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Organohalogen contaminants including PCBs, DDTs, CHLs, HCHs, HCB, PBDEs and HBCDs were deter-
mined in striped dolphins (Stenella coeruleoalba) found stranded at Gogo-shima (n = 6, 2003) and col-
lected from Taiji (n = 15, 1978–1992) in Japan. All target compounds were significantly detected in all
the specimens, indicating ubiquitous contamination of oceanic cetaceans in northwest Pacific Ocean.
Examination of body distribution of organohalogens in the six specimens from Gogo-shima showed no
significant difference in concentrations among the analyzed tissues, except for brain, which had lower
levels possibly due to the existence of blood–brain barrier. For evaluating temporal trends, archived blub-
ber samples of adult male stripped dolphins collected in 1978, 1979, 1986 and 1992 were analyzed. Con-
centrations of PCBs, DDTs and HCHs did not change significantly during 1978–2003. In contrast,
remarkable increasing trends of PBDEs and HBCDs were observed, suggesting growing consumption in
Japan and surrounding countries in recent years.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Six adult striped dolphins (Stenella coeruleoalba) were found
stranded at Gogo-shima Island, Ehime, Japan in 2003. Although
the main cause of death was undetermined, pathological examina-
tion revealed the presence of parasites such as Monorygma sp. and
Phyllobothrium sp. in all the six dissected specimens. Goiter was
also observed in three of the six specimens (Makara et al., 2006).
We assume that this observation suggests possible disruption of
thyroid endocrine system due to accumulation of anthropogenic
contaminants in the dolphins. Though not much is known on the
potential effects of organic contaminants in marine mammals, re-
cent in vitro toxicological studies have demonstrated that hydrox-
ylated metabolites of lower brominated polybrominated diphenyl
ethers (PBDEs) can affect thyroid hormone homeostasis (Meerts
et al., 2000). Organochlorines (OCs), including PCBs and organo-
chlorine pesticides such as DDTs were extensively used in Japan un-
til the early 1970s. Because of the persistence and lipophilicity of
these compounds, their ubiquitous contamination and extreme
All rights reserved.
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biomagnification in marine mammals have been observed (de
Wit, 2002; Hites, 2004). Concern over environmental contamina-
tion by brominated flame retardants (BFRs), especially PBDEs and
hexabromocyclododecanes (HBCDs) has increased in recent years
due to their physicochemical and toxicological similarities to OCs.
Both PBDEs and HBCDs are used in polymers and textiles as additive
flame retardants in a wide range of products, such as printed circuit
boards, television and computer housings and other electronic
household equipments, automotive parts, thermal insulation foams
and furniture upholstery. Statistical data demonstrated that Asian
countries shared about 40% and 23% of the global PBDEs and HBCDs
consumption in 2001, respectively (BSEF, 2005), suggesting that
this region could be a significant source of contamination by BFRs.
Although many reports on the environmental behavior and fate of
PBDEs have been published (Rahman et al., 2001; Ueno et al.,
2004; Tanabe et al., 2008), only limited information on other BFRs,
such as HBCDs, is available so far (Covaci et al., 2006). In this regard,
OCs and BFRs were analyzed in striped dolphins found stranded at
Gogo-shima Island to evaluate the present status and body distribu-
tion of organohalogen contaminants. Furthermore, temporal trends
of organohalogen contaminants were also evaluated by analyzing
archived blubber samples of striped dolphins.
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2. Materials and methods

2.1. Samples

Blubber samples of adult striped dolphins (S. coeruleoalba)
found stranded at Gogo-shima Island, Ehime (n = 6, 2003) and col-
lected from Taiji (n = 15, 1978–1992) in Japan were analyzed in
this study (Fig. 1). Specimens from Taiji were obtained from local
fishermen. Biological data of the animals are given in Table 1. For
the six specimens (5 males and 1 female) from Gogo-shima, mus-
cle, liver, and brain tissues were also collected for assessing body
distribution of organohalogen contaminants. All the samples were
stored at �25 �C in es-BANK (environmental specimen bank) of
Ehime University (Tanabe, 2006) until chemical analysis.

2.2. Chemical analysis

Analysis of OCs and BFRs was performed following the proce-
dures described elsewhere with slight modifications (Ueno et al.,
2004; Kunisue et al., 2005; Isobe et al., 2007). Briefly, 2–20 g
(wet wt) of the sample was ground with anhydrous sodium sulfate
and Soxhlet extracted with diethyl ether/hexane (3:1, v/v) for 7–
8 h. Extraction was performed in a laminar flow hood to prevent
degradation of target compounds by UV and all the extracts were
kept in a shelf with dark condition before further treatments. An
aliquot of the extract, after spiking 5 ng of 13C12-BDEs (13C12-
BDE-3, 15, 28, 47, 99, 153, 154, 183, 197, 207, 209) and 10 ng of
13C12-HBCDs (a-, b-, c-13C12-HBCD), was loaded to a gel perme-
ation chromatography (GPC, Bio-Beads S-X3, Bio-Rad, CA, 2 cm
i.d., � 50 cm) column for lipid removal. The GPC fraction contain-
ing BFRs was concentrated and subjected to an activated silica
gel column (Wakogel DX, 4 g, Wako Pure Chemicals, Tokyo) for
clean-up and fractionation. The first fraction eluted with 80 ml of
dichloromethane/hexane (5:95, v/v) from the silica gel column
contained PBDEs, while the second fraction eluted with 100 ml of
dichloromethane/hexane (25:75, v/v) contained HBCDs. 13C12-
BDE-139 was spiked as an internal standard to the PBDEs fraction
solution prior to GC–MS quantification. The extract was transferred
to an amber glass vial and 14 congeners were quantified using GC–
MS as described elsewhere (Ueno et al., 2004). The HBCDs fraction
was evaporated and spiked with HBCD-d18 (a-, b-, c-HBCD-d18)
prior to LC–MS–MS analysis. The diastereoisomer-specific analysis
Fig. 1. Sampling locations of striped dolphins from Japan.
was performed on the basis of the reported analytical method
(Tomy et al., 2005; Isobe et al., 2007). Recoveries of spiked internal
standard of PBDEs and HBCDs were always in the range of 50–
120%. Further, our results were in good agreement with those for
reference materials in an inter-laboratory comparison exercise as
described in our previous report (Isobe et al., 2007). For analysis
of OCs including PCBs, DDTs, HCHs, CHLs, and HCB, another aliquot
of the Soxhlet extract was purified and fractionated using a GPC
and an activated florisil colum. Identification and quantification
of OCs was performed using a GC-ECD. Concentrations of orga-
nochlorines were not corrected for recoveries. For quality assur-
ance and quality control, we participated in inter-laboratory
comparison exercises several times. In addition, we also analyze
standard reference material SRM1945 to confirm analytical perfor-
mance. All the data from our laboratory were comparable to the
certified values or data from other laboratories. Concentrations of
analytes are expressed as ng/g lipid weight unless otherwise
specified.
3. Results and discussion

3.1. Present contamination status of organohalogen compounds

Concentrations of OCs and BFRs detected in the blubber of
striped dolphins are shown in Table 1. Among the organohalogen
compounds in the specimens stranded in 2003, concentrations of
DDTs ranked first followed by PCBs, CHLs, HBCDs, PBDEs, HCHs,
and HCB. Levels of DDTs and PCBs ranged from 3500 to 88,000
and from 3200 to 42,000 ng/g lipid wt., respectively, and were in
the same range as those reported for other cetaceans from Japa-
nese and Asian coastal waters (Kajiwara et al., 2006a, 2006b; Ramu
et al., 2006; Kajiwara et al., 2008; Tanabe et al., 2008) and from
North America and Europe (Johnson-Restrepo et al., 2005; McKin-
ney et al., 2006; Litz et al., 2007). These levels of PCBs and DDTs
were still one to two orders of magnitude lower than some of
the highest levels ever reported, i.e. concentrations in striped dol-
phins during mass mortality event at western Mediterranean Sea
in 1990 (Kannan et al., 1993). However, concentrations of PCBs de-
tected in the striped dolphins exceeded the threshold levels for dis-
ruption of vitamin A dynamics and physiological effects in harbor
seals (Phoca vitulina) (de Swart et al., 1995; Kannan et al., 2000)
suggesting that the striped dolphins from Gogo-shima could be
susceptible to the adverse effects by these contaminants.

Levels of PBDEs and HBCDs in the specimens stranded in 2003
ranged from 84 to 850 and 290 to 940 ng/g lipid wt., respectively,
which were one to two orders of magnitude lower than DDTs and
PCBs, but significantly higher than HCHs and HCB. The observed
levels of PBDEs in striped dolphins were higher than those reported
for other cetaceans from Japan, with an exception of finless por-
poises (Neophocaena phocaenoides) from the Seto Inland Sea
(Kajiwara et al., 2006a, 2008). Nevertheless, the levels of PBDEs
were slightly lower than those from North America and European
countries (Lebeuf et al., 2004; Pettersson et al., 2004; Johnson-
Restrepo et al., 2005; McKinney et al., 2006; Litz et al., 2007),
which could be due to the voluntary termination/restrictions on
the usage of lower brominated PBDE commercial mixtures by Jap-
anese industrial associations in the early 1990s, earlier than similar
restrictions/ban in other regions. Another possible contamination
source of PBDEs in the recent years could be Asian developing
countries. Since striped dolphin is an oceanic species migrating
from tropical to temperate waters, exposure to contaminants in
Asian tropical region could be a factor. In fact, an increasing trend
of PBDE levels in finless porpoise from South China Sea was ob-
served in our previous study (Ramu et al., 2006). Similar to PBDEs,
levels of HBCDs in the specimens of the present study were also



Table 1
Concentrations of organohalogen compounds in archived blubber samples of striped dolphins analyzed in this study.

Sample ID Year Gender Body length (cm) Body weight (kg) Age (yr) Lipid (%) Organohalogen concentrations (ng/g lipid)

PCBs DDTs CHLs HCB HCHs PBDEs HBCDs

EW04115 1978 Male 227 132 11.5 36.0 26000 75000 3500 770 380 13 12
EW04116 1978 Male 230 160 17.5 49.2 24000 86000 3500 590 320 13 12
EW04157 1979 Male 235 NA 19.5 55.0 31000 130000 5200 560 510 21 16
EW04174 1979 Male 239 NA 18.5 73.5 30000 99000 4400 620 470 20 13
EW04180 1979 Male 230 NA 18.5 91.0 15000 48000 2700 410 240 13 11
EW04186 1979 Male 233 NA 19.5 67.2 24000 76000 3500 570 430 18 10
EW04438 1986 Male NA NA 20.5 55.9 28000 79000 5800 420 300 210 29
EW04439 1986 Male 228 NA 9.5 46.8 20000 48000 5300 600 360 270 36
EW04500 1986 Male 251 NA 31.5 54.0 27000 86000 6700 520 280 190 26
EW04534 1992 Male 226 NA NA 62.3 17000 36000 6000 390 360 550 210
EW04539 1992 Male 231 NA NA 56.0 23000 54000 8100 690 320 520 200
EW04547 1992 Male 226 NA NA 64.7 18000 39000 6200 520 340 520 200
EW04548 1992 Male 226 NA NA 45.9 11000 26000 3900 370 190 420 140
EW04557 1992 Male 235 NA NA 28.4 26000 70000 9200 760 300 640 310
EW04559 1992 Male 230 NA NA 71.5 22000 58000 11000 1100 290 660 310
EW04566 2003 Male 231 155 NA 56.2 28000 52000 8700 410 400 520 700
EW04567 2003 Female 223 105 NA 56.2 3200 3500 730 53 40 84 290
EW04568 2003 Male 238 150 NA 58.4 26000 44000 7300 340 300 530 580
EW04569 2003 Male 232 155 NA 49.8 42000 88000 12000 540 490 850 940
EW04570 2003 Male 231 135 NA 44.1 32000 56000 9100 440 380 650 700
EW04571 2003 Male 237 150 NA 54.4 36000 67000 11000 620 520 610 620

NA: Data not available.

Fig. 2. Concentrations of organohalogens (ng/g lipid wt.) in blubber, liver, muscle
and brain of striped dolphins stranded at Gogo-shima, Japan in 2003. NA: Sample
not available.
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higher than those in cetaceans from other locations of Asia–Pacific
region and comparable to those from European coasts (Morris
et al., 2004; Zegers et al., 2005; Law et al., 2006; Isobe et al.,
2007). HBCD levels in biota are generally higher in Europe than
North America because of high consumption of these compounds
in Europe (Morris et al., 2004; Zegers et al., 2005; Law et al.,
2006; Muir et al., 2006). Consumption of HBCDs in Japan was
2,200 tons in 2001, which was more than half of the total con-
sumption among Asian countries (BSEF, 2005). The extensive usage
and subsequent discharge of HBCDs into the environment in Japan
might have resulted in the high HBCD levels found in the present
study. Although individual BFR concentrations were lower than
the levels of recorded adverse effects, no information on the effect
of exposure to multiple chemicals exists. An interdisciplinary ap-
proach involving environmental chemists, toxicologists, and
pathologists is essential to elucidate the reasons for mass stranding
of striped dolphins.

3.2. Body distribution of organohalogen contaminants

To understand the tissue distribution of organohalogen contam-
inants, blubber, liver, muscle and brain of striped dolphins
stranded in 2003 were analyzed (Fig. 2). Lipid normalized concen-
trations showed no significant differences between blubber, liver
and muscle, which indicates that the distribution of these com-
pounds in body depends on lipid content. Similar distribution pat-
tern like that of PCBs and DDTs was observed for both PBDEs and
HBCDs, suggesting similar accumulation kinetics of BFRs and OCs
in a dolphin’s body. However, concentrations of organohalogens
in brain tissue were an order of magnitude lower than those in
other tissues due to the existence of the blood–brain barrier. In
all the analyzed tissues, concentrations of the analytes were one
order of magnitude lower in the female dolphin than those in the
males with no exception. It is reported that during lactation OCs
are transferred from mother to calf resulting in lower OC levels
in the mother (Borrell and Aguilar, 2005). This phenomenon is con-
sistent with previous report (Kajiwara et al., 2008) and was also
observed for BFRs, suggesting transfer of PBDEs and HBCDs from
mother to calf during lactation. Age-dependent accumulation is
also another possible reason for this difference. Although informa-
tion on age was not available, we assumed that all the specimens
were adults based on their body length and observation of gonads
(Makara et al., 2006). The only female specimen had apparently
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lower body weight among the analyzed dolphins and, thus, might
have been younger than the others. Therefore, the lower contami-
nation levels of organohalogens in the female dolphin could be due
to age as well as gender. However, no significant relationships be-
tween body weight and concentrations of organohalogens were
found with Spearman’s rank test. Therefore, although the sample
number was small (n = 6), we assumed that effect of age on levels
of organohalogens was negligible when compared to gender in the
present study. Body burden of organohalogens was estimated
using concentrations of each analyte in each tissue and reported
tissue fraction in striped dolphin (Tanabe et al., 1981) as follows:

Burden in tissue ¼ CðtissueÞðng=g wet wtÞ �WðkgÞ � f ðtissueÞ

where C (tissue) is the concentration of analyte in each tissue (blub-
ber, liver and muscle), W is body weight of the dolphin, and f (tis-
sue) is tissue fraction in the body. Tanabe et al. (1981) reported
that blubber, muscle and liver constitute 17.2%, 55.6% and 1.25%
of total body weight, respectively. It is assumed that burden in bone
is negligible because contribution of OCs in bone to total burden
was calculated to be 0.4–0.6% of the total body burden (Tanabe
et al., 1981). In addition, we assumed that weight of tissue and or-
gans did not change compared to a living dolphin because those
dolphins were dissected immediately after they died. Average total
body burden of the 6 specimens, which is represented as the sum of
burden in blubber, liver and muscle, was 850, 460, 130, 6.0, 6.6, 7.6,
and 8.6 mg for DDTs, PCBs, CHLs, HCHs, HCB, PBDEs, and HBCDs,
respectively. As shown in Fig. 3, more than 90% of total body burden
of all the target compounds accumulated in blubber, suggesting
blubber is a suitable indicator to investigate the accumulation and
fate of these halogenated contaminants including PBDEs and
HBCDs.

3.3. Congener and isomer composition of BFRs

The relative contribution of each congener or isomer to total
PBDEs or HBCDs in each tissue is shown in Fig. 4. Of the fourteen
PBDE congeners analyzed, a total of thirteen congeners from di-
to deca-BDE were identified in all the tissues of striped dolphins.
Contributions of BDE-154 and -153 to total PBDEs were higher
than those generally reported in biological samples (Ikonomou
et al., 2002). It is well known that BDE-47 is usually the predomi-
nant congener in higher trophic animals followed by BDE-100, -99,
-153 and -154. One of the reasons for higher contribution of BDE-
154 and -153 could be the fact that octa-BDE mixture was used
more extensively than tetra-BDE mixture (similar in composition
Fig. 3. Percentage contribution of organohalogen compounds in each tissue to total
body burden in striped dolphins stranded at Gogo-shima, Japan in 2003.
to penta-BDE mixture) in Japan. Another possible reason could be
the formation of BDE-154 and -153 during debromination of
BDE-209, which is the predominant congener of the only in use
commercial PBDE mixture in Japan, i.e., Deca-BDE mixture. Only
trace levels of BDE-209 were found in the dolphins of this study be-
cause of its extremely low bioavailability, consistent with other re-
ports (Ramu et al., 2005, 2006; Kajiwara et al., 2008).

In the case of HBCDs, a-HBCD isomer was predominant among
the three HBCD isomers. Most of the previous studies, which ana-
lyzed isomeric profiles of HBCDs in biological samples from higher
trophic levels, also reported a higher proportion of a-HBCD as
summarized in a review paper (Covaci et al., 2006). This is probably
due to the fact that a-HBCD isomer is more persistent and bioaccu-
mulative than the other two isomers. Although c-HBCD is the
predominant isomer in the technical mixture, high proportion of
a-HBCD in house dust and electrical appliances was reported
(Abdallah Mohamed et al., 2008). Our results were consistent with
other reports which showed that higher trophic wildlife do not
accumulate c-HBCD (Morris et al., 2004; Betts, 2005; Zegers
et al., 2005; Isobe et al., 2007), possibly due to higher affinity to
particles and lower bioavailability and persistency of c-HBCD than
a-HBCD.

3.4. Temporal trends of organohalogen contaminants

To evaluate the temporal trends of contamination by OCs and
BFRs, blubber samples of striped dolphins collected in 1978,
1986, and 1992 and archived in es-BANK of Ehime University were
analyzed. To avoid the effect of gender and age, only adult male
specimens were selected. The temporal trends of concentrations
for PBDEs, HBCDs, DDTs, PCBs, HCHs, and CHLs are shown in Table
1 and Fig. 5. Concentrations of PCBs, DDTs and HCHs did not
change significantly during this period. Relatively steady levels of
PCBs suggest continuing discharge of these contaminants from
PCB containing equipments in use in the surrounding countries
and also possibly in Japan. No significant decreasing trends in DDTs
and HCHs concentrations were observed possibly implying use of
these chemicals in Asian developing countries. Chlordanes, which
had been used as a termiticide for mostly wooden houses in Japan,
showed increasing trend (statistically significant with Spearman’s
rank test, p < 0.01), possibly due to still existing residues of the
chemicals in the environment even after the ban on these
chemicals.

On the other hand, remarkable increasing trends of PBDEs and
HBCDs (statistically significant with Spearman’s rank test,
p < 0.01) were observed. Concentrations of PBDEs increased contin-
uously from the late 1970s to 2003. The increasing rate from 1992
to 2003 was slower than that from 1985 to 1992, probably reflect-
ing the effect of voluntary termination of tetra- and octa-BDE mix-
tures in Japan. This phenomenon was also observed in sediment
cores collected from Tokyo Bay (Minh et al., 2007). In addition,
the percentage contribution of BDE-154 to total PBDEs concentra-
tion continuously increased from 9.5% in 1978 to 24% in 2003,
suggesting increasing contribution of octa-BDE mixture or debro-
mination of higher brominated congeners. Concentrations of
HBCDs also increased significantly throughout this period
(p < 0.01). HBCDs have been extensively used since the mid-1980s
and consumption is still growing, and subsequent input into the
environment is probably increasing. Levels of HBCDs in the striped
dolphins showed a dramatically increasing trend after 1992,
whereas no apparent increasing trend was observed in finless por-
poises from Hong Kong in the previous study (Isobe et al., 2007).
This could be the result of differences in the amount of usage of
HBCDs in these two regions. In recent years, HBCDs are extensively
used as flame retardants in Japan, whereas its usage might be still
not so common in other Asian countries. In the case of finless



Fig. 4. Profiles of PBDE congeners and HBCD isomers in blubber, liver, muscle and brain of striped dolphins stranded at Gogo-shima, Japan in 2003.
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Fig. 5. Temporal trends in concentrations of organohalogen compounds in blubber of striped dolphins from Japan.
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porpoises from Hong Kong, concentrations of HBCDs were one or-
der of magnitude lower than those of PBDEs, suggesting relatively
less usage of HBCDs in this region. On the other hand, concentra-
tions of HBCDs in the striped dolphins of the present study were al-
most at the same level as (not significantly but slightly higher than)
those of PBDEs in 2003, whereas levels of PBDEs in 1992 were twice
that of HBCDs. This is consistent with the fact that HBCDs have been
extensively used since the mid-1980s in Japan, while consumption
of PBDEs decreased since the early 1990s. Throughout the study
period, isomeric composition of HBCDs showed relatively stable
proportion of a-HBCD isomer, which was greater than 99%. Tempo-
ral variation of HBCDs in biological samples has also been reported
elsewhere. Concentrations of PBDEs and HBCDs in blubber samples
from stranded male California sea lions (Zalophus californianus)
demonstrated an increasing trend from 1993 to 2003 (Stapleton
et al., 2006). Study on guillemot (Uria algae) eggs from the Baltic
Sea sampled between 1969 and 2001 showed an increasing trend
in concentrations of HBCDs throughout the study period with no
significant change during the last 10-yrs, while PBDEs showed a
decreasing trend after the late-1980s (Sellstrom et al., 2003). On
the other hand, in peregrine falcon (Falco peregrinus) eggs from
South Greenland, levels of HBCDs decreased between 1986 and
2003, whereas that of PBDEs increased significantly (Vorkamp
et al., 2005). The general temporal trend of HBCDs in wildlife is still
not clear as it shows either an increasing or a decreasing trend,
depending upon various environmental and biological parameters.
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However, the present increasing usage of HBCDs in the world
may further accelerate contamination of the ecosystems. It has al-
ready been reported that the differences in regional production
and historical application of PBDEs and HBCDs lead to different
temporal trends in the environment and biota (Covaci et al.,
2006). Therefore, continuous and detailed monitoring surveys are
warranted to investigate the environmental distribution and fate
of HBCDs.

As the body burdens of BFRs in marine mammals increase, it is
imperative that further research must be directed towards under-
standing the potential toxicological outcomes of these BFRs and
their metabolites for risk assessment.
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