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In Canada, perfluoroalkyl acids (PFAAs) have been the focus of several monitoring programs and research and sur-
veillance studies. Here, we integrate recent data and perform amulti-media assessment to examine the current sta-
tus and ongoing trends of PFAAs in Canada. Concentrations of perfluorooctane sulfonate (PFOS), perfluorooctanoate
(PFOA), and other long-chain perfluorocarboxylates (PFCAs) in air, water, sediment, fish, and birds across Canada
are generally related to urbanization, with elevated concentrations observed around cities, especially in southern
Ontario. PFOS levels in water, fish tissue, and bird eggs were below their respective Draft Federal Environmental
Quality Guidelines, suggesting there is low potential for adverse effects to the environment/organisms examined.
However, PFOS in fish and bird eggs tended to exceed guidelines for the protection of mammalian and avian con-
sumers, suggesting a potential risk to their wildlife predators, although wildlife population health assessments
are needed to determine whether negative impacts are actually occurring. Long-term temporal trends of PFOS in
suspended sediment, sediment cores, Lake Trout (Salvelinus namaycush), and Herring Gull (Larus argentatus) eggs
collected from Lake Ontario increased consistently from the start of data collection until the 1990s. However,
after this time, the trends varied by media, with concentrations stabilizing in Lake Trout and Herring Gull eggs,
and decreasing and increasing in suspended sediment and the sediment cores, respectively. For PFCAs, concentra-
tions in suspended sediment, sediment cores, and Herring Gulls generally increased from the start of data collection
until present and concentrations in Lake Trout increased until the late 1990s and subsequently stabilized. A multi-
media comparison of PFAA profiles provided evidence that unexpected patterns in biota of some of the lakes were
due to unique source patterns rather than internal lake processes. High concentrations of PFAAs in the leachate and
air of landfill sites, in the wastewater influent/effluent, biosolids, and air at wastewater treatment plants, and in in-
door air and dust highlight the waste sector and current-use products (used primarily indoors) as ongoing sources
of PFAAs to the Canadian environment. The results of this study demonstrate the utility of integrating data fromdif-
ferent media. Simultaneous evaluation of spatial and temporal trends in multiple media allows inferences that
would be impossiblewith data on only onemedium. As such,more co-ordination amongmonitoring sites for dif-
ferent media is suggested for future sampling, especially at the northern sites. We emphasize the importance of
continued monitoring of multiple-media for determining future responses of environmental PFAA concentra-
tions to voluntary and regulatory actions.
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1. Introduction

Perfluoroalkyl acids (PFAAs) are recognized as chemicals of envi-
ronmental concern due to their ubiquitous presence in the environ-
ment both near and far from emission sources (Buck et al., 2011;
Butt et al., 2010; Giesy and Kannan, 2001). PFAAs are highly persistent
(Vecitis et al., 2010) and some are bioaccumulative (Conder et al.,
2008; Houde et al., 2011). The toxicological profiles of individual
PFAAs vary considerably and those for perfluorooctane sulfonate
(PFOS) and perfluorooctanoate (PFOA) are the best developed (Beach
et al., 2006; Lau et al., 2007; Letcher et al., 2010; Lindstrom et al.,
2011b). PFAAs belong to a larger group that includes both perfluoroalkyl
and polyfluoroalkyl substances (Buck et al., 2011). Since the late 1940s,
perfluoroalkyl and polyfluoroalkyl substances, and surfactants and poly-
mers made with the aid of these substances, have had numerous indus-
trial and commercial applications. For example, they are used as stain
and soil repellents for textiles, surfactants in fluoropolymer manufac-
ture, in food-contact paper, in aqueous film forming foam for fighting
fuel fires, and in personal care products such as cosmetics (Buck et al.,
2011; De Silva et al., 2012). Themost commonlymonitored and regulat-
ed PFAAs are “long-chain” perfluoroalkyl sulfonates (PFSAs), which con-
tain six or more carbon atoms (i.e., with six or more perfluorinated
carbons) and perfluorocarboxylates (PFCAs), which contain eight or
more carbon atoms (i.e., with seven or more perfluorinated carbons)
(Buck et al., 2011). Of the “long-chain” PFSAs and PFCAs, PFOS and
PFOA have received the greatest attention.

The first known action taken to reduce the emission of PFSAs oc-
curred between 2000 and 2002. Upon discovery that PFOS was widely
distributed in the environment, the primary global manufacturer of
perfluorooctane sulfonyl fluoride (PFOSF, used to make PFOS and its
precursors), voluntarily phased-out PFOSF and PFOS production (3M
Company, 2012). In Canada, regulations published in 2008 prohibit
the manufacture, use, sale, and import of PFOS, its salts, and its pre-
cursors with some exemptions (Government of Canada, 2008). In
2006, eight major manufacturers entered into a voluntary agreement
with the United States Environmental Protection Agency (USEPA)
to reduce emissions of PFOA, long-chain PFCAs, and their known
precursors in products by 95% by 2010 and to work toward their elim-
ination by 2015 (http://www.epa.gov/oppt/pfoa/pubs/stewardship/
index.html). A similar agreementwas reached in Canada between Envi-
ronment Canada/Health Canada and four major manufacturers (http://
ec.gc.ca/epe-epa/default.asp?lang=En&n=81AE80CE-1) to reduce re-
sidual PFOA, long-chain PFCAs, and precursors in products. In 2009,
PFOS and related compounds were included in Annex B of the Stock-
holm Convention on Persistent Organic Pollutants (http://chm.pops.
int/Convention/POPsReviewCommittee/Reviewedchemicals/tabid/781/
Default.aspx), which restrictsmanufacturing anduse to specific applica-
tions (Buck et al., 2011; Lindstrom et al., 2011b). In addition, regulatory
and voluntary actions exist for these chemicals in countries throughout
theworld (Buck et al., 2011; Lindstrom et al., 2011b; Vierke et al., 2012).
However, PFOSF-based production continues in China (Xie et al., 2013;
Zhang et al., 2012), and use exemptions exist in several countries
(Carloni, 2009; Environment Canada, 2009).

Monitoring and surveillance activities are essential for tracking envi-
ronmental and health risks of contaminants of concern and for identify-
ing knowledge gaps to be filled by research. Both Environment Canada
(under the Chemicals Management Plan, CMP) and the Ontario Minis-
try of the Environment (OMOE) monitor PFAAs in a variety of environ-
mental media, such as air, freshwater, sediment (surficial, suspended,
and cores), fish, and birds across Canada and Ontario, respectively.
Potential sources are also evaluated under certain monitoring and
surveillance programs. For example, PFAAs have been monitored in
indoor air, dust, and clothes dryer lint in order to examine the impor-
tance of commercial products in the indoor environment as a source
of PFAAs to humans and wildlife. Recognizing that PFAAs are found in
products that are ultimately disposed of in waste and wastewater
systems, monitoring at landfills and wastewater treatment systems is
also conducted.

Integrated multimedia sampling can provide important informa-
tion that would be difficult to determine through an evaluation of
each media separately as mechanisms affecting the transport and
fate of PFAAs differ for each media. Abiotic media such as air, sedi-
ment, water, wastewater, and landfill leachate can provide details on
loadings and sources of PFAAs to the environment whereas biota can
generate information on the extent that PFAAs are available to be
taken up and accumulated in animals.

The goal of this study is an integrated multi-media assessment of
PFAAs using recent and long-term trend data generated by Environ-
ment Canada and the OMOE in order to examine and better understand
the status and sources of PFAAs across Canada. The results for each
media have also been or will be published independently in separate
papers e.g., (Ahrens et al., 2011c; De Silva et al., 2010, 2011; Gebbink
et al., 2011b; Genualdi et al., 2010; Myers et al., 2012; Shoeib et al.,
2011). Here we combine these data to provide an integrated account
of PFAAs in Canada.

2. Methods

2.1. Sample collection

2.1.1. Sample collection for spatial and temporal trends
Air (passive and high volume samplers), water, sediment, fish (focus

on top predators), and eggs of European Starlings (Stumus vulgaris) and
Gulls (focus on Herring Gull (Larus argentatus) or congeneric species)
were collected at locations across Canada between 2006 and 2011
(Table S-1). The sampling locations were selected to be representative
of drainage basins across Canada and to include locations of long-term
monitoring and research sites so that baseline and ancillary information
would be available as much as possible. Some sites were specifically
chosen because of their relation to prospective contamination sources,
while otherswere selected as reference areas representative of ambient
loadings. For temporal trends assessment, air, sediment, suspended
sediment, fish, Herring Gull eggs, and water were evaluated (Table
S-2). Sample collection methods for spatial and temporal trends have
been described previously (Ahrens et al., 2011a, 2011c; Conestoga
Rovers and Associates, 2011; De Silva et al., 2011; Furdui et al., 2008b;
Gebbink et al., 2011b; Genualdi et al., 2010; Gewurtz et al., 2012;
Helm et al., 2011; Myers et al., 2012) and are briefly summarized in
the Appendix.

2.1.2. Sample collection for monitoring of the indoor environment
Between 2007 and 2008, the homes of 152 women were evaluated

as part of the Vancouver-based Chemicals, Health and Pregnancy
Study (CHirP) (De Silva et al., 2012; Shoeib et al., 2011). Dust was col-
lected from all 152 homes, indoor and outdoor air were collected
using SIP disk air samplers from a subset of 59 and six homes, respec-
tively, and lint from dryer machines were collected from 63 homes.

2.1.3. Sample collection for wastewater and landfill leachate monitoring
Wastewater was sampled from 20 wastewater treatment plants

(WWTPs) (Guerra et al., In Prep.) and landfill leachate were collected
from ten Canadian municipal solid waste landfill sites between 2009
and 2010 (Conestoga Rovers and Associates, 2011). In addition, the air
at twoOntario landfill sites and oneWWTP (secondary activated sludge
treatment) were monitored for PFAAs and volatile fluorinated precur-
sor compounds using passive air samplers between June and September
2009 (Ahrens et al., 2011c). Additional air sampling at a different sec-
ondary activated sludge WWTP was undertaken in 2010 using both
passive air samplers and high volume air samplers (Vierke et al.,
2011). Further details on the waste sector monitoring programs are
provided in the Appendix.

http://www.epa.gov/oppt/pfoa/pubs/stewardship/index.html
http://www.epa.gov/oppt/pfoa/pubs/stewardship/index.html
http://ec.gc.ca/epe-epa/default.asp?lang=En&n=81AE80CE-1
http://ec.gc.ca/epe-epa/default.asp?lang=En&n=81AE80CE-1
http://chm.pops.int/Convention/POPsReviewCommittee/Reviewedchemicals/tabid/781/Default.aspx
http://chm.pops.int/Convention/POPsReviewCommittee/Reviewedchemicals/tabid/781/Default.aspx
http://chm.pops.int/Convention/POPsReviewCommittee/Reviewedchemicals/tabid/781/Default.aspx
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Fig. 1. PFOS concentrations (geomean for replicate measurements) in air, sediment, and
water across Canada. For air, PFOS concentrations are either for passive or high volume
samplers (denoted as HV). The green circles represent sites where PFOS concentrations
were not detected.
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2.2. Summary of analytical methods

Analytical methods for each media have been previously reported
(Ahrens et al., 2011a, 2011c; Conestoga Rovers and Associates, 2011;
De Silva et al., 2010, 2011, 2012; Furdui et al., 2008b; Gebbink and
Letcher, 2012; Gebbink et al., 2009, 2011a, 2011b; Genualdi et al.,
2010; Gewurtz et al., 2012; Helm et al., 2011; Myers et al., 2012;
Shoeib et al., 2011; Vierke et al., 2011) and are summarized in the
Appendix.

2.3. QA/QC protocols and data reporting

Even though comparable instrumental techniques were used for all
media with quantification performed using isotope-labeled internal
standards, as described above and in the Appendix, there is uncertainty
regarding the comparability of data sets generated from different
laboratories and at different times, which likely introduces error into
the spatial and temporal trends analyses, especiallywith regard to com-
parison between media. Temporal trend analyses on archived samples
are less affected by this issue because samples are generally analyzed
at the same laboratory and time. To optimize consistency between
datasets, extensive QA/QC procedures were conducted during the anal-
ysis of each media, as described in the Appendix. Well-defined native
standards and mass-labeled internal standards were used in each labo-
ratory. In addition, procedure blanks, duplicate samples, and spiked ref-
erence materials were run with each batch of samples. Each of the
laboratories are participating in laboratory or field intercomparison
studies (e.g., Dreyer et al., 2010; Gebbink et al., 2009; Myers et al.,
2012; Reiner et al., 2012). The Lab Services Section and the Organic
Contaminants Research Laboratory at NWRC, the analytical laboratory
at the Canada Center for Inland Waters Center, and the OMOE are
participants in specific PFAA QA/QC exercises such as the Quality Assur-
ance of Information for Marine Environmental Monitoring in Europe
(QUASIMEME) and interlaboratory analyses organized by the National
Institute of Standards and Technology and by the Northern Contami-
nants Program. The OMOE and AXYS Analytical Services (AXYS) have
been accredited by the Canadian Association for Laboratory Accredita-
tion (CALA) for their analytical PFAA methods.

Due to small sample sizes, for the purpose of calculating summary
statistics, detection limit substitutions with one half of the method de-
tection limit (MDL) were made when greater than 40% of the samples
for a particular media/compound/location/time period were above the
detection level (Clarke, 1998). Otherwise, a zero value was attributed
to the sample for data presentation. For the spatial assessment of
PFAAs in the maps (Figs. 1, 2, 4, and 5), geometric mean (geomean)
was used to represent central tendency because sample variance was
not included for simplicity of presentation and the geomean is less sen-
sitive to outliers compared with the arithmetic mean. However, addi-
tional information on sample dispersion is presented in Figs. 3 and 6.
For all other reporting, data are presented as mean ± standard error
of the mean, unless otherwise noted.

3. Results and discussion

3.1. Spatial trends

3.1.1. PFOS
The spatial distribution of PFOS in air, water, sediment, fish, and

birds across Canada generally relates to urbanization (Figs. 1, 2, and
3). In many cases, higher concentrations were observed near cities, es-
pecially in southern Ontario, suggesting that urban and industrial cen-
ters are the primary sources of PFOS in the environment. These results
correspond to previous studies (Adams et al., 2008; Houde et al.,
2006; O'Connell et al., 2010) and are likely indicative of ongoing losses
from consumer products during use and disposal (Paul et al., 2009). The
influence of consumer product use and disposal was tested through
analysis of samples in the indoor environment and WWTP effluents
and landfill leachate, as discussed below. We next discuss results for
each media separately.



Fish

Gull eggs – 2008 

European Starlings Eggs

Gull eggs – 2009-2011 

Fig. 2. PFOS concentrations (geomean for replicate measurements) in fish, European Starling eggs, and Gull eggs across Canada. For European Starling eggs, the sites denoted with a
Wwere collected from waste sites (i.e., landfills). For Gulls, eggs sampled in 2008 were collected as individuals whereas those sampled in 2009–2011 were collected as pooled sam-
ples. The green circles represent sites where PFOS concentrations were not detected.
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The geomean PFOS concentration in Toronto air (1.5 pg/m3) mea-
sured using high volume samplers (sum of gas and particulate phases)
in 2009 was more than three times greater than over Lake Superior
(0.43 pg/m3). In contrast, air measured using passive samplers in
2009 showed elevated PFOS concentration at a background site in
northern Ontario. However, this data point was based on only one sam-
ple. In addition, the passive air sampler has a lower detection frequency
for PFOS, due to a lower volume of air sampled, compared to the high
volume sampler (Ahrens et al., 2011b; Genualdi et al., 2010; Jahnke et
al., 2007; Klanova et al., 2008). Additional differences between high vol-
ume and passive samplers are discussed in Vierke et al. (2011).

Many of the rivers and streams sampled across Canada are located in
cities and/or byWWTPs, and thus are influenced by urban and industrial
activities. PFOS was highest in water collected at a site in Mill Creek, lo-
cated in Kelowna, BC, where a geomean concentration of 10 ng/L was
found. This section of Mill Creek is urbanized and influenced by urban
stormwater. In addition, Wascana Creek, in Regina, Saskatchewan, had
a relatively high PFOS geomean concentration of 7.8 ng/L compared to
the other sampling sites. Wascana Creek is located 8.5 km downstream
of a major WWTP outfall and is the water collection site most impacted
by WWTP inputs (De Silva et al., In Prep.). Detectable values (>2 ng/L)
were also observed in water samples from southern Ontario (Hamilton
Harbour, Fort Erie, Wolfe Island, Grand River (downstream ofWaterloo,
ON), and Thames River (downstream of London, ON)), Quebec City, QC,
Vancouver, BC (Still Creek and Serpentine River), Abbotsford, BC
(Fishtrap Creek), and at the three Atlantic region sites (Napan River,
NB, Sackville River, NS, and Waterford River, NF). PFOS concentrations
were mostly not detected in water bodies from non-urban regions
(e.g., background sites on the Fraser River, Mill Creek, and the Okanagen
River, BC, Kusawa Lake, YT, Lake Superior (three open water sites and
one site located near Thunder Bay, ON), Grand River (upstream of
Waterloo, ON), and Thames River (upstream of London, ON)).
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For sediment, the highest PFOS concentration was found in Lake
Ontario (geomean = 10 ng/g dry weight). PFOS was also detected in
sediment from the other Great Lakes with concentrations ranging
from 0.5 ng/g dry weight in Lake Superior by Thunder Bay, ON to
2 ng/g dry weight in Lake Huron. The PFOS concentrations in Lake
Simcoe, ON sediment (geomean = 0.76 ng/g dryweight) were compa-
rable to the Great Lakes sites, except Lake Ontario. A relatively elevated
PFOS geomean sediment concentration of 2 ng/g dry weight was also
found at an industrial site in New Brunswick (Nappan River). PFOS
was present at relatively low concentrations (b0.4 ng/g dry weight)
or was non-detectable in sediment at the other sites monitored.

With regard to fish, the highest geomean PFOS concentrations were
observed in Lake Trout (Salvelinus namaycush) from Lake Erie (90 ng/g
wetweight) and LakeOntario (62 ng/gwetweight). Relatively elevated
PFOS concentrations were also found in Walleye (Sander vitreus) from
the St. Lawrence River, QC (30 ng/g wet weight), Codette Reservoir,
SK (24 ng/g wet weight), and Lake Diefenbaker, SK (23 ng/g wet
weight), and Lake Trout from Peninsula Harbour, ON (24 ng/g wet
weight) and Lake Champlain, QC (17 ng/g wet weight). Levels were
mostly low (b3 ng/g wet weight) in fish from the systems located in
northern Canada, Pacific, and Atlantic regions, and Lake Superior. Differ-
ences in PFOS concentrations observed in fish could be a function of
the different species used. However, concentrations of PFOS and other
PFAAs in fish are generally not related to indicators of food web struc-
ture or diet such as stable isotopes of nitrogen and carbon, or fish
lipid, size, age, and growth (Gewurtz et al., 2012; Guo et al., 2012).

For Starling eggs, the highest PFOS concentration (geomean =
703 ng/g wet weight) was found at the Brantford, ON, landfill, located



Air

Water

Sediment

Fig. 4. Sum of five perfluorocarboxylates (PFOA, PFNA, PFDA, PFUnA, PFDoA) in air (mea-
sured using high-volume air samplers), water, and sediment across Canada. Geometric
mean valueswere plottedwhen therewere replicatemeasurements. The green circles rep-
resent sites where PFOS concentrations were not detected.
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in a highly urbanized region in southern Ontario. Relatively elevated
PFOS levels (geomean = 148 ng/g wet weight) were also found in
Starling eggs at the Calgary, AB landfill. However, other than these
two landfill sites, there was no trend of higher PFOS concentrations ob-
served in Starling eggs at the waste compared to non-waste sites
(Figs. 2 and 3). It is interesting to note that PFOS levels in Starling
eggs fromGraves Island Provincial Park, NS (11 ng/gwet weight), a rel-
atively remote location, was comparable to more urbanized locations
such as Abbotsford, BC (6.3 ng/g wet weight) and Nature de la Pointe-
aux-Prairies, an urban park in Montreal, QC (13 ng/g wet weight),
suggesting the influence of a non-local source. Graves Island Provincial
Park is downwind of major North American urban and industrial cen-
ters (Desjardins et al., 2004; Wyn et al., 2010) and Starling eggs from
this location are likely influenced by contaminants originating from
these areas.

With regard to Gull eggs, relatively elevated PFOS concentrations
were found in colonies located in urbanized areas of the Great Lakes
and the St. LawrenceRiverwith levels greater than260 ng/gwetweight.
Concentrations were lower (7–30 ng/g wet weight) in non-urban areas
as well as at marine colonies on both the Atlantic and Pacific coasts.

3.1.2. PFCAs
The spatial distribution of the sum of five PFCAs (PFOA, perfluoro-

nonanoate (PFNA), perfluorodecanoate (PFDA), perfluoroundecanoate
(PFUnA), and perfluorododecanoate (PFDoA)) in air (high volume sam-
plers), water, sediment, and biota are shown in Figs. 4, 5 and 6. In Fig. 6,
for air measured using passive samplers, we show fluorotelomer alco-
hols (FTOHs) (sum of 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH) rather
than PFCAs, because PFCAs were not detected, likely because of their
low volatility, and because the FTOHs are PFCA precursors (Buck et al.,
2011; Prevedouros et al., 2006; Young and Mabury, 2010). We center
the following discussion on the sum of PFCAs because the longer-
chained PFCAs are typically found at higher concentrations than PFOA
in biota (due to greater bioaccumulation) and therefore their levels
are more reliable (Houde et al., 2011). In contrast, PFOA tends to be
the most dominant PFCA in water (Butt et al., 2010; Furdui et al.,
2008a; Scott et al., 2010).

Similar to PFOS, concentrations of PFOA and other PFCAs were
generally associated with urban areas, although more exceptions
were observed. With regard to air, the concentrations of the sum
PFCAs measured using high volume samplers were highest in Toron-
to, ON (geomean = 0.44 pg/m3) in 2009, followed by Lake Superior
(geomean = 0.075) in 2009 and the remote Arctic sites (geomean =
0.06 pg/m3, 0.050 pg/m3, and 0.014 pg/m3 for Labrador Sea (2007),
Hudson Bay (2007), and Beaufort Sea (2008), respectively). For the
passive samplers, the sum of 6:2 FTOH, 8:2 FTOH, and 10:2 FTOH
were relatively elevated in Toronto, ON air (geomean = 64 pg/m3) in
2009, with lower but detectable concentrations (geomean = 3.4 to
16 pg/m3) observed in air at the other locations, which are less urban-
ized (Genualdi et al., 2010).

In water, the highest PFCA concentration was observed in Wascana
Creek, SK (geomean = 23 ng/L). As discussed above, the monitoring
site for this creek is located 8.5 km downstream of the WWTP outfall
of the city of Regina, and was the water collection site most impacted
by WWTP inputs. Relatively elevated water concentrations of PFCAs
(geomean > 5 ng/L) were also observed at Still Creek, in Vancouver,
BC, Mill Creek, in Kelowna, BC, Hamilton Harbour, ON, and Serpentine
River in Surrey, BC. Similar to PFOS, PFCA concentrationswere generally
not detected in water bodies from non-urban regions (e.g., background
sites along the Fraser River, Mill Creek, and the Okanagen River, BC, and
Kusawa Lake, YT).

Elevated PFCAswere observed in LakeOntario sediment (geomean =
3.1 ng/g dry weight) compared to other sites. Lakes Huron and Supe-
rior also had comparably elevated PFCA sediment concentrations
(geomean = 1.8 and 1.4 ng/g dry weight, respectively) as well as
Kusawa, YT (geomean = 0.84 ng/g dry weight), and Thunder Bay,
Ontario (geomean = 0.68 ng/g dry weight). Surprisingly, relatively
low PFCA concentrations were observed in sediment from Hamilton,
ON and Toronto, ON Harbours (geomean = 0.52 and 0.36 ng/g dry
weight, respectively) and PFCAs were not detectable in Lake Erie. Rela-
tively low PFCA (b0.6 ng/g dry weight) or non-detectable concentra-
tions were also found in sediment at the other sites monitored.

In fish, although the highest geomean PFCA concentration was ob-
served in Lake Trout from Lake Erie (15 ng/g wet weight), surprisingly
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Gull eggs – 2008 

European Starlings Eggs

Gull eggs – 2009-2011 

Fig. 5. Sum of five perfluorocarboxylates (PFOA, PFNA, PFDA, PFUnA, PFDoA) in fish, European Starling eggs, and Gull eggs across Canada. For European Starling eggs, the sites de-
noted with aWwere collected fromwaste sites (i.e., landfills). For Gulls, eggs sampled in 2008 were collected as individuals whereas those sampled in 2009–2011 were collected as
pooled samples. Geometric mean values were plotted when there were replicate measurements. The green circles represent sites where PFOS concentrations were not detected.

189S.B. Gewurtz et al. / Environment International 59 (2013) 183–200
elevated PFCA concentrations were also found in fish from less populat-
ed areas, such as Brook Trout (Salvelinus fontinalis) from Kejimkujik
Lake, NS (geomean = 10 ng/g wet weight), Walleye from Lake Diefen-
baker, SK (geomean = 7.7 ng/g wet weight), and Lake Trout from
Great Bear Lake, NT (geomean = 5.6 ng/g wet weight). The reason for
this pattern is unknown and currently under more detailed study.

For Starlings, the trends for PFCAs were generally similar to PFOS,
with the highest PFCA concentration (910 ng/g wet weight) found at
the Brantford, ON landfill. Further, there was no trend of higher PFCAs
in waste compared with non-waste sites.

For Gulls, similar to PFOS, relatively elevated PFCA concentrations
were found in urbanized areas of the Great Lakes and the St. Lawrence
River with levels greater than 40 ng/g wet weight. PFCA concentrations
in Gull colonies located in less populated regions, including marine
colonies, were generally lower (1.1 to 69 ng/g wet weight) compared
to the urbanized systems (Gebbink et al., 2009).
For Lake Erie, the fact that PFAA concentrations were relatively el-
evated in Lake Trout and Gull eggs but low in sediment is surprising.
The data for Lake Erie sediment were based on only one sample. How-
ever, Helm et al. (2007) found similar results, in that concentrations of
PFOS and PFOA at nearshore sampling sites throughout the Canadian
side of Lake Erie (maximum concentrations = 0.47 and 0.07 ng/g dry
weight for PFOS and PFOA, respectively), were lower than in Lake
Ontario (maximum concentrations = 1.2 and 0.77 ng/g dry weight, re-
spectively), and Lake Huron/Georgian Bay (maximum concentrations =
1.7 and 0.71 ng/g dry weight, respectively), but comparable to Lake
Superior (maximum concentrations = 0.44 and 0.29 ng/g dry weight,
respectively). In contrast to sediment, De Silva et al. (2011) found that
water concentrations of PFOA were higher in Lake Erie (5.5 ng/L) com-
pared to any of the other Great Lakes (range from 0.65 ng/L in Lake
Superior to 4.3 ng/L in Lake Ontario). PFOS concentrations in Lake Erie
water (2.8 ng/L) were higher than Lake Superior (0.26 ng/L) and Lake
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Huron (2.2 ng/L) but lower than LakeOntario (5.5 ng/L).With regard to
biota, De Silva et al. (2011) and Furdui et al. (2007) also found that
whole Lake Trout samples from Lake Erie had the highest PFOS and
PFCAs concentration in the Great Lakes, and Guo et al. (2012) deter-
mined that concentrations of PFOS and PFCAs in Lake Trout (fillet)
from Lakes Erie and Ontariowere generally comparable and significant-
ly greater (p b 0.05) than the other Great Lakes. Differences in PFAA
concentrations between sediment and water/biota emphasize differ-
ences in the processes controlling the fate and transport of PFAAs be-
tween these media and require further study. The differences could
also be an artifact of the different laboratories used. However, the trends
for sediment corresponded in two separate laboratories (i.e., data from
this study which were measured by AXYS and data from Helm et al.
(2007)). Furthermore, the trends for biota were similar for data gener-
ated from multiple analytical laboratories (De Silva et al., 2011; Furdui
et al., 2007; Gebbink et al., 2009; Guo et al., 2012).

As PFAAs detected in the Canadian environment may originate
outside of Canada's borders, it is interesting to compare the concentra-
tions reported in this review to those measured in other parts of the
world. Such a comparison is hampered by the fact that a variety of tech-
niques (for abiotic media) or tissue types (for biota) have been used in
different studies. Nonetheless, it is evident from recent reviews and
global-scale studies that PFAA concentrations observed in the Canadian
environment span the range of those observed in the literature (Butt et
al., 2010; Genualdi et al., 2010; Houde et al., 2006, 2011; Suja et al.,
2009).
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3.2. Comparison of PFOS concentrations to Draft Federal Environmental
Quality Guidelines

Draft Federal Environmental Quality Guidelines (FEQGs) developed
by Environment Canada exist for PFOS in water, fish tissue, bird eggs,
andwildlife (mammalian and avian) diet. The FEQGs are currently in re-
view and thus are denoted as draft throughout this paper. When envi-
ronmental concentrations of PFOS are below the draft FEQG, adverse
effects on aquatic life or animals consuming aquatic life are not likely.
Concentrations above the draft FEQGs indicate an increased likelihood
that adverse effects in the environmentmay occur but are not automat-
ically expected.

PFOS concentrations in all mediawere below their respective guide-
line levels (Fig. 3). The draft FEQG for water is 6000 ng/L which is over
two orders of magnitude greater than the highest measured water con-
centration (23 ng/L in Wascana Creek, SK). Similarly, for fish, the draft
FEQG (8300 ng/gwetweight) is 44-times greater than the highestmea-
sured PFOS concentration in fish (189 ng/g in Lake Erie Lake Trout). The
bird egg FEQG (1900 ng/g wet weight) was 2.3-times the highest mea-
sured concentration in Gulls (811 ng/g wet weight at Big Chicken Is-
land, Lake Erie) and 1.6-times the highest measured concentration in
Starling eggs (1184 ng/g wet weight at the Brampton, ON landfill
site). If eggs from Brampton are excluded, the FEQG was 7.5-times
greater than the highest PFOS measurement in Starlings (254 ng/g
wet weight near Indus, AB). In contrast, the FEQGs for wildlife diet
(4.6 ng/g wet weight food for mammalian predators and 8.2 ng/g wet
weight food for avian predators) were consistently exceeded in fish
and birds (Fig. 3). Taken together, these results suggest that PFOS con-
centrations present a low potential of adverse effects to the organisms
examined in this paper. However, PFOS in fish and bird eggs tended to
exceed guidelines for the protection of mammalian and avian con-
sumers, suggesting that this compound could represent a potential
risk to their wildlife predators. Wildlife population health assessments
are required to determinewhether negative impacts are actually occur-
ring. As discussed below, PFOS concentrations havemostly stabilized or
decreased, suggesting that the extent of these exceedances will de-
crease over time.

3.3. Multimedia comparison of PFAA profiles

We next evaluated the multimedia PFAA profiles at locations where
three or moremedia were sampled and where each of thesemedia had
at least one compound above the detection limit. In Kejimkujik Lake, NS,
we also included Gull and Starling samples from nearby locations (Kent
Island, NB and Graves Island Park, NS for Gulls and Starlings, respective-
ly). Such an analysis helps to identify differences in routes of exposure
(Houde et al., 2006) and to ascertain whether unexpected patterns in
biota (e.g., in Kejimkujik Lake as discussed above) are due to loadings
or foodweb processes.We examined PFAA compounds thatwere quan-
tified in all media, i.e., PFOA, PFNA, PFDA, PFUnA, PFDoA, PFHxS, and
PFOS and plotted eachPFAA as a percent of the total of these seven com-
pounds (Figs. 7 and 8).

For the systems shown in Fig. 7, i.e., Lake Erie, Hamilton Harbour,
Toronto Harbour, Lake Ontario, and the St. Lawrence River, the PFAA
profile was similar and typical of abiotic and food web studies e.g.,
(Ahrens et al., 2010; Furdui et al., 2008a; Kelly et al., 2009; Kwadijk et
al., 2010; Labadie and Chevreuil, 2011; Martin et al., 2003a, 2003b,
2004). All of these systems are located in southern Ontario and heavily
influenced by urban, industrial, and agricultural (especially Lake Erie)
activities. In these five systems, PFOS and PFOA were dominant in
water (each encompassing between 30 and 60% of the total PFAA
profile). This is not surprising as larger quantities of PFOS and PFOA
have been used compared to the other PFAAs (Paul et al., 2009;
Prevedouros et al., 2006). With regard to air in Toronto, PFOS (65%)
followed by PFOA (17%) had the largest contribution to the compound
profile. The fact that the percent of PFOS was greater than PFOA in air
can be explained by the relatively large proportion of PFAAs found in
the particulate compared with the gas-phase, especially as measured
by the high volume sampler (Ahrens et al., 2011b) and because PFOS
sorbs to particles to a greater extent than PFOA (Ahrens et al., 2009;
Higgins and Luthy, 2006). With regard to sediment and biota, PFOS
sorbs to sediment to a greater extent than PFOA (Ahrens et al., 2009;
Higgins and Luthy, 2006) and is more bioaccumulative (Conder et al.,
2008; Labadie and Chevreuil, 2011; Martin et al., 2003b). As such, the
relative proportion of PFOA decreased or was not detected in sediment
and biota, whereas PFOS dominated the PFAA profile in these media,
with a relative contribution to total PFAAs greater than 60% for sedi-
ment and Starlings and greater than 80% for fish and Gulls. Longer-
chained PFCAs are more bioaccumulative and have a greater sediment
sorption than PFOA (Ahrens et al., 2009; Higgins and Luthy, 2006;
Labadie and Chevreuil, 2011; Martin et al., 2003b). However, the fact
that they are used in lower quantities compared with both PFOA and
PFOS (Paul et al., 2009; Prevedouros et al., 2006), likely explains why
they are less predominant in sediment and biota (∑5PFCAs contribut-
ed less than 40% in sediment and biota).

For the systems shown in Fig. 8, i.e., Lakes Huron and Superior and
Kejimkujik Lake, NS, different patterns were evident, with PFOS being
less dominant in the contaminant profile compared to the systems
shown in Fig. 7. In Lake Superior, only PFOA was detected in water
and PFOA made up 20% and 24% of the PFAA profile in sediment of
Lakes Huron and Superior, respectively. This is much greater than
the relative contribution of PFOA in the systems presented in Fig. 7,
where PFOA only made up between 2 and 10% of total PFAAs in sed-
iment. These relatively lower concentrations of PFOS in the abiotic
media from Lakes Huron and Superior were reflected in fish, whereby
PFOS contributed 70% and 50% to total PFAA, respectively, with the re-
mainder being made up of the longer-chained PFCAs. However, the
PFAA profile in Lake Superior air (sum of gas and particle phase)
was comparable to Toronto, with PFOS being dominant, contributing
82% to the PFAA profile (the remainder consisting of longer-chained
PFCAs). For the air breathing Starlings and Gulls in Lakes Huron and
Superior, PFOS contributed between 75 and 85% to total PFAAs, com-
parable to the patterns in Superior air.

Kejimkujik Lake had a unique PFAA profile that differed greatly from
the other systems in Figs. 7 and 8,with long-chained PFCAs contributing
a relatively high proportion to total PFAAs (∑5PFCAs contributed 28%,
75%, 50%, and 43% to total PFAAs in sediment, fish, Starlings, and Gulls).
Interestingly, De Silva et al. (2010) reported that Kejimkujikfishhad the
highest concentrations of long-chained PFCAs in Canada. By combining
data from all media, it is evident that the source of PFAAs to Kejimkujik
Lakediffers from the other systems included in Figs. 7 and 8 and that the
unique PFAA profile in biota (especially fish) from this lake is not due to
some sort of food web process. Kejimkujik Lake is downwind of major
North American urban and industrial centers and contaminants origi-
nating from these areas are likely transported and deposited to this
lake (Desjardins et al., 2004; Scott et al., 2006; Wyn et al., 2010). Rela-
tively high levels of the long-chained PFCAs have been previously
noted in biota from other studies (Hart et al., 2008; Houde et al.,
2011), particularly in East Asia and northern latitudes. It has been sug-
gested that this pattern may be due to specific sources of emission in
East Asia dominated by long-chained PFCAs and/or their precursors
followed by long-range transport via ocean and atmospheric pathways
to northern regions (Hart et al., 2008; Houde et al., 2011). In support of
this hypothesis, De Silva et al. (2010) found that fish collected from
northern systems also had relatively elevated concentrations of long-
chained PFCAs compared to other PFAAs.

3.4. Temporal trends

In order to evaluate the temporal trends of PFAAs from a multi-
media perspective, we focused on Lake Ontario, as long-term temporal
trend data for this lake exists for abiotic (sediment core, suspended
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Fig. 7. Multi-media chemical patterns of PFAAs in a) Lake Erie, b) Hamilton Harbour, c) Toronto Harbour, d) Lake Ontario, and e) St. Lawrence River. PFAA compounds that were
evaluated in all media (i.e., PFOA, PFNA, PFDA, PFUnA, PFDoA, PFHxS, PFOS) were included. Data are expressed as mean ± standard error percent of total PFAA. Specific sites in-
cluded in this figure for Lake Erie were Fort Erie for water, open water Lake Erie for sediment, Dunkirk, ON for fish, Delhi, ON for Starlings, and Big Chicken Island for Gulls collected
in 2008 and Middle Island and Port Colborne, ON for Gulls collected from 2009 to 2011. Water, sediment, and Gull data included in this figure for Hamilton Harbour were collected
from within this harbour and Starlings were collected in Hamilton, ON. Data included in this figure for the Toronto Harbour were collected from Toronto, ON for air (high volume
sampler, sum of gas and particulate phases), within the Toronto Harbour for sediment and Gulls collected in 2008, and Tommy Thompson Park, ON for Gulls collected in 2009–2011.
Data included in this figure for Lake Ontario were collected from Wolfe Island for water, open water Lake Ontario for sediment, Niagara-On-The-Lake, ON for fish, and Snake Island
for Gulls (2009–2011). Data included in this figure for the St. Lawrence River were collected from the St. Lawrence at Quebec and Lavaltrie City for water, the St. Lawrence River at
St. Nicholas for fish, Parc de l'Ile Lebel and Park-Nature de la Point Aux Prairies, QC for Starlings, and Ile Deslauriers and Ile Bellechasse for Gulls collected in both 2008 and
2009–2011.
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193S.B. Gewurtz et al. / Environment International 59 (2013) 183–200
sediment) and biotic (Lake Trout and Herring Gull eggs) media (Table
S-2). Shorter-term temporal trend data for water from Lake Ontario
(collected approximately monthly from March 1997 to November
2010 at Niagara-On-The-Lake, ON) were also included for comparative
purposes.

To compare temporal patterns between media on the same scale,
the followingwas plotted on Fig. 9 a and b: percent change of PFOS con-
centration from 1997 to the sampling year for suspended sediment,
Lake Trout, and Herring Gull eggs, and percent change of PFOS concen-
tration from 1995 and March 5, 2007 to the sampling year for the sedi-
ment core andwater, respectively. Fig. 9 c and d shows comparable data
for the sum of five PFCAs (PFOA, PFNA, PFDA, PFUnA, and PFDoA).

It should be noted that with regard to Lake Trout, data from 1979 to
2004 were obtained from Furdui et al. (Furdui et al., 2007, 2008b),
whereas data from 1997 to 2010 were obtained from Gewurtz et al.
(2012). Gewurtz et al. (2012) discussed the comparability of the two
datasets by evaluating differences in concentrations in the three years
shared by the two studies, namely 1998, 2001, and 2004.

For PFOS, concentrations in all media generally increased starting
from the late 1970s/early 1980s for Lake Trout, suspended sediment,
and the sediment core and starting from 1990 for the Herring Gull
eggs. This corresponds to estimates of production volumes for PFOS-
related chemicals (Paul et al., 2009; Prevedouros et al., 2006;
Smithwick et al., 2006) which increased to a peak of approximately
4500 tonnes/year. However, recent trends (from the 1990s onwards)
deviated betweenmedia (Fig. 9 a and b), with concentrations stabilizing
in Lake Trout and Herring Gull eggs, and decreasing and increasing in
suspended sediment and the sediment core, respectively. The two addi-
tional sediment cores collected from the Mississauga and Rochester
Basins of Lake Ontario showed patterns similar to the Niagara Basin
presented in Fig. 9 b (Myers et al., 2012). The PFOS concentrations in
water samples collected from Lake Ontario declined between 2007 and
2010. Estimates of global production volumes show that post-1990s,
concentration trends stabilized and then subsequently decreased follow-
ing regulatory actions and the voluntary phase-out by the primary
producer in the early 2000s (Paul et al., 2009). In the past decade,
China has stepped up the production of PFOS-related chemicals from
30 tonnes in 2001 to between 200 and 250 tonnes/year from 2006 to
2011 (Xie et al., 2013) and minor production continues in Europe
(b42–82 tonnes/year) (Martin et al., 2010). However, based on publical-
ly available information, contemporary production volumes of PFOS-
related chemicals remain less than what was historically produced up
until the early 2000s.

For the ∑5 PFCAs, concentration trends generally increased with
time (Herring Gull eggs, suspended sediment, and the sediment core)
or increased until the late 1990s and subsequently stabilized (Lake
Trout) (Fig. 9 c and d). Concentrations of PFCAs in water decreased
between 2007 and 2010. Although production volumes for PFOA and
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related compounds increased between 1951 and2004 (Paul et al., 2009),
recent patterns are not aswell known comparedwith PFOS-related com-
pounds (Vierke et al., 2012). Regulatory actions for PFCAs are more
recent compared to PFOS and are still in discussion (Government of
Canada, 2010; Vierke et al., 2012).

Differences in temporal trends of PFOS and PFCAs between media
could be due to a variety of factors. As discussed by Myers et al. (2012),
while suspended sediment appears to reflect market changes of PFAAs,
the trends in the sediment core and in biotawere likely influenced by ad-
ditional physico-chemical and biological factors. Using enantiospecific
analysis, Asher et al. (2012) found that biotransformation of precursor
compounds was a source of PFOS to invertebrates and fish (including
Lake Trout) in Lake Ontario. As such, the concentrations measured in
biota likely reflect the temporal trends of both PFOS and precursors, dif-
ferences in their uptake and elimination rates, biotransformation rates,
and food web changes. Similarly, the PFAAs measured in the sediment
core are likely affected by partitioning of PFAAs between sediment parti-
cles and pore water, interactions at the sediment/water interface, and
bioturbation (Ahrens et al., 2009; Myers et al., 2012).

The differences between media may also be due to the extent that
exposure of PFAAs in each media is integrated over time. Suspended
sediment and water likely achieve steady-state with their environment
relatively quickly, and thus would respond more rapidly to loading
changes. In contrast, the sediment core was collected in a depositional
zone and each sub-section represented approximately 5 years of expo-
sure (Myers et al., 2012). The time that Lake Trout and Herring Gulls in-
tegrate exposure of PFAAs under field conditions is not well known and
is likely dependent on accumulation and food chain transfer of PFAAs
and their precursors as well as biotransformation rates, as noted above.

Variability between years could be confounding the interpretation
of long-term temporal trend patterns. This factor is particularly impor-
tant for Lake Trout, Herring Gull eggs, and suspended sediment, as the
time trends for these media appear to show large cyclical oscillations.
With regard to Lake Trout, through a power analysis, Gewurtz et al.
(2012) found that given the variability associated with the data, it
would take 15 years to detect a 5% annual decrease in PFOS concentra-
tions with an 80% power and 5% significance level with a within-year
sample size of 10. This suggests that even if PFOS concentrations in
the Lake Trout had started declining following the 2002 voluntary
phase-out by the primary producer, there has not yet been sufficient
time to achieve an 80% power for detecting a 5% decrease, although
larger decreases would take less time to detect (Gewurtz et al., 2012).

The sediment core was the only media where PFOS concentrations
increased exponentially with time, with no apparent leveling off or
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decrease in response to the voluntary and regulatory actions. In-
creases in PFOS concentrations in sediment cores in more recent
years may be partially due to higher levels of wastewater treatment
(secondary and tertiary), which appear to generate PFOS in effluent
that would then partition to sediments. In addition, the sediment core
trend was based on only five measurements dated between 1980 and
2004. Such few measurements can provide misleading interpretations
of long-term trend data by not accounting for between-year variability
(Bignert et al., 1993). It should be noted, however, that it would be dif-
ficult to obtain better resolution for sediment core data because it is
controlled, in large part, by sedimentation rates. Furthermore, the last
data point occurred only two years following the voluntary phase-out
by the primary producer and additional sampling years are likely re-
quired before any concentration decrease occurs in this media.

The time trends of PFAAs in water between 2007 and 2010 corre-
sponded to that in suspended sediment,with decreasing concentrations
during this short time period. This is not surprising considering that the
suspended sediment samples were collected by filtering bulk water
samples (Myers et al., 2012). Alternatively, the trends in water could
be part of the cyclical patterns observed in Lake Trout, Herring Gulls,
and suspended sediment.

Overall, this comparison emphasizes the importance of long-term
monitoring programs that use different types of media for assessing
the temporal trends of PFAAs, similar to the case of other contaminants
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discussed previously (Bentzen et al., 1999; Gewurtz et al., 2011). The
voluntary and regulatory actions for PFAAs appear to be reflected in
suspended sediment. However, additional years of data collection are
likely required before sediment and biota concentrations decrease de-
finitively in response tomarket changes. Furthermore, continued inputs
of PFAAs to Lake Ontario are likely a confounding factor. There continue
to be specific use exemptions for PFOS, its salts, and precursors in both
Canada and the U.S. (Environment Canada, 2009; Environmental
Protection Agency, 2002) and PFOSF-based production continues in
other countries (Martin et al., 2010; Xie et al., 2013; Zhang et al.,
2012). In addition, the indoor environment and the waste sector are
likely major sources of PFAAs from products that are still in use, as
discussed below.

Fig. 10 shows the temporal patterns of PFOS and the sum of 8 PFCAs
(PFOA, PFNA, PFDA, PFUnA, PFDoA, PFTrA, PFTeA, and PFPA) in Herring
Gull eggs collected from 7 colonies throughout the Great Lakes. These
data have been previously published by Gebbink et al. (2011b). Similar
to Fig. 9, the percent change of PFAA concentrations from 1997 to the
sampling year was plotted so that the trends could be examined on
the same scale.

For PFOS in the lower Great Lakes (Fig. 10 a), there was no signifi-
cant trend between 1990 and 2010 at Fighting Island in the Detroit
River and in the Niagara River (Gebbink et al., 2011b). In Gull eggs
from the Toronto Harbour, although PFOS levels showed a marginally
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significant increasing trend (p = 0.06) between 1990 and 2010
(Gebbink et al., 2011b), there was no significant trend from 2000 to
2010 (p > 0.10, assuming log-linear regression). This corresponds to
the trends in Lake Trout from Lake Ontario and suggests that while
PFOS concentrations in biota from the lower (and more populated)
Great Lakes have stopped increasing, they have yet to start decreasing
in response to the voluntary and regulatory actions. In contrast, PFOS
concentrations in the upper Great Lakes Superior, Huron, and Michigan
(Fig. 10 c) generally decreased between 1990 and 2010 (Gebbink et al.,
2011b), although the decline was significant (p b 0.05) only at Agawa
Rocks (Lake Superior) and Channel-Shelter Island (Saginaw Bay, Lake
Huron), and marginally significant (p = 0.08) at Gull Island (Lake
Michigan). In contrast to PFOS, the concentrations of ∑8 PFCAs in-
creased significantly between 1990 and 2010 at all three lower Great
Lakes colonies (Fig. 10 b) and at Agawa Rocks, Lake Superior (Fig. 10 d)
(Gebbink et al., 2011b). However, the ∑8 PFCAs showed no consistent
trend with time at the Gull Island, Channel-Shelter Island, and the
Chantry Island colonies (Fig. 10 d). These results correspond to other
studies that show that even within the same media, temporal trends of
PFAAs can vary between locations (Armitage et al., 2009; Butt et al.,
2007; Houde et al., 2011). For Arctic marine biota, Armitage et al.
(2009) found that a rapid decrease in PFOS concentrations following
the 2000–2002 voluntary phase-out by the primary producer was only
possible if the major exposure route in the food web was uptake and
metabolism of volatile precursor compounds to PFOS in vivo. The factors
influencing spatial differences in the long-term trends in inland lakes
require further study.

The time trends of atmospheric concentrations of PFAA precursor
compounds (8:2 and 10:2 fluorotelomer alcohols (FTOHs) and methyl
and ethyl perfluorooctane sulfonamidoethanols (MeFOSEs and EtFOSEs))
at Alert, Nunavut, from 2006 until 2010, are shown in Fig. 11. The pre-
cursor concentrations oscillated from below detection to 12.3 pg/m3.
The two perfluorooctane sulfonamidoethanols showed declining trends
at Alert. In contract, the FTOHs, which are not regulated, showed in-
creasing tendencies in air at Alert (AANDC, 2012). Continued measure-
ments of Arctic air are required to examine what factors influence the
transport of PFAAs and their precursors to the Arctic. The temporal
trends of PFAAs have been studied previously in a variety of other
0

2

4

6

8

10

12

14

A
ug

 1
4

A
ug

 2
1

A
ug

 2
8

S
ep

 5
S

ep
 1

1
S

ep
 1

8
S

ep
 2

5
O

ct
 9

O
ct

 1
6

N
ov

 1
8

Ja
n 

15
F

eb
 1

2
M

ar
 1

2
M

ar
 2

6
A

pr
 2

3
M

ay
 8

M
ay

 2
1

Ju
n 

4
Ju

l 2
Ju

l 1
6

Ju
l 3

0
A

ug
 1

3
A

ug
 2

7
S

ep
 1

0
S

ep
 2

4
O

ct
 8

O
ct

 2
2

N
ov

 5
N

ov
 1

9
D

ec
 1

0
Ja

n 
14

F
eb

 1
1

M
ar

 1
1

M
ar

 2
4

A
pr

 7
A

pr
 2

1
M

ay
 5

M
ay

 1
9

Ju
n 

2
Ju

n 
16

Ju
n 

30

8:2 FTOH 10:2 FTOH

2006 2007 2008

A
le

rt
 A

ir 
C

on
ce

nt
ra

tio
ns

 (
pg

/m
3 )

8:2 FTOH 10:2 FTOH

Fig. 11. Atmospheric concentrations (gas + particle phase) of PFAA precursor compounds
sulfonamidoethanols (FOSEs)) at Alert, Nunavut. The x-axis indicates start dates of weekly
Canadian Arctic media, especially marine fish, birds, and mammals
(Braune and Letcher, 2013; Butt et al., 2010; Stock et al., 2007). For
these studies, in some cases concentrations of PFOS increased to the
early 2000 and subsequently decreased whereas PFCAs increased
through time (Braune and Letcher, 2013; Butt et al., 2010; Martin et
al., 2010; Stock et al., 2007). However, similar to the Great Lakes, tem-
poral trends across the Canadian Arctic are not consistent, even within
the same media.
3.5. Monitoring in the indoor environment

In a survey of 152 homes in Vancouver, BC, indoor air was domi-
nated by 8:2 FTOH with a geomean concentration of 2900 pg/m3

(Shoeib et al., 2011). Among the perfluorooctane sulfonamides
(FOSAs) and FOSEs, MeFOSE exhibited the highest air concentration
with a geomean of 380 pg/m3. PFOAwas themajor PFAA chemical mea-
sured and was detected in all indoor air samples with a geomean of
28 pg/m3. PFOS was below the detection limit in indoor air; this may
have been a result of its low abundance or because passive samplers
have relatively elevated detection limits for PFAAs compared to high
volumes samplers, as discussed above. In support of the latter hypothe-
sis, both PFOS and PFOA were dominant in house dust, with concentra-
tions ranging from 1.5 to 4700 and 2.0 to 1400 ng/g, respectively. In
clothes dryer lint, the concentrations of all fluorinated chemicals mea-
sured were an order of magnitude lower than house dust. De Silva
et al. (2012) measured concentrations of emerging organofluorine
compounds in a subset of 102 dust samples. The chemicals that
were analyzed included phosphorus-containingfluorinated compounds,
namely polyfluoroalkyl phosphoric acid diesters (diPAP), perfluoro-
phosphonates (PFPA), and perfluorophosphinates (PFPIA), as well as
perfluoroethylcyclohexane sulfonate (PFECHS). The diPAPs (median =
2213 ng/g) dominated the dust samples, encompassing 98% of the
emerging chemicals analyzed. The median concentrations of diPAPs
were 30 and 67 times higher than the median concentrations of PFOS
(75 ng/g) and PFOA (33 ng/g) in the same samples. These results are
not surprising as diPAPs have many potential uses, such as in personal
care products and cleaners, in the indoor home environment (De Silva
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et al., 2012). DiPAPs are likely an indirect source of PFCAs and FTOHs to
humans (D'eon and Mabury, 2011).

The concentrations of fluorinated compounds in the air outside of
the Vancouver homes were approximately ~20 times lower than in-
side, highlighting the importance of building interiors as an emission
source to the atmosphere. Other studies have also reported high in-
door compared to outdoor air concentrations for PFAAs and their pre-
cursors (Goosey and Harrad, 2012; Harrad et al., 2010; Shoeib et al.,
2005).

3.6. Wastewater and landfill leachate monitoring

The wastewater monitoring program provides information on the
significance of wastewater effluent discharges and land application
of treated biosolids as sources of chemical substances such as PFAAs
to the environment (Government of Canada, 2011). For PFOS, raw in-
fluent concentrations across all wastewater systems ranged from
below the MDL (1.49 to 7.92 ng/L) to 1140 ng/L, with a median
value of 4.93 ng/L and a detection frequency of 60% (Guerra et al., In
Prep). PFOS concentrations in effluent ranged from below the MDL
(1.92 to 6.27 ng/L) to 1260 ng/L, with a median value of 5.73 ng/L
and a detection frequency of 81%. All final effluent measurements
were in the same range or higher compared to water PFOS concentra-
tions measured in urban areas, as discussed above. For PFOA, raw in-
fluent concentrations across all wastewater systems ranged from
b1.04 ng/L to 146 ng/L, with a median value of 5.25 ng/L. PFOA con-
centrations in effluent ranged from 1.86 ng/L to 142 ng/L, with a me-
dian value of 11.8 ng/L, which are also in the same range or higher
compared to water concentrations measured in urban areas. Previous
WWTP monitoring efforts showed higher concentrations of PFOS and
PFCAs in effluent compared to influent, andmay be due to PFAAs being
produced via precursor breakdown during the wastewater treatment
processes (Schultz et al., 2006; Sinclair and Kannan, 2006).

The median PFOS concentration in biosolids was 13.7 ng/g, with a
detection frequency of 90%. Likewise, a median PFOA concentration of
2.74 ng/g in biosolids (detection frequency of 50%)was found. Biosolids
have a relatively high organic content (60% to 70% of solids), and appear
to retain PFOS and PFOA in a similar manner to sediment and biota. Re-
cent studies have shown that municipal biosolids containing PFAAs can
contaminate agricultural fields following land application (Lindstrom et
al., 2011a; Sepulvado et al., 2011) and the compoundsmay bemobilized
by rainfall (Gottschall et al., 2010).

The total daily discharge of PFAAs fromwastewater and biosolids in
all of Canada was calculated, with values ranging from 0.043 g/day to
177 g/day (Guerra et al., In Prep). Generally, the highest input was
from the wastewater stream and PFOA was the most discharged com-
pound followed by PFOS. It should be noted that these values are
underestimated as they do not consider discharge of PFAA precursor
compounds, which can be transformed to PFAAs following release
from WWTPs into the environment.

With respect to landfill leachate monitoring, concentrations of PFOS
and PFOA in untreated leachate samples ranged from b9.5 to 744 ng/L
with a detection frequency of 48% and 50.3 to 1590 ng/L (100% detec-
tion frequency), respectively. Concentrations of PFOS and PFOA in the
treated samples ranged from b9.8 to 2070 ng/L with a detection
frequency of 40% and 42 to 4750 ng/L (100% detection frequency),
respectively (Conestoga Rovers and Associates, 2011). Similar to the
wastewater monitoring program described above, on-site leachate
treatment did not decrease the concentrations of PFOS or PFOA. Rather,
concentrations tended to increase following treatment (Conestoga
Rovers and Associates, 2011), likely due to generation of PFAAs through
precursor compounds (Benskin et al., 2012). About 90% of landfill
leachate in Canada is sent to WWTPs (Government of Canada, 2011)
while the rest is treated at the landfill site and/or discharged to the en-
vironment through natural attenuation. Landfill leachatewas estimated
to be responsible for the generation of 1.6 g/day and 0.27 g/day of
PFOS and PFOA, respectively (Conestoga Rovers and Associates, 2011).
However, similar to the case of WWTPs, these values do not consider
PFAA precursors and thus these loading estimates are underestimated.

Most WWTP and landfill sector monitoring programs for PFAAs, in-
cluding those described above, have focused on emissions to the aquatic
environment and biosolids. In contrast, there is little information on the
potential for WWTPs and landfills to emit PFAAs to the atmosphere. To
fulfill this need, the air at two Ontario landfill sites and one secondary
activated sludgeWWTP were monitored for PFAAs and volatile precur-
sor compounds between June and September 2009 (Ahrens et al.,
2011c). Reference site concentrations of PFAAs were usually in the
range reported for both urban and more remote locations throughout
the world (Ahrens et al., 2011c; Genualdi et al., 2010). For the WWTP,
mean air concentrations of ΣFTOH, ΣFOSA/FOSE, PFOS, and ΣPFCAs
were 11, 4, 7, and 2 times higherwithin the plant compared to reference
locations, respectively. The two landfill sites showed similar results, es-
pecially for ΣFTOH, which had substantially higher concentrations
(5–36 times) on-site of the landfills compared to the upwind (refer-
ence) samples. In comparison, ΣFOSA/FOSE concentrations were only
2–3 times higher on-site compared to upwind reference locations,
reflecting lower landfill emission strength for the FOSA and FOSE clas-
ses. The mean concentrations of ΣPFCAs and PFOS were about 3 times
higher at the landfill sites compared to the upwind sites. The yearly
emissions were estimated to be 2423, 30.8, 45, and 62 g/year for
ΣFTOH, ΣFOSA/FOSE, PFOS, and ΣPFCAs at the WWTP, 92, 2.3, 0.1, and
4.6 g/year for ΣFTOH, ΣFOSA/FOSE, PFOS, and ΣPFCAs at landfill site 1,
and 984, 4.3, 0.2, and 12.5 g/year for ΣFTOH, ΣFOSA/FOSE, PFOS, and
ΣPFCAs at landfill site 2.

Vierke et al. (2011) further explored air concentrations of PFAAs at
the aeration tank and secondary clarifier sites of a different WWTP in
2010. Similar to Ahrens et al. (2011c), they found that PFAA concentra-
tions in theWWTP, especially in the aeration tank, were elevated com-
pared to urban areas. These two air sampling campaigns highlight the
important role of thewastewater sector (especially the aeration process
of the WWTP) as an emission source of PFAAs and their precursors to
the atmosphere.
4. Conclusions

The concentrations of PFOS in a variety of media in the Canadian en-
vironmentwere generally higher in heavily populated urban and indus-
trialized locations, especially in southern Ontario, than in more remote
locations. Consistent with other studies conducted throughout the
world (Houde et al., 2006, 2011; Suja et al., 2009), this pattern indicates
that activities associated with human population, such as the use and
disposal of PFAA containing consumer products, continue to be impor-
tant sources of PFAAs to the Canadian environment. However, other
sources, such as airports, where use of aqueous film forming foam is
permitted until July 2013, as well as other fire training areas, also likely
contribute to the elevated PFAA concentrations in urban/industrial cen-
ters as well as result in unexpectedly elevated concentrations in some
remote locations. The PFAAs found in source regions are transported
to other more distant sites through atmospheric transport of precursor
compounds and/or transport of PFAAs through rivers and oceanic cur-
rents. As a result, this compound is also detected at locations far from
obvious point sources, albeit at lower concentrations.

Through comparison to draft FEQGs, the PFOS data suggest that
concentrations have low potential of adverse effects with respect to
the organisms examined. However, PFOS in fish and bird eggs tended
to exceed guidelines for the protection of mammalian and avian
consumers, and thus there may be exposure risks to the health of
their mammalian and avianwildlife consumers. Because FEQGs are pre-
ventive, and not predictive, wildlife population health assessments
would be necessary to determinewhether negative impacts are actually
occurring.
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Long-term temporal trends for suspended sediment, sediment cores,
Lake Trout, and Herring Gull eggs from Lake Ontario suggest that while
PFOS concentrations consistently increased from the start of data collec-
tion until the 1990s, consistent with production volumes (Martin et al.,
2010; Paul et al., 2009; Xie et al., 2013), recent trends varied between
media. For PFCAs, concentrations generally increased with time for
Herring Gull eggs, suspended sediment, and sediment cores in corre-
spondence with assumed market trends (Myers et al., 2012; Paul et al.,
2009; Vierke et al., 2012), or increased until the late 1990s and subse-
quently stabilized (Lake Trout). The lack of correspondence between
media for recent trends may be due to a variety of factors such as
partitioning of PFAAs from sediment particles to pore water and biotur-
bation in sediment cores, biotransformation of precursor compounds
and food web interactions in biota, differences in the time that each
media integrates exposure, influence of between year variability on
long-term trends, and continued production in Asia. Continued long-
term data collection may be required before voluntary and regulatory
actions are reflected consistently in all environmental media and
locations.

Measurements of PFAAs in indoor air and dust, in air, water, and
biosolids of Canadian WWTPs, and in leachate and air of Canadian
landfill sites illustrate that current-use products (from the indoor en-
vironment) and the waste and wastewater sectors are sources of
PFAAs to the environment. The importance of the waste and waste-
water sectors as sources of PFAAs was illustrated in the elevated
PFAAs found in water (Wascana Creek) located 8.5 km from a major
WWTP in Regina, SK, and in Starling eggs collected from Brantford,
ON and Calgary, AB landfills. However, it should be noted that for
Starlings, other than the elevated PFAAs observed at the Brantford
and Calgary landfills, there was no trend of higher concentrations ob-
served at the waste compared to non-waste sites. This suggests that
the waste sector, although important, is not always the dominant
source of PFAAs across sites in Canada.

Much has been learned about PFAAs since PFOSwas first reported in
wildlife by Giesy and Kannan (2001). We now know that PFAAs are
widely distributed throughout the Canadian environment, are persis-
tent, are susceptible to long-range transport (although the dominant
mechanisms for such transport are not clear), and that PFAAs are accu-
mulating in fish and wildlife. The results of this project can be used to
guide future work on the study of PFAAs in Canada. For example, addi-
tional work is needed to generate toxicity information on PFAAs other
than PFOS (including precursor compounds) so that FEQGs can be de-
veloped for other compounds. Furthermore, although this study identi-
fiedmajor sources of PFAAs to the Canadian environment, more work is
needed quantify the relative importance of these sources, and the im-
portance of PFAA precursors, to the concentrations of PFAAs observed
at different locations in order to assess the potential effectiveness of
control measures. More work is also needed to understand discrepan-
cies in the spatial and temporal trends between media. For example,
Lake Erie had relatively high PFAA concentrations in Lake Trout, Gull
eggs, and water, but low PFAA concentrations in sediment. Further-
more, recent temporal trends varied between media and locations.

It is evident that continuedmulti-media monitoring is essential for
determining the response of environmental PFAA concentrations to
voluntary and regulatory actions into the future. Currently, there are
eight locations across Canada where more than three media were
monitored and PFAAs were detected. A multi-media comparison of
PFAA profiles showed that the unexpectedly high concentrations of
the longer-chained PFCAs in Kejimkujik Lake, NS, biota was likely
due to source patterns rather than some sort of food web process.
This would have been difficult to tease out with an assessment of the
PFAA concentrations in biota alone. We recommend multi-media
sampling at other sites, especially Arctic locations, such as Great Bear
Lake, NT, which also had surprisingly elevated concentrations of the
long-chained PFCAs that were unexpected based on its remote north-
ern location.
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