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INTRODUCTION

Sea turtles are threatened worldwide by many
human-related activities, from direct exploitation to
the indirect effects of climate change (Lutcavage et al.
1997, Hawkes et al. 2009). In the Mediterranean,
degradation of nesting habitats, fishing-induced mor-
tality, boat collisions and pollution are considered the
most important threats (Tomás et al. 2002, Casale et al.
2010a,b). In order to improve our understanding of the
potential responses of sea turtle populations to these
threats, and, thus, to promote efficient conservation
planning, adequate information on population dynam-

ics is needed. In this respect, assessing growth rates is
fundamental, in order to estimate demographic para-
meters (i.e. age at maturity, duration of life stages,
clutch size), which have been identified as critical for
population persistence based on ecological models
(e.g. Heppell et al. 2003b, Mazaris et al. 2005, 2006).
This represents one of the recently identified top 20
research priorities for sea turtles (Hamann et al. 2010).

Sea turtles may show great variability in growth
rates, even within the same species, which may be
caused by genetic, sexual, and/or environmental fac-
tors (see Heppell et al. 2003b). For instance, Bjorndal &
Bolten (1988) reported growth rates of loggerhead tur-
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tles Caretta caretta in the Bahamas as being much
higher than those of the same size class in North
Atlantic (Bjorndal et al. 2000). For this reason, growth
rates of one population cannot be assumed to be the
same as that of another nor to be the same in different
foraging grounds . Thus, it is important to obtain spe-
cific estimates of growth rates for different populations
and foraging grounds.

Loggerhead sea turtles Caretta caretta are listed as
an Endangered species in the International Union for
Conservation of Nature (IUCN) Red List of Threatened
Species (IUCN 2010), and they represent the most
common sea turtle species in the Mediterranean, wide-
spread over the entire basin (Margaritoulis et al. 2003).
Although high numbers of Atlantic turtles enter the
Mediterranean (Laurent et al. 1998, Carreras et al.
2006, Casale et al. 2008), genetic markers indicate that
this population is relatively isolated from the Atlantic
populations (Laurent et al. 1998). One of the most dis-
tinctive characteristics of the Mediterranean logger-
head population is the smaller adult size in comparison
with other populations around the world (Dodd 1988,
Tiwari & Bjorndal 2000, Hatase et al. 2002, Margari-
toulis et al. 2003). This may represent an adaptation to
peculiar conditions, such as poor trophic resources or
short migrations (Tiwari & Bjorndal 2000), and be due
to earlier sexual maturation, to slower growth, or to
both. Considering the very high number of turtles esti-
mated to be captured in fishing gear and the associ-
ated mortality (Casale 2008), it is particularly urgent to
assess maturation time and to develop reliable popula-
tion dynamics models that can help to understand the
impact of anthropogenic threats occurring in the basin.

Several approaches to estimating growth rates of sea
turtles have been developed (Heppell et al. 2003b), but
due to intrinsic uncertainties of all these methods, mul-
tiple approaches are necessary in order to obtain reli-
able estimates of growth rates. Multiple measurements
of the same individual at time intervals, through a cap-
ture-mark-recapture (CMR) approach, represent a
common method for obtaining such data. This was the
first method used in the Mediterranean, and it esti-
mated the age-at-size range of Mediterranean nesting
females to be from 16 to 28 yr (Casale et al. 2009b).
However, given that turtles are highly vagile and rela-
tively slow growing, intensive and long CMR pro-
grammes are required, and adequate CMR datasets
are often lacking.

A second approach used for somatic growth esti-
mates is skelotochronology, which is based on annual
cycles of bone deposition resulting in growth marks
(e.g. Zug et al. 1986, Snover et al. 2007, Avens et al.
2009, Goshe et al. 2009). However, growth marks are
not always visible and easy to interpret, and bone
resorption and remodelling require correction proto-

cols (e.g. Parham & Zug 1997). A third approach is
length-frequency analysis (LFA), which identifies pro-
gressive cohorts through identification of size modes
(e.g. Bjorndal et al. 2000). LFA requires high numbers
of records, but turtles dead or alive and of any origin
(strandings, bycatch, research captures, etc.) can be
included (e.g. Bjorndal et al. 1995, 2000, 2001).

In the present study, we employed, for the first time
in the Mediterranean Sea, a LFA approach on a large
set of records with reduced sources of observational
error and spatial variability, in order to provide an esti-
mation of age at maturity for Mediterranean logger-
head turtles.

MATERIALS AND METHODS

Data collection. The curved carapace length notch-
to-tip (CCLn-t) (Bolten 1999) of 2255 loggerhead tur-
tles was measured at the WWF Italy Rescue Centre on
Lampedusa Island (Italy) (42° 40’ N, 16° 50’ E).

These turtles were incidentally captured by fishing
gear and brought to the centre by fishermen or were
found stranded or floating at sea, in the period from
1990 to 2008, in the central Mediterranean area
around Lampedusa, i.e. between Italy (island of Sicily)
and Tunisia–Libya.

Data analysis. We analysed growth rates of logger-
head sea turtles using LFA. LFA represents one of the
most commonly applied methods in fisheries science
for the estimation of growth rates and age structure
(Pauly & Morgan 1987, Hilborn & Walters 1992), and
has been applied to a variety of different taxa
(D’Onghia et al. 2005, Diederich 2006, Orsi Relini et
al. 2006), including sea turtles (Bjorndal & Bolten
1995, Bjorndal et al. 1995, 2000, 2001). LFA identifies
cohorts assuming that these can be observed in the
population as discrete size modes. However, the theo-
retical pattern may be affected by several factors.
Temporal and spatial variability of environmental
conditions, habitat characteristics, resource availabil-
ity and competition, are likely to have an effect on
growth rates of any living organism. This is also the
case for long-lived species such as sea turtles, whose
somatic growth represents a dynamic process affected
by both demographic and stochastic events (Mazaris
& Matsinos 2006, Mazaris et al. 2006). These factors
may confound the exact correspondence of cohorts
and size modes, therefore affecting LFA as well as
other methods of investigating growth (e.g. CMR);
however, these factors are too complex and manifold
to determine. As a way of reducing geographical/
habitat variability, we used only data collected from a
single area. Although there is evidence of a degree of
fidelity to this area (Casale et al. 2007a), this source
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of variability can only be reduced and not eliminated,
because some of the turtles could have frequented
other foraging areas as well. Moreover, large samples
can reduce the error due to individual variability by
allowing detection of modes around which individual
sizes are normally distributed. In fact, LFA requires
relatively large samples with wide size ranges
(Iversen 1996), since samples represent the structure
of the population, while the lengths of individuals
within each age class are assumed to be normally
distributed. In order to obtain an adequate number of
records for the analysis (see also Bjorndal et al. 2000,
2001), we pooled together length measurements col-
lected in the same month of each sampling year, and
only months with at least 40 observations were
included in the analysis. Finally, measurements, and
therefore the results of the analysis, could be affected
by observational error, especially when different per-
sons are involved in data collection. In order to
reduce these sources of variability, only turtle records
measured by 1 person (D. Freggi) were considered,
providing the total of our sample (n = 2255).

Monthly length-frequency histograms were con-
structed with a class interval of 1 cm. Modal progres-
sion analysis was used to decompose the length-fre-
quency distribution of each month into a series of
normal curves (modes) representing different cohorts
occurring in the 1 mo sample. Gaussian components in
these length-frequency distributions were separated
by using the Bhattacharya method (Bhattacharya
1967) by means of the FiSAT II program (Gayanilo et
al. 2005). The Bhattacharya method allows the decom-
position of the length-frequency distributions into a
series of Gaussian components, through iterative com-
putations of regression lines (see Carlucci et al. 2009,
Close et al. 2010, Scalici et al. 2010). Mean size and
standard deviations of each Gaussian component rep-
resenting a strong mode were then estimated.

Differences in the mean size of monthly samples
were assessed by ANOVA. Data were tested to meet
normality assumptions by a Kolmogorov-Smirnoff test.
Statistical analyses were performed with the software
SPSS 17.0 for Windows.

Modes were assumed to represent distinct cohorts,
and their somatic growth was estimated by the shift in
modes over time. In order to avoid possible misclassifi-
cations of the individual cohorts and possible sources
of error associated with long time gaps between
datasets, modes of month pairs with an interval of
12 mo between them were maintained for the analysis.
Growth increment data were obtained by linking those
modes (cohorts) displaying a clear size progression
through each month pair.

Data were analysed using the Gulland and Holt plot-
ting method for the analysis of growth increment data

in the program FiSAT II (Gayanilo et al. 2005), assum-
ing that a von Bertalanffy (1938) growth function
(VBGF) can describe the growth pattern in the
observed size range (see also Casale et al. 2009b).
Given that in some cases >1 link could be identified for
the same cohort, the upper and lower growth incre-
ment datasets were analysed separately, in order to
generate 2 different growth models that would repre-
sent the bounds for the actual growth pattern.

The VBGF used in the present analysis was given by
the equation Lt = L� – (L� – L0) e(–kt), where Lt is the
carapace length at age t, L� is the mean asymptotic
carapace length, L0 is the initial carapace length, and k
is the growth coefficient. Although growth of adult tur-
tles is considered to be very slow (Carr & Goodman
1970), other studies from the Mediterranean (Casale et
al. 2009b) and elsewhere observed growth in
large/adult size turtles (Seminoff et al. 2002, Price et al.
2004). Therefore, in order to estimate the VBGF para-
meter k, L� was fixed at 99 cm curved carapace length
(CCL), which is the maximum CCL recorded in the
Mediterranean (Margaritoulis et al. 2003). As a conser-
vative approach to minimise extrapolations when
using a VBGF outside the size range of the sample, L0

was set at 30 cm CCL, which can be considered the
lower bound of the modes included in the analysis.

In order to provide an estimate of the age at maturity,
the size at maturity in the Mediterranean was assumed
to be 80 cm CCL, since the average female loggerhead
turtle starts breeding at a size slightly smaller than the
average size of nesting females (Limpus 1990), which
at the most important Mediterranean nesting sites is
around 80 cm CCL, with individuals ranging from 60 to
99 cm CCL (Margaritoulis et al. 2003). Moreover,
males appear to reach maturity at a similar size in the
Mediterranean (Casale et al. 2005).

RESULTS

Loggerhead turtles ranged from 16.8 to 97.5 cm CCL
(mean: 50.7; SD: 4.4; n = 2255) and can be assumed to
be mostly juveniles with some adults, since, on aver-
age, Mediterranean loggerhead turtles mature at a
size >70 cm CCL (Margaritoulis et al. 2003, Casale et
al. 2005).

A total of 15 single months met the requirement of at
least 40 records; of these, 12 single months (July,
August, September, October 2001; July, August, Sep-
tember, October 2002; July, August, September 2003;
September 2004) were selected for analysis (mean
sample size: 56.7; SD: 16.2; n = 12), since they were
paired by an interval of 12 mo between them (e.g. July
2001 and July 2002). Over these 12 mo the lengths of a
total of 774 turtles were recorded. The size of these
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individuals ranged from 20 to 88 cm CCL (Fig. 1).
Based on Bhattacharya’s method, 2 to 5 modes were
identified from the monthly length-frequency distribu-
tions, depending on the month (Fig.2).

Sixteen mode pairs were unambiguously identified,
while in 5 cases 2 possible linkages were observed.
Therefore, 2 different sets of 21 mode pairs each were
obtained by considering the 5 linkages with either the
minimum or the maximum growth increments, in order
to produce upper and lower growth estimates, respec-
tively. On the whole, modes ranged from 32 to 69.5 cm
CCL. Growth rates obtained for the successive modes
ranged from 0.37 to 6.5 cm yr–1.

The values of k estimated from the 2 datasets with
upper and lower increment data were k = 0.066 and k =
0.051. The 2 corresponding VBGFs are shown in Fig. 3.
The time required by turtles to grow from 30 cm CCL
(considered the lower boundary of the observed size
range) to 80 cm CCL (assumed to represent the average
size at maturity in the Mediterranean) ranged between
19.5 yr (with k = 0.066) and 25.3 yr (with k = 0.051)
(Table 1).

DISCUSSION

Nesting female loggerhead turtles in
the Mediterranean are much smaller
than their Atlantic counterparts (Mar-
garitoulis et al. 2003). The reason for this
is unclear; one of several hypotheses is
that the smaller size of Mediterranean
turtles might be associated with shorter
migrations or with a longer period of
anthropogenic impact. This could be
due either to a lower growth rate with a
similar age at maturity, or a shorter mat-
uration period with a similar growth
rate.

Age at maturity may have important
consequences for our knowledge of the
dynamics of the Mediterranean popula-
tion and its capacity to respond to the
relevant human impact in the area,
since the longer the maturation time, the
slower the population growth (e.g. see
Heppell et al. 2003a). The information
presented and analysed here represents
the longest time series on immature log-
gerhead growth progression that exists
for the Mediterranean and complements
similar studies undertaken in the
Atlantic and Pacific.

The present results indicate that tur-
tles would take about 19.5 to 25.3 yr to
reach 80 cm CCL (considered the mean
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Fig. 1. Caretta caretta. Length-frequency distribution of the entire sample (n =
2255; open bars) and of loggerhead turtles from months selected for analysis 

(n = 774; solid bars)

Fig. 2. Caretta caretta. Example (July 2001) of length distribution of loggerhead
turtles separated by the Bhattacharya method (for details see ‘Materials and
methods: Data analysis’) to identify strong annual size classes—in this case 

5 modes were identified

Fig. 3. Caretta caretta. The von Bertalanffy growth functions
for loggerhead turtles in the Mediterranean starting at 30 cm
curved carapace length (CCL), with the growth coefficient, k
= 0.051 (dashed line) and k = 0.066 (solid line) and with the
mean asymptotic carapace length, L�, fixed at 99 cm CCL.
The horizontal dotted line shows the assumed size at maturity 

for Mediterranean loggerhead turtles (see ‘Results’)
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size of Mediterranean nesting females) from an initial
size of 30 cm CCL. Another study (Casale et al. 2009a)
estimated that, in the Mediterranean, loggerhead tur-
tles would reach 30 cm CCL by the time they are 4 yr
old. Thus, age at maturity of Mediterranean logger-
head turtles is probably between 23.5 and 29.3 yr,
which falls within the range of estimates for the age at
maturity of Atlantic loggerheads (Parham & Zug 1997,
Bjorndal et al. 2000, 2001).

However, considering that (1) individual sea turtles
show significant variation in growth rates (Chaloupka
& Limpus 1997), (2) they can mature at different sizes
(Carr & Goodman 1970, Tiwari & Bjorndal 2000), and
(3) growth rate declines with increasing body size
(Carr & Goodman 1970, Limpus & Chaloupka 1997,
Broderick et al. 2003), the estimated range of 23.5
and 29.3 yr for attaining sexual maturity should be
used with caution. If the range of average sizes of
nesting females from the different Mediterranean
nesting sites is considered (66.5 to 84.7 cm CCL; Mar-
garitoulis et al. 2003), age at maturity would range
between 15.4 and 27.8 yr (with k = 0.066) and
between 18.8 and 34.9 yr (with k = 0.051).

Combining these results, we suggest that Mediter-
ranean turtles might attain sexual maturation at ages
even older than 30 yr, as is also the case for the Atlantic
populations (Parham & Zug 1997, Heppell et al.
2003b), but age at maturity is more likely to be attained
between the second and third decade of their lives.

A different approach, based on CMR data, estimated
the range at which maturity was reached as being from
16 to 28 yr (Casale et al. 2009b), which overlaps with
the present results. The similar values obtained with
these 2 approaches represent a strong indication of the
reliability of both these estimations.

One limitation involved in using LFA for sea turtle
analysis is that turtles grow very slowly after sexual
maturity (Carr & Goodman 1970), preventing older age
classes from being distinguished. However, the maxi-

mum mode used in the present analysis was 69.5 cm
CCL, and another study (Casale et al. 2009b) showed
that turtles as large as 70 cm CCL may still evidence
growth.

Evaluating the factors affecting substantial varia-
tions in growth and age at maturity is rather difficult.
The sampling protocols, the quality of the data col-
lected and the analysis employed by each study can
potentially lead to different results (Bjorndal & Bolten
1988). Environmental conditions, such as water tem-
perature (Boulon & Frazer 1990) and food availability,
should be considered as causes of changing growth
rates. In this respect, population abundance at a forag-
ing site may play a role (see Bjorndal et al. 2000).

All known nesting sites of loggerhead sea turtles in
the Mediterranean are located on the eastern side of
the basin. The data used in the present analysis were
collected in the central Mediterranean basin, an area
that has been identified as an important feeding area
for juvenile and adult loggerhead turtles (Margari-
toulis et al. 2003, Zbinden et al. 2008). This is further
supported by the length-frequency distributions
analysed in the present study, demonstrating that both
reproductive and immature loggerheads utilise these
waters as foraging sites, post-nesting pathways, or
even migration routes.

This is the first study of the Mediterranean region in
which a large dataset was collected on turtles of a wide
size range, and with reduced sources of variability,
enabling us to investigate sea turtle growth by means
of LFA. Further research on growth rates and age at
sexual maturity of loggerhead turtles in the Mediter-
ranean is, however, desirable. Precision of the growth
estimates derived by analysis of growth increment
data could be improved by considering the biological
characteristics of the species (Erzini 1990). Similarly,
an increase in sampling effort could be an important
step to overcome the limitations associated with the
adequate representation of population structure within
the length-frequency datasets; however, this might be
extremely difficult for long migratory species such as
sea turtles that utilise a series of marine foraging areas.
Comparison of the results from different methods,
including LFA, skeletochronology and CMR, should be
pursued.

Reliable data on growth rates and age at sexual
maturity, combined with data on fundamental parame-
ters such as survival rates (Casale et al. 2007b) and sex
ratios (Casale et al. 2006), which are beginning to be
available for the Mediterranean, could be used to
develop more sophisticated and detailed population
dynamic models. This would allow a deeper under-
standing of the current threats facing loggerhead tur-
tle populations in the region and of the most effective
conservation measures.
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CCL (cm) k = 0.051 (yr) k = 0.066 (yr)

30 0.0 0.0
40 3.1 2.4
50 6.7 5.2
60 11.2 8.6
70 17.0 13.1
80 25.3 19.5
90 39.9 30.9

Table 1. Caretta caretta. Years at size since attaining 30 cm
curved carapace length (CCL) (considered as Year 0; L0) of
loggerhead turtles in the Mediterranean, according to the von
Bertalanffy growth function, with L0 = 30 cm CCL, the mean
asymptotic carapace length, L�, fixed at 99 cm CCL and the 

growth coefficient, k = 0.051 or k = 0.066



Endang Species Res 13: 123–129, 2011

Acknowledgements. We are greatly indebted to the many
fishermen who collaborated in the present study and to the
many volunteers who helped during the activities carried out
at the WWF-Italy’s Sea Turtle Rescue Centre in Lampedusa.
We also thank 3 anonymous reviewers for their valuable
comments.

LITERATURE CITED

Avens L, Taylor JC, Goshe LR, Jones TT, Hastings M (2009)
Use of skeletochronological analysis to estimate the age of
leatherback sea turtles Dermochelys coriacea in the west-
ern North Atlantic. Endang Species Res 8:165–177

Bhattacharya CG (1967) A simple method of resolution of a
distribution into Gaussian components. Biometrics 23:
115–135

Bjorndal KA, Bolten AB (1988) Growth rates of juvenile
loggerheads, Caretta caretta, in the southern Bahamas.
J Herpetol 22:480–482

Bjorndal KA, Bolten AB (1995) Comparison of length-
frequency analyses for estimation of growth-parameters
for a population of green turtles. Herpetologica 51:160–167

Bjorndal KA, Bolten AB, Coan AL, Kleiber P (1995) Estimation
of green turtle (Chelonia mydas) growth rates from length-
frequency analysis. Copeia 1995:71–77

Bjorndal KA, Bolten AB, Martins HR (2000) Somatic growth
model of juvenile loggerhead sea turtles Caretta caretta:
duration of pelagic stage. Mar Ecol Prog Ser 202:265–272

Bjorndal KA, Bolten AB, Koike B, Schroeder BA, Shaver DJ,
Teas WG, Witzell WN (2001) Somatic growth function for
immature loggerhead sea turtles, Caretta caretta, in
southeastern US waters. Fish Bull 99:240–246

Bolten AB (1999) Techniques for measuring sea turtles. In:
Eckert KL, Bjorndal KA, Abreu-Grobois FA, Donnelly M
(eds) Research and management techniques for the con-
servation of sea turtles. IUCN/SSC Marine Turtle Special-
ist Group, Washington, DC, p 110–114

Boulon RHJ, Frazer NB (1990) Growth of wild juvenile Caribbean
green turtles, Chelonia mydas. J Herpetol 24:441–445

Broderick AC, Glen F, Godley BJ, Hays GC (2003) Variation
in reproductive output of marine turtles. J Exp Mar Biol
Ecol 288:95–109

Carlucci R, Capezzuto F, Maiorano P, Sion L, D’Onghia G
(2009) Distribution, population structure and dynamics of
the black anglerfish (Lophius budegassa) (Spinola, 1987)
in the eastern Mediterranean Sea. Fish Res 95:76–87

Carr A, Goodman D (1970) Ecologic implications of size and
growth in Chelonia. Copeia 1970:783–786

Carreras C, Pont S, Maffucci F, Pascual M and others (2006)
Genetic structuring of immature loggerhead sea turtles
(Caretta caretta) in the Mediterranean Sea reflects water
circulation patterns. Mar Biol 149:1269–1279

Casale P (2008) Incidental catch of marine turtles in the
Mediterranean Sea: captures, mortality, priorities. WWF
Italy, Rome

Casale P, Freggi D, Basso R, Argano R (2005) Size at male
maturity, sexing methods and adult sex ratio in logger-
head turtles (Caretta caretta) from Italian waters investi-
gated through tail measurements. Herpetol J 15:145–148

Casale P, Lazar B, Pont S, Tomás J and others (2006) Sex ratios
of juvenile loggerhead sea turtles Caretta caretta in the
Mediterranean Sea. Mar Ecol Prog Ser 324:281–285

Casale P, Freggi D, Basso R, Vallini C, Argano R (2007a) A
model of area fidelity, nomadism, and distribution patterns
of loggerhead sea turtles (Caretta caretta) in the Mediter-
ranean Sea. Mar Biol 152:1039–1049

Casale P, Mazaris AD, Freggi D, Basso R, Argano R (2007b)
Survival probabilities of loggerhead sea turtles (Caretta
caretta) estimated from capture-mark-recapture data in
the Mediterranean Sea. Sci Mar 71:365–372

Casale P, Freggi D, Gratton P, Argano R, Oliverio M (2008)
Mitochondrial DNA reveals regional and interregional
importance of the central Mediterranean African shelf for
loggerhead sea turtles (Caretta caretta). Sci Mar 72:
541–548

Casale P, d’Astore PP, Argano R (2009a) Age at size and
growth rates of early juvenile loggerhead sea turtles
(Caretta caretta) in the Mediterranean based on length
frequency analysis. Herpetol J 19:29–33

Casale P, Mazaris AD, Freggi D, Vallini C, Argano R (2009b)
Growth rates and age at adult size of loggerhead sea tur-
tles (Caretta caretta) in the Mediterranean Sea, estimated
through capture-mark-recapture records. Sci Mar 73:
589–595

Casale P, Affronte M, Insacco G, Freggi D and others (2010a)
Sea turtle strandings reveal high anthropogenic mortality
in Italian waters. Aquat Conserv 20:611–620

Casale P, Margaritoulis D, Aksissou M, Aureggi M and others
(2010b) Overview. In: Casale P, Margaritoulis D (eds) Sea
turtles in the Mediterranean: distribution, threats and con-
servation priorities. IUCN, Gland, p 1–14

Chaloupka MY, Limpus CJ (1997) Robust statistical modelling
of hawksbill sea turtle growth rates (southern Great Bar-
rier Reef). Mar Ecol Prog Ser 146:1–8

Close PG, Davies PM, Trayler K (2010) Recruitment and
growth of two small-bodied resident fish species (Gobi-
idae and Atherinidae) in oligohaline, seasonally open
lagoons. J Fish Biol 76:1431–1453

Diederich S (2006) High survival and growth rates of intro-
duced Pacific oysters may cause restrictions on habitat use
by native mussels in the Wadden Sea. J Exp Mar Biol Ecol
328:211–227

Dodd CKJ (1988) Synopsis of the biological data on the log-
gerhead sea turtle Caretta caretta (Linnaeus, 1758). Biol
Rep U S Fish Wildl Serv 88(14)

D’Onghia G, Capezzuto F, Mytilineou C, Maiorano P and oth-
ers (2005) Comparison of the population structure and
dynamics of Aristeus antennatus (Risso, 1816) between
exploited and unexploited areas in the Mediterranean
Sea. Fish Res 76:22–38

Erzini K (1990) Sample size and grouping of data for length-
frequency analysis. Fish Res 9:355–366

Gayanilo FCJ, Sparre P, Pauly D (2005) FAO-ICLARM stock
assessment tools II (FiSAT II), revised version. User’s
guide. FAO, Rome

Goshe LR, Avens L, Bybee J, Hohn AA (2009) An evaluation
of histological techniques used in skeletochronological
age estimation of sea turtles. Chelonian Conserv Biol 8:
217–222

Hamann M, Godfrey MH, Seminoff JA, Arthur K and others
(2010) Global research priorities for sea turtles: informing
management and conservation in the 21st century.
Endang Species Res 11:245–269

Hatase H, Goto K, Sato K, Bando T, Matsuzawa Y, Sakamoto
W (2002) Using annual body size fluctuations to explore
potential causes for the decline in a nesting population of
the loggerhead turtle Caretta caretta at Senri Beach,
Japan. Mar Ecol Prog Ser 245:299–304

Hawkes LA, Broderick AC, Godfrey MH, Godley BJ (2009)
Climate change and marine turtles. Endang Species Res 7:
137–154

Heppell SS, Crowder LB, Crouse DT, Epperly SP, Frazer NB
(2003a) Population models for Atlantic loggerheads: past,

128



Casale et al.: Age at maturity of Mediterranean loggerheads

present, and future. In: Bolten AB, Witherington BE (eds)
Loggerhead sea turtles. Smithsonian Books, Washington,
DC, p 255–273

Heppell SS, Snover ML, Crowder LB (2003b) Sea turtle popu-
lation ecology. In: Lutz PL, Musick JA, Wyneken J (eds)
The biology of sea turtles, Vol II. CRC Marine Biology
Series, CRC Press, Boca Raton, FL, p 275–306

Hilborn R, Walters CJ (1992) Quantitative fisheries stock
assessment: choice, dynamics and uncertainty. Chapman
& Hall, New York, NY

IUCN (International Union for Conservation of Nature) (2010)
IUCN Red List of Threatened Species, V. 2010.2. Available
at: www.iucnredlist.org/ (accessed 1 September 2010)

Iversen ES (1996) Living marine resources: their utilization
and management. Chapman & Hall, New York, NY

Laurent L, Casale P, Bradai MN, Godley BJ and others (1998)
Molecular resolution of marine turtle stock composition in
fishery bycatch: a case study in the Mediterranean. Mol
Ecol 7:1529–1542

Limpus CJ (1990) Puberty and first breeding in Caretta
caretta. In: Richardson TH, Richardson JI, Donnelly M
(eds) Proc 10th annual workshop on sea turtle biology and
conservation, Feb 20–24, 1990, Hilton Head Island, SC.
NOAA Tech Memo NMFS-SEFC-278, Miami, FL,  p 81–83

Limpus C, Chaloupka M (1997) Nonparametric regression
modelling of green sea turtle growth rates (southern Great
Barrier Reef). Mar Ecol Prog Ser 149:23–34

Lutcavage ME, Plotkin P, Witherington BE, Lutz PL (1997)
Human impacts on sea turtle survival. In: Lutz PL, Musick
JA (eds) The biology of sea turtles. CRC Press, Boca Raton,
FL, p 387–409

Margaritoulis D, Argano R, Baran I, Bentivegna F and others
(2003) Loggerhead turtles in the Mediterranean Sea: pre-
sent knowledge and conservation perspectives. In: Bolten
AB, Witherington B (eds) Biology and conservation of log-
gerhead sea turtles. Smithsonian Institution Press, Wash-
ington, DC, p 175–198

Mazaris AD, Matsinos YG (2006) An individual based model
of sea turtles: investigating the effect of temporal variabil-
ity on population dynamics. Ecol Model 194:114–124

Mazaris AD, Fiksen O, Matsinos YG (2005) Using an individ-
ual-based model for assessment of sea turtle population
viability. Popul Ecol 47:179–191

Mazaris AD, Broder B, Matsinos YG (2006) An individual

based model of a sea turtle population to analyze effects of
age dependent mortality. Ecol Model 198:174–182

Orsi Relini L, Mannini A, Fiorentino F, Palandri G, Relini G
(2006) Biology and fishery of Eledone cirrhosa in the Lig-
urian Sea. Fish Res 78:72–88

Parham JF, Zug GR (1997) Age and growth of loggerhead sea
turtles (Caretta caretta) of coastal Georgia: an assessment
of skeletochronological age-estimates. Bull Mar Sci 61:
287–304

Pauly D, Morgan GR (1987) Length-based methods in fish-
eries research, Vol 13. ICLARM, Manila

Price ER, Wallace BP, Reina RD, Spotila JR, Paladino FV,
Piedra R, Vélez E (2004) Size, growth, and reproductive
output of adult female leatherback turtles Dermochelys
coriacea. Endang Species Res 1:41–48

Scalici M, Chiesa S, Scuderi S, Celauro D, Gibertini G (2010)
Population structure and dynamics of Procambarus clarkii
(Girard, 1852) in a Mediterranean brackish wetland (Cen-
tral Italy). Biol Invasions 12:1415–1425

Seminoff JA, Resendiz A, Nichols WJ, Jones TT (2002)
Growth rates of wild green turtles (Chelonia mydas) at a
temperate foraging area in the Gulf of California, Mexico.
Copeia 610–617

Snover ML, Avens L, Hohn AA (2007) Back-calculating
length from skeletal growth marks in loggerhead sea tur-
tles Caretta caretta. Endang Species Res 3:95–104

Tiwari M, Bjorndal KA (2000) Variation in morphology and
reproduction in loggerheads, Caretta caretta, nesting in
the United States, Brazil, and Greece. Herpetologica 56:
343–356

Tomás J, Guitart R, Mateo R, Raga JA (2002) Marine debris
ingestion in loggerhead Sea turtles, Caretta caretta
from the western Mediterranean. Mar Pollut Bull 44:
211–216

von Bertalanffy L (1938) A quantitative theory of organic
growth (inquiries on growth laws). Hum Biol 10:181–213

Zbinden JA, Aebischer A, Margaritoulis D, Arlettaz R (2008)
Important areas at sea for adult loggerhead sea turtles in
the Mediterranean Sea: satellite tracking corroborates
findings from potentially biased sources. Mar Biol
153:899–906

Zug GR, Wynn AH, Ruckdeschel C (1986) Age determination
of loggerhead sea turtles, Caretta caretta, by incremental
growth marks in the skeleton. Smithson Contrib Zool 427

129

Editorial responsibility: Jeffrey Seminoff,
La Jolla, California, USA

Submitted: June 15, 2010; Accepted: October 26, 2010
Proofs received from author(s): January 26, 2011


	cite2: 
	cite3: 
	cite4: 
	cite5: 
	cite6: 
	cite7: 
	cite8: 
	cite9: 
	cite10: 
	cite11: 
	cite12: 
	cite13: 
	cite14: 
	cite15: 
	cite16: 
	cite17: 
	cite18: 
	cite19: 
	cite20: 
	cite21: 
	cite22: 
	cite23: 
	cite24: 
	cite25: 
	cite26: 
	cite27: 
	cite28: 
	cite29: 
	cite30: 
	cite31: 
	cite32: 
	cite33: 
	cite34: 
	cite35: 
	cite36: 
	cite37: 
	cite38: 
	cite39: 
	cite40: 
	cite41: 
	cite42: 


