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Abstract. Trophic transfer of perfluorooctanesulfonate
(PFOS) and other related perfluorinated compounds was
examined in a Great Lakes benthic foodweb including water—
algae—zebra mussel-round goby—smallmouth bass. In addition,
perfluorinated compounds were measured in livers and eggs of
Chinook salmon and lake whitefish, in muscle tissue of carp,
and in eggs of brown trout collected from Michigan. Similarly,
green frog livers, snapping turtle plasma, mink livers, and bald
eagle tissues were analyzed to determine concentrations in
higher trophic-level organisms in the food chain. PFOS was
the most widely detected compound in benthic organisms at
various trophic levels. Concentrations of PFOS in benthic
invertebrates such as amphipods and zebra mussels were
approximately 1000-fold greater than those in surrounding
water, which suggested a bioconcentration factor (BCF; con-
centration in biota/concentration in water) of 1000 in benthic
invertebrates. Concentrations of PFOS in round gobies were
two- to fourfold greater than those in their prey organisms such
as zebra mussels and amphipods. Concentrations of PFOS in
predatory fishes (Chinook salmon and lake whitefish) were 10
to 20-fold greater than those in their prey species. Concen-
trations of PFOS in mink and bald eagles were, on average, 5-
to 10-fold greater than those in Chinook salmon, carp, or
snapping turtles. Because of the accumulation of PFOS in liver
and blood, the biomagnification factor (BMF) of perfluori-
nated compounds in higher trophic-level organisms such as
salmonid fishes, mink, and eagles were based on the concen-
trations in livers or plasma. Overall, these results suggest a
BCF of PFOS of approximately 1000 (whole-body based) in
benthic invertebrates, and a BMF of 10 to 20 in mink or bald
eagles, relative to their prey items. Eggs of fish contained
notable concentrations of PFOS, suggesting oviparous transfer
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of this compound. PFOA was found in water, but its bio-
magnification potential was lower than that of PFOS.

Perfluorooctane sulfonate (PFOS), a fluorinated organic con-
taminant, has been the subject of many recent investigations
(Hansen et al. 2001; Kannan et al. 2001a,b; Kannan et al.
2002a,b,c,d; Moody et al. 2002; Van de Vijver et al. 2003;
Martin et al. 2004; Stock et al. 2004). Widespread distribution
of PFOS in wildlife tissues collected from several regions of the
globe has been reported (Giesy and Kannan 2001, 2002; Martin
et al. 2004). Additional perfluorinated organic contaminants,
such as perfluorohexanesulfonate (PFHS), perfluorooctanoate
(PFOA), and perfluorooctanesulfonamide (PFOSA) have been
reported to occur in the environment, although at lower con-
centrations and frequencies than PFOS. Earlier studies have
suggested that concentrations of PFOS tend to be higher in
predatory organisms than in lower trophic-level organisms of
aquatic food chains (Kannan et al. 2002c¢). For instance, fish-
eating birds (e.g., bald eagles) and mammals (e.g., mink)
contained some of the highest concentrations of PFOS reported
thus far. Nevertheless, earlier studies measuring concentrations
of PFOS in biota have focused primarily on higher trophic-level
organisms. Studies reporting the occurrence of PFOS in aquatic
organisms at lower trophic levels in a food chain are scanty. In
order to determine the biomagnification potential of PFOS in
aquatic food webs, we need to measure concentrations in
organisms at various trophic levels. In this study, we have
measured concentrations of PFOS, PFHS, PFOA, and PFOSA
in water, benthic algae, amphipods, zebra mussel (Dreissena
polymorpha), crayfish, round gobies (Neogobius melanosto-
mus), and smallmouth bass (Micropterus dolomieui) collected
from three riverine locations. This represents a characteristic
benthic food chain of the Great Lakes since the invasion of the
Great Lakes by zebra mussels in the late 1980s; and by round
gobies in the early 1990s (Hanari et al. 2004).
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Fig. 1. Map of Michigan showing sampling locations.

Analysis of perfluorochemical concentrations in water—
algae—zebra mussels—round gobies—smallmouth bass—can
provide information on the food-chain transfer of these
compounds to higher trophic-level organisms. Zebra mus-
sels can sequester contaminants by ingesting algae and
other suspended materials, or directly from water (Bruner
et al. 1994). Round gobies generally eat zebra mussels
ranging in size from 3 to 12 mm (Jude et al. 1995). In
particular, small round gobies (<50 mm standard length)
feed primarily on benthic arthropods such as amphipods,
whereas the diet of larger gobies is composed primarily of
zebra mussels. In addition, crayfish have been found to
consume zebra mussels in laboratory studies (Martin and
Corkum 1994). Round gobies are prey species for several
game fish species, including smallmouth bass and brown
trout (Salmo trutta). Smallmouth bass from Calumet Har-
bor, the St. Clair River, and western Lake Erie have been
shown to prey on round gobies (Savitz et al. 1996).

In addition to the benthic invertebrates and forage fish
species, tissues of Chinook salmon (Oncorhynchus tshawyts-
cha), lake whitefish (Coregonus clupeaformis), brown trout,
carp (Cyprinus carpio), green frogs (Rana clamitans), snap-
ping turtles (Chelydra serpentina), bald eagles (Haliaeetus
leucocephalus), and mink (Mustela vison) collected from
various locations in Michigan were also analyzed for deter-
mination of the concentrations of perfluorinated compounds in
higher trophic-level organisms of the Great Lakes food chain.
Mink are carnivores and primarily feed on small mammals,
birds, frogs, crayfish, fish, lizards, small snakes, and insects.
The bald eagle’s diet consists of fish, turtles, waterbirds such as
ducks, small mammals such as muskrats, and snakes. Snapping
turtles eat algae, aquatic insects, small fish, frogs, snails, and
young waterfowl.

Materials and Methods

Sampling

Biotic samples were collected from several rivers in Michigan and in
the Calumet River in Indiana, USA, during 1998-2001. The sampling
locations are shown in Figure 1. Benthic algae, amphipods, zebra
mussels, crayfish, round gobies, and smallmouth bass were collected
from various locations within 1 km of the Raisin River mouth to Lake
Erie, and from the St. Clair River at its confluence with the Belle
River, at Marine City, and at Algonac, Michigan. The benthic
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organisms were also collected from the Calumet River at its conflu-
ence with Lake Michigan in Indiana. All of the biotic samples were
collected during July to November, 1998 and 1999. Water samples
were collected from the St. Clair and Raisin Rivers in 2001 at the
locations where benthic organisms had been collected. No water
samples were collected from the Calumet River.

Several hundred zebra mussels were collected from rocky substrata
at each location by snorkeling or scuba diving. Fishes were collected
by seining or by electroshocking. Amphipods were collected by
turning over rocks and using forceps to collect individual organisms.
Benthic algae were collected by scraping hard surfaces with a clean
toothbrush (for nonfilamentous forms), or by hand-picking tufts of
filamentous algae. Skinless fillets were analyzed for smallmouth bass,
whereas the whole body was analyzed for round gobies. Soft tissues of
zebra mussels were analyzed. Tissues from several individuals per
species (including fish) were pooled to obtain an adequate mass for
extraction. Length of each individual fish was measured immediately
after collection, and individuals were pooled on the basis of sizes for
analysis (Table 1).

A few higher trophic-level fishes such as Chinook salmon, lake
whitefish, brown trout, and carp were also collected from Michigan
waters in 1999 and 2000. Liver and egg samples were obtained from
these fishes for analysis. Muscle tissue was analyzed for carp. Plasma
from snapping turtles collected from Macomb County, along Lake
St. Clair, in June 1999, was analyzed. All of the turtles were adults. A
large mass of eggs was found in all female turtles. Livers from adult
green frogs collected in 1998 from the vicinity of Calkins Dam on the
Kalamazoo River in southwestern Michigan were analyzed. Livers
were analyzed from mink collected by trappers from the Kalamazoo
River watershed in 2000-2001.

Carcasses of bald eagles that were found dead in the Upper Pen-
insula of Michigan in 2000 were collected by or submitted to Rose
Lake Wildlife Research Center, Lansing, Michigan. The carcasses
were transported to the wildlife research center and, upon receipt, they
were necropsied and the cause of death was determined. Samples of
liver, muscle, fat, kidney, and gallbladder (from nondecomposed
carcasses) were wrapped in solvent-cleaned aluminum foil and stored
at —20°C until analysis. The gallbladder was filled with bile when
collected.

Chemical Analysis

Tissue samples of fish, mussel, amphipods, and algae were analyzed by
a solid-phase extraction (SPE) method. Approximately 1 g of sample
was cut into small pieces, and 5 mL of Milli-Q water was added.
Samples were then ground using an Ultra-Turrax tissue homogenizer.
To 1 mL of the extract taken in a polypropylene tube, 5 mL of ace-
tonitrile was added; the tube was shaken for 20 min. The homogenate
was then centrifuged at 2000 rpm for 10 min. The supernatant (ace-
tonitrile layer) was decanted into a polypropylene tube containing 40
mL of Milli-Q water. PFOS, PFOSA, PFOA, and PFHS were extracted
from the samples using C18 SPE extraction cartridges (1 g, Sep-Pak
6 cc tri-functional C;g; Waters, Milford, MA). Sample flow rate was
maintained at 5-7 mL/min. SPE cartridges were conditioned by
washing twice with approximately 5 mL of methanol, followed by
approximately two 5-mL aliquots of water; care was taken not to allow
the column to run to dryness after each wash. After conditioning,
samples were passed through the cartridge, which was then allowed to
dry. Cartridges were then eluted with 0.5 mL methanol.

Bald eagle liver, kidney, muscle, testes, ovaries, and gallbladder
were analyzed using an ion-pair extraction method described else-
where (Hansen ef al. 2001; Kannan et al. 2001a). Similarly, livers and
eggs of Chinook salmon and lake whitefish, muscle tissue of carp,
eggs of brown trout, livers of frog and mink, and plasma of snapping
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Table 1. Concentrations of PFOS, PFOSA, PFOA, and PFHS in water (ng/L) and benthic organisms (ng/g, wet weight) of a Great Lakes food

chain
Location Species/specimen PFOS PFOSA PFOA PFHS Remarks (size, date)
Raisin River Water (ng/L) 3.5 <10 14.7 <1 Near Monroe, Mar 2001
Benthic algae 2.4 <1 <0.2 <2 Near Ford Plant, Sept 99
Amphipods 29 <2 <5 <1 Near Ford Plant, Sept 99
Zebra mussel 3.1 2.7 <5 <1 8-20 mm, Oct 98
<2 3.8 <5 <1 10-19 mm, Aug 99
Crayfish 43 1.6 <0.2 <2 Sep 99, 61-66 mm
Round gobies 11.2 1.6 <0.2 <2 Near Edison, 70-96 mm, Sept 99
7.2 2.1 <2 <1 77-87 mm, Oct 98
6.6 1.8 <0.2 <2 Port of Monroe, 95-109 mm, Oct 98
Smallmouth bass 41.3 2.7 <2 <1 56-98 mm, Sept 98
2.0 1.2 <2 <1 69-146 mm, Sept 99
3.6 1.4 <2 <1 174-210 mm, Sept 98
5.8 1.8 <2 <1 250-257 mm, Sept 99
7.6 2.4 <2 <1 256-314 mm, Sept 98
19.8 4.1 <2 <1 343-406 mm, Sept 98
8.6 1.2 <2 <1 349-357 mm, Sept 99
17.8 <1 <2 <1 414-416 mm, Sept 99
St. Clair River ~ Water (ng/L) (n = 3) 2.6 (1.9-3.9) <10 4.4 (4.0-5.0) <1 Apr 2001
Benthic algae 2.6 <1 <0.2 <2 Marine City, July 99
Amphipods <2 <2 <5 <1 Marine City, Sept 99
Zebra mussel <2 <2 <5 <1 Marine City, 12-24 mm, Nov 98
Crayfish 24 1.4 <0.2 <2 Marine City, 40-75 mm, Sept 99
Round gobies 19.1 3.4 <0.2 <2 Marine City, 77-82 mm, July 99
7.7 1 <0.2 <2 Belle River, 77-83 mm, Sept 98
9.6 1.8 <0.2 <2 Marine City, 82-102 mm, July 99
14.9 1.8 <0.2 <2 Belle River, 88-102 mm, Sept 98
8.9 1.9 <0.2 <2 Belle River, 112-120 mm, Sept 98
21.5 5.2 <0.2 <2 St.Clair River, 122-140 mm, Sept 99
8.7 <1 <0.2 <2 Marine City, 128-133 mm, July 99
7.7 1.1 <0.2 <2 Belle River, 159 mm, Sept 98
Smallmouth bass <2 6.3 <2 <1 174-203 mm, Aug 99
2.7 1.1 <2 <1 312-368 mm, Oct 98
Calumet River
Benthic algae 3.1 <1 <0.2 <2 Calumet Harbor, July 99
Amphipods <2 <2 <5 <1 Calumet Harbor, July 99
Zebra mussel <2 <2 <5 <1 5-23 mm, Sept 98
<2 <2 <5 <1 8-21 mm, Sept 98
<2 <2 <5 <1 10-21 mm, July 99
Crayfish 3.7 <1 <0.2 <2 Calumet Harbor, 81-100 mm, July 99
Round gobies 4.1 <1 <0.2 <2 Calumet Harbor, 77-92 mm, July 99
Smallmouth bass 5.1 <1 <0.2 <2 Calumet park, 256-314 mm, May 98
7.6 <1 <2 <1 Calumet Harbor, 335-355 mm, Aug 99
2.5 <1 <2 <1 380-390 mm, May 98
2.6 <1 <2 <1 415-425 mm, May 98

PFOS = perfluorooctanesulfonate; PFOSA = perfluorooctane sulfonamide;

PFOA = perfluorooctanoate; PFHS = perfluorohexanesulfonate.

turtles were analyzed by the ion-pair extraction method. Briefly, ho-
mogenates of the tissue matrices were prepared in 5 mL of water. One
milliliter of 0.5 M tetrabutylammonium hydrogen sulfate solution and
2 mL of sodium carbonate buffer (0.25 M, pH 10) were added to 1 mL
of plasma or tissue homogenate in a polypropylene tube, and the tube
was thoroughly mixed for extraction. Five milliliters of methyl-zert-
butyl ether (MTBE) was added to the above mixture and shaken for
20 min. After centrifugation, the MTBE layer was transferred into
another polypropylene tube. The solvent was evaporated under
nitrogen and replaced with 1 mL of methanol. This extract was passed
through a nylon mesh filter (0.2 pm) into an HPLC vial.

Water samples were analyzed following the SPE method described
elsewhere (Yamashita er al. 2004). Water samples were allowed to
settle, and particulate matter was kept to a minimum for extraction.

Briefly, a sample aliquot of water (100 mL) was passed through the
preconditioned Oasis® HLB (60 mg, 3 cc) cartridges (Waters Cor-
poration, Milford, MA) at a rate of 1 drop/sec. The cartridges were not
allowed to dry out prior to passing water samples. The cartridges were
then washed with 1 mL of 40% methanol in water, which was dis-
carded. The target analytes were eluted with 5 mL of methanol, and
were collected in a polypropylene tube. The solvent was evaporated
under a gentle stream of pure nitrogen to 1 mL for HPLC-MS/MS
analysis. Particles that appeared in the final solution of a few of the
water samples were removed by filtration using a nylon syringe filter.

Quantitative analyses were performed by monitoring a single
product ion selected from a primary ion characteristic of a particular
fluorochemical using HPLC-ES/MS/MS. For example, molecular ion
m/z = 499, selected as the primary ion for PFOS (CgF;7SO5") anal-
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ysis, was fragmented further to produce ion m/z = 99 (FSO;3™). The
characteristic product ion (m/z = 99) was monitored for quantitative
analysis. Quantitation of the target analytes was based on quadratic
regression fit analysis weighted 1/x of a single unextracted curve for
each group of tissue samples. High or low points on the curve were
deactivated, if necessary, to provide a better linear fit over the curve
range most appropriate to samples. Low points on the curve with peak
areas less than that of the average response from the procedural blanks
were deactivated, to disqualify a data range that may have been sig-
nificantly affected by background levels of the analyte. Quantitation
of each analyte was based on the response of one specific product ion
using the multiple reaction-monitoring (MRM) mode of the instru-
ment. Unextracted calibration standards were prepared at approxi-
mately 0.10 ng/mL-750 ng/mL for analysis. The coefficient of
determination (rz) of each standard curve was >0.99.

Specificity for analyte identification was demonstrated by chro-
matographic retention time and mass spectral daughter ion charac-
terization. Additional confirmatory tests were performed for PFOS. In
the electrospray tandem mass spectrometry (ES/MS/MS) system, the
499 Da —> 80 Da transition can provide a stronger signal than the
499 Da —> 99 Da transition of the PFOS analysis. However, in the
analysis of tissue samples collected from some species, an unidenti-
fied interferent may be present in the 499 Da —> 80 Da transition.
Although this interferent is rarely observed, quantitation was based on
the 499 Da —> 99 Da transition to ensure complete selectivity. To
confirm the identity of PFOS in samples containing >70 ng/g (>10 ng/
mL), at least two transitions were monitored and were required to
show quantitative agreement to within £30%. Typically, 499 > 99 and
499 > 80 transitions were monitored. On the occasions when these two
transitions differed by more than 30%, the sample was reanalyzed by
monitoring for the 499 > 80, 499 > 99, and 499 > 130 transitions. If
the 499 > 130 and 499 > 99 transitions showed quantitative agreement
to within +30%, the PFOS concentration was considered confirmed.

A well-characterized matrix of rabbit liver was used as surrogate
tissue for matrix blanks. All water blank peak areas were less than or
equal to half the peak area of the limit of quantitation (LOQ) for the
compounds of interest. The LOQ is equal to the lowest acceptable
standard in the calibration curve (defined as a standard within +30%
of the theoretical value), and has a peak area two times greater than
the analyte peak area detected in the average of the water blanks.
Because low levels of the target analytes are ubiquitous in the labo-
ratory, it is imperative that these criteria for LOQ determination be
observed. The LOQs for perfluorinated compounds in biological
matrices analyzed using the SPE method ranged from 1 to 10 ng/g,
wet wt. The LOQs for the samples analyzed using the ion-pair
extraction method ranged from 7.5 to 75 ng/g, wet wt. Fluoropolymer-
containing vial caps and sample containers were avoided.

Several matrix spikes were prepared for tissue samples. These
tissues were spiked with target compounds at levels of 1, 1.4, 3, 4, 10,
and 14 ng/g for amphipod, zebra mussel, benthic algae, crayfish,
round gobies, and smallmouth bass muscle, respectively, and were
passed through the whole analytical procedure. Mink livers were
spiked at 600 ng/g level. Recoveries of PFOS ranged from 67% in
benthic algae to 136% in bass muscle. Recoveries of PFHS varied
from 65% to 140%. Recoveries of PFOSA and PFOA were less than
50% in most cases and varied widely. Therefore, the reported values
for PFOSA and PFOA are considered semiquantitative. The reported
concentrations were not corrected for recoveries. The measurement of
accuracy available at this time, matrix spike studies, indicates that the
data for water, benthic algae, amphipods, zebra mussel, crayfish,
round gobies, and smallmouth bass are within +50% for PFOS and
PFHS. PFOS data for Chinook salmon, lake whitefish, brown trout,
carp, snapping turtle, frog, mink, and bald eagle tissues should be
considered accurate within +30%. Because of the variations in
recoveries and accuracy of PFOS analysis, a biomagnification factor
(BMF) of 2 or less should be considered insignificant.

K. Kannan et al.

Results and Discussion

PFOS was the most commonly detected fluoroorganic com-
pound in various organisms of the Great Lakes food chain
examined (Table 1). PFOS and PFOA were found in water
samples from all of the locations, at mean concentrations of
2.6-17 and 4.4-22 ng/L, respectively. Concentrations of PFOS
in water samples were within the range of <0.8-30 ng/L, re-
ported for several Michigan surface waters (Sinclair er al.
2004). Concentrations of PFOA were slightly higher than those
of PFOS in water samples. The measured concentrations of
PFOS and PFOA were similar to those reported for inland and
coastal waters of Japan (Taniyasu et al. 2003; Saito et al.
2003), but severalfold lower than those reported for areas
impacted by local sources of contamination (Schultz er al.
2004; Hansen et al. 2002; Moody et al. 2002).

Concentrations of PFOS in lower trophic-level organisms in
the food chain are on the order of a few nanograms per gram
(ppb). This is approximately three orders of magnitude greater
than the concentrations found in surface waters. For example,
the concentration of PFOS in a water sample from the Raisin
River was 3.5 ng/L, whereas that in benthic algae, amphipods,
and zebra mussels was in the range of 2.4-3.1 ng/g, wet
weight. This suggests a bioconcentration factor (BCF) of
PFOS of approximately 1000. Based on the water concentra-
tion of 3.5 ng/L and a whole-body PFOS concentration in
round gobies of 8.3 ng/g, wet weight, a BCF of 2400 was
calculated. This value is within the range reported for lake
trout exposed to PFOS under laboratory conditions (Martin
et al. 2003). BCFs of PFOS were reported to be 1100 in car-
cass and 5400 in liver of rainbow trout exposed under labo-
ratory conditions (Martin et al. 2003). Despite the occurrence
of PFOA in water samples, this compound was not found in
the tissues of any of the benthic organisms analyzed at a LOQ
of 0.2-2 ng/g. This may be due to a low bioconcentration
potential of PFOA. The BCF reported for PFOA in rainbow
trout exposed under laboratory conditions ranged between
4 and 27, this range is 1000-fold lower than that reported for
PFOS (Martin et al. 2003).

In general, concentrations of perfluorinated compounds
were low in lower trophic-level organisms such as amphipods
and zebra mussels (e.g., <2—4.3 ng/g, wet weight) and rela-
tively higher in round gobies and smallmouth bass (e.g.,
2-41.3 ng/g, wet weight). Mean concentrations of PFOS in
round gobies and smallmouth bass from the Raisin River were
8.3 and 13.3 ng/g, wet weight, respectively. The concentra-
tions of PFOS in round gobies and smallmouth bass were two-
to fourfold higher than those found in benthic algae and
crayfish, suggesting a BMF of two to four between algae/
crayfish and round gobies. However, no marked variation was
noted for the concentrations of PFOS among the three benthic
organisms analyzed; algae, amphipods, and zebra mussels.
Similarly, concentrations of PFOS were not significantly dif-
ferent among the three locations investigated. No size-related
differences in the concentrations of PFOS in round gobies or
smallmouth bass could be discerned. The mean concentration
of PFOS in round gobies from the St. Clair River was 12.3 ng/
g, wet weight, which was greater than the concentrations found
in smallmouth bass collected from the same location. Simi-
larly, concentrations of PFOS in round gobies and in small-
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Table 2. Concentrations of PFOS, PFOSA, PFOA, and PFHS (ng/g, wet wt) in fish from Michigan waters, USA

Species Tissue Location PFOS PFOSA PFOA PFHS
Chinook salmon (n = 6) Liver Webber Dam, Grand River 100 (32-173) <19 <72 <17
Lake whitefish (n = 5) Liver Thunder Bay, Lake Huron 67 (33-81) <19 <72 <17
Lake whitefish (n = 2) Eggs Thunder Bay, Lake Huron 263 (145-381) <19 <36 <34
Brown trout (n = 3) Eggs Marquette, Lake Superior 64 (49-75) <19 <18 <34
Carp (n = 10) Muscle Saginaw Bay 124 (59-297) <19 <36 <34

Notes: Values below LOQ are denoted by ‘<’; Values below the detection limit were not included in the estimation of mean (in parentheses).

For abbreviation, see Table 1.

Table 3. Concentrations of PFOS, PFOSA, PFOA, and PFHS (ng/g, wet wt) in livers of mink and green frog collected from Kalamazoo, and in

plasma (ng/mL) of snapping turtles from Macomb County, Michigan

Sample PFOS PFOSA PFOA PFHS Remarks (sex, location, age, weight)

Mink (n = 7) 18000 (1280-59,500) 103 (<2-181) <2-3.33* 21 (7.5-40) Male, Kalamazoo River watershed,
age 0.5-3 yrs, 0.7-1.1 kg

Mink (n = 1) 41 <2 12.2 6.3 Female, Kalamazoo River watershed

Green frog (n = 2) 168 (50-285) <19 <72 <6 Adult, Calkin’s dam

Green frog (n = 2) <35 <19 <72 <6 Adult, 118th pond and Swan Creek

Snapping turtle (n = 2) 137 (105-169) <1-15.5% <2.5 <1 Adult male, 8.9-9.2 kg

Snapping turtle (n = 3) 6.13 (<1-8.8) <1 <2.5 <1 Adult female, 3.2-5.8 kg

Note: Values below the detection limit were not included in the means (in parentheses).

# Only one detectable observation.
For abbreviation, see Table 1.

mouth bass were similar (4.1 and 4.5 ng/g, wet weight,
respectively) in samples collected from the Calumet River.
The apparent lack of biomagnification of PFOS from round
goby to smallmouth bass could be due to the fact that the
whole body was analyzed for round gobies, whereas only
muscle tissue was analyzed for smallmouth bass. Therefore,
the comparison of PFOS concentrations between these two
species is not direct. Because PFOS binds to proteins (rather
than lipids) and accumulates in liver and blood, a whole-body
analysis would be needed to estimate biomagnification po-
tential in higher trophic-level organisms. However, analysis of
whole body would be a daunting task for large animals such as
salmonid fishes, mink, and predatory birds.

Because perfluorinated compounds preferentially accumu-
late in livers, this tissue was analyzed from Chinook salmon
and lake whitefish collected from Michigan waters. The con-
centrations of PFOS in livers of these predatory fish were
compared with those of prey species such as zebra mussels,
round gobies, and amphipods (Table 2). Livers of Chinook
salmon collected from the Grand River contained an average
PFOS concentration of 100 ng/g, wet weight, a level approx-
imately 10- to 20-fold greater than that found for round gobies.
The mean concentration of PFOS in livers of lake whitefish
(67 ng/g, wet weight) collected from Thunder Bay, Lake
Huron was 6- to 8-fold greater than that found for round go-
bies, and 10- to 20-fold greater than those found in zebra
mussels and amphipods. The diet of lake whitefish includes
zebra mussels and insect larvae, whereas the diet of Chinook
salmon includes small fishes such as minnows, alewife, and
smelt (Rybicki and Clapp 1996). Carp from Saginaw Bay
contained concentrations of PFOS as great as 297 ng/g, wet
weight, in muscle tissue (Table 2). Carp feed primarily on
zebra mussels and trout eggs (Marsden 1997). Also, relatively

high concentrations of PFOS were found in the eggs of fish
(Table 2). Concentrations in eggs were higher than those
found in the livers of lake whitefish. This suggests preferential
binding of PFOS to egg albumin, and transfer of this com-
pound to the eggs. Thus, in oviparous organisms, females may
excrete considerable burdens of perfluorinated compounds via
egg laying. Early life stages of organisms are vulnerable to the
effects of chemical exposures. Occurrence of great concen-
trations of PFOS in eggs suggests exposure of the young
developing from these eggs. Great concentrations of PFOS
have been reported to occur in the eggs of fish-eating water
birds (Giesy and Kannan 2001; Rattner et al. 2004).

It is also worth that PFOSA was found in several lower
trophic-level organisms including zebra mussel and round
gobies. However, PFOSA was not found in the livers of higher
trophic-level fish such as Chinook salmon. PFOSA is an
intermediate metabolite during the transformation of precursor
molecules such as n-ethyl perfluorooctanesulfonamidoethanol
or n-methyl perfluorooctanesulfonamidoethanol, which are
used as surfactants in a variety of products. Transformation of
n-ethyl perfluorooctanesulfonamide to PFOS and PFOSA by
rainbow trout microsomes has been reported (Tomy et al.
2004).

High concentrations of PFOS were found in the livers of
mink collected from the Kalamazoo River watershed
(Table 3). A concentration of 59,500 ng/g, wet weight, was
found in the liver of an adult male mink. This is the highest
concentration reported for PFOS in any aquatic organism
studied thus far. Concentrations of PFOS in mink from the
Kalamazoo River watershed were 10 to 20 times greater than
those in the livers of mink from Illinois and Massachusetts,
USA (Kannan et al. 2002¢). The mean concentration of PFOS
in liver from male mink was 18,000 ng/g, wet weight. This
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Table 4. Concentrations of PFOS, PFOSA, PFOA, and PFHS (ng/g, wet wt) in various tissues of bald eagles collected from Upper Peninsula of

Michigan in 2000, USA

Eagle no. Tissue PFOS PFOSA PFOA PFHS Remarks (sex, location, cause of death)
Bald eagle 1 (373) Liver 1740 <75 <19 <19 Adult male, Cecil Bay, died of bacterial infection
Kidney 1480 <75 <38 <19
Gall bladder 1490 <75 <38 <19
Muscle 96.2 <75 <38 <19
Bald eagle 2 (374) Liver 394 <75 <19 <19 Adult male, Ironwood, died of trauma
Testes 183 <75 <38 <19
Bald eagle 3 (377) Muscle 79.3 <75 <38 <19 Juvenile female, Mackinac, peritonitis
Kidney 446 <75 <38 <19
Bald eagle 4 (378) Muscle <75 <75 <38 <19 Juvenile female, Menominee County, trauma
Liver 75.4 <75 <19 <19
Kidney 74.6 <75 <38 <19
Ovary 68.0 <75 <38 <19
Bald eagle 5 (379) Muscle 13.9 <75 <38 <19 Adult female, Paint River, trauma
Liver 79.1 <75 <19 <19
Bald eagle 6 (381) Muscle <715 <75 <38 <19 Adult male, Fence River, trauma
Liver 26.5 <38 <38 <38
Kidney 35 <75 <38 <19
Bald eagle 7 (382) Muscle <7.5 <75 <38 <19 Juvenile female, Kallio, trauma
Liver 47.2 <38 <19 <38

For abbreviation, see Table 1.

value is 100 times greater than those measured in fish or other
aquatic benthic organisms analyzed. Prey items of mink in-
clude small mammals such as shrews, muskrats, fish (such as
crayfish, carp, smallmouth bass), and turtles. PFOSA, PFOA,
and PFHS were also found in the livers of mink. However,
concentrations of these compounds were two to three orders of
magnitude less than the concentrations of PFOS. Water sam-
ples collected from several locations in the Kalamazoo River
also contained PFOS concentrations 5- to 10-fold greater than
those from the Raisin and St. Clair Rivers in Michigan (Sin-
clair et al. 2004). Concentrations of PFOS in livers of mink
were 1 x 10° fold greater than the concentrations measured
from water from the Kalazamoo River (17 ng/L, Sinclair et al.
2004). A PFOS concentration as high as 285 ng/g, wet weight,
was found in the livers of frogs collected from the Kalamazoo
River. The occurrence of high concentrations of PFOS in mink
from the Kalamazoo River suggests the presence of local
sources of this compound.

Blood plasma of snapping turtles collected from Macomb
County near Lake St. Clair contained considerable concen-
trations of PFOS (Table 3). PFOS concentrations ranging from
105 to 169 ng/mL (mean: 137 ng/mL) in males and from <1 to
8.8 ng/mL (mean: 6.13 ng/mL) in females were found. This
considerable gender difference in the concentrations of PFOS
in snapping turtles suggests oviparous transfer of PFOS via
egg laying, similar to that observed for fish. As mentioned
earlier, all of the female turtles collected in the study were
adults, and necropsy revealed the presence of large mass of
eggs.

PFOS was also found in the tissues of bald eagles collected
from the Upper Peninsula of Michigan (Table 4). Occurrence
of PFOS in ovaries, testes, kidneys, and muscle suggests per-
fusion of this compound in various body tissues. Earlier
studies reported the occurrence of PFOS in brain tissues of
laboratory-exposed rats (Austin et al. 2003). In bald eagles,
liver contained the greatest concentration of PFOS, although

concentrations in kidneys were almost as high as those found
in the livers. The highest concentration of PFOS, 1740 ng/g,
wet weight, in the liver of an adult male bald eagle was
approximately 10- to 20-fold greater than those found in the
livers of Chinook salmon or muscle of carp analyzed in this
study. The mean concentration of PFOS in the livers of bald
eagles was 400 ng/g, wet weight, which is four- to fivefold
greater than the concentrations found in several higher trophic-
level fish analyzed in this study. In addition to livers, blood
plasma from nestling bald eagles also contained great con-
centrations of PFOS (Kannan et al. 2001a). A PFOS concen-
tration as high as 2220 ng/mL has been reported in the plasma
of bald eagles from Wisconsin, USA (Kannan et al. 2001a). A
sample of gallbladder of an adult male bald eagle also con-
tained a PFOS concentration similar to that found in the liver.
PFOS has been reported to accumulate in gallbladder, simi-
larly to bile salts, and to undergo enterohepatic circulation
(Johnson et al. 1984), due to its structural similarity to bile
acids containing both lipophilic and hydrophilic regions.

Assuming that PFOS concentrations measured in gallblad-
der reflect the concentrations in bile, biliary excretion of PFOS
can be estimated. The biliary excretion rate can be calculated
as:

Biliary excretion rate (% per day) = [Amount in bile(pg)
+ Amount in body(pg)]
x100

For this estimation, data for muscle, liver, and gallbladder
from a single individual were used (no. 373; Table 4). The
excretion rate was calculated on the basis of the amount
(burden) of PFOS in liver, kidney, muscle, and blood, and the
amount (burden) in bile/gallbladder. The body weight of the
eagle was 3.5 kg. It was assumed that liver, kidney, and blood
account for 4% each of the total body mass and that muscle
tissue accounts for 30% of the body mass. The PFOS con-
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centration in blood was assumed to be similar to that in the
liver. Daily bile excretion was assumed to be 10 g. Based on
the concentrations of PFOS found in liver, kidney, blood, and
muscle, the total body burden of PFOS in this eagle was
estimated to be 800 pg. The burden of PFOS in bile was 14.9
pg. Based on these figures, the excretion rate of PFOS was
estimated to be 1.9% per day, which is approximately two to
three orders of magnitude greater than the rates estimated for
persistent organochlorine pollutants such as PCBs and DDT
(Senthilkumar ez al. 2002). This result may suggest that PFOS
is excreted relatively rapidly from the body. However, unlike
persistent organochlorine pollutants, binding of perfluorinated
compounds to proteins and retention by enterohepatic circu-
lation are the major factors that determine accumulation and
retention in biota.

In summary, these results suggest the occurrence of PFOS in
lower trophic-level benthic invertebrates of a Great Lakes food
chain. Concentrations of PFOS in benthic invertebrates and
also in round gobies were 1000-fold greater than those in sur-
rounding water. PFOS tends to biomagnify in higher trophic-
level fish such as salmonids. A BMF of 10-20 was determined
between round gobies and Chinook salmon liver. Concentra-
tions of PFOS were the greatest in mink and bald eagles. A
BMF of 5-10 was observed between salmon liver and eagle/
mink livers. Based on the fact that higher trophic-level organ-
isms have greater capacity to metabolize environmental con-
taminants than do lower trophic-level organisms, precursor
compounds (e.g., n-ethyl/n-methyl perfluorooctanesulfonami-
doethanol) of PFOS that are present in lower trophic-level
organisms as unmetabolized or partially metabolized molecules
serve as a contributory source of PFOS for higher trophic-level
organisms. This may be a source of error in the estimation of
BMF in this study. Further studies are needed to evaluate the
occurrence and metabolism of precursor compounds of PFOS
and other related fluorinated compounds in aquatic organisms.
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