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Abstract

Farmed and wild Scottish Atlantic salmon were obtained from retail suppliers, producers, and Stirling University in
Scotland during January, 1999, for determination of 17 2,3,7,8-Cl-substituted PCDDs and PCDFs, and seven non-
ortho- and mono-ortho-PCBs. The study confirms previous reports of relatively high concentrations of PCDDs,
PCDFs and, especially, PCBs in farmed Scottish salmon. The results indicate that high consumption of salmon, par-
ticularly by children under 5 years, could lead to intakes above the tolerable daily intake (TDI) and tolerable
weekly intake (TWI) for these chemicals, especially the PCBs, when combined with mean or high level intakes from the
typical UK diet. These results suggest further investigation of farmed salmon and salmon feed, including feed fortified
with fish oil and feed fortified with selected vegetable oils, is warranted. © 2002 Elsevier Science Ltd. All rights re-
served.

Keywords: Farmed salmon; Polychlorinated dibenzo-p-dioxins (PCDDs); Polychlorinated dibenzo-p-furans (PCDFs); Polychlorinated
biphenyls (PCBs); Persistent organic pollutants

Abbreviations: PCDDs — polychlorinated dibenzo-p-dioxins; PCDFs — polychlorinated dibenzo-p-furans; PCBs — polychlorinated
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detection; mt — metric ton; TDI — tolerable daily intake; TEF — toxic equivalent factors; TEQ — sum of toxic equivalents; TWI —
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1. Introduction

Although there is an extensive literature on the
presence and fate of chlorinated organic compounds
in the aquatic environment and biota, most data relate
to the natural environment and, until very recently, little
has been published on chlorinated compounds in aqua-
culture systems or products from aquaculture. Data
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are available on the concentrations of polychlori-
nated biphenyls (PCBs), polychlorinated dibenzodioxins
(PCDDs) and polychlorinated dibenzofurans (PCDFs)
in fish from wild stocks, where exposure is associated
with chronic contamination due to leaching of agricul-
tural or industrial chemicals from treated or con-
taminated soils into surface waters and the global
distribution and deposition by atmospheric transport
(North Sea Task Force, 1993). However, with farmed
fish, potential exposure hazards are associated with the
contaminated fish oil (World Health Organisation,
1999).

Fish oil is a by-product of the fish meal manufac-
turing industry and comes from many different parts
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of the world. Highly chlorinated compounds and
chlorinated insecticides are lipophilic and bioaccumu-
late in the food chain. As they accumulate in the lipid
compartment of the animal, the fish oil extracted from
fish caught in polluted waters may be contaminated with
chlorinated hydrocarbons (Jacobs et al., 1997, 1998;
Ministry of Agriculture, Fisheries and Food, 1997).
Existing data on the levels of PCDDs, PCDFs and
PCBs consumed in the UK have been mainly derived
from total diet surveys and surveillance data for spe-
cific food types (Wright and Startin, 1995; Ministry of
Agriculture, Fisheries and Food, 1995, 1996, 1997,
Food Standards Agency, 2000). These data indicate the
presence of elevated organochlorine contamination of
farmed fish. Of 161 salmon samples tested in 1997, all
were found to contain residues of PCBs (ICES 7 set of
PCBs: TUPAC numbers 28, 52, 101, 118, 138, 153, 180)
at concentrations of 23-620 ng/g fat (Ministry of Agri-
culture, Fisheries and Food/Department of Health,
1998; Veterinary Medicines Directorate, 1998). The UK
Ministry of Agriculture, Fisheries and Food (MAFF)
recently reported on a survey of marine fish sampled in
1995-1996 (Ministry of Agriculture, Fisheries and Food,
1999). The mean concentrations of PCDDs, PCDFs and
PCBs in 12 salmon samples were 25 pg/g TEQ fat. For
both these reports the World Health Organisation toxic
equivalent factors (WHO-TEFs) were not the recently
revised values (Kutz et al., 1990; Van den Berg et al.,
1998).

The determination of these contaminants in fish
and identification of the original sources of the contam-
ination are, therefore, important for dietary exposure
assessment and the protection of public health, partic-
ularly in view of the increasing availability to the con-
sumer of farmed salmon. The farmed salmon industry is
rapidly expanding; it has trebled in production from
225,462 metric tons (mt) to 687,906 mt during the years
from 1990 to 1998 (FAO, 1998) with the UK, one of the
three major producers, generating 110,917 mt (FAO,
1998, 2000).

The salmon aquaculture industry is most dependent
on the use of fish oil as a source of dietary lipids and
herring oil is the standard oil fed to salmon. In recent
years, fish oil use as a source of dietary fat has increased
significantly since 1995 from less than 30% to 33% and
even 36.3% of the total ‘high-energy diet’ for salmon
(Trouw Aquaculture, no date; Royce, 1996; Bell et al.,
1998; BOCM Pauls Fish Feed Group, 1998). Currently
the aquaculture industry accounts for around 17% of the
global production of fish meal and oil but this has been
predicted to double in the next 15 years by the FAO in
Rome (Bell, 1998).

This paper presents the results of analysis of
farmed Scottish salmon samples for PCDDs, PCDFs
and selected coplanar PCBs. These values are compared

with those obtained from salmon reported in other
studies. The potential contribution of fish oils to the
bioaccumulation of PCDDs, PCDFs and PCBs in
farmed fish is discussed, together with suggestions on
how to reduce these contaminant levels whilst also
achieving nutritional and environmental benefits in an
economically viable way for both industry and the con-
sumer.

2. Experimental
2.1. Sample collection

Nine British salmon samples (seven samples were
from individual fish, and two samples were composites
of two fish each) and one Norwegian salmon (Salmo
salar) sample that enter the European fish market were
analysed. Salmon fish samples of variable age, both farm
raised and wild, were obtained from eight different sites
in January 1999, and were essentially samples of op-
portunity. The timing of the sample collection was in
accord with the seasonal variation in the oiliness of fish
fed diets containing greater than 28% lipid, as the exu-
dation of free oil affects the ease of handling and pre-
paration of the fish samples. The sampling times to avoid
are September to mid-November, and the month of
April (Royce, 1996; Bell et al., 1998). The fresh samples
were obtained from commercial farms, supplying the
local and national markets and national supermarket
chains, and the Glasgow fish market. They were wrap-
ped in polyethylene bags and packed in ice (for less than
3 h) prior to being placed in a deep freeze. Upon col-
lection, each sample was given a unique laboratory refe-
rence number, and the sample details logged into a
database. Laboratory reference numbers and GC-MS
data file codes are included in the results tables. When
all samples were collected, and frozen, they were packed
in ice and transported directly by M. Jacobs to the
laboratory where they were stored at —20 °C. Random
sampling was not possible, but unbiased representation
of the situation of interest was achieved by obtaining
fish from the Northwest Scottish Highlands, the West-
ern Scottish Highlands, the lowlands surrounding Stir-
ling, plus a wild fish from the Scottish border with
England, two samples for which no reliable information
was available (but one may have been wild), and a
Norwegian sample for which no information was
available.

Whole body weights of the fish ranged from 400 g to
5.2 kg, the fish ranged in age from 1 year to 3+ years.
Table 1 gives sample details for the salmon and it is
important to note that the ‘wild’ fish may not have been
genuinely wild, but were probably farm escapees (S.
George, personal communication).



Table 1
PCDDs, PCDFs and selected coplanar PCBs in Scottish Atlantic salmon: lipid adjusted (pg/g, ppt)

Samples TEF 213-02 213-04 213-05 213-06 213-07 213-08 213-09 213-10 213-11 213-12
Source L. Tain (f) L. Tain (f) L. Tain (f) R. Allen (w) L. Leven (f) Norway (f) S. uk S. uk SLA({ S.LB(
Approximate age of fish 3+ yrs 3+ yrs 3+ yrs 2 yrs 2+ yrs 2+ yrs 2 yrs 2 yrs 1yr 1yr
% Lipid 12.13 14.7 13.69 7.71 9.3 13.73 12.14 343 4.04 5.39
Sample weight (g) 99.8 99.7 100 100.8 102.1 100.9 100.1 100.9 99 100.9
Whole weight - WWt (g) 59.88 49.85 50 98.78 81.68 50.45 60.06 98.88 97.02 98.88
Lipid adjusted — lwt (g) 7.26 7.33 6.84 7.62 7.6 6.93 7.29 3.39 3.92 5.33
Congener
2,3,7,8-TCDD 1 0.68 0.64 1.09 0.61 0.53 0.63 0.87 1.39 0.61 0.51
1,2,3,7,8-PeCDD 1 1.27 1.32 2.06 1.06 1 1.28 1.42 4.16 1.2 0.8
1,2,3,4,7,8-HxCDD 0.1 -0.17 -0.17 —-0.18 —-0.16 —-0.16 0.17 -0.17 0.85 -0.32 —-0.23
1,2,3,6,7,8-HxCDD 0.1 0.26 0.28 0.43 -0.16 -0.16 0.3 0.22 1.39 —-0.32 -0.23
1,2,3,7,8,9-HxCDD 0.1 -0.17 —-0.17 —-0.18 —-0.16 —-0.16 —-0.18 -0.17 -0.37 —-0.32 -0.23
1,2,3,4,6,7,8-HpCDD 0.01 -0.17 -0.17 -0.18 -0.16 -0.16 —-0.18 -0.17 —-0.37 —-0.32 —-0.23
OCDD 0.0001 0.69 0.68 0.73 0.66 0.66 0.72 0.69 1.47 1.28 0.94
2,3,7,8-TCDF 0.1 17.85 15.39 27.42 11.87 12.57 15.95 18.02 48.52 15.15 12.92
1,2,3,7,8-PeCDF 0.05 1.52 1.18 2.69 0.88 1.04 14 1.65 5.65 1.34 0.99
2,3,4,7,8-PeCDF 0.5 5.8 437 10.63 3.97 422 5.02 6.51 13.95 4 3.75
1,2,3,4,7,8-HxCDF 0.1 -0.17 -0.17 0.18 —-0.16 —-0.16 —-0.18 -0.17 0.68 -0.32 —-0.23
1,2,3,6,7,8-HxCDF 0.1 -0.17 -0.17 0.16 -0.16 -0.16 —-0.18 0.13 0.78 —-0.32 —-0.23
2,3,4,6,7,8-HxCDF 0.1 0.16 0.19 0.29 —-0.16 0.12 0.25 0.19 1 0.24 -0.23
1,2,3,7,8,9-HxCDF 0.1 -0.17 -0.17 -0.18 -0.16 -0.16 —-0.18 -0.17 -0.37 —-0.32 —-0.23
1,2,3,4,6,7,8-HpCDF 0.01 —-0.17 -0.17 —-0.18 —-0.16 —-0.16 —-0.18 -0.17 -0.37 -0.32 -0.23
1,2,3,4,7,8,9-HpCDF 0.01 -0.17 -0.17 -0.18 -0.16 -0.16 —-0.18 -0.17 -0.37 -0.32 —-0.23
OCDF 0.0001 0.69 0.68 0.73 0.66 0.66 0.72 0.69 1.47 1.28 0.94
Upper-bound TEQ fat (ND=0.5 LOD) 6.83 6.06 11.51 5.01 5.06 6.23 7.56 18.21 5.62 4.7
Lower-bound TEQ fat (ND=0 LOD)  6.75 597 11.45 4.89 4.96 6.16 7.48 18.13 5.42 4.53
PCB 77 0.0001 190.2 288.2 536.1 528.1 234.7 281.2 242.8 622.4 360.3 600.7
PCB 105 0.0001 5970.2 6359.7 7220.9 6957 4040.1 5659.7 6233.8 9240.3 4684 5089.3
PCB 118 0.0001 21389.2 2440.6 22991.4 24207.5 14811.1 17092.1 25091.3 318739 16377.2 17152.4
PCB 126 0.1 107.5 129.8 203.3 125.9 64.7 1414 113.1 183 81.2 84.1
PCB 156 0.0005 1889.4 2531.8 2262.6 2179.9 1029.2 1952.2 2327.6 2436.1 1283.8 1345
PCB 157 0.0005 535.4 678.7 657.4 598.5 337.1 444.2 677 689.4 358.4 398
PCB 169 0.01 223 20.8 28.5 16.7 15.2 20.9 24.4 30.1 15.1 12.4
TEQ of seven PCBs 14.67 17.36 24.82 17.02 9.05 17.63 15.88 23.99 11.06 11.49

Non-detects and LOD indicated by minus sign. Values in italics indicate that the values are not within the ion ratio range for QA/QC. (f) = Farmed; (w) =wild; S. uk = Stirling
unknown; S.L.A = Stirling Loch A (f); S.L.B=Stirling Loch B (f).
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Fig. 1. Map of Scotland showing the geographical spread of
sample sites.

Fig. 1 indicates the spread of the sample sites.
2.2. Sample preparation

The samples were thawed, filleted, skinned and the
epaxial muscle homogenised before being subdivided
into smaller replicate portions of approximately 100 g.
The portions were weighed, stored in tightly sealed poly-
thene bags and frozen at —20 °C.

Two samples consisted of homogenised samples of
two fish each (from the same source and of the same age
and size) to ensure similar sample quantities of tissue.
One set of the frozen samples remained at the laboratory
for subsequent analysis. The other set of samples were
packed in dry ice and taken directly by courier to the US
EPA/OPP laboratory the following day, where they were
inspected, logged in and stored at —60 °C prior to
analysis.

3. Analytical procedures
One hundred grams of homogenised muscle tissue

were extracted using a mixture of hexane/methylene
chloride/2-isopropanol to obtain the lipid and an aliquot

representing a 7-8 g subsample (when possible) taken
for analysis. A separate aliquot was also removed to
determine the lipid percentage. The crude lipid extract
was fortified with '*C-labelled analogues of the various
2,3,7,8-Cl-substituted congeners and selected coplanar
PCBs. The crude extract was cleaned up using acid/base-
modified silica gel, alumina, and graphitised carbon
column chromatography. The eluent was then concen-
trated, fortified with *C-labelled internal standards, and
analysed by high-resolution gas chromatography/high-
resolution mass spectrometry (HRGC/HRMS). The
samples were analysed for the 17 PCDDs/PCDFs which
have toxic equivalency to 2,3,7,8-TCDD and the dioxin-
like co-planar PCBs 77, 105, 118, 126, 156, 157, and 169.
All analyses were performed on a Kratos Concept using
isotope dilution in mass drift correction mode. The
sample preparation procedures, analytical techniques,
and quality control strategies described in this paper are
defined in US EPA’s Method 1613 and Ferrario et al.
(1996, 1997).

4. Results

The concentrations and toxic equivalent contribu-
tions (TEQ) from the analyses of the fish tissue for the
2,3,7,8-Cl-substituted dioxins and furans and selected
coplanar PCBs are listed in Table 1 on a lipid-adjusted
basis together with summaries of the toxic equivalents
(TEQ) results for each sample together with weight, age
and lipid content data. All values were adjusted to the
lipid content of the sample by dividing the whole weight
concentration by the percentage lipid in each sample.
The percentage lipid was determined according to
Method 1613. The rounded result for each congener was
multiplied by the appropriate international toxic equi-
valent factor (I-TEF) (Van den Berg et al., 1998) and
summed (TEQ) for all 17 congeners. In cases where
congeners were reported as non-detects, lower-bound
TEQs were calculated by treating the result as if zero
and upper-bound TEQs by treating the result as if pre-
sent at half of the limit of detection (LOD). Quality
control (QC) samples were included in batches of sam-
ples analysed. Data were rounded to three decimal pla-
ces for all analytes and are reported on a lipid-adjusted
basis. The whole weight detection limits may be calcu-
lated by dividing the detection limit by the appropriate
weight given in Table 1.

TEQs were also calculated for non-ortho- and ortho-
PCBs using internationally agreed TEF values by fol-
lowing the same procedures as above. All PCBs analysed
for were detected. The summed concentration of selected
PCBs is the sum of concentrations of the congeners
measured and is an underestimate of the total PCB
concentration as other isomers were present which were
not measured.
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The concentration of lipid found in the samples
ranged from 3.43% to 14.7%. The immature fish are fed
lower levels of oils, and tend to store lower levels of lipid
in the flesh compared to mature fish and this is reflected
in the lipid content of the samples, with one unusual
exception (Sample 213-10). Whether this fish had a
similar dietary lipid intake to the other fish sampled is
not known, but it has been observed that there can be
marked variation in flesh lipid content within fish fed the
same dietary oil level (the percentage of lipid in flesh of
fish fed 28% oil varied from 3% to 17%) such that certain
individual fish utilise high-energy diets but deposit little
lipid in their flesh while others tend toward greater adi-
posity (Bell, 1998).

Table 2 compares age-specific mean lipid-adjusted
PCDD/F and selected coplanar PCB TEFs with the
means of all samples in this study and the MAFF 1999
report (Parsley et al., 1999).

The data were disaggregated by both age and whe-
ther the fish was farmed or wild. Significant differences
were observed between the 2+ year old fish and 1 year

Table 2

olds, shown in Table 2, with no statistically significant
difference between the 3 and 2 year old fish (not shown).
There was also no statistically significant difference be-
tween the farmed and wild fish (or farm escapees).

All fish contained detectable levels of PCDD/Fs
and mono-ortho- and non-ortho-PCBs. Levels varied
between samples, generally increasing with age, and
showing a skewed distribution for the PCDD/Fs re-
sulting from a minority of relatively high values. The
main dioxins and furans detected were 2,3,7,8-TCDD,
1,2,3,7,8-PeCDD, 2,3,7,8-TCDF, 2,3,4,7,8-PeCDF and
to a lesser extent 1,2,3,7,8-PeCDF. Apart from one fish
(sourced via Stirling University, 213-10) which had been
frozen a year previously, the highest levels of PCDDs,
PCDFs and PCBs were observed in the oldest fish,
3+ years, as expected. The 2,3,7,8-TCDD concentrations
ranged from 0.51 pg/g lipid-adjusted in the post-smolt
fish, around a year old (Sample 213-12) to 1.09 pg/g
lipid-adjusted in the most mature fish, between 4 to 5
years old (Sample 213-05), and 1.39 pg/g lipid-adjusted
in Sample 213-10. This is equivalent to 0.03 pg/g wet

Comparison of age-specific mean PCDD, PCDF and selected coplanar PCB detections with means of all samples in this study and the
recent MAFF study (Parsley et al., 1999) (pg/g, ppt, Iwt)

Concentration pg/g lipid  Mean of all SD Mean for SD Mean 2 yr, SD Mean 1 yr, SD
samples: MAFF 99 N = 5: this N =2 (four
this study study study fish): this study

Lipid (wt%) 9.63 +4.26 13.58 +3.32 9.26 +4.02 4.72 +0.95
2,3,7,8-TCDD 0.76 +0.28 0.84 +0.28 0.81 +0.35 0.56 +0.07
1,2,3,7,8-PeCDD 1.56 +0.97 1.44 +0.53 1.78 +1.34 1 +0.28
1,2,3,4,7,8-HxCDD —-0.03 +0.3 0.001 +0.21 0.16 +0.44 —-0.14 +0.03
1,2,3,6,7,8-HxCDD 0.24 +0.45 0.56 +0.22 0.35 +0.61 —-0.14 +0.03
1,2,3,7,8,9-HxCDD —-0.11 +0.04 —-0.04 +0.21 -0.10 +0.05 —-0.14 +0.03
1,2,3,4,6,7,8-HpCDD —-0.11 +0.04 —-0.04 +0.4 -0.10 £0.05 —-0.14 +0.03
OCDD 0.85 +0.29 0.05 +0.23 0.84 +0.35 1.11 +0.24
2,3,7,8-TCDF 19.57 +11.09 13.38 +4.75 21.39 +15.37 14.04 +1.58
1,2,3,7,8-PeCDF 1.83 +1.44 1.53 +0.58 2.12 +1.99 1.17 +0.25
2,3,4,7,8-PeCDF 6.22 +3.41 4.72 +1.54 6.73 +4.15 3.88 +0.18
1,2,3,4,7,8-HxCDF 0.009 +0.25 0.21 +0.17 0.07 +0.34 —-0.14 +0.03
1,2,3,6,7,8-HxCDF 0.04 +0.28 0.21 +0.16 0.13 +0.37 —-0.14 +0.03
2,3,4,6,7,8-HxCDF 0.22 +0.33 —-0.13 +0.09 0.30 +0.41 0.06 +0.25
1,2,3,7,8,9-HxCDF —-0.11 +0.04 0.29 +0.22 -0.10 +0.05 —-0.14 +0.03
1,2,3,4,6,7,8-HpCDF —-0.11 +0.04 —-0.08 +0.19 -0.10 +0.05 —-0.14 +0.03
1,2,3,4,7,8,9-HpCDF —-0.11 +0.04 —-0.25 +0.23 -0.10 +0.05 —-0.14 +0.03
OCDF 0.85 +0.29 -0.8 +0.81 0.84 +0.35 1.11 +0.24
PCB 77 388.4 +165.86 424.15 +160.63 381.84 +180.54 480.5 +169.99
PCB 105 6145.5 +1468.09 6265.83  +1792.87 6426.18  +1905.19 4886.65 +286.59
PCB 118 21342.66  +5164.36  19011.67  +5758.08 22615.18 +0.68 16764.8 +548.15
PCB 126 123.4 +44.02 137.63 +46.34 1256.62  +6815.4 82.65 +2.05
PCB 156 1923.76 +529.41 1841.67 +605.82 1985 +43.04 1314.4 +43.27
PCB 157 537.4 +141.80 550 +203.56 549.24 +564.24 378.2 +28
PCB 169 20.64 +5.89 32.12 +11.02 21.46 +153.65 13.75 +1.91
Sum of seven PCB TEFs 16.3 17.85 16.71 11.28

For all means, ND=0.5 LOD.
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weight in the post-smolt to 0.15 pg/g in the most mature
fish, and 0.05 pg/g in Sample 213-10. This fish had the
lowest lipid content of all the samples including the post-
smolts (see Table 1). 1,2,3,7,8-PeCDD concentrations
ranged from 0.8 pg/g lipid adjusted to 4.16 pg/g lipid-
adjusted in the Sample 213-10 fish.

All the selected coplanar PCBs were detected, and
they were quantitatively the dominant contaminants.
The consistent congener patterns were markedly higher
than one would expect from the range of sources of the
samples, unless they were fed on similarly sourced feeds.
The highest PCB concentration detected in all samples
was PCB 118 with a highest lipid-adjusted value of
31900 pg/g (1093 pg/g wet weight: Sample 213-10) and
lowest lipid-adjusted value of 14 800 pg/g (1380 pg/g wet
weight: Sample 213-07).

The highest total lipid-adjusted PCB concentration
was 45100 pg/g (Sample 213-10), but the lipid-adjusted
TEQ contribution for this fish was 24.0 pg/g, lower than
the lipid-adjusted TEQ contribution for one of the
largest fish (Sample 213-05) with a value of 24.8 pg/g. On
a wet weight basis the largest fish PCB TEQ remained
high at 3.40 pg/g, whilst the wet weight PCB TEQ value
for Sample 213-10 fell to 0.82 pg/g due to the lower lipid
content in the fish tissue.

5. Discussion

The results from this study are comparable and of a
similar order of magnitude to the values reported in the
recent MAFF study (Parsley et al., 1999), see Table 2.
The results presented here indicate a contamination
problem, especially in the case of the selected PCBs.
Comparisons with background data from the MAFF
study (using the pre-1998 TEF values, Kutz et al., 1990)
suggest that, for wild species such as cod, the concen-
trations on a lipid-adjusted basis are similar. However
due to the higher fat content of salmon the concentra-
tions reported here are comparatively higher on a whole
weight basis. Species with a higher fat content in the
body tissues, such as herring, are reported to have
consistently higher concentrations both on a lipid-
adjusted (mean 83 pg/lg WHO-TEQ fat) and whole weight
basis, but mackerel appears to be an exception (mean 17
pg/g WHO-TEQ fat). Flat fish with a low fat content,
such as plaice, approach the concentrations seen in
herring on a lipid-adjusted basis (mean 67 pg/g WHO-
TEQ fat). TEQ levels reported for UK farmed trout are
in very good agreement with the salmon concentrations
on a lipid-adjusted basis (Ministry of Agriculture,
Fisheries and Food/Department of Health, 1998).

More detailed comparison with other existing data
sets is confounded by the fact that many previous studies
quote only means and ranges, or they use a different
TEF system or the WHO-TEF system prior to 1998.

Thus direct comparison with Norwegian data for
Atlantic salmon was not possible as the TEQ values
reported in the literature use the Nordic TEFs, and not
the revised WHO-TEFs (Vuorinen et al., 1997; Becher
et al., 1998). As the values for the individual congeners
are not given, a corrected TEQ value cannot be recal-
culated, as undertaken in this report with the UK
MAFF study. Table 3 provides comparative data for
PCDD/Fs and coplanar PCBs in salmon and herring fish
from studies where individual congener levels were re-
ported.

Both this study and the MAFF study report sur-
prisingly high detections of PCB congeners. From the
literature one might speculate that the source of con-
tamination was from the herring- and fish-oil-based
aquaculture feed consumed by the salmon (Bergqvist
et al., 1990). A fish oil study found relatively high levels
of PCBs 52, 101, 118, 138, 149, 153, 170, 180 in both the
herring oil sample from Germany and salmon oil sam-
ple, e.g. PCB 118 detection of 60 pg/g Iwt in salmon oil
and 158 pg/g Iwt in herring oil (Jacobs et al., 1998). (The
coplanar PCBs, TCDDs and TCDFs were not analysed
in this fish oil study.) Preliminary data on the analyses of
salmon aquaculture feeds and fish oil components of the
feeds for organochlorine pesticides and selected PCBs
indicate that this is a probable route of contamination
(Jacobs and Covaci, unpublished data).

Previous reports have detected significant levels of
PCDDs, PCDFs and PCBs in fatty fish such as herring
and salmon, particularly from the Baltic Sea, see Table 3
(Rappe et al., 1989; Bergqvist et al., 1990; Svensson
et al., 1991; De Boer et al., 1992; Liem and Theelen,
1997; Vuorinen et al., 1997; Atuma et al., 1998).

The potential contribution to the human diet of
PCBs, PCDDs and PCDFs from Scottish salmon will
vary according to the age of the fish, whether the indi-
vidual fish had a predisposition to adiposity or not, and
the frequency of consumption, portion size, cooking
practises (it is more usual to retain the oils when cooking
salmon, for their nutritional fatty acid benefits), and age
of the consumer. The UK Ministry of Agriculture,
Fisheries and Food (1999), using pre-1998 WHO-TEF
values, give an estimate of upper-bound dietary intake
for adults of PCDD/Fs and PCBs from salmon of 2.3 pg
TEQ/kg bw/day. Upper-bound adult dietary exposure
for high-level consumers is 5.6 pg TEQ/kg bw/day; the
average consumer intake is estimated at 2.6 pg TEQ/kg
bw/day. However young children are particularly sus-
ceptible to higher intakes as they have a more limited
diet than older children and adults, together with a low
body weight. This leads to higher consumption:body-
weight ratio than that of the average consumer. Cur-
rently the World Health Organisation recommends a
tolerable daily intake (TDI) of 1-4 pg TEQ/kg bw/day
(van Leeuwen and Younes, 1998) and the European
Commission Scientific Committee on Food recommend



Table 3
Examples of congener-specific concentrations of PCDDs, PCDFs and coplanar PCBs in salmon and herring from other studies (pg/g wet weight, wwt) unless otherwise indicated

Fish Salmon Farmed Farmed Herring Herring Herring Herring Wild Herring® Fatty
salmon salmon salmon® seafish®
Sample size N =10 N=238 N =10 N=2
Region Scotland, Gulf of Gulf of Vaderoarna  Landsort Skagerack Central Swedish North Sea Netherlands
Norway Bothnia Bothnia North Sea Baltic
Reference This study®  Rappeetal. Rappeetal. Rappeetal. Rappeetal. De Boer De Boer Atuma et al. Parsley et al. Liem and
(1989) (1989) (1989) (1989) et al. (1992) etal (1992) (1998) (1999) Theelen
(1997)¢
Congener
2,3,7,8-TCDD 0.072 0.3 0.2 <0.1 <0.1 0.2 0.68
1,2,3,7,8-PeCDD 0.14 1.1 0.7 0.6 2.8 0.83 1.6
1,2,3,4,7,8-HxCDD 0.011 0.2 <0.1 <0.2 0.3 0.13 0.25
1,2,3,6,7,8-HxCDD 0.027 0.4 0.7 <0.2 2.4 0.38 0.86
1,2,3,7,8,9-HxCDD 0.0077 <0.1 <0.1 <0.2 <0.2 0.14 0.18
1,2,3,4,6,7,8-HpCDD 0.0077 1.2 0.5 <0.2 0.6 0.37 0.63
OCDD 0.07 1.9 0.8 1.1 0.7 4.6 6.2
2,3,7,8-TCDF 1.76 9.0 7.8 1.7 5.3 49 9.7
1,2,3,7,8-PeCDF 0.15 2.1 1.7 0.4 2.5 1.1 1.5
2,3,4,7,8-PeCDF 0.58 3.6 2.8 3.0 19.0 22 8.0
1,2,3,4,7,8-HxCDF 0.01 0.2 <0.1 0.2 0.7 0.21 0.37
1,2,3,6,7,8-HxCDF 0.01 0.1 <0.1 0.1 0.8 0.21 0.41
2,3,4,6,7,8-HXxCDF 0.019 0.7 0.2 <0.2 0.8 ND 0.63
1,2,3,7,8,9-HXxCDF 0.0077 NA NA NA NA 0.3 ND
1,2,3,4,6,7,8-HpCDF 0.0077 1.6 <0.7 <0.2 1.2 0.12 0.19
1,2,3,4,7,8,9-HpCDF 0.0077 NA NA NA NA ND ND
OCDF 0.077 <0.5 <0.3 <0.2 0.3 ND ND
PCB 77 33.77 41 20 0.87-2.57 1093.9 260
PCB 105 12.29 920 NA 45.3-82.6 20.26 NA
PCB 118 2.05 28100 NA 134-249 60.26 NA
PCB 126 587.38 11 8.9 0.28-4.01 429.33 100
PCB 156 2035.65 NA NA 15.4-38.1 5.23 NA
PCB 157 193.34 NA NA NA 1.76 NA
PCB 169 53.50 2.5 1.8 0.14-0.53 131.13 28

ND =not detected, NA =not analysed.
#In pg/g lipid.
®In ng/g lipid.
‘ND=0.5 LOD.
9The NL study uses the earlier TEF scale where the differences are: 1,2,3,7,8-PeCDD 0.5, OCDD/F 0.001; ND=0.03 LOD.

[61-€81 (200Z) L 24aydsowiday)) | |p 12 $qoovf "]

681



190 M. Jacobs et al. | Chemosphere 47 (2002) 183-191

a tolerable weekly intake (TWI) of 14 pg WHO-TEQ/kg
bw (Scientific Committee on Food, 2001), a revision of
the temporary TWI (tTWI) of 7 pg WHO-TEQ/kg bw
recommended in November 2000 (Scientific Committee
on Food, 2000). This recommendation has not been
adopted universally. The UK Committee on Toxicity of
Chemicals in Food, Consumer Products and the En-
vironment (COT) recommends a TDI of 10 pg/kg bw/
day for 2,3,7,8-TCDD, based on lifetime averages. This
is equivalent to an intake of 600 pg TEQ/day for a 60 kg
person, and is based upon an expert group recommen-
dation convened by WHO/EURO in 1991, rather than
the more recent WHO recommendation; however COT
recommendations are under revision. The COT has ac-
knowledged that “for people in the UK and many other
countries, the daily intake of dioxins could be close to
or even above the guideline value” (COT, 2000; Food
Standards Agency, 2000). One gram of Sample 213-05,
which was both the largest fish and the fish that con-
tained the greatest concentrations, would give a contri-
bution of 4.98 pg of the congeners analysed towards the
total TEQ/day. The possible contribution to dietary in-
takes of organochlorines from farmed fish could be
significant for high consumers, and may be congener spe-
cific, similar to the species being consumed, as recently
observed in a Finnish study (Kiviranta et al., 2000).

Whilst diets based on marine fish oils are currently
favoured by the aquaculture industry, it is likely that
these oils are contributing greatly to the contamination
of farmed salmon by PCDDs, PCDFs and PCBs. There
is experimental evidence that suggests aquaculture diets
utilising vegetable oils (with both » — 3 and n — 6 fatty
acids), and having fatty acid compositions which re-
semble those of invertebrates that comprise the natural
diet of salmon parr, could be more beneficial in ac-
commodating successful seawater adaptation than
diets based on marine fish oils (Bell, 1998). Vegetable-
oil-based diets could also facilitate the requirement for
high-energy aquaculture feeds on an economically com-
petitive basis, whilst reducing the problems of orga-
nochlorine contamination. Contamination problems do
exist with vegetable oils, but to a far lesser degree than
fish oils (Jacobs et al., 1998). This would reduce the re-
liance on fish meal and oils from non-sustainable natural
resources and accommodate the salmon farming indus-
try expansion. It would also demonstrate sensitivity to
public confidence after the recent PCB and dioxin food
crises, producing a nutritious food using environmen-
tally friendly methods, delivering easily utilised essential
n — 3 fatty acids to the human consumer.
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