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Bioaccumulation factors (BAFs) for individual polychlorinated
biphenyl (PCB) congeners in Barents Sea and White

Sea marine calanoid copepods were 1—3 orders of magnitude
higher than BAFs in the same species in Canadian and
Alaskan Arctic Ocean areas, and in freshwater plankton
(Lake Ontario) reported from the mid- to early 1980s. The
present study reviews variability in PCB BAFs from the North
American Great Lakes and the Arctic Ocean, and discusses
possible explanations for the large variation among
different studies. BAFs are higher in recent arctic marine
and Great Lakes studies than previously reported, and
they are at least 10 times higher than those predicted from
the octanol—water partition coefficient (Kpw). If the
recent high BAFs are realistic, it means that earlier reported
BAFs are too low. This is likely due to earlier erroneously
high quantification of water PCB concentrations, and it
implies that bioaccumulation in zooplankton is more efficient
than previously assumed. Evidence is presented supporting
that also trophic transfer and biomagnification of PCBs

in zooplankton leads to BAFs well above those predicted
by simple equilibrium partitioning. Overall, miss-measurement
of water PCB concentrations and hiomagnification
contribute significantly to variability in BAFs for PCBs
within and among studies. This large variability of BAFs
for PCBs in zooplankton illustrated in the present study is
of importance for future assessments of potential new
bioaccumulative chemicals that rely on measured BAFs,
such as the European Union Registration, Evaluation and
Authorization of Chemicals program (REACH).

Introduction

Bioaccumulation factors (BAF, L-kg™! lipid, eq 1) have been
used for the past 25 years to describe the net increase of
organic contaminants such as persistent organic pollutants
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(POPs) from water to biota due to uptake from all exposure
routes (1, 2).

BAF =
[POP in organismlypip correcren/ [POP in water]pissorven

)

The bioconcentration factor (BCF) is a special case of
bioaccumulation seen in controlled laboratory experiments
in which BCF is the equilibrium ratio between POPs in biota
and the surrounding environment due to abiotic exposure;
however, BAF and BCF are calculated the same way (eq 1).
The Stockholm convention on POPs (3) and other chemical
management programs categorize chemicals with BCF or
BAF higher than 5000 (wet weight basis) as bioaccumulative.
Although usually calculated on a wet weight basis (2, 4), BAFs
and BCFs change depending on the lipid content of the
organism. Therefore, lipid-normalized BAF and BCF values
(eq 1) are more useful when comparing across animals, as
the variation due to variable lipid content is eliminated.

BCF on a wet weight basis can be predicted from the
chemical’s octanol—water partition coefficient (Kow), by
models such as BCFWIN used by the U.S. Environmental
Protection Agency (USEPA) (4). In absence of environmental
measurements of a chemical in biota and water to calculate
BAFs, BCFs predicted from Kows are useful tools for exposure
and risk assessments of new chemicals; however, for animals
with dietary exposure and uptake of POPs they may be
underpredicted. Programs such as Registration, Evaluation
and Authorization of CHemicals (REACH) in the European
Union (5), the Canadian Environmental Protection Act
(CEPA)’s Domestic Substances List (DSL) (6), and the USEPA
high production chemicals assessments (7) are screening
large numbers of chemicals for bioaccumulation potential
using predicted BCFs. Future candidate POPs will likely be
chemicals with BCF or BAFs greater than 5000, and field
evidence for this will probably be essential to develop a strong
case for inclusion on the POPs list. Thus, a detailed
understanding of the uncertainties of BCF and BAF mea-
surements is needed.

In the present study we have summarized data from arctic
marine ecosystems and from the Great Lakes of North
America to investigate uncertainties of field measurements
of BAFs and factors affecting calculated values of BAFs.
Factors influencing BAFs are those such as season or size-
related characteristics of plankton (8—10), as well as differ-
ences in water sampling methods (such as filtration, sorbent
material, on-board versus in situ sampling) that can affect
estimates of dissolved POPs (11). Our focus is on water to
zooplankton accumulation of polychlorinated biphenyls
(PCB) for the following reasons. (i) PCBs are measured on
a congener specific basis in many field programs, and their
Kows are known (e.g., 12). (ii) Although feeding on phy-
toplankton and other zooplankton, by virtue of their size
and physiology, zooplankton are believed to accumulate a
significant fraction of POPs from the dissolved phase in water
and to rapidly reach equilibrium with water (2, 8, 13), thus
they are more straightforward to model than fish and other
top predators. (iii) Because zooplankton are typically one
trophic level lower than most invertebrate-feeding fish in
marine and freshwater food webs, BAFs of POPs in zoop-
lankton are generally the lowest field BAFs that can be
routinely measured, and they are thus conservative values.

The main objective of the present study was to revisit the
issue of whether “true” BAFs could be established for PCBs
dissolved in water to zooplankton in lakes and marine
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systems. In particular we wanted to understand whether BAFs
for PCBs are in the range predicted by the congener’s Kow.

Materials and Methods

Comparison of BAFs. Unfortunately, relatively few field
studies include PCB measurements in both zooplankton and
the operational dissolved phase in water. We selected studies
which report both water and zooplankton PCB concentrations
(9, 14—22) as well as other work in which water and
zooplankton were collected in the same region or lake but
analyzed by separate groups (23—29) (Tables 1 and 2). All
water samples were filtered to separate particle-bound and
dissolved PCBs in all studies, except Oliver and Niimi (16)
and Morrison et al. (17) which were centrifuged (removing
particles larger than 0.2 um) (30). BAFs (eq 1) for PCBs were
calculated for zooplankton from the Arctic Ocean and from
the Laurentian Great Lakes (Figure 1) and compared to the
1:1 relationship with Kow (Kow values from 12) (Figure 2).

There are few studies of PCBs in zooplankton and water
that provide data from different seasons. BAF variability due
to season was directly evaluated using data from one marine
(9) and one freshwater study (21) (Figure 3). The influence
of size was investigated within two marine studies, one
comparing different calanoid copepod species (25) (Figure
2e), and one comparing zooplankton separated into different
size fractions (9) (Figures 2a and 4a). A recurring problem in
many studies is that water and biota were not sampled
simultaneously or from the same locations. One example is
an often-cited Lake Ontario study in which BAFs were
calculated using water sampled in April 1984 and “net
plankton” sampled by centrifugation in July 1982 (16).

BAFs and Measured Zooplankton or Water PCB Con-
centrations. If the zooplankton PCB concentration is as-
sumed to reflect the concentrations in its surrounding
environment, the measured BAFs should be independent of
exposure level. One difficulty in comparing BAFs from various
studies and datasets, however, is the measurement of PCB
in zooplankton and seawater samples. A correlation between
calculated BAF and measured PCB in zooplankton and/or
water might indicate a bias in the quantification of the
respective PCB concentrations. Correlations between the
calculated BAFs and measured ZPCB (sum of all congeners
quantified in both water and zooplankton within each
study) and Z10PCB (sum of congeners 28, 31, 52, 101, 105,
118, 149, 153, 138, and 180) concentrations was investigated
separately for the freshwater and the marine studies (Spear-
man’s rank order correlation). Although congeners in-
cluded in PCB and XZ10PCB differ among studies as the
congeners included in each study varied, this does not
influence the correlation, because within a study the same
congeners were included in both zooplankton and water
(Tables 1 and 2).

Statistical analyses (Pearson correlation and Spearman’s
rank order correlation) were performed in SAS V8 for
Windows (31).

Results and Discussion

Variation in PCB BAFs. Both within and among studies, the
marine and freshwater BAFs for individual PCB congeners
ranged widely around the 1:1 relationship with Kow (Figure
2). Calculated BAFs for Canadian and Alaskan Arctic marine
studies were generally around or below the range predicted
by Kow, whereas Barents Sea and White Sea BAFs were
approximately 1 to 3 orders of magnitude higher than those
predicted by the Kow (Figure 2a—e). Lakes Michigan, Ontario,
and Erie BAFs are generally above the 1:1 line (Figure 2h—k),
whereas the Experimental Lakes Area (L110 and L.227) BAFs
are below (Figure 2f—g), and Lake Superior BAFs are widely
scattered around the line (Figure 21). The difference between
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maximum and minimum marine log BAFs ranged from 0.18
to 7.78 for the individual congeners, with largest difference
for high Kow congeners (Figure 2) (n =43, Pearson R=0.370,
p = 0.015; Spearman’s rank R = 0.295, p = 0.054). For the
Great Lakes, differences between maximum and minimum
BAF ranged from 0.002 to 4.01 for the individual congeners,
and decreased slightly with increasing Kow (17 = 86, Pearson
R = —0.231, p = 0.032; Spearman’s rank R = —0.155, p =
0.153). Thus, the relationship between differences in observed
freshwater log BAFs and log Kow was opposite to that of the
marine studies, but note that neither the marine nor the
freshwater nonparametric correlations were significant.

When the relationship between calculated BAFs and the
measured water and zooplankton PCB concentrations was
investigated, marine BAFs were not correlated with marine
zooplankton PCB concentrations (Spearman’s rank: XPCB
r=0.20, p = 0.704, Z10PCB r = 0.25, p = 0.486) (Figure 3).
The lack of correlation between marine BAF and zooplankton
PCB concentrations indicates that the PCBs in zooplankton
were determined in a similar and comparable way among
studies. Most of the marine zooplankton samples were
comparable in that they were largely dominated by large
calanoid copepods (14, 15, 19, 25). The quality of zooplankton
PCB data is usually not considered problematic as lipids are
relatively easy to separate and extract. Also, PCB levels in
zooplankton are usually well above method detection limits,
and interlaboratory comparisons for PCB quantification in
marine biota suggest that between-laboratory accuracies of
15—20% can be achieved among experienced laboratories
(32). Lake zooplankton PCB concentrations, however, were
positively correlated with BAFs (Spearman’s rank: ZPCB r
=0.93, p=10.0002; £10PCB r = 0.96, p = 0.0005). The positive
correlation may be due to either compromised PCB mea-
surements, which seems unlikely given the elevated PCB
levels in biota and the high extraction efficiency of lipids and
associated PCBs, or it may be due to inclusion of a wide
variety of zooplankton size fractions and trophic guilds in
the different studies.

BAFs decreased with increasing seawater and lake PCB
concentrations (seawater: Spearman’srank *PCBr=—0.72,
p =0.0427; Z10PCB r = —0.81, p = 0.0041; freshwater: XPCB
r=-0.75, p=10.0199; Z10PCB r= —0.79, p = 0.0362) (Figure
3). The significant correlations between BAFs and water PCB
concentrations suggest that either some PCB measurements
were compromised or different sampling techniques (water
collection, particle separation, volume extracted, extraction
method) resulted in differences in fractionation of dissolved
PCBs. Differences in water PCB measurements most likely
explain the large variation in BAFs among the arctic marine
studies, such as the Canadian Arctic and the Barents Sea, as
PCB concentrations in similar zooplankton species did not
differ between the studies (33), whereas the water concen-
trations differed widely (14, 23). When quantifying PCBs in
water, water collection and contaminant extraction is the
step associated with most uncertainties (34, 35). Passive
respiratory uptake of contaminants from water is from the
freely dissolved concentration, which should be used for BAF
calculation to make them comparable among studies (2).
Determination of the dissolved fraction of PCBs in water is
challenging, and early work may not have thoroughly
accounted for shipboard and laboratory contamination (36).
Several methodological advances during the late 1990s,
including use of clean rooms on ships, solid-phase extraction,
and in situ samplers, have led to significantly lower dissolved
PCBs reported both in the Arctic and in the Great Lakes.
Overestimated dissolved water PCB concentrations were also
noted by Harding (37) when reviewing BAFs from the early
1970s. In the early 1980s, when the Great Lakes’ research
was initiated, the general method used was to pump water
onto the ship, centrifuge the water to separate out the
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TABLE 1. Water Concentrations of Polychlorinated Biphenyls (PCBs) in the Reviewed Great Lakes and Arctic Marine Studies (Mean 4 SD pg/L)

clean
room®  plank
year month method? filters extraction volume n S A corr.’ >PCBs >PCBy refd
Arctic Marine Studies
White Sea 1999 August Infiltrex GF/A XAD-2 <100 L 4 -  + + 119 + 61.2 40.1 20
White Sea 2000 August Infiltrex GF/A XAD-2 <100 L 4 -  + + 69.0 £ 10.7 23.7 20
Barents Sea 1999 May submersible pump  GF/F PUF 300—-500 L 2 -  + + 0.30 23
Barents Sea 2001 July submersible pump  GF/F PUF 700—1100 L 2 + + + 0.95 24
Northwater Polynya 1998 May submersible pump  GF/F 145 um XAD-2 ca. 80L 6 - + + 290 + 158 121 £+ 68.9 14
Canadian Ice Island 1986 May-June Seastar/Infiltrex GF/F 1 um XAD-2 180—400 L 6 - - - 7.0 +5.0 54
Resolute Bay 1993 April-June Seastar/Infiltrex GF/F 1 um XAD-2 200—400 L 4 - - 15.1 + 6.5 10.3+ 4.6 9
Barrow-Beaufort-Chukchi ~ 1999/00  September Infiltrex GF/F 145 um XAD-2 ca. 100 L 5 - - + 87.1 20.6 15
Holman 1999 June Infiltrex GF/F 145 um XAD-2 ca. 100 L 3 - + + 135 + 18.0 15
Great Lakes Studies

Lake Ontario 1984 April March pump centrifuge solvent 7 - - 1070 426 16
Lake Ontario 2003 July Infiltrex GF/F1um XAD-2 100 L 2+ + + 59.6 18.6 22
Lake Superior 1997 May Infiltrex GF/F 145 um XAD-2 200—400 L 17 + + + 117 67.4 27
Lake Erie 1994 Julu-August pump centrifuge solvent 50 L 3 - - - 220 89.0 17
Lake Michigan 1994/95  whole year submersible pump  GF/F 0.7 um XAD-2 300 L 68 — - - 150 + 95.0 42.2 18, 51
Lake Michigan GTB 1997 April-June submersible pump  GF/F 293 um XAD-2 200 L 3 - - - 107 + 12.6 21
Lake Michigan GTB 1997 July-September  submersible pump  GF/F 293 um XAD-2 200 L 3 - - - 111 4+ 38.6 21
Experimental Lake 110 1993 May and June submersible pump  GF/F 0.7 um XAD-2 45-70 L 2 - = + 667 237 £85.4 29

DOC corrected values using eq 3 (from 41) 327 96.5
Experimental Lake 227 1993 May and June submersible pump  GF/F 0.7 um XAD-2 45-70 L 2 - - + 518 157 + 4.4 29

DOC corrected values using eq 3 from 41 279 65

2 S and A indicate whether clean room facilities were used during water extraction (S) and chemical analyses (A), respectively. ? Infiltrex = AXYS Infiltrex Il system in situ sampler; Seastar = Seastar in situ pump;
AXYS Technologies, Sidney BC Canada; submersible pump = submersible pumping onto the ship (stainless steel system). ¢ Blank corr indicates whether the results are blank-corrected. ? Ref refers to reference
list. See Table 1 in the supporting information for congeners included in the different studies.




TABLE 2. Zooplankton PCB Concentrations in the Reviewed Studies (Mean + SD ng/y Lipid Weight)
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blank
year month method St corr® biota size n lipid % >PCBs SPCByg refe
Arctic Marine Studies
White Sea 1999 August VNH? (100 um) — + Calanoid copepods 4 4.1+38 182+73.2 719+26.1 19
White Sea 2000 August VNH (100 xm) - + Calanoid copepods 5 21+£05 653 + 334 299 + 162 19
Barents Sea 1999 May VNH (1000 #m) - - Calanus glacialis 3 22+1.0 53.8+19.5 25
Barents Sea 1999 May VNH (1000 #m) - - Calanus hyperboreus 2 28407 26.4 + 1.3 25
Northwater Polynya 1998 May VNH (253 um) - + Calanus hyperboreus 5 28414 115 £ 187 59.4 + 103 14
Canadian Ice Island 1986 May VNH (20 and 253 um) + - zooplankton 125—-509 um 3 59+15 73.0 £ 66.0 54
Canadian Ice Island 1986 May VNH (20 and 253 um) + - zooplankton >509 um 9 37+14 46.0 £ 27.0 54
Resolute Bay 1993 May-June VNH (20 and 253 um) + - zooplankton 125—-509 um 3 33+1.1 28.9 +£ 6.0 189 +5.4 9
Resolute Bay 1993 May-June VNH (20 and 253 um) + - zooplankton >509 um 3 44417 11.3£5.0 6.9 + 2.1 9
Barrow 2000 Sept VNH (253 um) — + Calanus spp. 3 27.3+09 37.5 6.9 15
Great Lakes Studies

Lake Ontario 1982 July centrifugation of 5000 L mainly phytoplankton 3 05 46.4 15.6 16
Lake Ontario 2003 July VNH (100 xm) - + zooplankton 3 1.1+09 349 173 22
Lake Superior 1998 May VNH (100 um) - + zooplankton 4 48+1.4 252 128 26
Lake Erie 1994 Julu-August  VNH (125 um) - - zooplankton 5 1.2+0.2 2200 1120 17
Lake Michigan 1994/95 whole year VNH (100 gxm) + - zooplankton 100-300um 70 20.0+ 10.0 832 282 18, 51
Lake Michigan GTB 1997 April-June VNH (153 um) - - zooplankton 3 0.6+0.2 4310 + 756 21
Lake Michigan GTB 1997 July-Sept VNH (153 um) - - zooplankton 3 21404 473 + 46.2 21
Experimental Lake 110  1992/93  May/July VNH (100 xm) - - zooplankton 2 23.6+06 194 71.2 £8.7 28
Experimental Lake 227  1992/93 May/July VNH (100 xm) - - zooplankton 2 280+ 18 276 73.7 £9.9 28

aVNH = vertical net hauls (mesh size). * S = field equipment was solvent-rinsed between samplings. ¢ Blank corr = whether measured values were blank-corrected. ? Lipid content is % of wet weight (except
for Barrow, Lake Michigan and experimental lakes (ELA110 and ELA227), where they are % of dry weight, thus italicized). ¢ Ref refers to reference list. See Table 2 in the supporting information for congeners included
in the different studies.
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FIGURE 1. Sites of the different reviewed (a) freshwater and (b) marine studies. Black dots indicate approximate sampling areas within

each lake and in the Arctic Ocean. ELA = Experimental Lakes Al

particles, and use dichloromethane extraction to recover the
dissolved PCBs (e.g., 16). This method however, can also
accumulate PCBs shipboard and cause laboratory contami-
nation, and was largely abandoned in favor of XAD-2 resin
extraction (29, 38) or polyurethane foam (PUF), although in
some laboratories with low PCB backgrounds dichlo-
romethane extraction yielded results similar to those from
XAD-2 resins (39).

Petrick et al. (34) estimated that 500—1000 L of water
should be extracted to obtain reliable dissolved PCB con-
centrations without interference of analytical problems. In
the reviewed studies, lower seawater dissolved PCB con-
centrations (fg-L™! range) were reported when 200—400 L
was extracted using XAD-2 resins (9), and when more than
400 L was extracted using PUFs (23, 24) (Table 1). Higher
seawater dissolved PCB concentrations (pg-L™! range) were
reported when less than, or close to, 100 L was extracted
using XAD-2 resins (14, 15). Thus, it appears that extraction
by XAD-2 and PUFs yields different measurements of
dissolved PCBs, and/or that extraction of low water volume
may result in greater interference from background PCB
contamination. Breakthrough of the cartridge in use by large
volume sampling is considered negligible as extracting
different high volumes of water resulted in comparable PCB
concentrations (40).

Although all the studies considered in this analysis filtered
or centrifuged water to remove particulate organic carbon
(POC) and POC-associated PCBs, not all of the chemicals
were freely dissolved as filtering and centrifugation are only
operational definitions (30, 37). PCBs associated with dis-
solved organic carbon (DOC) will pass through the filter, and
are not freely dissolved and bioavailable for passive up-
take to lower trophic level biota. By adjusting for DOC, the
freely dissolved concentration can be obtained, which is lower
than the operationally dissolved, resulting in higher BAFs.

rea.

Burkhard (41) suggest calculating the freely dissolved fraction
by eq 2:
f4=1/(1 + POC x Ky + DOC x 0.08Kyy) (2)
where fq is the freely dissolved fraction, DOC is the average
dissolved organic carbon concentration in the water column
(kg of organic carbon-L™! of water), POC is the average
particulate organic carbon concentration in the water column
(kg of organic carbon-L ™! of water), Kow estimates the partition
between POC and freely dissolved chemical, and 0.08Kow
estimates the partition between DOC and freely dissolved
chemical. Assuming POC is negligible for filtered or centri-
fuged water, the fraction dissolved is
f4=1/(1 + DOC x 0.08Kgy) (3)
As more hydrophobic PCBs, usually with log Kow higher
than 6, have a larger proportion bound to or associated with
dissolved organic carbon (2), the difference between BAFs
based on operational and freely dissolved water PCB
concentration is higher for these congeners. Likewise, the
variability in measured BAFs would likely be higher with
increasing Kow, as different collection techniques (in which
some are more likely to have captured the freely dissolved
concentrations) would be more influential on the more
hydrophobic congeners. Some extraction devices, such as
XAD-2 resins, do not capture DOC and associated contami-
nants unless the DOC concentrations are high (>10 mg-L™})
(41), and DOC correction may therefore not be required.
DOC values in Great Lakes waters ranged from 1 to 2 mg-L™!
in Lake Superior, Michigan, Huron, and Ontario in water
collected for PCB analysis in 1993 (42) and similar DOC
concentrations were found in mid-lake sites in 1997 (27).
Thus, f4 for a PCB congener with log Kow of 7 is 99% after
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FIGURE 2. Bioaccumulation factors (BAFs) for individual PCB congeners related to the octanol—water partitioning coefficient (Kow, from
12) in marine (a—e) and freshwater systems (f—1). Diagonal line indicates 1:1 relationship between log BAF and log Kow as predicted by
equilibrium partitioning. References for the respective studies are listed in Table 1 for water data and Table 2 for zooplankton data.

filtration, and no correction of BAFs for DOC sorption is
necessary for oligotrophic freshwater systems, or for arctic
marine waters where DOC concentrations are also low (0.5—
1.5 mg-L7}, 43). An exception would be small inland lakes
were DOC is higher. Jeremaison et al. (29) compared the
PCB cycling in two ELA lakes, one (L227) that was eutrophic
as aresult of continuous nitrogen and phosphorus additions,
and the other (L110) that was oligotrophic. Because of
elevated DOC (7—13 mg-L™1), Jeremiason et al. (29) corrected
dissolved PCB concentrations for DOC sorption leading to
a reduction in ZPCB concentrations by 40% in both lakes.
This would raise BAFs for ZPCBs in zooplankton in those
lakes by about a factor of 2. When the individual PCB
congeners in L110 and L227 were DOC-corrected in the same
way, the DOC-corrected BAFs were up to 20 times higher
than the noncorrected ones, with largest difference for high
Kow congeners (Figure 2f, g).

The present comparison of BAFs for PCBs is based on
studies representing different areas, seasons, years, and
zooplankton species, which may all contribute to variation
in BAFs, in addition to variation caused by different water
sampling and extraction methods. Both marine and fresh-
water BAFs vary seasonally due to variations in zooplankton’s
lipid content as well as the suspended particulate matter
concentrations which influence the chemical’s bioavailability
(8,9, 18, 21), but the seasonal variation in log BAFs for XPCBs
was less than 1 order of magnitude (Figure 4). Less than 1
order of magnitude in log BAFs due to seasonal variation
was also seen for particulate organic matter in the Baltic Sea
(10). Log BAFs for ZPCBs varied with size fraction of marine
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zooplankton, but by less than 0.5 orders of magnitude (Figure
4a). Also, Barents Sea calanoid copepods species (C. glacialis
and C. hyperboreus) with different body size showed different
BAFs, however, usually less than 0.5 orders of magnitude
(Figure 2). Thus, seasonal, zooplankton, or size specific BAF
variation (8, 9, 21) (Figure 4) was much lower than the BAF
difference of 2—3 orders of magnitude observed between
studies carried out at the same time of year including the
same zooplankton species (C. hyperboreus) (14, 25) (Figure
2d, e).

Equilibrium Partitioning, Trophic Interactions, and
BAFs. Several field studies with plankton have demonstrated
a curvilinear relationship between log BAF and log Kow (e.g.,
14, 15, 44). Higher BAFs than predicted by Kow, and a
curvilinear relationship between log BAF and log Kow, suggest
that PCB concentrations in zooplankton are not in equilib-
rium with water (2, 14, 25, 37). In some of the reviewed studies
BAF for PCBs is close to Kow (e.g., 14, 15), however, as
discussed above there is reason to believe that these BAFs
are underestimated due to overestimated water PCB con-
centrations, as also discussed by Harding (37). The most
challenging assumptions ofa 1:1 linear relationship between
BAF and Kow (= equilibrium partitioning) are that PCBs
partition mainly into the neutral lipid pool of the organism,
and that dietary PCB uptake leading to biomagnification is
negligible so that the animal’s PCB level is in equilibrium
with that in water (2, 17).

In organisms, hydrophobic contaminants may partition
into other organic phases in addition to lipid (44—46). PCB
partitioning into other organic phases could lead to linearity
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FIGURE 3. Relationship between BAFs and measured zooplankton and water concentrations in marine and freshwater studies: Ont =
Ontario, Mich = Michigan, ELA = Experimental Lake Area, Sup = Superior, Barents = Barents Sea, White = White Sea, Ice = Ice Island,
R Bay = Resolute Bay, NOW = Northwater Polynya, CG = Calanus glacialis, CH = Calanus hyperboreus; numbers represent sampling
year. References for the respective studies are listed in Table 1 for water data and Table 2 for zooplankton data.

between log BAF and log Kow, but deviation from a 1:1
relationship, if the other organic phase is well described by
Kow. Several laboratory and field studies have reported BAFs
(organic carbon normalized) higher than Kow (45, 47, 48),
indicating greater partitioning of PCBs into organic carbon
than octanol.

Biomagnification may occur between the lowest trophic
levels of the food web (48— 51), leading to higher BAFs than
predicted from Kow (e.g., I7). One reason why this has often
been overlooked may be erroneously high quantification of
PCBs in water, as indicated by the negative relationship
between BAFs and measured water PCB concentrations. To
understand PCB dynamics in aquatic ecosystems it is
important to understand energy and contaminant flux also
in the lower part of the food web, among organisms such as
bacteria, heterotrophic algae, protozoans, and others (48).
For example, although mostly considered strictly herbivorous,
various copepods selectively feed on protozoa rather than
phytoplankton (52). High feeding rates in zooplankton may
significantly and rapidly elevate PCB concentrations above
those predicted by equilibrium partitioning and Kow (37). In
benthic invertebrates, dietary uptake of contaminants re-
sulted in increased bioaccumulation compared to that
predicted by Kow (17, 53). One way to evaluate dietary PCB
enrichment in an organism is to calculate biomagnification
factors (BMF, eq 4) (2).

BMF =
[PCB in predatorlpp apjusten/ [PCB in preylypip apjusten
4)

BMF equals 1 when the PCB concentrations in predator
([PCB in predator]) and its prey ([PCB in prey]) are equal,
whereas BMF higher or lower than 1 indicates biomagnifi-
cation or elimination, respectively. Zooplankton BMFs from
studies carried out in the early 1970s were higher than or
equal to 1, indicating biomagnification also at lower trophic
levels (37). Unfortunately, it was not possible to calculate

BMFs in the present study because prey items of the
zooplankton were not analyzed, and because different size
fractions of zooplankton consist of various trophic guilds
(e.g., 9, 54) between which the trophic links are not well
established. In addition, zooplankton size influences the
bioaccumulation rates (55, 53) independently of trophic
position, and therefore confounds the interpretation of
trophic transfer. When comparing predominantly herbivo-
rous and carnivorous zooplankton the latter had higher
concentrations of more hydrophobic POPs, which was
attributed to diet differences rather than size or age (56).
This is in agreement with earlier studies illustrating the
importance of dietary uptake for hydrophobic POPs (53).
Similarly, a feeding zooplankton community showed rapid
PCB uptake and increased bioaccumulation compared to
nonfeeding zooplankton community (48), probably related
to over-saturation of PCBs since the elimination rate is slow
and equilibrium between water and biota is therefore not
reached (14). In the feeding zooplankton community, most
BAFs (organic carbon adjusted) were 1—2 orders of magnitude
higher than Kow, whereas they were in the range of Kows in
nonfeeding situations.

Several bioaccumulation models have a nonequilibrium
solution, taking into account not only partitioning uptake
(k1) and elimination (k,) of POPs from the surrounding
environment, but also uptake from diet (kp) and elimina-
tion by fecal egestion (kg), metabolism (kv), and growth
dilution (k¢) (e.g., 17). k is the rate constant describing the
respective uptake or elimination process. At steady state
the animal’s POP concentration is:

[POP in organism] = (k; x [POP in water]gsorvep +
kp x [POP in diet])/(k, + kg + ky + kg) (5)

Of the elimination pathways, metabolism is often con-
sidered negligible in invertebrates (15, 17), whereas growth
rates vary considerably (e.g., 57) and may greatly influence
the bioaccumulation in the animal (e.g., 53). Elimination

VOL. 39, NO. 12, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 4529



a) Marine: Resolute Bay
6.8

—@— 125-500 ym
6.6 - ~O+ >500 um

6.4

6.2

6.0

5.8

5.6

Log BAF $PCBs (L/kg lipid)

544 O

5.2 T T T T T T T T T T T T
Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

1993

b) Lake Michigan: Grand Traverse Bay

8.0

—e— 1997
7.8 o O 1998

7.6 4

7.4 4

7.2 1

7.0

6.8

Log BAF £PCBs (L/kg lipid)

6.6

6.4 ‘ ‘ - ‘ ‘ ‘

Jan Feb Mar Apr May June July Aug Sept
FIGURE 4. Seasonal variation in (a) marine (9) and (b) freshwater
(21) zooplankton BAF. Missing data for Lake Michigan zooplankton
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through growth dilution is, however, often not considered
when modeling contaminant bioaccumulation (e.g., 17).
When a bioaccumulation model including growth dilution
was parametrized for PCB bioaccumulation in the Barents
Sea calanoid copepods, growth rate was indeed one of the
most sensitive parameters (25). However, even by varying
the growth rates in different bioaccumulation scenarios,
resulting BAFs were not similar to those predicted by Kow
(25).

The present study has demonstrated that BAFs for PCBs
are greater in recent arctic marine and Great Lakes studies
than previously reported in the same regions, and that they
are atleast 10 times higher than predicted from Kow. It seems
difficult to establish exact BAFs for PCBs in marine and
freshwater zooplankton, as the variability of the system and
the use of different PCB sampling and quanitification
methods results in BAFs that vary more than 1 order of
magnitude. The BAF variation among studies is greater than
can be accounted for by seasonal or size related differences.
The negative dependence of BAFs to PCB exposure from
water, in combination with the wide variety of methods used
in water PCB measurements, suggest that earlier BAFs were
too low due to overestimated water measurements. In
addition, partitioning into other organic phases and dietary
uptake of contaminants may lead to BAFs for PCBs above
the ones predicted by Kow. Whereas issues of water PCB
measurements and partitioning medium do not require a
process in addition to equilibrium partitioning to explain
bioaccumulation in zooplankton, trophic transfer and bio-
magnification of contaminants suggests that bioaccumula-
tion in zooplankton exceeds what is predicted by equilibrium
partitioning between water and lipids. All three contribute
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significantly to variability in PCBs BAFs both within and
between studies, and may confound conclusions about
zooplankton bioaccumulation and contaminant flux if as-
sumed negligible.

The large variability of BAFs for PCBs in zooplankton
illustrated in the present study needs to be considered in
future assessments of potential new bioaccumulative chemi-
cals that rely on laboratory or field measured BAFs, such as
the European Union REACH program, the nomination of
chemicals as future POPs under the Stockholm Convention,
and other assessment programs. BAFs predicted from
chemical structures and/or Kow may not give a sufficient
estimate of bioaccumulation at the level of invertebrate
communities, and overestimation of water concentrations
due to contamination by candidate chemicals will need to
be considered.
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