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Abstract

Polybrominated diphenyl ethers (PBDEs) are one of the flame retardants widely used in plastics, textiles, electronic appliances, and
electrical household appliances. In this study, PBDEs and organochlorine compounds (OCs) were determined in the archived samples
from the Environmental Specimen Bank for Global Monitoring (es-BANK) at Ehime University. The blubber of cetaceans found
stranded along the coasts of Japan, Hong Kong, the Philippines and India during the period from 1990 to 2001 were employed for chem-
ical analysis to understand the present status of contamination and the specific accumulation of PBDEs. PBDEs were detected in all the
cetacean samples analyzed, and concentrations were one or two orders of magnitude lower than for PCBs and DDTs. Concentrations of
PBDEs ranged from a low value of 6.0 ng/g lipid wt. in spinner dolphin (Stenella longirostris) from India to a high value of 6000 ng/g
lipid wt. in Indo-Pacific humpback dolphin (Sousa chinensis) from Hong Kong. No difference in PBDE levels between coastal and off-
shore species from Japan was observed, implying the existence of pollution sources in this region other than Japan. Highest concentra-
tions of PBDEs were found in animals from Hong Kong, followed by Japan, and much lower levels from the Philippines and India,
suggesting that developing nations may also have pollution sources of PBDEs. Geographical distribution of PBDEs in Asian waters
was different from PCBs but similar to DDTs.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polybrominated diphenyl ethers (PBDEs), the popular
flame retardants, are now a worldwide problem even in
remote areas (Ikonomou et al., 2002a; Birnbaum and
Staskal, 2004; Ueno et al., 2004). PBDEs are structurally
similar to PCBs and DDT and, therefore, their chemical
0045-6535/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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properties, persistence and distribution in the environment
follow similar patterns. They have been found to bioaccu-
mulate and there are concerns over the health effects in ani-
mals from exposure to PBDEs. They also have potential
endocrine disrupting properties (Hallgren et al., 2001;
McDonald, 2004). Another social concern is that PBDEs
have the potential to form polybrominated dioxins and fur-
ans when burnt, and toxicity of the resultant compounds
was estimated to be similar to chlorinated dioxins (Wata-
nabe and Sakai, 2003).
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Fig. 1. Annual consumption of brominated flame retardants in the world in 2001. Data are from Watanabe and Sakai (2003) and BSEF (2004).
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Fig. 2. Sampling locations of cetaceans from Asian waters.
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Growth in interest in PBDE has been as exponential as
their apparent increase in the environment over the past
20–25 years in Europe (Norén and Meironyté, 2000;
Thomsen et al., 2002) and North America (Ikonomou
et al., 2002a; Norstrom et al., 2002; Rayne et al., 2003).
However, there is still very little information on PBDE
contamination in the Asia-Pacific region, compared to
North America and Europe. On the Pacific coast of north-
ern Japan, peak concentrations of PBDEs in fat tissue of
northern fur seals (Callorhinus ursinus) occurred later than
organochlorine compounds (OCs), and we concluded that
it is essential to follow-up the patterns of PBDEs pollution,
which may be of great concern in the future in this region
also (Kajiwara et al., 2004a). The global market demand of
brominated flame retardants in 2001 (Watanabe and Sakai,
2003; BSEF, 2004) showed that Asian countries consumed
about 40% of the total PBDE demands. Within the Asian
consumption, only 10% was used by Japan and 90% by
other Asian countries (Fig. 1). It is plausible that there
are some regions significantly contaminated by PBDEs in
Asian developing countries apart from the developed coun-
tries including Japan (Tanabe, 2004).

Marine mammals including seals and whales are consid-
ered to be particularly sensitive to the effects of contami-
nant exposure because they have long life spans and
feed high in the food chain. As a result, they are exposed
to relatively high contaminant levels and can accumulate
high concentrations in their tissues, and act as representa-
tive animals to illustrate global pollution. The present
study attempts to elucidate the geographical distribution
of PBDEs in cetaceans from Asian waters, especially
from Japanese coastal waters, in comparison to classical
OCs.

2. Materials and methods

2.1. Samples

In this study, PBDEs and OCs were determined in the
archived samples from the Environmental Specimen Bank
for Global Monitoring (es-BANK) at Ehime University.
Fifty-six male specimens comprising eight cetacean species
collected from Asian coastal waters during 1990 to 2001
were used (Fig. 2). The following samples collected from
Japan during 1998 to 2001 were included: two coastal spe-
cies including finless porpoise (Neophocaena phocaenoides)
stranded along Seto-Inland Sea (n = 5) and the Pacific
coast (n = 2), and harbour porpoise (Phocoena phocoena,
n = 3), and four offshore species including Dall’s porpoise
(Phocoenoides dalli, n = 10), melon-headed whale (Pepono-

cephala electra, n = 5), Pacific white-sided dolphin (Lagen-

orhynchus obliquidens, n = 5), and Stejneger’s beaked whale
(Mesoplodon stejnegeri, n = 5). Dall’s porpoises are off-
shore species distributed around northern Japan and have
two populations with distinct migration routes, truei-type
in the Pacific Ocean, and dalli-type in the Japan Sea. We
could obtain five samples from both populations to com-
pare the contamination status between the Japan Sea and
the Pacific. Six finless porpoises and seven Indo-Pacific
humpback dolphins (Sousa chinensis) from Hong Kong
waters found stranded in 1997–2001, two humpback dol-
phins and three spinner dolphins (Stenella longirostris)
from India collected during 1990–1992, and three spinner
dolphins from the Philippines in 1996 were also used in this
study. Blubber samples were employed for chemical analy-
sis. As for samples from Hong Kong, data were cited from
our previous study reported by Ramu et al. (2005).
2.2. Chemical analysis

Analysis of PBDEs was performed following the proce-
dure described by Ueno et al. (2004) with slight modifica-
tion. Briefly, approximately 5 g of blubber sample was
ground with anhydrous sodium sulfate and extracted in a
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Soxhlet apparatus with a mixture of diethyl ether and hex-
ane for 7–8 h. An aliquot of the extract, after adding 5 ng
of internal standards (13C12-labeled BDE-3, BDE-15,
BDE-28, BDE-47, BDE-99, BDE-153, BDE-154, BDE-
183 and BDE-209), was added to a gel permeation chroma-
tography column (GPC; Bio-Beads S-X3, Bio-Rad Labora-
tories, CA, 2 cm i.d. and 50 cm length) for lipid removal.
The GPC fraction containing organohalogens was concen-
trated and passed through 1.5 g of activated silica gel
(Wakogel� S-1, Wako Pure Chemical Industries Ltd.,
Japan) column with 5% dichloromethane in hexane for
clean up. 13C12-labeled BDE-139 was added to the final
solution prior to GC-MSD analysis. Quantification was
performed using a GC (Agilent 6980N) equipped with
MSD (Agilent 5973N) for mono- to hepta-BDEs, and
GC (Agilent 6980N) coupled with MSD (JEOL GCmate
II) for deca-BDE, having an electron impact with selective
ion monitoring mode (EI-SIM). GC columns used for
quantification were DB-1 fused silica capillary (J&W Scien-
tific Inc.) having 30 m · 0.25 mm i.d. · 0.25 lm film thick-
ness for mono- to hepta-BDEs, and 15 m · 0.25 mm
i.d. · 0.1 lm film thickness for deca-BDE. Ten major cong-
eners of PBDEs (BDE-3, BDE-15, BDE-28, BDE-47,
BDE-99, BDE-100, BDE-153, BDE-154, BDE-183 and
BDE-209) were quantified in this study. All the congeners
were quantified using the isotope dilution method for the
corresponding 13C12-labeled congener. Recovery of 13C12-
labeled BDEs ranged between 60 and 120%.

OCs including PCBs, DDTs, HCHs, CHLs (chlordane
related compounds) and HCB were analyzed following
the methods described by Kajiwara et al. (2003). Another
aliquot of the extract was subjected to GPC for lipid
removal. The GPC fraction containing OCs was concen-
trated and passed through an activated Florisil column
for clean up and fractionation. Quantification of PCBs
and most of organochlorine pesticides was performed using
a GC (Agilent 6980N) equipped with a micro-electron cap-
ture detector (micro-ECD) and an auto-injection system
(Agilent 7683 Series Injector). The GC column used for
OC analysis was a fused silica capillary (DB-1, 30 m ·
0.25 mm i.d. · 0.25 lm film thickness, J&W Scientific
Inc.). The concentration of individual OCs was quantified
from the peak area in the sample to that of the corres-
ponding external standard. The PCB standard used for
quantification was a mixture of sixty-two PCB congeners
(BP-MS) obtained from Wellington Laboratories Inc.,
Ontario, Canada. Concentrations of individually resolved
peaks of PCB isomers and congeners were summed to
obtain total PCB concentrations.

Procedural blanks were analyzed simultaneously with
every batch of five samples to check for interferences or
contamination from solvents and glassware. Lipid contents
were determined by measuring the total non-volatile sol-
vent extractable material on sub-samples taken from
the original extracts. The concentrations of organohalo-
gens are expressed on a lipid weight basis unless otherwise
specified.
For quality assurance and control, our laboratory par-
ticipated in the Intercomparison Exercise for Persistent
Organochlorine Contaminants in Marine Mammals Blub-
ber, organized by the National Institute of Standards and
Technology (Gaithersburg, MD) and the Marine Mammal
Health and Stranding Response Program of the National
Oceanic and Atmospheric Administration’s National Mar-
ine Fisheries Service (Silver Spring, MD). Standard refer-
ence material (SRM 1945) was analyzed for selected PCB
congeners and persistent OCs. Data from our laboratory
were in good agreement with those for reference materials.
The average percentage deviation from the certified values
was 13% (range: 0.5–20%) for organochlorine pesticides
and 28% (range: 1.3–57%) for PCB congeners.

Probability values less than 0.05 were considered as sta-
tistically significant using Mann–Whitney U test.

3. Results and discussion

PBDEs were detected in all the blubber samples of ceta-
ceans from Asian waters (Table 1). A total of eight congen-
ers of di- to hepta-BDE were detected in the samples. No
BDE-3 (mono-BDE) or BDE-209 (deca-BDE) was found
at the detection limits of the analysis, which were 0.01
and 0.5 ng/g lipid wt., respectively. Concentrations of
PBDEs ranged from a low value of 6.0 ng/g lipid wt.
in spinner dolphin from India to a high value of 6000
ng/g lipid wt. in Indo-Pacific humpback dolphin from
Hong Kong (Table 1). As a general trend, concentrations
of PCBs and DDTs were the highest, followed by CHLs,
HCHs and HCB in that order, in Asian cetaceans. Levels
of PBDEs were one or two orders of magnitude lower than
that of PCBs and DDTs. PBDE residue levels observed in
the present study were in the range reported in the North
American studies and somewhat lower than in Europe
(de Boer et al., 1998; Lindstrom et al., 1999; Covaci
et al., 2002; Boon et al., 2002; Law et al., 2002). To our
knowledge, this is the first comprehensive study reporting
the accumulation of PBDEs in cetaceans from Asian
waters.

3.1. PBDEs and OCs levels in Japanese cetaceans

3.1.1. Japan Sea vs. Pacific Ocean

To elucidate the contamination status of organohalogen
contaminants around Japan, Dall’s porpoise presents a
unique opportunity because we could obtain samples for
comparison from the Japan Sea and the Pacific Ocean
on their migration routes in the year 2000. When residue
levels in Dall’s porpoises from different populations were
compared, concentrations of PBDEs (p < 0.01), PCBs
(p < 0.05), DDTs (p < 0.01), and HCHs (p < 0.05) detected
in truei-type porpoise from the Pacific coast of northern
Japan were significantly lower than dalli-type, which
migrate inside the Japan Sea and the Sea of Okhotsk
(Table 1, Figs. 3–5). Differences in PBDE concentrations
were more prominent with the mean concentrations in



Table 1
Concentrations (ng/g lipid weight) of PBDEs and OCs in the blubber of cetaceans collected from Asian waters

Species n Lipid (%) PBDEs PCBs DDTs CHLs HCHs HCB

Japan
1998–2000 Finless porpoise

Seto Inland Sea 5 61 (46–70) 730 (410–1300) 120000 (44000–370000) 76000 (19000–270000) 21000 (9400–60000) 3300 (390–14000) 280 (110–870)
Pacific Coast 2 47 (42–52) 620 (590–640) 29000 (13000–45000) 32000 (11000–52000) 4800 (3800–5800) 950 (500–1400) 690 (650–720)

1999 Harbour porpoise
3 87 (–) 73 (24–100) 2200 (860–3000) 3300 (1100–5000) 1000 (400–1500) 730 (430–890) 710 (330–930)

2000 Dall’s porpoise
truei-type 5 87 (83–89) 57 (29–100) 9000 (6800–13000) 11000 (7700–18000) 4200 (2900–6800) 1200 (1000–1500) 860 (660–970)
dalli-type 5 86 (80–99) 530 (450–630) 18000 (12000–23000) 31000 (21000–41000) 5200 (2800–6800) 1900 (1500–3000) 580 (520–800)

2001 Melon-headed whale
5 68 (63–74) 320 (300–340) 24000 (15000–30000) 27000 (18000–33000) 4100 (3600–5400) 210 (170–250) 270 (220–340)

1999 Pacific white-sided dolphin
5 69 (46–84) 690 (100–1200) 8700 (1300–16000) 14000 (1500–26000) 3300 (350–6500) 900 (110–1700) 460 (34–1100)

2000/01 Stejneger’s beaked whale
5 71 (49–92) 530 (390–650) 19000 (17000–20000) 110000 (83000–140000) 4500 (3600–4900) 2700 (1900–3500) 690 (530–1100)

Hong kong
2000/01 Finless porpoise

6 46 (34–62) 600 (230–980) 13000 (1400–28000) 120000 (10000–260000) 740 (140–1900) 250 (32–860) 160 (75–280)
1997–2001 Indo-Pacific humpback dolphin

7 31 (15–56) 1900 (280–6000) 45000 (9400–83000) 190000 (51000–470000) 2200 (300–6000) 720 (110–2200) 280 (150–430)

India
1992 Indo-Pacific humpback dolphin

2 57 (53–61) 11 (10–12) 2000 (1400–2600) 75000 (66000–84000) 160 (130–180) 110 (85–130) 16 (13–19)
1990–1992 Spinner dolphin

3 47 (37–60) 6.8 (6.0–8.0) 1600 (1100–2200) 48000 (32000–77000) 160 (110–220) 220 (130–340) 28 (16–42)

Phillippines
1996 Spinner dolphin

3 38 (12–52) 36 (20–64) 3600 (2600–5400) 16000 (15000–17000) 540 (340–920) 110 (66–190) 220 (110–430)
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Fig. 3. Geographical distribution of PBDEs in Asian cetaceans. Black and white bars indicate coastal and offshore species, respectively.
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dalli-type porpoises (530 ng/g) being tenfold higher than
those in truei-type (57 ng/g). On the other hand, HCB
residue levels were significantly higher in truei-type por-
poises than dalli-type (p < 0.05). Our previous investiga-
tion, which focused on OC levels in Dall’s porpoise
collected in 1998/99 also showed significant differences in
DDTs and HCHs levels between the two populations
(Kajiwara et al., 2002). Moreover, residue levels of
dioxin-related compounds in dalli-type porpoises were also
found to be higher than in the specimens from the Pacific
(Kajiwara et al., 2004b). These results indicate that the load
of PBDEs and certain OCs in the Japan Sea is higher than
in the Pacific, and the effluents from surrounding countries
of the Japan Sea can be suggested as a possible source.
Emissions from China and Southeast Asia are plausible
contamination sources to the Japan Sea. Additionally,
the closed ecosystem of the Japan Sea might have resulted
in the accumulation of relatively less volatile compounds.

3.1.2. Coastal vs. Offshore species

Among Japanese cetaceans analyzed in this study, con-
tamination levels of PBDEs were highest in finless por-
poise followed by Pacific white-sided dolphin > dalli-type
Dall’s porpoise, Stejneger’s beaked whale > melon-headed
whale > harbour porpoise, truei-type Dall’s porpoise (Table
1). Since finless porpoise in Japan usually inhabit coastal
and semi-closed waters along the industrial zones, they
might have been exposed to a variety of such chemicals
and accumulate lipophilic compounds to high levels. Har-
bour porpoises, however, had lower PBDE and OC levels
in this study even though they stay in shallow coastal
waters without any wide migration. Although the reason
for the low level of organohalogen contaminants in this
species is still unclear, the fact that the areas they were
found stranded do not have heavy human activities may
partially account for this.

To elucidate if Japan plays a role as a pollution source
of PBDEs and OCs, differences in residue levels between
coastal and offshore species from Japan may give clues to
some extent. As for PCBs, finless porpoise, which repre-
sents a coastal species in Japan, had apparently higher lev-
els of these contaminants than offshore species (Fig. 4),
reflecting continuous discharge of PCBs from Japan.
PCB compositions in fur seals from the Pacific coast of



Fig. 4. Geographical distribution of PCBs in Asian cetaceans. Black and white bars indicate coastal and offshore species, respectively.
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northern Japan showed no temporal variation between
1972 and 1998, suggesting a continuous input of PCBs into
the marine environment in significant quantities (Kajiwara
et al., 2004a). On the other hand, DDTs residue levels in
Japanese offshore species seem to be comparable to or
higher than coastal species (Fig. 5), implying that DDTs
are not primarily released from Japan. As shown in Table
1, highest DDTs concentrations were detected in Stej-
neger’s beaked whale stranded along the Japan Sea. Bio-
logical information on this species is very scarce and we
only know that they inhabit at least the offshore area of
the Japan Sea and feed on deep sea organisms. When this
fact is coupled with the results on Dall’s porpoise described
earlier, it may be reasonable to consider that DDT levels in
Stejneger’s beaked whale reflect the heavy discharge of
DDT from countries around the Japan Sea. As for PBDEs,
interestingly, residue levels in this study showed almost
comparable levels in finless porpoise and Japanese off-
shore species, except for truei-type Dall’s porpoise (Fig. 3).
Considering these facts, existence of pollution sources
of PBDEs in the Asian region other than in Japan is
suspected.
3.2. Geographical distribution of PBDEs and OCs in
Asian waters

PBDE residue levels detected in Asian cetaceans were
highest in specimens from Hong Kong followed by Japan
(Table 1, Fig. 3). The levels in the animals near the Philip-
pines and India were very much lower. When geographical
distribution patterns of organohalogens were compared, it
is much evident that for PCBs in this region, countries
around Japan and Hong Kong are the main sources
(Fig. 4), and for DDTs, South East Asian countries are
the prime source (Fig. 5). However, the sources for the
marine pollution by PBDEs in this region are obscure
(Fig. 3). Perhaps, both Japan and Hong Kong are contrib-
uting equally. Our results indicate that developing nations
may also have significant pollution sources for PBDEs.
Our previous study to elucidate geographical distribution
of PBDEs using skipjack tuna showed highest concentra-
tions of PBDEs in samples from the East China Sea (Ueno
et al., 2004). Although the reason for the high level of
PBDEs in those samples is still unclear, this may be due
to rapid industrialization in the recent past in some devel-



Fig. 5. Geographical distribution of DDTs in Asian cetaceans. Black and white bars indicate coastal and offshore species, respectively.
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oping countries around the East China Sea (Tanabe, 2004).
One of the main reasons for the high levels of PBDEs
observed in Hong Kong specimens in this study may be
the leaching of these compounds from the trash electrical
equipments like computers, television sets, etc., imported
into China from developed nations for extraction of reus-
able material (Schmidt, 2002). The released PBDEs might
have spread to the nearby regions including Hong Kong
waters, thus contaminating the cetaceans living there.

3.3. PBDE composition

BDE-47 was the predominant congener in almost all the
cetaceans analyzed in this study (Fig. 6), although commer-
cial PBDE mixtures contain BDE-47 not in such a large
amount (Sjödin et al., 1998; Ikonomou et al., 2002b).
Although about 80% of the PBDEs produced consist of
Deca-BDE, predominantly lower brominated congeners
accumulate in cetaceans possibly due to selective uptake
into food chains or debromination of the Deca-BDE (Sta-
pleton et al., 2004; Tomy et al., 2004). This is one of the
paradoxes of PBDE accumulation that has not been clearly
explained so far in mammals. Relative PBDE congener
patterns in animals from different geographical locations
may differ, mainly by the differences in contaminant
sources, contaminant transport pathways, diet, and species.

The congener profiles observed in finless porpoise,
Dall’s porpoise and melon-headed whale around Japan
having proportionately less BDE-47 and more hexa-BDEs,
were clearly different from those in marine mam-
mals reported from Europe and USA (Ikonomou et al.,
2002a,b; Law et al., 2002; She et al., 2002). These studies
reported PBDE accumulation patterns with BDE-47 com-
prising more than 60% of the total, followed by BDE-99
and -100, whereas the contribution by higher brominated
congeners including BDE-153 and -154 was higher than
penta-BDEs in the present study. The type of commercial
PBDE mixture used in these regions might elicit these dif-
ferences in the accumulation profile. In the finless porpoise
specimens from Japan, the percentage of hexa-BDEs was
higher than in the same species collected near Hong Kong
(Fig. 6). This may be due to the different commercial
mixtures of PBDEs used in these two countries. Pacific
white-sided dolphins collected near northern Japan showed
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Fig. 6. PBDE congener profiles in cetaceans from Asian waters.
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a different pattern with a lower percentage of hexa-BDEs
than in the finless porpoise from southern Japan. This
may be due to the different geographical ranges of these
two species, or the species-specific metabolic capacities.
Although PBDE residue levels in Dall’s porpoise were
clearly different among the populations as described earlier
in this paper, PBDE profiles were very similar with a lower
percentage of BDE-47 and higher hexa-BDEs residues in
both populations. This result might suggest that PBDE
profiles in cetaceans are species-specific and independent
of exposure amount and/or body burdens, at least in Dall’s
porpoise. As previously noted, however, PBDE profiles of
finless porpoises in Hong Kong and Japan were not similar
and different contamination sources may thus be suspected.
Further studies on specific accumulation of PBDEs in high
trophic animals through food chains should be studied in
detail.

4. Conclusions

PBDEs were detected in all the cetacean samples ana-
lyzed from Asian waters. Highest concentrations were
found in animals from Hong Kong, followed by Japan,
and much lower levels from the Philippines and India, sug-
gesting that some developing nations may also have pollu-
tion sources of PBDEs. Considering these facts, PBDEs
should be considered as an increasing pollution problem
in the Asia-Pacific region, which may be of great concern
in the future. It is also imperative to decipher potential
sources of PBDEs and the toxicological risk for marine
mammals, the top predators of the ecosystem.

Considering the widespread and increasing concentra-
tions of PBDEs in wildlife coupled with their persistency
and global transport, these compounds may be considered
for inclusion in the list of persistent organic pollutants
(POPs).
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