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Abstract

Aim: Quantifying the importance of habitat areas for conservation of highly migratory
marine species with complex life histories can be challenging. For example loggerhead
turtles (Caretta caretta) nesting in Japan forage both oceanically and neritically after
their reproductive period. Here, we aimed to quantify the proportions of turtles using
these two contrasting habitats (foraging dichotomy) to suggest priority conservation
areas.

Location: North Pacific Ocean.

Methods: We examined the occurrence of foraging dichotomy at three nesting sites
(Ishigaki, Okinoerabu Islands and Ichinomiya) based on stable isotope analysis of the
egg yolks for 82 turtles and satellite tracking of post-nesting migration for 12 turtles.
Moreover, we used the data of three other sites from previous studies (Yakushima
Island, Minabe and Omaezaki).

Results: Two neritic foraging grounds (East China Sea and the coastal area of the
Japanese archipelago), and an oceanic ground (North Pacific Ocean) were identified.
We found a latitudinal cline with respect to the occurrence of foraging dichotomy;
>84% of the females nesting at southern sites (Ishigaki and Okinoerabu Islands), 73%
at middle sites (Yakushima Island and Minabe) and <46% at northern sites (Omaezaki
and Ichinomiya) were neritic foragers; the proportion of oceanic foragers increased
at northern sites. Based on the annual number of nests in the entire nesting region of
Japan, satellite tracking and the latitudinal cline of foraging dichotomy, we estimated
that 70% and 9% of annual nesting females in Japan utilize the neritic foraging habitat
in the East China Sea and the coastal area of the Japanese archipelago, respectively,
and that and 22% utilize the oceanic habitat of the North Pacific Ocean.

Main conclusions: The East China Sea represents a critical foraging habitat for the
North Pacific populations of endangered loggerhead sea turtles. Our findings empha-

size the need for international management to ensure their protection.
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1 | INTRODUCTION

The conservation of large marine vertebrates is challenging because
they are typically slow-growing and late maturing, and mortality as a
result of human actions can severely and rapidly deplete their pop-
ulations [e.g. whales (Whitehead et al., 1997) and seabirds (Croxall
et al., 2012)]. In addition, large marine vertebrates are usually wide-
ranging and highly migratory. Therefore, they potentially face signif-
icant threats across their distributional range that may span multiple
nations, which makes the implementation of measures to conserve
them particularly challenging. Detailed knowledge of the distribu-
tion, range and habitats of these species is key to generate effective
conservation approaches (Gerber & Heppell, 2004; Hamann et al.,
2010; Rees et al., 2016). To manage migratory species with complex
life histories effectively, it is essential to understand their ecology
and life history and identify priority conservation areas with high
ecological importance throughout their life history (Scales et al.,
2014; Webster et al., 2002).

When designating a priority area for a specific population of
threatened species and evaluating the impact of conservation mea-
sures, it is essential to assess the number of individuals in a popula-
tion utilizing that area. However, quantifying such information for
marine migratory species presents unique challenges because it is
generally difficult to investigate their distribution, range, migration
route and connectivity between distant populations (e.g. between
reproductive and foraging sites) due to their complex life histories
(Scales et al., 2014; Webster et al., 2002). However, exciting ad-
vances in satellite telemetry, genetic and stable isotope analyses,
and combinations of these techniques have enabled researchers to
investigate the population and geographical range as well as con-
nectivity among distant populations of individual marine animals
(Ceriani et al., 2012; Hobson, 1999; Pajuelo et al., 2012; Rundel
et al., 2013; Webster et al., 2002). Indeed, the application of these
techniques has already enabled the identification of priority conser-
vation areas for marine migratory animals [e.g. seabirds (Arcos et al.,
2012), sea turtles (Pajuelo et al., 2012; Tomaszewicz et al., 2015) and
whales (de Castro et al., 2014)].

Sea turtles are an example of megafauna that exhibit complex
life histories with ontogenetic shifts across a wide variety of hab-
itat uses (Lutz & Musick, 1997). Understanding the complicated
relationships between nesting sites, nurseries and foraging areas is
crucial for quantifying the impacts of anthropogenic threats at the
population level as well as for designing effective conservation re-
sponses to these threats (Hamann et al., 2010; Wallace et al., 2010).
In particular, some sea turtle species exhibit polymorphisms with
respect to foraging habitats; turtles from a single nesting popula-
tion utilize multiple separate foraging sites, but an individual turtle
uses exclusively one of the multiple sites, although the populations

using these habitats are genetically similar (e.g. Ceriani et al., 2012;
Dutton et al., 2007; Eder et al., 2012; Hatase et al., 2002b; Hawkes
et al., 2006; Rees et al., 2010; Seminoff et al., 2012; Watanabe et al.,
2011; Zbinden et al., 2011). This polymorphism complicates the un-
derstanding of ecologically important areas and the establishment
of priority areas for their conservation and management.

Loggerhead turtles (Caretta caretta) are endangered worldwide
and are listed as vulnerable in the IUCN Red List, as only 10 popula-
tions exist globally (Casale & Tucker, 2017). Pacific loggerheads are
genetically isolated from loggerheads in other ocean basins (Bowen,
2003). In addition, there is a genetic discontinuity between North
Pacific loggerheads that nest in Japan and South Pacific logger-
heads that nest primarily in Australia and New Caledonia (Bowen,
2003; Bowen et al., 1995; Boyle et al., 2009; Hatase et al., 2002a;
Matsuzawa et al., 2016; Nishizawa et al., 2014; Watanabe et al.,
2011). In the North Pacific population, loggerhead turtles nest ex-
clusively in Japan (Kamezaki et al., 2003) and can be classified
into three genetic management units: the Japanese archipelago,
Yakushima and Okinawa (Matsuzawa et al., 2016). Over the last
three decades, loggerhead nesting populations in Japan have shown
arapid decline in the 1990s, followed by a trend of gradual recovery
(Biodiversity Center of Japan & Ministry of the Environment, 2016;
Kamezaki et al., 2003). Casale and Matsuzawa (2015) estimated that
the number of adult females was approximately 8,100 in the North
Pacific populations based on nest count data from 2009 to 2013.
Since 2013, however, it has drastically reduced again with several
nesting beaches attaining the lowest numbers of nesting individuals
in 2019 (Biodiversity Center of Japan & Ministry of the Environment,
2016, 2020), such as Omaezaki (Omaezaki city, 2020), Yakushima
(Martin et al., 2020), Okinoerabu (Y. Yamashita personal communi-
cation) and Ishigaki Islands (Okuyama et al., 2020). Therefore, imme-
diate conservation action for nesting populations is needed for the
sustainable management of the North Pacific population.

Hatase et al. (2002b) first reported the foraging dichotomy in
loggerhead females nesting in Japan. They found that small-sized
females migrated to the North Pacific Ocean (NPOQ) after the repro-
ductive period and mainly foraged on nutrient-poor planktonic prey in
oceanic habitats, whereas larger females mainly migrated to the East
China Sea (ECS) and foraged on nutrient-rich benthic prey in neritic
habitats (Hatase et al., 2002b, 2007, 2013). This foraging dichotomy
was verified in the nesting populations of Minabe and Yakushima
Island (Hatase et al., 2002b, 2013) and Omaezaki (Minami et al., 2008)
in Japan. However, the occurrence of dichotomy (neritic benthivore
vs. oceanic planktivore) differed depending on the nesting beaches.
Therefore, the proportion of individuals using neritic habitats and
those using oceanic habitats remains unclear, thereby hindering the ef-
fective conservation and management of the North Pacific loggerhead
population. Here, we examined the occurrence of foraging dichotomy
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by stable isotope analysis and determined the foraging habitat after
the reproductive period by satellite tracking of loggerhead females
nesting at three beaches which geographically represent the nesting
areas in Japan. Additionally, we combined these new data with existing
data to estimate the proportion of the entire nesting population in the
North Pacific utilizing either neritic or oceanic habitats and determined
the foraging areas with high priority that need to be protected to safe-

guard this endangered species.

2 | METHODS

2.1 | Nesting survey
In previous studies, the foraging dichotomy of loggerhead turtles and
its relationship to their body size were investigated at three major nest-
ing beaches in Japan [Minabe, Yakushima Island (Hatase et al., 2002b,
2013), and Omaezaki (Minami et al., 2008)]. Therefore, to assess the
trend of foraging dichotomy in the entire nesting area of Japan, we
chose three other nesting sites in this study to represent the geo-
graphic nesting regions of Japan; Ishigaki Island, Okinoerabu Island and
Ichinomiya (Figure 1a). Ishigaki Island is the geographic southern limit
of nesting sites in the North Pacific loggerhead population (Okuyama
et al., 2020), while Ichinomiya is the northern limit. Okinoerabu Island
is located between the Yakushima and Ishigaki Islands. In addition to
these six nesting sites, data on the straight carapace length (SCL) of
females in Miyazaki are also available (Kamezaki et al., 1995). Since the
SCL of females is related to the type of foraging dichotomy (Hatase
etal., 2002b, 2013), we compared the SCL among seven sites including
Miyazaki to estimate the trend of dichotomy in terms of body size. In
this study, Ichinomiya and Omaezaki are termed as the two northern
nesting sites, while Okinoerabu and Ishigaki Islands are the southern
ones. Minabe, Miyazaki and Yakushima Island are the middle sites
(Figure 1a). The annual number of nests, in the order of north to south,
in Ichinomiya, Omaezaki, Minabe, Yakushima Island, Okinoraebu Island
and Ishigaki Island account for 0.3%, 1.1%, 1.7%, 50.1%, 2.1% and 0.3%
of the annual nests in all nesting sites respectively (Kamezaki, 2012).

On the southernmost site Ishigaki Island, regular surveys for
nesting have been conducted since 1993 (Okuyama et al., 2020).
For isotope analysis, one egg sample was collected from each nest
during 2015-2018. Unfortunately, the nesting events of loggerhead
turtles were rarely seen on Ishigaki Island because of the very small
nesting population (the range of annual number of nests: 5-12,
Okuyama et al., 2020). Thus, we collected the eggs only from the
nests that occurred within 8 days on a beach in each year to avoid
sampling the eggs from the same female, based on the fact that the
inter-nesting interval of females varied between 9 and 14 days on
Ishigaki Island (Okuyama et al., 2020). The data on SCL of nesting
females were obtained from the results of a previous nesting survey
during 2003-2013 (Okuyama et al., 2020).

On the southern Okinoerabu Island, a nesting survey was con-
ducted on three beaches (Okidomari, Wanjo and Yowa) during the
main nesting season (from the end of May to the middle of June)

Coversity = isiions BYU TRV

from 2015 to 2018. If turtles were encountered during the night sur-
vey, the SCLs of nesting individuals were measured. They were then
tagged externally using metal and plastic tags on both hind flippers.
These procedures took place after the turtles completed laying eggs
in their nests. A single egg was collected from each female during
oviposition.

The northernmost site Ichinomiya occupies a 20-km-long beach
where sea turtles nest. Daily and nightly nesting surveys were con-
ducted from 2015 to 2018. Similar to Ishigaki Island, Ichinomiya also
has an extremely low density of nesting populations because it lies
at the northern limit of the loggerhead nesting area. Therefore, nest-
ing events were rarely seen. However, if a female was encountered,
we tagged and measured its SCLs. The eggs were sampled from all
nests that occurred during 2016-2018 because we could not iden-
tify the individual females due to the lack of nesting interval data.

Only one egg sample was collected from each nest.

2.2 | Satellite tracking

Argos satellite-linked transmitters (Satellite Relay Data Logger
(SRDL), SMRU Instrumentations, UK or TAM-4410-3, Telonics,
Inc.) were deployed on 12 turtles (Table 1). Of these turtles tracked,
egg samples for the isotope analysis were obtained from 10 turtles
(Table 1). Unfortunately, the egg samples from the remaining two
were not obtained because they did not lay eggs when the transmit-
ter was deployed. Eight transmitters were deployed on the south-
ern Okinoerabu Island and four transmitters were deployed at the
northernmost site Ichinomiya (Table 1). No turtles were satellite-
tagged on the southernmost Ishigaki Island because none were en-
countered during the research period. The transmitter was deployed
on the carapace using epoxy putty, two-component epoxy resin and
a glass fibre cloth (Konishi Co., Ltd.) after the physical measurements
and conventional tag attachment.

To plot the migration trajectories, we used the location data with
Argos location classes (B, A, 0, 1, 2, 3). The first two classes have no
accuracy information assigned by Argos, and the remaining classes
have reported accuracies of >1,500, 500-1,500, 250-500 and
<250 m respectively. However, location error has been measured on
marine mammals as 10.3 and 6.2 km for class B and A respectively
(Costa et al., 2010). Location data with excessive speed (>5 km h™)
were omitted (Luschi et al., 1998). An anomalous movement pattern
of tracked turtles based on location and dive data was regarded
as a mortality event (Schofield et al., 2020). The SRDL provided a
temperature-depth profile while tracking the turtles. Sea surface
temperature (SST) was defined as the temperature at 5-m depth,
which was the shallowest point of the temperature-depth profile.

2.3 | Stable isotope analysis

The stable isotope values of §*°C and §*°N of nesting turtles were in-
vestigated to determine the occurrence of foraging dichotomy in the
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FIGURE 1 (a) A map showing the nesting locations of loggerhead turtles in Japan where surveys were conducted either in this study or

in previous studies. Dashed lines represent the segments of nesting areas between north, middle and south. (b) A comparison of the straight
carapace length (SCL) of nesting loggerhead turtles among the nesting sites. Vertical bars represent the standard deviations. The numbers
above the columns represent the sample size for each site. (c) A comparison of the proportion of foraging types of nesting loggerhead turtles
among the nesting sites. Red represents neritic foraging benthivores, while blue represents oceanic planktivores. Note that the proportion
of foraging types in Ichinomiya (ICH) was estimated from the stable isotope ratios of egg yolk for all nests made during the research period
and clutch frequency of nesting season of oceanic and neritic females (see Methods)

southernmost Ishigaki Island, the southern Okinoerabu Island and the
northernmost site Ichinomiya. Furthermore, they were also used to
examine the link between the isotope values from satellite-tracked
turtles and their post-nesting foraging habitat. In accordance with
previous studies (Hatase et al., 2002b, 2013), an egg yolk was used as
the material for stable isotope analysis to compare the occurrence of
foraging dichotomy in the current study with that reported in previous
studies. An egg yolk was also chosen, since the nesting females were
rarely seen in Ishigaki Island and Ichinomiya, and it could be sampled
after females finished nesting and returned to the sea. All whole egg
samples were frozen at ~20°C until analytical preparation. Following
this, the egg yolk samples were dried at 60°C for 72-96 h. Lipids were
removed using a chloroform-methanol (2:1) solution and then ground
to a fine powder. The carbon and nitrogen stable isotope ratios in the
egg yolks were measured as per the methods described by Hatase
et al. (2002b). Isotope ratios in lipid-free powdered yolks (~2 mg)
were determined at the Atmosphere and Ocean Research Institute,
University of Tokyo, using a mass spectrometer (IsoPrime100) inter-
faced with an elemental analyser (Vario Micro Cube). The §'°C and

55N were expressed as deviations from the standard (Vienna Pee
Dee Belemnite and N, in air for §'°C and §"°N respectively), as de-
fined by the following equation: §'3C or 8°N = (Rsample/R -1) x
1,000(%o), where R is 13C/*2C or N/*N. The isotopic composition
was calibrated against a commercial standard (L-Alanine AZ101-S513,
813C = -19.6%0 and 8'°N = 13.7%o, Shoko Science). The analytical
precision was estimated to be 0.2%o for both §*3C and §*°N based on
repeated analyses (n = 5) of in-house standard (mussel tissue stand-
ard for trace elements, SRM 2976, National Institute of Standards and
Technology) of which CN ratio is similar to egg yolk.

standard

For the turtles for which the post-nesting foraging types (neritic
benthivore vs. oceanic planktivore) were unknown, we conducted a
quadratic discriminant analysis based on the stable isotope ratios of
the egg yolks to categorize them into each of the two types (Ceriani
etal., 2012; Pajuelo et al., 2012). First, we created a prediction model
of a quadratic discriminant function using the stable isotope ratios
of §*3C and &'°N in 10 turtles for which the post-nesting foraging
regions were determined by satellite tracking (Table 1). The accuracy
(the probability of correct assignment) and error rate of the prediction
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TABLE 1 Physical information and tracking summary of nesting loggerhead turtles in this study

Foraging
ID Release date Nesting site SCL (mm) Destination Days tracked (d) PTT type
Oki-1 2016/6/17 Okinoerabu 785 North Pacific 58 SRDL Oceanic
Oki-2 2016/6/25 Okinoerabu 798 North Pacific 543 SRDL Oceanic
Oki-3 2016/6/27 Okinoerabu 915 East China Sea 516 SRDL Neritic
Oki-4 2016/6/29 Okinoerabu 862 The Japanese archipelago 139 SRDL Neritic
Oki-5 2017/6/4 Okinoerabu 876 East China Sea 39 SRDL Neritic
Oki-6 2017/6/7 Okinoerabu 818 East China Sea 215 SRDL Neritic
Oki-7 2017/6/19 Okinoerabu 843 East China Sea 219 SRDL Neritic
Oki-8 2018/6/5 Okinoerabu 804 East China Sea 218 SRDL Neritic
Ich-1 2015/7/26 Ichinomiya 768 East China Sea 338 TAM-4410-3 -
Ich-2 2016/6/22 Ichinomiya 784 North Pacific 111 SRDL Oceanic
Ich-3 2016/7/30 Ichinomiya 801 North Pacific 93 TAM-4410-3 Oceanic
Ich-4 2017/8/27 Ichinomiya 870 The Japanese archipelago 114 SRDL -

Note: Foraging type was determined by the isotope ratios of egg yolk.

Abbreviations: SCL, straight carapace length; PTT, platform terminal transmitter; SRDL, satellite relay data logger.

model of discriminant function were 80% and 20%, respectively,
which were determined by leave-one-out cross-validation. In this
method, data from a single turtle are removed from the overall data
and classified into a foraging region by the functions derived from
all turtles other than the excluded turtle, with the process being
repeated for each remaining turtle. We then applied the prediction
model of a quadratic discriminant function to assign the turtles for
which the post-nesting foraging region was unknown, to either neritic
benthivore or oceanic planktivore foraging type. We used only as-
signment data of foraging types with 280% of a posterior probability
(Pajuelo et al., 2012), to calculate the proportions of foraging types in
each nesting site. The quadratic discriminant analysis was conducted
using the statistical program R and MASS package (R Development
Core Team, 2021).

As for the egg samples collected at the northernmost site
Ichinomiya, we could not identify individual females. Thus, the sta-
ble isotope ratios of egg yolk for all nests made during the research
period (2016-2018) were measured. To estimate the proportion of
foraging dichotomy of females nesting at Ichinomiya, we used the
data of clutch frequency per nesting season of oceanic and neritic
females (3.6 and 4.3 respectively) obtained at Yakushima Island
(Hatase et al., 2013) and calculated the estimated number of indi-
vidual females of each foraging type in each year in Ichinomiya using

the following equation:

Nestyeriti

IndiVyeritic = % 1)
Nest, '

IndivOceanic = % )

where, Indivyi and Indivg ., are the estimated numbers of

neritic and oceanic females respectively. Nest and Nesty i

Neritic
represent the number of nests built by neritic and oceanic females

respectively. Thus, we calculated the proportion of foraging dichot-
omy from the estimated numbers of neritic and oceanic females for
each year and then averaged it across the 3 years of the research
period (2016-2018).

2.4 | Estimating the proportion of foraging
dichotomy in the entire nesting population

In Japan, there are more than 300 beaches where loggerhead
turtles nest. Six nesting sites in this study—with the exception
of Miyazaki where the foraging dichotomy was not examined—
correspond to only 55.7% of the annual number of nests in the
entire nesting population of Japan (Kamezaki, 2012). To estimate
the proportion of foraging dichotomy in the entire nesting popula-
tion in Japan, we divided all nesting sites in Japan into six regions
(Figure 4). This segmentation was based on the geographical loca-
tions of the six nesting sites investigated in the current and pre-
vious studies (Ichinomiya, Omaezaki, Minabe, Yakushima Island,
Okinoerabu Island, Ishigaki Island) to cover all the nesting sites
in Japan. We then assumed that the characteristics of foraging
dichotomy in each of the six regions (I to VI from the northern-
most site) were represented by six nesting sites investigated in
this study (from north to south, Ichinomiya, Omaezaki, Minabe,
Yakushima Island, Okinoerabu Island and Ishigaki Island) based on
the latitudinal cline of the proportion of foraging dichotomy (see
the Results). The six regions (I to VI) comprise 0.3%, 13.7%, 74.1%,
4.9%, 6.6% and 0.5% of the annual number of nests in the entirety
of Japan respectively (Kamezaki, 2012). Furthermore, we assumed
that the clutch frequencies per nesting season of oceanic and
neritic females were 3.6 and 4.3 respectively (Hatase et al., 2013).
Thus, the number of individuals of neritic and oceanic females in
the entire nesting population was estimated using the following
equations:
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INdiVRegion, Neritic X 4-3 + INdiVRegion oceanic X 34 = Proportiongegie, (3)

IndlvRegion, Neritic * InleRegion,Oceanic = RatloRegion,Neritic : RatloRegion, Oceanic (4)

where, Region represents each of six regions (I to VI); Proportion and
Ratio represent the proportion of annual number of nests at a given
region to those in all nesting regions and the ratio of foraging dichot-
omy (neritic benthivore or oceanic planktivore) at a given region re-
spectively. Solving these equations for each of the six regions provided
the numbers of individuals of neritic and oceanic turtles in the six nest-
ing regions. The number of individuals of neritic (Indivg . Neritid) @nd
oceanic turtles (IndivEntire, oceanid IN the entire nesting population was
arrived at by adding the numbers of individuals from the six nesting
regions. According to the summary of satellite tracking experiments
which have been conducted since 1992 (Table 2), the neritic foraging
type consists of the turtles utilizing the ECS and the coastal area of
the Japanese archipelago. Following this, the numbers of individuals of
neritic turtles utilizing the ECS (IndivRegion,ECS) and the coastal area of
the Japanese archipelago (Indiv Region’JA) for each nesting region were

calculated based on the tracking summary (Table 2) using the following

equations:
IndiVgegion ecs = INdiVregion, Neritic X 0.89 (5)
IndiVgegiona = INAIV gegion Neritic X 0-11 (6)
3 | RESULTS
3.1 | Straight carapace length

Our nesting survey showed that the mean SCLs (+SD) of females nest-
ing on the southernmost Ishigaki Island, the southern Okinoerabu
Island and the northernmost site Ichinomiya were 872 + 60 mm
(h=19),862 + 40 mm (n =43)and 800 + 42 mm (n = 7) respectively

(Figure 1b). There was a significant difference in the SCL among the
three sites [One-way analysis of variance (aNova), Fr66=06.5p< .01].
To offset the difference in sample size, we conducted a sensitivity
analysis 20 times to examine the difference among the three sites,
with seven samples randomly selected for each site. However, there
were no significant differences in any of the comparisons. Including
the SCL data obtained at Yakushima Island (n = 55, Hatase et al.,
2002b), Miyazaki (n = 183, Kamezaki et al., 1995), Minabe (n = 29,
Hatase et al., 2002b) and Omaezaki (n = 33, Nobetsu et al., 2004),
the SCL of nesting females declined in the turtles from the nesting
sites in the south to the north (the southern two sites: 867 mm, the
middle three sites: 839 mm and the northern two sites: 807 mm on

average, Figure 1b).

3.2 | Post-nesting migration destinations
In total, eight females nesting on Okinoerabu Island were tracked
for 243 + 190 days after their reproductive period, while four tur-
tles from Ichinomiya were tracked for 164 + 116 days (Table 1). For
detailed descriptions on the individual movement of tracked tur-
tles, see Appendix S1. In brief, five of the eight turtles nesting on
Okinoerabu Island migrated to the East China Sea (ECS) and stayed
within a narrow area, except for Oki-3 and Oki-8 which showed
seasonal migration (Figure 2a,b). The other two turtles (Oki-1
and Oki-2) migrated eastward along the Kuroshio Current, and
then reached the oceanic area of the North Pacific Ocean (NPO)
(Figure 2a). The last of the eight turtles (Oki-4) undertook post-
nesting migration to the coastal area of the Japanese archipelago
and stayed in the area for approximately 4 months (Figure 2a,c).
After that, she probably died because her location data moved to
the open ocean, while her dive data showed that she always stayed
at the surface.

Two of the four females tagged at Ichinomiya (Ich-2 and Ich-
3) migrated eastward and reached the NPO (Figure 2a). Another

TABLE 2 Summary of post-nesting foraging sites of loggerhead females in Japan

Place where turtles

Sources were released
Baba et al. (1992) Omaezaki
Baba et al. (1993) Omaezaki
Sakamoto et al. (1997) Minabe

Japan Fisheries Resource Conservation Yakushima lIs.

Association (1999)

Hatase et al. (2002b) Minabe
Nobetsu et al. (2003) Omaezaki
Nobetsu et al. (2004) Omaezaki

Hatase et al. (2007)
Oki et al. (2019)

Yakushima Is.
Amami Oshima Is.

Okinoerabu Is. &
Ichinomiya

Present study

Numbers The Japanese

tracked ECS archipelago NPO Unidentified
3 1 1 1
2 0 2 0
2 0 0 0
23 20 1 2 0
5 3 0 2 0
2 0 0 2 0
7 3 1 3 0
2 1 0 1 0
5 5 0 0 0
12 6 2 4 0

Abbreviations: JFRCA, Japan Fisheries Resource Conservation Association; ECS, East China Sea; NPO, North Pacific Ocean.
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FIGURE 2 (a) Post-nesting migration of 12 female loggerhead turtles nesting at Okinoerabu Island (open star) and Ichinomiya (filled star).
End points of the migration routes of the turtles nesting at Okinoerabu Island and Ichinomiya are represented by open and filled circles
respectively. Red trajectories represent the migration routes of neritic foraging benthivores determined by isotope analysis (see the blue-
boxed graph), while blue trajectories represent those of oceanic planktivores. Green trajectories show the migration routes of nesting turtles
whose foraging type was not investigated because the egg samples were not collected. The graph in the blue-boxed graph illustrates the
513C and §'°N values in yolks from eggs laid by loggerhead turtles whose post-nesting migration routes were tracked. Red dots represent
turtles migrating to the neritic regions (East China Sea and the coastal area of the Japanese archipelago), while blue dots represent those
migrating to the oceanic region in the North Pacific Ocean. The dashed line represents the partition between oceanic and neritic foraging
types determined by a quadratic discriminant analysis (see main text). Post-nesting migration routes and utilized areas of nesting loggerhead
turtles are shown in (b) the East China Sea and (c) the coastal area of the Japanese archipelago. Each individual is represented by a colour.
Note that (b) and (c) show the migration routes only for turtles utilizing the East China Sea and coastal area of the Japanese archipelago
respectively

(Ich-1) headed westward and reached the middle part of the ECS 3.3 | Stable isotope ratio analysis and proportion of
(Figure 2a,b). The last of the four turtles (Ich-4) stayed in the coastal foraging types

area with seasonal migration in the eastern part of the mainland of

the Japanese archipelago for approximately 4 months (September- Stable isotope ratios in egg yolks from a total of 82 females were
December) (Figure 2c). She then left the coastal area and headed analysed. The mean §'3C values (+SD) of the egg yolk collected from
southward to the open ocean. Unfortunately, the transmission ter- Ishigaki Island (in 2015: n = 4, 2016: n = 2, 2017: n = 3), Okinoerabu

minated soon after she left the coastal area. Island (in 2016: n = 10, 2017: n = 12, 2018: n = 8) and Ichinomiya (in
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2016:n=19,2017:n=21,2018:n=3)were -17.4 +1.1,-179 + 1.1
and -18.7 + 1.3%o, while the §'°N values were 13.8 + 1.1, 13.8 + 1.5
and 12.5 + 2.0%o respectively (Figure 3). There were significant dif-
ferences in the *3C and 5*°N values between the three nesting sites
(one-way ANovA, F, o = 6.90, p < .05 for 8'°C, F, ;, = 5.80, p < .05
for 81°N).

The isotopic ratios in the egg yolk laid by 10 of the 12 females
tracked during the post-nesting migration indicated that the females
migrating to the ECS and the coastal area of the Japanese archipelago
could be classified as neritic benthivores (n = 6, -18.5%o to -15.0%0
for 613C, 12.8%o to 19.0%. for 5'°N, Figure 2a), while those moving
to oceanic areas in the NPO could be classed as oceanic planktivores
(n = 4, -20.5%o to -19.7%o for 8*3C, 10.6%o to 11.9%o for 5'°N).
Moreover, for the 10 turtles for which the post-nesting foraging re-
gions were determined by satellite tracking, there was a significant
difference in combined §'°C and 5'°N values between neritic and
oceanic foraging types [Multivariate analysis of variance (MaNovA),
F,,=813,p< .05]. Of the neritic foragers, the turtle migrating to
the Japanese archipelago (Oki-4) had higher 8*°N values than those
in the ECS. A comparison of the body sizes of turtles between oce-
anic and neritic areas (ECS and coastal area of the Japanese archi-
pelago) revealed that oceanic foraging females (792 + 9 mm, n = 4)
were significantly smaller than neritic females (853 + 40 mm, n = 6,
t test, t = 2.9, p <.05).

The stable isotope analysis by the current and previous stud-

ies revealed that the proportions of foraging types in the nesting
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FIGURE 3 A plot of the 8*3C and 8*°N values in yolks from eggs
that were laid by loggerhead turtles in Ishigaki (squares, n = 9)

and Okinoerabu Islands (triangles, n = 30), and Ichinomiya (circles,
n = 43). Red represents neritic foraging benthivores, while blue
represents oceanic planktivores. The grey area represents the
partition between oceanic and neritic foraging types determined
by a quadratic discriminant analysis. Turtles assigned with 280%

of a posterior probability are shown as filled symbols (n = 80),
while open symbols represent the turtles assigned with <80% of a
posterior probability (n = 2)

sites in Japan showed a geographic gradient similar to that in SCL,
in which the neritic type increased as the latitude decreased (in
more southern sites) (Figure 1c). A quadratic discriminant analysis
showed that 98% (80 out 82) of the turtles were assigned to one of
the foraging types (neritic benthivore vs. oceanic planktivore) with
280% of a posterior probability (Figure 3). The remaining two tur-
tles with <80% of a posterior probability were from Ishigaki Island
and Ichinomiya respectively. Thus, these two turtles were omitted
from the following calculation on the proportion of foraging types.
The proportions of foraging types (neritic vs. oceanic) at each nest-
ing site were 100.0:0.0 on the southernmost Ishigaki Island (n = 8),
86.7:13.3 on the southern Okinoerabu Island (n = 30) and 43.4:56.6
at the northernmost site Ichinomiya (n = 42). Previous studies
have reported that the proportions of foraging types at the mid-
dle sites Yakushima Island, Minabe (Hatase et al., 2002b) and the
northern Omaezaki (Minami et al., 2008) were 84.0:16.0, 61.4:38.6
and 46.3:53.7 based on stable isotope analysis of the egg yolks
(Minabe: n = 44, Yakushima: n = 105) or of the blood cell and plasma

(Omaezaki: n = 54) respectively.

3.4 | The proportion of foraging dichotomy in the
entire nesting population

Based on the data on the proportion of foraging dichotomy (neritic
vs. oceanic) in the six nesting beaches (Figure 1c), the annual num-
ber of nests in the entire nesting region of Japan (Kamezaki, 2012)
and the satellite tracking experiments (Table 2), we estimated that
70% and 9% of annually nesting females were neritic foragers that
utilized the ECS and the coastal area of the Japanese archipelago, re-
spectively, and that 22% were oceanic foragers that utilized the NPO
as their foraging habitat after their reproductive period (Figure 4).

4 | DISCUSSION
4.1 | Foraging dichotomy in the North Pacific
loggerhead nesting population

Stable isotope analysis of egg yolks demonstrated that logger-
head females nesting at three nesting beaches (the southernmost
Ishigaki Island, the southern Okinoerabu Island and the northern-
most site Ichinomiya) in the North Pacific exhibited foraging di-
chotomy (neritic benthivore vs. oceanic planktivore), although the
turtles at the southernmost site, Ishigaki Island, were 100% neritic
benthivores. The results of assignment to two foraging types by a
quadratic discriminant analysis in this study were similar to those
by assignment based on the criteria of Hatase et al. (2013); only
two individuals were classified to different foraging types based on
the two methods. Although only 12 females were satellite-tracked
in our study, the results revealed that most females nesting on
Okinoerabu Island (the southern site) and Ichinomiya (the north-
ernmost site) migrated to the ECS and the NPO after their nesting
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FIGURE 4 A schematic showing the
estimated proportions of individuals

of annually nesting loggerhead turtles
utilizing three foraging habitats from
six regions (I to VI) of the nesting area
of Japan. Colours represent each of
the six regions in the nesting area. ICH,
Ichinomiya; OMA, Omaezaki; MIN,
Minabe; YAK, Yakushima Island; OKI,
Okinoerabu Island; ISH, Ishigaki Island

East
China Sea

period. These areas corresponded with the destinations of post-
nesting migration of 51 turtles in six other nesting sites that were
not sampled in this study (Table 2). Therefore, the ECS and NPO
are essential foraging grounds for North Pacific loggerhead popula-
tions. On the other hand, this study found that two of 12 females
stayed in the coastal area of the Japanese archipelago for a consid-
erable length of time after their nesting period. In particular, the
turtle tracked from the northernmost site Ichinomiya (Ich-4) utilized
the coastal area of the Japanese archipelago during the warmer pe-
riod after nesting, left the coastal area before the onset of winter,
and headed for the open ocean. This movement pattern is similar to
the seasonal foraging migration of large juvenile loggerhead turtles
which utilized the coastal area during summer and migrated to oce-
anic warmer waters during fall, winter and spring (Narazaki et al.,
2015). Moreover, previous satellite tracking studies have demon-
strated that three of 51 females nesting in Japan exhibited post-
nesting migration to the coastal area of the Japanese archipelago
(Table 2). Another turtle that was tracked from the southern site
Okinoerabu (Oki-4) to the coastal area of the Japanese archipelago
exhibited higher 5'°N values (>18%o) than the neritic turtles in the
ECS. In this study, such a high value (>18%o) of §}°N was recorded
in three of the 57 neritic turtles. Hatase et al. (2013) also reported
one turtle with >18%o of §'°N in their 304 samples of neritic turtles,
although this turtle was not satellite-tracked to determine its post-
nesting foraging habitat.

The benthic animals inhabiting the urban coastal areas of the
Japanese archipelago were reported to have a high §:°N value (about
15%0) due to the eutrophication of the coastal waters (Kobayashi
et al., 2019; Watanabe et al., 2009; Xue et al., 2009). This fact was
also true for the coastal area to which the Oki-4 migrated (Doiuchi
et al., 2011; Murai et al., 2008). Meanwhile, the 5N value of the
benthic animals in the ECS ranged between 10%. to 12%. (Chang
et al,, 2014; Hatase et al., 2002). Animal 5*°N is enriched ca. 3%o to
4% relative to the diet 8*°N (DeNiro & Epstein, 1978; Minagawa &
Wada, 1984). Therefore, our results suggest that the neritic logger-
head females with '°N values ranging between 10.2%o and 19.8%o
are possibly utilizing the coastal area of the Japanese archipelago
and the ECS as a foraging ground, although the proportion of the
turtle population using the coastal area of the Japanese archipelago
is comparatively low.

Coversity = isiions BYU TRV

North Pacific Ocean

0.03%

The coastal area of
the Japanese archipelago

42 |
foraging dichotomy

Latitudinal cline in the proportion of

This study demonstrated a latitudinal cline of the ‘neritic benthi-
vore versus oceanic planktivore’ foraging dichotomy. This fact mir-
rors a latitudinal cline in the average size of nesting turtles because
the neritic turtles are larger than the oceanic turtles (Hatase et al.,
2002b, 2013), that is the increase in the proportion of neritic forag-
ers results in an increase in body size. Although the foraging dichot-
omy of females nesting in Miyazaki—located between Minabe and
Yakushima Island—was not examined, the body size of these turtles
was intermediate between Minabe and Yakushima Island, indicating
that the nesting population in Miyazaki also follows the latitudinal
cline with respect to foraging dichotomy. However, the isotope ra-
tios and the turtle size for each nesting site were collected in dif-
ferent years (e.g. the data for Minabe were obtained in 1998-1999,
while data for Okinoerabu Inland were obtained in 2015-2018).
Hatase et al. (2013) reported the foraging dichotomy and the tur-
tle size of each foraging type in three discrete years (1999, 2008
and 2011) on Yakushima Island, showing the approximate trend in
foraging dichotomy and the turtle sizes did not change among the
years. Therefore, we strongly believe that there is a temporal con-
sistency in the latitudinal cline of the foraging dichotomy throughout
the years.

The reason behind the occurrence of such a latitudinal cline in
the foraging dichotomy will be discussed in this section. A similar
but inverse latitudinal cline, in which the body size increased with
higher latitude, was recorded in the Mediterranean loggerhead
population (Schofield et al., 2013). Moreover, a similar trend was
confirmed for the foraging-site polymorphism in the Northwest
Atlantic loggerhead nesting populations, however, all the turtles
were neritic benthivores (Pfaller et al., 2020). Furthermore, similar
latitudinal clines in life-history polymorphisms have been reported
in marine migratory species, including three species of eels [river,
estuary and marine types (Daverat et al., 2006; Tsukamoto et al.,
2009)] and Salmonidae species [migrants to the sea vs. resident in
freshwater (Kato, 1991; McDowall, 1997)]. These clines in eels and
salmons could be explained by the increase in food abundance be-
tween freshwater and marine habitats at different latitudes; the pro-
ductivity of marine habitats is much higher than that of freshwater
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in the northern regions, whereas freshwater habitats have greater
productivity in the southern regions (Daverat et al., 2006; Kato,
1991; Tsukamoto et al., 2009). The difference in food abundance
might be a reason for triggering the foraging dichotomy in logger-
head turtles as well. Hatase et al. (2002b) suggested that differences
in the habitats of immature turtles cause differences in habitat se-
lection between neritic and oceanic habitats after sexual maturity.
Indeed, Lagrangian numerical simulation based on a high-resolution
ocean circulation model indicated that the dispersal processes of
post-hatchling turtles in the North Pacific differed between nesting
sites (Okuyama et al., 2011). Therefore, the latitudinal cline of the
foraging dichotomy might be caused by differences in the dispersal
process and habitat selection of the turtles born in either northern
or southern nesting sites (Hays et al., 2010). However, further stud-
ies are needed to reveal the mechanisms behind foraging dichotomy
or polymorphism in loggerhead turtles.

Hatase et al. (2004) suggested that adult females do not change
habitat with age after the establishment of their foraging type during
the immature stage of their life history, indicating that the selection
of foraging habitats (neritic vs. oceanic) does not depend on the geo-
graphical distance between a nesting site and a foraging habitat, but
instead depends on foraging type. For example some females nest-
ing at the southern sites utilize the NPO as a foraging habitat (e.g.
Oki-1 and Oki-2) despite the ECS being located close to their nesting
sites. Similarly, some females nesting at the northern sites utilize a
distant foraging habitat at the ECS (e.g. Ich-1).

4.3 | Implications for conservation management of
North Pacific loggerhead population

Our results demonstrated that a substantial proportion of annu-
ally nesting females are neritic foragers that utilize the ECS as their
foraging habitat after their reproductive period, whereas the pro-
portions of neritic type foragers in the coastal area of the Japanese
archipelago and oceanic type in the NPO were relatively small.
These facts indicate that the ECS is critically important as a foraging
site for nesting females of loggerhead turtles, and that it is a priority
conservation area for North Pacific loggerheads. Previous studies
have also indicated the importance of the ECS for nesting females
of loggerhead turtles (Hatase et al., 2002b), as well as for males and
subadults (Kobayashi et al., 2011; Saito et al., 2015). Most logger-
heads, particularly those migrating to the southern ECS, showed
site fidelity towards narrow foraging areas and did not change lo-
cations throughout the tracking period (Hatase et al., 2007; Japan
Fisheries Resource Conservation Association, 1999; Oki et al,,
2019; Saito et al., 2015; present study). Moreover, the turtle Oki-3,
showed site fidelity towards her summer foraging spot across the
years. Similar site fidelity over multiple years has been reported in
the Mediterranean (Broderick et al., 2007).

The duration of the adult stage (post-maturation longevity) of
loggerhead turtles has been estimated to be 19 years on average
(Avens et al., 2015). Therefore, each female would utilize the ECS

for more than two decades in her life history, including the subadult
stage. These facts further enhance the indispensability of the ECS
as a foraging habitat of North Pacific loggerheads. Moreover, ner-
itic foraging turtles have a 2.4-fold greater reproductive output than
oceanic foraging turtles (Hatase et al., 2013). These facts further
highlight the necessity of habitat protection and risk assessment in
the ECS for conservation management of the entire North Pacific
loggerhead population because the conservation of mature females
is directly linked to the recovery of reproductive output (the number
of nesting events).

In the ECS, fisheries bycatch is the main cause of mortality (Chan
etal., 2007), and this is the case throughout the North Pacific Ocean
(Casale & Matsuzawa, 2015). Indeed, bycatches of loggerhead turtle
nesting in Japan have been reported in the ECS mainly as caused
by bottom trawl fisheries (lwamoto et al., 1985; Kamezaki et al.,
1997; Nishimura & Nakahigashi, 1990). However, to the best of our
knowledge, no scientific information on the mortality and bycatch
rates of loggerhead turtles in the ECS is available, although there
are some reports available in other foraging regions [e.g. the coastal
waters of Japan (Ishihara et al., 2014), North Pacific (Martin et al.,
2020), Baja California and Mexico (Seminoff et al., 2014)]. This lack
of data emphasizes the urgent need for a quantitative assessment
of the threats to sea turtles around the ECS and the effects on their
mortality. Moreover, regarding the cross-border conservation of the
North Pacific loggerhead populations, there is now a tri-national re-
covery team that brings together policymakers from Japan, Mexico
and the United States to manage a multinational conservation action
plan (Seminoff et al., 2018). Our results emphasize that this multina-
tional conservation management should include more countries sur-
rounding the ECS, such as China, Taiwan and the Republic of Korea.
Wildlife conservation efforts are often most effective when focused
on habitats where there is a large impact on the population's survival
rate and reproductive success. Therefore, the ECS foraging ground
represents critical habitat for the endangered North Pacific popula-
tion of loggerhead turtles, and ongoing international management is
necessary to ensure their recovery.
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