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ABSTRACT: Hexachlorobenzene (HCB), listed on the Stock-
holm Convention on persistent organic pollutants and regulated as
a hazardous priority pollutant by the Water Framework Directive
(WFD), is ubiquitously distributed in the environment and
assumed to mildly biomagnify in aquatic foodwebs. The proposal
to include trophic magnification factors (TMFs) in the procedure
for comparing contaminant levels in biota at different trophic levels
(TLs) with WFD environmental quality standards requires
adequate selection of TMFs. In the first step of our study, we
compared two independently obtained datasets of pentachlor-
obenzene (PeCB) and HCB concentration ratios from passive
sampling (PS) in water and in fish through routine monitoring
programs in Norway to evaluate possible biomagnification. In this procedure, PeCB is used for benchmarking the bioconcentration
in fish, and the observed HCB/PeCB ratios in fish are compared with ratios expected in the case of (i) HCB bioconcentration or (ii)
biomagnification using published TMF values. Results demonstrate that it is not possible to confirm that HCB biomagnifies in fish
species that would be used for WFD monitoring in Norway and challenges the proposed monitoring procedures for such compounds
in Norwegian or European waters. In the second step, fish-water chemical activity ratios for HCB and PeCB as well as for
polychlorinated biphenyls where biota and PS were conducted alongside were calculated and found to rarely exceed unity for cod
(Gadus morhua), a fish species with a TL of approximately 4.
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■ INTRODUCTION

Chemical monitoring in fish is proposed to evaluate the level of
selected persistent hydrophobic and nonionized contaminants
in water bodies across Europe in response to Water
Framework Directive (WFD) legislation.1−4 Environmental
quality standards (EQSs) have been derived to protect from
adverse effects of these chemicals to aquatic organisms and
potential for secondary poisoning. This proposal for use of
biota for monitoring causes challenges related to the selection
of the most appropriate species, trophic level (TL), size, age,
sex, and matrix for analysis, some of which are yet to be
addressed. In Norway, coastal monitoring uses cod (Gadus
morhua) and analysis of priority pollutants in fish liver.
Freshwater biomonitoring relies mostly on analysis in
salmonids (brown trout and salmon). Because not a single
species at one specific TL can be found in all water bodies, the
proposed EQS values correspond to a hypothetical fish at a TL
of 5 for the marine environment and 4 for freshwaters.5

Despite the relative scarcity of published trophic magnification
factors (TMFs) for WFD priority substances, they are
proposed as a means to adjust the observed levels in fish to
a TL adequate for comparison with EQS.1,3,5,6 This means a

clear understanding of bioaccumulation and associated
uncertainties is compulsory for the application of such
procedures in regulatory settings. Passive sampling (PS) for
nonionized hydrophobic chemicals with absorption-based
passive samplers is increasingly being used to help understand
bioaccumulation.7−11 PS can be used for example to estimate
freely dissolved contaminant concentrations (Cfree) in waters
biota were exposed to, and to calculate in-situ bioconcentration
or bioaccumulation factors (BCFs or BAFs).7,12 Recently,
improvements in the comparison of chemical activities of
contaminants in aquatic organisms with those in the
surrounding abiotic environment have been made using
partitioning PS techniques.13−15 With the help of contaminant
PS to silicone rubber (SR) and available lipid-SR partition
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coefficients (Klip‑sr), it is possible to calculate contaminant
concentrations in lipid that would be at equilibrium with the
water (Clip,equiv) phase in the investigated water body.9 This in
turn can be used for comparing the contaminant levels in water
and fish with the same units, that is, ng g−1 lipid. While this has
been undertaken with fish and passive samplers equilibrated
with the bottom sediment from where the fish were
sampled,16−18 it has seldom been done with passive samplers
exposed to water.9

The aim of this study was to re-enforce the interpretation of
contaminant bioaccumulation in fish from the Norwegian
environment with PS through activity ratios and benchmarking
against data for a chemical not expected to biomagnify in fish
[pentachlorobenzene (PeCB)]. We have combined biomoni-
toring with cod (G. morhua) for coastal and marine sampling
locations and a range of freshwater fish including brown trout
(Salmo trutta), Atlantic salmon (Salmo salar), European perch
(Perca fluviatilis), and Arctic char (Salvelinus alpinus) for river
and lake biomonitoring with a decade of PS in Norway.19

Second, we investigated activity ratios for polychlorinated
biphenyls (PCBs) in cod from sites at which biomonitoring
and PS were conducted alongside.

■ METHODS

Freshwater Biomonitoring Data. We re-investigated the
data we obtained from river Alna where contaminant
accumulation in 28d-caged brown trout was undertaken
alongside PS in the river and in vivo in fish.11 We then
searched for data for freshwater fish and collated these data
through the Norwegian environmental contaminants database
(https://vannmiljo.miljodirektoratet.no/, accessed from 06-
2019/06-2020). While much data for hexachlorobenzene
(HCB) exist, PeCB data remain scarce either because the
chemical was not monitored for or because of poor limits of
quantification (LOQs). Brown trout (S. trutta) and salmon (S.
salar) data were obtained for five rivers sampled in 2018 from
the “Elveovervak̊ingsprogrammet” (Table SI-1).20 Data were
available for brown trout, European perch, and Arctic char for
2015, 2017, and 2018 through the “Milfersk” sampling
program for approximately 30 lakes across Norway (Table
SI-2).21 Data for an additional 14 lakes from Lyche et al.
(2019) where brown trout, arctic char, perch, and whitefish
were sampled in 2018 were included (Table SI-3).22

Analysis for the different studies was undertaken either from
individual or composite whole fish samples or individual or
composite of fillets or livers. The extractable organic matter
(EOM) content was also measured in most cases and reported
as lipid content of the fish samples analyzed. In a minor
number of cases, PeCB concentrations for individual fish or
composite fish samples were below the LOQ, often for samples
with low lipid content and where HCB concentrations were
low. Because of the limited occurrence in the overall dataset,
we decided not to use these further.
Marine Biomonitoring Data. Biomonitoring data were

obtained from the Norwegian environmental contaminants
database and/or monitoring reports by NIVA. Cod data for
2009−2011 from Andøya, Jan Mayen, Svalbard, and Bear
Island were obtained from the “Tilførelsprogrammmet” reports
(Table SI-4).23−25 Data from the “Milkys” program of
monitoring (2013−2016) were for the following sampling
sites: Oslofjord, Kvænangen, Kristiansand, and Egersundbank-
en.26−28 Additional Oslofjord data (2015−2016) were from

the “Forsuringsovervak̊ing” and “Miljøgifter i en urbanfjord”
monitoring programs.29

In most cases, 15−25 organisms were fished per sampling
location. Fish livers or fillet were dissected and homogenized
prior to extraction and analysis. EOM was also measured. A
number of laboratories were involved in the analyses for the
whole dataset used here. We assume laboratories use similar/
consensus methods for lipid content estimation, and the
relative variability resulting from EOM measurement is low.
Incidentally, the lipid content does not intervene in the
benchmarking when using lipid-based fish concentrations since
it appears both in the numerator and denominator of eq 4.

PS Data. The SR PS data reported previously19,23,30,31

included freshwater and marine sites in Norway sampled in the
period 2009−2019. Marine monitoring sites where PS and
chemical monitoring in fish were conducted alongside for HCB
and PeCB included Jan Mayen, Bear Island, Andøya,
Kristiansand, and Oslofjord. Fish and PS were undertaken in
close proximity and were overlapping in time. For HCB only,
corresponding PS and biomonitoring data also exist for Hvaler
and Ålesund monitoring sites. Sampler deployment times
varied from weeks/months to an entire year for selected sites.
For PCBs, datasets of combined cod and PS included all sites
above, but the highest amounts of data were for Hvaler,
Oslofjord, and Ålesund with samplers deployed on a yearly
basis over a period of 4 years.31 Here, the average of Cfree for
HCB, PeCB, and PCBs is for duplicate samplers deployed each
year at each site (Table SI-5). Tables SI-6 and SI-7 report
mean values of Csr equil and Clip,equiv.
The NIVA laboratory performing the SR preparation,

extraction, and analyses participated in all rounds of
Quasimeme proficiency testing schemes with suitable perform-
ance for these chemicals.32

Activity Ratios and Benchmarking. The ratio of activity
in fish (AFish) over that in water (Awater) can be calculated with
the following equation

= =
− −

A
A

C

C

C

K K C
Fish

water

Fish,lip

lip,equiv

Fish,lip

lip sr sr w free (1)

where the activity in fish is represented by the contaminant
concentration in the fish or fish tissue on a lipid basis (CFish,lip)
and the activity in water by Clip,equiv calculated from Cfree, the
SR-water partition coefficient (Ksr‑w), and Klip‑sr. The product
of Klip‑sr and Ksr‑w is a lipid-water partition coefficient (Klip‑w)
that can be interpreted as a hypothetical lipid-based BCF,
equivalent to a BCF for small fish or primary consumer in the
absence of metabolism of the chemical. A ratio of 1 can be
expected for a contaminant for which the concentration in the
fish is close to equilibrium with that in water and for which
partitioning to lipids is the main mechanism of bioaccumula-
tion. A ratio well above 1 can be expected for a chemical that
undergoes biomagnification. The Clip in organisms at different
TLs is connected through the TMF and the following
equation.

= + [ − ]C Clog log TL(x) TL(y) log TMFlip
TL(x)

lip
TL(y)

(2)

For a chemical such as HCB expected to biomagnify to a
mild extent, a TMF of 3.43,33 corresponds to a ratio of
activities ∼50 (eq 1) for a fish with a TL of 4.
PeCB on the other hand with TMF <1 is not expected to

biomagnify in aquatic foodchains.33 However, with a log Kow of
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about 5, a high persistence, and its ubiquitous distribution
across the European environment, it is a prime candidate for
benchmarking. Benchmarking to evaluate bioaccumulation has
been done before.34 If Klip‑sr and Ksr‑w are known for PeCB and
for substance x, it is possible to calculate a hypothetical ratio of
Klip‑w, or in other words, the ratio of concentrations that can be
expected if the bioconcentration is solely responsible for
bioaccumulation of both substances and they have the same
Cfree

=−

−

− −

− −

K

K

K K

K K
lip w,x

lip w,PeCB

lip sr,x sr w,x

lip sr,PeCB sr w,PeCB (3)

When Cfree of both substances in water are measured with
SR PS, the ratio of Clip,equiv can be estimated (eq 1) and
compared with the actual ratios in fish

=

=

−

−

−

−

C

C

C K

C K
K C

K C

lip,equiv,x

lip,equiv,PeCB

sr equil,x lip sr,x

sr equil,PeCB lip sr,PeCB

lip w,x free,x

lip w,PeCB free,PeCB (4)

where Csr equil is the concentration in SR at equilibrium with
that in water. In eq 4, a lower ratio may indicate that active
selective elimination processes such as metabolism or excretion
reduce the concentration of substance x in fish, while a higher
ratio could indicate a tendency to biomagnify.
Calculation of Expected Klip‑w and BAFs. Over the last

decade, an increasing number of measurements of lipid-
polymer partition coefficients has been undertaken for different
polymers and lipid types. The variability of Klip‑sr for different
lipid types is very low.13−15 For HCB and PeCB, we have used
log Ksr‑w of 4.6 and 5.1 from Smedes et al. (2017)15 and Klip‑sr
of 7.38 and 9.35 g g−1 for AlteSil SR (Tables 1 and SI-8).
Confidence intervals (95%) of the measurements of log Ksr‑w
for these two compounds were 0.05 and 0.06 of log unit,35

indicating that the error on these Ksr‑w will have a minor impact
on the ratio of Klip‑w for HCB/PeCB. Partitioning to SR is
expected to increase with decreasing temperature leading to
the possible need to use temperature-corrected Ksr‑w in the
estimation of Cfree. However, both BAFs and Klip‑w (e.g. in Eq
4) would be expected to increase in this situation too since
most of the increase is related to the decrease of solubility in
water. We therefore decided not to apply data corrections for
temperature or salinity effects. According to eq 3, we calculated
a Klip‑w of 307 650 and 1049087 L kg−1 for PeCB and HCB
with a factor of 3.4 between the two. This value is in agreement
with the values reported by Adolfsson-Erici et al. (2012)34 and
Inoue et al. (2012)36 for rainbow trout and common carp.
When comparing with BCFs, our calculated log Klip‑w,HCB is at
the top of the range of observed log BCF of 3.57−4.70

compiled by Arnot and Gobas (2006).37 While PeCB is not
expected to biomagnify in an aquatic foodweb,33 TMF values
in the range of 1.7 to 4.75 with an average of 3.4 for HCB have
been used or reported.3,33,38−40 We then calculated the relative
difference in hypothetical BAFs for these two compounds for
fish with a TL of 3−4 and TMFs above.

= −
−

−

K

K

BAF

BAF

TMFlip,x

lip,PeCB

lip w,x
(TL 1)

lip w,PeCB (5)

The ratio of BAFlip,HCB/BAFlip,PeCB increases from the ratio
of Klip‑w of 3.4 to values on average of 39 and 134 for TLs of 3
and 4, respectively (Table 1). For this calculation, we have
assumed that bioconcentration is generally representative of
species at a TL of 1. We also estimated the ratio of
hypothetical lipid-based concentrations for compound x and
PeCB for fish at a specific TL

= −
−

−

C

C

K C

K C

TMFlip,equiv,x
TL

lip,equiv,PeCB

lip w,x free,x
TL 1

lip w,PeCB free,PeCB (6)

Considering a background Cfree,HCB/Cfree,PeCB ratio of 3.93
and 2.76 for freshwater and marine waters, the overall ratios of
HCB/PeCB concentrations in fish would be on average 155
and 525 for freshwater fish with a TL of 3 and 4, respectively
(Table 1). Lower ratios of 108 and 369 can be expected in the
marine environment.

■ RESULTS AND DISCUSSION
Caged brown Trout in River Alna. The fish were not fed

during the caging experiment in river Alna,11 and therefore
bioconcentration was expected to be the main mechanism of
uptake for both compounds with a theoretical ratio of Klip‑w of
3.4 (Table 1). Taking into account Cfree for HCB and PeCB in
the river, relative concentrations that could be expected in fish
tissues at equilibrium with the water phase were calculated and
are represented by the linear relationship given in Figure 1.
The slope is the nominal ratio of HCB and PeCB expected in
fish tissues at equilibrium with the water. HCB and PeCB data
for individual fish, either whole fish, fish fillet, or liver, are
compared with this relationship. Except for a few whole fish
and liver samples, most datapoints fall very close to the line.
Since the fillet represents a significant proportion of the fish in
mass, it is not surprising to observe wet weight concentrations
of HCB and PeCB for whole fish and fillet muscle in the same
range on Figure 1. Concentrations in the liver also fall onto the
reference line. In this example, if processes other than
bioconcentration were involved in the bioaccumulation of
these two compounds, we could expect concentrations to
deviate strongly from the reference line. The scatter of the data
in the lower left-hand corner may be due to increased

Table 1. Expected BAFlip,HCB/BAFlip,PeCB and Clip,HCB/Clip,PeCB Ratios Calculated for Freshwater and Marine Fish at a TL of 3−4
and for an Average TMF of 3.4 (Range of 2−4) for HCB

BAFlip,HCB/BAFlip,PeCB
c Clip,HCB/Clip,PeCB

d

Cfree,HCB/Cfree,PeCB
a Klip‑w,HCB/Klip‑w,PeCB

b TL = 3 TL = 4 TL = 3 TL = 4

freshwater 3.93 3.4 39 (14−55) 134 (27−218) 155 (53−214) 525 (107−855)
marine 2.76 3.4 39 (14−55) 134 (27−218) 108 (37−150) 369 (75−600)

aRatio of freely dissolved concentrations as observed in water bodies without specific contaminant with either of the chemicals. bRatio of Klip‑w
calculated independently from Ksr‑w and Klip‑sr.

cRatio of hypothetical BAFs calculated for fish with a TL of 3−4 and for the average of reported
TMF values for HCB (see text) assuming no biomagnification of PeCB (eq 5). dRatio of hypothetical lipid-based fish concentration calculated for
fish with TL of 3−4 and for the average of reported TMF values for HCB (see text) assuming no biomagnification of PeCB.
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uncertainty of the analysis at concentrations closer to LOQ.
Biomagnification of HCB only would shift all datapoints
toward the top right corner of the graph. Overall, these data
indicate a similar chemical activity of these contaminants in
fish and in the water they have been exposed to and that
processes such as metabolism, if occurring, have only a minor
influence on levels in brown trout.
HCB and PeCB in Freshwater Fish in Norway. Since

fish biomonitoring is principally used for monitoring, fresh-
water fish species used include arctic char, brown trout,
European perch, and in some cases salmon. Fish concen-
trations for HCB and PeCB compiled from the Norwegian
environmental contaminant database, plotted against each
other, are compared with a reference line representing the
bioconcentration of the two chemicals in Figure 2A.
Considering the theoretical Klip‑w,HCB/Klip‑w,PeCB ratio of 3.4
and the empirical ratio of Cfree of the two chemicals of 3.93 in
unimpacted freshwaters, the slope of this reference line is 13.4.
As can be seen in Figure 2A, most data generally follow the
reference line, on or slightly above it. This is generally
irrespective of the concentration level of these compounds that
can span over 3 orders of magnitude. However, the difference
in HCB and PeCB concentrations in fish never appear to
exceed the reference line sufficiently to be interpreted as
biomagnification of HCB. Considering a likely TL of 3 to >4
for Arctic char, brown trout, or perch and a TMF of 2−4 for
HCB, a Clip,HCB/Clip,PeCB in the range of 53 to 855 could be
expected (Table 1).21,41 As shown in Figure 2A, none of the
data reach this level. The median Clip,HCB/Clip,PeCB ratio for the
entire dataset (n = 167) is 17.4. This corresponds to a
Cfree,HCB/Cfree,PeCB ratio of 5 rather than 3.93 which is not
unrealistic. It also corresponds to a TMF of 1.1 for a fish at TL
= 4 and 1.15 for a fish at TL = 3. This generally confirms the
low potential for biomagnification of HCB in freshwater fish.
Literature values of TMF in the Han river in Korea showed

some spatial and seasonal variability.42 TMFs for HCB and
PeCB were in the range of 1.26−2.37 and 0.66−1.54,
respectively, and only one TMF for HCB of 1.26 for one
location in April appeared significant. Our data are generally in
line with these data. Smedes et al. (2020) also found low or
negligible biomagnification of HCB and PeCB in freshwater
fish at three sampling locations in central Europe.9 Lipid-based
concentrations in fish at a different TL were very similar for
PeCB and in close agreement with concentrations that would
be found in lipids at partitioning equilibrium with water. This
also confirms the bioconcentration for PeCB in fish with TLs
between 2 and 4. For some datapoints, PeCB was below LOQ.
Actual HCB/PeCB ratios in these conditions were higher than

Figure 1. Concentrations of PeCB and HCB in whole organisms,
fillet, and liver of caged brown trout (S. trutta) in the Alna river in
Oslo.11 The slope of the solid line represents the ratio of abiotic Cfree
× Klip‑w for HCB over PeCB.

Figure 2. Lipid-based concentrations of PeCB and HCB in freshwater
fish (A) from Norwegian lakes and rivers (n = 167) in cod liver (B)
from different sites in Norwegian marine waters. The slope of the
solid line represents the ratio of abiotic Cfree × Klip‑w for HCB over
PeCB. The slopes of the lines forming the “biomagnification” box
represent the expected HCB/PeCB concentration ratio in the
hypothetical case of TMF for HCB of 3.4 for organisms with a TL
of 3 or 4 for freshwaters and a TL of 4 for marine waters, assuming
PeCB only bioconcentrates.
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the ratios based on LOQ (average of 9.0 and spanning 1.9−
19.4).
For this comparison, we have not used river or lake-specific

Cfree ratios, and a slight underestimation of the Cfree ratio could
lead to a Clip,HCB/Clip,PeCB representative of TMF slightly above
1. It is also relatively surprising to observe for a major
proportion of the data on Figure 2; these follow the reference
line independently of the concentration level. In the case of a
contaminated site with one of the two compounds, the altered
Cfree ratio would impact the ratio of fish concentrations
accordingly (see eq 3). This may be the case for some of the
perch data on Figure 2A. For perch data with Clip,PeCB > 1 ng
g−1, HCB concentrations appear correspondingly lower and
may be indicative of PeCB contamination. No sites appear to
show specific HCB contamination. On the contrary, some
datapoints show clearly low levels of HCB, while the PeCB
data remain in the range of most other sites. One possibility to
explain that, other than analysis, is a lack of equilibrium or
steady-state conditions in the accumulation of HCB in fish.
HCB and PeCB in Atlantic Cod in Norway. A number of

studies and monitoring programs have been conducted on the
coast of Norway and have resulted in the simultaneous
measurements of HCB and PeCB in Atlantic cod. Considering,
as we did for freshwaters, that the HCB/PeCB ratio of Cfree
does not vary much over the timescale of a decade,19 we were
able to compile cod data from 2009 for a certain number of
locations along the coast and North Atlantic (Jan Mayen). The
overall number of datasets is limited, mostly because of a lack
of measurements of PeCB. The empirical mean ratio of
Cfree,HCB/Cfree,PeCB of 2.76 measured for marine water is lower
than that for freshwaters (Table 1) and results in a reference
line with a lower slope (9.4 instead of 13.4). As for freshwater
fish, we compared cod concentrations with the reference line
indicative of bioconcentration for the two chemicals (slope of
9.4) on Figure 2B. We can observe a larger spread of the data
around the reference line. However, when considering the
independent nature of the comparison, the agreement is
excellent. Considering that a TL ∼ 4 is generally attributed to
cod and a TMF in the range 2−4, we estimate BAFlip,HCB/
BAFlip,PeCB in the range of 27−218 and a corresponding
Clip,HCB/Clip,PeCB ratio of 75−600 for HCB biomagnification.
While some data are above the reference line (Figure 2B),
levels remain well below those expected for biomagnification of
HCB with a TMF of 2. For datapoints with PeCB below LOQ,
actual HCB/PeCB ratios in these conditions were higher than
the ratios based on LOQ (average of 8.3 and spanning 1.9−
21).
Some data tend to stand out in Figure 2B. The data labelled

“Kristiansand” include cod from locations in the vicinity of the
town of the same name and known sites of industrial
contamination with chlorinated compounds. It is therefore
not surprising to observe the highest lipid-based cod
concentrations of HCB and PeCB for this site. While two
datapoints for this location are closest to exhibit an HCB/
PeCB ratio indicative of biomagnification, it could also be the
result of higher HCB concentrations. Remaining datapoints are
close to the reference line. A second site that stands out is Jan
Mayen with much of the data grouped and consistently above
the reference line. This may indicate mild biomagnification of
HCB, particularly since these fish may have a diet that differ
much from coastal cod, perhaps including capelin. Last, a few
datapoints for Egersundbanken and Kværnangen deviate
significantly from the reference line with relatively high

PeCB levels, which may indicate fish living in an area with
elevated concentrations of PeCB. In general, it remains
impossible through this comparison to confirm that HCB
biomagnifies in cod on the Norwegian coast.
For a limited number of sampling locations, namely,

Andøya, Bear Island, Jan Mayen, and Oslofjord, it was possible
to compare HCB and PeCB levels in cod with those in the
water obtained from PS in waters in the vicinity of the cod
sampling sites. The reference line in Figure 3 represents equal

chemical activity in water and in fish. Lipid-based concen-
trations in fish liver were divided by the mean of the PS data
for each site (n on the figure is shows the spread of the fish
data). Most of the data below the reference line indicate that
the chemical activity in fish never exceeds the chemical activity
in water. The biomagnification of HCB in cod would be
expected to result in a chemical activity significantly higher
than that in water, which is not shown here. The chemical
activity in fish rarely exceeds half of the activity in water.
Activity ratios for PeCB at the Bear Island site are based on
LOQ in fish since all PeCB concentrations in fish were below
these. Real activity ratios for this site are therefore even lower.
For Andøya, ratios could not be calculated for PeCB since it
was not detected in passive samplers. Concentrations in fish for
this site were very close to LOQ.
This divergence in activity ratios has been shown for PCBs

in freshwater fish but not for marine fish and has been
attributed to the slow kinetics of transfer of these chemicals
from water to organisms at the base of trophic food chains.9

Past experiments to assess the bioaccumulation of PCBs in cod
exposed to sediment/organisms from Oslofjord demonstrated
generally low accumulation rates.43 It may be that temperature
and low feeding rates may play a role here. The main lipid class
in cod liver being triacyl glycerols, the use of triacyl glycerol-SR
partition coefficients measured for HCB14 instead of generic
Klip‑sr has only a minor effect on the estimated Clip,equiv.

PCBs in Cod in Norway. Cod liver has been the matrix of
choice for chemical monitoring of PCB levels in Norwegian
coastal waters for many years principally as a result of the

Figure 3. Comparison of the average chemical activity of HCB and
PeCB in cod, G. morhua (expressed as ng g−1 lipid), and water (ng g−1

lipid at equilibrium with the water) for fish/PS sites at Andøya, Bear
Island, Jan Mayen, and Oslofjord. The activity in water also
corresponds to the product of Klip‑w and freely dissolved concentration
in water.
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widespread distribution of this species along the entire coast
and the size and high lipid content of the liver rendering
extraction and analyses possible. Considering the cod TL and
the lipophilic properties of PCBs, biomagnification of certain
congeners may be expected. The ability of PCBs and
particularly of congeners with a high degree of chlorination
to biomagnify in aquatic foodwebs is widely known.44,45 The
comparison of PCB chemical activity in fish with that in water
through eq 1 provides valuable information (Figure 4). A

major proportion of datapoints are <1 indicating a lower
activity of PCBs in fish than in water. This means that despite
these compounds being extremely lipophilic and assumed to
biomagnify, levels in fish most often do not exceed the level of
contamination in water. The range of ratios for fish from the
sampling location in Oslofjord, Hvaler, and Ålesund sampled
over a 4-year period is from 0.02 to 20.1. The median of these
ratios for individual congeners ranges from 0.11 for CB180 at
Hvaler to 0.52 for Cb153 at Ålesund. The median of ratios for
CB28 at Jan Mayen and Andøya are similar and 0.41 (0.18−
0.66) and 0.50 (0.48−2.0) but with a larger range of values for
Andøya. This is the only congener for which the comparison
was possible at these two sites. When SR data were below the
LOQ, these were used to calculate the ratios, and these are
given in Tables SI-9 and 10.
When the ratios are >1, these are equivalent to a TMF of

maximum 1.5 to 2. Ratios are more consistently under 1 for
CB28 and CB52 (in line with HCB) than those for other
congeners. This is in line with our knowledge of
biomagnification of PCBs and expected TMFs.46,47 One
noticeable feature of Figure 4 is that ratios >1 are principally
from Kristiansand. The median of activity ratios for CB28 and
CB52 of 0.31 and 0.44 (range of 0.07 to 2.89), respectively, for
the Kristiansand location are in line with those from other
locations. For the remaining 5 PCB congeners, the median of
activity ratios range from 1.0 (0.41−3.07) for CB101 to 3.57

(0.99−7.84) for CB153. The area, this sampling site is located
in, is generally contaminated with organochlorinated com-
pounds including PCBs. A mismatch in representativeness
between the PS and fish monitoring is conceivable here44 since
cod live deeper in water and may be exposed to higher
concentrations close to the sediment−water interface in areas
with PCB-contaminated sediment.43 This can be through
water or through ingestion of contaminated sediment-dwelling
preys. Except for the Kristiansand data, the data do not
demonstrate a major increase in the contaminant level from
water to fish. An explanation for the tendency for the
thermodynamic activity ratios to be <1 was proposed by
Smedes et al. (2020).9 At the base of the food chain, the
thermodynamic activity of the contaminants in algae is not able
to reach that in the water as a result of slow uptake and growth
dilution. The metabolism/biotransformation of PCBs in fish
(liver) may also play a role in the relative levels observed.39

A further benchmarking of PCB data with HCB assumed to
represent steady-state bioconcentration in cod which combines
eqs 2 and 3 is shown in Figure 5. These data are mostly for

Oslofjord. Ratios >1 are likely for compounds undergoing
biomagnification. For CB28 and CB52, ratios span from 0.09
to 6.4 with median values between 0.21 and 0.82 for the 4
years of monitoring in Oslofjord (2012−2016). The median of
ratios for Jan Mayen for 2009 of 0.69 (0.36−1.6) is in line with
the Oslofjord data. A higher median of ratios for Andøya
(2010) of 1.46 (0.76−2.3) can be observed. In general, ratios
below or close to 1 for CB28 and CB52 confirm that there is
no major biomagnification of these two congeners when
benchmarking with HCB. For CB101, CB118, CB138, CB153,
and CB180, a much more significant proportion of data is
above 1, indicating that these congeners are relatively more

Figure 4. Comparison of the chemical activity of HCB and PCB
congeners in cod, G. morhua (expressed as ng g−1 lipid) and in water
(ng g−1 lipid at equilibrium with the water) for fish/PS sites at
Andøya, Bear Island, Jan Mayen, Hvaler, Kristiansand, Oslofjord, and
Ålesund. The activity in water also corresponds to the product of an
abiotic BCF and freely dissolved concentration in water.

Figure 5. Benchmarking of PCB concentrations in G. morhua with
those of HCB for fish from the Oslofjord, Andøya (CB28 only), and
Jan Mayen (CB28 only). Ratios are further normalized to the ratio of
products of Klip‑w,PCB and Cfree,PCB over that for HCB. Note: a
benchmarking ratio above 1 likely indicates biomagnification of that
PCB congener relative to HCB.
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concentrated in cod liver than what could be expected from
bioconcentration only. Ratios for these congeners range from
0.08 to 41 with median of ratios for each of the 4 years of
monitoring spanning from 0.77 to 2.51. Overall, benchmarking
with HCB reveals that the accumulation of PCBs in cod is not
the result of lipid-water partitioning only. Processes involving
biomagnification through diet are likely responsible for this
relative increase in concentration of selected PCB congeners in
cod.33

The interpretation of Clip in fish using Ksr‑w values and Klip‑sr
was possible here. The use of Klip‑w is robust as a result of the
low variability that has been observed for Klip‑sr. These,
however, differ from relatively more standard BCF measure-
ments since they do not account for elimination processes and
assume steady-state conditions. Previous attempts at bench-
marking to help measure BCFs with musk xylene were justified
by the authors because the chemical was not expected to be
eliminated through metabolism to any significant extent, and it
has a moderate BCF value in fish.34 Their data show that
benchmarking with HCB results in a data correction similar to
that achieved with musk xylene. Standardized BCF testing
(OECD 305 guidelines) includes assessing the elimination
kinetics after studying rates of uptake in a large number of fish.
Because of the inherent variability involved in these
procedures, the error associated with the BCF values obtained
are relatively large and would make the comparisons in this
study more difficult (particularly when these are based on
whole body wet weight and not lipid-based) if based on such
BCFs.
Implications for Future Studies. The nature of the

comparison of independently obtained contaminant concen-
trations observed in fish and the data theoretically-empirically
deduced from PS reinforces our conclusions. HCB does not
appear to biomagnify to any significant extent in freshwater or
marine fish of Norway. Relative levels of HCB and PeCB in
fish are mainly indicative of bioconcentration, or in the case of
biomagnification of HCB, indicative of a TMF only slightly
above 1. The implications of this are (i) the possibility to use
not only PeCB for benchmarking bioconcentration but also
HCB for which much more data exist and (ii) the incapacity to
evidence biomagnification and reliable TMFs for HCB here
that challenges the use of a proposed procedure for
recalculating biota concentrations at a specific TL for
comparison with WFD EQS set for that TL. For example,
the TMF of 2.9 attributed by Fliedner et al. (2016) to HCB
bioaccumulation in freshwater systems48 seems inappropriate.
Our study also emphasizes that gathering biota data with
simultaneous measurements of abiotic chemical activity in the
surrounding environment is valuable.9 Ideally, this work could
be improved by developing sets of paired fish-PS data at the
national or EU level or through the aqua-GAPS/aqua-
MONET network.7,49,50 These studies could also be extended
to other potentially bioaccumulative chemicals. For this, robust
values of Ksr‑w and Klip‑sr are needed and can be obtained
following published guidelines.51 Many studies have reported
measurements of Ksr‑w values35,52,53 while only a handful have
reported Klip‑sr.

13−15 Further work should aim to fill in the gaps
in the availability of these parameters to facilitate data
interpretation for a wider range of chemicals.
Further information may be gained from looking at

benchmarking with other organisms. For example, on average,
HCB/PeCB ratios in three species of birds, Common Eider,
European Shag, and Herring Gull from Norway, of 14.3, 25.1,

and 20.6, respectively, do not deviate much from the ratio
found in fish.54 Including other species such as cetaceans with
a higher TL can sometime affect TMF estimates. The ratios for
pilot whale liver from waters around the Faroe Islands were in
the range of 25−39.55 Considering a generic TL of 4.4 for the
pilot whale, this would be equivalent to a TMF of 1.5 relative
to water which remains far from the proposed value of 2.9.
Interestingly and for comparison, the HCB/PeCB ratio in
explanted human silicone prostheses from Norway ranging
from 9.7 to 93.8 with an average of 47.2 (sd = 21, n = 33)
appears higher than in the aquatic species above.56

For the sites where the comparison was possible, PCB levels
in cod were in general below those measured in the water these
fish live in. This phenomenon has been shown before for a
larger range of chemicals in freshwater fish.9 Despite
indications of PCB biomagnification in cod, levels in fish
struggle to reach those in water. Further work is needed to
understand these processes. Considering the results presented
here, PS measurements have a role to play in the monitoring of
WFD priority substances for which EQSbiota have been derived.
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