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FIGURE 2. Comparison of observed and modeled surface air
concentrations in the 2000s (pg m~°) at various sampling sites.
Agreement is indicated hy a correlation coefficient r of 0.91 (p
= 26 x 107" and an averaged fractional difference f of 0.12.
Observations at sampling sites (6—8) are denoted A, B, and so
on. Geographical locations are given in Table S3. Symbols on
the solid line indicate a perfect fit between observation and
calculation, and those lying between the two dashed lines
indicate error factors of less than 2.

model simulations generally matched observed concentra-
tionsin the 2000s as indicated by a high correlation coefficient

of 0.91 (p = 2.6 x 107 as shown in Figure 2. General
agreement was also indicated by an fvalue of 0.12. Seven out
of ten samples were reproduced with an error factor lower
than 2. The error factors of the three other samples (C, D,
and H) were lower than 5. The presence of error factors higher
than 2 may have been due to an inaccuracy of the predicted
wind fields or of the topography around the sampling sites.
Additional observations are necessary to further evaluate the
atmospheric model.

Estimated PFO(A) Intake. Reflecting surface air concen-
trations, estimated inhaled intake in Settsu was 1 order of
magnitude greater than that in Kyoto and Nishinomiya, which
was comparable to our previous estimate of 3.9 ng day™ (6)
(Figure S4). Likewise, the inhaled intake in Osaka was
negligible, although it was consistently greater than in Kyoto
and Nishinomiya. The inhaled intake in Settsu exceeded 50
ngday™! for most of the period, and it was much greater than
the estimated GIT intake until 2005. Spikes in inhaled intake
levels resulted from variability in air concentrations.

Serum Levels of PFO(A) in Residents of the Keihan-
shin Area. Figure 3 shows temporal trends of serum PFO(A)
levels on a logarithmic scale for residents of the Settsu area,
Kyoto area, Nishinomiya area, and Osaka areas. Inhaled
intakes were assumed to be homogeneous for each target
population, whereas GIT intakes were variable among
individuals in general population. The model results rep-
resented variable in GIT intakes by the lower and upper
bounds. Figure 3 also compares calculated serum levels with
observed levels in the samples collected in these areas
(2, 3, 24, 25). The model reproduces temporal trends found
in the samples in Settsu and Kyoto, where levels increased
until 2005 and then decreased. Calculated serum levels
generally agreed with observations as indicated by a high
correlation coefficient r of 0.93 (p = 9.5 x 107%) and a small
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FIGURE 3. Serum PFO(A) levels on a legarithmic scale (lines, in ng mL™") calculated using simulated surface air concentrations and
ohserved in samples from residents. The model reproduced the temporal trend of serum concentrations of PFO(A) in residents living
in the Settsu area {a) and the Kyoto area (b). The modeled levels also agreed with observations in 2003 from the Nishinomiya area
(c) and from Osaka residents (d). The case without respiratory exposure (no-air) is also shown (a). The results of the no-air run
almost overlapped with those of the control run for Kyote, Nishinomiya, and Osaka. Symbols represent GM of observed serum PFO(A)
levels (2, 3 24, 25) for Settsu (circle), Kyoto (square), Nishinomiya (diamond), and Osaka (triangle). Error bars represent one GSD.
Lower and upper bounds of calculated serum values are shown by belts. The values correspond to serum levels for GIT intake at the
25th and 75th percentiles of values extrapolated from observed values in 2004 (3).
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fractional difference fof —0.02 (Figure 4). All eleven samples
were reproduced by error factors less than 2.

Serum levels for the case without inhaled intake (no-air
run) are also shown in Figure 3. Differences between the
control run and the no-air run represent the atmospheric
PFO(A) contribution to total serum levels. The atmospheric
contributions are dominant in Settsu (from 67.4% in the upper
oral intake case to 79.8% in the lower oral intake case in
2008) but negligible in Kyoto and Nishinomiya. Modeled
PFO(A) levels for Osaka residents are similar to those of the
Kyoto area and Nishinomiya area. The model results reveal
that the high PFO(A) level of 31.4 ng mL™! observed in Settsu
in 2004 is attributed mainly to the atmospheric component.
It should be noted that serum concentration levels of PFO(A)
in the Keihanshin area are greater than those in other areas
(2, 3). Excess PFO(A) intake by residents of the Keihanshin
area may be attributed to their consumption of drinking water
(4). However, specifying contributions of various sources of
intake requires further study.

The serum levels of Settsu residents decreased after 2005
as a result of emission control by the manufacturer. However,
PFO(A) levels in Keihanshin residents remained higher than
levels in other areas, which were less than 5 ng mL™! in the
2000s (2, 3). The persistence of PFO(A) is attributed to its
long half-life.

Recent epidemiological studies have suggested that
PFO(A) may have adverse health effects on fetal growth at
much lower serum concentrations in mothers (27, 28) than
those observed in females of Settsu in 2008. For this reason,
adverse health effects on fetal and neonatal growth should
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be evaluated epidemiologically in the population within a
4.5 km radius of the Daikin plant.

In this study, we combined an atmospheric model and
a PK model to evaluate long-term inhalation exposure to
PFO(A) in the Osaka urban area. The model results for PFO(A)
concentrations both in surface air and in human serum
generally agree with observations. Sensitivity analysis dem-
onstrated that changes in model parameters did not have
profound effects on the simulation results [Supporting
Information (section S6)]. However, it is necessary to
characterize chemical and physical properties in the atmo-
sphere as well as the pharmacokinetic behavior of PFO(A)
in greater detail. For example, particle size and absorption
by the respiratory tract are not fully understood.

It should be noted that the target domain in this study is
small and near a strong point source. Other sources are
assumed to be negligible. For large-scale modeling, other
sources should be included such as gaseous PFOA emission
by volatilization from the surface of the earth (29) and by
release from marine aerosols enriched with surfactant PFO
(30). It should be also noted that there is an argument
regarding the irreversibility of gaseous PFOA sorption by QFFs
(31, 32). To observe the atmospheric PFO(A) more accurately,
it might be necessary that PFO(A) on particulate matter and
gaseous PFOA are collected separately and simultaneously
by appropriate devices, such as surface-deactivated QFFs
and downstream sorbents (12).

The combination of atmospheric transport modeling and
PK modeling has great potential. When modeling results are
validated by comparisons with monitoring samples from
human specimen banks, they can aid in reconstruction of
human exposure intensity over previous decades. This
approach can be applied to other chemicals and to other
regions where both human blood and food duplicate samples
are available. In an earlier study, we developed a global
atmospheric transport model for long-term simulation of
atmosphericlead (33). Using the approach described herein,
we are now expanding that work to the study of human
exposure to atmospheric lead from 1979 to 2009 in four East
Asian countries: Japan, Korea, China, and Vietnam.

Here, we have demonstrated an approach to reconstruc-
tion of historical human exposure using existing estimates
of emissions. Atmospheric modeling in combination with
PK modeling can also serve to assess unknown emissions or
to predict human exposure trends in the future using various
emission scenarios. Therefore, this approach will be useful
not only in emission control but also in environmental
decision making.
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A global atmospheric transport model is used to calculate lead concentrations in the atmosphere.
The mode] performance is evaluated through comparisons with observations in Europe. The model results
of lead concentrations in surface air were compared with measurements in East Asia. The detailed
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1. Introduction

Lead is one of the most abundant hazardous heavy metals in the
atmosphere. It exists in particulate matter in the atmosphere and is
transported to a large extent by air flow. Lead enters the human
body through inhalation and the consumption of food and water,
and this could have serious adverse effects on human health.
Leaded gasoline is recognized as being the largest source of
atmospheric lead followed by nonferrous metal production and
fossil fuel combustion.

In many developed countries, anthropogenic lead emission has
been reduced remarkably in recent years because of the phasing
out of leaded gasoline and industrial emission controls (e.g. llyin
et al., 2007a). On the other hand, efforts to reduce emissions are
insufficient in many Asian countries, several of which are in rapid
economic progress. Although it is urgent to establish a system to
assess transboundary air pollutants in Asia, a monitoring network
and infrastructure for sharing information have not yet been
established and are not likely to be established in the near future.
Therefore, the development of a numerical modeling framework
as a common and cost-conscious tool is required to assess atmo-
spheric pollutants in Asia.

In this work, a global atmospheric transport model is presented
to estimate long-term air concentrations and depositions of lead

* Corresponding author. Tel.: +81 75 753 4456; fax: +81 75 753 4458.
E-mail address: Akio.Koizumi@z06.mbox.media.kyoto-u.ac.jp (A. Koizumi).

1352-2310/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
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from the 1980s to 2000s. This project is a first step in establishing an
assessment system for transboundary air pollutants in East Asia. The
transport model used in this study is not unique, but we formalized
all necessary processes. The model has advantage for numerical cost
using an existing meteorological field. We also collected information
and parameters for atmospheric lead assessment in Asian countries.
We conducted a detailed and comprehensive comparison between
results of a long-term model simulation and observations in East
Asia of the atmospheric concentration.

2. Materials and methods

The numerical models and datasets used for model validation in
the present study are described in this section. Tables and figures
with numbering preceded by S are given in Section 3 of the
Supplementary material.

2.1. Experiment methodology

An atmospheric transport model of lead was developed,
and numerical simulations were carried out from 1979 to 2007.
To evaluate the model performance, the model predictions were
compared with observations in Europe, where information on lead
emissions has high reliability and long-term observations are
available. Lead concentrations in the atmosphere predicted by the
model were then compared with observations in East Asia. The
observed concentrations in Japan and Korea were compared with
the model results. The model was run for two different emission
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data sources in Japan and Korea; one dataset was derived from the
national inventories and the other from an optimization of a pre-
existing grid data.

2.2. Atmospheric transport model

Atmospheric lead is emitted in the form of fine particle mainly
directly from leaded gasoline use, nonferrous metal production and
fossil fuel combustion. Lead has no significant chemical process
in the atmosphere. The removal of atmospheric lead is mediated by
dry and wet deposition. It is broadly accepted that the observed
mass size distribution of atmospheric lead is typically centered in
the ‘accumulation mode’, corresponding to a diameter of 0.1-1.0 pm
(e.g. Allen et al., 2001). The dry deposition velocity depends on the
particle size in general, but size dependency is almost negligible
for particles with diameters ranging between 0.05 and 2.0 ym (e.g.
Slinn et al., 1978). Wet deposition depends on the precipitation rate
rather than the particle size. Therefore, we can discard the effects of
the size distribution of particles in both dry and wet deposition as is
done in preexisting models of atmospheric lead (Ilyin et al., 2007b).
We fix the particle size at 1.0 pm.

- The numerical model employed in this work is a Eulerian atmo-
spheric transport model. The time evolution of the lead concentra-
tion in each grid box is calculated by solving the continuity equation:

ac
at
where cis the concentration, Fians is the three-dimensional transport
flux, and Fer and Fgep are the local emission and deposition fluxes.
The computation region is the globe and the horizontal resolution is
1.25°. The vertical structure consists of 12 layers with sigma coordi-
nates 0f 0.99,0.98,0.95,0.92, 0.83,0.66, 0.55, 0.44,0.33,0.22,0.11 and
0 stacked from the surface to 100 hPa. The typical depth of the lowest
layer is about 150 m. The transport and deposition fluxes are assessed
using 6-hourly meteorological fields determined from the JRA-25
reanalysis datasets provided by the Japan Meteorological Agency
and Central Research Institute of Electric Power Industry (Onogi et al.,
2007). The variables used in the model are listed in Table S1. The
vertical air velocity in sigma coordinates is converted from the
original isopressure coordinates. The change in the concentration is
assessed by operator splitting with a time step of 1 h.

Mass-conservative transport flux within the Euler forward time
step of 10 min is calculated using a parabolic-spline method (Emde,
1992) for advection and a box method (Kurihara and Holloway,
1967) for diffusion. The horizontal diffusion coefficient is propor-
tional to the magnitude of the derivative of the horizontal wind
velocity component parallel to the interface between two adjacent
boxes (Mahlman and Moxim, 1978; Levy et al., 1982), and the vertical
coefficient depends on the height, shear, and stability (Louis, 1979).
The boundary layer height is derived by bulk formulation (Vogelezang
and Holtslag, 1996) and the concentration is assumed to be vertically
uniform in the boundary layer.

To validate the performance of the transport model, a cone-sha-
ped distribution was advected in rotational wind fields (Williamson
and Rasch, 1989). It was confirmed that the model is positive defi-
nite, shape preservative and mass conservative with high accuracy
even for cross polar advection, and that numerical diffusion is suffi-
ciently small.

Wet deposition modeling includes in-cloud and subcloud scav-
enging. In-cloud scavenging can occur only in the fraction of a grid
box occupied by liquid cloud with precipitation, and subcloud
scavenging only in the fraction covered by cloud with precipitation.
Vertical transport flux in deep convective clouds is also parameter-
ized by the water—vapor mass balance (Feichter and Crutzen, 1990).

= —V+Frans + Fem — Fgep,

Dry deposition in the lowest layer is estimated using a conventional
framework for the dry deposition velocity. The velocity is a function
of aerodynamic resistance depending on atmospheric stability and
surface roughness, quasi-laminar sublayer resistance depending on
the Brownian diffusivity of the particles, and the particle settling
velocity given by Stokes' Law (Seinfeld and Pandis, 1998).

The model was run from 1979 to 2007. The initial lead
concentration was determined by a preparatory one year run for
1979 starting with zero concentration. The detailed model formu-
lations are described in Section 2.1 of the Supplementary material.

2.3. Lead emission

In this study, two lead sources, one anthropogenic and the other
being the sea surface, are considered. Lead is emitted to the lowest
layer and is assumed to be uniform inside each grid box. The
anthropogenic emissions are assumed to have no seasonal variability.

2.3.1. Anthropogenic emission

The global emission of anthropogenic lead is considered.
Different emission datasets are used for Europe, China, Japan and
Korea, and the rest of the world.

Global anthropogenic emissions except those for Europe, Japan,
Korea, and China are taken from version 1.0 of the global inventory
of the Canadian Global Emission Interpretation Centre (CGEIC)
(Pacyna et al,, 1995). Data are presented in a 1-degree grid system
for the reference year 1989. The inventory has a minimum scenario
and maximum scenario. The average of the two scenarios is
adopted in this work.

For Europe, an anthropogenic lead emission inventory is provided
by the European Monitoring and Evaluation Programme (EMEP,
http://www.emep.int/). The dataset includes a horizontal distribu-
tion of lead emission with 0.5-degree resolution for 1990. For the
following years (1991-2007), the dataset gives the annual emission
for each country but not the distribution (Tables S2 and S3). There-
fore, we assume that the horizontal distributions for 1991 and 2007
are the same as that in 1990 and allocate the annual country emission
to the corresponding horizontal grids. There are also missing data,
which are replaced by linear interpolation (or extrapolation) in time.
The emissions for countries reported only in 1990, which are 6%
of the total emission for Europe in 2005, are assumed to be constant.
The spatial distribution of lead emissions in 1990 and the temporal
variability are shown in Fig. 1. Emissions in Germany and northern
Europe are more than 75% less by 1995, and the same is seen for most
of Europe by 2005. Emissions before 1990 in Europe are fixed at the
European component of the CGEIC inventory.

For China, lead emission is derived from economic statistics for
2001. Annual emission from each province is estimated as fuel
consumption and industrial production (Table S4) multiplied by
corresponding emission factors (Table S5). Table S6 presents the
estimated emission for each province. The total emission for China is
56 000 t yr~". The total lead emission is horizontally distributed on
the basis of three assumptions (Fig. 2):. (1) 60% of the total
lead emission in each province is allocated to the city with the largest
population and cities with populations of more than two million as
listed in Table S7, (2) the ratio of emissions from the cities is
proportional to the ratio of populations of the cities, and (3) the
spatial distribution of the remaining (40%) total emission within each
province is the same as that described by the CGEIC emission data.

In Japan and Korea, direct emission inventories are available.
The Pollutant Release and Transfer Register (PRTR, http://www.env.
go.jp/en/chemi/prtr/prtr.html) has data beginning in 2001 for Japan
and the Toxics Release Inventory (TRI, http://tri.nier.go.kr/) has data
beginning in 2002 for Korea. Table S8 presents national emissions
for Japan and Korea reported by the inventories. The reported
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Fig. 1. Reported lead emission flux distributed to the model grid (mg m~2 yr~!) for Europe in 1990, and the proportions of emissions in 1995, 2000, and 2005 to the emission in
1990. The yearly lead emissions are reported by the EMEP. Anthropogenic lead emission for most of Europe had decreased significantly during the 1990s.

emissions for Japan and Korea are generally less than those for
industrialized countries in Europe during the 2000s, as shown in
Table S3. Two datasets of lead emission from Japan and Korea are
used for the model. One is made directly from the inventories of the
PRTR and TRI. The other is emission data optimized by applying
correction factors to the Japanese and Korean components of the
CGEIC emission data on the assumption that the distribution inside
each nation has not changed from that described by the CGEIC
data (Fig. 3).

Lead emission {(mgm2yr )
45N ( —= 5

40Nt
3sn
3084

25N e ..... ,,,,,,,,

20N + v - v r ;
100E 105E 110E 115€ 120E 125 130E

Fig. 2. Lead emission flux distributed to the model grid (mg m=2 yr™') in China esti-
mated as fuel consumption and industrial production multiplied by corresponding
emission factors for 2001

2.3.2. Lead from sea salt

Lead emission from sea salt is derived using an empirical
function of the surface wind speed, following the works of Gong
(2003) and Ilyin et al. (2007b). The total emission from sea salt is
28 000 t yr~! for 1990. The formulation is described in Section 2.1.7
of the Supplementary material. The emission factor of 4.0 mg kg™",
which has been estimated for the North Atlantic, is used for
lead emission from sea water (Ilyin et al., 2007b). Ilyin et al. (2007b)
noted that the contribution from the re-suspension of anthropo-
genic lead historically accumulated in the ocean is not negligible,
although it can be overestimated in remote regions.

2.4. Observation datasets

To evaluate the model performance, comparisons with obser-
vations are made. In Europe, an atmospheric monitoring network
for transboundary air pollutant was established in the late 1980s by
the EMEP (llyin et al., 2007a). All data from the monitoring stations
are binned according to the model resolution into 40 grid boxes for
atmospheric lead concentrations and 75 grid boxes for precipita-
tion lead concentrations (Fig. S1). The observed concentrations are
averaged inside each box.

In Japan, aerosol particles were collected and analyzed mainly in
urban areas by the National Air Surveillance Network from 1974 to
1996 (Var et al,, 2000). The measurements have been continued
by several local governments. In Korea, a number of heavy-metal
monitoring stations in 13 cities throughout the Korean peninsula
have been operated by the administrative demand of the Korean
Ministry of Environment since 1991 (Kim, 2007). In China, unfor-
tunately, no monitoring network has yet been developed. There-
fore, calculated concentrations for China are compared with
published observation results listed in Table S9. Observations
affected by particular emission sources or meteorological events
are excluded as much as possible. As for Europe, the data from the
monitoring stations are binned into 23 boxes in Japan, 7 boxes in
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Fig. 3. Estimated lead emission flux distributed to the model grid (mg m~2 yr~") for Japan and Korea from 1980 to 2005. The magnitudes are optimized by applying correction

factors to the Japanese and Korean components of the CGEIC emission data.

Korea, and 32 boxes in China (Fig. S2). The average concentrations
in Japan are listed in Tables S$10—S12.

3. Results
3.1. Model validation using data for the European environment

The calculated concentrations both in air and in precipitation
are compared with observations. The discrepancy between the
model and observation is indicated by the fractional difference f
(Kasibhatla et al., 1997) averaged for all compared grid points:

- del - VobsA
Vind1 + Vobs

where Vinqr and Vgps are the model value and observation value
respectively. |f] < 0.33 indicates an error factor of less than 2.

Calculated air concentrations generally agree well with
measurements for the early 1990s as indicated by |f] values less than
0.33 (Fig. 4). There is slight underestimation in the late 1990s,
and this increases in the 2000s. There is a similar tendency for the
calculated lead concentrations in rainwater (Fig. 5). llyin et al.
(2007a) estimated re-suspension lead flux from soil and suggested
that it contributed more than 50% of the total emission for Europe in
the 2000s, when anthropogenic emission had decreased signifi-
cantly. The underestimation of atmospheric lead for the 2000s in our
simulation is in agreement with the source estimation conducted by
Ilyin et al. (2007a). This suggests the existence of other unknown
sources of lead. The re-suspension flux can is a strong candidate for
an unknown source, as suggested by Ilyin et al. (2007a).

3.2. Lead levels in East Asia

Fig. 6 compares the calculations and observations for China from
the 1980s to 2000s. Most of the observed concentrations exceed
100 ng m~3, which is much greater than concentrations observed in
Europe. There is no remarkable temporal variability throughout the
periods. The model roughly reproduces observed concentrations
with an error factor of less than two, although there is general
underestimation especially for the 1980s and 1990s.

The surface concentrations observed for Japan and Korea in
2004 are compared with concentrations calculated by the model
using the inventories of PRTR for Japan and TRI for Korea. To assess
the transboundary contribution, an additional simulation with only
the national emission was conducted, and the result is also plotted
in Fig. 7. The model results excluding remote sources are an order of
magnitude less than observation values. Taking the remote sources
into account, there remains an underestimation by a factor of more
than two, especially in eastern Japan. The underestimation of the
model is attributed not only to the inflow but also to the national
emission of lead, although the effect of the inflow is significant.
Therefore, it is concluded that both the PRTR and TRI underestimate
lead emission, which implies the necessity to use the optimized
emissions determined for Japan and Korea instead of the invento-
ries. The results presented hereafter are only those of the model
using the optimized emissions.

Fig. 8 shows national lead emissions for Japan, Korea and China
in the model from 1979 to 2007. The emissions for Japan and Korea
are optimized using the correction factors listed in Table S13, and
the emission for China is estimated using economic statistics as
described in Section 2.3.1. Japan and Korea have nearly the same
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Fig. 4. Scatter plot of annually averaged lead concentrations (ng m™3) at the surface over Europe for the model results and observations in 1990, 1998, and 2005. Dots on the solid
line represent a perfect fit between calculation results and observations, and dots between the two dashed lines represent error factors of less than 2. The f value is the fractional
difference averaged for all pairs of the model results and observations. A time series of the f value for each year from 1990 to 2005 is also shown. Generally good agreement in the
early 1990s and underestimation in 2000s are demonstrated by descending trend of the f value.

magnitude of lead emission, which decreases in the early 1980s and
the late 1990s in Japan, and in the early 1990s in Korea. Both Japan
and Korea have lead emissions of about 2000 t yr~! in the
mid-2000s, which is about 14% of that for 1980. The emission of
56 000 t yr~' for China is much greater than emissions for Japan
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and Korea. The emissions for Japan, Korea and China are 87% of the
total emission for East Asia (100—150E, 0—60N}) in 2005.
Comparisons of the calculations and observations of surface lead
concentrations for Japan from the 1980s to 2000s show fairly good
agreement as indicated by |f] values less than 0.1 for most of the

Rainwater Pb 1998

102 p—r crr ; . 102 . | - .
- E Europe i~ Europe
T ‘ 19
— [ ] - L
g ok 4 T otk 4
- E — L P e
jod c o
o [ o -
S [ £
,“5’ 100 & E g 100 | E
] A e f=—0.28
9} P 5} E
= o L = -

10—t S raald ! 10-1 ‘ L -

10-1 100 100 102 107! 100 10! 102
Measurement (ug L=1) Measurement (ug L™")
Rainwater Pb 2005 Fractional difference f

102 — .- ——
_ Europe T T /'/ T T
- o -
g 100k - - - g ]
- [ /’“’ /"/
c [ o
© e
g [
L oo0p e
2 .« f=-0.36
o} -
= T ]

10~ L o i ' iy I I .

101 109 101 102 1990 1995 2000 2005

Measurement (ug L=")

Year

Fig. 5. Scatter plot of the precipitation-weighted concentration in rainwater (ug L-1) over Europe for the model results and observations in 1990, 1998, and 2005. A time series of the
fvalue for each year from 1990 to 2005 is also shown. Generally good agreement in the early 1990s and underestimation in 2000s are demonstrated by descending trend of the f
value. The tendency is similar to that of the surface air.
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period (Fig. 9). The highest concentrations exceed 100 ng m~3 in
the 1980s, and the concentration decreases to several tens of
nanograms per cubic meter in the 2000s. The decline shows the
result of emission control efforts, but the present concentration
level of surface air lead is somewhat greater than that for Europe.

Calculated concentrations for Korea generally agree with
observations from 1991 to 2004 (Fig. 10). Most observed concen-
trations exceed 100 ng m~> in the early 1990s and decrease
significantly later, although they are still about 70 ng m~2 in the
2000s and are greater than concentrations observed in Europe and
Japan.

3.3. Global budget

The annually averaged global budget (Table 1) shows that most
deposition is due to precipitation, reflecting ineffective dry
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deposition for fine particles with a diameter between 0.1 and
1.0 pm. The residence time in the atmosphere is controlled mainly
by wet deposition. The uncertainty of the in-cloud scavenging rate
is a factor of 3 for rain and a factor of 6 for snow (Scott, 1982).
That of the subcloud scavenging rate is controlled by the collection
efficiency between 10~3 and 0.7 (Scott, 1978). The range of the
residence time is from 1.8 days for the fast deposition case to 4.7
days for the slow deposition case.

Atmospheric lead is emitted at the surface and removed mainly
by precipitation. There is no removal process above cloud layers.
The residence time averaged over the troposphere is 2.9 days, while
it is longer in the upper troposphere (6.3 days above 400 hPa).
Larger wind speed makes the spatial scale of transport greater
in the upper troposphere. Global-scale transport plays a more
important role in the global distribution of deposition flux than in
the global distribution of the surface air concentration.
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Fig. 7. Scatter plot of lead concentrations (ng m™) at the surface over Japan and Korea. The plot is for the model results determined using PRTR and TRl and the observations in
2004. (@) and (O) represent calculations including only the national source and those including global sources respectively. A significant underestimation remains even if the
transboundary inflow is taken into account.
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Fig. 8. Time series of the national emission fluxes of lead used in this study (10%tyr )
for Japan, Korea, and China. The emissions for Japan and Korea are optimized using the
correction factors. The emission for China is much greater than emissions for Japan and
Korea.

4. Discussion
4.1. Sensitivity tests
Sensitivity tests are carried out for the year of 1990. Table 2 shows

the variances in the lead burden below a height of about 1 km over
the Northern Hemisphere for 50% changes in the meteorological

T. Niisoe et al. / Atmospheric Environment 44 (2010) 18061814

precipitation rate, emission, and major model parameters relating to
deposition or diffusion. The sensitivities are for 50% perturbation in
one parameter only.

The burden is found to be most sensitive to emission. As lead
does not have any chemical production or removal process in the
atmosphere, the burden is linear to the emission.

The dominant removal process of atmospheric lead is wet depo-
sition by precipitation as shown in Table 1. The process of wet depo-
sition in the model depends on the meteorological precipitation rate.
It has been reported that the precipitation rate of the JRA-25 datasets
has a general overestimation of about 10% through comparison with
an observation-based estimation of precipitation (Onogi et al., 2007).
The sensitivity tests show that a 50% decrease in the large-scale
precipitation rate causes only an 11.5% increase in the lead burden.

The lower planetary boundary layer prevents lead ventilation to
the free troposphere and consequently increases the burden in the
lower layers. A 50% decrease in the height of the boundary layer
results in an increase of about 14% in the lead burden of lower
layers. The sensitivity to the parameterization of the boundary layer
is much lower than that of emission, although it is fairly high. The
burden has little sensitivity to other model parameters.

4.2. Lead emission in East Asia

To simulate the distribution of atmospheric lead correctly, both
a numerical model with good performance and a reliable dataset of
emission are necessary. The performance of the transport model in
this work was demonstrated by comparisons with observations
in Europe in Section 3.1. Comparison with other models were
made in Section 1 of the Supplemental material. The model was
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Fig. 9. Scatter plot of annually averaged lead concentrations (ng m™3) at the surface over Japan. The plot is for the model results determined using the optimized emission and
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observations in 1980, 1986, 1992, 1998, and 2004. A time series of the f value is shown from 1979 to 2007. Fairly good agreement is shown by the f values.
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Fig. 10. Scatter plot of annually averaged lead concentrations (ng m™>) at the surface over Korea, The plot is for the model results determined using the optimized emission and
observations in 1991, 1997, and 2004. A time series of the f value is shown from 1991 to 2004. Generally good agreement is shown in Korea.

found to make predictions that are somewhat similar to those
made by other models.

The sensitivity tests in Section 4.1 show that the model results
are most sensitive to emission. Unfortunately, no reliable emission
inventory is available for Asia. Therefore, the emissions for the
three major countries—China, Korea and Japan—were estimated as
described in Section 2.3.1.

Since there is no particular trend in the observed concentra-
tions in China, the emission in China is assumed to have no trend
and the emission is derived from economic statistics for a single
year, 2001. The calculated surface concentrations in China roughly
agree with observations, although there is systematic underesti-
mation as described in Section 3.2. Such underestimation is most
likely due to underestimated emission in China. However, the
magnitude of the anthropogenic lead emission in China in this
work, which is estimated from the economic statistics for 2001 to
be 56 000 t yr~! or nearly 4 times the Chinese component in the
CGEIC data for 1989, is not small considering the economic scale in
China. The discrepancy suggests an unknown source of atmo-
spheric lead in China.

Obviously descending trends are found in observed concentra-
tions in Japan and Korea. Considering that the territories of Japan
and Korea are relatively small, the spatial distribution of emission
inside each country is fixed at that of the existing emission
inventory of CGEIC data described in Section 2.3.1. The magnitude
of the annual emission in each year is optimized by multiplying the
national annual emission by a correction factor. The correction
factors are chosen to minimize the absolute value of the averaged

Table 1
Annually averaged global budget of lead in the atmosphere for 1990.

Emission
236 Gg yr~!

Dry deposition
3Ggyr!

Wet deposition
233 Gg yr~!

Residence time
2.9 days

Burden
1.9Gg

fractional difference, |f]. It should be noted that this optimization is
based on the assumption that the discrepancy between mode]
results and observations is attributed principally to the magnitude
of the national emission.

The national lead emissions in Japan and Korea reported by the
PRTR and TRI are less than those in major European countries
reported by the EMEP in the 2000s (Tables S3 and S8). On the other
hand, observed air concentrations of lead in Japan and Korea are
generally higher than those in Europe in the 2000s. As shown by
Figs. 4, 9, and 10, representative concentrations are less than
10 ng m~2 in Europe, about 20 ng m™3 in Japan, and about 60 ng m™3
in Korea. The surface air concentrations calculated by the model
using the PRTR and TRI data are much less than observations in Japan
and Korea as shown in Section 3.2. Although the effect of inflow from
windward is significant, the discrepancies are also attributable to
underestimations in the inventories. In the PRTR, emissions from the
use of materials with the amount of constituent chemical being
less than 1% are excused from registration. For example, fossi} fuel

Table 2

Sensitivity of the lead burden in the lower layer (~1 km) over the Northern
Hemisphere to 50% changes in the meteorological precipitation rate, emission, and
model parameters for 1990 (%).

Py Pr. EM Vdry R; Rs Dy Dy Hpbl
+50% -63 -25 +500 -11 -41 -63 -02 -25 =267
-50% 4115 +36 -~500 +0.7 +61 +95 -02 +23 +138

Pry: large-scale precipitation rate.

Pr: convective precipitation rate.

EM: emission.

Vary: dry deposition velocity.

R;: in-cloud scavenging rate.

Rs: subcloud scavenging rate.

Dy: horizontal diffusivity.

Dy: vertical diffusivity.

Hppy: planetary boundary layer height.
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combustion is excluded in the inventory. Coal consumption for
industrial use in Japan is 9 x 107 t yr~! in 2000 (SBJ, 2009), corre-
sponding to lead emission of 900 t yr~! using an emission factor of
10 g t~ 1. Fossil fuel combustion is included in the emission inventory
for Europe reported by the EMEP (EEA, 2009). It is necessary to
inspect the frameworks of pollutant registration in Japan and Korea
carefully.

It should be noted that observations of atmospheric particles
in East Asia have been carried out mainly in urban regions. Although
observations affected by particular sources are excluded in evalu-
ating the model as much as possible, effects of particular sources
may remain in the observation results. Therefore, observations in
remote regions over East Asia are necessary for more detailed model
validation. It should also be noted that the samples of atmospheric
particles collected in Korea and some of those collected in China
include coarse particles. Lead in coarse particles collected near
sources could result in underestimation in the mode] results.

5. Summary

A global atmospheric transport model for lead was developed as
a first step in establishing of an assessment system for trans-
boundary air pollutants in East Asia. The results were compared
with a large number of observations in East Asia.

First, model validation was carried out by comparison with
observations of atmospheric particles and rainwater in Europe. The
model results generally agreed well with observations in the 1990s,
when anthropogenic emission was dominant.

The anthropogenic emission in China was estimated to be
56 000 t yr~! using economic statistics for 2001. The calculated lead
concentrations in the surface air generally agree with observations
within a factor of two, although systematic underestimation was
found. The underestimation suggests a lack of knowledge about
lead emission.

The results obtained using the emission inventories—the PRTR
for Japan and TRI for Korea— were much less than the observed lead
concentrations in surface air. Those obtained using the optimized
emission agreed well with observations.

It is concluded that the transport model in this work reproduces
the features of the atmospheric lead distribution in East Asia. In the
present study, lead was selected as a model chemical for three
reasons. First, there is an accumulated collection of environmental
data. Second, the fate of lead is relatively simple since it never
degrades in the environment. Third, the toxicological importance of
lead is well accepted. The transport model will be applied to other
chemicals in the future.
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We investigated the mercury concentrations in red meat from pilot whales consumed by some residents
of the Japanese whaling town, Taiji, and in hair samples from 50 residents for their maker of mercury bur-
den. The methyl mercury (M-Hg) level in the red meat was 5.9 pg/wet g, markedly higher than the US

Hair FDA action level and Cordex Alimentarius guideline level for predatory fish (1.0 pg/wet g). The average

Short-finned pilot whale (Globicephala
macrorhynchus)

Yellowfin tuna

Albacore

level of total mercury (T-Hg) in the hair from residents who ate whale meat more than once a month
was 24.6 pg/g, whereas the average from the residents who did not consume any whale meat was
4.3 pg/g. The T-Hg concentrations in the hair from three donors exceeded 50 pg/g, the level for NOAEL

set by WHO. The T-Hg level found in the Taiji whale meat consumers was markedly higher than that
observed in the Japanese population overall (about 2 pg/g).

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Mercury (Hg) is distributed through the environment by both
natural and anthropogenic processes. Inorganic Hg released into
the environment is transformed to organic Hg, mainly in methyl-
ated form (methyl mercury; M-Hg), resulting in anthropogenic
Hg contamination, and there has been global concern about the
high toxicity of M-Hg and its bioaccumulation via the food web
(WHO, 1990). In humans, the Hg concentration in hair is the pre-
ferred marker for evaluating Hg exposure for a period of several
weeks or months (JECFA, 2003). World Health Organization
(WHO) concluded that a Hg level of 50 pg/g in human hair corre-
sponds to ‘no observed adversary effect level’ (NOAEL) of M-Hg
for adults, determined by neurotoxicological data (WHO, 1990).

Large epidemiological studies to determine the relationship be-
tween maternal exposure to M-Hg and impaired neurological
development in children are currently underway in two locations:
the Faroe Islands and the Seychelles. Faroe Islanders sometimes eat
the meat of long-finned pilot whales (Globicephala meleanus) con-
taminated with high levels of M-Hg, while the Seychelles popula-
tion, which does not eat whale meat, has a larger intake of fish
contaminated with low levels of M-Hg. On the basis of preliminary
reports of these studies, the Food and Agriculture Organization
(FAO)/WHO Joint Expert Committee on Food Additives (JECFA)
. lowered its guideline value for provisional tolerable weekly intake
(PTWI) of M-Hg from 3.3 ug/kg-bw/week to 1.6 pg/kg-bw/week
(JECFA, 2003). By comparison, the US Environmental Protection
Agency (US EPA) developed a reference dose (RfD) for M-Hg of

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

0025-326X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
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0.1 pg/kg-bw/day (US EPA, 1997). The revised PTWI and RfD corre-
spond to a hair Hg level of 2.2 and 1.0 ng/g, respectively (Yasutake
et al,, 2004). It is worthy of note that in August 2008, the health
authorities in the Faroe Islands revised their recommendations to
indicate that long-finned pilot whales are no longer considered
fit for human consumption, as the meat and blubber from pilot
whales was considered to contain high levels of Hg, PCBs and
DDT derivatives as to make it unsafe (Weihe and Joensen, 2008).
The revised recommendations suggest that, in addition to damage
to fetal neural development, exposure to low levels of Hg could be
linked to high blood pressure and impaired immunity in children,
as well as increased rates of Parkinson’s disease, circulatory prob-
lems and possibly infertility in adults (Weihe and Joensen, 2008).

Taiji is a small town of 3400 people (as of 2008) in Wakayama
Prefecture, Japan, which has suffered severely from emigration,
with about one third of its residents now aged 65 or over (Fig. 1).
Taiji is famous as the birthplace of traditional whaling in Japan,
and continues the practice of commercial hunting for small ceta-
ceans such as short-finned pilot whales (Globicephala macrorhyn-
chus), Risso’s dolphins (Grampus griseus) and striped dolphins
(Stenella coeruleoalba). High levels of toxic substances such as hea-
vy metals and organohalogen compounds have been found in the
food products from toothed whales, dolphins and porpoises sold
for human consumption in Japan, reflecting their position at the
top of marine food web and their relative longevity (Haraguchi
et al., 2000; Simmonds et al., 2002; Endo et al., 2002, 2003, 2004,
2005). The contamination level of Hg in the red meat from short-
finned pilot whales sold in Japan (Endo et al., 2003, 2005) has been
shown to be several times higher than that of long-finned pilot
whales consumed in the Faroe Islands (Dam and Bloch, 2000).
‘Whale meat’ (including dolphins and porpoises) remains a
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traditional food source enjoyed by many Taiji residents, particu-
larly those residents who making a living from whaling. Further-
more, Taiji residents frequently consume tuna as the town is
adjacent to Nachikatsuura, a port famous throughout Japan for
its tuna. Although the hazard to the health of Taiji residents from
the consumption of whale products is suspicious, no epidemiologic
survey has yet been conducted in Taiji.

Here we analyzed the T-Hg and M-Hg in the red meat from
small cetaceans (pilot whales and dolphins), slices of fresh tuna
(sashimi) and fillets of other fish species marketed in and around
Taiji, together with the T-Hg concentrations in the head hair from
50 residents living in Taiji. We then compared the T-Hg concentra-
tions between whale meat consumers and non-consumers, and
discussed the possible health problems associated whale meat
consumption.

2. Materials and methods
2.1. Sampling of cetacean and fish meats and head hair

The red meat of short-finned pilot whale (G. macrorhynchus),
striped dolphin (Stenella coerulecalba) and Risso’s dolphin (G. gris-
eus) had purchased from the markets in and around Taiji between
2002 and 2005 (Fig. 1). The sashimi (slices of raw fish) of albacore
tuna (Thunnus alalunga), yellowfin tuna (Thunnus albacares) and
skipjack (Katsuwonus pelamnis), and the fillets of dolphinfish (Cory~
phaena hippurus), ribbonfish (Trichiurus japonicus), common head-
fish (Mola mola), swordfish (Xiphias gladius) and striped marline
(Tetrapturus audax) were also purchased from those markets be-
tween 2003 and 2008.

Head hair samples from 50 residents living in Taiji (30 men and
20 women) were collected by local collaborators from among their
acquaintances between December 2007 and July 2008. At the time
of collection, a simple questionnaire, detailing age, the species con-
sumed, and frequencies of consumption of toothed whales and dol-
phins per month and tunas and other marine products per week,
was completed, along with a declaration of informed consent. The
average age of the 50 donors who cooperated in this survey was
high (more than 50 years) as expected from the Taiji demographics.
No whalers or members of their families, who were presumed to
consume a comparatively large amount of pilot whale products,
were included in the 50 donors. According to the collaborators’
observations, none of the donors showed apparent symptoms of
Hg poisoning such as tremble. The hair samples were packed in
polyethylene bags and stored at room temperature until analysis.

2.2. Chemical analyses

The total mercury (T-Hg) concentrations in the samples were
determined using a flameless atomic absorption spectrophotome-
ter (Hiranuma Sangyo Co. Ltd., HG-1) after digestion by a mixture
of HNO3, HCO,4 and H,S04 (Endo et al., 2002). Methyl mercury (M-
Hg) concentrations in the samples were determined using a gas
chromatograph (Shimazu Co. Ltd., GC-14A) with a 63Ni electron
capture detector (ECD) (Haraguchi et al., 2000). DOLT-2 (National
Research Council of Canada) and CRB463 (BCR European Commis-
sion) were used as analytical quality control sample for the deter-
mination of T-Hg and M-Hg (Endo et al., 2003, 2004). Recoveries of
T-Hg and M-Hg were 95% and 85%, respectively.

The concentrations of T-Hg and M-Hg in the red meat and filet
samples shown in Table 1 and Fig. 2 were the mean of two or three
determinations. The concentration of T-Hg in hair sample was ex-
pressed not only by arithmetic mean (AM) £ SD but also geometric
mean (GM) with range to compare previous reports.

3. Results

Table 1 shows the contamination levels of T-Hg and M-Hg
found in red meat from pilot whales and dolphins, slices of tuna
and skipjack, and fillets of other fish species marketed in and
around Taiji. As expected, high levels of Hg were found in the red
meat from the pilot whales and dolphins. In particular, the contam-
ination levels of T-Hg (9.6 £ 5.3 pg/wet g) and M-Hg (5.9 + 2.9 pg/
wet g) in the red meat from pilot whales were extremely high. Con-
tamination levels of T-Hg and M-Hg in the red meat of striped dol-
phin were 4.0 + 3.4 ug/wet g and 2.2 £ 0.8 pg/wet g, respectively,
and those of Risso’s dolphin were 4.4+23ug/wetg and
3.1+ 1.7 ug/wet g, respectively. Average concentration of T-Hg in
albacore was the same to the T-Hg concentration of the Japanese
regulation (0.4 pg/wet g), and that of yellowfin tuna and skipjack
were slightly lower than the regulation level. Contamination levels
of T-Hg found in swordfish and striped marline were markedly
higher than that of tuna, while contamination levels of T-Hg found
in dolphinfish, ribbonfish and common head-fish were lower.

According to the results of the questionnaire (Table 2), 39 resi-
dents ate red meat from small cetaceans at least once every few
months, whereas 11 residents did not eat ‘whale meat’ at all.
Among the 39 residents that were red meat consumers, 28 resi-
dents usually ate red meat a few times each month, and 11 resi-
dents usually ate it once every few months. The most popular
small cetacean species eaten was the short-finned pilot whale.
All red meat consumers ate short-finned pilot whale, and some
consumers occasionally consumed Risso’s and striped dolphins.
Many residents ate fresh slices of albacore and/or yellowfin tuna
more than once each week, but no resident ate bluefin tuna, prob-
ably because of higher price of bluefin tuna. Most of residents ate
other species of fish and shellfish at least a few times each week.
The frequency of whale meat consumption was higher in males
than in females, and all residents who ate whale meat also ate
tuna.

The analytical results of T-Hg in hair from the 50 residents are
summarized in Fig. 2. The T-Hg concentrations in three residents
who ate whale meat more than once each month exceeded the
NOAEL (50 pg/g). The highest T-Hg concentration was 67.2 jig/g
in a male aged in his 50's. The lowest was 0.4 pig/g in two school-
children (aged less than 10 years) who did not eat whale meat or
slices of tuna. The average T-Hg concentrations for residents who
ate pilot whale and/or dolphin meat more than once each month
or once every few months were 24.6 + 15.6 pg/g (GM and range
were 20.4 and 6.6-67.2 ug/g, n=28) and 15.5+10.0 ug/g (GM
and range were 13.0 and 4.4-40.2 ugf/g, n=11), respectively,
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Table 1

Mercury contamination levels in red meat of odontocetes, tunas and other fishes marketed in and around Taiji.

Methyl mercury (pgfwet g)

n Total mercury (ug/wet g).
Short-finned pilot whale 22 9.6+£5.3 (3.1-214) 59+ 2.9 (2.]'-312,0)
Striped dolphin 13 4.0%3.4(1.0-15.7) 22+0.8(1.0-4.1)
Risso's dolphin 19 44£23(1.7-9.2) 3.141.7 (13-8.8)
Albacore 34 0.40£0.12 (0.16-0.75) N.D.
Yellowfine tuna 21 0.26£0.24 (0.1-1.0) N.D.
Skipjack 9 0.26 +0.17 (0.04-0.54) N.D.
Dolphinfish 7 0.17 £0.09 (0.06-0.30) . N.D.
Ribbonfish 3 0.06 +0.03 (0.03-0.09) i N.D..
Common head-fish 6 0.05 £ 0.03 (0.03-0.10) . N.D.
Sword fish 5 1.6£0.24 (0.1-1.0) : N.D.
Striped marline 5 0.78 £0.39 (0.32-1.35) N.D.
The data are shown as mean + SD with range.
N.D., not determined.
80 T-Hg concentrations below 10 pg/g and 20 pg/g were 40% and 70%
7 of 50 donors, respectively.
. As data not shown in figure, the hair T-Hg concentration who
G stopped the eating of pilot whale meat decreased markedly from
g . R 33.0 ug/g (December 2007) to 14.7 pugfg (June 2008). This donor
> 50 was shown in Table 1 as male at 50’s with the consumption of
3 . _ “whale meat” once or more time per month.
¢ 40 ce
£ . o
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Age Yasuda et al., 2005). According to Yasutake et al. (2004), the aver-

Fig. 2. Mercury concentrations in head hair in the whale meat consumers of Taiji
residents. Closed and open symbols represent the mercury concentration in male
and female of Taiji residents, respectively. Circle and square represent the whale
meat consumers once or more time per month and less than once per month,
respectively, and triangle represents the non-consumer.

Table 2
Number and frequency of consumption of red meat from small cetaceans.
Age Male Female
0-9 2(C.Q 0
10-19 C1(A) 1(B)
20-29 1(A) 0
30-39 3(A BC) 1(B)
40-49 1(A) 3(B,CC)
50-59 9(AAAAAAAAC 5(A A B,CC)
60-69 4(AAACQC 1(C)
70-79 4(A A AB) 6(A B, B,B,B, ()
80+ 5(A A AAA) 3(A,AB)

A: once or more per month.
: less than once per month.
C: no consumption.

=]

whereas the average for residents who did not eat pilot whale or
dolphin meat at all was 4.3 +1.7 ug/g (GM and range were 2.5
and 0.4-6.1 pg/g, n=11). The T-Hg averages of 50 residents, 30
men and 20 women were 17.7 +11.5 pug/g (GM was 15.0 ug/g),
21.6 £16.7 ug/g (GM was 13.7 pgf/g) and 11.9+10.1 pg/g (GM
was 9.0 pg/g), respectively. The hair T-Hg concentration tended
to increase with age. Among the 50 donors, only one woman was
of childbearing age (aged in her 30's, 8.8 pg/g). She ate whale meat
once every few months and tuna a few times each week. The hair

ages of hair T-Hg concentration (GM) were 2.42 nug/g in male
(n=4274) and 1.37 pg/g in female (n = 4391) and the total average
of male and female was 1.82 pg/g. According to this survey, the
percentages below 2.0, 5.0, and 10 pg/g were about 50%, 90%,
and 99%, respectively, and the highest concentration was found
in a male at 26.76 ug/g. Yasuda et al. (2005) analyzed 5846 hair
samples and reported that the GM of hair T-Hg concentration in
male adults tended to increase with age from 2.4 pug/g at high-
teens up to a peak of 5.9 pug/g at 50’s, and then decreased with fur-
ther aging, and the hair T-Hg level in female was significantly low-
er than that in male.

In the present survey of hair T-Hg conducted in Taiji, the aver-
ages of male and female were 21.6 pg/g (GM was 13.7 ug/g, n=30)
and 11.9 pg/g (GM was 9.0 pg/g, n = 20), respectively, and the per-
centage of donors below 10 pg/g was only 40%. These GM values in
male and female were about six times higher than those of national
average, respectively, and the percentage below 10 ug/g in the Taiji
residents (40%) was markedly lower than that in the national aver-
age (99%) (Yasutake et al., 2004). The highest concentration of hair
T-Hg found in Taiji residents was 67.2 pug/g and the average of hair
T-Hg in the male of 50's was 20.3 ug/wet g (GM was 14.0 pg/g,
n=14), while corresponding those values reported in the national
surveys were 29.37 pg/g (Yasutake et al.,, 2004) and 5.9 ug/g (Yas-
uda et al., 2005), respectively. Although the sample size in the pres-
ent survey was limited (n=50) and the hair samples were not
collected using a standardized procedure, the hair T-Hg level in
Taiji residents appears to be markedly higher than that in other
areas of Japan, and is correlated with frequency of whale meat con-
sumption (Table 2). The hair T-Hg concentration in the Taiji resi-
dent who stopped the pilot whale meat consumption was
markedly decreased within six months, suggesting that the whale
meat is the major intake route for Hg. The half-life of Hg in blood
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was reported to be about 70 days (Miettinen et al., 1971). The Taiji
residents who make their living from whaling are expected to con-
sume much more whale meat and to have higher hair T-Hg levels,
but none of those residents were included among the 50 donors.

4.2. Risk assessment of mercury exposure due to the whale
consumption in Taiji residents

Contamination levels of M-Hg in the red meats of short-finned
pilot whale, striped and Risso’s dolphins were markedly higher
than the US FDA action level and Cordex Alimentarius guideline le-
vel of M-Hg in predatory fish (1.0 pg/wet g). Based on the present
data of M-Hg concentration in the red meat of short-finned pilot
whale (5.9 pug/wet g), consumption of only 17 g and 8 g of the red
meat per one week exceeds the PTWI and the RfD of M-Hg per
60 kg, respectively. The whale meat consumers in Taiji also appear
to preferentially consume tuna and other fish species, and most of
whale meat consumers in Taiji appear to intake M-Hg exceed the
PTWI and the RfD. The intake of M-Hg at PTWI (1.6 pg/kg/week)
set by JECFA (2003) corresponds to a hair T-Hg concentration of
2.2 ug/g (Yasutake et al., 2004). Only two donors in the present
survey (school children) were below this T-Hg level. The highest
concentration of 67.2 pg/g found in the present survey corresponds
to about 31 times of the PTWIL The hair T-Hg concentration of
20.4 ug/g (the average of the pilot whale meat consumers more
than once in every month) corresponds to the consumption of
150 g of the pilot whale meat (5.9 pg/wet g) per one week, exceed-
ing 9.3 times the PTWI. According to the questionnaire, however,
no donor ate the whale and dolphin meats more than once per
week. Therefore, the consumption of tunas and other fish species
may contribute to the high concentration of hair T-Hg in the Taiji
residents known to consume whale meat. The Hg levels of tunas
and other fish species shown in Table 1 are comparable to those
in previous reports (Yamashita et al., 2005; Kojadinovic et al,
2006; Kaneko and Ralston, 2007).

4.3. Comparison of mercury levels of hair and whale meat in the Faroe
Islands

As mentioned in Introduction, the health authorities in the Far-
oe Islands revised their recommendations to indicate that long-
finned pilot whales are no longer considered fit for human con-
sumption, as the meat and blubber from pilot whales was consid-
ered to contain high levels of Hg, PCBs and DDT derivatives (Weihe
and Joensen, 2008). Choi et al. (2009) suggested that the increased
M-Hg intake from pilot whale meat promoted the development of
cardiovascular disease of Faroese whaling men. They reported that
the current level of T-Hg (GM) in the hair of Faroese whaling men
was 7.31 pg/g (0.92-46.0 ugfg, n=42) and more than half of the
men ate the whale meat three or more time each month (Choi
et al.,, 2009). The hair T-Hg level of the Taiji residents (GM was
15.0 ug/g, n=>50) was higher than that of the Faroese whaling
men. The Taiji residents may be eating the whale red meat more
polluted by Hg, because levels of T-Hg and M-Hg found in the
short-finned pilot whales sold in and around Taiji (Table 1) were
a few times higher than those in the long-finned pilot whales
caught off Faroe Islands (Julshamn et al, 1987; Dam and Bloch,
2000). In addition, Taiji residents tend to preferentially eat alba-
core and yellowfin tunas and other fish species. Furthermore, con-
tarmnination levels of PCBs and other organohalogen compounds
fund in whale products sold in and around Taiji (Haraguchi et al.,
2000: Simmonds et al., 2002) were compatible levels to those re-
ported in the Faroe Islands (Dam and Bloch, 2000). The large-scale
survey of hair T-Hg concentration in Taiji residents is necessary to
prevent the health problems associated with the consumption of
whale products.

4.4. Comparison of mercury levels in hair due to the fish consumption

Apart from Japan, hair Hg levels associated with the consump-
tion of marine food have been surveyed in China and Indonesia
(Feng et al., 1998), US (McDowell et al., 2004), Cambodia (Agusa
et al., 2005), Morocco (Elhamri et al., 2007) and Malaysia (Hajeb
et al., 2008). According to those studies, the hair Hg levels in pop-

" ulations (GM) with little or no fish consumption were below

0.5 pg/g (McDowell et al, 2004), and the averages (AM or GM)
among fish consumers increased by up to about 15 pg/g in propor-
tion to the level of fish consumption (Hajeb et al., 2008). To our
knowledge, no hair Hg exceeding 50 pig/g (NOAEL) has yet been re-
ported in fish consumers. In contrast, the T-Hg concentrations in
the hair from three residents who ate the whale meat more than
once each month exceeded 50 pg/g (Fig. 2). Choi et al. (2009) re-
ported the hair T-Hg concentration of 54.1 pg/g in a Faroese whal-
ing men. Extremely high level of hair Hg (705 pg/g) was reported
in a patient of Minamata disease who ate fish contaminated with
anthropogenic origin of Hg (Harada, 1995).
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Stable isotope ratios of carbon (3"C) and nitrogen (8"N) and
total mercury (T-Hg) concentrations were measured in red meat
samples from 11 odontocete species (toothed whales,
dolphins, and porpoises) sold in Japan {n = 96) and in muscle
samples from stranded killer whales (n = 6) and melon-
headed whales (n = 15), and the analytical data for these
species were classified into three regions (northern, central,
and southern Japan) depending on the locations in which they
were caught or stranded. The 8°N in the samples from
southern Japan tended to be lower than that in samples from
the north, whereas both 3"C and T-Hg concentrations in
samples from the south tended to higher than those in samples
from northern Japan. Negative correlations were found
bétween the 3'°C and 8N values and between the 3"N value
and T-Hg concentrations in the combined samples all three
regions (y= —0238, n = 117, P < 0.01). The 6"C, 3N, and T-Hg
concentrations in the samples varied more by habitat than

by species. Spatial variations in 8"C, 3N, and T-Hg concentrations
in the ocean may be the cause of these phenomena.

1. Introduction

Stable isotope analyses have been used as an alternative to
stomach content analysis to obtain information on the
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feeding ecology of marine species (I—4). The 3'*C value is
used to indicate the relative contribution to the diet of
potential primary sources and can demonstrate differences
between pelagic and benthic prey species (5— 7). Furthermore,
the 8"3C value in marine phytoplankton decreases slightly
from the equatorial regions toward the North Pole at about
0.015 %o per 1° (8), and this decrease is consequently reflected
in the 8'3C values in marine predators. On the other hand,
the 95N value shows a stepwise increase in the trophic level
of a food chain. A significant increase in 3°N of 3.4 + 1.1%o
has been shown to occur between consumer and prey (9),
whereas only a small enrichment of about 1%o is found in
the 33C value (10). Variations in 8'°N also reflect the regional
characteristics of nitrogen metabolism such as denitrification
and N, fixation (6, 1I).

The main islands of Japan are surrounded by a number
of both warm and cold ocean currents (Figure 1). Tanaka et
al. (7 analyzed the 8'°C and 4°N in Japanese anchovy
(Engraulis japonicus) samples from the Pacific coast: They
reported higher values from inshore samples than from
offshore samples and lower values from anchovies taken from
the Kuroshio (warm current) extension and Kuroshio-Oyashio
(cold current) transition zones. However, little is known about
the 8'3C and 8'°N in marine samples taken from northern
Japan (cold current region). According to a worldwide survey
of squid (6), the 8'*C ranges from —19.9 %o to —13.8 %o and
the 3'°N ranges from 8.3 %o to 16.8 %o, with the lowest 8'3C
values found in squid caught in the Sea of Japan.

The Japanese archipelago stretches for more than 3000
km from north to south, and many species of toothed whales,
including dolphins and porpoises, are known to inhabit the
coastal waters. About 20,000 of those cetaceans are annually
caught off the coast of Japan for human consumption. The
main species of small cetaceans taken are Dall’s porpoise
(Phocoenoides dalli), Baird’s beaked whale (Berardius bairdii),
short-finned pilot whale (Globicephala macrorhynchus),
pantropical spotted dolphin (Stenella attenuata), Risso’s
dolphin (Grampus griseus), rough-toothed dolphin (Sterno
bredanensis), striped dolphin (Stenella coeruleoalba), com-
mon bottlenose dolphin (Tursiops truncatus), and false killer
whale (Pseudorca crassidens) (12). Baird’s beaked whales are
caught off Abashiri, Hakodate, Ayukawa (Ishinomaki), and
Wada (Minamiboso), northern form short-finned pilot whales
are caught off Ayukawa, and southern form short-finned pilot
whales are caught off Wada, Taiji, and Nago (Figure 1). Dall's

Okhotsk Sea  Oyashio Current
(cold)
» bashiri/
5 Northern
region

Sea of Japan

%, Tushima Current (warmy

Lt Pacific Ocean
P | 2
FIGURE 1. Map of Japan and South Korea showing warm and
cold currents and whaling towns.
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porpoises are mainly caught off Otsuchi, and other cetacean
species are mainly caught off Taiji and/or Nago. Abashiri
(N44° and E144°) is the northernmost and Nago (N26° and
E128°) is the southernmost of these whaling towns.

As small cetaceans are long-lived and occupy the top of
the marine food web, they biomagnify marine pollutants
such as heavy metals and organochlorine compounds
(12—15). Among these pollutants, accumulation of mercury
(Hg) is prominent, and high levels of Hg are found in red
meat products from small cetaceans sold in Japan. To date,
the highest and second highest concentrations of total
mercury (T-Hg) found in our laboratory were 98.9 and 81.0
ug/wet g in red meat products from a bottlenose dolphin
(15) and afalse killer whale (12), respectively. These products
were purchased in Nago, the southernmost whaling town in
Japan. The T-Hg contamination levels in small cetaceans
caught off the coast of Japan vary markedly by the species
(12, 15, 16) and by habitat (12, 17).

The level of Hg accumulation is generally correlated with
trophiclevel as determined by 3N value (18). However, there
are often wide intraspecific and/or interspecific variations
in 3'°N within a similar trophiclevel, and it has been suggested
that this results from geographical variations as mentioned
above (6, 7, 11). We previously reported the contamination
level of T-Hg in red meat products from nine species of
odontocetes (12, 15). However, little is known about the 8°C
and 8N values in those species or the correlation between
T-Hg concentration and 3N in those species.

Killer whales (Orcinus orca) represent the top of marine
food web and have the most diverse diet, ranging from fish/
squid of all sizes to seals and other cetacean species (19). In
the eastern North Pacific Ocean, three sympatric forms of
killer whales, referred to as “residents”, “transients” and
“offshore”, with fundamentally different dietary preferences
have been described (3). Resident killer whales principally
consume marine fish while transient killer whales generally
hunt marine mammals (3). Reflecting their dietary prefer-
ences, contamination level of organohalogen compounds in
the blubber and the 3'°N value in the skin of transients were
higher than those of residents, respectively (3). In contrast
to killer whales in the eastern North Pacific Ocean, informa-
tion about the feeding habits and migration of killer whales
in the western North Pacific Ocean is very limited. Available
data for killer whales in this area are limited to the T-Hg
distribution in the organs of killer whales stranded on the
coast of Hokkaido, in the north of Japan (17). From stomach
content analysis, these killer whales appear to correspond to
the transient form. However, the contamination level of T-Hg
in these killer whales was low compared to that in other
odontocetes caught off the coast of Japan (17). In 2006, a pod
of melon-headed whales (Peponocephala electra) was mass-
stranded on the coast of Chiba Prefecture, in central Japan.
We analyzed heavy metals in the organs of the stranded
whales and reported that the T-Hg concentrations in the
organs increased with their body lengths (20). To our
knowledge, however, stable isotopes ratios in the muscle of
neither killer whales nor melon-headed whales around the
coast of Japan have yet been reported.

Here, we reported on the stable isotope ratios of carbon
(8"3C) and nitrogen (3'°N) and the T-Hg concentration in the
red meat products from 11 species of odontocetes purchased
from several Japanese whaling towns and their environs as
published previously. Furthermore, we analyzed stable
isotope ratios and T-Hg concentration in muscle samples
from stranded killer whales and melon-headed whales. We
compared the 33C, 3*°N, and the T-Hg concentration in the
red meat (muscle) samples among whaling towns by area
{northern, central, and southern Japan) and among species
and investigated the correlation among the 3'"°N and 3'°C
values and T-Hg concentration.
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2. Materials and Methods

2.1. Red Meat Products and Muscle Samples Originating
from Odontocetes. As reported previously (12, 14, 15), 88
samples of red meat products were purchased from retail
outlets in Japan from 2000 to 2004 and analyzed for total
mercury (T-Hg) concentration as well as species identification
using molecular taxonomy. These samples were analyzed
for determination of 3**C and 8'°N (see below). Eight samples
of red meat products purchased in 2004 and 2005 were
analyzed for the determination of 8°C, 3"°N, and T-Hg
concentration and identification of species origin. Muscle
samples from mature killer whales stranded on the coast of
Hokkaido Prefecture, in northern Japan (n = 6) (17), and
mature melon-headed whales stranded on the coast of Chiba
Prefecture, in central Japan (n = 15) (20), were also analyzed
for 3'3C and 8"N. All products were stored at —20 °C prior
to analyses.

2.2. Chemical Analyses. The T-Hg concentrations in the
odontocete products were determined using a flameless
atomic absorption spectrophotometer (Hiranuma Sangyo,
HG-1, Japan) after digestion by a mixture of HNO;, HCIO,,
and H,SO4 (12, 2I). The species of origin of odontocete
products was identified from the mitochondrial DNA se-
quences (22).

After the removal of lipid using chloroform/methanol,
the stable isotope ratios of carbon and nitrogen (3'*C and
9'°N) in the dried red meat (muscle) samples were analyzed
using a mass spectrometer (Delta S, Finnigan Co., Germany)
coupled with an elemental analyzer (EA1108, Fisons Co., Italy)
(4.
2.3. Statistical Analyses. The data were analyzed using
the Statcell 12 program, and the level of significance was set
at P<0.05. All data were expressed as the mean =+ standard
deviation (S.D.).

3. Results

Measurements of 8°C and 3'N were obtained from 88
samples of red meat products from 11 cetacean species and
21 muscle samples from stranded mature killer whales and
mature melon-headed whales. These samples, representing
13 species, were stratified into northern, central, and southern
regions on the basis of the locations of the whaling towns
and stranding areas from which they were obtained (Table
1). The northern and southern form pilot whales were
stratified by the area in which the samples were purchased.
Although the southern form short-finned pilot whales are
caught off Wada and Taiji (central Japan) as well as Nago
(southern Japan) (Figure 1), we classified all samples from
southern form short-finned pilot whale in the central region.
As the northern form short-finned pilot whales are caught
off Ayukawa, samples from this type were classified into the
northern region. As Baird’s beaked whales are caught off
Abashiri, Hakodate, and Ayukawa (northern Japan) as well
as Wada (central Japan) and striped dolphins are caught off
Taiji (central Japan) and Nago (southern Japan), we classified
the samples from these whales into the northern and central
regions, respectively, based on purchase location.

Among the 13 species shown in Table 1, the four lowest
average T-Hg concentrations were found in Baird’s beaked
whale, the northern form short-finned pilot whale, Dall's
porpoise, and killer whale. All those species were found in
the northern region, and average values of T-Hg concentra-
tions were about 1.3 ug/wet g. In contrast, all average T-Hg
concentrations in the red meat (muscle) samples of whales
and dolphins found in the central and southern regions
exceeded 3.0 ug/wet g. High but variable concentrations of
T-Hg were found in the red meat products of bottlenose
dolphins and false killer whales. The highest and second
highest concentrations in the red meat products summarized



TABLE 1. Stable Isotope Ratios of Carbon and Nitrogen and Total Mercury Concentration in the Red Meat Products and Muscle

Samples of Odontecetes Caught off the Coast of Japan

mean = SD
group species € (%) 8N (%) total mercury (zg/wet g)
killer whale? (n = 6) -17.1 £ 0.1 16.5 + 0.3 1.27 £ 0.13
Northern Baird’s beaked whale {n = 19%) -17.8 £ 0.6 16.3 4+ 0.8 1.30 £ 0.99
short-finned pilot whale, northern form {n = 5) —-18.3+ 0.6 13.3 £ 0.8 1.30 + 0.41
Dall’s porpoise (n = 8) -18.8 +£ 0.2 13.2 + 0.3 1.27 £ 0.33
striped dolphin (n = 119) -17.7 £ 0.6 12.3+£0.9 5.91 & 4.07
Central Risso’s dolphin (n = 8) -16.7 £ 0.3 13.1 £ 05 3.84 + 1.52
short-finned pilot whale, southern form (n = 18%) -16.9 £ 0.5 12.2 £ 0.7 12.4 + 8.6
melon-headed whale? (n = 15) -16.8 + 0.2 12.7 £ 0.3 4.89 + 2.32
bottlenose dolphin (n = 10) -17.2 £ 0.3 13.1 £ 0.6 38.3 + 28.3
Southern pygmy killer whale (n = 2) -17.6 14.1 13.1
false killer whale (n = 5) -16.2 + 0.6 12.8 £ 0.6 20.7 + 10.6
pantropical spotted dolphin (n = 4) -17.3 £ 0.3 121+ 0.8 5.33+ 1.75
rought-toothed dolphin (n = 6) -16.9 £ 0.5 11.6 £ 0.5 5.33 + 1.75

2 Muscle from stranded animals. 2 Sum of Baird’s beaked whales purchased in and around Abashiri, Hakodate, Ayukawa,
and Wada, sum of short-finned pilot whales (southern form) purchased from in and around Taiji and Nago, or sum of

striped dolphins purchased in and around Taiji and Nago.

in Table 1 were 65.3 ug/wet g in sample from bottlenose
dolphins and 32.3 ug/wet g in sample from false killer whales
purchased in Nago (southern Japan).

Among the 13 species, excluding the pygmy killer whale
(n=2), the average 8'N in the four species from the northern
region was the four highest (Table 1). In contrast, the average
3'3Cvalues from the species in the northern region, excluding
the killer whale, were the three lowest. The 3'3C-3'"°N map
of four species in the northern region appeared to be different
from that of nine species in the central and southern regions
(Figure 2). The 3'°C tended to increase with increases in the
3N among the four species from the northern region (P <
0.01), whereas no correlation was found between the "N
and T-Hg concentration (P > 0.05).

The 95N of nine species from the central and southern
regions tended to be lower than that of the four species from
the northern region, whereas the 3°C of the former region
tended to be higher (Figure 2). No correlations (P > 0.05)
were found between the 3°C and 3'°N values and between
the 85N and T-Hg concentration in the whales and dolphins
from the central and southern regions.

It is noteworthy that negative correlations were found
between the 8'3C and 85N values (y = —0.223, P< 0.05) and
the 8'°N value and T-Hg concentration (y = —0.238, P<0.01)
in the combined samples from all three regions (n = 117),
while positive correlation was found between the 8'3C value
and T-Hg concentration (y =0.219, n=117, P<0.05). These
correlations were weak but statistically significant.

The T-Hg concentration and the 3°C and 3N in the
Baird’s beaked whale products purchased in and around
Abashiri, Hakodate, Ayukawa, and Wada were compared
(Table 2, see Figure S1). In agreement with the results shown
in a previous report (12), the T-Hg concentrations in Baird’s
beaked whale products purchased in and around Abashiri
were significantly lower than those in products purchased
in and around Ayukawa and Wada (P < 0.05). The 8"°N value
from beaked whale products purchased in and around
Hakodate was significantly lower than those in products
purchased in and around Ayukawa and Wada (P< 0.05), and
the 8'3C values from whale products purchased in and around
Abashiri and in and around Hakodate were significantly lower
than those from the products purchased in and around
Ayukawa and Wada (P < 0.05).

The T-Hg concentration, 8*C and 3N in the short-finned
pilot whales caught off Ayukawa (northern form), and Taiji
and Nago (southern form) were also compared (Table 2, see
Figure S2). Again, in agreement with the results of a previous

report (12), the T-Hg concentrations in red meat products
of pilot whales purchased in and around Ayukawa were
significantly lower than that in the products purchased in
and around Nago (P<0.05). Correspondingly, the 3'5N values
of the products purchased in and around Nago were
significantly lower than those from the products purchased
in and around Ayukawa (P< 0.05), and the 8'3C values of the
products purchased in and around Ayukawa were signifi-
cantly lower than those of products purchased in and around
Taiji and Nago (P < 0.05). On the other hand, no differences
were found in the 3'3C and 3'°N values or T-Hg concentrations
in red meat products from striped dolphins caught off Taiji
and Nago (Table 2).

4. Discussion
4.1. Geographical Differences in 3"*C, 4'°N, and Hg Con-
tamination. The 8'3C and 3'°N values of red meat (muscle)
samples of four species from the northern area of Japan were
apparently lower and higher than those of other species from
the central and southern areas, respectively (Figure 2). The
3'3C values in the combined samples of northern, central,
and southern regions tended to decrease with an increase
in 35N (y= —0.223, n= 117, P<0.05). To explain this negative
correlation, we considered whether 9N and §*C values from
animals inhibiting in the cold current ocean regions of Japan
may be higher and lower than those in the warm current
region, respectively. The marked differences in 3'*C between
samples from the northern and southern region (Table 1)
cannot be fully explained by the effect of latitude (8), as the
expected difference in 8*3C calculated from the difference in
latitude between Abashiri and Nago (18°) is only 0.27%e..
Unfortunately, little information is available regarding geo-
graphical variations in 3*C and 8'°N in marine biota around
Japan. Takai et al. (6) reported lower 3°C values in squid
samples from the northwest of the Sea of Japan. Similarly,
3'3C in Baird’s beaked whales hunted in this area was lower
than in whales from other areas (see Figure S1). Tanaka et
al. (7) suggested lower 3*C and 3'°N values in the Kuroshio
extension and Kuroshio-Oyashio transition zones. To pre-
cisely estimate the trophic position of toothed whales,
dolphins, and porpoise around Japan and compare with the
trophic level from different areas, measurements of 3*C and
#'5N in primary producers (the base of the food web) around
Japan are necessary (11).

On the other hand, T-Hg concentrations in the samples
from southern Japan were apparently higher than those from
northern Japan (Figure 2). As suggested previously (12, 17),
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