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Abstract
In sea turtles, somatic growth rates and Age at Sexual Maturity (ASM) are important parameters for investigating population 
dynamics. Moreover, ASM informs on the time lag needed to observe the effects of past environmental variables, threats 
and conservation measures acting at nesting beaches on future numbers of clutches or nesting females, that are the most 
monitored indices. Assessing ASM of mixed populations that share the same foraging areas is difficult, as in the case of the 
Mediterranean Sea that is frequented by turtles originating from both the Mediterranean and the Atlantic. Here we investi-
gated growth rates of loggerhead sea turtles (Caretta caretta) foraging in the Adriatic Sea, known to be frequented only by 
individuals of Mediterranean origin. Capture–mark–recapture records of 79 turtles provided growth rates ranging from – 1.1 
to 9.6 cm  yr−1 which were analyzed through Generalized Additive Models. When integrated with previous data on growth 
rates in the first years of life, results indicate a non-monotonic growth curve, likely due to an ontogenetic shift from oceanic 
to neritic areas. Using an integration equation, we estimated mean ASM to be 29.5 or 25.0 year based on mean nester size in 
Greece (83.4 cm curved carapace length, CCL) or across the Mediterranean (79.7 cm CCL), respectively. Growth rates and 
size-at-age are similar to the Atlantic population, but Mediterranean turtles mature earlier at a smaller size. The heterogenous 
growth rates and ASM reported so far in the Mediterranean are probably due, at least in part, to different foraging areas.
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Introduction

Understanding the anthropogenic impact on populations of 
threatened species requires adequate knowledge of popu-
lation dynamics, which represents a scientific challenge. 
This includes sea turtles, since their cryptic and long life 
hinders access to individuals and data collection. Somatic 
growth rate is one of the fundamental parameters needed 
to assess population dynamics as it reflects variations in 
the status of the population and its surrounding environ-
ment (Bjorndal et al. 2017; Marn et al. 2017a, b), which in 
a changing climate makes sea turtles important bio-indica-
tors. Growth rates are used in the estimation of length of 
life stages and Age at Sexual Maturity (ASM; Avens and 
Snover 2013; Stubbs et al. 2019). These parameters allow 
investigation of population status through models, that are 
often the only tools available to understand how perturba-
tions in vital rates affect population dynamics (Casale and 
Heppell 2016; Stubbs et al. 2020). An up to date and more 
precise assessment of ASM has important implications for 
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conservation and management. For instance, ASM repre-
sents the time lag needed to observe changes in the number 
of clutches or nesting females (the most monitored popula-
tion index for sea turtles) due to variations in numbers of 
hatchlings produced in the past because of environmental 
perturbations, threats, and conservation measures. In gen-
eral, knowing the generation length is crucial especially 
in long lived animals with a delayed response to threats. 
Moreover, by providing the number of juvenile cohorts 
in a population, ASM can help to estimate abundance of 
juveniles, which are a less studied life-stage because of 
logistic constraints yet constitute the majority of a sea tur-
tle population (Casale and Heppell 2016).

Growth patterns and ASM in sea turtles have high 
intra- and inter-specific variability, being influenced by 
continuously changing environmental characteristics 
(Diez and van Dam 2002; Hawkes et al. 2014) and genetic 
profiles (Heppell et al. 2003), as well as migration dis-
tances (Stokes et al. 2006) or human impact (Casale et al. 
2011a; Eguchi et al. 2012). For this reason, ASM estimates 
bear a great degree of variability. North West Atlantic 
and West Indian populations of loggerhead turtles have 
similar ASM with an average, respectively, at 36.6 and 
36.2 years (Tucek et al. 2014; Avens et al. 2015), both 
higher compared to West and East Pacific turtles average 
of 25 and 29 years, respectively (Limpus 2008; Turner 
Tomaszewicz et al. 2015). Despite the age differences, all 
these populations share a similar Size at Sexual Matu-
rity (SSM) > 91 cm CCL and therefore they have differ-
ent growth rates, possibly due to the quality of feeding 
grounds and/or genetics.

Compared to other loggerhead populations throughout the 
world, Mediterranean loggerhead turtles (Caretta caretta) 
are the smallest at all life stages (Marn et al. 2017a), includ-
ing adults (Tiwari and Bjorndal 2000). This may be due to 
a selective pressure for lower ASM or to a slower growth 
due to a suboptimal environment. Understanding factors 
that drive differences in growth and ASM has interesting 
theoretical and conservation implications. For instance, the 
Mediterranean was colonized by the Atlantic loggerhead 
population some 10,000 years ago (Bowen and Karl 2007). 
During the same time period, human expansion through-
out the Mediterranean basin (Coll et al. 2010) altered the 
environment and affected species composition in this region. 
Mediterranean sea turtles are threatened by one of the high-
est fishery interaction intensity worldwide (Lewison et al. 
2014). Moreover, the Mediterranean is characterized by high 
salinity and low productivity and this generally suboptimal 
environment is often considered as a main cause driving the 
onset of maturity at a smaller size for the Mediterranean 
population (Marn et al. 2019). The combination of subop-
timal habitat and high levels of anthropogenic stressors has 
likely affected population dynamics and ASM over time.

Previous studies on loggerhead growth rates and ASM 
in the Mediterranean included turtles that were sampled in 
several areas, including Sicily Channel, the Tyrrhenian Sea, 
the Adriatic Sea and the Ionian Sea, which may include indi-
viduals of Atlantic or Mediterranean origin (Casale et al. 
2009b, 2011a, b; Guarino et al. 2020). Piovano et al. (2011) 
sampled turtles in similar areas but attempted to differentiate 
individuals belonging to the two populations through genetic 
markers. Within the Mediterranean, nesting females using 
the major sites are reported to have high variability in size. 
While females nesting in Cyprus, Libya and Turkey have a 
similar size, Greek nesters are ca. 5–10 cm larger in average 
(Casale et al. 2018). This implies that there must be some 
underlying condition in these populations that that is driving 
these differences but has yet to be investigated, as size-at-
age models are still lacking for Mediterranean loggerheads.

This study aims to provide new estimates of growth rates 
and ASM for the Mediterranean loggerhead turtle population 
through the most direct approach: capture–mark–recapture. 
To this aim, we used a large dataset from long-term cap-
ture–mark–recapture programs in the Adriatic Sea, which 
is known to be frequented only by turtles of Mediterranean 
origin and mostly from Greek breeding sites (Lazar et al. 
2004; Zbinden et al. 2011; Schofield et al. 2013; Cardona 
et al. 2014; Tolve et al. 2018).

Materials and methods

Data collection

Capture–Mark–Recapture (CMR) records of loggerhead tur-
tles were provided by the following organizations: Arché, 
ARC; ARCHELON, ARL; Fondazione Cetacea, FC; Her-
petofauna Albanian Society, HAS; Legambiente, LEG; 
Associazione Panda Molfetta, MOL; University of Primor-
ska, UP. Turtles (n = 79) were encountered between 2003 
and 2020 through incidental capture in fishing gears, strand-
ing, or gathered while floating at sea or nesting, mainly in 
Italian waters and coasts, but also in Slovenia, Croatia, Alba-
nia and Greece. At first encounter, turtles were tagged on 
front or rear flippers with a variety of tags: 681 Monel, 681 
Inconel, 681 Metal (National Band and Tag Company, KY, 
USA), and Titanium (Stockbrands, Australia). All turtles 
were measured according to the Curved Carapace notch-to-
tip in centimeters (CCLn-t, hereafter CCL; Bolten 1999) at 
both release and re-encounter. Despite this standardization, 
measurements bear some uncertainty because they were 
taken by different people.

To limit analyses to turtles foraging in the Adriatic, only 
turtles both tagged and re-encountered in the Adriatic or tur-
tles encountered one time in the Adriatic and the other while 
breeding in Greece were included in this study. Since no 
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genetic divergences have been found in the two areas where 
most data were collected (Tolve et al. 2018), the Adriatic Sea 
was considered as a uniform foraging area. To avoid biases 
due to seasonal effects or too long re-encounter intervals 
(Bjorndal et al. 2000b) only CMR histories with intervals 
between 1 and 4 years were included.

Data analysis

Growth rate (G; cm  yr−1) was calculated for each turtle as

where D are days elapsed between the two events. Nega-
tive and zero growth rates were included to account for any 
measurement errors (e.g., Bjorndal et al. 2000b) or carapace 
deterioration (e.g., Bell and Pike 2012) that would cause 
overestimation of growth rate if not included.

Generalized Additive Models (GAMs) with a Gaussian 
family and an identity link were used to investigate the non-
linear relationship between growth rate (response variable, 
G) and two explanatory variables: mean size ( 

−

S ) and mean 
year ( 

−

Y ), both averaged between release and re-encounter 
(Figure S1 and S2, respectively). Mean size is considered an 
adequate measure for size, especially for short time intervals 
(Bjorndal et al. 2000b). Mean year is preferred to release or 
re-encounter year and accounts for the effect of environmen-
tal variation during the growth period, although it cannot be 
clearly distinguished from age and cohort effects (Bjorndal 
et al. 2000a; Casale et al. 2009b; Colman et al. 2015). The 
expected size-specific growth rate function was estimated for 
the range of mean size values of the dataset (41.8–87.8 cm 
CCL) through two models, in the form G ~ s(

−

S ) and G ~ s(
−

S

) + s(
−

Y ), that were fitted through package mgcv (Wood 2006) 
in R (R Core Team 2022).

ASM was calculated in two steps from two separate esti-
mates: (i) the time needed to growth from the smallest size 
of the present dataset to SSM and (ii) the age of the small-
est size observed. For the first step, to predict time in years 
needed to grow from the smallest size of the observed sam-
ple ( 

−

Smin; 41.8 cm CCL) to adulthood (Am), we set the Size 
of Sexual Maturity (SSM), size at which Am is attained, to 
the mean size of female nesters in Greece (83.4 cm CCL; 
see Casale et al. 2018), because of the predominant Greek 
origin of the loggerhead turtles foraging in the Adriatic Sea 
(Lazar et al. 2004; Zbinden et al. 2011; Schofield et al. 2013; 
Cardona et al. 2014; Tolve et al. 2018). Time needed to grow 
to 79.7 cm CCL as the mean size of Mediterranean nesters 
was also estimated for comparison with previous growth rate 
studies in the Mediterranean, summarized by Casale et al. 
(2015). Then, the following integration equation (Colman 
et al. 2015; Bellini et al. 2019) was used for each turtle, after 
ordering turtles by 

−

S:

(1)CCL(re−encounter) − CCL(release)

365

D

where Ai is the age of turtle i (with A0 = 0 being the age of 
the turtle with 

−

Smin), 
−

Si–1 is the mean size of the previous 
turtle, Ai–1 is the estimated age of the previous turtle, Gi is 
the growth rate predicted by the GAM for the size 

−

Si. Finally, 
to obtain Am, the integration equation was calculated using 
A
i−1, Si−1 and G

i
 as the ones of the size immediately lower 

to SSM.
For the second step of estimating the age at 

−

Smin (41.8 cm) 
we took advantage of the age at 28 cm already estimated by 
another study (mostly based on turtles found in the southern 
Adriatic Sea; Casale et al. 2009a). Therefore, what remained 
to be estimated was the time needed to grow from 28 to 
41.8 cm ( 

−

Smin) and this was accomplished as follows. First, 
for each 5-cm size class ( 

−

S* ) in the original sample size 
range we estimated G through a GAM in the form G ~ s(

−

S* ). 
Second, we combined these G–S* values with those regard-
ing turtles < 30 cm CCL available as such from Casale et al. 
(2009a). Third, a GAM in the form G ~ s(S

r
 ) was fitted to 

predict G for each 1-cm size class in the missing intermedi-
ate size interval (from 28 cm to 

−

Smin). Fourth, we estimated 
the age from 28 cm to the 

−

Smin through the integration equa-
tion above (2), obtaining Amin . Finally, ASM was estimated 
as ASM = Amin + Am.

To compare present results with other studies, the Von 
Bertalanffy (1938) growth function was estimated in the 
form:

The parameter k (growth coefficient) was estimated 
through a Nonlinear Least Squared approach (function nls 
of package stats). The starting values of k was estimated 
through the function vbStarts of the package FSA (Ogle 
et al. 2022). The value of L∞ was set at 102 cm CCL (the 
largest size recorded for Mediterranean loggerhead turtles; 
see Casale et al. 2018).  L0 was set at 

−

Smin and t was the age 
estimated from the fittest GAM model for each 

−

S (Lt).

Results

A total of 79 loggerhead turtles released or re-encountered 
between 2003 and 2020 were considered (Fig. 1). Two tur-
tles were re-encountered two times and one three times, but 
all the events were considered independently for a total of 83 
release-re-encounter pairs. Turtles size ranged 34.0–88.5 cm 
(median = 63, IQR = ± 12.3) and 48.5–87.5 cm (median = 67, 
IQR = ± 10), at release and re-encounter, respectively. 

−

S 
ranged from 41.8 to 87.8 cm (median = 65, IQR = ± 11.3). 

−

Y 

(2)A
i
= A

i−1 +

(

S
i
− S

i−1

)

G
i

(3)L
t
= L∞ −

(

L∞ − L0

)

e
(−kt)
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ranged from 2003 to 2019 (median = 2015, IQR = ± 5). Cal-
culated G ranged from – 1.1 to 9.6 cm  yr−1 (median = 2.0, 
IQR = ± 1.9). Both GAM models provided relatively good 
fit with an  R2 of 0.30 and 0.38, respectively for G ~ s(

−

S ) and 
G ~ s(

−

S) + s(
−

Y ), with both explanatory variables investigated 
having a significant effect on G (P < 0.05) and the more com-
plex model had a lower AIC (Akaike information criterion) 
(Table 1). Growth and age functions estimated through the 
two GAMs (Fig. 2) were monotonic.

The growth function estimated from data of the pre-
sent study combined with Casale et al. (2009a)’s data was 
non-monotonic (Fig. 3). Predicted G for each 

−

S are sum-
marized in Table 2. Estimated Amin for the size of 42 cm 
was 6.8 years. The 

−

S closest to 83.4 cm was 83 cm with 
an estimated Ai of 22.2 years. Applying the estimated G of 
0.8 cm  yr−1 at that size, Am and ASM for turtles nesting in 
Greece was estimated at 22.7 and 29.5 years, respectively. 
The estimated age at 79.7 cm (for comparison with previous 
growth rate studies) was 25.2.

Estimates for the von Bertalanffy growth parameters was 
k = 0.059 (95% CI = 0.058–0.061) from the G ~ s(

−

S) + s(
−

Y ) 
model. These estimates and values from other studies in the 
Mediterranean and elsewhere are provided in Table 2 for 
comparison (but see also Ramirez et al. 2021).

Discussion

Growth rates calculated in this study allowed a direct esti-
mate of ASM for the Mediterranean population. Our study 
was unique because, contrary to other Mediterranean areas 
investigated by most previous studies, the Adriatic Sea is not 
frequented by Atlantic turtles, but only by Mediterranean 
turtles and mainly by turtles from nesting sites in Greece 
(Lazar et al. 2004; Zbinden et al. 2011; Schofield et al. 2013; 
Cardona et al. 2014; Tolve et al. 2018). An estimation of 
growth rates for Mediterranean turtles, instead of a potential 
mix of Mediterranean and Atlantic individuals as in previ-
ous studies, allows a better comparison with other regions.

Present results and other studies (Braun-McNeill et al. 
2008; Casale et al. 2011b; Bjorndal et al. 2013; Avens et al. 
2015), indicate that loggerhead turtles in the Mediterranean 
Sea have comparable growth rate and size-at-age to the 
Atlantic. Given that Mediterranean adult turtles are smaller, 
similar growth rates suggest that Mediterranean loggerhead 
turtles mature at a younger age than Atlantic turtles (Heppell 
et al. 2003; Scott et al. 2012; Avens et al. 2015; Chasco et al. 
2020). Mediterranean turtles are also smaller than counter-
parts in the Indian and Pacific oceans and have a lower ASM 
(Hatase et al. 2004; Limpus 2008; Tucek et al. 2014; Turner 
Tomaszewicz et al. 2015). The smaller size of Mediterra-
nean loggerhead turtles, that represent a genetically distinct 
population (Carreras et al. 2011), may be an adaptation to 
specific local conditions or may be due to a general pattern. 
For instance, the Mediterranean is at the extreme of the log-
gerhead turtles distribution range and Tiwari and Bjorndal 
(2000) observed a negative correlation of body size and 
latitude.

The ASM of 29.5 and 25.2 years estimated for the Greek 
and the Mediterranean adults respectively (with SSM of 
83.4 cm and 79.7 cm, respectively) falls within the range 
of ages estimated for turtles sampled in various areas of the 

Fig. 1  Distribution of loggerhead sea turtles’ releases (blue) and re-
encounters (red) in the Adriatic Sea and Greece. Maps in top right 
show clustered points with number of releases or re-encounters per 
cluster. Country codes (clockwise): IT Italy, SI Slovenia, HR Croa-
tia, BA Bosnia and Herzegovina, ME Montenegro, AL Albania, GR 
Greece
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Mediterranean Sea (15.4–34.9 years at 66.5–84.7 cm; Casale 
et al. 2009b, 2011a, b; Guarino et al. 2020; Şirin and Başkale 
2021). The only exception is the ASM of 24 years at 69 cm 
estimated by Piovano et al. (2011) for Mediterranean turtles, 
who also estimated lower growth rates for individuals of 
Atlantic and Mediterranean origin frequenting the Mediter-
ranean. Different foraging areas used by turtles sampled in 
Piovano et al. (2011) compared to our study is a possible 
explanation for that difference. Additionally, differences in 
methods used to calculate ASM by Piovano et al. (2011) 
compared to methods used in this study may explain the dif-
ferent estimates, particularly given that the ASM of Atlantic 
turtles estimated by Piovano et al. (2011) was higher than 
estimates from other studies (Heppell et al. 2003; Avens 
et al. 2015).

Adults breeding in Greece are larger (mean 83.4 cm 
CCL) than loggerhead turtles breeding in other Mediter-
ranean rookeries (Cyprus, Turkey, Libya means ≤ 78 cm 
CCL; see Casale et al. 2018): they either have similar ASM 
but different growth rates or vice versa or a combination of 
the two (Omeyer et al. 2018). Assessing which is the case 
would have interesting biological and ecological implica-
tions, but direct age comparison with other rookeries in 
the Mediterranean is not possible at the moment for two 
reasons. First, growth data from most foraging grounds are 
lacking. Second, rookery-specific growth rate studies are dif-
ficult because Mediterranean foraging grounds are usually 
frequented by multiple rookeries (in or outside the basin), 
with the Adriatic being an exception.

If the larger size of Greek adults compared to other Medi-
terranean nesting areas is due to different growth trajecto-
ries, trophic resources and/or different environmental factors 
likely play a role. These turtles frequent mainly the Adriatic 
Sea and the Tunisian Shelf (Lazar et al. 2004; Zbinden et al. 
2011; Schofield et al. 2013; Cardona et al. 2014; Tolve et al. 
2018), which hosts also turtles from other major nesting sites 
(Haywood et al. 2020; Cerritelli et al. 2022). At present, 
there are little to no growth data for these other rookeries, 
therefore, although genetics could contribute (Balazs and 

Table 1  Summary of parameter 
estimates of the GAM models

Model R2 Dev. 
explained 
(%)

REML AIC Param Estimate Std. Err t value F P

G ~ s(
−

S) 0.30 31.8 153.1 305.4 Intercept 2.2 0.2 13.5  < 0.001

s(
−

S) 3.9  < 0.001

G ~ s(
−

S) + s(
−

Y) 0.38 41.2 150.4 297.3 Intercept 2.2 0.2 14.3  < 0.001

s(
−

S) 4.0  < 0.001

s(
−

Y) 1.1 0.003

G ~ s(S
r
) 0.98 99.4 24.7 20.6 Intercept 4.0 0.1 36.8  < 0.001

s(
−

S) 91.0  < 0.001

Fig. 2  Size-specific (Mean CCLn-t in x axes) predicted growth rate 
(G) and the time (years) to grow from the smallest size observed and 
a specific size estimated from the integration equation following the 
GAM models G ~ s(

−

S ) in dashed blue (less visible due to overlapping) 
and G ~ s(

−

S) + s(
−

Y ) in solid green. Data are shown as dots

Fig. 3  Growth rate (G) as a function of size (mean size class-specific; 
Mean CCLn-t) of loggerhead turtles foraging in the Adriatic Sea. 
Empty dots: present study. Full dots: calculated from Casale et  al. 
(2009a, b)
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Table 2  Summary of estimated von Bertalanffy parameters, G and ASM for loggerhead turtles in the present study

Published studies are listed for comparison. Study area is coded as Country (sampling area). Ranges include minimum and maximum values 
among all the references
CI 95% CI, MO Mediterranean origin, AO Atlantic origin, NWA North West Atlantic, SWA South West Atlantic, SWI South West Indian, NWP 
North West Pacific, SWP South West Pacific, NEP North East Pacific. 1 This study, 2 (Casale et al. 2009a), 3 (Casale et al. 2009b), 4 (Casale 
et al. 2011b), 5 (Casale et al. 2011a), 6 (Piovano et al. 2011), 7 (White et al. 2013), 8 (Broderick et al. 2003), 9 (Rees et al. 2013), 10 (Şirin and 
Başkale 2021), 11 (Heppell et al. 2003; Scott et al. 2012; Bjorndal et al. 2013; Avens et al. 2015; Ramirez et al. 2017, 2021; Chasco et al. 2020) 
and references therein, 12 (Baptistotte et al. 2003; Petitet et al. 2012; Lenz et al. 2016), 13 (Tucek et al. 2014), 14 (Hatase et al. 2004), 15 (Lim-
pus 2008) and references therein, 16 (Turner Tomaszewicz et al. 2015)
a Fixed L

∞

b Majority of the sample

Study area n L∞ (cm) k Size (cm) G (cm  yr−1) SSM (cm) ASM (years) Refs.

Mediterranean Sea
 Italy
(Adriatic Sea)

83 102a 0.059
(CI = 0.058–0.061)

45
55
65
75
85

4.70
3.30
2.06
1.22
0.75

79.7
83.4

25.2
29.5

1

 Italy
(Adriatic  Seab)

88 29.45 0.769 7.1
15.0
22.2
26.1

11.8
10.1
4.2
3.6

2

 Italy
(All seas)

38 95.63 0.077 61.7 2.5 ± 1.7 66.5–84.7 16–28 3

 Italy
(Lampedusa Island)

774 99a 0.051 32–69.5 0.37–6.5 66.5–84.7
79.7

18.8–34.9
23.3

4

0.066 66.5–84.7
79.7

15.4–27.8
29.0

 Italy
(Lampedusa Island)

33 103.9
99a

119.3
99a

0.062
0.066
0.052
0.072

17.3–74.5 1.4–6.2 79.7 22.9
24.2
20.6
22.2

5

 Italy MO
(All seas)

30 99a 0.042 16.5
25
35
45
55
65
74.5

5.1
3.5
2.9
2.9
4.1
4.4
3.0

69
79.7

24
34.1

6

 Italy AO
(All seas)

35 124a 0.023 16.5
25
35
45
55
65
74.5

4.6
3.2
3.0
3.0
2.1
2.7
1.5

80 38 6

 Albania
(Drini Bay)

26 40–84.5 0.0–4.9 7

 Cyprus
(Alagadi Beach)

39 63–87  – 1.0 to 1.8 8

 Greece
(Amvrakikos Gulf)

33 53.9 to >  85c  < 0.0–2.7 9

 Turkey 67 18d 10
Atlantic Ocean
 NWA 90.3–111.9 0.031–0.128 4.6–109 0.2–12 75–115 10–52 11
 SWA 40–109 0.63–3 102.5 32 12

Indian Ocean
 SWI 137 91.3c 36.2 13

Pacific Ocean
 NWP 78 79.6–102.1c  – 1.8 to 1.5 14
 SWP 95.7 29 15
 NEP 146 91 25 16
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Chaloupka 2004), this aspect cannot be further discussed. 
Focusing on Greek turtles, previous studies found that turtles 
foraging in the Adriatic are larger compared to those using 
the Tunisian shelf (Patel et al. 2015). The two foraging areas 
differ in terms of sea surface temperature and biodiversity 
(Coll et al. 2010). Growth rates from the present study seems 
higher also compared to the Amvrakikos Gulf (Rees et al. 
2013). Such a difference may be due to the different fea-
tures of the two areas: the Amvrakikos Gulfis a small fjord 
connected to the Ionian Sea characterized by waters often 
shallower than 2 m and an anoxic seafloor (Rees et al. 2013). 
Similar cases are known from other areas and for several 
species including loggerheads (Hatase et al. 2002; Eder et al. 
2012; Vander Zanden et al. 2014; Benscoter et al. 2022), 
green turtles (Balazs and Chaloupka 2004; Chaloupka et al. 
2004; Eguchi et al. 2012) and hawksbills (Diez and van Dam 
2002; Hawkes et al. 2014) and were attributed to differences 
in environmental conditions. Optimal trophic resources 
allow higher growth rates and permit turtles to reach SSM 
at a larger size thereby increasing their reproductive output, 
which would be a favored strategy under those conditions 
(Omeyer et al. 2018). However, when resources are subop-
timal or limited reaching maturity at smaller sizes could be 
more advantageous, since fewer resources are allocated to 
growth and, being smaller, less energy is required for repro-
duction (Broderick et al. 2003). Present results suggest that 
the Adriatic Sea offers better trophic resources that deter-
mine higher growth rates than other foraging areas.

On the other hand environmental and anthropogenic 
stressors have been reported to negatively influence various 
aspects of sea turtle biology, including growth rates (Bjorn-
dal et al. 2017) and breeding (Le Gouvello et al. 2020). 
Stressors can influence individuals directly, or indirectly 
by impacting resource availability (Rees et al. 2016; Bjorn-
dal et al. 2017). In the Tunisian shelf, Patel et al. (2015) 
report high primary productivity due to eutrophication. In 
the Levantine basin, another loggerhead foraging area, high 
salinity, high temperature, and low productivity have been 
identified as the main factors reducing sizes of fish and ceta-
ceans (Sonin et al. 2007; Sharir et al. 2011). At present, 
we have no information on turtles foraging in the Levantine 
basin, but similar patterns could be expected to affect tur-
tles in that region, since environmental pressures can drive 
maturation at a younger age (see Marn et al. 2019 and refer-
ences therein). Combination of our results with data from 
Casale et al. (2009a), resulted in a non-monotonic growth 
curve. Non-monotonic growth function and/or polyphasic 
size-at-age growth function have been reported for almost 

all hard-shelled sea turtles irrespective of foraging area or 
diet differences: loggerhead (Chaloupka 1998; Snover et al. 
2010), green (Seminoff et al. 2002; Balazs and Chaloupka 
2004), Kemp’s ridleys (Chaloupka and Zug 1997), hawksbill 
turtles (Chaloupka and Limpus 1997; Diez and van Dam 
2002), but not in flatback sea turtles which frequent neritic 
habitat throughout their lives (Turner Tomaszewicz et al. 
2022). A growth spurt may be caused by shifting from epipe-
lagic to benthic preys (Snover et al. 2010; Avens et al. 2013). 
A monotonic growth curve may be observed when the size 
range prior or correspondent to the shift to a neritic diet is 
absent or underrepresented (e.g., Bjorndal and Bolten 2009). 
Alternatively, a non-monotonic curve may describe growth 
trajectories of discrete shifters (sensu Ramirez et al. 2017) or 
a lower growth rate preceding the shift may occur when tur-
tles have a plastic behavior (i.e., alternating between oceanic 
and neritic habitat). It is plausible that a shift from pelagic 
to benthic feeding could increase growth rates (Peckham 
et al. 2011). A pelagic diet may be insufficient to sustain 
the rates observed in the first years of life, as was reported 
from combined skeletal growth mark and stable isotope 
analyses (Snover et al. 2010; Avens et al. 2013). This low-
quality foraging could itself trigger recruitment to benthic 
habitats (Werner and Gilliam 1984). Dietary studies from 
West (Tomas et al. 2006) and Central Mediterranean (Casale 
et al. 2008) and North Adriatic (Lazar et al. 2008) showed 
that loggerhead turtles 25–30 cm CCL already recruit to 
neritic habitats and predominantly feed upon benthic prey 
(vs recruitment at > 40 cm CCL in the Atlantic; Bjorndal 
et al. 2000b; Avens et al. 2013). This early ontogenetic shift, 
with a short duration of the epipelagic phase, seems to be 
reflected in increased growth rates of juveniles 25–40 cm 
CCL (Fig. 3) and may reflect the switch to more energeti-
cally valuable prey.

Different methods used in this and previous studies in 
the Mediterranean (Casale et al. 2009b, 2011a, b; Guarino 
et al. 2020; Şirin and Başkale 2021) yielded similar age esti-
mates, reinforcing that they can be used interchangeably. In 
comparison with the other methods, CMR provides direct 
measurements, but re-encounters are infrequent and informa-
tion may be lost due to tag loss, thus data may be challenging 
to acquire over long time periods. Moreover, because CMR 
typically spans long time periods and involves several organi-
zations there is an additional source of uncertainty because 
measurements are taken by several different people. Length 
Frequency Analysis (LFA) and skeletochronology allow col-
lection of larger sample sizes over a shorter time period, but 
measurements are indirect and get more imprecise as larger 

c Converted from SCL based on Bjorndal et al. (2000b)
d This value is an underestimation because bone remodeling was not accounted for

Table 2  (continued)
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size classes are involved due to slower growth rates and bone 
remodeling (Zug et al. 1986). Neither CMR or LFA are able 
to detect growth spurts, which can affect estimates of life-stage 
duration (Murakawa and Snover 2018).

The environmental heterogeneity of loggerhead foraging 
grounds located in relatively close proximity to one another 
in the Mediterranean basin represents a good opportunity to 
investigate the factors affecting growth rate patterns in sea 
turtles. More growth studies applying a variety of methods 
in other areas across the Mediterranean, and especially in the 
Aegean Sea, Levantine Basin and North Africa shelf, would 
be desirable to increase our knowledge on the demography 
of sea turtles and improve models for conservation planning. 
Because environmental factors seem to influence growth rates, 
monitoring changes in these rates over time can be used to 
keep track of both the status of the population and the status 
of the foraging habitats. This is especially important in areas 
where there is a high human impact and in areas with great 
potential to experience impacts from climate change.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00227- 023- 04189-1.

Acknowledgements Many thanks to ARCHELON volunteers for col-
lecting data on nesting turtles in Greece. The study was carried out with 
support of the Slovenian Research Agency under Grant P1-0386, under 
the permits UP/I-612-07/15-48/84 of the Ministry of Environmental 
and Nature Protection and UP/I-612-07/18-48/152 of the Ministry of 
Environmental Protection and Energy of Croatia, and the permit No. 
35601-25/2017 – 6 of the Ministry of the Environment and Spatial 
Planning of Slovenia.

Author contributions Conceptualization: PC, GB; methodology: GB, 
PC; formal analysis: GB; investigation: GF, MdV, PS, CV, VA, SP, 
KLM, DM, AÇ, BL; writing—original draft: GB, PC; writing—review 
& editing: GF, MdV, PS, CV, VA, SP, KLM, DM, AÇ, BL; visualiza-
tion: GB; supervision: PC.

Funding Open access funding provided by Università di Pisa within 
the CRUI-CARE Agreement. No funding was received for conducting 
this study.

Data availability The data underlying this article will be shared on 
reasonable request to the corresponding author.

Declarations 

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose. The authors have no conflicts of interest 
to declare.

Ethical approval The study did not involve human participants. It ana-
lyzed sea turtle data previously collected by different organizations 
with the adequate authorizations of their countries.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 

were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Avens L, Snover M (2013) Age and age estimation in sea turtles. In: 
Wyneken JLJ, Musick JA (eds) The biology of sea turtles, vol III. 
CRC, Boca Raton, FL, pp 97–133

Avens L, Goshe LR, Pajuelo M, Bjorndal KA, MacDonald BD, Lem-
ons GE, Bolten AB, Seminoff JA (2013) Complementary skel-
etochronology and stable isotope analyses offer new insight into 
juvenile loggerhead sea turtle oceanic stage duration and growth 
dynamics. Mar Ecol-Prog Ser 491:235–251. https:// doi. org/ 10. 
3354/ meps1 0454

Avens L, Goshe LR, Coggins L, Snover ML, Pajuelo M, Bjorndal 
KA, Bolten AB (2015) Age and size at maturation-and adult-
stage duration for loggerhead sea turtles in the western North 
Atlantic. Mar Biol 162:1749–1767. https:// doi. org/ 10. 1007/ 
s00227- 015- 2705-x

Balazs GH, Chaloupka M (2004) Spatial and temporal variability in 
somatic growth of green sea turtles (Chelonia mydas) resident in 
the Hawaiian Archipelago. Mar Biol 145:1043–1059. https:// doi. 
org/ 10. 1007/ s00227- 004- 1387-6

Baptistotte C, Thomé J, Bjorndal KA (2003) Reproductive biology and 
conservation status of the Loggerhead Sea turtle (Caretta caretta) 
in Espírito Santo State, Brazil. Chelonian Conserv Biol 4:523–529

Bell I, Pike DA (2012) Somatic growth rates of hawksbill turtles Eret-
mochelys imbricata in a northern Great Barrier Reef foraging 
area. Mar Ecol-Prog Ser 446:275–283. https:// doi. org/ 10. 3354/ 
meps0 9481

Bellini C, Santos AJB, Patrício AR, Bortolon LFW, Godley BJ, Mar-
covaldi MA, Tilley D, Colman LP (2019) Distribution and growth 
rates of immature hawksbill turtles Eretmochelys imbricata in 
Fernando de Noronha, Brazil. Endanger Species Res 40:41–52. 
https:// doi. org/ 10. 3354/ esr00 979

Benscoter AM, Smith BJ, Hart KM (2022) Loggerhead marine turtles 
(Caretta caretta) nesting at smaller sizes than expected in the Gulf 
of Mexico: implications for turtle behavior, population dynamics, 
and conservation. Conserv Sci Pract 4:e581. https:// doi. org/ 10. 
1111/ csp2. 581

Bjorndal KA, Bolten AB (2009) Hawksbill sea turtles in seagrass 
pastures: success in a peripheral habitat. Mar Biol 157:135–145. 
https:// doi. org/ 10. 1007/ s00227- 009- 1304-0

Bjorndal KA, Bolten AB, Chaloupka MY (2000a) Green turtle somatic 
growth model: evidence for density dependence. Ecol Appl 
10:269–282. https:// doi. org/ 10. 1890/ 1051- 0761(2000) 010[0269: 
GTSGME] 2.0. CO;2

Bjorndal KA, Bolten AB, Martins HR (2000b) Somatic growth model 
of juvenile loggerhead sea turtles Caretta caretta: duration of 
pelagic stage. Mar Ecol-Prog Ser 202:265–272. https:// doi. org/ 
10. 3354/ meps2 02265

Bjorndal KA, Schroeder BA, Foley AM, Witherington BE, Bresette 
M, Clark D, Herren RM, Arendt MD, Schmid JR, Meylan AB, 
Meylan PA, Provancha JA, Hart KM, Lamont MM, Carthy RR, 
Bolten AB (2013) Temporal, spatial, and body size effects on 
growth rates of loggerhead sea turtles (Caretta caretta) in the 
Northwest Atlantic. Mar Biol 160:2711–2721. https:// doi. org/ 10. 
1007/ s00227- 013- 2264-y

https://doi.org/10.1007/s00227-023-04189-1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3354/meps10454
https://doi.org/10.3354/meps10454
https://doi.org/10.1007/s00227-015-2705-x
https://doi.org/10.1007/s00227-015-2705-x
https://doi.org/10.1007/s00227-004-1387-6
https://doi.org/10.1007/s00227-004-1387-6
https://doi.org/10.3354/meps09481
https://doi.org/10.3354/meps09481
https://doi.org/10.3354/esr00979
https://doi.org/10.1111/csp2.581
https://doi.org/10.1111/csp2.581
https://doi.org/10.1007/s00227-009-1304-0
https://doi.org/10.1890/1051-0761(2000)010[0269:GTSGME]2.0.CO;2
https://doi.org/10.1890/1051-0761(2000)010[0269:GTSGME]2.0.CO;2
https://doi.org/10.3354/meps202265
https://doi.org/10.3354/meps202265
https://doi.org/10.1007/s00227-013-2264-y
https://doi.org/10.1007/s00227-013-2264-y


Marine Biology (2023) 170:36 

1 3

Page 9 of 11 36

Bjorndal KA, Bolten AB, Chaloupka M, Saba VS, Bellini C, Marco-
valdi MAG, Santos AJB, Bortolon LFW, Meylan AB, Meylan 
PA, Gray J, Hardy R, Brost B, Bresette M, Gorham JC, Connett 
S, Crouchley BVS, Dawson M, Hayes D, Diez CE, van Dam RP, 
Willis S, Nava M, Hart KM, Cherkiss MS, Crowder AG, Pollock 
C, Hillis-Starr Z, Muñoz Tenería FA, Herrera-Pavón R, Labrada-
Martagón V, Lorences A, Negrete-Philippe A, Lamont MM, Foley 
AM, Bailey R, Carthy RR, Scarpino R, McMichael E, Provan-
cha JA, Brooks A, Jardim A, López-Mendilaharsu M, González-
Paredes D, Estrades A, Fallabrino A, Martínez-Souza G, Vélez-
Rubio GM, Boulon RH Jr, Collazo JA, Wershoven R, Guzmán 
Hernández V, Stringell TB, Sanghera A, Richardson PB, Broder-
ick AC, Phillips Q, Calosso M, Claydon JAB, Metz TL, Gordon 
AL, Landry AM Jr, Shaver DJ, Blumenthal J, Collyer L, Godley 
BJ, McGowan A, Witt MJ, Campbell CL, Lagueux CJ, Bethel TL, 
Kenyon L (2017) Ecological regime shift drives declining growth 
rates of sea turtles throughout the West Atlantic. Glob Change 
Biol 23:4556–4568. https:// doi. org/ 10. 1111/ gcb. 13712

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 conservation of sea turtles. IUCN/
SSC Marine Turtle Specialist Group, USA, pp 110–114

Bowen BW, Karl SA (2007) Population genetics and phylogeography 
of sea turtles. Mol Ecol 16:4886–4907. https:// doi. org/ 10. 1111/j. 
1365- 294X. 2007. 03542.x

Braun-McNeill J, Epperly SP, Avens L, Snover ML, Taylor JC (2008) 
Growth rates of loggerhead sea turtles (Caretta caretta) from the 
Western North Atlantic. Herpetol Conserv Biol 3:273–281

Broderick AC, Glen F, Godley BJ, Hays GC (2003) Variation in repro-
ductive output of marine turtles. J Exp Mar Biol Ecol 288:95–109. 
https:// doi. org/ 10. 1016/ s0022- 0981(03) 00003-0

Cardona L, Clusa M, Eder E, Demetropoulos A, Margaritoulis D, Rees 
AF, Hamza AA, Khalil M, Levy Y, Türkozan O, Marín I, Aguilar 
A (2014) Distribution patterns and foraging ground productivity 
determine clutch size in Mediterranean loggerhead turtles. Mar 
Ecol-Prog Ser 497:229–241. https:// doi. org/ 10. 3354/ meps1 0595

Carreras C, Pascual M, Cardona L, Marco A, Bellido JJ, Castillo JJ, 
Tomás J, Raga JA, Sanfélix M, Fernández G, Aguilar A (2011) 
Living together but remaining apart: Atlantic and Mediterranean 
loggerhead sea turtles (Caretta caretta) in shared feeding grounds. 
J Hered 102:666–677. https:// doi. org/ 10. 1093/ jhered/ esr089

Casale P, Heppell SS (2016) How much sea turtle bycatch is too much? 
A stationary age distribution model for simulating population 
abundance and potential biological removal in the Mediterranean. 
Endanger Species Res 29:239–254. https:// doi. org/ 10. 3354/ esr00 
714

Casale P, Abbate G, Freggi D, Conte N, Oliverio M, Argano R (2008) 
Foraging ecology of loggerhead sea turtles Caretta caretta in 
the central Mediterranean Sea: evidence for a relaxed life his-
tory model. Mar Ecol-Prog Ser 372:265–276. https:// doi. org/ 10. 
3354/ meps0 7702

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. Herpetolog 
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 turtles (Caretta 
caretta) in the Mediterranean Sea, estimated through capture mark 
recapture records. Sci Mar 73:589–595. https:// doi. org/ 10. 3989/ 
scimar. 2009. 73n35 89

Casale P, Mazaris AD, Freggi D (2011a) Estimation of age at maturity 
of loggerhead sea turtles Caretta caretta in the Mediterranean 
using length-frequency data. Endanger Species Res 13:123–129. 
https:// doi. org/ 10. 3354/ esr00 319

Casale P, Conte N, Freggi D, Cioni C, Argano R (2011b) Age and 
growth determination by skeletochronology in loggerhead sea 

turtles (Caretta caretta) from the Mediterranean sea. Sci Mar 
75:197–203. https:// doi. org/ 10. 3989/ scimar. 2011. 75n11 97

Casale P, Freggi D, Furii G, Vallini C, Salvemini P, Deflorio M, Totaro 
G, Raimondi S, Fortuna C, Godley BJ (2015) Annual survival 
probabilities of juvenile loggerhead sea turtles indicate high 
anthropogenic impact on Mediterranean populations. Aquatic 
Conserv Mar Freshw Ecosyst 25:690–700. https:// doi. org/ 10. 
1002/ aqc. 2467

Casale P, Broderick AC, Camiñas JA, Cardona L, Carreras C, Demetro-
poulos A, Fuller WJ, Godley BJ, Hochscheid S, Kaska Y, Lazar B, 
Margaritoulis D, Panagopoulou A, Rees AF, Tomás J, Türkozan O 
(2018) Mediterranean sea turtles: current knowledge and priorities 
for conservation and research. Endanger Species Res 36:229–267. 
https:// doi. org/ 10. 3354/ esr00 901

Cerritelli G, Casale P, Sozbilen D, Hochscheid S, Luschi P, Kaska 
Y (2022) Multidirectional migrations from a major nesting area 
in Turkey support the widespread distribution of foraging sites 
for loggerhead turtles in the Mediterranean. Mar Ecol-Prog Ser 
683:169–177. https:// doi. org/ 10. 3354/ meps1 3946

Chaloupka M (1998) Polyphasic growth in pelagic Loggerhead Sea 
turtles. Copeia. https:// doi. org/ 10. 2307/ 14474 54

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

Chaloupka M, Zug GR (1997) A polyphasic growth function for 
the endangered Kemp's ridley sea turtle, Lepidochelys kempii. 
Fish Bull 4

Chaloupka M, Limpus C, Miller J (2004) Green turtle somatic 
growth dynamics in a spatially disjunct Great Barrier Reef 
metapopulation. Coral Reefs 23:325–335. https:// doi. org/ 10. 
1007/ s00338- 004- 0387-9

Chasco BE, Thorson JT, Heppell SS, Avens L, Braun McNeill J, 
Bolten AB, Bjorndal KA, Ward EJ (2020) Integrated mixed-
effect growth models for species with incomplete ageing histo-
ries: a case study for the loggerhead sea turtle Caretta caretta. 
Mar Ecol-Prog Ser 636:221–234. https:// doi. org/ 10. 3354/ meps1 
3222

Coll M, Piroddi C, Steenbeek J, Kaschner K, Ben Rais Lasram F, 
Aguzzi J, Ballesteros E, Bianchi CN, Corbera J, Dailianis T, 
Danovaro R, Estrada M, Froglia C, Galil BS, Gasol JM, Gertwa-
gen R, Gil J, Guilhaumon F, Kesner-Reyes K, Kitsos M-S, Kouk-
ouras A, Lampadariou N, Laxamana E, Lopez-Fé de la Cuadra 
CM, Lotze HK, Martin D, Mouillot D, Oro D, Sa R, Rius-Barile 
J, Saiz-Salinas JI, San Vicente C, Somot S, Templado J, Turon X, 
Vafidis D, Villanueva R, Voultsiadou E (2010) The Biodiversity 
of the Mediterranean Sea: estimates, patterns, and threats. PLoS 
ONE 5:e11842

Colman LP, Patrício ARC, McGowan A, Santos AJB, Marcovaldi 
MÂ, Bellini C, Godley BJ (2015) Long-term growth and survival 
dynamics of green turtles (Chelonia mydas) at an isolated tropical 
archipelago in Brazil. Mar Biol 162:111–122. https:// doi. org/ 10. 
1007/ s00227- 014- 2585-5

Diez CE, van Dam RP (2002) Habitat effect on hawksbill turtle growth 
rates on feeding grounds at Mona and Monito Islands, Puerto 
Rico. Mar Ecol-Prog Ser 234:301–309. https:// doi. org/ 10. 3354/ 
meps2 34301

Eder E, Ceballos A, Martins S, Pérez-García H, Marín I, Marco A, 
Cardona L (2012) Foraging dichotomy in loggerhead sea tur-
tles Caretta caretta off northwestern Africa. Mar Ecol-Prog Ser 
470:113–122. https:// doi. org/ 10. 3354/ meps1 0018

Eguchi T, Seminoff J, LeRoux R, Prosperi D, Dutton D, Dutton P 
(2012) Morphology and growth rates of the Green Sea turtle 
(Chelonia mydas) in a Northern-most temperate foraging ground. 
Herpetologica 68:76–87. https:// doi. org/ 10. 1655/ HERPE TOLOG 
ICA-D- 11- 00050.1

https://doi.org/10.1111/gcb.13712
https://doi.org/10.1111/j.1365-294X.2007.03542.x
https://doi.org/10.1111/j.1365-294X.2007.03542.x
https://doi.org/10.1016/s0022-0981(03)00003-0
https://doi.org/10.3354/meps10595
https://doi.org/10.1093/jhered/esr089
https://doi.org/10.3354/esr00714
https://doi.org/10.3354/esr00714
https://doi.org/10.3354/meps07702
https://doi.org/10.3354/meps07702
https://doi.org/10.3989/scimar.2009.73n3589
https://doi.org/10.3989/scimar.2009.73n3589
https://doi.org/10.3354/esr00319
https://doi.org/10.3989/scimar.2011.75n1197
https://doi.org/10.1002/aqc.2467
https://doi.org/10.1002/aqc.2467
https://doi.org/10.3354/esr00901
https://doi.org/10.3354/meps13946
https://doi.org/10.2307/1447454
https://doi.org/10.1007/s00338-004-0387-9
https://doi.org/10.1007/s00338-004-0387-9
https://doi.org/10.3354/meps13222
https://doi.org/10.3354/meps13222
https://doi.org/10.1007/s00227-014-2585-5
https://doi.org/10.1007/s00227-014-2585-5
https://doi.org/10.3354/meps234301
https://doi.org/10.3354/meps234301
https://doi.org/10.3354/meps10018
https://doi.org/10.1655/HERPETOLOGICA-D-11-00050.1
https://doi.org/10.1655/HERPETOLOGICA-D-11-00050.1


 Marine Biology (2023) 170:36

1 3

36 Page 10 of 11

Guarino FM, Di Nocera F, Pollaro F, Galiero G, Iaccarino D, Iovino 
D, Mezzasalma M, Petraccioli A, Odierna G, Maio N (2020) 
Skeletochronology, age at maturity and cause of mortality of log-
gerhead sea turtles Caretta caretta stranded along the beaches of 
Campania (south-western Italy, western Mediterranean Sea). Her-
petozoa 33:39–51. https:// doi. org/ 10. 3897/ herpe tozoa. 33. e47543

Hatase H, Takai N, Matsuzawa Y, Sakamoto W, Omuta K, Goto K, 
Arai N, Fujiwara T (2002) Size-related differences in feeding 
habitat use of adult female loggerhead turtles Caretta caretta 
around Japan determined by stable isotope analyses and satellite 
telemetry. Mar Ecol-Prog Ser 233:273–281. https:// doi. org/ 10. 
3354/ meps2 33273

Hatase H, Matsuzawa Y, Sato K, Bando T, Goto K (2004) Remigra-
tion and growth of loggerhead turtles (Caretta caretta) nesting 
on Senri Beach in Minabe, Japan: life-history polymorphism in a 
sea turtle population. Mar Biol 144:807–811. https:// doi. org/ 10. 
1007/ s00227- 003- 1232-3

Hawkes LA, McGowan A, Broderick AC, Gore S, Wheatley D, White 
J, Witt MJ, Godley BJ (2014) High rates of growth recorded for 
hawksbill sea turtles in Anegada, British Virgin Islands. Ecol 
Evol 4:1255–1266. https:// doi. org/ 10. 1002/ ece3. 1018

Haywood JC, Fuller WJ, Godley BJ, Margaritoulis D, Shutler JD, 
Snape RTE, Widdicombe S, Zbinden JA, Broderick AC, Hussey 
N (2020) Spatial ecology of loggerhead turtles: insights from 
stable isotope markers and satellite telemetry. Divers Distrib 
26:368–381. https:// doi. org/ 10. 1111/ ddi. 13023

Heppell SS, Snover ML, Crowder LB (2003) Sea turtle population 
ecology. In: Lutz PL, Musick JA (eds) The biology of sea tur-
tles. CRC, Boca Raton, pp 275–306

Lazar B, Margaritoulis D, Tvrtkovic N (2004) Tag recoveries of the 
loggerhead sea turtle Caretta caretta in the eastern Adriatic Sea: 
implications for conservation. J Mar Biol Assoc UK 84:475–480

Lazar B, Gračan R, Zavodnik D, Tvrtković N (2008) Feeding ecology 
of “pelagic” loggerhead turtles, Caretta caretta, in the northern 
Adriatic Sea: proof of an early ontogenetic habitat shift Twenty-
fifth Annual Symposium on Sea Turtle Biology and Conserva-
tion. NOAA Tech. Memorandum NMFS-SEFSC-582

Le Gouvello DZM, Girondot M, Bachoo S, Nel R (2020) The good 
and bad news of long-term monitoring: an increase in abun-
dance but decreased body size suggests reduced potential fit-
ness in nesting sea turtles. Mar Biol 167:112. https:// doi. org/ 
10. 1007/ s00227- 020- 03736-4

Lenz AJ, Avens L, Campos Trigo C, Borges-Martins M (2016) 
Skeletochronological estimation of age and growth of logger-
head sea turtles (Caretta caretta) in the western South Atlantic 
Ocean. Austral Ecol 41:580–590. https:// doi. org/ 10. 1111/ aec. 
12347

Lewison RL, Crowder LB, Wallace BP, Moore JE, Cox T, Zydelis R, 
McDonald S, DiMatteo A, Dunn DC, Kot CY, Bjorkland R, Kelez 
S, Soykan C, Stewart KR, Sims M, Boustany A, Read AJ, Halpin 
P, Nichols WJ, Safina C (2014) Global patterns of marine mam-
mal, seabird, and sea turtle bycatch reveal taxa-specific and cumu-
lative megafauna hotspots. Proc Natl Acad Sci 111:5271–5276. 
https:// doi. org/ 10. 1073/ pnas. 13189 60111

Limpus CJ (2008) A biological review of Australian marine turtle spe-
cies. 1. Loggerhead turtle, Caretta caretta (Linnaeus) The State of 
Queensland (Australia), Environmental Protection Agency

Marn N, Jusup M, Legović T, Kooijman S, Klanjšček T (2017a) Envi-
ronmental effects on growth, reproduction, and life-history traits 
of loggerhead turtles. Ecol Model 360:163–178. https:// doi. org/ 
10. 1016/j. ecolm odel. 2017. 07. 001

Marn N, Kooijman SALM, Jusup M, Legović T, Klanjšček T (2017b) 
Inferring physiological energetics of loggerhead turtle (Caretta 
caretta) from existing data using a general metabolic theory. Mar 
Environ Res 126:14–25. https:// doi. org/ 10. 1016/j. maren vres. 2017. 
01. 003

Marn N, Jusup M, Catteau S, Kooijman SALM, Klanjšček T (2019) 
Comparative physiological energetics of Mediterranean and North 
Atlantic loggerhead turtles. J Sea Res 143:100–118. https:// doi. 
org/ 10. 1016/j. seares. 2018. 06. 010

Murakawa SKK, Snover ML (2018) Impact of exceptional growth rates 
on estimations of life-stage duration in Hawaiian green sea tur-
tles. Endanger Species Res 35:181–193. https:// doi. org/ 10. 3354/ 
esr00 885

Ogle DH, Doll JC, Wheeler P, Dinno A (2022) Fsa: Fisheries stock 
analysis. R package version 0.9.3

Omeyer LCM, Fuller WJ, Godley BJ, Snape RTE, Broderick AC 
(2018) Determinate or indeterminate growth? Revisiting the 
growth strategy of sea turtles. Mar Ecol-Prog Ser 596:199–211. 
https:// doi. org/ 10. 3354/ meps1 2570

Patel SH, Panagopoulou A, Morreale SJ, Kilham SS, Karakassis I, Rig-
gall T, Margaritoulis D, Spotila JR (2015) Differences in size and 
reproductive output of loggerhead turtles Caretta caretta nesting 
in the eastern Mediterranean Sea are linked to foraging site. Mar 
Ecol-Prog Ser 535:231–241. https:// doi. org/ 10. 3354/ meps1 1433

Peckham SH, Maldonado-Diaz D, Tremblay Y, Ochoa R, Polovina J, 
Balazs G, Dutton PH, Nichols WJ (2011) Demographic impli-
cations of alternative foraging strategies in juvenile loggerhead 
turtles Caretta caretta of the North Pacific Ocean. Mar Ecol-Prog 
Ser 425:269–280. https:// doi. org/ 10. 3354/ meps0 8995

Petitet R, Secchi ER, Avens L, Kinas PG (2012) Age and growth of 
loggerhead sea turtles in southern Brazil. Mar Ecol-Prog Ser 
456:255–268. https:// doi. org/ 10. 3354/ meps0 9681

Piovano S, Clusa M, Carreras C, Giacoma C, Pascual M, Cardona 
L (2011) Different growth rates between loggerhead sea turtles 
(Caretta caretta) of Mediterranean and Atlantic origin in the 
Mediterranean Sea. Mar Biol 158:2577–2587. https:// doi. org/ 10. 
1007/ s00227- 011- 1759-7

R Core Team (2022) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing Vienna, 
Austria

Ramirez MD, Avens L, Seminoff JA, Goshe LR, Heppell SS (2017) 
Growth dynamics of juvenile loggerhead sea turtles undergoing 
an ontogenetic habitat shift. Oecologia 183:1087–1099. https:// 
doi. org/ 10. 1007/ s00442- 017- 3832-5

Ramirez MD, Popovska T, Babcock EA (2021) Global synthesis of 
sea turtle von Bertalanffy growth parameters through Bayesian 
hierarchical modeling. Mar Ecol-Prog Ser 657:191–207. https:// 
doi. org/ 10. 3354/ meps1 3544

Rees AF, Margaritoulis D, Newman R, Riggall TE, Tsaros P, Zbin-
den JA, Godley BJ (2013) Ecology of loggerhead marine turtles 
Caretta caretta in a neritic foraging habitat: movements, sex ratios 
and growth rates. Mar Biol 160:519–529. https:// doi. org/ 10. 1007/ 
s00227- 012- 2107-2

Rees AF, Alfaro-Shigueto J, Barata PCR, Bjorndal KA, Bolten AB, 
Bourjea J, Broderick AC, Campbell LM, Cardona L, Carreras C, 
Casale P, Ceriani SA, Dutton PH, Eguchi T, Formia A, Fuentes M, 
Fuller WJ, Girondot M, Godfrey MH, Hamann M, Hart KM, Hays 
GC, Hochscheid S, Kaska Y, Jensen MP, Mangel JC, Mortimer 
JA, Naro-Maciel E, Ng CKY, Nichols WJ, Phillott AD, Reina RD, 
Revuelta O, Schofield G, Seminoff JA, Shanker K, Tomás J, van 
de Merwe JP, Van Houtan KS, Vander Zanden HB, Wallace BP, 
Wedemeyer-Strombel KR, Work TM, Godley BJ (2016) Are we 
working towards global research priorities for management and 
conservation of sea turtles? Endanger Species Res 31:337–382. 
https:// doi. org/ 10. 3354/ esr00 801

Schofield G, Dimadi A, Fossette S, Katselidis KA, Koutsoubas D, Lil-
ley MKS, Luckman A, Pantis JD, Karagouni AD, Hays GC, Keller 
R (2013) Satellite tracking large numbers of individuals to infer 
population level dispersal and core areas for the protection of an 
endangered species. Divers Distrib 19:834–844. https:// doi. org/ 
10. 1111/ ddi. 12077

https://doi.org/10.3897/herpetozoa.33.e47543
https://doi.org/10.3354/meps233273
https://doi.org/10.3354/meps233273
https://doi.org/10.1007/s00227-003-1232-3
https://doi.org/10.1007/s00227-003-1232-3
https://doi.org/10.1002/ece3.1018
https://doi.org/10.1111/ddi.13023
https://doi.org/10.1007/s00227-020-03736-4
https://doi.org/10.1007/s00227-020-03736-4
https://doi.org/10.1111/aec.12347
https://doi.org/10.1111/aec.12347
https://doi.org/10.1073/pnas.1318960111
https://doi.org/10.1016/j.ecolmodel.2017.07.001
https://doi.org/10.1016/j.ecolmodel.2017.07.001
https://doi.org/10.1016/j.marenvres.2017.01.003
https://doi.org/10.1016/j.marenvres.2017.01.003
https://doi.org/10.1016/j.seares.2018.06.010
https://doi.org/10.1016/j.seares.2018.06.010
https://doi.org/10.3354/esr00885
https://doi.org/10.3354/esr00885
https://doi.org/10.3354/meps12570
https://doi.org/10.3354/meps11433
https://doi.org/10.3354/meps08995
https://doi.org/10.3354/meps09681
https://doi.org/10.1007/s00227-011-1759-7
https://doi.org/10.1007/s00227-011-1759-7
https://doi.org/10.1007/s00442-017-3832-5
https://doi.org/10.1007/s00442-017-3832-5
https://doi.org/10.3354/meps13544
https://doi.org/10.3354/meps13544
https://doi.org/10.1007/s00227-012-2107-2
https://doi.org/10.1007/s00227-012-2107-2
https://doi.org/10.3354/esr00801
https://doi.org/10.1111/ddi.12077
https://doi.org/10.1111/ddi.12077


Marine Biology (2023) 170:36 

1 3

Page 11 of 11 36

Scott R, Marsh R, Hays GC (2012) Life in the really slow lane: logger-
head sea turtles mature late relative to other reptiles. Funct Ecol 
26:227–235. https:// doi. org/ 10. 1111/j. 1365- 2435. 2011. 01915.x

Seminoff JA, Resendiz A, Nichols WJ, Jones TT, Guyer C (2002) 
Growth rates of wild green turtles (Chelonia mydas) at a tem-
perate foraging area in the Gulf of California, México. Copeia 
2002:610–617. https:// doi. org/ 10. 1643/ 0045- 8511(2002) 
002[0610: Growgt] 2.0. Co;2

Sharir Y, Kerem D, Goldin P, Spanier E (2011) Small size in the com-
mon bottlenose dolphin  Tursiops truncatus in the eastern Mediter-
ranean: a possible case of Levantine nanism. Mar Ecol-Prog Ser 
438:241–251. https:// doi. org/ 10. 3354/ meps0 9282

Şirin A, Başkale E (2021) Age structure of stranded loggerhead turtles 
(Caretta caretta) in Turkey. Zool Middle East 67:302–308. https:// 
doi. org/ 10. 1080/ 09397 140. 2021. 19928 36

Snover ML, Hohn AA, Crowder LB, Macko SA (2010) Combining 
stable isotopes and skeletal growth marks to detect habitat shifts in 
juvenile loggerhead sea turtles Caretta caretta. Endanger Species 
Res 13:25–31. https:// doi. org/ 10. 3354/ esr00 311

Sonin O, Spanier E, Levi D, Patti B, Rizzo P, Andreoli MG (2007) 
Nanism (dwarfism) in fish: a comparison between red mullet Mul-
lus barbatus from the southeastern and the central Mediterranean. 
Mar Ecol-Prog Ser 343:221–228. https:// doi. org/ 10. 3354/ meps0 
6917

Stokes L, Wyneken J, Crowder LB, Marsh J (2006) The influence of 
temporal and spatial origin on size and early growth rates in cap-
tive loggerhead sea turtles (Caretta caretta) in the United States. 
Herpetol Conserv Biol 1:71–80

Stubbs JL, Mitchell NJ, Marn N, Vanderklift MA, Pillans RD, Augus-
tine S (2019) A full life cycle Dynamic Energy Budget (DEB) 
model for the green sea turtle (Chelonia mydas) fitted to data on 
embryonic development. J Sea Res 143:78–88. https:// doi. org/ 10. 
1016/j. seares. 2018. 06. 012

Stubbs JL, Marn N, Vanderklift MA, Fossette S, Mitchell NJ (2020) 
Simulated growth and reproduction of green turtles (Chelonia 
mydas) under climate change and marine heatwave scenarios. 
Ecol Model 431:109185. https:// doi. org/ 10. 1016/j. ecolm odel. 
2020. 109185

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

Tolve L, Casale P, Formia A, Garofalo L, Lazar B, Natali C, Novel-
letto A, Vallini C, Bužan E, Chelazzi G, Gaspari S, Fortuna C, 
Kocijan I, Marchiori E, Novarini N, Poppi L, Salvemini P, Ciofi 
C (2018) A comprehensive mitochondrial DNA mixed-stock 
analysis clarifies the composition of loggerhead turtle aggregates 
in the Adriatic Sea. Mar Biol 165:1–14. https:// doi. org/ 10. 1007/ 
s00227- 018- 3325-z

Tomas J, Aznar FJ, Raga JA (2006) Feeding ecology of the logger-
head turtle Caretta caretta in the western Mediterranean. J Zool 
255:525–532. https:// doi. org/ 10. 1017/ s0952 83690 10016 13

Tucek J, Nel R, Girondot M, Hughes G (2014) Age-size relationship at 
reproduction of South African female loggerhead turtles Caretta 
caretta. Endanger Species Res 23:167–175. https:// doi. org/ 10. 
3354/ esr00 562

Turner Tomaszewicz CN, Seminoff JA, Avens L, Goshe LR, Peckham 
SH, Rguez-Baron JM, Bickerman K, Kurle CM (2015) Age and 
residency duration of loggerhead turtles at a North Pacific bycatch 
hotspot using skeletochronology. Biol Conserv 186:134–142. 
https:// doi. org/ 10. 1016/j. biocon. 2015. 03. 015

Turner Tomaszewicz CN, Avens L, LaCasella EL, Eguchi T, Dutton 
PH, LeRoux RA, Seminoff JA (2022) Mixed-stock aging analysis 
reveals variable sea turtle maturity rates in a recovering popula-
tion. J Wildlife Manag 86:e22217. https:// doi. org/ 10. 1002/ jwmg. 
22217

Vander Zanden HB, Pfaller JB, Reich KJ, Pajuelo M, Bolten AB, 
Williams KL, Frick MG, Shamblin BM, Nairn CJ, Bjorndal KA 
(2014) Foraging areas differentially affect reproductive output and 
interpretation of trends in abundance of loggerhead turtles. Mar 
Biol 161:585–598. https:// doi. org/ 10. 1007/ s00227- 013- 2361-y

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

Werner EE, Gilliam JF (1984) The ontogenetic niche and species 
interactions in size-structured populations. Annu Rev Ecol Syst 
15:393–425

White M, Boura L, Venizelos L (2013) Population structure for sea 
turtles at Drini Bay: an important nearshore foraging and devel-
opmental habitat in Albania. Chelonian Conserv Biol 12:283–292. 
https:// doi. org/ 10. 2744/ ccb- 1002.1

Wood SN (2006) Generalized additive models: an introduction with R. 
Chapman and Hall/CRC, Boca Raton, p 416

Zbinden JA, Bearhop S, Bradshaw P, Gill B, Margaritoulis D, Newton 
J, Godley BJ (2011) Migratory dichotomy and associated pheno-
typic variation in marine turtles revealed by satellite tracking and 
stable isotope analysis. Mar Ecol-Prog Ser 421:291–302. https:// 
doi. org/ 10. 3354/ meps0 8871

Zug GR, Wynn AH, Ruckdeschel C (1986) Age determination of log-
gerhead sea turtles, Caretta caretta, by incremental growth marks 
in the skeleton. Smithson Contrib Zool 427:1–34. https:// doi. org/ 
10. 5479/ si. 00810 282. 427

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/j.1365-2435.2011.01915.x
https://doi.org/10.1643/0045-8511(2002)002[0610:Growgt]2.0.Co;2
https://doi.org/10.1643/0045-8511(2002)002[0610:Growgt]2.0.Co;2
https://doi.org/10.3354/meps09282
https://doi.org/10.1080/09397140.2021.1992836
https://doi.org/10.1080/09397140.2021.1992836
https://doi.org/10.3354/esr00311
https://doi.org/10.3354/meps06917
https://doi.org/10.3354/meps06917
https://doi.org/10.1016/j.seares.2018.06.012
https://doi.org/10.1016/j.seares.2018.06.012
https://doi.org/10.1016/j.ecolmodel.2020.109185
https://doi.org/10.1016/j.ecolmodel.2020.109185
https://doi.org/10.1007/s00227-018-3325-z
https://doi.org/10.1007/s00227-018-3325-z
https://doi.org/10.1017/s0952836901001613
https://doi.org/10.3354/esr00562
https://doi.org/10.3354/esr00562
https://doi.org/10.1016/j.biocon.2015.03.015
https://doi.org/10.1002/jwmg.22217
https://doi.org/10.1002/jwmg.22217
https://doi.org/10.1007/s00227-013-2361-y
https://doi.org/10.2744/ccb-1002.1
https://doi.org/10.3354/meps08871
https://doi.org/10.3354/meps08871
https://doi.org/10.5479/si.00810282.427
https://doi.org/10.5479/si.00810282.427

	Growth rates and age at maturity of Mediterranean loggerhead sea turtles estimated from a single-population foraging ground
	Abstract
	Introduction
	Materials and methods
	Data collection
	Data analysis

	Results
	Discussion
	Anchor 9
	Acknowledgements 
	References




