvious difference between loggerhead clutches of
Cyprus and Zakynthos seems the difference in clutch
size. Whereas an average clutch in Zakynthos contains
between 110 and 130 eggs, average clutches in northern
Cyprus comprise only 75 to 83 eggs (Margaritoulis et
al., 2003). The fact that we found a significant difference
in metabolic heating between the data sets of Zakynthos
and Cyprus with less metabolic heating detected in
Cyprus is thus not surprising. The growth of embryo
mass over time increasing with incubation time (Acker-
man, 1997) closely matching the increase in metabolic
heating underlines the close relationship between
metabolic heating and embryo mass.

Although we could explain a large proportion of the
variation in metabolic heating by number of developed
embryos, what other factors are at play remains unre-
solved. It is likely that the conductivity of the surrounding
sand plays a role in determining the amount of metabolic
heating within the clutch (Speakman et al., 1998).
Incubation of turtle eggs under controlled conditions
could substantially increase our understanding of factors
determining the amount of metabolic heating, but are
restricted due to the conservation status of these species.
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Experimental incubation of alligator eggs, a species
whose sex is likewise determined by temperature, has
revealed that eggs incubated in a clutch produced different
sex ratios than those incubated individually; a result that
was explained by differences in metabolic heating
between the two treatments (Ewert and Nelson, 2003).

Our interpretation is based on results obtained from
metabolic heating during the last third of development,
whereas it is during the middle third that sex is
determined (Mrosovsky and Pieau, 1991). The congru-
ent pattern of metabolic heating over the incubation
duration (this study; Broderick et al., 2001; Godley et
al.,, 2001) suggests that average metabolic heating
during the middle third of incubation can be reliably
extrapolated from the amount of metabolic heating
during the last third of the incubation duration. A further
point of consideration is that we measured temperature
in only one location of the clutch. It has been shown,
however, that temperature in loggerhead clutches is not
uniform for all eggs in a clutch (Godfrey et al., 1997;
Hanson et al., 1998; Kaska et al., 1998; Booth and
Astill, 2001; Houghton and Hays, 2001). Specifically,
Godfrey ct al. (1997) and Booth and Astill (2001) found
the amount of metabolic heating higher in the centre
than on the side of the clutch. Thus our results are likely
to overestimate the amount of metabolic heating
experienced by the average egg. This potential bias is
not affecting the qualitative result that the average
amount of metabolic heating during the middle third of
development is negligible in our study.

Loggerhead clutches of Zakynthos being the largest
amongst Mediterranean populations (Margaritoulis et al.,
2003), we conclude that metabolic heating has no sig-
nificant feminizing effect on Mediterranean loggerheads.
Loggerhead clutches in other ocean basins are likely
differently affected by metabolic heating, since Mediter-
ranean loggerheads lay larger clutches with relatively
small eggs compared to their body size than, e.g., Atlantic
loggerheads (Tiwari and Bjorndal, 2000). It is thus likely
that the specific relationship between developing embry-
os/clutch size and metabolic heating is different for other
population groups.

Although sand temperatures and incubation dura-
tions remain indirect methods and as such potentially
inaccurate, our results eliminate some of the uncertainty
in the deduced hatchling sex ratio estimates.
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Abstract

Due to climate change, sex ratio is likely to become a key conservation
issue in endangered species with temperature-dependent sex
determination. Many species, for example sea turtles, will not be able to
adapt fast enough to increasing temperatures. Because higher
temperatures mean higher female proportions in this group, a lack of
males will eventually become a problem. To anticipate possible effects, it
is critical to collect information on current levels of female multiple
matings and the relationship between individual female reproductive
output and the number of sires in her clutches. We investigated patterns
of multiple paternity in clutches of 15 female Mediterranean loggerhead
sea turtles using four highly variable microsatellite loci. We tested for a
relationship between clutch hatching success and the number of males
discovered in a clutch. In clutches of 14 females more than one male was
detected, with some females having mated with at least five males.
Hatching success significantly increased with the number of males
detected in a clutch. Moreover, the number of detected fathers was
positively correlated with the body size of the mother. The high rate of
multiple paternity might indicate that the population currently is not male-
limited. We suspect that the correlation betwe_g_n,h-atcging success and the
number of fathers siring a clutch may not b éausativé\.‘ Assuming that it is
and clutch hatching success is indeed affected by h'é number of sires, it
could be predicted that individual female reproductive output will decrease

with future climate change.




Introduction

Mating systems and the extent of multiple matings by female and male
individuals are an important life history parameter of animal species.
Within a species, these may vary for example according to population
density or operational sex ratio (OSR, the ratio of reproductively active
males to females at any one time). Sex ratios in species with
environmental sex determination may be subject to considerable
fluctuations. In the case of temperature-dependent sex determination, not
only does primary sex ratio vary with respect to ambient conditions, but
global warming is expected to lead to systematic shifts in sex ratios under
the assumption that most species will not be able to react fast enough to
increasing temperatures (ecological trap). In species where high
temperatures lead to male differentiation (such as in crocodilians and
many lizards (Janzen & Paukstis, 1991)} increasing temperatures are
expected to lead to reduced population reproductive output. Where higher
temperatures lead to females, as for example in sea turtles (Mrosovsky &
Pieau, 1991), a rise in environmental temperatures may initially boost
population reproductive output by increasing the number of females. At a
certain point, however, a lack of males will lead to reduced fertilisation
rates and thus reduced population reproductive output. That a low
proportion of males might become an actual problem for populations is
exemplified by a high rate of infertility (22% of clutches) among
leatherback sea turtles (Dermochelys coriacea) in Malaysia. This
observation has been attributed to an insufficient number of males in the
population - a highly probable explanation given that in the past mainly
clutches incubating during the warmer part of the nesting season had \
been protected (Chan, 1991). |

At what ratio and by what mechanisms increasingly female-
biased sex ratios will affect sea turtle populations is, however, largely a
matter of speculation (Heppell et al., 2003). Uncertainty exists for
example as to the threshold value of adult sex ratio needed for fertilisation
of all eggs. Moreover, the current extent of multiple matings by females




| “reproductive output of individual females.

and possible effects on their fitness remains unknown for most
populations. Since mating often poses disadvantages to females such as
increased risk of predation or disease transmission (Krebs & Davies,
1993), females are only expected to mate with several males if this
renders benefits (assuming they are in control of matings). Indeed,

evidence is growing that in a number of species females mating with more

than one male increase their fitness through genetic benefits to their

offsprlng (Madsen et al., 1992 Olsson & Madsen, 2001 Osikowski &
mh-__—_h—__-_‘_ 5

Rafinski, 2001; Fedorka & Mousseau, 2002). In sea turtles the

disadvantages of multiple matings for females may be considerable, the

most obvious being physical damage (Miller, 1997). Females are thought
to be in control of matings. Female sea turtles lay several clutches at
intervals of about two weeks during one nesting season (Miller, 1997).
Mating with one male is enough to fertilize all the eggs of a female turtle
in a given reproductive season (FitzSimmons, 1998; Pearse et al., 2001).
Possible fithess benefits to females through good, diverse or compatible
genes are however well conceivable. Sperm storage (Pearse & Avise,
2001) leaves ample opportunity for sperm competition and cryptic female
choice. An |mportant questlon concernmg the effect of OSR on sea turtle

populations is thus whether female multiple matlngs lead to increased

Sea turtles mate at sea, where they are hard to observe, and,
due to their large adult size and complex life-history pattern, are not
amenable to experimental studies. The development of appropriate
molecular techniques has opened new opportunities to study aspects of
mating behaviour indirectly. We used microsatellites, highly variable DNA-
markers, to test the question of frequency of multiple paternity and its
effect on hatching success in loggerhead sea turtles (Caretta caretta) of
Zakynthos (Greece, Mediterranean). In our study population several
observations of individual females mating with more than one male exist
(Schofield, 2003). However, as the paternity study on Australian green
sea turtles (Chelonia mydas) exemplifies, anecdotal observations on




female mating behaviour may not be a good predictor of multiple
paternity patterns in sea turtles (FitzSimmons, 1998). Our first goal was
therefore to determine the frequency of multiple paternity in this largest
Mediterranean sea turtle population (Margaritoulis et al., 2003). We then
investigated whether hatching success (as a measure of female
reproductive output) was related to multiple paternity patterns. Lastly, we
tested whether the number of males a female mated with was related to
her morphological characteristics. The answers to these questions may

help in predicting the effect of climate change on sea turtle?L'. M, d&r&%%

Materials and methods
Study area

The nesting area of the Bay of Laganas on Zakynthos (hereafter referred
to as Zakynthos) consists of six discrete but adjacent nesting beaches,
spreading over approximately 5.5 km (Margaritoulis, 2005). These
beaches are monitored comprehensively by ARCHELON (The Sea Turtle
Protection Society of Greece). On average nearly 1300 clutches are laid
here annually (Margaritoulis, 2005). Individual females frequently
alternate between the beaches of the bay for successive egg layings
within a season (ARCHELON internal reports, unpublished data).
Loggerhead sea turtles nest on Zakynthos from the second half of May
untill the first half of August (Margaritoulis, 2005).

Field methods

We collected tissue samples of females and their offspring on Gerakas
beach (37°43° N, 20°53 " E), one of the nesting beaches of the Bay of
Laganas. We sampled adult females during nightly beach patrols
conducted by ARCHELON. Samples consisted of skin-plugs resulting from
flipper-tagging with plastic rototags, preserved in absolute ethanol. We
measured female size (curved carapace length notch to tip), marked
clutch locations during night patrol and located egg chambers the




following morning. We triangulated the position of clutches to marker
poles set up at the back of the beach. Clutches were either marked by a
metal cage placed in the sand above the clutch (where this was required
for nest protection) or with several labelled stones placed beneath the
sand surface. We could identify study clutches during the entire incubation
and unequivocally assign hatchlings to specific clutches. From 40 days of
incubation onwards, a fence was built around study clutches during the
night. We checked fences at intervals of <30 min for emerged hatchlings.
Non-destructive blood samples (10-50 pl) of hatchlings were taken from
the dorsal cervical sinus according to Bennett (1986). Either we pierced
the blood vessel with a 27 gauge needle and collected the drop of blood
with a micropipette, or a 30 gauge insulin syringe was used. Blood
samples were stored in Lysis buffer (FitzSimmons et a/., 1999) at room
temperature for up to several weeks in the field and later frozen. All
hatchlings were released immediately after sampling. If a large number of
hatchlings emerged together, a random part of them was released without
being sampled, ensuring that no animal was trapped for longer than an
hour. In keeping with ARCHELON monitoring protocols, we excavated
clutches 14 days after first hatching and categorized contents according to
Miller (1999). We preserved tissue of recently died embryos and
hatchlings found during excavations in absolute ethanol. We collected
samples from clutches laid from mid June to mid July in 2003 and 2004.

Skin-plugs from additional nesting females and tissue samples
of recently died offspring found during clutch excavation of clutches with
known mothers were collected in 2003 - 2005 on various beaches of the
Bay of Laganas. They were used in addition to the genotypes of the
mothers sampled for paternity analysis to determine population allele
frequencies. We assured that all samples stemmed from different females
that were not identical to the females sampled for paternity.




Microsatellite genotyping and characterization of microsatellite
loci

DNA was extracted using magnetic beads (Promega, Wallisellen,
Switzerland), after standard digestion and ethanol purification. All samples
were typed at the four microsatellite loci Cc7 (FitzSimmons, 1998), Cc117
(FitzSimmons et al., 1995), Cc141 (FitzSimmons et al., 1999), and CCM2
(Moore & Ball, 2002). All loci were amplified simultaneously with a
Multiplex PCR kit (QUIAGEN, Basel, Switzerland), according to the
recommendations of the manufacturer. The amplified fragments were
resolved on an automated DNA sequencer (ABI 3100). A negative control
was included in every PCR reaction. Alleles were scored with
Genemapper® version 3.0 (ABI, Rotkreuz, Switzerland) and checked by
eye. Samples with unclear results were repeated, where necessary in

single-locus reactions.

Independent genotypes were tested for deviations from Hardy-
Weinberg equilibrium per locus using a Markov chain method in GENEPOP
(web version, (Raymond & Rousset, 1995). The same method was used to
test for linkage disequilibrium between all pairs of loci. The frequencies of
null alleles [alleles that fail to amplify due to mutations in primer binding
sites, (Pemberton et al., 1995)] were estimated with the program CERVUS
(Marshall et al., 1998). Mean expected paternal exclusion probabilities
(probabilities of excluding a single randomly-chosen unrelated individual
from parentage) were calculated across loci in GERUD (Jones, 2001).
Statistical power of detecting multiple paternity (probability of detecting
multiple paternity, PrDM) was assessed for each clutch by the model of
Neff and Pitcher (Neff & Pitcher, 2002). This model applies a Monte Carlo
simulation and takes into account the number of loci analysed and their
allele frequencies in the population, the number of offspring sampled, the
genotype of the mother and the expected skews in the contribution of
fathers. For the latter, we examined two situations: equal and skewed
(10:90%) contributions by two fathers (The model determines the




probability to detect multiple paternity, irrespective of the number of
fathers involved in a clutch).

Paternity analysis

To keep PrDM reasonably high and similar between clutches, offspring
arrays of less than 15 samples were excluded from paternity analysis.
Based on extensive evidence (Miller, 1997; FitzSimmons, 1998; Kichler et
al., 1999) we assumed that females would not mate again after having
laid their first clutch. We therefore pooled all offspring of given mothers
for analysis, after comparing paternal alleles between the clutches of
individual females. For simplicity, ‘clutch’ hereafter refers to both single
clutches and consecutive clutches from the same female. Maternal
genotypes were determined directly from sampled females and observed
in the offspring genotypes. Paternal alleles were inferred from offspring
genotypes once maternal alleles were accounted for. If an extra paternal
allele indicating an additional father appeared in only one hatchling at one
locus among the offspring of a mother, this allele was classified as a
mutation. We assessed the minimum number of fathers by using the
program GERUD (Jones, 2001). This program reconstructs all possible
multi-locus genotypes of fathers and searches for the minimum number of
males (due to technical limitations, up to five males) that can explain the
progeny array. If multiple solutions of father genotypes are obtained for a
given minimum number of fathers, GERUD can rank them based on the
Mendelian segregation of alleles and the allele frequencies in the

population.

Correlates of paternity patterns

For cases where offspring were derived from two clutches from the same
mother, parameters were determined from the pooled clutches. We tested
whether hatching success was related to the number of fathers detected
amongst the offspring of a female (logistic regression). To control for
possible artefacts caused by differences between clutches in the




probability to detect fathers, we included the number of offspring sampled
(the main factor determining the probability to detect fathers) and the
interaction between female size and number of offspring sampled as
factors in this test. We further tested for a relationship between number of
detected fathers and the size of mothers (ordinal logistic regression), and
included the number of offspring sampled and the interaction between
number of fathers detected and number of offspring sampled as factors in
this test. The first logistic regression was performed in the program R (R
Developmental Core Team 2004) and the second test in the program JMP
IN © (version 4.04, SAS Institute).

Results

Population allele frequencies were based on 53 independent genotypes
(38 samples where offspring is not included in the data set for paternity
analysis plus 15 mothers of the paternity analysis clutches). Allele
frequencies at all loci were within expectations of Hardy-Weinberg
equilibrium (p > 0.05), and no evidence of linkage disequilibrium was
found (p > 0.05). The number of alleles varied from eight to 11 (Fig. 1).
Observed heterozygosity values ranged from 0.64 to 0.93 (Fig. 1). The
frequency of null alleles was 6.2% at maximum (Fig. 1). Paternity
exclusion probability for all four loci combined was 0.956. PrDM were very
high (above 98%) for all clutches when assuming equal paternal
contributions of two fathers, and above 77% when assuming a
considerable skew in paternal contributions (Table 1).

Samples had to be excluded from analyses for several reasons.
In one of the study nests, none of the alleles of the mother was present in
most offspring at one locus (Cc7) and therefore this clutch was excluded
from all further analysis. Only one mutation at a maternal allele was
detected in one offspring and the respective multilocus genotype
excluded. We further excluded 20 offspring from 11 mothers because of




9

N

apparent mutations of paternal alleles. These putative mutations
concerned all loci.

Except that in some cases one clutch contained additional
alleles in low frequencies, there was no difference in paternal alleles
between the clutches of one mother. We therefore pooled offspring from
identical mothers. Microsatellite data for all four loci were obtained for 571
offspring (excluding the above-mentioned samples) from 15 females,
including five mothers from which we sampled consecutive clutches
(Table 1). Proportions of offspring sampled from total clutch sizes ranged
from 14 to 57% (average 32%, SD 12%, Table 1).

Multiple paternity was found in all but one clutch and several
clutches had up to a minimum of five different fathers (Table 1). The
confidence of ranking different solutions of male genotypes was in most
cases low, especially when more than two males were represented in a
clutch, as predicted by Jones (2001).

Clutch hatching success significantly increased with the number
_of-males detected in a clutc ()(2 number of fathers,62 67, p < 0.001,
number of offspring sampled 0.32,p =0. 570(J ,Lnteractlon 3.70,

\"p = 0 17, Fig. 2). Graphic presentation of predicted hatching success for

clutches of different number of fathers showed that there was a difference
in hatching success between clutches sired by one or two males vs.
clutches sired by more than three males.

There was a significant correlation between the number of
fathers detected in a clutch and the size of the mother ((X* size of mother
5.11, p = 0.024,°X° number of offspring sampled 7.76, p = 0.0053, X?
interaction 0.32, p = 0.57, Fig. 3). Clutches of larger females were sired
on average by more males than clutches of smaller females.
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Discussion

This first thorough paternity study in Mediterranean sea turtles revealed
multiple paternity in 14 out of 15 clutches. This rate is to our knowledge
the highest found in a marine turtle so far. Given that we found no
deviations from Hardy-Weinberg equilibrium, a low estimated frequency of
null alleles and a very low apparent mutation rate, the finding that
multiple paternity is widespread in the loggerhead sea turtle population of
Zakynthos seems undisputable. Moreover, some of the alleles considered
to be mutations from paternal alleles might actually stem from extra
fathers and their exclusion might have led to underestimating the
minimum number of fathers detected. More importantly, the fact that the
probability of detecting multiple paternity (PrDM, skewed contributions)
varies considerably among our study clutches indicates that a number of
male contributions might have gone undetected mainly due to the low
numbers of offspring sampled in some clutches (Table 1).

This is to our knowledge the second loggerhead sea turtle
population with reliable estimates of multiple paternity. Moore & Ball
(2002) found evidence of multiple paternity in nearly a third of 70 Caretta
caretta clutches from Florida. Taking into account that they genotyped
only around ten offspring per clutch, the frequency of multiply fathered
clutches in this population is likely to be much higher than what their data
suggests. Considering that in another sea turtle species (the green turtle,
Chelonia mydas), striking differences in the rate of multiple paternity
between populations apparently exist (FitzSimmons, 1998; Lee & Hays,
2004), it would however be premature to conclude that multiple paternity
is generally common in loggerhead sea turtles. The fact that both the
Florida and Zakynthos population are large strengthens this statement.

Male-female encounter rates are likely to be a key determinant
of the frequency of multiple paternity. In i’riélivid-ual bird species, for
example, the rate of extra-pair copulations_g_p_pe}ars to increase with
density (Westneat & Sherman, 1997). Encounter rates in our case
probably depend on population size, density of turtles in the mating area,

11




mating opportunities along migration paths and operational sex ratio.
Under these considerations, the very high rate of multiple paternity in
Zakynthian loggerhead sea turtles is not surprising. The Zakynthos
population is relatively large (Margaritoulis, 2005) and the main mating
area may be confined to the Bay of Laganas, where turtle densities are
high (personal observation). OSR may be subjected to considerable year-
to-year fluctuations due to the fact that most female loggerhead sea
turtles do not reproduce annually. The time period between reproductive
seasons is likely to be dependent on food availability (Hays, 2000),
leading to large year-to-year fluctuations in the number of reproducing
females. Males are thought to be less affected by foraging conditions and
therefore thought to migrate annually (Miller, 1997). However, clutch
numbers in the two seasons we collected samples were average
(ARCHELON internal reports, unpublished data), and therefore the
estimate of the frequency of multiple paternity can be considered
representative for the population. The high rate of multiple paternity
suggests that the population currently is not male-limited.

The relationship between hatching success and the number of
fathers siring a clutch may not have any biological significance, but simply
reflect choice of better nest-sites (leading to higher clutch hatching
success) or more viable eggs of females mating with higher numbers of
males than those mating with one or two males. Assuming this is not the
case and clutch hatching success indeed is affected by the number of
sires, individual female reproductive output may decrease with future

climate change. A positive correlation between female reproductive output [

T =
and the number of mates has been found in a range of taxa (Madsen et
al-; 1992, Kempenaers et al., 1999; Newcomer et al., 1999) and
attributed to genetic benefits to offspring, for example through post-

copulatory choice of sperm with good or compatible genes. On the other
hand, Lee & Hays (2004) and Pearse et al. (2002) could not detect a
difference in various parameters of clutch success in singly vs. multiply
fathered clutches in green sea turtles and painted turtles (Chrysemys
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picta), respectively. More research is therefore needed to conclusively

reveal whether female sea turtles can gain benefits from multiple matings.

While experimentally studying the sea turtle mating system is not feasible,

a solution to minimize the effects of at least some potentially confounding

factors would be to move clutches immediatelzzoafter depgsitici;c:c_j a ,-fﬂ,-e(fv“-"‘""’t

designated area of the beachr Lo A l"""’“’“"' Caesl g
We found a positive correlation between paternity patterns and

female body size. In a sample of 18 clutches of Ascension Island green

sea turtles, the mothers of multiply sired clutches tended to be, on

average, larger than those laying clutches with only one father detected,

but the difference was not significant (Lee & Hays, 2004). Pearse et al.

(2002) found clutches of painted turtles with multiple paternity containing

significantly more eggs than clutches with only one male detected.

Although paternity patterns were not significantly related to carapace

length, they speculated that the relation may be caused by the higher

fecundity of larger females and male preference for larger females. We

further hypothesise that the higher rate of multiple paternity in larger

females could be the outcome of more accumulated sperm from previous

seasons rather than a higher mating rate in a given season. It is

conceivable that sea turtles can store viable sperm over several years, as

has been shown for painted turtles (Pearse et al., 2001). Because size is

an indicator of age in sea turtles, larger females have on average

reproduced for more seasons than smaller females. Understanding the

importance of long-term sperm storage in sea turtles seems crucial for an

improved understanding of their mating system.
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Table 1: Sampling design and number of inferred fathers.

Clutches consisting of two ‘C’-codes indicate that samples originate from
two consecutive clutches of the same mother. The probabilities of
detecting multiple paternity (PrDM) with respect to the number of
offspring genotyped (N) were estimated for equal and skewed (10:90%)
paternal contributions.

Carapace % clutch Minimum
Year Clutch code length of N PrDM number of
mother (cm) genotyped fathers
Equal Skewed
contribution contribution
2003 2003 C1C6 81 63 50 0.99 0.98 4
2003 2003C3 90 32 26 0.99 0.91 4
2003 2003C7C12 82 71 57 0.99 0.98 5
2003 2003 C8 75 18 21 0.98 0.78 1
2003 2003 C13C14 91 17 14 0.99 0.77 4
2004 2004 C1C14 91 55 43 0.99 0.97 5
2004 2004 C3 87.5 31 45 0.99 0.91 2
2004 2004 C4 84 21 21 0.98 0.83 4
2004 2004 C6 89 36 24 0.99 0.93 4
2004 2004 C9 91 38 33 0.99 0.95 4
2004 2004 C10 84 40 43 0.99 0.94 5
2004 2004 C13C18 86 62 27 0.99 0.98 5
2004 2004 C16 87 22 21 0.99 0.84 3
2004 2004 C17 68 41 29 0.99 0.95 2
2004 2004 C20 82 24 24 0.99 0.87 2

total 571
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Figure legends

Fig. 1: Allele frequencies, observed (H,) and expected (H.) heterozygosity
and estimated frequency of null alleles (fy) based on the genotypes of 50
adult females and three hatchlings for each of the four microsatellite loci

analysed.

Fig. 2: Hatching success (%) as a function of the number of fathers

detected in a clutch through genetic paternity analysis.

Fig. 3: Number of fathers plotted against female size (CCL: curved

carapace length).
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Abstract

Sea turtle populations worldwide suffer from reduced survival of
immatures and adults due to fishery bycatch. Unfortunately, information
about the dispersal of turtles outside the breeding habitat is scarce in
most areas, hampering the development of spatially explicit conservation
action plans. The metapopulation of loggerhead sea turtles in the
Mediterranean suffers from a high fishery bycatch rate, which is especially
critical because of its relatively small size. Recaptures of adults tagged on
nesting beaches as well as bycatch reports suggest that the Adriatic Sea
and Gulf of Gabés are important foraging areas, but such information
could be heavily biased. In order to obtain unbiased information, we
satellite tracked seven post-nesting loggerhead sea turtles from the
largest Mediterranean population (Bay of Laganas, Zakynthos, Greece).
Four females settled in the Adriatic Sea and the main individual foraging
habitats of two turtles were located in the Gulf of Gabes, confirming
previous anecdotal findings. One individual did not occupy a distinct home
range at sea. We further witnessed major seasonal migrations in two
individuals which left the northern Adriatic Sea at the onset of winter.

The Adriatic Sea and the Gulf of Gabés thus represent key areas for the
implementation of conservation measures aimed at mitigating fishery
bycatch.




Introduction

Habitat use of marine animal species is generally poorly documented
compared to that of terrestrial ones. This lack of information often
impedes the design of efficient conservation strategies for endangered
species. This is the case in sea turtles, where conservation and research
activities have traditionally focused on the terrestrial habitat (beaches).
Population dynamics models have however unequivocally revealed the
prominent importance of immature and adult survival rates for the fate of
sea turtle populations (Crouse et al., 1987; Heppell et al., 2003). These
life stages are clearly marine. Indeed, changes in mortality rates of
juvenile and adult turtles are the most likely explanation for both rapidly
decreasing and recovering sea turtle populations (Spotila et al., 2000;
Hays, 2004). In most if not all extant sea turtle populations, survival rates
are much reduced due to fishery-related mortality (bycatch). There is thus
an urgent need to extend conservation activities beyond the traditional
protection of nesting habitat (Crouse et al., 1987). However, for the
majority of sea turtle populations, the dispersal and ecology of individuals
at sea is conjectural at best, hampering an efficient, spatially explicit
implementation of mitigation measures.

Traditionally, information on adult dispersal was gained through
recovery of individuals flipper-tagged on nesting beaches (Limpus et al.,
1992; Margaritoulis et al., 2003; Troéng et al., 2005) and fishery bycatch
reports. However, these recapture data only provide point-to-point
movement information with no details on the exact migration route or
whether the point of recovery is the animal’s destination or a point along
the route. Moreover, recaptures may be heavily biased by differences in
observing effort and/or tag reporting amongst actual destinations
(Schroeder et al., 2003). Such biases are even more pronounced for turtle
bycatch reports. Although these two sources can provide valuable
information on adult turtle distribution at sea, they might not mirror the
actual importance of at-sea habitats for populations. Monitoring the
whereabouts of individual turtles seems the only feasible way to gain




unbiased data on a population’s habitat use at sea. Such information can
verify hypotheses based on recoveries of tagged turtles and bycatch rates.
Satellite tracking of marine turtles has been used to identify migratory
pathways, foraging habitats and behaviour in the foraging habitat (Godley
et al., 2002a; Godley et al., 2002b; Troéng et al., 2005).

The Mediterranean loggerhead sea turtle (Caretta caretta)
metapopulation is of relatively small size (ca. 5000 clutches annually on
average, (Margaritoulis et al., 2003) and demographically independent
from Atlantic populations (Bowen et al., 1993; Laurent et al., 1993;
Laurent et al., 1998). Moreover, Mediterranean loggerheads have evolved
specific adaptations to their environment (Tiwari & Bjorndal, 2000). For
these reasons they represent a separate conservation unit. Although
fishing has a long tradition in the Mediterranean, the recent intensification
of fisheries has led to turtle bycatch numbers that are thought to be
incompatible with long-term population persistence (Laurent et al., 1998;
Gerosa & Casale, 1999). Recovery of tagged turtles (Margaritoulis et al.,
2003) and bycatch statistics (Gerosa & Casale, 1999; Casale et al., 2004)
suggest that the Adriatic Sea and the Gulf of Gabés area are hotspots for
adult loggerhead sea turtles.

We studied the at-sea spatial behaviour of female loggerhead sea
turtles nesting in the Bay of Laganas on the island of Zakynthos (Greece),
which harbours the largest loggerhead sea turtle population in the
Mediterranean, accounting for roughly a fourth of all documented nests
(Margaritoulis et al., 2003). The Zakynthos population is likely to play a
key role within the Mediterranean metapopulation not only for its size, but
also because it likely produces a less female-skewed hatchling sex ratio
than most other Mediterranean populations (chapter one). Considering the
proposed male-mediated gene flow amongst Mediterranean loggerhead
sea turtle populations (Carreras et al., in press), Zakynthos male progeny
may become central for the metapopulation under scenarios of global
warming, where male production is decreased. This study is a first direct




assessment of migration paths and foraging areas of adult loggerhead sea
turtles originating from a major Mediterranean nesting area.

Material and methods

A total of seven adult female turtles (three in 2004 and four 2005; see
Table 1) were equipped with satellite transmitters after egg laying on
beaches of the Bay of Laganas, Zakynthos, Greece (37°43' N, 20°53’ E;
Fig. 1). Satellite transmitters (KiwiSat 101; 630 g; Sirtrack Ltd., New
Zealand) were attached on the second central carapace scute, which was
freed from barnacles and cleaned with a pot-scrubber, sandpaper and
acetone. We used two-part epoxy resin (Durostick ®, Durostick, Greece in
2004 and Araldite AW2101, Vantico, Basel, Switzerland in 2005) as a
fixative. Turtles were restrained in a wooden portable corral with their
head covered by a piece of fabric during the attachment procedure, which
lasted one to two hours, depending on the state of the carapace.

Transmitters were programmed for a signal emission every 36 s with
an output power of 1 W. Transmitters purchased in 2004 had duty cycles
of 10:10 h (on/off) for 100 days, followed by 10:78 h for the rest of
battery life. Transmitters purchased in 2005 were programmed to emit
continuously for 60 days, followed by a 10:10 h duty cycle for the rest of
their life. Transmitters had a salt-water switch to suppress transmissions
when submerged. Except for one individual, turtles were tracked during at
least part of the internesting period (Table 1, see chapter five). All turtles
were tracked at least until they reached their individual main foraging
areas and for several weeks thereafter,

Turtles were located through the Argos system (www.argosinc.com)
with fixes categorized into seven location classes (LCs). According to
Argos and confirmed by Hays et al. (2001), the location errors follow a
normal distribution with the standard deviation of the location error for the
three most accurate location classes (LCs 3, 2 and 1 in decreasing




accuracy) being less than 1 km. Argos does not indicate the accuracy of
classes 0, A, B and Z, but Hays et al. (2001) showed that of these, LC A is
generally most accurate (comparable to LC 1). We therefore disregarded
only fixes of LCs O, B and Z unless otherwise stated. Fixes requiring an
unrealistic travel speed of more than 5 km/h (Luschi et a/., 1998) were
consistently eliminated. To minimize differences due to variation in the
frequency of fixes, the location with the highest accuracy per day was
used for calculation of distances. If more than one fix fulfilled this
criterion, the one closest to midday was used. Migration was divided into
oceanic and neritic phases. An individual was considered to have reached
a foraging or over-wintering area when movement was no longer directed
for at least three consecutive days. We regarded the area where an
individual completed its post-nesting migration as the main foraging area,
although we cannot actually prove foraging.

Data were downloaded and analysed in STAT (Coyne & Godley,
2005), which provides information about sea surface temperatures and
depth of the seafloor. Migration routes were plotted using the MAPTOOL

program (www.seaturtle.org).

Results

Overview

All individuals left Zakynthos in late July or early August (Table 1). The
duration of tracking ranged from 130 to 633 days at the time of writing
(24.3.2006; Table 1). Six turtles showed a clear post-nesting destination:
four migrated to the Adriatic Sea (three to the northern and one to the
southern part) and two to the area of the Gulf of Gabés in North Africa
(Fig. 1a). One turtle did not end her migration once she reached the very
northern part of the Adriatic Sea, but resumed her route heading south
and was constantly on the move (Fig. 1b).




Post-nesting migrations

The six turtles covered between 697 and 1238 km to their initial foraging
areas. These migrations took them between 19 and 34 days (Table 2).

All routes were remarkably straight and directed towards the initial
foraging area (Fig. 1a). Travelling speeds for all individuals on both
phases of the journey (i.e. oceanic vs. neritic) ranged from 1.4 - 1.9 km/h
with no distinctive pattern between the oceanic and neritic phases

(Table 2).

Individual main foraging areas

Six individuals occupied spatially well-defined home ranges upon the
completion of their post-nesting migrations. Individual main foraging
areas were all situated above the continental shelf, at a maximum
average sea floor depth of 32 m and within a maximum of 15 km from the
coast, except for that of turtle G (Fig. 1a, Table 3). She occupied a main
foraging area about 120 km from the coast at a water depth of nearly 100
m (Fig. 1a). Turtles stayed in their main foraging areas for a minimum of
38 days (Table 3).

Individual over-wintering areas

The data from four individuals clearly reveal that they left their individual
main foraging areas during the months of October and November to travel
to an over-wintering area further south, at a distance of 100 to nearly
1’000 km from the individual main foraging area (Table 3, Fig. 2). We
obtained detailed location information during the cold season for two
turtles (E and F). Despite rather directional routes (Fig. 2), these journeys
were carried out at a lower cruising speed than the post-nesting migration
(on average 0.9 km/h and 0.55 km/h for turtle E and F, respectively).
The over-wintering home-ranges of these two turtles were comparable in
size to their individual main foraging areas (Fig. 2a). They laid a few
kilometres offshore at water depths only slightly deeper than in the main




foraging areas (Table 3). Turtle B spent the cold season off the Greek
Island of Corfu. Turtle C moved some 250 km south during the winter
(Fig. 2b). The following warm season she was back in the Gulf of Tunis
and migrated eastwards along the north African coast past her previous
over-wintering area during the next winter (Fig. 2b).

Movements of the turtle not occupying a distinct foraging area

Turtle D never occupied a foraging home range, but was constantly on the
move. However, she travelled at a much reduced average speed

(0.34 km/h) during the 25 days she spent in the northernmost part of the
Adriatic Sea compared to the rest of her migration (Fig. 1b). She was
tracked for an additional 84 days after having left the north Adriatic Sea
and migrating into oceanic waters, until her transmitter stopped for
unknown reasons on 22 December 2005. During this time, she crossed
2093 km of ocean at an average speed of 1.0 km/h, covering in total 3338
km.

Discussion

Six out of the seven loggerhead sea turtles tracked in this study
migrated along relatively direct routes to neritic foraging areas situated
700-1200 km from their nesting area. Such behaviour seems to be typical
for post-nesting loggerhead sea turtles worldwide (Schroeder et al.,
2003). The speed sustained by the loggerhead sea turtles from Zakynthos
is within the range of cruising speeds reported in comparable studies
(average 1.3 km/h and 1.5 km/h, (Papi et al., 1997; Godley et al.,
2002a). The fact that their travelling speeds did not differ between the
coastal and oceanic phase suggests that our study animals did not rely on
foraging opportunities en route. Such biphasal migratory behaviour is
well-documented in green turtles (Godley et al., 2002b; Hays et al.,
2002). It has also been documented for a loggerhead sea turtle, which




travelled through coastal waters at only about 50% of the speed
maintained during pelagic crossings (Godley et al., 2002a).

The most frequented areas, namely the north Adriatic Sea and the
Gulf of Gabes, and are by far the largest areas of continental shelf in the
entire Mediterranean. These two areas are regions of exceptionally high
primary productivity (Agostini & Bakun, 2002). They are also areas of high
fishery intensity (Gerosa & Casale, 1999), which may make them even
more attractive for marine turtles, as several authors report marine turtles
scavenging on discarded fish (Shoop & Ruckdeschel, 1982; Houghton et
al., 2000; Tomas et al., 2001). The Adriatic Sea and Gulf of Gabés are the
two regions where the majority (70%) of flipper-tagged loggerhead sea
turtles originating from Zakynthos and the nearby Peloponnesus were
reported from (Margaritoulis et al., 2003). Together with our satellite
tracking data, this suggests that these two areas represent essential
habitats for a substantial number of Mediterranean loggerhead sea turtles.

The migratory behaviour of female D contrasted with the dispersal
patterns of the other tracked turtles. The relatively slow movements in the
extreme north of the Adriatic Sea suggest intensive foraging in this
region. Extended wanderings in the pelagic area of the Ionian Sea indicate
feeding on pelagic prey. There is strong evidence that a considerable
proportion of mainly small adult loggerhead sea turtles of Japan feed in
oceanic waters (Hatase et al., 2002). With our small sample size, we
cannot speculate how widespread oceanic wandering behaviour is in adult
females from Zakynthos. It should be mentioned that turtle D had laid 29
small, yolkless eggs together with only 59 normal-sized eggs, a clutch
composition that is extremely abnormal in Greek loggerheads (ARCHELON
internal reports, unpublished data) and suggesting that this female may

was not yet fully mature.

Turtles left their main foraging areas for more southerly regions
when water temperature dropped. These seasonal migratory routes of the
individuals initially foraging in the north Adriatic Sea were far longer than
those of turtles which had settled at lower latitudes (Gulf of Gabés or




south Adriatic Sea). Seasonal migrations in the Adriatic Sea were
previously suggested based on the observation that turtle bycatch rates
decrease in the north-eastern Adriatic Sea in the cold season, matching an
increase farther south (Lazar et al., 2002). The southward movement at
the onset of the cold season observed in individuals E and F supports the
hypothesis.

The fact that the turtle which was tracked over a time period of two
winter seasons spent the cold seasons in two different over-wintering
areas indicates that the fidelity shown by loggerhead sea turtles towards
their nesting area and (based on growing evidence) their initial foraging
area, might not apply for the over-wintering area. Perhaps turtles chose
the over-wintering area according to prevalent environmental conditions
and/or their status within the breeding cycle rather than previous

experience.

Implications for conservation

Our results add further weight to recommendations for concerted
conservation efforts in the Adriatic Sea and Gulf of Gabés region. There
are reasons to consider both these areas to be imminently important
ecosystems for sea turtles, and not merely as key habitats for adult
Zakynthian females. The north Adriatic Sea is used by large numbers of
subadult loggerhead sea turtles (Casale et al., 2004), while the north
African coastline was identified as a key foraging area for critically
endangered Mediterranean green turtles (Godley et al., 2002b).

Adult loggerhead sea turtles suffer from mortality caused by trawls
and gillnets (Gerosa & Casale, 1999). Most countries bordering the
Mediterranean have adopted laws which protect waters within 5.6 km
from shore and of less than 50 m sea floor depth from trawling (Gerosa &
Casale, 1999). The main foraging and over-wintering areas of all but one
of the turtles tracked in this study are situated within these limits. While
proper implementation of the existing law might therefore protect the
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majority of adults from trawling, subadults are likely not adequately
protected by the existing legislation, as suggested by the high bycatch
rates of subadults in offshore trawling in the north Adriatic Sea (Casale et
al., 2004). Gillnets are used in areas not otherwise exploited by fisheries
(Gerosa & Casale, 1999) and because they are heavily used by
recreational fishermen, bycatch reduction in this fishing practice might be
especially hard to tackle.

Adequate protection of the loggerhead sea turtle nesting habitat in
Zakynthos was a most tedious process (Dimopoulos, 2001), which is still
in progress. We recently showed that the marine protected zones of the
Bay of Laganas well protect turtles in the inter-nesting habitat from direct
mortality (chapter five). Considering the immense efforts to protect the
reproductive habitat and intense monitoring of turtles therein for over two
decades (Margaritoulis, 2005), it would be ironic not to take concerted
action toward better conservation of these same adults at sea.
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Table 1: Summary data for seven tracked loggerhead sea turtles
originating from Zakynthos.
CCL: curved carapace length (notch to tip).

Transmitter Start of Duration of
Turtle CCL (cm) attachment postnesting tracking
date migration (days)
A 85 27.06.2004 38210 130
B 86 28.06.2004 38192 279
o] 84 29.06.2004 38209 6332
D 79 16.06.2005 38562 189
E 87 19.06.2005 38560 2782
F 89 21.06.2005 38572 276°
G 76 10.08.2005 38574 2267

! Turtle B found stranded on 2.4.2005 with transmitter still attached.
Symptoms indicated she had been trapped in a fishing net
(F. Bentivegna, pers. comm.).

2 Transmitters still emitting at time of writing (24.3.2006)

3 Refurbished transmitter of individual B
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Table 2: Post-nesting migrations of the six satellite-tracked loggerhead
sea turtles that occupied individual main foraging areas with respect to
phase of migration (oceanic vs. neritic).

Indicated are distances covered, durations and travelling speeds.

Individual A

Oceanic Distance (km) 367 475 967 419 855
Duration (days) 9 12 22 12 22
Speed (km h™') 1.8 1.7 1.9 1.4 1.7

Neritic Distance (km) 792 222 75 819 1072
Duration (days) 28 7 4 22 32
Speed (km h™) 1.4 1.4 1.5 1.4

Total Distance (km) 1159 697 1042 1238 1072 855
Duration (days) 37 19 26 34 32 22
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Table 3: Description of individual main foraging areas and over-wintering
areas for six satellite-tracked loggerhead sea turtles.

Because of a thermally homogenize water column in the Adriatic Sea
during winter (Artegiani et al., 1997), sea surface temperature data is a
good approximation of the temperature experienced by the turtles in this

region.
Individual A B c E F G
Individual
main Water depth (m) 16 25 3 32 29 99
foraging area
Distance from shore (km) 12.2 1.1 0.9 6.7 144 118.7
20.9.-atleast 12.9.-at least 6.9.- 31.8.- 5.0.- 7.9.-
Time period 3.11.2004'  31.10.2004° 22.11.2004  8.10.2005 20.10.2005 18.11.2005°

Minimum water

temperature (°C) _ _ 22.8 19.8 18.5 23.1
Over- ) L )
Wintering Dnstapce to individual main _ s s _
area foraging area (km) ca. 100 ca. 250 404 932
Water depth (m) = - - 40 38 =
Distance from shore (km) = - - 4 3 =
Time period ~ - ~27.10.2005-* 31.12.2005-* -
Minimum water 12.8 13.7

temperature (°C) = = = -

! Transmissions stopped for unknown reasons on 3.11.2004

2 Exact date of departure unknown

3 Data doesn't allow exact determination of over-wintering home range

# Turtles haven't left over-wintering area at the time of writing
(24.3.2006)

> Turtle left foraging area, but localizations thereafter unreliable
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Figure legends

Fig. 1: Migration pathways and individual main foraging areas (where
applicable) of seven loggerhead sea turtles originating from the Bay of
Laganas, Zakynthos (Greece). Individual main foraging areas are circled.
A) Tracks from the six turtles with individual main foraging areas.

B) Migration of the turtle not occupying a foraging area.

Fig. 2: Seasonal migrations from individual main foraging to over-
wintering areas. Individual main foraging areas are circled, over-wintering
areas are marked with hatched circles.

A) Turtles in the Adriatic Sea.

B) Turtle with main foraging area in the Gulf of Tunis.
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Abstract

Long-distance migrations with no or little food resources both along the
route and in the reproductive area pose considerable challenges to energy
budgets. Female sea turtles can optimize energy allocation by minimizing
energy expenditures during the internesting period (the time over which
they lay their successive clutches). Satellite telemetry data allowed us to
scrutinize internesting habitat use of loggerhead sea turtles nesting in the
Bay of Laganas (Zakynthos, Greece). We also estimated the efficacy of
two marine reserves with distinct levels of protection which have been
created to reduce the impact of tourism (mainly boats) on adult turtles at
sea. Four out of six turtles equipped with satellite transmitters rendered
usable information. Three spent the majority of time within the bay, a
result consistent with a strategy to minimize energy expenditure. The
turtles’ whereabouts in the bay were not obviously linked to the specific
location a turtle nested. Turtles showed no obvious preference for the
highly protected area of the bay. The availability of warmer water in the
less protected area may be more crucial than avoidance of boat
disturbance. A possible habituation to boats may however prove
detrimental outside protected areas, where vessel speed is not limited to

avoid collisions.




Introduction

Long-distance migratory behaviour is widespread in numerous taxa
although it implies sophisticated mechanisms for orientation and
navigation, as well as physiological adaptations for energy deposition and
metabolism (Alerstam et al., 2003). In most species, migration takes
place between two areas of seasonally good food supplies. In others,
migration is directed to breeding grounds which offer marginal or no
foraging opportunities. For females of the latter pattern, energy storage,
metabolism and allocation strategies need to be particularly sophisticated
to cover migration, production of eggs or offspring and the stay in the
area of reproduction. Adult sea turtles are a paraeﬁgmatic group of such
long-distance dispersers with no or little food resources available along
migration routes and in the reproductive area (Plotkin, 2003). Moreover,
female sea turtles lay several large clutches of nutrient-rich eggs during
the so called internesting period, which may last up to several months
(Miller, 1997). Given that they are constrained to stay in the generally
nutrient-poor vicinity of the nesting beaches, any strategy for minimizing
metabolic costs during the internesting period would be highly beneficial
(Hays et al., 1999).

Methodological limitations have to date prevented thorough
investigations of individual spatial behaviour during the internesting
period. Data collected through visual tracking of marked individuals
(Mortimer & Portier, 1989; Meylan, 1995), for instance, may be
systematically biased. Although the advent of satellite telemetry for
wildlife tracking has revolutionised the study of long-distance migrations
of sea turtles (Luschi et al., 1998; Godley et al., 2002; Troéng et al.,
2005), the frequency and accuracy of locations have been insufficient for
investigating small-scale spatial behaviour. The generally long
submergence durations in the internesting period (Plotkin, 1998; Hays et
al., 1999; Godley et al., 2002) restricts the quality and quantity of
locations, because the number of signals emitted depends on the time a
turtle spends on the surface. Submergence durations reflect activity levels
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in sea turtles (Hays et al., 1999). Indeed, data from time-depth recorders
have indicated that animals are rather inactive and rest predominantly on
the seafloor during the internesting period (Hays et al., 2000; Houghton
et al., 2002). More active dive patterns were however also recorded in a
green sea turtle (Chelonia mydas) population (Hochscheid et al., 1999).
They were interpreted to be associated with foraging, indicating
behavioural plasticity in green turtle internesting behaviour where turtles
would be more active and feed in areas where food is available and be
inactive in areas where no or little food is found (Hays et al., 2002b).
Variation in individual internesting activity patterns was also reported in
loggerhead sea turtles of Cyprus, and tentatively proposed to be
associated with foraging activity (Houghton et al., 2002).

Well-performing satellite transmitters allowed us to investigate
individual spatial behaviour of loggerhead sea turtles (Caretta caretta) in
the Bay of Laganas (Zakynthos, Greece, Fig. 1) during the internesting
period. We tested first to which extent turtles stayed within the confined
area of the Bay of Laganas. We then compared habitat use in relation to
existing protection zones within the bay to find out whether turtles
showed a preference for the highly protected zone. Unfortunately,
changes in habitat use following the installation of protection zones in
1999 (Dimopoulos, 2001) could not be monitored, preventing a rigorous
evaluation of turtle’s reactions to offered protection levels.

Materials and methods

The Bay of Laganas (Zakynthos, Greece, ca. 37°43'N 20°53’E) hosts the
largest population of loggerhead sea turtles in the Mediterranean with an
average of nearly 1300 clutches per season on approximately 5.5 km of
beach (Margaritoulis, 2005). This makes it one of the densest nesting
areas of the species worldwide. The beaches are monitored
comprehensively by ARCHELON (The Sea Turtle Protection Society of
Greece). The nesting beaches as well as the bay were declared a national




marine park in 1999, with the main aim to protect loggerhead sea turtles
from mass tourism (Dimopoulos, 2001). Henceforth, Bay of Laganas
refers to the marine protected zones, although the actual bay is slightly
larger (Fig. 1). The nesting area consists of six discrete beaches (Fig. 1)
with individual females frequently switching between the various beaches
for successive egg layings (ARCHELON internal reports, unpublished data).
Sea turtles nest on Zakynthos from the second half of May till the first half
of August (Margaritoulis, 2005).

We stopped turtles on their way back to the sea after they had
successfully nested and been measured (CCL: curved carapace length,
notch to tip) to attach satellite transmitters (Kiwisat101; 630 g; Sirtrack
Ltd., New Zealand) on the second central carapace scute. The respective
area of the carapace was freed from barnacles and cleaned with a pot-
scrubber, sand paper and acetone. We used two-part epoxy resin
(Durostick ®, Durostick, Greece in 2004 and Araldite AW2101, Vantico,
Basel, Switzerland in 2005) as a fixative. Turtles were restrained in a
wooden portable corral with their head covered by a piece of fabric during
the attachment procedure, which lasted one to two hours, depending on
the state of the carapace.

A total of six turtles (N = 5 on Gerakas beach, N = 1 on Kalamaki
beach, Fig. 1) were equipped with transmitters, three in 2004 and three in
2005. Transmitters were programmed for a 36 seconds repetition rate and
an output power of 1 W. For transmitters attached in 2004 (individuals A,
B, and C), on/off duty cycles during the internesting period were 10:10 h.
The transmitters attached in 2005 (individuals D, E, and F) were
programmed for emitting continuously during the internesting period.
Transmitters had a salt water switch to suppress transmissions when

submerged.

Data were transmitted through the Argos satellite system
(www.argos-system.org) with fixes being categorized into six location
classes (LCs). We only used fixes of the three most accurate location
classes (1, 2 and 3). According to Argos and confirmed by Hays et al.




(2001), the location errors follow a normal distribution with the standard
deviation for the three most accurate location classes being less than

1 km. For the assignment of fixes to protection zones, we considered fixes
falling on land as belonging to the closest point off the coast. Individuals
from which fewer than 12 data points were obtained were excluded. We
managed and filtered data with the STAT program of seaturtle.org (Coyne
& Godley, 2005), from where we also derived sea floor depth values. For
the calculation of median water depths, we excluded locations on land.
Data points were exported into the Maptool program of seaturtle.org to
draw maps.

Results

All six turtles provided data throughout the internesting period.
Transmission success rate (the average number of fixes of LCs 1, 2, and 3
per day) was, on average, 0.48, but varied hugely amongst individuals
(Table 1). We excluded two individuals (B and F) (see methods, Table 1).
The location points of individuals A and C-E are plotted in Figure 2. Based
on an internesting interval of 10 to 20 days on Zakynthos (Margaritoulis,
1983) and the fact that loggerhead sea turtles leave the nesting area
immediately following deposition of the last clutch (Schroeder et al.,
2003), the four turtles laid each three or four clutches after transmitter
attachment. In six instances (additional to the nesting events when
transmitters were attached), an ARCHELON team observed turtles with
transmitters during beach night patrols (Fig. 2).

For three of the four turtles (individuals A, C and E), over 80% of
locations were situated within the bay with median sea floor depth of only
6.5 - 15.5 m, whereas for turtle D only about half the locations were
situated within the bay (Table 1). The spatial distribution of satellite
tracking locations indicates that movements differed greatly amongst
individuals. For instance, turtle D apparently swam around very actively,
whereas turtle E stayed within a rather restricted home range in the




middle part of the bay close to shore with all the locations in the eastern
part associated with nesting (Fig. 2). The whereabouts were seemingly
independent of the specific beach a turtle nested (Fig. 2).

The three individuals that spent the majority of time in the bay
(turtle A, C and E) showed similar patterns of habitat use in relation to the
protection zones. Of the data points within the bay, 79-85% (range of
individuals) were situated within the less protected area (LPZ) and only
15-21% within the highly protected area (HPZ, Table 1). Considering that
the less protected zone accounts for roughly 87% and the highly protected
zone for roughly 13% of the area within the bay, turtles apparently did
not show any preference for the highly protected zone.

Discussion

This study shows that current satellite telemetry technology can render
accurate information on internesting behaviour. Tracking individual turtles
during the internesting period allows investigating individual patterns of
space utilisation that cannot easily be assessed by other methods.
However, satellite telemetry studies suffer from the notorious small
sample sizes due to the high costs per individual. Recently developed
GPS-based transmitters for marine turtles (Yasuda & Arai, 2005) are a

promising tool to study internesting displacements.

A positive correlation has been found between dive duration and
depth of resting in marine turtles (Hays et al., 2000; Minamikawa et al.,
2000; Houghton et al., 2002), suggesting that transmission success rate
may be dependent on bathymetry. In our case, the locations from the
relatively deep waters outside the bay may therefore underestimate the
time spent in this area compared to time spent in the shallow waters in
the protected zones. However, this potential bias would not have affected
the distribution of locations among the two protected areas within the bay,
given that they are both in similarly shallow waters (Fig. 1).




s

Our data show that loggerhead sea turtles/g.’)?edominantly use the
shallow, sheltered bay as internesting habitatﬁ'he residence in a
restricted area supports the hypothesis of q;ﬁ/l:mimizing energy expenditure
during the internesting period. Individual ) departs from the general
pattern, but tracking of this turtle during the post-nesting dispersal D
showed a peculiar pattern (chapter four).\Individual "'b'r-obably was a
young,(_i;lexperienced adult, which is supported by her relatively small
body size (Table 1).

Our finding that turtles did not apparently prefer to stay in the
highly protected area implies that sea turtles may not adapt behaviour in
response to offered protection zones at sea, at least not during the
internesting period. In order to optimize protection of turtles during the
internesting period, we recommend local habitat suitability to be assessed
before enforcing management zones. Location of the beach where
clutches are laid is clearly not a good indication of at sea habitat use.
Anecdotal observations of turtles resting off East Laganas beach in the
evening before nesting on Sekania beach (Fig. 1) the same night
(ARCHELON internal report, unpublished data) support the satellite
tracking data in this regard.

One could expect presence of boats to be a main factor responsible
for the distribution of turtles in the bay. But our data do not support this,
although the density of boats intending to watch turtles in the less
protected area is often considerable. Despite the lack of a comprehensive
analysis of all potential factors determining the distribution of loggerhead
sea turtles in the bay, we suggest that water temperature, for instance,
might be a key factor in small-scale internesting habitat choice. The
length of the internesting interval is largely determined by body
temperature, which in terms is highly correlated to water temperature
(Sato et al., 1998; Hays et al., 2002a). Temperature varies amongst
areas of the bay with generally warmest temperatures in the
northernmost shore-region (belonging to the less protected zone, em

z-vbsf?ﬁ%An increase in temperature by just 1 °C is predicted to decrease the
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length of the internesting interval by about one day (Hays et al., 2002a).
From an energetic point of view it would therefore be advantageous for
turtles to stay in the northern, warm zone, as long as the energy loss
from reaction to disturbances is compensated by the thermal metabolic
gain. The fact that turtles spent considerable time in the less protected
area might indicate that this physiological strategy operates with turtles
possibly getting habituated to boat and human presence. Although
habituation to humans would be adaptive in the context of energy saving
in the internesting habitat, a possible habituation to boats may have
detrimental effects outside the bay, where boat speed is not restricted,
potentially leading to casualties. In Hawaiian green sea turtles, Balazs
(1995) observed a trend towards greater habituation to humans with

ongoing protection of marine habltats LW(/ 2 l«b{'{‘fb—w—a aw G
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Table 1: Summary of satellite tracking six loggerhead sea turtles in the

Bay of Laganas (Zakynthos, Greece) during the internesting period:

Body size (CCL: curved carapace length), transmitter performance (TSR:

transmission success rate), median water depth and number/percentages

of locations within the bay with respect to protection zone (see Fig. 1).

HPZ: highly protected zone, LPZ: less protected zone.

Attachment Internesting No. Median
Turtle CCL (cm) tracking duration 5 TSR water Number (%) of locations
date Locations
(days) depth (m)

In bay HPZ LPZ
A 85 27.06.2004 44 18 0.42 15.5 15(84 %) 3(17%) 12(67 %)
B 86 28.06.2004 25 3 0.12 — — — -
C 84 29.06.2004 A | 19 0.45 6.5 19(100 %) 4(21%) 15(79 %)
D 79 16.06.2005 42 43 1.00 54.6 21(49%) 13(30%) 819 %)
E 87 19.06.2005 38 20 0.51 6.7 20(100%) 3(15%) 17(85%)
F 89 21.06.2005 43 11 0.25 — — _ _

13




Figure legends

Fig. 1: Location of the Bay of Laganas (Zakynthos, Greece) showing the
marine protected zones and the six nesting beaches (MAR: Marathonissi,
LAG: East Laganas, KAL: Kalamaki, SEK: Sekania, DAP: Daphni, GER:
Gerakas). In the highly protected zone (HPZ), no boat traffic at all is
allowed. In the less protected zone (LPZ), boat speed is limited to six
knots.

Figs. 2: Locations of four satellite tracked loggerhead sea turtles during

the internesting period. Locations of observed nestings are indicated with
hatched circles.
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