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Therefore, we are looking forward to future cooperation in
Asia.

Taiwan

Asian dust storms occur in the winter and spring, especially
from March to May, and mainly originate in the Gobi and
Takla Makan deserts of Mongolia and western China. They
can move eastward to China, Japan, South Korea, Taiwan,
and sometimes to northern Pacific Ocean areas. Particulate
matter (PM), especially PM with aerodynamic diameters of
<10 um (PM;,), have been recorded at concentrations of
>500 pg/m’, occasionally even exceeding 1,000 pg/m’,
during several ADS in many cities located downwind of
these deserts, including Shanghai, Hong Kong, and Taipei.
Overall findings of epidemiological studies show that long-
range transported Asian dust can increase mortality among
residents in downwind areas. Dust derived from mineral
soil in deserts and air pollutants from biomass burning are
major contributors of long-range transported air pollution
across many countries around the world. The negative
effects of trans-boundary air pollution on public health are
emerging as an important global health issue which needs
to be further researched by academics and governments.
Global efforts, including alleviating desertification speed in
dust-originating areas and reducing industrial emissions
along the dust-transporting paths, must be made to tackle
the root-causes of trans-boundary air pollution in order to
protect the global environment and public health. Collab-
oration among Asian public health researchers to tackle
this trans-boundary pollution problem is recommended as a
major step towards protecting public health and environ-
mental quality in this fast growing continent.

Thailand

Thailand is a newly industrialized country and one of the
fastest growing economies, ranked 24th on the global
market. Thailand is now experiencing environmental issues
as a downside of economic growth, which include defor-
estation and air pollution, among many others. Assessment
of health damage due to industrialization and associated
remediation approaches are important in Thailand. Climate
change, which may affect human health through a range of
mechanisms, including the relatively direct risks of floods
and storms and the more complex pathways of altered
patterns of infectious disease outbreak, is a growing con-
cern of Thailand, and one that might be appropriately

@ Springer

addressed by collaborative efforts within Asian countries.
Scientific research on common environmental issues, such
as trans-boundary air pollution and climate change, is
essential given the nature of the problems. It is also
important to encourage community empowerment by, for
example, organizing practical workshops aimed at distrib-
uting research findings to the community or by initiating
local-based research activities in accordance with their
most critical environmental problems.

Consensus and future directions

We have reached a consensus on the long- and short-term
objectives of the forum. As the long-term objective, we
should collaborate more closely on Asian environmental
health problems at several levels—individual scientist
level, academic society level, and governmental level. We
believe that collaborations among academic societies can
provide the greatest impulse. In pursuing the short-term
goals, we agreed it would be important to develop or foster
a high-quality scientific journal in environmental health.
Environmental Health and Preventive Medicine (EHPM) is
obviously one of the most potential candidate journals for
this role.

To identify priority environmental health issues in the
region and to develop a collaborative research network to
resolve the challenges, we agreed to organize a steering
committee for the Asian Environmental Health Forum, the
members of which will be chosen from among the dele-
gates from Asian countries. The committee will support
policy-makers in each country by providing knowledge and
sharing experiences from other countries. It will also play a
pivotal role in identifying those areas warranting the
attention of policy-makers and provide channels of com-
munication among policy-makers of countries that share or
have shared similar challenges.

To form a steering committee for the forum and to
identify environmental health issues. in the region that
should be given priority in terms of policy, the Korean
Society of Environmental Health will take the initiative to
organize a series of annual workshops in collaboration with
Ministry of Environment of Korea. We hope that the ini-
tiative will promote academic communication and identify
ideas for synergistic collaborations on environmental
health issues during the next 30 years.
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ABSTRACT

We analyzed the §'3C, §'5N and $'%0 values and Hg concentration in red meat products originating
from the predominant types sold in Japan for human consumption: two populations of common minke
(J- and O-types), Bryde's and sei whales in the western North Pacific Ocean, and fin and Antarctic minke
whales in the Southern Ocean. The order of the trophic positions, evaluated by 8'°N values and Hg
concentrations, coincided with their known feeding habits: common minke (J-type)=common minke
(O-type) > Bryde's > sei > Antarctic minke > fin. The Hg concentrations in the combined samples from
the six samples were significantly correlated with their 8'°N values (y=0.455, n=66, p <0.05),
reflecting overall differences in the trophic level. This correlation was not significant for within-species
comparison for the common minke (J- and O-types) or the Bryde's whale, probably reflecting the higher
§"°N value and lower Hg concentration in the North Pacific Ocean around Japan. Determination of §'3C,
85N and 8'#0 could be used to discriminate between the red meat products originating from the whale
species in the North Pacific and Southern Oceans. However, the four whale species or populations in the
Pacific Ocean could not be discriminated on basis of these values, nor could the two species in the
Southern Ocean. Positive correlations between the §'3C and §'°N values and negative correlations
between the §'°N and §'20 values and the §'C and 880 values, probably reflecting migration patterns,
were found in some whale species in the North Pacific and Southern Oceans.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Southern Ocean and the common minke whale (Balaenoptera
acutorostrata), Bryde's whale (Balaenoptera edeni) and sei whale

Products from whales, dolphins and porpoises (Suborder
Cetacea) are sold in Japan for human consumption. Currently,
most whale products for human consumption are supplied from
the scientific whaling of baleen whales, small-type coastal whal-
ing of toothed whales, and the drive and hand-harpoon fishing of
small whales, dolphins and porpoises as well as incidental catch
by set nets (Endo et al., 2003). Red meat (muscle) products are the
most popular whale products sold in Japan, and most Japanese
consumers prefer the red meat originating from mysticetes
(baleen whales) to that from odontocetes (toothed whales,
dolphins and porpoises). Most red meats from mysticetes sold
in Japan originate from the Antarctic minke whale (Balaenoptera
bonaerensis) and fin whale (Balaenoptera physalus) taken in the

* Corresponding author. Fax: +81 133 23 3902.
E-mail address: endotty@hoku-iryo-u.ac.jp (T. Endo).

0147-6513/% - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.ecoenv.2012.01.020

(Balaenoptera borealis) taken in the western North Pacific Ocean.
Common minke whales can be categorized into at least two types:
the “O type”, found primarily in the offshore Pacific Ocean, and
the “J type”, found primarily in the Sea of Japan and nearshore
waters along Japan’s Pacific coast (Wade et al,, 2010). O-type
minke whales are the primary target of Japanese scientific
whaling in both coastal and offshore waters of the Pacific, while
J-type minke whales are primarily taken as bycatch in coastal
set nets around the entire Japanese coastline. Although most
baleen whales are assumed to migrate annually between feeding
habitat in high latitudes and breeding habitat in low latitudes, the
pattern of migration is poorly known for some of the species
sampled here.

As odontocetes are long-lived and occupy the top levels of the
marine food web, feeding mainly on fish and squid, they biomag-
nify marine pollutants such as heavy metals and organochlorine
compounds (Haraguchi et al, 2000). Among these pollutants,
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contamination with mercury (Hg) is prominent (Endo et al., 2003,
2004, 2005). The contamination levels of pollutants in mysticetes
are lower than those in odontocetes, reflecting their preference
for plankton and small fish species (i.e., their lower trophic
positions). Among the baleen whale species sold in Japan, com-
mon minke whales are opportunistic and omnivorous feeders that
change their prey temporally and regionally. Compared with
common minke whales, Bryde’s and sei whales are only moder-
ately omnivorous feeders (Mitani and Bando, 2008; Yasunaga and
Fujise, 20093, b), and Antarctic minke and fin whales are generally
zooplankton feeders. In our previous survey of Hg levels (Endo
et al., 2003), only one of the 62 red meat products originating
from mysticetes showed a Hg concentration exceeding the Japa-
nese permitted level for fish and shellfish (0.4 pg/wet g), whereas
all red meat products originating from odontocetes (n=137)
exceeded the permitted level.

Stable isotope analysis has been used as a tool to obtain
information on the feeding ecology of marine species. The 815N
value shows a stepwise increase in the trophic level of a food
chain (Kelly, 2000), and a positive correlation between the §'°N
value and the Hg concentration in biota has been reported
(Yoshinaga et al., 1992; Kidd et al., 1995). On the other hand,
the §13C value is used to indicate the relative contribution to the
diet of potential primary sources, and can demonstrate differ-
ences between species taking coastal and offshore prey or
between those taking pelagic and benthic prey (Kelly, 2000). A
significant increase in 815N of 3.4 + 1.1%. has been shown to occur
between consumer and prey (Minagawa and Wada, 1984),
whereas only a small enrichment of about 1% is found in the
813C value (DeNiro and Epstein, 1981). We recently reported that
the 515N and 8'3C values in odontocetes caught off or stranded on
the coast of northern Japan were higher and lower, respectively,
than those in whales in the southern area, probably reflecting the
variations in marine environment around Japan (Endo et al.,
2010). Mitani et al. (2006) analyzed the 3'°C and 8'°N values in
the baleen plates of common minke whales caught during
scientific research whaling, and tried to elucidate the migration
pattern in relation to dietary shift. However, little information is
available about the §'3C and 8'°N values in the muscle of baleen
whales, including common minke, Bryde’s and sei whales, caught
in the western North Pacific Ocean and Antarctic minke and fin
whales caught in the Southern Ocean.

Recently, the 720 value, in addition to the 8'3C and 8'°N
values, has been used to discriminate, verify and identify the
habitat of plants and animals, as the 5'®0 value reflects the water
environment, temperature and humidity of their habitats. For
instance, the 8180 values in beef oil (Heaton et al., 2008), under-
ground water (Mizota and Kusakabe, 1994) and cultured rice
(Suzuki et al., 2009) all tend to decrease with latitude (tempera-
ture). To our knowledge, however, the 5180 values in cetacean
species have not yet been reported. According to the above
latitude-dependent changes, we speculated that the §'%0 value
would be lower in cetaceans caught off the northern areas than
off the southern areas of Japan, and that §'3C and §'°N values
would be negatively correlated with the 5780 value in the whale
products sold in Japan.

The purpose of the present study was to analyze the 813¢,
§15N and 820 and the Hg concentration in red meat products
originating from the common minke (J- and O- types), Bryde's
and sei whales caught in the western North Pacific Ocean and
Antarctic minke and fin whales caught in the Southern Ocean.
We discuss the correlations between the trophic level, as
evaluated by 8'°N value, and the Hg contamination and among
the §1°N, 8'3C and 8'%0 values, and the possibility of verifying
the species origins of red meat products sold in Japan using these
stable isotope ratios.

2. Materials and methods
2.1. Sampling of red meat products and genetic analysis for species origin

Red meat products originating from common minke whale (J- and O-types),
Bryde's and sei whales caught in the Northwest Pacific Ocean and Antarctic minke
and fin whales caught in the Antarctic Ocean were purchased from retail outlets in
Japan between 2000 and 2006, as described previously (Endo et al,, 2003, 2005).
Samples were stored at —20 °C until analysis.

As reported elsewhere (Baker et al., 1996, 2006), the species origin of cetacean
products was identified by mitochondrial DNA sequences (control region and
cytochrome b) amplified from the products via PCR. The population origin of the
common minke whale products (i.e., J- or O-type) was inferred from sequence
variation in the mtDNA control region, as described in Baker et al. (2000).

2.2. Chemical analyses

The total mercury (Hg) concentration in the red meat products was deter-
mined by a Mercury Analyzer SP-2 (Nippon Instruments Corporation, Tokyo,
Japan), as reported previously (Endo et al, 2007). DOLT-2 (National Research
Council of Canada) was used as an analytical quality control for Hg. The recovery
of Hg was 94 + 3% (n=>5). The Hg concentration in the red meat products was
expressed on a wet weight basis.

Dried subsamples of red meat products were analyzed for stable isotopes
('3, 15N and '20) after the removal of lipids by chloroform/methanol extraction
(Logan and Lutcavage, 2008). The 513C and 8'5N analyses were performed using a
mass spectrometer (Delta S, Finnigan MAT, Bremen, Germany) coupled with an
elemental analyzer (EA1108, Fisons, Rodano, Milan, Italy) heid in the Center for
Ecological Research (CER), Kyoto University (Kyoto, Japan), as reported previously
(Endo et al., 2009, 2010). The 8180 analysis was performed using a mass spectro-
meter (Delta V PLUS, Thermo Fisher Scientific, Tokyo, Japan) coupled with an
elemental analyzer (TC/EA, Thermo Fisher Scientific, Tokyo, Japan) held in the SI
Science Co. Ltd. (Saitama, Japan). The natural abundances of *C, '>N and '®0 are
expressed as per mil (%) deviation from the standards as defined by the following
equation:

813C'615 N or 81 80 = (Rsarnple /Rstandard"‘l) x 1000(%),

where R="3C/"2C, "*N/*N or '#0/*®0. CERKU-1, 2 and 5, certified by CER, were used
as §13C and 85N reference materials (Tayasu et al, 2011), and benzoic acid (A and B),
certified by Indiana University (IN, USA), was used as the §'®0 reference material.

2.3. Statistical analyses

The data are shown as mean +S.D., and were analyzed by Turkey-Kramer
multiple comparison test and Pearson’s correlation coefficient test, using the
Statcell program. The level of significance was set at p <0.05.

3. Results and discussion

The stable isotope ratios of §'C, 3°N and 8'®0 and the Hg
concentration in sixty-six red meat product samples from baleen
whale species and populations were analyzed (Table 1), and the
analytical results are summarized in Table 2. Fig. 1 shows the
relationship between the 5'°N value and the Hg concentration in
the combined products from the six samples (n=66), and Fig. 2
shows the relationships among the §'3C, 8'°N and 3'%0 values.
Table 3 shows a summary of relationships among the Hg
concentration, 5'3C, 8'°N and 880 values for each baleen whale
species or population.

In agreement with previously published results (Endo et al.,
2003), the contamination levels of Hg in the red meat products
were in the following order: common minke whales (J-type)=
common minke whales (O-type) > Bryde's whale=sei whale=fin
whale > Antarctic minke whale (Table 2). A similar order was
found in the 815N values for these species (Table 2). The Hg
concentrations in the combined products of the six samples were
significantly correlated with their §'°N values (Fig. 1, r=0455,
n=66, p < 0.05). As data not shown in Figure, significant correla-
tions were found between the §'°N values and the Hg concentra-
tions in the combined samples from the North Pacific Ocean
(r=0.418, n=46, p<005) and from the Southern Ocean
(r=0.541, n=20, p<0.05). These correlations between the Hg
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Table 1
Analytical results of mercury and stable isotope ratios in red meat products
originating from baleen whales sold in Japanese markets.

Species origin Sample  Hg 813C 815N 8180
code (ng/wet g) (%) (%s) (%)

Common minke 1 0.050 -184 115 119
whale, }-type 2 0.125 -19.3 11.6 106
3 0.074 -17.2 15.8 9.7

4 0.070 -19.1 114 11.6

5 0.136 -18.0 15.0 10.5

6 0.239 -17.5 12.6 11.9

7 0.180 -18.6 103 133

8 0.119 ~18.7 11.0 12.8

9 0.031 -19.1 121 12.2

10 0.027 —18.6 12.7 11.8

11 0.041 —183 11.5 129

12 0.061 ~17.5 9.6 139

13 0.029 -19.0 11.2 134

Common minke 1 0.053 -19.0 121 13.0
whale, O-type 2 0.053 —18.3 121 139
3 0.056 —185 11.6 13.8

4 0.044 -19.2 11.5 13.1

5 0.121 -18.0 115 13.6

6 0.053 -203 114 12.0

7 0.160 -17.9 12.0 13.8

8 0.014 —19.1 9.7 13.7

9 0.174 -17.6 11.1 123

10 0.176 —17.6 12.0 12.2

11 0.254 ~18.9 10.2 129

12 0.027 —18.9 10.9 12.2

Bryde’s whale 1 0.037 -17.2 8.6 15.5
2 0.090 -17.5 9.3 155

3 0.063 —15.9 11.9 137

4 0.053 -17.6 10.1 16.0

5 0.070 ~16.3 11.6 139

6 0.027 -17.2 9.7 16.7

7 0.055 -159 11.2 14.0

8 0.056 -16.9 9.5 16.1

9 0.045 —-17.2 9.5 15.0

10 0.055 -17.1 9.8 146

11 0.067 -16.9 8.4 149

Sei whale 1 0.026 -231 6.3 153
2 0.082 ~18.3 9.6 158

3 0.079 -19.1 8.5 13.7

4 0.028 -21.7 71 16.5

5 0.045 -19.4 7.6 15.6

6 0.090 —-18.9 8.7 154

7 0.046 —18.7 7.6 14.6

8 0.054 ~18.6 103 13.1

9 0.033 ~18.1 8.1 14.9

10 0.061 -18.7 9.5 15.0

Fin whale 1 0.047 -23.0 57 152
2 0.050 ~21.2 6.1 156

3 0.026 -239 6.0 16.5

4 0.042 -20.8 6.2 15.4

5 0.031 —-23.0 5.7 15.4

6 0.052 -22.8 5.9 15.6

7 0.041 -21.9 5.6 15.3

8 0.090 -219 6.3 135

9 0.026 —23.6 54 144

10 0.031 -23.1 4.9 144

Antarctic minke 1 0.027 —243 6.1 149
whale 2 0.051 —~24.8 6.0 14.2
3 0.013 —24.2 5.7 13.8

4 0.013 -25.1 5.9 149

5 0.077 ~24.7 6.0 15.2

6 0.018 -239 6.1 132

7 0.014 —24.7 6.3 14.5

8 0.027 —25.1 6.4 15.1

9 0.013 —24.7 6.7 15.5

10 0.014 ~24.7 7.2 143

level and the trophic level, as evaluated by 8'°N value, were firstly
reported in the food products from Papuan New Guinea (Yoshinaga
et al., 1992) and from the freshwater biota in Ontario, Canada (Kidd
et al, 1995). Although there was an overall correlation in the
combined sample from the six whale species or populations, only
the sei whale had a significant within-species correlation between
the Hg concentration and the &'°N value (y=0.651, n=10,
p <0.05) (Table 3). This probably reflects the marine environment
around Japan (higher 8'°N value and lower Hg concentration in the
northern area of Japan; Endo et al, 2010). The fin whale in the
Antarctic Ocean had high but non-significant correlation between
the Hg concentration and the §'°N value (y=0.618, n=10,
p>0.05), while the Antarctic minke whale had negative correla-
tion. The reason for this negative correlation remains unknown.

According to latest reports (Mitani et al., 2006; Yasunaga and
Fujise, 20094, b), O-type common minke whales may be categor-
ized into coastal and offshore whales. The Hg concentration is
lower in the coastal whales (about 0.22 + 0.07 pg/wet g) than in
the offshore whales (about 0.3 pugjwet g) as the coastal whales
feed on zooplankton, saury and anchovies (the Hg concentra-
tions in these species were below 0.05 pug/wetg) while the
offshore whales feed on these three species as well as on pomfret
(0.232 +0.027 pgjwet g) (Yasunaga and Fujise, 2009a, b). The
present Hg value in the O-type whales (0.099 + 0.076 pg/wet g)
is closer to the Hg value in the coastal whales than to that in the
offshore O-type whales. The determination of §'3C and §'°N may
also allow for the discrimination between the coastal and offshore
species (Kelly, 2000). However, there has not yet been any
comparison of these values between the coastal and offshore
populations of common minke whales. We previously analyzed
the Hg levels in cetacean products sold in South Korean markets
(Endo et al., 2007), and the Hg concentration in the common minke
whale (most of the whales were speculated to be J-type from
coastal waters) was 022+0.11 pg/wetg (0.03-0.43 pg/wet g,
n=30), which is higher than the present data for the J-type whale
(0.091 + 0.065 pg/wet g). The difference in Hg concentrations in
the common minke whale between the previous and present
studies may be due to differences in their diet and habitat.

In the present study (Table 2), no differences were found in the
results for Hg concentration, or '3C, "N and 5'0 values between
the J- and O-types of common minke whales. Compared with the
J- and O-types of common minke whales (0.091+0.065 and
0.099 + 0.076 pgfwet g, respectively), Bryde's and sei whales are
only moderately omnivorous feeders and their Hg concentrations
were lower (0.056+0.017 and 0.054 +0.023 pgjwet g, respec-
tively); Yasunaga and Fujise (2009a) reported similar Hg concentra-
tions in the muscle of Bryde's whales (0.046 + 0.008 ug/wet g) and
sei whales (0.052 + 0.009 pg/wet g) caught in the western North
Pacific Ocean. The Antarctic minke and fin whales in the Southern
Ocean are plankton feeders and their Hg levels were slightly lower
than those of Bryde’s and sei whales in the western North Pacific
Ocean (Table 2).

Gendron et al. (2001) analyzed the §'3C and 8*°N values in skin
samples from Bryde’s, fin and blue (Balaenoptera musculus, a
plankton-feeder) whales in the Gulf of California, Mexico. The
mean values of §°C and §'°N in the skin samples of the Bryde’s,
fin and blue whales were—18.1 and 15.8% (n=2),—16.0 and
154% (n=2), and—18.2 and 12.9%. (n=2), respectively. This
order of §'°N values is consistent with our knowledge of the
feeding habits of those whale species, although the §'°N values in
the Bryde’s and fin whales are higher than those in the present
study (10.0 +1.2% and 5.8 + 0.4%., respectively, Table 2). The
variation in 8'°N at the base of the food web is considered to be an
important factor in the §'°N values observed in the upper trophic
levels. The 8"°N value in euphausiids (krill) along the west coast of
the Gulf of California was 11.0 + 1.2%, (Gendron et al., 2001),
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Table 2
Summary of analytical results for mercury and stable isotope ratios in red meat products originating from baleen whales sold in Japanese markets.
Hg (ng/wet g) 313C (%) 515N (%) 5120 (%)
Common minke whale (J-type), n=13 0.091 + 0.065% -18.440.7° 120+ 1.72 12.0+1.2%
Common minke whale (O-type), n=12 0.099 + 0.076° —18.6+0.8* 11.4+0.7% 13.0+0.7%
Bryde’s whale, n=11 0.056 +0.017%® -16.9+0.6° 10.0+1.2° 15.1+1.0°
Sei whale, n=10 0.054 + 0.023%*° —19.5+ 1.6° 83+13° 15.0+1.0°
Fin whale, n=10 0.044 +0.019%° -225+1.0¢ 5.8+04¢ 15.1+08°
Antarctic minke whale, n=10 0.027 4 0.021° —-246+04° 6.2+04% 14.6£0.7°
See Table 1.
Different superscripts indicate significant differences (p < 0.05).
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Fig. 1. Relationship between the 55N value and the Hg concentration in red meat products originating from baleen whale species or population. See Table 1. J-type
common minke whale (‘), O-type common minke whale (.), Bryde’s whale (e), sei whale (03), Antractic minke whale (A), fin whale (©). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

while that in krill found in the stomach of common minke whales
caught in the western North Pacific Ocean was 7.2 + 0.5%. (Mitani
and Bando, 2008). Thus, the trophic positions of Bryde’s and fin
whales in the western North Pacific Ocean appear to be similar to
those in the Gulf of California, respectively.

The §'3C values in common minke (J- and O-types), Bryde’s
and sei whales caught in the western North Pacific Ocean were
significantly different from those in fin and Antarctic minke
whales caught in the Southern Ocean (Table 2), probably reflect-
ing differences in their habitats. Krahn et al. (2008) reported the
$13C and 8'°N values in the biota of Antarctica: the 8'3C and §'°N
values in the skin of an Antarctic minke whale (n=1) were —24.3
and 7.6%., respectively, and those in the serum of crabeater seals
(krill feeders) and in krill were —26.5+1.0 and 8.4+ 1.6%
(n=30), and —29.8 +0.6 and 3.6+ 0.2% (n=12), respectively.
These §13C and §'°N values in the Antarctic minke whale are in
agreement with the present values from the muscle (red meat
product) of Antarctic minke and fin whales caught in the Southern
Ocean (Table 2). The 8'°N value in krill in the Antarctic Ocean
(3.6 + 0.2%0) was markedly lower than that in the stomach of
common minke whales caught in Pacific Ocean (7.2 0.5%o;
Mitani and Bando, 2008). Lower 3'°N values in Antarctic minke
and fin whales than common minke whale (Table 2) may reflect
lower trophic levels of Antarctic minke and fin whales as well as
lower 8'°N at the base of Southern food web.

The 580 values in common minke whales (J- and O-types)
were significantly lower than those in the other whale species
(Table 2), whereas the §'%0 values in Bryde’s and sei whales
caught in the western North Pacific Ocean and those in fin and

Antarctic minke whales caught in the Southern Ocean were
similar. As far as we know, no information on §'%0 values in
cetaceans is available. As the temperature of the Antarctic feeding
habitat is lower than that of the temperate North Pacific Ocean
habitat, we expected to observe lower 880 values in whales in
the Antarctic. However, the 8'80 values in the fin and Antarctic
minke whales caught in the Antarctic were similar to those of
Bryde’s and sei whales caught in the North Pacific Ocean. Further
study is necessary to explain these unexpected data.

We previously reported the 873C and §'°N values and the Hg
concentration in the toothed whale species hunted or stranded
along the coast of Japan. The 3'°N values and the Hg concentra-
tions in the toothed whale species (Endo et al, 2005) were
markedly higher than those in the baleen whale species in this
study (Table 2), reflecting their higher trophic positions. Further
determination of 5'80 in the toothed whales from a broad
latitudinal range is needed to elucidate whether 8180 is higher
in the toothed whales inhabiting the northern area and whether
80 is bioaccumulated via the food web.

Significant positive correlations (p < 0.05) were found between
the 813C and 8'°N values for Bryde’s and sei whales (Table 3), and
non-significant positive correlations (p > 0.05) were found in the
other species caught in the western North Pacific Ocean and the
Antarctic Ocean. We previously reported a positive correlation
between 8'3C and 8'°N values in wild bluefin tuna taken from
different areas around Japan (both values were lower in fish from
the northern area), probably reflecting the change in diet due to
the wide ranging annual migration from the southern to the
northern areas (Hisamichi et al., 2010). Baleen whales, such as the
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Fig. 2. Relationship among values of 5'3C and the 5'®0 in red meat products originating from baleen whale species or population. See Table 1. J-type common minke whale
(’), O-type common minke whale (-), Bryde’s whale (9), sei whale (), Antractic minke whale ( A), fin whale (0). (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

common minke (J- and O-types) and Antarctic minke whales, Unfortunately, we do not have any information on whale
migrate over wide ranges in the North Pacific Ocean and the products with regard to location or date that each whale was
Southern Ocean, respectively (Kasamatsu et al., 1995; Wade et al., killed or the age of the whale. Consequently, it is unclear whether

2010). The positive correlations between the §'3C and "N values  the higher §°C and §'°N values found in the red meat product

found in the baleen whale species could reflect their migration.

samples come from whales in the southern or northern areas off
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Table 3

Correlation coefficients (y) of mercury and natural isotopes for within-species samples and overall samples for species or populations of baleen whales.

Hg vs. 815N §'3C vs. 8'°N 315N vs. 3'%0 313C vs. 8180
Common minke whale (J-type), n=13 0.074 0.435 -0.852* —0.185
Common minke whale (O-type), n=12 -0.077 0315 0.199 0.182
Bryde's whale, n=11 0.188 0.740* —0.640* -0.774*
Sei whale, n=10 0.651* 0.751* —0.484 -0.398
Fin whale, n=10 0.618 0.527 0.190 -0.250
Antarctic minke whale, n=10 —-0.303 0.229 0.229 -0.672*
Overall, n=66 0.455* 0.781* —0.704* -0.302*
See Table 1.
*p<0.05.

Japan. Based on the negative correlation between the §'°C and
5180 values and the 8'°N and §'80 values (Table 3), it is assumed
that the lower 5180 values in whales in the northern areas result in
the higher 8'3C and §'N values in whales in the northern area of
Japan. However, this hypothesis is not supported by the lower '*C
and 815N values found in wild bluefin tuna in the northern area of
Japan (Hisamichi et al., 2010). Further study is necessary to confirm
our assumption of spatial variations in 8'%0, 5'°N and §'°C values.

The §13C-8"*N plots and the §'3C-§'80 plots can be discriminated
into two groups (Table 2 and Fig. 2): the red meat products originating
from the western North Pacific Ocean (J- and O-type common minke
whales, Bryde's and sei whales) and the Antarctic Ocean (fin and
Antarctic minke whales). We previously analyzed organohalogen
compounds such as PCBs and DDTs and reported that the levels were
markedly lower in the red meat products originating from the
Southern Ocean than in products from the western North Pacific
Ocean (Haraguchi et al., 2000). Thus, discrimination between the red
meat products originating from the western North Pacific Ocean and
the Antarctic Ocean could be achieved by the chemical analysis of
stable isotope ratios and the pollutants without the need for genetic
analysis. However, Antarctic minke and fin whales, J- and O-type
common minke whales and Bryde’s and sei whales could not be
discriminated on the basis of chemical analysis. On the other hand, the
513C and 815N values in the red meat products originating from baleen
whales sold in Japan were markedly different from those in products
originating from toothed whales (Endo et al, 2010). Furthermore,
contamination levels of Hg as well as organohalogens found in the
baleen whales were markedly lower than those in toothed whales.
Thus, the red meat originating from mysticetes and odonotocetes sold
in Japan can be discriminated through chemical analysis.

In conclusion, we analyzed the Hg concentration and the 813,
815N and §'80 values in red meat products originating from common
minke (J- and O-types), Bryde’s and sei whales in the western North
Pacific Ocean and fin and Antarctic minke whales in the Southern
Ocean. The range of Hg concentrations and the 815N values in the
baleen species and populations were in agreement with the known
feeding habits of those. The 3"3C, §'°N and 820 values could be used
to discriminate between the red meat products originating from the
mysticetes in the western North Pacific Ocean and those from the
Southern Ocean. However, the four mysticetes in the western North
Pacific Ocean and the two mysticetes in the Southern Ocean could not
be identified on the basis of these data alone. A positive correlation
between the 813C and §'°N values and negative correlations between
the 813C and 5'80 values and the 8'°N and §'80 values, probably
reflecting migration, were found in some species in the western North
Pacific Ocean and the Southern Ocean.
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Abstract Contamination levels of total mercury (T-Hg),
p,p’-DDE, and polychlorinated biphenyls (PCBs) in akami
(leaner meat) and toro (fatty meat) samples from Pacific
bluefin tuna cultured in the southern (four locations) and
central (three locations) regions of Japan were analyzed.
The contamination level of T-Hg in the akami and toro
samples from the southern region tended to decrease with
an increase in latitude, whereas those of p,p’-DDE and
PCBs tended to increase. These spatial trends in contami-
nants were similar to those reported previously in wild tuna
caught off the coast of Japan (Hisamichi et al., in Environ
Sci Technol 44:5971-5978, 2010). However, the contam-
ination level of T-Hg in akami and foro samples from one
location in the central region was the highest among
all seven locations, whereas the contamination level of
p,p’-DDE was lower than that from any location studied in
the southern region. Thus, contamination levels of T-Hg,
p,p'-DDE, and PCBs in the cultured tuna may reflect
contamination levels not only in the marine environment
but also in prey fish used as bait.
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Large predatory fishes, such as tuna, shark, swordfish, and
marlin, accumulate high levels of environmental pollutants
by way of the food web. Of these species, tuna are par-
ticular important as a marine resource, and knowledge
regarding the contamination level of mercury (Hg) and
related health risks is of great interest to consumers. The
permitted levels of total mercury (T-Hg) and methylmer-
cury (M-Hg) in fish and shellfish set by the Japanese
Ministry of Health and Welfare are 0.4 and 0.3 ug/wet g,
respectively. However, this legislation does not cover the
Hg contamination in some of the large predatory fish
mentioned previously. Due to concerns over the impact of
M-Hg on developing fetuses, the Food and Agriculture
Organization/World Health Organization Joint Expert
Committee on Food Additives (JECFA 2003) lowered its
guideline value for provisional tolerable weekly intake of
M-Hg from 3.3 to 1.6 pg/kg body weight (JECFA 2003).

In addition to Hg, tuna accumulate anthropogenic lipo-
philic compounds, such as polychlorinated biphenyls
(PCBs), dichloro-diphenyl-trichloroethane (DDT) and its
metabolites (DDTs: p,p’-DDT, p,p’-DDD, and p,p’-DDE),
chlordane-related compounds (CHLSs: trans-chlordane, cis-
chlordane, trans-nonachlor, cis-nonachlor, and oxychlor-
dane), and hexachlorobenzene (HCB) (Ueno et al. 2002,
2003 Hisamichi et al. 2010) as well as naturally produced
compounds of tribromoanisol (TBA) (Penta-Abaurrea
et al. 2009) and 2,3,3',4,4',5,5 -heptachloro-1-2'-bipyrrole
(referred to as Q1) (Hisamichi et al. 2010). In contrast to
the great emphasis placed on Hg contamination, a little
attention has been paid to the potential human health
problems associated with the contamination of PCBs and
other lipophilic pollutants in tuna. We previously reported
that contamination levels of Hg in three tuna species caught
off the southern region of Japan were greater than those in
tuna caught in the central and northern regions, whereas
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contamination levels of PCBs and p,p-DDE (a major
metabolite of DDTs) caught off the southern region were
lower, probably reflecting the contamination levels in the
respective marine environment (Hisamichi et al. 2010).

Japan is the world’s largest consumer of tuna, and the
majority of consumption is in the form of slices of raw fish
(sashimi and sushi). Because people living in countries
other than Japan have also recently come to eat much more
tuna, tuna numbers have begun to dwindle. Recently, the
demand for muscle containing a lot of fat (foro) has
increased as a result of changing preferences among the
Japanese population. As a result, the price of foro is greater
than that of akami (lean meat), although there is no fixed
standard for distinguishing akami from toro. To supple-
ment the lack of wild tuna, fatty meat in particular, the
business of farming tuna has expanded in Japan.

The technology for farming (culturing) tuna, in which
wild tuna are caught and used to stock farms, has been well
developed and applied commercially for the Atlantic
bluefin tuna (Thunnus thynnus) in Mediterranean countries,
for the southern bluefin tuna (7. maccoyii) in Australia, and
for the Pacific bluefin tuna (I. orientalis) in Japan and
Mexico. The aim of tuna farming in countries other than
Japan, which operates through the confinement of captured
tuna for short periods of time (usually 2-6 months), is
mostly to increase the fat content in flesh (Tudela and
Garcia 2004). In contrast, tuna culturing in Japan is usually
aimed at cultivating fish captured in the larval stage for
long periods (approximately 2.5-3 years) and to up to a
fish weight of approximately 30-50 kg. Tuna culturing in
Japan has been developed in temperate regions, such as the
Okinawa, Kagoshima, Kochi, Nagasaki, Wakayama, and
Mie Prefectures (Fig. 1). Recently, due to the development
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Fig. 1 Map of Japan showing six Prefectures in Japan where bluefin
tuna is cultured

of hatchery technology, complete aquacultivation of tuna
from gametes (full-cycle cultured Pacific bluefin tuna [FC
tuna]), not from wild or larval tuna, has been achieved at
Kinki University, Wakayama Prefecture (Nakao et al.
2007; Ando et al. 2008), and the meat of FC tuna cultured
for approximately 3 years is now on the market.

Generally in wild tuna, Hg accumulation increases as
the size of prey fish increases. However, the size and
species of prey fish in farmed tuna can be controlled.
Trials for the control of Hg concentration in the muscle
(edible portion) have been undertaken in FC tuna (Nakao
et al. 2007; Ando et al. 2008) and the farmed southern
bluefin tuna (Balshaw et al. 2008a, b), because the increase
in lipid content as well as rapid growth of the tuna could
result in a decreased Hg concentration in muscle. In con-
trast, Padula et al. (2008) analyzed the contamination
levels of lipophilic pollutants, dioxins, and PCBs in
farmed and wild southern bluefin tuna and reported the
greater levels of lipophilic contaminants in the farmed tuna
than in the wild tuna. However, little is known about the
contamination levels of those compounds in the tuna cul-
tured in Japan.

Stable isotope ratios of 6'*C and §'°N have been used
to investigate feeding ecology. The §'°N value is used to
determine the trophic position of the studied species, and
the 6"*C value is used to determine the source of carbon
by the primary producer in a trophic web, providing
information on the foraging habits of the species studied
(Kelly 2000). Furthermore, the 513C and 6N values are
known to vary by habitat. For instance, both §'°N and
63C values in wild Pacific bluefin tuna caught off the
northern region of Japan were lower than those in tuna
caught off the southern region, probably reflecting their
wide-ranging migration (Hisamichi et al. 2010). Further-
more, the latitudinal effects on 6'C and 6'°N values in
wild yellowfin and albacore tuna caught off the coast of
central and southern Japan have been reported (Hisamichi
et al. 2010); 6'3C values in those fish tended to decrease
with an increase in latitude, whereas 6'°N values tended to
increase. Enrichment of 6'°N by farming was reported in
bluefin tuna farmed in the Mediterranean Sea (Vizzini
et al. 2010). However, 6'3C and 6'°N values in tuna cul-
tured in Japan have not yet been analyzed and compared
with those of wild tuna.

The aim of the present study was to analyze the con-
tamination levels of T-Hg, M-Hg, 13 PCB congeners, p,p’-
DDE, trans-nonachlor (a major chemical among CHLs),
Ql, HCB, and TBA in akami and toro samples of bluefin
tuna cultured at different locations in Japan. Furthermore,
we analyzed 6"°C and 6"°N levels in akami samples of tuna
cultured at different locations. These results were com-
pared among locations and with those for wild bluefin tuna
reported previously (Hisamichi et al. 2010).

@ Springer
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Materials and Methods
Sampling of Market Products

Fresh meats (akami and foro) of Pacific bluefin tuna cul-
tured in the Okinawa, Kagoshima, Kochi, Nagasaki,
Wakayama, and Mie Prefectures, Japan, were purchased
from retail outlets mainly in Sapporo, Hokkaido Prefecture,
but also in the Tokyo metropolitan area during April 2003
and December 2007 (Fig. 1). Okinawa Prefecture is the
southernmost and Mie Prefecture the northernmost of the
six Prefectures in which tuna are cultured. Fresh meat
samples from FC tuna (Wakayama Prefecture) were pur-
chased from a retail outlet in Nara Prefecture during July
and August 2005 and in June 2008. To distinguish the
tuna cultured in Wakayama Prefecture from larval fish
and gamete (FC) tuna, we hereafter refer to them as
Wakayama-I and -II, respectively.

We discriminated between the cultured bluefin tuna and
wild bluefin, yellowfin, and albacore tuna sold in retail
outlets not only on the basis of labeling but also by
appearance and the results of testing. The tuna samples
were stored at —20°C until analysis.

Chemical Analyses

T-Hg concentrations in the tuna samples were determined
using a flameless atomic absorption spectrophotometer
(HG-1; Hiranuma Sangyo, Ibaraki, Japan) after digestion
by a mixture of HNO;, HCIO,, and H,S8O4 (Endo et al.
2003). M-Hg concentrations in the samples were deter-
mined using a gas chromatograph (GC-14A; Shimazu,
Kyoto, Japan) with a 83Ni electron capture detector (ECD)
(Haraguchi et al. 2000). DOLT-2 (National Research
Council of Canada) and CRB463 (BCR [European Com-
mission]) were used as analytical quality-control samples
for the determination of T-Hg and M-Hg as reported pre-
viously (Endo et al. 2003, 2004, 2008). The mean recov-
eries of T-Hg and M-Hg from the quality controls were
95% (n = 5) and 88% (n = 4), respectively. The M-Hg
data were corrected by the recoveries.

Concentrations of organohalogen compounds in the tuna
samples were determined as reported previously (Hisa-
michi et al. 2010). Briefly, the lipids in the minced samples
were extracted three times by hexane. The combined
extracts were concentrated, and the lipid content (hexane-
extractable lipid [HEL]) was determined gravimetrically. A
portion of the HEL (10-100 mg) was spiked with an
internal standard (30 ng CB205), and 13 PCB congeners
(CBY9, CB101, CB118, CB138, CB146, CB149, CB153,
CB170, CB183, CB187, CB194, CB199, and CB208),
p,p’-DDE, trans-nonachlor, HCB, TBA, and Q1 in the HEL
were analyzed using a gas chromatograph (GC-2014;
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Shimazu, Kyoto, Japan) equipped with ECD. All PCBs
congeners, p,p’-DDE, trans-nonachlor, and HCB were
purchased from Accu Standard (New Haven, CT). Quality
assurance for anthropogenic compounds was confirmed by
analyzing standard reference materials (cod liver oil
1588b) provided from the National Institute of Standard
and Technology (Gaithersburg, MD). Data from our labo-
ratory were in good agreement with the certified values
(within 15% difference).

The stable isotope ratios (6'>C and 6'°N) in dried akami
samples after the removal of lipids using chloroform/
methanol extraction were analyzed by mass spectrometry
(Delta S; Finnigan, Germany) coupled with an elemental
analyzer (EA1108; Fisons, Italy) as reported previously
(Endo et al. 2009).

Concentrations of T-Hg and M-Hg in tuna samples were
expressed by Hg concentration/wet-weight basis, and or-
ganohalogen concentrations were expressed on a wet-
weight basis as well as on a lipid-weight basis.

Statistical Analysis

The data were analyzed using Statcell 12 (Scheffe’s F or
Tukey-Kramer test), and the level of significance was set at
p < 0.05. All data were expressed as means =+ SDs.

Results

Analytical results for 6°C, §'°N, T-Hg, M-Hg, HEL, and
organohalogen compounds in akami and toro samples from
Okinawa, Kagoshima, Kochi, and Nagasaki Prefectures
(southern region) and Wakayama (-I and -II) and Mie
Prefectures (central region) are listed in Table 1.

The average T-Hg and M-Hg levels in akami samples
from Wakayama-II (0.67 £ 0.14 and 0.43 £ 0.07 pg/wet
g (n = 6), respectively) were the highest among the seven
locations studied, exceeding the Japanese limits for T-Hg
(0.4 pg/wet g) and M-Hg (0.3 pg/wet g), respectively
(Table 1; Fig. 2). In contrast, average T-Hg and M-Hg in
akami and toro samples from the southern region tended to
increase with a decrease in latitude. The average levels of
T-Hg and M-Hg found in roro samples from all locations
were significantly lower than the corresponding levels in
akami samples (p < 0.05), with the percentage of M-Hg to
T-Hg found in those samples being in the range of 60-90%.

The average HEL value in akami samples tended to
increase with an increase in latitude, except for samples
from Wakayama-I and -II (Table 1; Fig. 2), and the aver-
age HEL in akami samples from Wakayama-II was the
Jlowest among all of the locations. The average HEL con-
centrations in toro samples from all locations were sig-
nificantly greater than the corresponding levels found in
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Table 1 Analytical results of bluefin tuna cultured in different regions of Japan®

Region Tissue type (%o) (pwet g) (ng/wet g) (%)
8¢ oN T-Hg M-Hg PCBs p.p'DDE Trans- Q1 TBA HCB HEL
nonachlor
Okinawa Akami (n=7) —172£07 134+ 15 033+0.16° 02640.11° 277+ 151> 335+ 187° 51439 120+£37 1294095 1.02+051° 57439
Toro (n = 8) ND ND 0.17 £0.11 0154 0.08° 368+ 146 591+ 431° 727+ 446" 176+ 104 10.6 £ 8.9° 598 + 424° 334+ 12.6
Kagosima Akami (n = 10) —17.1£08 14.0 09" 031+ 0.09° 024+ 007" 507 £265 4244213 82+5.1 95+59 1314+ 120° 097+082° 70421
Toro (2 = 9) ND ND 020 +0.08" 0.16 £ 0.07° 528 £225 506 + 257° 164 + 88 19187 590 +293° 546+ 1.80° 39.6+ 11.7
Kochi Akami (n = 11) —17.1£0.70 147 £03 026+ 0.06° 021+ 0.04° 454 +£242 135+ 101 71+£37 1434+58 075+030° 099+ 056 7.0+36
Toro (n = 7) ND ND 0.16 = 0.08" 0.13 + 0.06° 519388 1211+ 843* 7614576 163+ 141 536+222° 600+ 195 395+ 5.8
Nagasaiki Akami (n = 11) —174£09 155+12° 021 +£0.12° 0.16+008 87.5+695 188+193° 132+093 227480 318+190° 205+ 1.28 92+ 54°
Toro (n = 7) ND ND 0.11 £ 007" 0.09 £ 0.04* 636 & 270° 2183 & 1042° 122 + 63 301 £ 134 148 +£40°  9.16+248 381+ 13.0
Wakayama-I Akami (n =4) —16.6£04 144 £08 024+ 005 020+0.04 215+ 142° 162+77° 50+41 129496 1944187 118+ 1.12 51+£40
Toro (n = 10)  ND ND 0.14 £ 0.05 0.11 + 0.03* 144 £ 71° 127 £ 123* 299+ 13.0° 81.3+389 103+51%  6.11+265 292+ 132
Wakayama-II (FC) Akami (n =6) —165+02 136 +£03" 067 £ 014" 043 +007° 2254258 134+ 154° 824100 97+99 053=+053* 036+035 23+ 1.8
Toro (1 =12) ND ND 043 £0.13° 029+ 007° 224+ 134* 147+ 94%  87.0+555° 12183  3.05+ 201" 3.064 268 251+ 143
Mie Akami (n=5) ~17.5+£01 135+03* 025+005° 019004 374+360 168+77° 115+78 1524123 6.12+288 277+ 137 105+ 4.6°
Toro (n = 9) ND ND 0.13£0.05° 0.2+ 0.04> 199+ 144° 913 + 60.7° 44.8 +23.6° 66.0 =483 33.1 +£247° 1551 + 13.04° 457 & 14.3
Region (ug/g lipid)
PCBs p.p'-DDE Trans-nonachlor Q1 TBA HCB
Okinawa 0.54 + 0.27 0.60 £ 0.27° 0.09 =+ 0.05* 0.21 % 0.08 0.022 + 0.004° 0.020 + 0.007
130 & 0.52 2.01 + 0.93° 0.25 + 0.17 0.59 4 0.21° 0.032 + 0.020° 0.017 % 0.008*
Kagosima 0.81 £ 0.51 0.66 + 0.37° 0.13 = 0.09 0.13 % 0.05* 0.019 + 0.012° 0.014 + 0.009
1.32 & 0.39 1.32 + 0.40° 0.40 =+ 0.15 0.47 £ 0.11% 0.017 + 0.013* 0.015 = 0.006*
Kochi 0.71 & 0.37 1.94 + 1.01 0.11 £ 0.07* 0.23 & 0.10 0.012 = 0.003* 0.014 % 0.004
1.29 + 0.98 2.95 + 1.88* 0.19 £ 0.13* 0.40 + 0.33 0.013 £ 0.005° 0.015 + 0.005"
Nagasaiki 0.98 + 0.41° 2.25 + 1.60° 0.15 £ 0.07 0.29 + 0.13 0.042 =+ 0.024° 0.026 + 0.015
1.63 + 0.44 5.48 + 1.82° 0.30 £ 0.12 0.76 & 0.23° 0.042 + 0.018° 0.026 + 0.009
Wakayama-I 0.47  0.13 0.44 =+ 0.22° 0.09 £ 0.01* 0.27 + 0.04 0.032 £ 0.011 0.021 + 0.012
047 % 0.11 0.37 £ 0.22° 0.10 £ 0.02° 0.27 & 0.07 0.037 % 0.013* 0.020 + 0.002
Wakayama-II (FC) 0.84 & 0.32 0.45 4 0.21° 0.26 + 0.16° 0.36 & 0.12° 0.032 + 0.011* 0.021 % 0.012
0.93 =+ 0.36 0.59 & 0.20° 0.35 £ 0.13° 0.49 & 0.24 0.012 =% 0.004* 0.011 = 0.004°
Mie 0.34 £ 0.15 0.16 & 0.03* 0.10 £ 0.04* 0.14 & 0.07* 0.059 + 0.009° 0.026 + 0.004
043 % 0.23° 0.19 = 0.09* 0.10 = 0.03* 0.14 % 0.06° 0.069 + 0.033° 0.032 + 0.018°

ND not determined

* PCB concentration was the sum of 13 PCB congener concentrations. Different superscript letter indicate significant difference between the locations (r <0.05)
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Fig. 2 T-Hg and HEL in akami and roro samples from tuna cultured
in Okinawa, Kagoshima, Kochi, Nagasaki, Wakayama, and Mie
Prefectures (see Table 1)
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Fig. 3 Stable isotope ratios in akami samples from tuna cultured in
Okinawa (0), Kagoshima (KS), Kochi (KC), Nagasaki (N), Wakayama
(W-I and W-II), and Mie (M) Prefectures (see Table 1)

akami samples, and no clear latitude-dependent increase in
HEL concentration was observed in toro samples.

The average 6'°N value found in akami samples from
tuna cultured in the southern region was the lowest in
Okinawa Prefecture and highest in Nagasaki Prefecture:
The 6'°N value tended to increase with an increase in
latitude (Table 1; Fig. 3). However, 6"°N values in
Wakayama Prefecture (-I and -II) and Mie Prefecture (cen-
tral region) were lower than that in Nagasaki Prefecture.

@ Springer

In contrast, no spatial trend was observed in the average
8'3C values among the seven locations. Furthermore, no
correlation was found between 6'°C and 6"°N values of
combined akami samples from all seven locations.

PCB (sum of 13 congeners), p,p’-DDE, trans-nonachlor,
Q1, TBA, and HCB levels, all expressed on a wet-weight
basis, were approximately 10 times greater in foro samples
than in akami samples from the seven locations, respec-
tively (Table 1). PCB concentrations found in some foro
samples exceeded the limit for PCBs set by the Japanese
government (500 ng/wet g). Contamination levels of PCBs
and p,p’-DDE found in akami and foro samples of Naga-
saki Prefectures, expressed on both wet-weight (Figs. 4,
S1) and lipid-weight bases (Figs. 5, S2), were the highest
among the seven locations, and the levels of PCBs and
p,p'-DDE tended to increase with increases in latitude for
locations in the southern region (Okinawa, Kagoshima,
Kochi, and Nagasaki Prefectures). Contamination levels of
PCBs and p,p’-DDE found in akami and toro samples from
Wakayama-I and -II and Mie Prefecture (central region),
expressed on a wet-weight basis, were lower than those
from samples obtained from tuna in the southern region,
respectively (Figs. 4, S1). No spatial trend was found in
contaminations levels of trans-nonachlor or Q1 in akami
and foro samples (Figs. 4, 5, S1, S2). Levels of TBA and
HCB in akami and foro samples from the southern and
central regions were one or two orders of magnitude lower
than those of p,p-DDE, PCBs, trans-nonachlor, and QI
(Figs. 4, 5, S1, S2). High levels of TBA and HCB were
found in akami and toro samples from Nagasaki and Mie
Prefectures. Contamination levels of p,p’-DDE found in
akami and toro samples cultured in the southern region,
except for Kagoshima Prefecture, were greater than those
of PCBs, respectively, whereas those of PCBs in the central
region were lower.

Figure 6 shows the relation between HEL (%) and
T-Hg, M-Hg, PCBs, p,p’-DDT, trans-nonachlor, Q1, TBA,
and HCB concentration (wet-weight basis) in the combined
samples of akami and foro. T-Hg and M-Hg concentrations
decreased with an increase in HEL, whereas all organo-
halogen compounds increased with an increase in HEL, up
to approximately 60%, at which point they reached con-
stant levels.

Discussion

Except for Wakayama-II, average concentrations of T-Hg
and M-Hg in akami and foro samples did not exceed the
permitted levels in fish and shellfish set at 0.4 and 0.3 pg/wet
g, respectively (Fig. 2), although this Japanese legislation
for Hg does not cover tuna. In general, the Hg contamination
level in tuna correlates to their body length and weight
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Fig. 4 Levels of organohalogen compounds in akami samples from tuna cultured in Okinawa, Kagoshima, Kochi, Wakayama, and Mie

Prefectures expressed on a wet weight basis (see Table 1)

(Yamashita et al. 2005; Kojadinovic et al. 2006). We pre-
viously reported that the average levels of T-Hg and M-Hg
in akami samples from wild bluefin tuna caught off the coast
of Japan were 1.45 £ 0.73 and 1.25 £ 0.66 pg/wet g,
respectively, although the body size of the tuna analyzed was
unknown (Hisamichi et al. 2010). Because commercially
available tuna cultured in Japan are generally younger and
smaller (approximately 2.5-3 years and approximately
30-50 kg), lower contamination levels of T-Hg and M-Hg
found in tuna samples cultured in Japan may be due to the
younger age and smaller size (Tudela and Garcia 2004). The
fattening of tuna has been reported to decrease Hg levels in
the muscle of southern bluefin tuna (Balshaw et al. 2008a, b)
and probably in that of Atlantic bluefin tuna (Vizzini et al.
2010). However, it is unclear whether the culture techniques
used in Japan decrease the Hg concentration in the tuna
muscle because no comparative data on Hg concentrations
in wild and cultured tuna of similar sizes (and ages) are
available.

T-Hg and M-Hg levels in akami samples from
Wakayama-II (0.67 &= 0.14 and 0.43 & 0.07 pg/wet g,
respectively, n = 6) were the highest among all of the
locations (Fig. 2). In agreement with the present values for
T-Hg, Ando et al. (2008) reported that the average T-Hg
concentration in akami samples from Wakayama-II (FC
tuna, approximately 20-60 kg) was approximately 0.6 pg/
wet g. The Wakayama-II farm (Kushimoto, Wakayama
Prefecture) was located near the Wakayama-I location.
However, contamination levels of T-Hg and HEL (Fig. 2)
and some organohalogens (Figs. 4, 5, S1, S2) in the sam-
ples from Wakayama-II were markedly different from
those in samples from Wakayama-I. The differences in
HEL and other contaminants may be ascribed to the dif-
ferences in HEL and contaminant levels in the prey fish
used as bait rather than in the seawater. The contamination
level of T-Hg in akami samples from Wakayama-II was
similar to that in samples from wild bluefin tuna -at an
average body weight of 50 kg (0.59 & 0.34 pg/wet g,

@ Springer
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n = 15 [Yamashita et al. 2005]). However, Hg concen-
tration in wild tuna increases with increased body weight,
whereas that in Wakayama-II samples was almost constant
between 20 and 60 kg (approximately 0.6 pg/wet g [Ando
et al. 2008]). Probably the Hg concentration is greater in
smaller FC tuna (Wakayama-II) than in wild tuna, whereas
it is lower in larger FC tuna. In contrast, HEL in cultured
tuna from Wakayama-II (2.3 & 1.8%) was the lowest
among all of the locations and was compatible with that in
wild bluefin tuna caught off Japan (1.28 & 1.00%, n = 62
[Hisamichi et al. 2010]). Figure 6 shows the negative
correlations between HEL (%) and T-Hg or M-Hg con-
centration. In agreement with these findings, Balshaw et al.
(2008b) reported an inverse relation between lipid content
and Hg concentration in muscle of farmed tuna. A lower
lipid content, expressed by HEL, may be an additional
reason for the greater Hg concentration observed in akami
samples from Wakayama-II.

T-Hg level in akami samples tended to be greater those
in tuna farmed in the southern region compared with those

@ Springer

from the northern region, except for Wakayama-II (Fig. 2).
We previously reported that T-Hg contamination levels in
red meat (muscle) of toothed whale species (Endo et al.
2010) and wild bluefin, yellowfin, and albacore tuna
(Hisamichi et al. 2010) tended to be greater in the southern
region, probably reflecting greater Hg concentrations in the
southern marine environment. The same spatial trend in Hg
contamination in the tuna cultured in Japan, except for
Wakayama (-II) and Mie Prefectures, may reflect Hg
concentrations in the marine environment around the farm
locations.

Contamination levels of p,p’-DDE in tuna cultured in
Okinawa, Kagoshima, Kochi, and Nagasaki Prefectures
(southern region) tended to increase with an increase in
latitude (Figs. 4, 5, S1, S2). A similar but less prominent
tendency was also found in the contamination levels of
PCBs. Similarly, we previously reported that contamina-
tion levels of p,p’-DDE and PCBs in wild bluefin, yel-
lowfin, and albacore tuna tended to be greater in the
northern and central regions than in the southern region of



Arch Environ Contam Toxicol (2012) 62:296-305

303

Fig. 6 Correlation between 100 100
HEL and T-Hg, M-Hg, or 90 90
organohalogen compounds in 80 | Total 80 Methyl
combined samples of akami and 70 | mercury 70 mercury
toro (see Table 1) ol 2O o o &% o
5 ® . g™
ot @ o ® 50 @ Qe
40 40 r o o
Bre ..\ . wi ¢ Ok @ o
20 . 20 |
ol B efPe e ° ¢e x:'o L
L 10 Ky
0 i 0
0 020 040 060 080  1.00 0 010 020 030 040 050 0.60
{ug/wet g) {ng/wet g)
100 100
90| % *-DDE
- PCBs %0 PP
70
o * cofe® © °
o, ° 0@ e “.. e © b
Y P [ ] 40 s ® [ ]
: Y~ A
20 °
10
1.00 1.50 %% 1.00 2.00 3.00 4.00
(ng/wet g) (ng/wet g)
100
90
80 Trans-nonachlor 80 Q1
70 70 t
wf ®e ® o @ L ol ® o ©® ° ¢
50} ©® ® [ N J s0f @ [ 4 L Y [ ]
40} ¢ 2= 40-"&.0. * o’
[ c‘ o ®e P B
30 ° 30 } * °%
wige o® 20 | ® o
o h’
10 g 10 ' i
0 1 . . 0 . . .
0 0.10 0.20 0.30 0.40 0 010 020 030 040 050
(ng/wet g) (ng/wet g)
100
% }
TBA 80 F HCB
70 o
i oo ®og @ ¢
L ovg
50
40 | 4
30
20 -dhe @
10
0.05 0.10 0.15 00 001 002 003 004 005 006
(ng/wet g) (ug/wet g)

Japan, probably reflecting the spatial contamination pattern
of those compounds in the marine environment (Hisamichi
et al. 2010). In contrast, contamination levels of p,p’-DDE
in Wakayama-I and -II and Mie Prefecture (central region)
were lower than those in the southern region. The reason
for the lower levels of p,p’-DDE and PCBs found in the

central region remains unclear. A possible reason for these
spatial differences in p,p’-DDE and PCBs is the existence
of differences in the contamination levels of those com-
pounds in the prey fish used as bait.

No clear spatial trends in the contamination levels of
trans-nonachlor and Q1 were observed (Figs. 4, 5, S1, S2).
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The contamination levels of trans-nonachlor and Q1 were
markedly lower than those of p,p’-DDE and PCBs. The lower
contamination levels of trans-nonachlor have been reported
in wild bluefin tuna caught off the coast of Japan, whereas the
contamination level of Q1 in the wild tuna was the same as
that of p,p’-DDE and PCBs (Hisamichi et al. 2010). The
reason for the difference in Q1 accumulation remains open.

Contamination levels of p,p’-DDE, PCBs, and tans-no-
nachlor in akami samples from cultured tuna (Fig. 5),
expressed on a lipid-weight basis, were similar to those in
samples from wild tuna caught off the coast of Japan
(Hisamichi et al. 2010). Similarly, Vizzini et al. (2010)
reported that contamination levels of PCBs, p,p’-DDE, and
HCB in wild bluefin tuna caught in the Mediterranean Sea,
expressed on a lipid basis, were similar to those in farmed
bluefin tuna.

Contamination levels of TBA and HCB in foro samples,
expressed on both wet-weight and lipid-weight bases, were
one or two orders of magnitude lower than those of
p,0’-DDE and PCBs. The highest averages of TBA and
HCB (approximately 69 ng/g lipid and 32 ng/g lipid,
respectively) were found in the foro sample of Mie Pre-
fecture (Table 1), which is contrary to the spatial pattern
observed for p,p’-DDE and PCB contamination. TBA is
reported to be derived from the natural methylation of trib-
romophenol, which is mostly produced by algae, and found
in the muscle of wild bluefin tuna (0.8-6.4 ng/g lipid) and
farmed bluefin tuna (0.4-1.0 ng/g lipid) from the Mediter-
ranean Sea (Penta-Abaurrea et al. 2009). The contamination
level of HCB in muscle of wild bluefin tuna from the
Mediterranean Sea (approximately 36 kg body weight
[n = 7]) was 5.2 + 3.5 ng/g lipid (Corsolini et al. 2007),
and those in the muscle of skipjack tuna and in the liver of
wild bluefin tuna from the Pacific Ocean were 1-10 ng/g
lipid (Ueno et al. 2003) and 10-30 ng/g lipid (Ueno et al.
2002), respectively. Contamination levels of TBA and HCB
found in bluefin tuna cultured in Japan were greater and
similar levels to the reported levels, respectively.

Average 6"°N and 813C values in akami samples from
tuna cultured in Japan ranged between 13.4 and 15.5 and
between —17.5 and —16.5, respectively (Table 1; Fig. 3).
In contrast, average 6'°N and 6'°C values in akami samples
from wild bluefin tuna caught off the coast of Japan were
133+ 1.1 and —169 4+ 0.5 (n=61), respectively
(Hisamichi et al. 2010). Thus, the average §"°N in cultured
tuna in Japan was greater than that in wild tuna. In
agreement with these findings, Vizzini et al. (2010)
reported a greater 5'N value in farmed bluefin tuna than in
wild bluefin tuna from the Mediterranean Sea. Greater
5'°N values have also been reported in farmed fish than in
wild fish of other species (Serrano et al. 2007).

The average 6'°N value in akami samples from the
southern region (four locations) tended to increase with an
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increase in latitude, and that in samples from the central
region was intermediate compared with those of the
southern region. In contrast, there were no clear spatial
differences in 6'°C values. No correlation was found
between 6'°N and §"°C values in combined akami samples
from the southern and central regions. In contrast, we
previously reported a positive correlation between 5'°N
and 6'°C values in combined wild bluefin tuna samples
from both regions, probably reflecting their wide-ranging
migration (Hisamichi et al. 2010). We also reported neg-
ative correlations due to latitudinal effect in combined
yellowfin tuna samples, combined albacore tuna samples
(Hisamichi et al. 2010), and combined toothed-whale
samples (Endo et al. 2010). Fish culturing may decrease the
strength of these migration- and/or the latitude-related
correlations.

Average HEL values in akami samples, except for those
from Wakayama-I and -II, tended to increase with an
increase in latitude (Fig. 2). We previously reported greater
HEL values in akami samples from wild bluefin tuna
caught in the northern region than in those in the southern
region of Japan (Hisamichi et al. 2010). Furthermore, we
reported that the average HEL value in samples from wild
yellowfin and albacore tuna tended to be greater in the
central region than in the southern region (Hisamichi et al.
2010). The difference in seawater temperature may be
a possible cause for the latitude-dependent tendency
observed in HEL values. However, the reason for the lower
HEL value in tuna samples from Wakayama-I and -II is
unclear. Lower HEL concentrations in prey fish used for
tuna culturing is a possible reason.

The average HEL value in foro samples from each
region was markedly greater than that in the respective
akami samples. The latitude-dependent increase in HEL
observed in akami samples was not found in foro samples.
Fattening may decrease spatial difference in the lipid
content of toro samples. A greater lipid content in cultured
tuna compared with wild tuna was reported in bluefin tuna
from the Mediterranean Sea (Vizzini et al. 2010) and in the
southern bluefin tuna (Padula et al. 2008).

Nakao et al. (2007) analyzed T-Hg levels in prey fish
used in Wakayama-II (FC tuna), but T-Hg levels in the
prey fish used in other locations in Japan are unavailable.
Furthermore, no data on contamination levels of organo-
halogen compounds in prey fish used in tuna culturing in
Japan are available for business reasons. To elucidate
spatial trends in Hg and organohalogen contaminations
found in cultured tuna in Japan, analyses of the contami-
nation levels in prey fish are necessary.
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TR M K5 Y E (Persistent Organic Pollutants; POPs) IZREF O W2 5 &
TARBEL . EHHBEE TS L LLCAYREEE AT IREERMETH D,
POPsIEic B L CRBAERZ )V —=v T35 2 L IXAROREDORBERIZE
BT5 L CEECHD, POPsITIERM RS D20, MEH» b BALCZEWEIN
5, E7 T OEETRBALICED L 5 RPOPsREENDINTRLRD, FEAOR
2 TCIEIDDToA~F Y 7 nuu B BENGVR, AAANTIXZ a7 PCB,
NATAFut s F o, BEATIIPBDEsORENE WV, T WoFEOH
EAREWIEIZB T ABEPLRENLEVERZEOHFHMIEEL TV D,
POPSEEIXEH SN bOIRBECHERTETLTETEY . AR~DEEITE
ZI WS, FREBRHENIMELH D, o TTFELOREDLDIZHE b
BAOWGEHRE=F )V ITRLETHS,

&
PR M V5 e E  (Persistent Organic
Pollutants; POPs) ZIREF DWW D & T A
BEL. RYBEBETS L &b AEMRNESE
PETAREFLEMETH D, 2004 FLIFE,
POPs IR F v 7 R LEMIC XD R
BEEL LTHZONA TS, ZORBDOLLED
EE. AE. MAROBEBOILESTICE
WTHBIRHBERTWE R, it Fo
IEHEEGESCHAICBVTHRKETHE, B b
NELRBEREZBLTCINOLENE~DR
BEZUBEAUL HERPOPs DT,
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BE% POPs DBZH KEBHIZHONT, &
ARARITE > TOEERBERE L LTE
ALTW3, fE>T, POPs EHIZBL TR
WEAT Y —=v T2 LI ROBRED
BERNEZEETSIETCEETHS, LI
POPs {FH DO MIMEMEMRET 5 Z & 3L
EMERFIODREEHEL, ESBRLEDX
SRRBNBBEICREPERETDILETHE
BLhB, FORCKHIIERLZBEINERD
B, FOERIEBVWTIZEIERIhA TV
POPs &, ZOHRHFICEBENHL IR
STHEEMEDORI ) —=Vv T ThBH b,
FOXEAEFERDE D > - POPs, POPs fE#
ME., MOBRBEEEREDOTATIEONT
EFE=FZYVUSTHIEREETHD, 20K
B CIE. EEERAYET L POPs IZ W THRETT 2,
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S BEVOBELILBI~ADET
FERIBED X 5 RIES FEORERIIER
ZOoORK., ZBEWME L REEBRETLEND
BR~C&EINn3 (M 1), #iFix ATP O X
IRIRNANF—IIRETHY ., BEARIZL
STHRIZ2HERETHD, ZO0BMBEEIX
YMEAFOMEICTEKEL TV, — RN
BHMETHY, NEIRSTIZERLIEGESH
BEMRHD, BERIFN T VAR—F—1TX
DREEOHFOBMETHY, MERILALBRE
BRTEBAPMEFEWEEZWET S L8mb5
nTna,

K1 HABRcTopEHZORERXR

m;EFLAEEEPS (blood-breast milk barrier)

CEFENEYORS S S UZ B
—RB9IZ S B FRIBAE O 72 12 M iR FL AR BE
P9 (blood-breast milk barrier) NS fFEFET 2 Z & 28
MHTWAY, ik ELEREI P i R R
Shennan and Peaker?<°Abadin et al.¥ 12 & ¥
{LEMERELR R EOEZL OERSTHED
BREL 2D LRI NTWVWD, MR
BMREOL > 2YEzBBSEDL. HD
WIS ERVIZ DN TO RHIEIWE RS
NTWD, METOMERENFEHICELE
Broo, MBTMERECS T 2EBATHER
ErgxbEREOCH 2B/ ML 25 2
EBRMBEN TV D ZBEWMEROEEITRI/
MmARIT—EIZ2 22, RRBREROHF AL
RPREICEKFEITREESND. ZNH2O0
BWRIVERESEBWVBEICERTE 558,
BEWBEICIIAREMICIIR U2 RT,

mEFRBEMICE TR TV RAR—F—
IR LRIV oD T AR —
F—REETDIZEBMENTVWS (KB ¢
R, IhbDT—FIEIMNT UV RAR—F—
DHFEETFBLTNERE, REFOHWED b
FUAR—F =LY FOBREREIND D
WKOWTIHAAETH D, FF UV AR—F—
OIEME % 53 2 1T IX BRI B L v AlmE 23
bb, BEFRESVAB: ) v I T U~
DANWE N T VAR —F—DEBRERRE
ODBRFHZELN DB, BEF/ v 7TV M
HTEREHRA T =X LRI LIE LR
DT L7225,

EZIREMICE (T 5 ZB#E

YE OMBLFRRBEBII0LED b B~
DOEEICREREEL 6T, BEN2AE
LT EL OBEZWE % FoREH 2 POPs
ThHARIVERFMY 7=V —FT )b
(Polybrominated diphenyl ethers: PBDEs) & &~
VHFEMNE 7 ==/ (polychlorinated biphenyls:
PCB) #7377, ZhbliT X ZREETKE
b, FIENRRRFEEA, BB IXERR
Frah, "e S BB BN 0L LEN
bORNTTREGRESPROA TS (&
RKowF o b#i3 10 THY ., #209 IZEY T
D)o T M DBNXEOME DS T E,
BRRECLK., BEMEIEVWE L7267, K2
Tk, FR-SOWEISWTME & LD
B EEEBIIRAT2EA)EHATWS,
PBDE $H Tl OFEDODRKRE VWREA TR S F
BONENHDIZHAFHF%IMMES 20T
W5, —F PCBETIRZOX ) RBEMITAS
nizv, ZoORERHICHTET e —F
& L T E & WM & I 4 # B (Quantitative
Structure-Activity Relationship: QSAR)% W
T RHT AT ol ¥, ZOFR, PBDE Fe
PCB HORBH/MFEDOHEIZ DWW T TROK
nEIHINE, -
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