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Background: Many Alaska Native communities rely on a traditional marine diet that contains persistent

organic pollutants (POPs). The indoor environment is also a source of POPs. Polybrominated diphenyl

ethers (PBDEs) and perfluoroalkyl substances (PFASs) are present both in the traditional diet and the

home indoor environment.

Objectives: We assessed exposure to PBDEs and PFASs among residents of two remote Alaska Native

villages on St. Lawrence Island. Ninespine stickleback (Pungitious pungitious) and Alaska blackfish (Dallia

pectoralis) were used to detect accumulation of these compounds in the local environment.

Methods: Concentrations of PBDEs and PFASs were measured in dust collected from 49 households on St.

Lawrence Island, as well as in blood serum from 85 island residents. Resident ninespine stickleback and

Alaska blackfish were used as sentinels to detect accumulation of PBDEs and PFASs in the food web.

Results: Serum concentrations of perfluorononanoic acid (PFNA) and perfluoroundecanoic acid (PFUnDA)

were elevated, despite low concentrations of PFASs in dust samples. Concentrations of PBDEs in dust and

serum were similar to those from the contiguous United States. Statistical associations between dust and

serum concentrations are apparent for a small number of PBDEs, suggesting a possible route of exposure.

Predominant compounds were similar between human sera and stickleback; however, blackfish accu-

mulated PFASs not found in either stickleback or human sera.

Conclusion: Household dust contributes to PBDE exposure, but not PFAS exposure. Elevated concentra-

tions of long chain PFASs in serum are likely due to exposure from traditional foods. The presence of both

PFASs and PBDEs in sentinel fish species suggests atmospheric deposition and bioaccumulation, as well

as local environmental contamination.

© 2017 Published by Elsevier Ltd.

1. Background

The Arctic is a hemispheric sink for persistent organic pollutants

(POPs) due to global distillation and bioaccumulation of these

compounds (AMAP, 2009, 2015). However, relatively little is known

about the indoor sources of POPs in remote northern regions.

Perfluoroalkyl substances (PFASs) are used in many consumer ap-

plications to impart beneficial surface characteristics, such as water

or stain proofing, or non-stick properties. Polybrominated diphenyl

ethers (PBDEs) are a class of brominated flame retardants added to

consumer products. Both classes of compounds are undergoing

global phase out, but remain significant environmental contami-

nants (Rotander et al., 2012a, 2012b). Importantly, both PFASs and

PBDEs are present in arctic wildlife that serve as traditional food

sources for indigenous peoples (Butt et al., 2010; Kelly et al., 2008).

PFASs and PBDEs have been the subject of numerous laboratory

and epidemiological investigations. In humans, PFASs are associ-

ated with adverse reproductive outcomes, specifically reduced fetal

growth (Lam et al., 2014), altered cholesterol levels (Steenland

et al., 2010), and altered thyroid hormone concentrations in chil-

dren (Ballesteros et al., 2016). The health effects associated with
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PBDE exposure include thyroid disruption, neurodevelopmental

effects and reproductive changes (Linares et al., 2015; Noyes and

Stapleton, 2014). Both PFASs and PBDEs are associated with thy-

roid hormone perturbations among Inuit adults in Canada (Dallaire

et al., 2009).

Results of studies within the contiguous United States and in

other regions of the world clearly show that indoor air and dust can

be significant sources of exposure to contaminants including POPs

(Allen et al., 2007; Stapleton et al., 2012). Due to more energy

efficient construction and increased use of synthetic building ma-

terials, modern buildings tend to have lower ventilation rates and

higher indoor contaminant concentrations (Jones, 1999; Sundell,

2004). While research has been conducted on POP exposure from

subsistence diets in the Arctic (Liberda et al., 2011; Ostertag et al.,

2009), little is known about indoor sources of POPs for arctic

populations. Overall body burdens of PBDEs are higher in North

America than other regions of the world (Kim et al., 2016; Linares

et al., 2015); however, little research exists on PBDEs or PFASs

within the arctic region of the United States.

St. Lawrence Island, Alaska is the largest island in the Bering Sea,

located 60 km from Siberia. Approximately 1600 Yupik people

distributed nearly evenly between the villages of Gambell and

Savoonga reside on the island year round. The residents are largely

reliant on traditional subsistence foods including reindeer (Rangifer

tarandus), bowhead whale (Balaena mysticetus), Pacific walrus

(Odobenus rosmarus), and ice seal species such as ringed (Pusa

hispida), bearded (Erignathus barbatus), and spotted (Phoca largha)

seals. In summer, ambient temperatures on St. Lawrence Island

rarely exceed 10� C and so the home heating season extends

virtually year round. Assuming relatively low ventilation rates, and

a large percentage of the year spent indoors, the indoor environ-

ment may be an important exposure route of contaminants for

residents of St. Lawrence Island. Previous research indicates that

the residents of St. Lawrence Island are exposed to POPs from their

traditional foods (Welfinger-Smith et al., 2011). The aim of this

study was to assess human exposure to PBDEs and PFASs on St.

Lawrence Island using an analysis of the indoor environment.

Sentinel fish species were also examined to assess PBDE and PFAS

contamination and bioaccumulation in local freshwater habitats.

2. Methods

Participants were recruited through flyers posted in public

spaces, or were directly recruited by bilingual (English-Yupik)

research assistants. Inclusion criteria of recruited participants

included being 18e45 years old, and having a willing adult

participant of the opposite sex from the same home. Participants

were excluded for a history of adverse outcomes during blood

draws. A total of 85 individuals from 49 homes were recruited for

the study. The median age of participants was 29 (range of 18e45).

In some cases one or both participants opted not to provide a blood

sample after the household dust sample was collected. In summary,

the participant list included a total of 36 male-female pairs from a

single home, 11 unpaired women and 2 unpaired men. From one

home a dust sample was collected, but no blood samples. This

research study was approved by the Alaska Area Institutional Re-

view Board (Indian Health Service IRB) and informed consent was

obtained by bilingual research assistants prior to participation.

Dust samples were collected during late winter to early spring

(FebruaryeApril) of 2013 and 2014 from homes using a single

standard household vacuum cleaner equipped with a detachable

stainless steel collection nozzle (Rudel et al., 2003). Samples were

collected on cellulose extraction thimbles (Whatman Inc., Clifton

NJ) by lightly drawing the suction nozzle over the surface of floors

and furniture. Thimbles were stored in pre-cleaned glass jars with

polypropylene lids. Participants were asked not to sweep or dust for

one week prior to sampling. Analytes in dust were extracted

directly from the filter without sieving.

Blood samples were collected from fasted participants ±1 day of

the dust collection at their home. Approximately 20 ml of venous

blood was drawn into sterile vacutainers (Becton Dickinson,

Franklin Lakes, NJ) and allowed to clot at room temperature for 1 h

before centrifugation at 3300 rpm for 15 min. Serumwas decanted

and stored in pre-cleaned glass vials with PTFE lined caps for PBDE

analysis, and stored in pre-cleaned polypropylene falcon tubes

(Becton Dickinson, Franklin Lakes, NJ) for PFAS analysis. Serum

samples and dust samples were immediately transferred to and

stored at �20 �C until analysis.

Quantification of analytes in dust and serum was conducted at

Axys Analytical Services Ltd. (Sydney, British Columbia, Canada).

Target analytes included perfluorobutanoic acid (PFBA), per-

fluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA),

perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA),

perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA),

perfluoroundecanoic acid (PFUnDA), perfluorododecanoic acid

(PFDoA), perfluorobutane sulfonate (PFBS), perfluorohexane sul-

fonate (PFHxS), perfluorooctane sulfonate (PFOS), perfluorooctane

sulfonamide (PFOSA), as well as BDE-7, 8 þ 11, 10, 12 þ 13, 15,

17 þ 25, 28 þ 33, 30, 32, 35, 37, 47, 49, 51, 66, 71, 75, 77, 79, 85, 99,

100, 105, 116, 119 þ 120, 126, 128, 138 þ 166, 140, 153, 154, 155, 181,

183, 190, 203, 206, 207, 208, and 209.

PFASs were quantified using reverse-phase high-performance

liquid chromatography mass spectrometry on a Waters 2690 Wa-

ters, Milford, MA coupled to a Micromass Quattro Ultima MS/MS

(Waters, Milford, MA), using AXYSmethodsMLA-042 andMLA-041

(AXYS Analytical Services Ltd., 2014a, b). PBDE concentrations were

determined using isotope dilution high resolution gas chromatog-

raphy high resolution mass spectrometry with a Hewlett Packard

5890 (Hewlett Packard, Palo Alto, CA) coupled to a Micromass Ul-

tima (Waters, Milford, MA), according to EPA Method 1614A (AXYS

Analytical Services Ltd., 2015). The instruments were initially cali-

brated with a minimum of 6 calibration standards. Analytes were

quantified using the internal standard method, using isotopically

labeled surrogate standards for each of the 13 PFASs and BDE-15,

28, 47, 77, 99, 100, 126, 153, 154, 183, 197, and 209. Method detec-

tion limits for PFASs were 0.5e1 ng/g in serum, and 0.1e0.2 ng/g in

dust. Method detection limits for PBDEs were 1e2 pg/g for the Di-

BDE through Hepta-BDE and 10e20 pg/g for Nona-BDE and Deca-

BDE. A blank and matrix spike were included in each analytical

batch of approximately 13 samples. No PFASs were detectable in

blank samples. PBDE concentrations in dust blanks were below 1%

of sample concentrations. PBDE concentrations in serum blanks

ranged from non-detect to over 100% of sample concentrations. If

blanks contained quantifiable concentrations of analytes, this

concentration was subtracted from the concentrations of samples

in the analytical batch. If blank corrected concentrations were

below zero, they were treated as below the limit of detection

(< LOD). Matrix spike recoveries were typically between 90 and

110%, and never outside of 80e120%with one exception. Thematrix

spike recovery for PFUnDAwas 73.5% for a single matrix spike dust

sample. For descriptive statistics PBDE concentrations in serum are

expressed here as ng/g lipid weight (lw). Total serum lipids were

determined by enzymatic measurements of cholesterol, free

cholesterol, triglycerides and phospholipids (Phillips et al., 1989).

Ninespine stickleback (Pungitius pungitius; hereafter ‘stickle-

back’) were collected from three locations on St. Lawrence Island.

The largest sample was obtained in the Suqitughneq (Suqi) River

watershed, including both upstream and downstream of a formerly

used defense site. Stickleback were also collected from the Tapi-

saggak (Tapi) River located approximately 5 km east of the military
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site, and from Troutman Lake, a coastal lake situated adjacent to the

village of Gambell. Alaska blackfish (Dallia pectoralis; hereafter

‘blackfish’) were collected from the Suqi River, but were absent

from the other water bodies. None of the sites were known to be

contaminated with PFASs or PBDEs at the initiation of the study.

All fish were collected with unbaited minnow traps, euthanized

with an overdose of pH-neutral MS222 fish anesthetic, held on ice

at the collection site, and then transferred to �80 �C in the labo-

ratory until analysis. PFAS and PBDE concentrations were deter-

mined using the same methods as for human serum. Percent

recovery of PBDEs from matrix spikes was typically within

90e110%; recovery for BDE-154 was within 87e95%. Percent re-

covery for PFASs was within 80e120%. A single matrix spike for

PFBS was 124%, while another single spike for PFPeAwas 79.3%. The

limit of quantification varied by compound, but was approximately

0.1e10 pg/g wet weight (ww) for PBDEs and 0.5e1 ng/g ww for

PFASs. The concentrations of any analytes detected in blank sam-

ples were subtracted from the concentrations of samples in the

analytical batch. Composite samples were used for stickleback only

and were made up of approximately 10 individual whole stickle-

back totaling approximately 10 g from the same study site.

Descriptive statistics for individual compounds are included

only when the 95th percentile was greater than the LOD; full

descriptive statistics are presented in the supplemental

information. We assessed the relative contributions of individual

compounds when comparing dust and serum samples. Percentage

is given as the concentration of an individual compound divided by

the total concentration of the sample (i.e. [ BDE-47]/[
P

-PBDE]). The

relative contribution was the mean percentage across all observa-

tions for a single compound.

Spearman's correlations were used to assess the associations

between concentration of compounds in dust and serum for

chemicals present in greater than 50% of serum samples. Correla-

tion analysis was not done on BDE-190 due to low detection rates in

dust. Statistical analysis was performed in SAS 9.3 (SAS Institute

Inc., Cary, NC), or Microsoft Excel (Microsoft Corporation, Redmond,

WA).

3. Results

Overall concentrations of PFASs in household dust were in the

low ng/g range (Table 1). Approximately 95% of dust samples

contained at least one detectable PFAS; however, detection rates of

individual PFASs were low. PFOAwas the most commonly detected

compound, detected in 80% of homes at a median concentration of

0.76 ng/g. PFOS was detected in 71% of homes, with a median

concentration of 1.40 ng/g. PFHpA was detected in 67% of homes

with a median concentration of 0.39 ng/g. Only PFOA, PFOS, and

PFHpA were detected in greater than 50% of homes.

Both PFOS and PFNA were detected in >98% of serum samples,

while PFOAwas detected in 91.8% of serum samples (Table 1). PFOS

contributed the greatest percentage of overall serum PFAS con-

centrations with median and maximum concentrations of 4.5 ng/

ml and 16.0 ng/ml, respectively. PFNA was present at the second

highest median and maximum concentrations of 2.2 ng/ml and

12.1 ng/ml, respectively. PFOA was present at a median concen-

tration of 1 ng/ml and a maximum of 2.9 ng/ml.

All sampled homes had detectable concentrations of PBDEs in

the dust (Table 2). Twenty-one individual congeners were present

in 100% of dust samples. BDE-209 was present at the highest me-

dian concentration of 1199.93 ng/g, followed by BDE-99 (362.98 ng/

g) and BDE-47 (327.00 ng/g). BDE-47 and BDE-99 had the highest

maximum concentrations of 98,799.98 ng/g and 136,999.98 ng/g,

respectively. The maximum concentration of BDE-209 was

31,799.93 ng/g. Total PBDE concentrations ranged from 216.29 ng/g

to 317,660.95 ng/g in dust samples. The highest concentrations of

PBDEs in dust and serum were from the same home; serum and

dust concentrations for these samples were approximately 40 and

50 times the interquartile range for
P
-PBDEs, respectively.

Six PBDEs were detected in 100% of serum samples, and another

10 were present in at least 95% of serum samples (Table 2). BDE-47

and BDE-153 contributed the greatest percentage of overall PBDE

body burden (Fig. 2). BDE-47 was present at the highest maximum

concentration (551.9 ng/g lw) of any PBDE. BDE-153 had a

maximum concentration of 54.8 ng/g lw. BDEs 99, 100, 207 and 209

also contributed relatively large percentages of overall PBDE body

burden (Fig. 2). BDE-99 was present at a median of 1.71 ng/g lw and

a maximum of 180.7 ng/g lw. BDE-209 was present at median and

maximum concentrations of 3.01 ng/g lw and 46.4 ng/g lw,

respectively.

3.1. Associations between compounds in dust and serum samples

Overall there were relatively poor correlations between con-

centrations of individual PFASs in dust and in blood serum. Longer

chain (�8 carbon) carboxylates and sulfonates tended to make up

the largest percentage of PFASs in serum samples (Fig. 1). PFOS was

the predominant compound in both dust and serum samples, but

there was no apparent relationship between dust and serum con-

centrations for either men or women (Table 3). PFNA was a major

contributor to overall serum concentration, but a relatively minor

contributor to overall dust concentration. Spearman's correlations

do not suggest associations between concentrations of dust borne

PFASs and serum PFASs (Table 3).

In both dust and blood samples, the signatures of technical

penta-BDE and deca-BDE mixtures were apparent. The most

prevalent PBDE congeners in serum also tended to be prevalent in

dust samples (Fig. 2); the exception is BDE-153, which was present

at relatively low concentrations in dust samples. There were asso-

ciations between select PBDE congeners in dust and blood serum

(Table 3). Specifically, the dust borne concentration of BDE-49 was

significantly associatedwith serum concentrations in bothmen and

Table 1

Descriptive statistics for PFASs.

Dust (ng/g)

(n ¼ 49)

Serum (ng/ml)

(n ¼ 85)

25th 50th 75th 95th % detect 25th 50th 75th 95th % detect

PFOA 0.34 0.76 1.74 3.37 80 0.75 1.01 1.44 2.14 92

PFNA <LOD <LOD 0.41 1.93 35 1.44 2.21 4.18 7.35 99

PFDA <LOD <LOD <LOD 2.16 24 <LOD <LOD 0.66 1.06 39

PFUnDA <LOD <LOD <LOD 0.38 10 <LOD 0.72 1.04 1.72 72

PFHxS <LOD <LOD 0.41 3.13 27 <LOD <LOD 1.07 2.74 32

PFOS <LOD 1.40 3.62 23.56 71 3.03 4.55 6.50 12.32 99

LOD ¼ limit of detection; % detect ¼ percent of samples above.
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women. Dust and serum concentrations of BDE-17/25, BDE-28/33,

and BDE-47 were significantly associated in women, but only

marginally associated (p < 0.10) in men.

3.2. Sentinel fish

Blackfish and stickleback contained mutually exclusive subsets

of PFASs. Three PFASs were detectable in stickleback samples: PFOS,

PFNA, and PFOA (Table 4). PFNA was the most frequently detected

PFAS in stickleback and PFNA concentrations were typically higher

than PFOA concentrations in the same sample. Blackfish samples

contained detectable concentrations of PFBS, PFHxA, and PFPeA.

One blackfish contained PFBS at a concentration of 59.2 ng/g ww,

the highest concentration of any PFAS found in fish during this

study. Troutman Lake stickleback samples had substantially higher

concentrations of PFASs than those in either the Suqi or the Tapi

River. PFOS ranged from 10 to 16 ng/g ww in Troutman Lake sam-

ples, but was detectable in only one other stickleback sample at a

concentration of 1.15 ng/g ww.

The predominant PBDE congeners in fish samples were major

penta-BDE congeners; BDE-47, 49, 99, and 100 were detected in all

fish samples (Table 5). While BDE-209 was not frequently detected

in fish, it was present at relatively high concentrations when

detected. Excluding the Troutman Lake samples, PBDE concentra-

tions were in the low ng/g lw with no sample having a
P

-PBDE

concentration above 100 ng/g lw. Stickleback from Troutman Lake

had substantially higher concentrations of PBDEs than those

detected in either the Suqi or the Tapi River. The three composite

samples from Troutman Lake, representing thirty individual fish,

had
P

-PBDE of 1176.44, 919.72 and 995.88 ng/g lw. BDE-209 was

present in only one Troutman Lake stickleback sample at a con-

centration of 0.12 ng/g lw.

4. Discussion

Concentrations of PFASs in household dust on St. Lawrence Is-

land appear to be on the lower end of those reported worldwide in

other studies. With a few exceptions, PFAS concentrations in the

current study were in the low ng/g range. Several studies have

discussed the geographic variability in indoor PFAS concentrations,

and there appears to be great variation in both the prevalence and

concentrations of these compounds in household dust (Goosey and

Harrad, 2011; Knobeloch et al., 2012). Studies from the contiguous

United States have reported substantially higher concentrations

PFASs (Fraser et al., 2013; Wu et al., 2015). A study of PFASs in

household dust from Flanders, Belgium reported concentrations

Table 2

Descriptive statistics for PBDEs.

Dust (ng/g)

(n ¼ 49)

Serum (ng/g lipid)

(n ¼ 85)

25th 50th 75th 95th % detect 25th 50th 75th 95th % detect

BDE-15 0.06 0.12 0.26 0.79 100 0.06 0.08 0.13 0.30 100

BDE-17/25 0.89 1.58 4.41 15.86 100 0.02 0.03 0.05 0.09 95

BDE-28/33 2.44 4.34 13.23 50.70 100 0.40 0.65 0.98 2.25 100

BDE-37 0.03 0.06 0.14 0.41 94 <LOD <LOD <LOD 0.02 28

BDE-47 170.97 327.00 1052.45 4599.99 100 5.95 9.25 16.94 34.14 99

BDE-49 3.91 7.43 27.55 168.20 100 0.04 0.06 0.10 0.21 95

BDE-51 0.44 0.93 3.49 20.78 100 <LOD <LOD 0.01 0.02 45

BDE-66 3.27 7.87 24.50 172.20 100 0.03 0.07 0.11 0.26 92

BDE-71 0.45 0.90 3.28 15.06 98 <LOD <LOD <LOD 0.02 25

BDE-75 0.17 0.45 1.69 7.03 96 <LOD 0.01 0.02 0.04 61

BDE-79 <LOD 0.07 0.31 2.21 63 <LOD <LOD <LOD 0.02 15

BDE-85 11.60 29.90 118.50 1058.00 100 0.09 0.18 0.35 0.87 91

BDE-99 203.98 362.98 1684.97 6583.99 100 0.87 1.71 3.61 8.34 89

BDE-100 42.40 93.10 323.25 1350.00 100 1.19 2.11 3.53 8.27 98

BDE-119/120 0.44 1.03 3.90 14.60 94 <LOD <LOD 0.03 0.06 44

BDE-126 <LOD 0.14 0.43 2.54 65 <LOD <LOD <LOD 0.01 9

BDE-128 0.12 0.26 1.08 6.88 88 <LOD <LOD 0.04 0.08 39

BDE-138/166 4.07 9.97 34.35 263.80 100 0.01 0.04 0.07 0.18 80

BDE-140 0.92 2.37 7.89 61.56 100 0.03 0.05 0.07 0.18 96

BDE-153 25.60 58.70 208.25 825.40 100 5.06 9.60 12.92 25.95 100

BDE-154 17.50 41.70 147.25 603.40 100 0.10 0.16 0.36 0.79 95

BDE-155 1.16 2.41 8.01 53.98 100 0.02 0.03 0.05 0.10 92

BDE-183 2.52 5.42 9.72 50.68 100 0.11 0.18 0.32 1.08 100

BDE-190 <LOD <LOD <LOD 1.83 18 <LOD 0.06 0.10 0.31 58

BDE-203 2.43 4.63 8.65 27.01 100 0.17 0.30 0.49 1.29 100

BDE-206 31.96 67.60 114.50 468.38 100 0.20 0.38 0.65 2.11 99

BDE-207 44.50 98.09 191.67 738.50 100 1.15 2.00 4.09 9.60 100

BDE-208 35.54 64.00 124.20 451.74 100 0.37 0.58 1.12 3.70 99

BDE-209 693.00 1199.93 1885.00 8959.52 100 1.79 3.01 6.54 16.51 99

LOD ¼ limit of detection; % detect ¼ percent of samples above LOD.
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Fig. 1. Relative concentrations of PFASs in dust and serum.
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(0.2e336 ng/g) similar to those reported in the current study;

median concentrations for all PFASs, including PFOS, PFOA and

PFNA, were below 1 ng/g (D'Hollander et al., 2010).

When compared to age and sex adjusted data from the National

Health and Nutrition Examination Survey (NHANES) (CDC, 2007)

serum concentrations of PFASs in St. Lawrence Island residents

were comparable to levels found in the general U.S. population.

Notable exceptions are that PFNA and PFUnDA were elevated

among St. Lawrence Island residents. Median serum PFNA con-

centrations of St. Lawrence Island residents were 2.74 and 2.13 ng/

ml for men andwomen, respectively, compared to 1.4 and 1.0 ng/ml

for men and women participating in NHANES. The median PFUnDA

concentrations of St. Lawrence Island residents were also higher

(men ¼ 0.74 ng/ml; women ¼ 0.72 ng/ml) than both men and

women in NHANES (0.14 ng/ml). Serum PFOS concentrations were

slightly lower in St. Lawrence Island residents than those reported

in Yupik women from the Yukon-Kuskokwim River Delta region of

Alaska, and those in Inuit from Nunavik, Canada (AMAP, 2009).

Serum PFOS and PFOA concentrations on St. Lawrence Island were

on the low end of the range reported for other arctic populations

(AMAP, 2015). Serum PFAS concentrations appeared dissimilar to

those reported in residents of the Faroe Islands, who also consume

marine mammals. While serum PFOS and PFOA concentrations

were higher among the Faroese, PFNA was present at higher con-

centrations among residents of St. Lawrence Island (Grandjean

et al., 2012). The median concentration of PFNA was higher

among St. Lawrence Island residents than among Inuit men from
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Fig. 2. Relative concentrations of PBDEs in dust and serum.

Table 3

Spearman's correlation coefficients between chemical concentrations in dust and

serum.

Women (n ¼ 47) Men (n ¼ 38)

rs p-value rs p-value

PFOA �0.008 0.95 �0.10 0.56

PFNA �0.20 0.17 �0.30 0.06

PFUnDA 0.09 0.53 0.01 0.94

PFOS 0.06 0.64 0.11 0.51

BDE-15 0.13 0.37 0.28 0.09

BDE-17/25 0.33 0.02 0.06 0.07

BDE-28/33 0.34 0.02 0.29 0.08

BDE-47 0.33 0.02 0.30 0.07

BDE-49 0.42 <0.005 0.39 0.02

BDE-66 0.20 0.15 0.20 0.23

BDE-75 0.25 0.07 0.18 0.29

BDE-85 0.17 0.25 0.26 0.12

BDE-99 0.18 0.24 0.18 0.28

BDE-100 0.20 0.18 0.17 0.30

BDE-138/166 0.1 0.47 0.02 0.87

BDE-140 �0.05 0.72 0.00 0.99

BDE-153 0.70 0.65 �0.09 0.59

BDE-154 0.15 0.33 0.17 0.30

BDE-155 0.03 0.82 0.11 0.51

BDE-183 �0.12 0.41 �0.17 0.30

BDE-203 �0.09 0.53 0.06 0.71

BDE-206 0.02 0.92 0.19 0.26

BDE-207 0.12 0.39 0.17 0.30

BDE-208 0.08 0.59 0.14 0.39

BDE-209 0.14 0.33 0.26 0.11

Bold text indicates significance at p < 0.05.

Table 4

Descriptive statistics for PFASs in sentinel fish (ng/g ww).

Stickleback Blackfish

Troutman Lake (nc ¼ 3) Suqi River (n¼29)

PFOA PFNA PFOS PFHxA PFBS PFPeA

0.85 2.72 10.10 1.77 <LOD <LOD

1.25 3.44 11.70 0.608 10.1 <LOD

1.51 4.13 16.10 0.6 9.99 <LOD

0.463 <LOD <LOD

0.598 7.45 <LOD

Suqi River (nc ¼ 9) 0.638 10 <LOD

PFOA PFNA PFOS 0.617 1.59 <LOD

<LOD <LOD <LOD 0.476 <LOD <LOD

0.55 0.85 1.15 0.7 <LOD <LOD

0.65 0.51 <LOD 0.841 <LOD <LOD

<LOD <LOD <LOD 0.669 <LOD <LOD

0.58 0.83 <LOD 0.627 <LOD <LOD

<LOD <LOD <LOD <LOD <LOD <LOD

<LOD 1.52 <LOD 0.75 16.3 <LOD

<LOD <LOD <LOD 0.661 17.4 <LOD

<LOD 0.59 <LOD <LOD 2.46 <LOD

<LOD 2.3 <LOD

<LOD 4.98 <LOD

Tapi River (nc ¼ 2) <LOD 16.9 <LOD

PFOA PFNA PFOS <LOD 2.98 <LOD

<LOD <LOD <LOD <LOD 59.2 <LOD

0.57 0.78 <LOD <LOD 16.8 0.82

<LOD <LOD <LOD

<LOD <LOD <LOD

<LOD <LOD <LOD

<LOD <LOD <LOD

<LOD <LOD <LOD

<LOD <LOD <LOD

<LOD <LOD <LOD

LOD ¼ limit of detection; nc ¼ number of composite samples, each composed of ~10

stickleback.
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Greenland, while PFUnDA concentrations were similar (Lindh et al.,

2012).

Overall concentrations of PBDEs in household dust from St.

Lawrence Island were within the range of those found in the homes

of the contiguous United States. Specifically, median concentration

of BDE-209 in the current study (1199 ng/g dust) is similar to the

median concentration (1200 ng/g dust) from a small study of dust

collected from California homes (Dodson et al., 2012). However, the

median values for other major congeners were higher in California.

The median concentration of BDE-153 in dust in the current study

was 58 ng/g compared to 150 ng/g in California; BDE-99 in the

current study was 362 ng/g compared to 1100 ng/g in California;

and BDE-47 in the current study was 298 ng/g compared to

1000 ng/g in California (Dodson et al., 2012). The major congeners

of the commercial penta-BDE and deca-BDE mixtures were the

major dust contaminants on St. Lawrence Island, which is similar to

other studies in the U.S. (Meeker et al., 2009; Stapleton et al., 2005;

Zota et al., 2008). Specifically, BDE-47, BDE-99 and BDE-209 were

the predominant congeners in terms of both prevalence and

percent of total concentration. Interestingly, BDE-209 made up a

larger percentage of
P

-PBDEs than typically found in U.S. dust

samples (Kim et al., 2016). This could be explained partially by the

earlier phase out of penta-BDE and octa-BDE. The PBDE concen-

trations in dust are similar to levels that have been associated with

endocrine disruption (Meeker et al., 2009).

Compared to age and sex adjusted data from NHANES, serum

concentrations of major PBDE congeners were lower on St. Law-

rence Island than in the general U.S. population. The only exception

was BDE-153, which appeared comparable in terms of median and

range concentration. BDE-153 is known to be more resistant to

metabolism than other congeners (Lupton et al., 2009). Compared

to a population of Inuit men from Canada, select congeners

appeared elevated among St. Lawrence Island residents (O'Brien

et al., 2012). Geometric mean concentrations of BDE-153 and

BDE-47 on St. Lawrence Island were higher, at 8.65 and 10.19 ng/g

lw, respectively, than corresponding data from the Canadian Inuit

population, at 2.05 and 2.16 ng/g lw, respectively (Dallaire et al.,

2009). St. Lawrence Island residents had serum PBDE concentra-

tions similar to those of Yupik women from the Yukon-Kuskokwim

River delta region of Alaska from the period 2004e2006, the

highest reported in the circumpolar Arctic. However, BDE-47, 99

and 100 were slightly higher in women from Yukon-Kuskokwim

delta, while BDE-153 and 209 concentrations were higher among

St. Lawrence Island residents (AMAP, 2009). This may be due in part

to the increased use of deca-BDE in the intervening years. Research

in the Canadian Arctic indicated that PBDE levels are higher in

young Inuit children than in Inuit adults (O'Brien et al., 2012).

4.1. Sentinel fish

Stickleback from Troutman Lake had exceptionally high
P

-PBDE and
P

-PFAS concentrations.
P

-PBDE concentrations are

comparable to the range observed in pilot whales from the Faroe

Islands (Rotander et al., 2012b), and several higher trophic level fish

species from California (Brown et al., 2006). In all three composite

stickleback samples, BDE-47 contributed over 50% of the
P

-PBDE

concentration. PFOS and PFNA concentrations were also high in

Troutman Lake stickleback samples, within the range reported for

beluga whale liver samples from Alaska and other arctic regions

(Reiner et al., 2011). However, substantially higher concentrations

of PFASs have been reported in liver from polar bears from Alaska,

and inwhole body fish samples fromUS rivers (Kannan et al., 2005;

Table 5

Descriptive statistics for PBDEs in sentinel fish (ng/g lipid).

Troutman Lake

Stickleback (nc ¼ 3)

Tapi River

Stickleback

(nc ¼ 2)

Suqi River

Stickleback (nc ¼ 10)

Suqi River

Blackfish (n ¼ 41)

C1 C2 C3 C1 C2 median min max %

detect

median min max %

detect

BDE-15 2.83 2.25 1.90 0.01 0.00 0.00 <LOD 0.03 50 <LOD <LOD 0.03 15

BDE-17/25 9.68 8.47 10.04 <LOD <LOD <LOD <LOD 0.08 40 <LOD <LOD 0.07 32

BDE-28/33 39.16 33.60 30.43 0.05 0.03 0.02 0.01 0.07 100 0.03 <LOD 0.13 76

BDE-37 0.74 0.66 0.62 <LOD <LOD <LOD <LOD 0.02 20 <LOD <LOD 0.07 34

BDE-47 650.17 502.92 525.45 2.12 0.79 0.57 0.30 1.14 100 0.90 0.32 5.90 100

BDE-49 111.33 91.25 97.45 0.42 0.34 0.25 0.10 0.55 100 0.25 0.05 1.14 100

BDE-51 0.67 0.64 0.47 0.01 <LOD <LOD <LOD 0.04 10 <LOD <LOD 0.01 2

BDE-66 10.29 8.86 6.02 0.04 <LOD <LOD <LOD 0.19 30 <LOD <LOD 0.13 32

BDE-71 1.59 2.13 4.94 <LOD <LOD <LOD <LOD 0.05 20 <LOD <LOD 0.03 10

BDE-75 0.80 0.70 0.52 <LOD <LOD <LOD <LOD <LOD 0 <LOD <LOD 0.03 5

BDE-79 0.39 0.43 <LOD 0.03 <LOD <LOD <LOD 0.01 10 <LOD <LOD 0.05 22

BDE-85 0.09 0.07 0.29 0.01 <LOD <LOD <LOD 0.01 40 0.02 <LOD 0.38 54

BDE-99 170.36 133.13 168.01 0.41 0.30 0.31 0.20 0.98 100 0.49 0.03 6.85 100

BDE-100 124.61 94.42 102.32 0.38 0.14 0.14 0.05 0.19 100 0.16 0.06 1.45 100

BDE-119/120 1.85 1.38 3.17 0.03 <LOD <LOD <LOD 0.03 20 <LOD <LOD 0.06 5

BDE-126 0.20 0.15 <LOD 0.01 <LOD <LOD <LOD <LOD 0 <LOD <LOD <LOD 0

BDE-128 <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD 0 <LOD <LOD <LOD 0

BDE-138/166 0.02 0.02 0.09 <LOD <LOD <LOD <LOD <LOD 0 <LOD <LOD 0.58 5

BDE-140 0.08 0.06 0.10 <LOD <LOD <LOD <LOD <LOD 0 <LOD <LOD <LOD 0

BDE-153 14.94 11.82 14.87 0.06 0.05 0.04 <LOD 0.08 90 0.06 <LOD 0.54 73

BDE-154 33.00 24.25 27.02 0.14 0.08 0.07 <LOD 0.10 90 0.09 <LOD 0.50 90

BDE-155 1.55 1.17 1.52 0.05 0.01 0.01 <LOD 0.03 60 <LOD <LOD 0.04 12

BDE-183 0.01 0.01 <LOD 0.01 0.04 <LOD <LOD 0.04 20 <LOD <LOD 0.32 37

BDE-190 <LOD <LOD <LOD 0.01 <LOD <LOD <LOD <LOD 0 <LOD <LOD 0.02 5

BDE-203 <LOD <LOD <LOD 0.03 <LOD <LOD <LOD 0.10 10 <LOD <LOD 0.23 17

BDE-206 0.02 <LOD <LOD 0.01 <LOD <LOD <LOD 2.21 30 <LOD <LOD 4.09 29

BDE-207 0.01 <LOD <LOD 0.02 <LOD <LOD <LOD 2.05 30 <LOD <LOD 6.94 27

BDE-208 0.01 <LOD <LOD 0.02 <LOD <LOD <LOD 1.54 20 <LOD <LOD 4.03 29

BDE-209 0.12 <LOD <LOD 0.41 <LOD <LOD <LOD 42.12 20 <LOD <LOD 57.07 34

LOD ¼ limit of detection; % detect ¼ percent of samples above LOD; nc ¼ number of composite samples, each composed of ~10 stickleback.
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Ye et al., 2008). Given the comparatively high concentrations of

PBDEs and PFASs it is probable that stickleback from Troutman Lake

are exposed to a local source of PFASs and PBDEs. While the source

has not yet been investigated, contaminants may be leaching from

local landfills. Village and military landfills and Troutman Lake are

located on a cobble spit; this substrate may facilitate leaching of

contaminants from the landfills.

Blackfish and stickleback samples contained mutually exclusive

sub-sets of PFASs, even when collected from the same waters. The

most frequently detected PFASs in stickleback were PFOA, PFOS,

and PFNA. These compounds were also the predominant com-

pounds in human sera samples in this study. PFOS and PFNA are

commonly detected in marine biota from the circumpolar Arctic,

and are likely present in traditional foods harvested on St. Lawrence

Island (Butt et al., 2010). Stickleback appear to be an appropriate

sentinel species for human exposure to PFASs in this region of the

Arctic. In blackfish, PFBS was both themost frequently detected and

present at the highest concentrations. Blackfish are resident

freshwater species, while stickleback may be freshwater, anadro-

mous, or marine. Blackfish from the upstream section of the Suqi

River had higher concentrations of PFBS than those in the down-

stream section. Differences in metabolism and excretion of PFASs

between species cannot be ruled out as the cause of the different

body burdens. PFBS was not detected in any human sera samples.

A blackfish from the upstream section of the Suqi River con-

tained PFBS at a concentration of 59.2 ng/g ww, the single highest

concentration of any PFAS detected in either species of fish. PFBS is

a degradation product of perfluorbutane sulfonyl fluoride com-

pounds which are used as replacements for perfluorosulfonates,

such as PFOS (D'Eon et al., 2006; Wang et al., 2013). The only other

compound frequently detected in blackfish was PFHxA. Impor-

tantly, both PFBS and PFHxA appear to be increasing in concen-

tration in humans (Glynn et al., 2012). Blackfish may be early

indicators that these compounds are transported to the Arctic and

bioaccumulate in animals.

Excluding Troutman Lake samples, overall
P

-PBDE concentra-

tions in sentinel fish were similar to those reported in other arctic

fish species (Letcher et al., 2010). Both stickleback and blackfish

samples contained principally penta-BDE congeners, with lower

concentrations of technical deca-BDE congeners. There were no

apparent differences in accumulation of PBDEs between the fish

species. Results from sentinel fish suggest that human dietary

exposure from locally harvested aquatic animals is likely to be

dominated by penta-BDE congeners.

4.2. Sources of exposure

Overall PFAS concentrations were low in dust samples. Longer

chained PFASs were detected more frequently in serum and were

present at higher concentrations than short chained PFASs. Short

chained perfluorinated carboxylates are less bioaccumulative than

those with long chains (Lasier et al., 2011). The low concentrations

of PFASs in household dust, and overall weak correlations between

PFASs in household dust and serum, suggest that people are

exposed to other sources of these compounds. However, research

into dietary exposure and other potential pathways would be

necessary to test this hypothesis. The presence of PFASs in fish from

remote sites is suggestive of atmospheric deposition.

Serum samples contained relatively high concentrations of odd

numbered carbon chain PFASs, such as PFNA and PFUnDA. This

pattern has been observed in arctic biota (Martin et al., 2004;

Reiner et al., 2011) and is consistent with the hypothesis that

global transport and transformation of fluorotelomer alcohols is the

source of these compounds (Ellis et al., 2004). In the Faroe Islands

the consumption of whale meat appears to be positively associated

with serum PFOS and PFNA concentrations (Weihe et al., 2008). The

presence of PFNA in stickleback samples provides evidence that this

compound is accumulating in the local biota.

The dust and serum concentrations for a small number of PBDEs

were weakly but significantly correlated. This suggests that dust

may be a source of exposure, however this was not directly

measured. The strength of the correlation is weak compared to

those reported from other adult populations (Johnson et al., 2010).

It may be that dust is a less important route of exposure in this

population than those in the contiguous United States. It is clear

from sentinel fish data that major penta-BDE congeners bio-

accumulate in local arctic biota and thus may be present in tradi-

tional foods. PBDEs were detected in fish from remote sites which

suggests atmospheric deposition. Stickleback data suggest a point

source of PBDEs and PFASs near the village of Gambell, possibly a

local landfill. It is unclear to what extent residents could be exposed

through this mechanism.

4.3. Limitations

This study sample is non-random. The data are cross-sectional

and there is no assurance that a single dust sample is representa-

tive of historical indoor exposure. Small sample size limits statis-

tical power to detect associations. While dust is known to be a

significant source of exposure to PBDEs, it is not thought to be a

significant source of PFASs. Indoor air samples would provide a

more complete picture of indoor PFAS exposure. We cannot

differentiate between exposure to PFASs and exposure to pre-

cursors such as fluorotelemer alcohols. As such, fluorotelemer al-

cohols may be an uncharacterized source of exposure. Deca-

congeners are difficult to measure accurately because they can

degrade during analysis (Stapleton, 2006). Deca-BDE is also present

at relatively high concentrations in indoor environments relative to

serum, which poses a risk of sample contamination; these factors

decrease confidence in concentration estimates. Dust samples were

extracted directly from the filter without sieving; this could

introduce fragments of commercial products that contain high

concentrations of target analytes. Dietary exposure was not

assessed. Composite samples of stickleback were necessary due to

the small mass of individual fish; however, this method makes it

impossible to determine the level of contamination of individual

fish. A matrix spike for PFBS was outside the ideal recovery range

(124%) in the analytical batch that contained the highest PFBS

concentration. PFBS concentrations in these samples were probably

overestimated; however, PFBS was detected in blackfish from other

analytical batches with spike recoveries within 80e120%. No lab

blanks contained detectable concentrations of PFBS.

5. Conclusion

Locally collected stickleback indicate a point source of PBDE and

PFAS pollution near Gambell, while the lower concentration of

these compounds in fish collected elsewhere on the island also

suggest that both PFASs and PBDEs are present due to atmospheric

deposition. Concentrations of PFASs in household dust from St.

Lawrence Island are among the lowest reported in the literature.

The proportion of PFNA is enriched in serum as compared to dust.

PFNA and PFUnDA are elevated compared to the U.S. general pop-

ulation. Long-range transport of fluorotelomer alcohols and bio-

accumulation in traditional foods may explain this pattern. PFNA is

commonly detected in resident stickleback. PFBS is present in

blackfish from St. Lawrence Island, but is not detectable in human

serum. Concentrations of PBDEs in dust on St. Lawrence Island are

within the range of previously published reports for the United

States. Although within the range reported in the U.S., serum PBDE
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concentrations are above those of Canadian Inuit populations.

Controlling exposure from household dust may reduce overall

exposure to PBDEs in arctic homes. PFAS exposure is not likely to be

significantly affected by dust mitigation strategies.
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