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Abstract To reveal the mechanism underlying intrapop-

ulation variation in the use of feeding habitats (oceanic vs.

neritic) by adult female loggerhead turtles (Caretta caret-

ta), we compared telomere length in the epidermis (a proxy

for age) between oceanic- and neritic-foraging recruits

(first-time nesters). Based on egg-yolk stable isotope ratios,

recruits at Yakushima Island, Japan, were clearly divided

into small oceanic planktivores and large neritic benthi-

vores. There were no significant differences in telomere

length between oceanic and neritic foragers, suggesting

that they start reproduction at similar ages. Turtles that

experienced faster growing conditions during their oceanic

early lives may achieve sexual maturity there, while others

may move from oceanic areas into neritic habitats,

switching diets from nutrient-poor macroplankton to

nutrient-rich benthic fauna in order to compensate for their

earlier slow growth rate and continue their sexual devel-

opment, reaching maturity in neritic waters.

Introduction

Although adult females of several sea turtle species (log-

gerhead, Caretta caretta, and green, Chelonia mydas, tur-

tles) were previously thought to be obligate benthivores in

neritic habitats (where water depths are \200 m) (Bolten

2003a), recent studies have revealed that some individuals

forage on planktonic prey in oceanic habitats (where depths

are[200 m) as the juveniles do (Hatase et al. 2002b, 2006,

2007; Hawkes et al. 2006; Seminoff et al. 2008; Reich et al.

2010). Among adult female loggerhead turtles within some

populations, foraging dichotomy is linked to body size,

with small females mainly using oceanic habitats, whereas

large females are mainly using neritic habitats (Hatase

et al. 2002b, 2007; Hawkes et al. 2006; Reich et al. 2010).

Similar foraging dichotomy has been observed also among

large juvenile loggerheads captured in coastal waters of the

Northwest Atlantic but not size-based (McClellan and

Read 2007; Mansfield et al. 2009). Adult female logger-

heads show fidelity to their respective foraging habitats

(Hatase et al. 2002b). The mechanisms that produce and

maintain the intrapopulation variation in the choice of

feeding habitats by adult females are still unknown. This

phenomenon may be interpreted as facultative habitat shifts

during sea turtle ontogeny. Mechanisms of facultative

habitat shifts, dispersal polymorphism, partial migration,

facultative diadromy, or facultative paedomorphosis have

been studied among more tractable organisms such as

insects (e.g. Harrison 1980), fishes (e.g. Jonsson and

Jonsson 1993), amphibians (e.g. Denoël et al. 2005), and

birds (e.g. Lundberg 1988; Berthold 1991). For example,

some salmonids select habitats according to early growth

conditions (e.g. Thorpe 1986; Olsson et al. 2006); faster

growing juveniles reside in a river throughout their lives,

whereas others migrate from the river to the ocean or a
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lake. If sea turtles make similar decisions on habitat use,

juveniles that fortuitously encounter abundant prey and

grow faster in oceanic habitats during their early lives

would stay there to become oceanic foraging adults,

whereas juveniles with slow growth in oceanic habitats

would move from oceanic to neritic habitats in search of

better growth opportunities. If this hypothesis is true,

oceanic foragers would reach sexual maturity and start

reproduction earlier than neritic foragers (Hatase et al.

2004).

To test the aforementioned hypothesis, information on

both foraging habitats and ages for recruits (first-time

nesters) must be collected. Based on previous findings

obtained by simultaneously using stable isotope analysis

and satellite telemetry (Hatase et al. 2002b), we can

distinguish between female turtles that are oceanic or

neritic foragers by measuring stable carbon and nitrogen

isotope ratios (d13C and d15N) in the yolks of their eggs.

In the previous study, during the post-nesting season,

turtles with low d13C and d15N indicative of oceanic

planktivores moved to oceanic areas, whereas turtles

with high d13C and d15N indicative of neritic benthivores

moved to neritic areas. In general, oceanic macroplank-

ton have lower d13C and d15N than neritic benthic ani-

mals due to the differences in primary producers on

which they are based and the trophic status that they

occupy (Michener and Schell 1994). Although skeleto-

chronology has traditionally been used to estimate sea

turtle ages (e.g. Avens and Goshe 2007), this method is

destructive and therefore cannot be applied to endan-

gered live sea turtles. Alternatively, telomere length in

the epidermis shortens with age in the loggerhead turtle

and is likely to be an age estimator for live sea turtles

(Hatase et al. 2008). Telomeres are oligonucleotide

repeats (TTAGGG for vertebrates) found at the end of

eukaryotic chromosomes, with their attrition occurring

during mitosis (Monaghan and Haussmann 2006). Mea-

surement of epidermal telomere length is the best

available non-invasive method at this time for estimating

relative ages of live sea turtles (Hatase et al. 2008). Sea

turtles are iteroparous and may demonstrate fidelity by

returning to the same nesting beaches from distant

feeding grounds every few years (Miller 1997). Thus,

long-term tagging censuses of individual nesting females,

even on relatively low-density nesting beaches, enable us

to categorize turtles as recruits or remigrants (experi-

enced nesters) (Hatase et al. 2002a, b).

In the present study, we first measured d13C and d15N in

egg-yolks from loggerhead turtle recruits to determine their

pre-nesting foraging habitats (oceanic or neritic). Second,

we compared epidermal telomere length between oceanic

and neritic foragers to test whether oceanic foragers start

reproduction earlier than neritic foragers. Based on the

results obtained in this study, we propose a mechanism that

could cause intrapopulation variation in feeding habitat use

by adult female loggerhead turtles. Elucidating the mech-

anisms behind individual decision-making about habitat

use will contribute to our understanding of the evolution of

alternative life histories within a population.

Materials and methods

Sample collection

Patrols looking for nesting turtles were conducted on foot

every night (2100 to 0500 h) at the adjacent Inakahama

(1.0 km length) and Maehama (0.9 km) beaches (30�240N,

130�260E), Nagata, Yakushima Island, Kagoshima Pre-

fecture, Japan, by at least two persons per beach, from 13

May to 30 June in 2008. Almost all sea turtles landing or

nesting on these two beaches have been monitored by the

Yakushima Sea Turtle Research Group throughout the

nesting season (April to August) annually since 1985

(Omuta 1997). Female loggerheads were identified by

placing external plastic or metal tags on both front flippers

and an internal tag (ID-100, Trovan, Ltd., UK) into the left

front flipper, or by checking existing tags. Nesting females

have been externally tagged since 1985 (Omuta 1997) and

internally since 2005 (Yakushima Sea Turtle Research

Group 2006). Because female loggerheads lay several

clutches of eggs (ca. 110 eggs per clutch [H. Hatase,

personal observation]) during a nesting season on the same

beaches and remigrate there about every 2 years (Kamezaki

et al. 1997; Omuta 1997), a newly tagged female without

tag scars was regarded as a recruit and a female tagged in

previous years or with tag scars as a remigrant. Although

Yakushima Island has several smaller beaches where

sea turtles land and nest other than the Inakahama and

Maehama beaches, about 80% of landing and nesting by

sea turtles at the Yakushima Island are concentrated on

these two beaches (Yakushima Sea Turtle Research Group

2009). Some females move between these two and other

smaller beaches within and between nesting seasons

(Yakushima Sea Turtle Research Group 2009). Thus, there

is a possibility that ‘‘recruits’’ at these two beaches con-

tained a few remigrants that had nested at other beaches in

previous years. In the present study, the epidermis and

eggs of a total of 102 recruits were sampled, which com-

prised 9.8% of all the recruits in this nesting population in

2008 (Yakushima Sea Turtle Research Group 2009).

Straight carapace lengths of all but eight females were

measured with calipers. Epidermis samples were sliced

from the dorsal side of the neck of turtles with a disposable

razor during oviposition (Beauty-M, Kai Razor Co., Ltd,

Gifu, Japan) and stored in 100% ethanol at room
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temperature. One egg was collected per individual female

during oviposition and frozen at -20�C until analytical

preparation.

Stable isotope measurements

Stable isotope ratios in egg-yolks were measured following

the methods described in Hatase et al. (2002b, 2006). d13C

and d15N are expressed as deviations from the standard as

defined by the following equation:

d13C or d15N ¼ ðRsample=Rstandard � 1Þ � 1000ð&Þ

where R is 13C/12C or 15N/14N. Pee Dee Belemnite (PDB)

and atmospheric nitrogen were used as the carbon and

nitrogen isotope standards, respectively. The analytical

precision was B0.25% for d13C and B0.12% for d15N.

Telomere length measurements

Relative telomere lengths were measured using a real-time

PCR method described in Hatase et al. (2008). The

amplification of telomeric DNA was compared to the

amplification of an endogenous control gene DNA of the

same sample and it was expressed as a T/C ratio. We used

the 18S ribosomal RNA (rRNA) gene as the control gene.

Multiple copies of the 18S rRNA gene exist in a cell

(Worton et al. 1988). Normally, single-copy genes such as

the 36B4 gene are used as a control gene in relative

quantification of telomere length (Cawthon 2002; Callicott

and Womack 2006). Although we tried the 36B4 gene as a

control gene and reexamined the relationship between age

and relative T/C ratios in the epidermis for loggerhead

turtles used in Hatase et al. (2008), the result was similar to

the published one (H. Hatase et al., unpublished data). We

thus adopted the 18S rRNA gene as a control gene. The

coefficient of determination for each standard curve was

[0.99. The T/C ratio for each sample was compared to that

of a reference standard, and it was expressed as a relative

T/C ratio. Real-time PCR was performed three times for

each sample, and the mean relative T/C ratio was used in

data analysis. If the difference in cycle threshold (Ct)

values between duplicates was \0.5 and the differences in

Ct values between each of these and another replicate were

C0.5, the other replicate was omitted as an outlier. Except

for the aforementioned case, if the differences in Ct values

between triplicates were C0.4, the sample was assayed

again. The average standard deviation for relative T/C

ratios in epidermis samples was 12.5%.

The complete data set on d13C and d15N in egg-yolks,

straight carapace lengths, and relative T/C ratios in the

epidermis for individual loggerhead turtles is available as

an appendix (Online Resource 1) in the Electronic Sup-

plementary Material.

Results

Female loggerheads were clearly divided into two groups

in a d13C–d15N map (Fig. 1). According to previous

findings (Hatase et al. 2002b), 27 females with a d13C of

\-18% and a d15N of \12% in egg-yolks were grouped

into oceanic planktivores, whereas 75 females with a d13C

of C-18% or a d15N of C12% were grouped into neritic

benthivores. The d13C and d15N of oceanic foragers ranged

from -20.5 to -18.5% and 9.2 to 11.9%, respectively,

whereas those of neritic foragers ranged from -18.5 to

-15.5% and 12.7 to 18.1% (Fig. 1). There were signifi-

cant differences in straight carapace length between oceanic

and neritic foraging groups (t-test, t = 6.461, df = 92,

P \ 0.0001; Fig. 2), with the mean (±SD) straight cara-

pace length for oceanic foragers (784 ± 31 mm; range,

739–872 mm; n = 27; Fig. 2a) being smaller than that for

neritic foragers (840 ± 40 mm; range, 729–925 mm;

n = 67; Fig. 2b). There were not significant differences in

relative T/C ratios in the epidermis between oceanic and

neritic foraging groups (t-test, t = 0.829, df = 100,

P = 0.41), with the mean and median relative T/C ratios in

the epidermis for oceanic foragers (mean ± SD, 1.79 ±

1.37; median, 1.44; range, 0.54–7.75; n = 27) being

slightly larger than those for neritic foragers (mean ± SD,

1.56 ± 1.13; median, 1.43; range, 0.30–9.84; n = 75)

(Fig. 3).
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Fig. 1 Plot of the d13C and d15N values in yolks from eggs that were

laid by recruits (first-time nesters) of the loggerhead turtle (Caretta
caretta) at Yakushima Island, Japan. Turtles with a d13C of \-18%
and a d15N of\12% were regarded as oceanic planktivores, whereas

turtles with a d13C of C-18% or a d15N of C12% as neritic

benthivores (Hatase et al. 2002b)
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Discussion

This study found that small oceanic-foraging recruits (first-

time nesters) of the loggerhead turtle have similar telomere

lengths in their epidermis cells to large neritic-foraging

recruits. This suggests that both foraging groups start

reproduction at similar ages, which was contrary to our

expectation that small oceanic foragers would reach sexual

maturity and start reproduction earlier than large neritic

foragers (Hatase et al. 2004).

Based on the results obtained in this study, we propose

the following scenario that produces and maintains intra-

population variation in the use of feeding habitats by adult

Japanese female loggerhead turtles. After hatching on

Japanese beaches, loggerhead turtles migrate to oceanic

areas in the central North Pacific along the Kuroshio

Current and spend their early lives there (Bowen et al.

1995; Polovina et al. 2004). Faster growing turtles during

their oceanic early lives may reach sexual maturity there,

whereas others may move from oceanic to neritic areas in

the western North Pacific in search of better growth

opportunities. In fact, in the western North Atlantic, growth

rates of neritic subadults were higher than extrapolated

growth rates of oceanic juveniles (Bolten 2003b). Turtles

moving to neritic areas may compensate for slow growth

during oceanic early lives with accelerated growth by

shifting diets from nutrient-poor macroplankton to nutri-

ent-rich benthic animals, as has been seen in some diad-

romous fishes (Metcalfe and Monaghan 2001; Kerr and

Secor 2009). Due to this possible compensatory growth,

neritic turtles could become larger than oceanic turtles at

sexual maturity and start reproduction at similar ages to

oceanic ones. Specialization to respective foraging habitats

by individual turtles during the adult life stage (Limpus and

Limpus 2001; Hatase et al. 2002b; Broderick et al. 2007)

may confer a fitness advantage on them through improved

foraging efficiency (Bolnick et al. 2003). Intrapopulation

variation in habitat use by animals are reported as dispersal

polymorphism in insects (e.g. Braendle et al. 2006), partial

migration in fishes (e.g. Brodersen et al. 2008), amphibians

(e.g. Grayson and Wilbur 2009), birds (e.g. Boyle 2008;

Gillis et al. 2008; Ogonowski and Conway 2009), and

mammals (e.g. White et al. 2007), facultative diadromy in

fishes (e.g. Tsukamoto and Arai 2001), or facultative pae-

domorphosis in amphibians (e.g. Doyle and Whiteman

2008), and many of these are dependent on environmental

conditions. Intrapopulation variation in feeding habitat use

by adult female sea turtles may be interpreted within the

same framework with the aforementioned phenomena.

Indeed, our recent genetic analysis suggested that oceanic

and neritic foragers of adult female loggerhead turtles are

genetically monomorphic and their foraging dichotomy

results from phenotypic plasticity (Watanabe et al. in

preparation). Although, in the present study, we only

considered a growth condition, mortality risk is another

condition that affects ontogenetic habitat shifts by animals

(Werner and Gilliam 1984). Future research must address

whether the same mechanism with the present study can
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explain the variation in habitat use within other conspecific

populations (East Atlantic, Hawkes et al. 2006; West

Atlantic, Reich et al. 2010) and populations of other sea

turtle species (green turtles, Hatase et al. 2006; Seminoff

et al. 2008) in order to generalize the mechanisms behind

habitat selection by individual sea turtles.

Intrapopulation variation in habitat use leads to alter-

native life histories. A notion that alternative life histories

in adult female loggerhead turtles do not have a genetic

basis (Watanabe et al. in preparation) predicts that average

fitnesses of the oceanic and neritic groups are unequal

(Gross 1996). But in the case of adult Japanese female

loggerhead turtles, which life history has a higher fitness?

Both oceanic and neritic foragers would start reproduction

at similar ages. However, their remigration intervals (the

intervals between successive nesting years) are longer than

those of neritic foragers perhaps because of the lower

energy contents of planktonic prey and the longer migra-

tion distances in oceanic habitats (Hatase and Tsukamoto

2008). In addition, remigration intervals and clutch fre-

quencies (the numbers of clutches laid by individual

females in a nesting season) for oceanic foragers may vary

more than those for neritic foragers because oceanic prey

(macroplankton) may fluctuate more with climate and

oceanographic processes compared to neritic prey (benthic

animals) (Broderick et al. 2001; Saba et al. 2008). Oceanic

foragers lay smaller clutches due to their smaller body sizes

(Van Buskirk and Crowder 1994). Remigration percent-

ages (survival percentages during the reproductive stage)

do not seem to be different between the two groups (Hatase

et al. 2004). Summing these up, neritic foragers may have a

higher fitness than oceanic foragers. Collection of other life

history parameters such as recruitment percentages (sur-

vival percentages from eggs to the first reproduction),

reproductive longevity, and age-related changes in fecun-

dity is a future subject for accurate comparison of fitness

between foraging groups. Altering phenotypes in response

to the environment would have allowed sea turtles to

maximize fitness and achieve their long evolutionary

history.
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