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Abstract — The Wisconsin Department of Natural Resources (WDNR) has been tracking bioaccumulating
pollutants in fish that are consumed by wildlife, anglers, and anglers’ families since the 1970s. Beginning in
2006, this effort has included quantifying levels of perfluorinated compounds (PFCs) in Wisconsin fish from
the Great Lakes and major river systems. The WDNR also has access to PFC data from fish collected as part
of the United States Environmental Protection Agency’s 2010 National Coastal Condition Assessment/Great
Lakes Human Health Fish Tissue Study. This report summarizes the concentrations of PFCs found in 28 fish
species from 7 river systems and Lakes Michigan and Superior, and explores the factors affecting PFC
concentrations in fish fillets. PFC contamination was found to be spatially heterogeneous, with
perfluorooctane sulfonate (PFOS) present in highest concentrations and present in the highest number of
samples compared to other PFCs. PFCs in fish sampled from the Great Lakes were generally lower than
those sampled from riverine locations, particularly the Mississippi River, suggesting that proximity to a PFC
source is an important factor affecting concentrations. Advisory concentration ranges formulated by the
Minnesota Department of Health were used evaluate PFOS concentrations in Wisconsin fish. PFOS levels in
most fish from most locations did not supersede Wisconsin’s general statewide advisories or advice already
in place due to polychlorinated biphenyl (PCB) concentrations, although there are species from some
Mississippi River locations where exceptions to general statewide advice are currently provided due to
PFOS. We suggest continued monitoring of PFCs in Wisconsin fish, particularly in areas of known

contamination or use.

Perfluorinated compounds (PFCs) are a group
of man-made chemicals which are used for a
variety of consumer and industrial purposes.
In use since the 1950s (Lindstrom et al. 2011),
PFCs function as stain—, oil-, and water—
repellants for fabrics, carpet, cookware, and
paper products, and are a component of
industrial fire-fighting foams (Renner 2001;
Prevedouros et al. 2006). Because of their
widespread production and use (Lau et al.
2007), and because PFCs are formulated to be
extremely-heat stable (Bhavsar et al. 2014),
measurable concentrations of PFCs have been
found in in nearly every corner of the world
(Giesy & Kannan 2001; Ahrens 2011).

In the United States, commercial formulations
of PFCs were produced by many companies,
including Arkema, Asahi, Ciba, Clariant,
Daikin, DuPont, 3M/Dyneon, and Solvay
Solexis (Betts 2007). Commercial formulations
contained many different PFC types having
varying carbon chain lengths (Prevedouros et
al. 2006) and functional groups. PFCs’ ability to
bioaccumulate is greater if the carbon chain
length is greater than 7, and those containing a
sulfonate (perfluoroalkyl sulfonates or PFSAs)
tend to be more bioaccumulative than those
with a carboxylate functional group (PFCAs)
even when they have the same chain length
(Murphy et al. 2012). Unlike other persistent
organic pollutants such as polychlorinated

biphenyls (PCBs) and polybrominated
diphenyl ethers (PBDEs), PFCs are not
lipophilic. They instead bind to protein,
particularly in the liver and in blood (Jones et
al. 2003; Consoer et al. 2014), meaning that PFC
accumulation patterns and factors are
dissimilar to PCBs and PBDEs.

The widespread nature of PFC contamination
is particularly troubling given the wide array
of negative health effects that are associated
with their exposure. Between 2005 and 2013, an
epidemiological study called the C8 Health
Project was conducted to determine whether
exposure to perfluorooctanoate (PFOA) was
associated with adverse health outcomes in a
highly exposed population (Frisbee et al. 2009).
The C8 study found that cancers (kidney,
testicular, and thyroid), pregnancy-induced
hypertension, and ulcerative colitis were
linked to high levels of PFOA or
perfluorooctanesulfonate (PFOS) in the blood
of study participants (Barry et al. 2013; Darrow
et al. 2013; Steenland et al. 2013; Watkins et al.
2013; Stahl et al. 2014; Watkins et al. 2014).
PFOA has been additionally linked to cardiac
problems (Shankar et al. 2012) and cancer
(Christensen et al. 2016) in adults. Exposure to
PFOS is tentatively associated with immune
problems (Grandjean et al. 2012) and low birth
weight (Apelberg et al. 2007) in children.
Although other adverse effects have been
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documented usin%animal models (Murphy et
al. 2012), it is difficult to determine whether
these effects will also occur in humans.

As a result of the previously discussed
evidence pointing towards PFCs’ harmful
health effects and widespread global presence,
manufacturers began working with the United
States Environmental Protection Agency
(USEPA) to phase out PFC production. 3M was
the primary manufacturer of PFOS and
voluntarily phased out its use in 2002
(Lindstrom et al. 2011). Other companies
agreed to reduce PFOA in their products by
95% by 2010 and completely eliminate their use
by 2015 (Betts 2007).

Although phasing out PFC manufacture may
eventually result in decreasing fish tissue
concentrations (similar to what has been
documented with PCBs; Rasmussen et al.
2014), fish presently represent a major PFC
exposure route for humans (Jain 2014).
Potential exposure due to fish consumption is a
threat to Wisconsin anglers and their families,
as several studies have demonstrated that
PFCs can accumulate in freshwater fish to
concentrations that pose a threat to human
health (Martin et al. 2004; Ye et al. 2008;
Delinsky et al. 2009; Xiao et al. 2013; Stahl et al.
2014).

In order to asses the threat of PFC exposure to
those who consume fish caught in Wisconsin
waters, we present here PFC concentrations
measured in fillets of freshwater fish collected
by the Wisconsin Department of Natural
Resources (WDNR) and the USEPA from
Wisconsin’s major river systems and Great
Lakes between 2006 and 2012. Similar to
previous research on PFCs in freshwater fish
(Ahrens & Bundschuh 2014), we expected to
find PFOS most frequently and in highest
concentrations in fillet samples. Further, we
expected that concentrations of both PFOS and
total PFCs (XPFCs) would be spatially
heterogeneous, reflecting possible local usage
or inputs to Wisconsin waters.

Sampling and analysis

This dataset includes fish samples collected b
both the WDNR and the USEPA. WDNR fis
were collected as part of regular population
assessments and fisheries surveys using
methods appropriate for each fish species and
waterbody type (i.e. seining, electroshocking,
gill netting, etc.). Collection locations were
chosen in order to capture PFC variability in
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Figure 1. Locations from which samples were collected
by the WDNR (purple icons) and USEPA (yellow icons)
for PFC analysis.

fish species from waterbodies near industrial
centers and/or Great Lakes Areas of Concern
(Fig. 1). This dataset includes 28 fish species
collected from Lake Michigan, Lake Superior,
and the Fox, Menominee, Milwaukee,
Mississippi (Pools 3, 4, and 5, 5A, and 6),
Peshtigo, St. Louis, and Wisconsin Rivers.

Fish samples collected by the WDNR were
wrapped in aluminum foil and frozen in the
field before transport to the Wisconsin State
Laboratory of Hygiene (WSLH) in Madison,
WI. At the WSLH, thawed whole fish or fillets
(depending on species) were homogenized and
subsamples were refrozen until processing.

Partially thawed fish homogenates were
quantified for up to 17 PFCs according to
methods developed by Ye et al. (2008). Due to
changes in instrument sensitivity (Table 1),
different numbers of PFC types were
quantified in different years. Furthermore, all
fish samples analyzed within the same
timeframe may not have been analyzed for the
same number of PFCs.

A brief description of analytical techniques
used by WSLH is given here: 0.5 g of partially
thawed homogenized sub-sample and 0.5 mL
of 18 Mohm:cm water were further


Maria Colette Powell
Highlight


Fisheries Management Administrative Report No. 83

Table 1. Analyte information.

Carbon Detection limit
chain CAS Years (ng/g)

Abbreviation Name Formula length  number analyzed NCCA/GL  WSLH

PFBA Perfluorobutanoate C;F,COOH 3 375-22-4  2006-2012 0.07 0.12-3.7
PFPeA Perfluoropentanoate C4,FoCOOH 4 2706-90-3  2006-2012 0.13 0.12-2.5
PFBS Perfluorobutane sulfonate C4FSO; 4 375-73-5  2006-2012 0.10 0.12-5.0
PFHxA Perfluorohexanoate CsF;;,COOH 5 307-24-4  2006-2012 0.07 0.12-2.5
PFHpA Perfluoroheptanoate CcF13;COOH 6 375-85-9  2006-2012 0.09 0.12-2.5
PFHxS Perfluorohexane sulfonate CeF13S03 6 355-46-4  2006-2012 0.12 0.50-5.0
PFOA Perfluorooctanoate C,F;sCOOH 7 335-67-1  2006-2012 0.10 0.12-2.5
PFHpS* Perfluoro-1-heptanesulfonate ~ C;HF,5SO; 7 375-92-8  2009-2012 n/a 0.12-0.50
PFNA Perfluorononanoate CgF,COOH 8 375-95-1  2006-2012 0.08 0.12-2.5
PFOSA Perfluorooctane sulfonamide  CgF;;SO,NH, 8 754-91-6  2006-2010 0.08 226-2.5
PFOS Perfluorooctanesulfonate CgF17S05 8 1763-23-1 2006-2012 0.13 0.12-5.0
PFDA Perfluorodecanoate CoF;,COOH 9 335-76-2  2006-2012 0.06 0.12-2.5
PFUnA Perfluoroundecanoate C,oF,;COOH 10 2058-94-8 2006-2012 0.11 0.12-2.5
PFDS* Perfluoro-1-decanesulfonate C1oF21SO3 10 335-77-3  2009-2012 n/a 0.12-0.50
PFDoA Perfluorododecanoate C,1F;;COOH 11 307-55-1  2006-2012 0.12 0.12-2.5
PFTrDA* Perfluoro-n-tridecanoic acid C3HF50, 13 72629-94-8 2010-2012 n/a 0.12-0.50
PFTeDA* Perfluoro-n-tetradecanoic acid C,4HF,;0, 14 376-06-7 2010-2012 n/a 0.12-0.50

* PFC analyzed only by WI State Laboratory of Hygiene

homogenized in 50 mL polypropylene tubes
using a probe mixer. Nine mL of 10 mM
sodium hydroxide in methanol was used to
rinse residual homogenate from the mixer
probe while being added to the tube. This
solution was spiked with a known amount of
mixed mass labeled PFC internal standard
solution and placed on an orbital shaker at
room temperature for 12 to 16 hours.

After shaking, samples were centrifuged at
2,000 rpm for 5 minutes. One mL of the
supernatant was combined with 9 mL of 18
Mohm-ecm water in a 15 mL polypropylene
tube and vortexed prior to solid phase
extraction (SPE) cleanup using weak anion
exchange (WAX) cartridges (60 mg, 3 cc;
Waters, Milford, Ma). Samples were loaded
onto solvent and water pre-conditioned WAX
cartridges followed by 4 mL washes with 25
mM sodium acetate and methanol. PFCs were
collected by elution of the WAX cartridges into
15 mL polypropylene tubes with 4 mL aliquots
of 0.1% ammonium hydroxide in methanol.

The elution solvent was evaporated to <0.5 mL
using 10 PSI nitrogen at 40°C. The final volume
was brought to 0.5 mL with methanol and 0.5
mL of 2 mM aqueous ammonium acetate
buffer was added. After brief vortexing, the

final extract was syringe filtered using 13 mm,
0.2 pum Millex-GN® nylon discs into
autosampler vials and capped with aluminum
crimp caps containing polypropylene septa.
Between 2006 and 2010, PFC analysis was
performed using a high performance liquid
chromatograph (Agilent 1100 HPLC; Santa
Clara, CA) coupled to a quadrupole ion trap
mass spectrometer (SCIEX 4000 MS/MS,
Framingham, MA). After 2010, analysis was
Ferformed using an ultra-high performance
iquid chromatograph (Waters Acquity UPLC,
Milford, MA) coupled to an quadrupole-linear
ion trap mass spectrometer (AB SCIEX QTRAP
5500, Framingham, MA).

Samples that were collected as part of the
USEPA National Coastal Condition
Assessment Great Lakes Human Health Fish
Tissue Study (NCCA/GL) were analyzed for
14 PFCs by TestAmerica Labs i West
Sacramento, CA (Table 1). NCCA/GL sample
collection and analysis methods can be found
in Stahl et al. (2014).

Detection limits for WSLH and NCCA/GL
methods are presented in Table 1. (Ranges of
detection limits reflect differing instrument
sensitivity through time.) When an analyte was
not detected, no data point was recorded for
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Figure 2. Mean
concentrations (ng/qg)
of PFOS detected in
fillets of fish sampled
from river systems.
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that sample; when an analyte was detected but
was below the reporting limit, a data point of
“0” was recorded for that sample.

PFCs in river fish fillets

PFC  concentrations  (hereafter  [PFCs])
measured in fillets of fish sampled from rivers
are detailed in Table 2. Eight PFC types were
detected in >30% of fillets from river fish
samples analyzed for that PFC (all samples
were not necessarily analyzed for the same
PEC types; Appendix Fig. Al). These included
PFBA, PFHxS, PFOS, PFDA, PFUnA, PFDS,
PFDoA, and PFTeDA (Appendix Fig. Al).
PFOS was detected in >99% of fillets and was
also measured in the highest concentrations in
most fillets. It is also the PFC for which fish
consumption advisories have been developed.
As such, the remainder of this document
focuses primarily on PFOS concentrations
(hereafter [PFOS]).

Consistent significant relationships were not
observed between fillet [PFOS] and fish length
within the entire river dataset (all species, all
locations). We did not have large enough
sample sizes to investigate this relationship for
every species/river location combination.
Additionally, previous research has not
observed a relationship between [PFCs] and

fish size (Guo et al. 2012; Xiao et al. 2013).

We did find that [PFOS] was spatially
heterogeneous (Fig 2.): highest concentrations
were measured in white bass from Pools 5, 5A,
and 6 of the Mississippi River (163.0 ng/g),
downstream from 3M’s Cottage Grove Facility,
which formerly manufactured PFCs (MPCA
2009). The lowest concentration (2.0 ng/g) was
measured in both walleye from the Menominee

River and common carp from the St. Louis
River/Superior Harbor (Table 2; Fig. 2).

Furthermore, [PFOS] varied among species.
Regardless of sample location, white bass and
centrarchids (white and black crappie, bluegill,
smallmouth bass) generally contained higher
[PFOS] than bigmouth buffalo, common carp,
freshwater drum, or walleye (Fig. 2). This
finding is supported by previous research
suggesting that different fish species have
differing bioaccumulation factors (Delinsky et
al. 2010), although more research is needed
before these pathways are fully understood
(Martin et al. 2013).

While PFOS was measured in the highest
concentrations in all river samples, there was
variation in the mixture of other (non-PFOS)
PFC types present by sample location and
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Table 2. Concentrations of PFCs (ng/g) in fillets of fish from Wisconsin’s major river systems. Neither PFBS nor PFOSA
were detected in any river sample and are not presented here. ND = non-detect.
PFC type Mean
(Median)
Species N_PFBA PFPcA PFHxA PFHpA PFOA PFNA PFDA PFUnA PFDoA PFHxS PFOS PFDS PFTeDA PFTrDA PFHpS

Fox River:  Black 8.6 3.5 4.1 200 1.2
DePere o crappie 86 (35 @1y NP ND ND ND ND ND ND 5pq (1) ND ND  ND

[3S)

B
et B Common 4 ND ND ND ND ND ND M2 ND O ND O ND JI ND  ND ND ND
carp (1.9) (7.5)
Freshwater 3.5 3.7 2.6 12.6 0.70
Fresh 333 0% (@9 N> ND ND ND ND ND ND ({36 070, NP ND ND
Walleye 4 ND ND ND ND ND ND (‘)[90"3 ND ND ND (gg) ND ND ND  ND
White 56 34 28 200 1.0
whi 2 35 34 G5 N Np ND ND ND O OND O ND 300 (1§, ND O NDND
Peshtigo  Black 053 037 028 056 42 0.18
Riverat — crappic 3 ND ND ND ND ND 33 a0) 028 NP (0356 @32) NP ND ND  (018)
igh Falls
Flowage  walleye 4 ND ND ND (}8) (gg) ND (8%) ND ND ND ég) ND ND ND  ND
Ihéﬂsggnggig Bluegill 6 ND ND ND ND ({3 ND {%) ND ND ND G]) ND ND ND ND
orge to
%ﬁ)vvvggicott Walleye 3 ND ND 0 0 ND 0 (8:‘5‘% ND ND 0 é:g) ND ND ND ND
Milwaukee ~ Common 1.7 0.55 7.3
River o 4 ND ND 0 0 7 0 @2y N> ND 0 4} ND ND  ND ND
stuary:
Estabrook  Smallmouth 19 12 19 061 149 13 13 1.0
Falls to bass 3 ND ND ND ND ND ND (15 (13 (22) 062 (1200 (15 (15 (.00 ND
mout!
0.15 090 083 091 067 120 050 0.89 0.23
Walleye 6 ND ND ND ND ND (4735 (076) (0.83) (0.66) (0.64) (11.0) (054) (091) NP (022
Milwaukee
Srafton Black 3 ND ND ND ND Np 082 200 13 p 074 173 Np  ND ND ND
%0 Estabrook crappie (0.52) (2.3) (1.3) (0.74) (16.0)
alls
Mississippi  Bigmouth 1.9 0.75 1.6 28.3
Kiver Bigmot 3 00 @% (3 ND ND ND ND ND ND ND 353 ND ND  ND ND
00
: 13 1.0 19 13 042 13 99.5 470 031 0.21
Bluegill 8 13 @0 e N> ND ND 43 036 120 NP (713 5100 031) NP (016
Freshwater 1.5 1.3 1.4 13.5 0.64
Fresh 3 43 (3) (4 ND ND ND ND ND ND ND G5 06 ND ND O ND
White 24 094 11 039 15 054 066 480 117 037 0.14
bass 8 24 a1 an NP ND §39) 099) (0.69) (0.65) NP (50.0) (6.5 (036) NP (014)
White 17 063  0.69 448 0.62
crappie S a7 (063) (071 ND ND O ND ND ND  ND  ND 45 ge2) NP ND  ND
Mississippi ~ Black 0.76 18.0 0.53
River ek 3 @2 ND ND ND ND ND ND ND ND ND (80, 033 ND  ND  ND
o0 Bluceill g L1 08 068 025 044 030 078 041 062 12 257 68 025 yp 032
g (0.68) (0.89) (0.53) (0.13) (0.38) (0.30) (0.56) (0.35) (0.62) (1.1) (200) (32) (0.25) 031)
Common 26.3
o 300 0 0 0 0 0 0 0 0 0 (333 ND ND  ND ND
White 0 o o 004 003 o 027 15 046 021 065 943 208 036 yp 032
bass 0.0)  (0.0) 0.0) (19) (0.0) (0.0) (032) (935) (20.0) (0.32) 0.17)
White 017 036 18 1.1 1.1 042 13 362 88 037 0.19
crappie 4 ND ND ND (¢17) 039 (18) (0.75) (1.1) (042) (14 (195 22) 0377 NP (019)
Mississippi  Black 76.9
Rive e 2 0 0 0 0 0 0 0 0 0 0 &3 ND ND  ND ND
ools 5,
SA.&6 Common 4 9 0 0 0 0 0 0 0 0 0 505 ND ND ND ND
White 2.0 2.1 163.0
hi 300 0 0 0 00 F8H 0 G O a3 N ND O ND D
White 86.2
e 20 0 0 0 0 0 0 0 0 0 @§3 ND ND  ND ND

St. Louis Common 0.71 2.0
gi\éer 4 carp 2 ND ND ND ND ND ND ND ND ND 0.71) (2.0 ND ND ND ND
uperior

Harb Northern 054 080 08 1.0 074 7.7 033 0.19
arbor pike 4 ND ND ND ND ND (g3 (079) (089) (1.0) (0.74) (7.5) (032) NP ND ()
061 073 063 55 033

Walleye 4 ND ND ND ND ND ({8 073 ND  ND 08 23 033 ND ND D
%{Viscori)sin )
1ver: rrairie :
duSacto  Lighead 1 ND ND ND 012 ND ND 035 ND ND ND 38 (8}%) ND ND (8-]13)
%/[ississippi P : )
1ver
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species (Fig. 3). Shorter chain PFCs (<6
carbons) predominated in fillets of common
carp sampled from the St. Louis River (orange
box), white crappie, freshwater drum,
bigmouth buffalo, and black crappie sampled
from Mississippi River Pools 3 and 4 (green
box) and freshwater drum, white bass, and
black crappie from the Fox River (red box).
Fillets containing a range of PFCs having up to
9 carbons were present in all fish sampled from
the Peshtigo River at High Falls Flowage and
the Menominee River (blue box), common carp
and walleye from the Fox River (red box), and
common carp from the Milwaukee River (gray
box). The longest chain PFCs (=10 carbons)
were found in many species from the
Mississippi and Milwaukee rivers, bighead
carp from the Wisconsin River (gray box), and
walleye and northern pike from the St. Louis
River (orange box).

It is not unexpected to find a range of medium
and long-chain PFC types in these fish, as they
have been documented previously (Ye et al.
2008, Delinsky et al. 2010, Stahl et al. 2014).
However, the presence of short-chain PFCs in
fish from the Mississippi and Fox rivers
possibly may reflect changes in the formulation

Louis River.

of products that previously contained long
chain PFCs (Ahrens & Bundschuh 2014; Chu et
al. 2016).

PFCs in Lakes Michigan & Superior fish fillets
[PFCs] detected in fillets of fish sampled from
the Great Lakes are detailed in Table 3. Eight
PFC types were detected in >30% of Great
Lakes samples analyzed for that PFC (all
samples were not necessarily analyzed for the
same PFC types; Appendix Fig. Al). These
included PFHxS, PFHpS, PFNA, PFOSA,
PFOS, PFDA, PFUnA, and PFDoA (Appendix
Fig. A1l). Similar to trends observed in riverine
fish, PFOS was detected in >99% of Great Lakes
fillets and was also detected in the highest
concentrations in most fillets (Table 3).

As in riverine samples, consistent relationships
between [PFOS] and length were not detected
within the entire Great Lakes dataset (all fish
species, all locations), nor in any individual fish
species sampled from the Great Lakes.

In Lake Michigan, the highest [PFOS] was
detected in Michigan’s Upper Peninsula
offshore of the eastern portion of the Garden
Peninsula (Fig. 4). Elevated [PFOS] was also
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Table 3. Concentrations of PFCs (ng/g) in fillets of fish from Lake Michigan (including Green Bay), Lake Superior, and
their tributaries up to the 1st impassible barrier (i.e. dam or falls). ND = non-detect.

PFC e Mean
Sample vp (Median)
Species pggﬁg“f\,) PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFUnA PFDoA PFBS PFHxS PFOS PFOSA PFDS PFTeDA PFT:DA PFHpS
- 3 0.44 74

Lake  Alewife (5 ND ND ND ND ND ND @4y ND ND ND ND (3 ND ND ND ND ND

including Bloater 2 28 31 083 135 35

green Bay chub 60) (8 @31) (083 N> ND ND ND ND ND ND ND 135 ND (35 ND ND ND
Brown 031 004 022 069 023 030 137 065

tributaries /08 4 ND g3y O 0 ND oy 019 069 023 9 @ @35 ©6) N> ND  ND ND
Channel 028 071 080 054 17 29 040 0.19
catfish 2 ND 28y ND ND ND ND 71y 080) (034) NP 117y (29) (040 NP (199 ND ND
Chinook 18 021 037 006 024 10 032 046 070 030 Np 092 219 017 018 035 076 0.9
salmon (20) (021) (031) (0.12) (0) (1 0) (032) (048) (0.69) (029) 092) (21'5) (0.17) (0.18) (035) (0.76) (0.15)
Coho 043 012 039 018 0.13 11 135 0.12 0.20
salmon ND ND ND ND (0.43) (012) (037) (018) (©13) NP a2 @aso NP (012 ND ND (020
gﬁﬁﬁgwater 1 ND ND ND ND ND ND 036 068 ND ND ND 330 ND ND ND ND ND
Lake 093 19 16.7
Lake 3 ND ND 0 o ND {3 (% N ND o 0 (1§} ND ND ND ND ND
Lean 7 028 043 237 10 19 048 056 127 038 021
lake trout  (13) NP 028y NP ND 998y (237) (047) (096) (0.19) NP (036) (12.0) (038 ND  ND ND (@21
g’iﬁghem 1 ND ND ND ND ND ND 044 08 ND ND ND 58 040 ND ND ND ND
Rainbow 2 13 10 13 425 1.1
Raint () (3 (0 3 N> ND ND ND ND ND ND ND (333 ND (f|, ND ND ND
Rainbow 035 057 042 007 053 128 0.15 0.17
trout 9 ND ND 0 0 ND 029y 037) ©042) 0o © @ @1 NP (@15 NP ND (g5
Round 1 ND ND ND ND ND 026 065 11 045 ND ND 58 12 ND ND ND ND
Small-
mouth (;) 036 ND ND ND ND ND 30 68 16 ND ND 240 42 ND ND ND ND
ass

5 0.07 019 027 061 099  0.50 024 107 24 0.13

Walleye (ny NP ND g0y ND(19) (025) (0.60) (0.86) (0.48) NP (024) (1200 22) NP (013 ND ND
White @ 010 ND ND ND 032 ND 085 08 032 ND 030 150 013 ND ND ND ND
Yellow 026 13 1.1 047 020 16.4 022 058 15 015
perch 6 ND ND  ND ND ND (%) 1) @12) ©43) 0200 NP 50 NP (022) (058 (15 (0.14)

Lake Bloater 2 051 084 47 0.56

tributaries Brown 1 047 068 025 ND ND 10 079 24 051 ND ND 350 026 ND ND ND ND
Chinook 0.24 1.9 0.21
Chinoo 3 ND ND ND ND ND ND {3 ND ND ND ND ;3 ND ND ND ND (3
Cisco 2 4.6
(lake ) @) ND ND ND ND ND ND ND ND ND ND ND 4f ND ND ND ND ND
erring :
Coho 036 097 22
Coho 3 ND ND  ND ND ND @36 ND ND ND ND (g]) §F ND ND ND  ND ND
Lake 1.1 172 028 057
Lake 3 ND OND ND (g (135 NP 03 ND ND OND ND §3f ND OND ND  ND ND
Lean 27 035 090 029 10 104 088 068 15 040 18 98 016
lake trout  (91) (033) (057) (026) (0.94) (11.1) (078) 038 (17 037 NP (16 (o0 (16 NP ND  ND ND
Longnose 5 050 023 061 48 30 64 20 029 81 025
sucker (i5) (083) (039) 023 ND (06l (4.5) 28 69 23 NP @23 (72) (019 NP ND ND  ND
Round 6 045 043 0.19 019 18 070 1.1 050 047 94 033
whitefish ~ (24) (0.45) (0.41) 023 ND©19) (12) (023) (038) (028 NP (038 (93) (032 NP ND  ND ND
Siscowet 039 048 075 026 27 0.15 0.16
lake trout 3 ND ND  ND ND ND 535y (051) (0.75) (0260 NP ND 33y ND g5 ND ND  (0.16)
Splake 1 ND ND ND ND ND 22 08 21 040 ND ND 87 ND ND ND ND ND
White é) 11 067 ND ND 045 038 031 076 021 ND 019 27 081 ND ND ND ND

detected in fish sampled north of Manistee, MI,
and in the southern portion of the lake offshore
of Gary, IN. Among species where n > 1,
rainbow smelt contained the highest mean
[PFOS] (425 ng/g) and channel catfish
contained the lowest mean concentration (2.9
ng/g; Table 3).

The spatial distribution observed in Lake
Michigan [PFOS] (Fig. 4) is similar to that
documented in previous research which found
highest [PFOS] in sediments in the northern

basin of Lake Michigan (Codling et al. 2014)
compared to southern basin sediments.
Codling et al. (2014) put forth two (possibly co-
occurring) explanations to describe PFOS
distribution: first, river inputs—unnamed but
potentially the Manistique River—initially
contributed PFOS to the northern basin; and
second, the presence of a “northern gyre”
which prevented mixing between northern and
southern basins. It is possible that the trends
affecting sediment [PFOS] also affect fish
[PFOS], although to date we have not found
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any other research investigating intra-lake
spatial variability and/or associations between
sediment and fish [PFOS] concentrations, so it
is difficult to be certain.

Concentrations of PFOS in species sampled
from Lake Superior were lower (Fig. 4) than
those sampled from Lake Michigan: among
species where n > 1, Lake Superior lean lake
trout contained the highest [PFOS] (9.8 ng/g)
and lake whitefish contained the lowest [PFOS]
(0.57 ng/g; Table 3). Spatially, the highest
[PFOS] was found offshore of the Keweenaw

Peninsula, MI and in eastern Lake Superior
near Luce County, MI (Fig. 4).

Scott et al. (2010) posits that atmospheric
deposition in the form of precipitation and
tributary inputs are the predominant sources of
PFCs to Lake Superior. As such, locations
where we measured slightly elevated [PFOS] in
Lake Superior fish fillets could potentially
reflect site-specific inputs from Michigan’s
Upper Peninsula. However, as Lake Superior
fish fillet [PFOS] is so low, we cannot
definitively point to one source.
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Figure 4. Spatial distribution of PFOS measured in fillets of fish sampled from Lake Michigan and the U.S. waters of
Lake Superior. Gradient was interpolated from point measurements in ArcMap 10.1 (ESRI) using the Spline with

Barriers tool (Spatial Analyst).
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Figure 5. Cumulative distribution functions of PFOS in fish fillet samples (£ 95% confidence interval) from rivers
(red) and the Great Lakes (green). Dotted line indicates the Minnesota Department of Health 1 meal/week screening
value of 40 ng/g. Two percent of the Great Lakes fillet samples and 29% of river fillet samples contained PFOS in
excess of the screening value. All river samples exceeding 40 ng/g came from Mississippi River fish fillets.

Implications for Wisconsin fish consumption
advisories

In Wisconsin, advice for people who want to
consume fish is provided based upon the
concentration of several contaminants:
mercury, PCBs, dioxins/furans, and PFCs.
PFCs are assessed by comparing the amount of
PFOS in fish fillets to meal frequency ranges
developed by the Minnesota Department of
Health (0.08 pg/kg-day; MDH 2008). Fish
consumption advisories due to PFOS are
warranted because PFOS accumulates in fish
(Stahl et al. 2014) and there is reliable evidence
showing human health risks are associated
with elevated levels of PFOS (Darrow et al.
2013).

Wisconsin DNR and Department of Health
Services first issued PFOS-based consumption
advice in 2007 for some Mississippi River
species at 1 meal/week. Currently, there are 3
locations in the Mississippi River where PFOS
is measured at concentrations high enough to
warrant advice more stringent than
Wisconsin’s general statewide advice. In Pool 3
and Pools 5-6 advice is provided for bluegill
and crappie, and in Pool 4 advice is provided
for bluegill.

Cumulative distribution functions of [PFOS] in
fillets of fish sampled were used to determine
the percentage of samples exceeding 40 ng/g,
(Minnesota Department of Health’s 1 meal/
week lower meal range; Stahl et al. 2014). In
this dataset, 2% of the Great Lakes fillet
samples and 29% of river fish fillet samples (all
from the Mississippi River) contained PFOS in
excess of 40 ng/g (Fig. 5). It is important to note
that although some amount of PFOS was
measured in most fillets, in most Wisconsin
locations where higher concentrations of
contaminants are found, PCBs and mercury
remain the contaminants of concern in terms of
consumption advice.

Recommendations for future work

Monitoring fish from Wisconsin’s rivers and
Great Lakes for PFCs should continue. In
particular, future work should target analysis
of fish collected near possible sources or uses of
PFCs. Extremely high levels of PFOS (up to
9580.0 ng/g) have been measured in fish near
locations in Michigan that use aqueous film-
forming foams for fire fighting (MDCEQ 2015).

Fish consumption is thought to be a major
pathway for human exposure to PFCs, and
although products containing PFOS and PFOA
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have been phased out of production by the 8
major manufacturers, these pollutants are
expected to remain in the environment for a
long time. In addition, product formulations
have evolved in response to regulations, and
replacement chemicals have recently been
detected in the environment (Strynar et al.
2015; Chu et al. 2016). Continued monitoring is
needed to assess evolving trends in PFCs in the

environment and risk to people who consume
fish.
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Appendix, Figure A1. Detection information for each PFC type in river samples (top) and Great Lakes samples
(bottom). Left panels display the numbers of samples analyzed compared to the number of detections of each PFC.
Because analysis methods and analytes varied through time and between laboratories, the same number of PFCs
were not necessarily measured in every sample. Right panels display percent detection for each PFC type. Asterisks in
bottom panel indicate PFC types that were only analyzed for by the Wisconsin State Laboratory of Hygiene.
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