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a b s t r a c t

The Arctic is subject to long-range atmospheric deposition of globally-distilled semi-volatile organic

compounds (SVOCs) that bioaccumulate and biomagnify in lipid-rich food webs. In addition, locally

contaminated sites may also contribute SVOCs to the arctic environment. Specifically, Alaska has hun-

dreds of formerly used defense (FUD) sites, many of which are co-located with Alaska Native villages in

remote parts of the state. The purpose of this study was to investigate the extent of SVOC contamination

on Alaska’s St. Lawrence Island through the analysis of sentinel fish, the ninespine stickleback (Pungitius

pungitius), collected from Troutman Lake located within the watershed of an FUD site and adjacent to the

Yupik community of Gambell. We measured the concentrations of legacy and emerging SVOCs in 303 fish

samples (81 composites), including polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers

(PBDEs), organophosphate esters (OPEs) and their diester metabolites, and per- and poly-fluoroalkyl

substances (PFAS). PBDEs and PCBs were the most abundant SVOC groups found in stickleback with

SPBDE and SPCB median concentrations of 25.8 and 10.9 ng/g ww, respectively, followed by PFAS

(median SPFAS 7.22 ng/g ww). SOPE and SOPE metabolite concentrations were lower with median

concentrations of 4.97 and 1.18 ng/g ww, respectively. Chemical patterns and distributions based on

correlations and comparison with SVOC concentrations in stickleback from other parts of the island

suggest strong local sources of PCBs, PBDEs, and PFAS on St. Lawrence Island.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Semi-volatile organic compounds (SVOCs) are contaminants of

global concern that adversely affect human health and the envi-

ronment (Letcher et al., 2018; Nash, 2011). The Arctic is a hemi-

spheric sink for certain SVOCs that reach the Arctic through long-

range atmospheric transport from lower latitudes and bio-

accumulate in lipid-rich foodwebs (Blais, 2005;Wania andMackay,

1993, 1996). In addition, local sources of contamination also

contribute SVOCs to the arctic environment (Brown et al., 2014). For

example, in Alaska many formerly used defense (FUD) sites are

located in or near Alaska Native villages in remote parts of the state

(von Hippel et al., 2016). Many of these abandoned sites remain

contaminated with persistent SVOCs, including polychlorinated

biphenyls (PCBs), solvents, and other contaminants (Scrudato et al.,

2012; von Hippel et al., 2018). Despite the large size of Alaska and

high number of contaminated sites located throughout the state,

pollution in the U.S. Arctic is poorly studied compared to the Ca-

nadian and European Arctic (Muir and de Wit, 2010; Riget et al.,

2016). Alaska Native peoples are often exposed to disproportion-

ately high levels of SVOCs through consumption of traditional

subsistence foods that are lipid rich, often long-lived, and from high

trophic levels. Because of the proximity of some Native villages to

contaminated sites, chronic exposure to many SVOCs also occurs in

local hot spots of pollution. This poses an important public health

concern because chronic exposure to SVOCs is associated with

endocrine, neurological, and reproductive disorders and cancers

(Costa and Giordano, 2007; Hekster et al., 2003; Hou et al., 2016;

Ulbrich and Stahlmann, 2004; Yu et al., 2016).

This study addresses SVOC contamination on Alaska’s St.
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Lawrence Island (the traditional Yupik name of the Island is Sivu-

qaq; hereafter, SLI), which is the largest island in the Bering Sea and

located only 61 km from the Chukotka Peninsula of northern

Russia. The island has a population of about 1600 Native Yupik

residents living in two extant villages, Gambell and Savoonga. SLI

contains two FUD sites that were established because of the island’s

strategic location with respect to the former Soviet Union (Fig. 1).

One of them is located at Northeast Cape, a former Yupik village

that was acquired by the U.S. Air Force to establish a surveillance

station in 1957 to provide early warning of enemy attacks during

the Cold War (ADEC, 2019; USBLM, 2015). The Northeast Cape fa-

cility was abandoned in 1972, leaving a legacy of contamination

which resulted in contaminated soil, surface and ground waters,

and biota derived from fuel spills and releases of PCBs, pesticides,

solvents, metals, and possibly other contaminants (ADEC, 2019;

Scrudato et al., 2012). The other military base was located in the

village of Gambell from 1948 to 1956. The operation of the military

base in Gambell resulted in spilled fuels, oils, and other contami-

nants that have settled in course gravel and in a layer above and

possibly sequestered within the permafrost. The Northeast Cape

was extensively cleaned and remediated with an overall $125

million spent, making it the most expensive FUD site clean-up in

Alaska to date (ADEC, 2019; USACE, 2012). The Northeast Cape

remediation started in 1985 and included removal of structures,

storage tanks and drums, contaminated wastes, soil and sediments

(ADEC, 2019; Byrne et al., 2015; Scrudato et al., 2012). In 2014, The

U.S. Army Corps of Engineers determined that sufficient cleanup

occurred and all active remediation was ceased at Northeast Cape,

while active remediation ceased at Gambell in 2008 (ADEC, 2019).

However, previous studies show that contamination on SLI re-

mains. SLI residents have concentrations of PCBs in their blood that

are several times higher than those in people who live in other U.S.

states (Carpenter et al., 2005). Moreover, SLI residents who use

Northeast Cape for subsistence activities have higher serum PCB

levels than the residents who are not associated with this FUD site

(Carpenter et al., 2005). These findings suggest that while bio-

accumulation of PCBs in arctic subsistence foods results in elevated

PCB levels in SLI residents, some residents experience added

exposure from FUD sites (Carpenter et al., 2005). More recent

research also demonstrated elevated levels of certain poly-

brominated diphenyl ethers (PBDEs) and per- and polyfluoroalkyl

substances (PFAS) in blood serum of SLI residents, and associations

with thyroid hormone disruption (Byrne et al., 2018a; Byrne et al.,

2018b). Moreover, previous research showed elevated levels of

several groups of SVOCs, including PCBs, in freshwater fish (nine-

spine stickleback, Pungitius pungitius; hereafter, “stickleback”, and

Alaska blackfish, Dallia pectoralis) collected from the Suqitughneq

(Suqi) River where it flows through the FUD site at Northeast Cape,

suggesting that these contaminants originated in part from the

local FUD site (von Hippel et al., 2018). Stickleback are an effective

sentinel species in part due to their circumpolar arctic distribution

and presence at contaminated sites (von Hippel et al., 2016). In

addition, stickleback are preyed upon by higher trophic level fish

and thus may indirectly contribute to human SVOC exposure

through the food web. Interestingly, SVOC patterns in sentinel fish

reflected blood sera patterns of SLI residents and suggest that

stickleback are an appropriate sentinel species for human exposure

(Byrne et al., 2015; Byrne et al., 2017).

The current study is the follow-up of these prior studies

(Carpenter et al., 2005; Byrne et al., 2015; Byrne et al., 2017; Byrne

et al., 2018a; Byrne et al., 2018b; von Hippel et al., 2018) and aims to

investigate environmental contamination on SLI through the

analysis of stickleback collected from Troutman Lake, adjacent to

the village of Gambell (Fig. 1). Our goals are two-fold: 1) to deter-

mine concentrations, patterns, and distributions of an expanded

suite of legacy and emerging SVOCs in stickleback, including PCBs,

PBDEs, organophosphate esters (OPEs) and their diester metabo-

lites, and PFAS; and 2) to explore if remaining contamination is

derived primarily from local sources or through atmospheric

deposition.

2. Materials and methods

2.1. Sample collection

Stickleback were collected from two locations in Troutman Lake

on SLI in July 2018. Samples were frozen, shipped to our laboratory

at Indiana University, and stored at �20 �C until analysis. A total of

303 stickleback were analyzed in 81 composite samples.

2.2. Sample treatment

Whole-body fish samples were freeze-dried, ground and ho-

mogenized, and composited to include 3e5 individual fish per

Fig. 1. Map of St. Lawrence Island, Alaska.
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composite to achieve at least 1 g of sample (dry weight). Water

content of each composite was determined based on the difference

in sample mass before and after freeze drying. For PCB and PBDE

analyses, the samples were extracted using a Dionex Accelerated

Solvent Extraction (ASE) 350. Approximately 0.4 g of a dried fish

composite was mixed with pre-cleaned diatomaceous earth, added

to ASE 66 mL cells, and spiked with surrogate standards (BDE-77,

-166 and 13C12-209 for PBDEs; PCB-14, -65 and -166 for PCBs). The

samples were then extracted with hexane and acetone (1:1, v/v) at

90 �C and 1500 psi in three static cycles. The extract was reduced to

1mL by rapid evaporation using nitrogen gas. The lipid content was

determined gravimetrically using 10% of the extract. Samples were

further cleaned on a multilayer silica column, packed from bottom

to topwith glass wool, 2 cm of neutral silica, 5 cm of acid silica, 2 cm

of neutral silica, and 1 cm of sodium sulfate. The first fraction was

eluted with 40 mL hexane and the second fraction was eluted with

40 mL hexane and dichloromethane (1:1, v/v). PCBs and some

PBDEs eluted in the first fraction; the remaining PBDEs eluted in the

second fraction. Each fraction was then concentrated, solvent

exchanged to hexane, blown down to 1 mL with nitrogen gas, and

spiked with internal standards (BDE-118 and -181 for PBDEs; PCB-

30 and -204 for PCBs).

For PFAS analysis, 0.1 g of a dried fish compositewas spikedwith

surrogate standards (M3PFBA, M3PFBS, MPFHxA, MPFHxS, MPFOA,

MPFOS, MPFUdA and M2PFTeDA; Table S1) and equilibrated over-

night in a 15 mL polypropylene tube. The sample was then

extracted with 4 mL acetonitrile in an ultrasonic environment for

1 h. After centrifugation (3000 rpm, 5 min), the supernatant was

transferred to a new tube, and the sample was re-extracted twice.

The combined extracts were concentrated to ~1 mL and diluted

with 4 mL water. The resulting extract was further cleaned on an

Oasis weak anion exchange (WAX) cartridge, which was pre-

washed using 3 mL of 1% ammonium hydroxide in methanol, fol-

lowed by 3 mL methanol and 3 mL water. The extract was loaded

onto a WAX cartridge and rinsed with 3 mL water. Target analytes

were eluted with 1 mL acetonitrile, followed by 3 mL 1% ammo-

nium hydroxide inmethanol. The collected fractionwas then blown

down with nitrogen to ~0.5 mL, filtered through a nylon syringe

filter (0.2 mm), and spiked with internal standards (M3PFHxS,

M7PFUdA, M8PFOA, M8PFOS and MPFBA; Table S1).

For OPE and OPE metabolite analyses, 0.2 g of a dried fish

composite was spiked with surrogate standards [d12-tris(2-

chloroethyl) phosphate (d12-TCEP) and
13C18-triphenyl phosphate

(13C18-TPHP) for OPEs; d8-bis(2-butoxyethyl) phosphate (d8-

BBOEP), d8-bis(2-chloroethyl) phosphate (d8-BCEP), d12-bis(1-

chloro-2- propyl) phosphate (d12-BCIPP), d10-bis(1,3-dichloro-2-

propyl) phosphate (d10-BDCIPP), and d10-diphenyl phosphate

(d10-DPHP) for OPE metabolites] and equilibrated overnight. The

sample was sonicated in 4 mL acetonitrile for 1 h. After centrifu-

gation (3000 rpm, 5 min), the supernatant was transferred to a pre-

weighed glass vial, and the sample was re-extracted twice. The

combined extracts were concentrated to dryness under nitrogen

gas and solvent exchanged to 1 mL hexane. The extract was then

further cleaned on a 1 g ISOLUTE® aminopropyl silica gel solid

phase extraction (SPE) column. The SPE column was pre-

conditioned with 15 mL 0.1 M ammonium acetate in methanol,

15 mL methanol, 15 mL dichloromethane, and 15 mL hexane. The

sample was loaded on a cartridge and then conditioned with 4 mL

hexane and 2 mL hexane in dichloromethane (4:1, v/v). OPEs were

eluted with 4 mL hexane in dichloromethane (1:4, v/v) and 8 mL

dichloromethane, and the two fractions were combined. OPE me-

tabolites were eluted with 5 mL methanol and 5 mL methanol with

0.1 M ammonium acetate, and the two fractions were combined.

The extracts were concentrated using nitrogen blow down, and

then diluted with 4 mL acetone to remove ammonium acetate. The

extracts were then blown down to dryness again using nitrogen

gas, solvent exchanged to 1 mL methanol, filtered through nylon

syringe filters (0.2 mm), and spiked with internal standards [d15-

triethyl phosphate (d15-TEP), d21-tri-n-propyl phosphate (d21-

TPRP), d15-tris(1,3-dichloro-2-propyl) phosphate (d15-TDCPP), d15-

triphenyl phosphate (d15-TPHP), and d27-tri-n-butyl phosphate

(d27-TNBP) for OPEs; 13C12-diphenyl phosphate (13C12-DPHP) for

OPE metabolites].

2.3. Quality assurance and quality control

One procedural blank and one matrix spike recovery sample

were included in the extraction of every ten samples. The re-

coveries of matrix spike samples ranged from 70 to 134%. Each

sample was spiked with surrogate standards, and the recoveries for

the surrogate standards were 119 ± 23 (mean ± standard error),

103 ± 26, and 98 ± 17% for PCB-14, -65 and -166, respectively;

120 ± 27, 101 ± 18, and 76 ± 14% for BDE-77, -166 and 13C12-209,

respectively; 72 ± 9 and 75 ± 14% for d12-TCEP and 13C18-TPHP,

respectively; 69 ± 18, 66 ± 13, 99 ± 16, 117 ± 12, and 125 ± 28% for

d8-BCEP, d12-BCIPP, d10-DPHP, d10-BDCIPP, and d8-BBOEP, respec-

tively; and 91 ± 7, 101 ± 8, 92 ± 7, 92 ± 7, 91 ± 7, 89 ± 8, 85 ± 10, and

68 ± 12% for M3PFBA, M3PFBS, MPFHxA, MPFHxS, MPFOA, MPFOS,

MPFUdA, and M2PFTeDA, respectively. Table S3 includes the data

for matrix spike recoveries for all analytes.

Procedural blanks contained on average less than 1% of sample

levels for all analytes. For compounds with detectable contamina-

tion in procedural blanks, the method detection limits (MDLs) were

set at three times the standard deviation of the levels in blanks. For

compounds not detected in blank samples, MDLs were based on a

signal-to-noise ratio of three. The data for MDLs and procedural

blanks are included in Table S4. All concentrations were corrected

for blank levels by subtracting average blank amounts from those

measured in samples.

2.4. Data analysis

All concentrations were normalized using either water or lipid

content, and expressed as ng/g wet weight or ng/g lipid weight.

Pearson’s correlation tests were used for correlations of logarith-

mically transformed concentrations with significance set at

p < 0.05. The analysis of variance (ANOVA) was used to compare

logarithmically transformed concentrations of target analytes.

Statistical analysis, including heatmaps and hierarchical clustering,

was performed using R 3.4.1, IBM SPSS Statistics 24, andMinitab 18.

Descriptive statistics were calculated using Windows 10 Excel.

Maps were created with ArcGIS 10.3.

3. Results and discussion

3.1. Concentrations

Table 1 shows the detection frequencies, minimum, maximum,

median, and mean (with their standard errors) wet weight (ww)-

based concentrations for PCBs, PBDEs, OPEs, OPE metabolites, and

PFAS detected in more than 50% of the samples. Wet weight and

lipid weight (lw) concentrations for all compounds measured in

this study can be found in Tables S5 and S6, respectively. Fig. 2

shows the concentrations for total PCBs (SPCBs, the sum of 70

PCBs), total PBDEs (SPBDEs, the sum of 36 PBDEs), total OPEs

(SOPEs, the sum of 24 OPEs), total OPE metabolites (SOPE Met, the

sum of 11 OPE diester metabolites), and total PFAS (SPFAS, the sum

of 31 PFAS) as box plots. Fig. 2 also includes the results of the

analysis of variance (ANOVA); boxes sharing the same letter do not

significantly differ at p < 0.05. Fig. 3 shows median percent

G. Zheng et al. / Environmental Pollution 259 (2020) 113872 3



contributions of the most abundant chemicals in each analyzed

chemical group to total concentrations.

PBDEs. PBDEs were the most abundant among all SVOC groups

measured (Fig. 2). SPBDE concentrations ranged from 5.59 to

84.7 ng/g ww (median 25.8 ng/g ww; mean 25.5 ± 1.33 ng/g ww).

These SPBDE concentrations were comparable with the levels

measured in a previous study of stickleback from Troutman Lake

(Byrne et al., 2017), but higher than those detected in several

marine fish species from southern Greenland (Christensen et al.,

2002), Hudson Bay, Canada (Kelly et al., 2008), and California

coastal waters (Brown et al., 2006), as well as higher trophic level

fish (e.g., lake trout (Salvelinus namaycush) and walleye (Sander

vitreus)) from the Great Lakes (Guo et al., 2017). Tetra-BDE conge-

ners were the predominant PBDEs in stickleback accounting for

53% of SPBDE concentrations, followed by penta- (34%) and hexa-

BDEs (10%). BDE-47 was the most abundant PBDE in most of the

samples (median 10.2 ng/g ww; mean 10.4 ± 0.604 ng/g ww) with

an overall contribution of 43% to SPBDE concentrations. The other

two most abundant PBDE congeners included BDE-99 (median

3.72 ng/g ww; mean 3.73 ± 0.187 ng/g ww) and -100 (median

4.27 ng/g ww; mean 4.21 ± 0.273 ng/g ww), with contributions of

16% and 18% to SPBDE concentrations, respectively. The high

contribution of BDE-47 was consistent with other studies that

measured PBDEs in fish andmammalian species (Byrne et al., 2017;

Peng et al., 2007; Ramu et al., 2005; Wan et al., 2008; Zhang et al.,

2010; Zhu et al., 2014). Highly brominated PBDEs (hexa-deca BDEs)

comprised less than 3% of SPBDE concentrations. Higher bromi-

nated PBDEs have been reported to have a faster biotransformation

rate in lake trout compared to less brominated PBDEs, suggesting

that biotransformation of hexa- and other high molecular weight

PBDEs could be responsible for lower occurrence of these conge-

ners in stickleback (Roberts et al., 2011; Stapleton et al., 2004a,

2004b; Tomy et al., 2004; Zheng et al., 2016). Similar patterns of

PBDEs were detected in several fish species from Bohai and Liao-

dong Bays in China (Wan et al., 2008; Zhang et al., 2010).

Along with PBDEs, several other brominated and chlorinated

flame retardants were detected, including decabromodiphenyl-

ethane (DPDPE), pentabromoethylbenzene (PBEB), and Dechlorane

Table 1

Detection frequency (%), the minimum (Min), maximum (Max), median and mean (with standard error) wet weight (ww) concentrations of PCBs, PBDEs, PFAS, OPEs and OPE

metabolites in stickleback (ng/g ww) collected from Troutman Lake, St. Lawrence Island, Alaska (n¼ 303 [81 composites]). <MDL: concentrations below the method detection

limits.

DF Min Max Median Mean ± std. err. DF Min Max Median Mean ± std. err.

PCBs PBDEs

PCB22 56 <MDL 0.587 0.130 0.151 ± 0.014 BDE17 53 <MDL 3.38 0.273 0.519 ± 0.117

PCB42 79 <MDL 9.62 0.183 0.574 ± 0.189 BDE28 96 <MDL 1.48 0.416 0.443 ± 0.028

PCB52 67 <MDL 0.296 0.104 0.110 ± 0.007 BDE47 100 0.858 40.8 10.2 10.4 ± 0.604

PCB56 þ 60 75 <MDL 0.483 0.156 0.186 ± 0.013 BDE66 93 <MDL 3.36 0.241 0.318 ± 0.047

PCB66 68 <MDL 0.846 0.056 0.092 ± 0.019 BDE71 99 <MDL 12.0 1.98 2.26 ± 0.199

PCB84 þ 92 52 <MDL 0.775 0.188 0.217 ± 0.022 BDE99 100 0.650 9.32 3.72 3.73 ± 0.187

PCB87 93 <MDL 0.446 0.142 0.154 ± 0.009 BDE100 98 <MDL 20.3 4.27 4.21 ± 0.273

PCB95 95 <MDL 1.24 0.104 0.170 ± 0.022 BDE-126 83 <MDL 0.146 0.071 0.072 ± 0.003

PCB97 57 <MDL 0.170 0.059 0.060 ± 0.005 BDE139 74 <MDL 1.24 0.085 0.196 ± 0.029

PCB99 67 <MDL 0.503 0.210 0.214 ± 0.014 BDE153 96 <MDL 1.80 0.679 0.677 ± 0.034

PCB101 93 <MDL 0.701 0.353 0.366 ± 0.015 BDE154 100 0.245 3.00 1.51 1.43 ± 0.061

PCB105 þ 132 þ 153 100 0.381 6.66 2.06 2.36 ± 0.159
P

PBDEs 5.59 84.7 25.8 25.5 ± 1.33

PCB110 88 <MDL 0.348 0.075 0.089 ± 0.007

PCB118 94 <MDL 0.551 0.278 0.273 ± 0.013 PFAS

PCB123 þ 149 84 <MDL 1.44 0.625 0.624 ± 0.028 PFHxS 65 <MDL 0.491 0.093 0.129 ± 0.015

PCB128 64 <MDL 0.833 0.284 0.305 ± 0.031 PFOA 87 <MDL 0.359 0.145 0.157 ± 0.010

PCB135 þ 144 65 <MDL 0.303 0.089 0.118 ± 0.010 PFNA 100 0.449 2.28 0.867 0.965 ± 0.041

PCB163 þ 138 95 <MDL 1.06 0.566 0.553 ± 0.021 PFOS 100 2.73 11.9 5.76 6.16 ± 0.209

PCB170 þ 190 94 <MDL 4.51 0.384 0.528 ± 0.079 PFDA 98 <MDL 0.466 0.204 0.219 ± 0.010

PCB174 74 <MDL 0.409 0.096 0.127 ± 0.012 PFUdA 100 0.010 0.623 0.183 0.184 ± 0.011

PCB180 84 <MDL 0.564 0.241 0.237 ± 0.013
P

PFAS 3.66 15.6 7.22 7.80 ± 0.263

PCB194 81 <MDL 0.416 0.159 0.159 ± 0.008

PCB199 81 <MDL 2.60 0.832 0.853 ± 0.067 OPE metabolites

PCB201 93 <MDL 0.739 0.085 0.096 ± 0.010 BCEP 35 <MDL 0.260 0.071 0.081 ± 0.009

PCB202 þ 171 100 0.245 4.08 1.16 1.20 ± 0.063 DNBP 70 <MDL 2.35 0.290 0.436 ± 0.066

PCB206 64 <MDL 0.756 0.084 0.151 ± 0.021 P-IPPP 91 <MDL 2.09 0.725 0.657 ± 0.058
P

PCBs 2.46 63.5 10.9 12.8 ± 1.07 DPHP 14 <MDL 1.62 0.269 0.410 ± 0.143

O-IPPP 88 <MDL 1.59 0.373 0.356 ± 0.037

OPEs
P

OPE Met 0.020 7.61 1.18 1.31 ± 0.136

TNBP 88 <MDL 15.4 4.93 5.50 ± 0.362

4IPPDPP 41 <MDL 0.157 0.048 0.053 ± 0.001

TPHP 49 <MDL 1.21 0.074 0.136 ± 0.032
P

OPEs <MDL 16.8 4.97 5.95 ± 0.430

Fig. 2. Concentrations of SPCBs, SPBDEs, SOPEs, SOPE metabolites (Met), and SPFAS

in stickleback collected from Troutman Lake, St. Lawrence Island, Alaska (ng/g ww).

Boxes represent the 25th-75th percentiles; whiskers represent the 10th and 90th per-

centiles; dots represent outliers. The black line represents the median. The letters

represent the results of the analysis of variance (ANOVA); boxes not sharing the same

letters are significantly different at p < 0.05.
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Plus (DP). However, these chemicals were detected in less than half

of the samples (9e40%, Table S5) and at lower concentrations than

were the PBDEs.

PCBs. PCBs were the second most abundant class of chemicals in

these samples (Fig. 2). SPCB concentrations ranged from 2.46 to

63.5 ng/g wwwith themedian andmean concentrations of 10.9 ng/

g ww and 12.8 ± 1.07 ng/g ww, respectively. These PCB concen-

trations were comparable to previous studies on stickleback from

SLI (5e50 ng/g ww) (von Hippel et al., 2018), but were generally

lower than those detected in several fish species from other FUD

sites located in Adak, Amchitka, Atka, and Kiska Islands in the

Aleutian Archipelago of Alaska (104e285 ng/g ww) (Hardell et al.,

2010). Interestingly, the PCB levels in stickleback in this study

(59.3e1543 ng/g lw) were generally higher than concentrations

found in higher trophic level marine fishes, such as polar cod

(Boreogadus saida) (19e190 ng/g lw) and halibut (Reinhardtius

hippoglossoides) from the Canadian Arctic (46e70 ng/g lw) (Kelly

et al., 2008). Generally, persistent organic pollutants such as PCBs

biomagnify through foodwebs and are elevated at higher trophic

levels. High PCB concentrations in lower trophic level stickleback

suggest local sources of PCBs on SLI, but these differences could also

be due to different feeding patterns and growth rates between

freshwater and marine fishes.

Hexa-chlorinated biphenyls were the predominant PCB conge-

ners found in stickleback and constituted 76% of SPCB concentra-

tions (Fig. 3). Specifically, PCB-153 (co-eluted with PCB-105 and

-132) was themost abundant PCB congener (median 2.06 ng/g ww;

mean 2.36 ± 0.159 ng/g ww), accounting for 24% of SPCBs. Penta-

and tetra-chlorinated biphenyls constituted 15% and 7% of SPCB

concentrations, respectively. These PCB patterns were consistent

with a previous study of stickleback from the Suqitughneq (Suqi)

and Tapisaggak (Tapi) Rivers on the Northeast Cape of SLI (von

Hippel et al., 2018).

PFAS. SPFAS concentrations in stickleback ranged from 3.66 to

15.6 ng/g ww with the median and mean concentrations of 7.22

and 7.80 ± 0.263 ng/g ww, respectively, and were the third most

abundant SVOC group found in stickleback. These concentrations

were lower than those detected in a previous study on stickleback

from Troutman Lake (13.7e21.7 ng/g ww) (Byrne et al., 2017).

Comparable concentrations of PFAS have been reported in ringed

seals (Pusa hispida) and polar bears (Ursus maritimus) from Alaska

(5e8 ng/gww) (Quakenbush and Citta, 2008; Ye et al., 2008). This is

remarkable because stickleback are relatively short-lived and are at

a much lower trophic-level.

Perfluorooctanesulfonic acid (PFOS) was the predominant PFAS

in nearly all fish samples (median 5.76 ng/g ww; mean

6.16 ± 0.209 ng/g ww), accounting for 79% of SPFAS concentrations

(Fig. 3). Perfluoro-n-nonanoic acid (PFNA), perfluoro-n-decanoic

acid (PFDA), perfluoro-n-undecanoic acid (PFUdA), perfluoro-n-

octanoic acid (PFOA), and perfluoro-1-hexanesulfonic acid (PFHxS)

were also detected in 65e100% of the samples, but at lower levels,

comprising 1e13% of SPFAS concentrations. A similar pattern was

previously observed for PFAS concentrations in stickleback and

human blood serum on SLI (Byrne et al., 2017), and in crucian carp

(Carassius auratus) andmandarin fish (Siniperca scherzeri) in Korean

rivers and lakes (Lam et al., 2014). Short-chain PFAS (C5eC7) were

less abundant, and perfluorobutane sulfonate (PFBS) was not

detected, suggesting lower bioaccumulation capability of short-

chain PFAS in fish (Labadie and Chevreuil, 2011; Martin et al., 2003).

OPEs and their diester metabolites. Concentrations of SOPEs were

significantly lower than those of PBDEs, PCBs, and PFAS (Fig. 2), and

ranged from <MDL to 16.8 ng/g ww, with the median and mean

concentrations of 4.97 and 5.95 ± 0.430 ng/g ww, respectively. Tri-

n-butyl phosphate (TNBP) was the dominant OPE (median 4.93 ng/

g ww; mean 5.50 ± 0.362 ng/g ww) found in stickleback, and was

detected in 88% of samples. TNBP contributed more than 95% to

SOPE concentrations. This pattern was consistent with that found

in crucian carp from urban surface waters in Beijing, China (Hou

et al., 2017). Interestingly, chlorinated OPEs, which were

frequently detected in several fish species from Taihu Lake (Zhao

et al., 2018), and catfish (Clarias fuscus) and grass carp (Cteno-

pharyngodon idella) from the Pearl River, China (Ma et al., 2013)

were rarely detected in our study. Possible explanations for this

finding could include the small size of stickleback and/or different

elimination rates of chlorinated OPEs in different fish species

(Sasaki et al., 1981), or differences in the chemical makeup of the

source pollution at Gambell.

Although OPEs have been detected in different environmental

matrices (e.g., air, snow, seawater) in polar regions (Li et al., 2017;

Salamova et al., 2014), there are few reports on the occurrence of

OPEs in arctic biota. Low OPE levels were found in lake trout and

walleye from Lake Athabasca, Canada (McGoldrick et al., 2014).

SOPE concentrations in stickleback were lower than those in

Atlantic cod (Gadus morhua) and polar cod from the Arctic Ocean

and Greenland (36.6e102 ng/ww) (Evenset et al., 2009). OPE

contamination in stickleback may be due to long-range atmo-

spheric transport and/or local sources of pollution (Li et al., 2017;

Suhring et al., 2016).

Fig. 3. Percent contributions of individual compounds to concentrations of SPCBs, SPBDEs, SOPEs, SOPE metabolites (Met), and SPFAS in stickleback collected from Troutman Lake,

St. Lawrence Island, Alaska.
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Several studies suggest that OPEs are metabolized rapidly to

diesters and other metabolites with short half-lives in biota (Hou

et al., 2016; Kelly et al., 2007; Zheng et al., 2016). Thus, we also

analyzed diester OPE metabolites in these samples. To our knowl-

edge, this is the first report of the occurrence of OPE metabolites in

arctic fish. SOPEMet concentrations ranged from 0.020 to 7.61 ng/g

ww with the median and mean concentrations of 1.18 and

1.31 ± 0.136 ng/g ww, respectively. Bis(p-tert-butylphenyl) phenyl

phosphate (P-IPPP), the metabolite of 4-isopropylphenyl diphenyl

phosphate (4IPPDPP), was the predominant OPE metabolite found

in stickleback, contributing 42% to SOPE Met concentrations, fol-

lowed by bis(o-isopropylphenyl) phenyl phosphate (O-IPPP) (22%),

which is the metabolite of 2-isopropylphenyl diphenyl phosphate

(2IPPDPP).

We found a significant positive association between SOPE and

SOPEMet levels (r¼ 0.59; p < 0.001; n¼ 72). In addition, TNBP and

TPHP concentrations were strongly and positively correlated with

the concentrations of their respective diester metabolites: DNBP

(r¼ 0.62; p < 0.001; n¼ 50) and DPHP (r¼ 0.77; p < 0.001; n¼ 14),

indicating that sources of OPE metabolites were the same as those

of OPEs. No significant relationships were observed for the other

metabolite e parent pairs due to low detections.

Fig. S1 shows median relative abundances of OPEs and their

respective metabolites in fish samples calculated as ratios of the

concentrations of parent OPEs to the sum of the

parentþmetabolite concentrations (OPE / [OPEþ OPEMet]). These

metabolite/parent ratios provide useful information on the bio-

accumulation potential of the metabolite. Among detected me-

tabolites, DPHP, O-IPPP, and P-IPPP (the metabolites of TPHP,

2IPPDPP, and 4IPPDPP, respectively) had relative abundances of up

to 90%, while DNBP (the metabolite of TNBP) and BCEP (the

metabolite of TCEP) had much lower relative abundances of 6% and

42%, respectively. Consequently, the ratios of DNBP/TNBP and BCEP/

TCEP were 0.06 and 0.72, respectively, with the parent compound

representing 58e94% of the metabolite þ parent concentrations.

Although several in vitro and in vivo metabolism studies have

shown that DNBP is the major metabolite of TNBP in fish (Sasaki

et al., 1984), a recent study suggested that TNBP is metabolized

through a different metabolic pathway to a hydroxylated metabo-

lite, dibutyl-3-hydroxybutyl phosphate (3-OH-TNBP), instead of to

DNBP (Hou et al., 2018). The ratios of DPHP/TPHP, O-IPPP/2IPPDPP

and P-IPPP/4IPPDPP were 3.6, 1.8, and 15 for stickleback, respec-

tively, indicating that TPHP, 2IPPDPP, and 4IPPDPP underwent rapid

metabolic transformation in stickleback. Congener-specific meta-

bolic processes may contribute to differentmetabolite/parent ratios

observed in stickleback. Higher abundances of OPE metabolites

raises the concern that little is known about bioaccumulation or

toxicity of these compounds. For example, a recent in vitro study

demonstrated that DPHP has stronger transcript alteration capa-

bility related to lipid and cholesterol metabolism genes in chicken

embryonic liver cells than its parent compound TPHP (Su et al.,

2014).

3.2. Concentration correlations

Pearson’s correlation analysis was performed using log-

transformed concentrations of chemicals detected in more than

half of the samples. Heat maps and cluster analyses (Fig. S2)

demonstrated that the detected compounds were grouped into

three distinctive clusters based on the Pearson’s correlation matrix.

The largest cluster included PBDEs, hexa-PCBs, and penta-PCBs that

were auto-correlated (r ¼ 0.35e0.83; p < 0.001), followed by the

PFAS cluster (r ¼ 0.43e0.90; p < 0.001) and the OPE and OPE

metabolite cluster (r ¼ 0.21e0.59; p < 0.05). This clustering sug-

gests that chemicals in each cluster have similar sources and

physiochemical properties such as lipid solubility and binding af-

finity to proteins. For example, no relationships were observed

between protein-bound PFAS and lipid soluble PBDEs and PCBs. A

Fig. 4. Concentrations of SPCBs, SPBDEs, and SPFAS in stickleback collected from Troutman Lake (this study) and the Suqitughneq (Suqi) and Tapisaggak (Tapi) Rivers (Byrne et al.,

2017; von Hippel et al., 2018).
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similar patternwas also reported for polar cod from the Barents Sea

food web (Haukas et al., 2007) and for fish from the Czech Republic

(Hlouskova et al., 2013). Interestingly, tri- and tetra-PCBs were not

significantly correlated with hexa- and penta-PCBs and PBDEs,

suggesting a different source for these less chlorinated PCBs. Long-

range atmospheric transport has been shown to move a greater

fraction of less chlorinated PCBs to higher latitudes, while heavier

congeners, including hexa-PCBs, are more likely to move shorter

distances via atmospheric processes and deposit closer to their

emission sources (Cabrerizo et al., 2018; Mamontova et al., 2016;

Shen et al., 2006). Consequently, PCB contamination that includes

a higher fraction of highly chlorinated congeners may indicate the

presence of local sources of contamination near or in Troutman

Lake.

3.3. Potential sources of contamination

To further investigate potential sources of the most abundant

chemical groups in stickleback samples (PBDEs, PCBs and PFAS), we

compared PBDE, PCB, and PFAS concentrations measured in this

study with those found in stickleback collected from two other

water bodies located on SLI, the Suqi and Tapi Rivers (Fig. 4). The

Suqi River is located in the same drainage as the Northeast Cape

FUD site, and the Tapi River is located ~5 km east of the Suqi River

(Byrne et al., 2015). SPCB concentrations (n ¼ 70 PCBs) in stickle-

back from Troutman Lake measured in this study (mean

12.8 ± 1.07 ng/g ww) were ~2 times lower than those in stickleback

from the Suqi River (mean 24.1 ± 2.41 ng/g ww) and the Tapi River

(mean 20.2 ± 6.42 ng/g ww) (von Hippel et al., 2018). The PCB

profile at these three sites was dominated by hexa-PCBs (Fig. S3)

and was similar to the composition of Aroclors 1254 and 1260 with

the ratios of chlorine/biphenyl of 5.2e5.8. Moreover, the presence

of Aroclors 1254 and 1260 was observed in the upper part of

sediment cores from the Northeast Cape FUD site (Scrudato et al.,

2012), further indicating possible local contamination with these

Aroclor mixtures. In addition, SPBDE (n ¼ 11 PBDEs) and SPFAS

(n ¼ 3 PFAS) concentrations in these stickleback samples (mean

25.5 ± 1.33 and 7.80 ± 0.263 ng/g ww, respectively) were up to ~9

times higher than those from the Suqi River (3.00 ± 0.425 ng/g ww

and 1.45 ± 0.357 ng/g ww, respectively) and up to ~18 times higher

than those from the Tapi River (1.40 ± 0.532 ng/g ww and

0.675 ± 0.477 ng/g ww, respectively) (Byrne et al., 2017). PBDE

patterns in stickleback were similar among the three sites; how-

ever, the PFAS pattern in Troutman Lake was different from that in

the Suqi and Tapi Rivers and was dominated by PFOS (Fig. S3).

Elevated PCB, PBDE, and PFAS concentrations in stickleback from

Troutman Lake suggest an unknown local contamination source

and warrant further investigation.
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