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ABSTRACT: Following the phase-out of polybrominated
diphenyl ether (PBDE) and hexabromocyclododecane
(HBCDD) flame retardants (FRs) from North American
markets, the use of alternative FRs has increased. In this study
the occurrence and spatiotemporal distributions of 18
dechlorane analogues (collectively referred to as DECs) and
20 alternative brominated FRs (referred to as ABFRs, i.e.,
brominated FRs other than PBDEs and HBCDD) were
investigated in top predator fish megacomposites (ie., a
composite of all 50 fish) collected yearly from each of the
Great Lakes from 2004 to 2016. Frequently detected
substances include dechlorane 602, 603, 604 Component B,
anti- and syn-dechlorane plus, and chlordene plus, as well as
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several brominated benzene FRs (i.e., hexabromobenzene, pentabromotoluene, and tetrabromo-o-chlorotoluene).
Concentrations of XDECs and ZABFRs ranged from 0.33—31.9 ng/g lipid weight (Iw) (0.01—8.3 ng/g wet weight or ww)
and 0.91-54.7 ng/g lw (0.09—7.1 ng/g ww), respectively. Flame retardant contamination exhibited chemical-specific spatial
variations across the five lakes. Concentrations of XABFRs in Lake Erie fish were generally lower than those from other lakes. By
contrast, fish ZDEC concentrations were highest in Lake Ontario and the composition of dechlorane analogues differed
significantly between Lake Ontario and the other lakes, indicating likely point-source influences. Temporal analyses revealed
declining trends of XDECs and XABFRs in most lakes except Lake Erie, with age corrected trend slopes of —13.5% to —8.8%

and —20.1% to —7.0% per year, respectively.

B INTRODUCTION

Among the myriad of environmental and ecological threats to
the Great Lakes of North America, anthropogenic chemical
pollution remains a widely recognized issue. A broad range of
pollutants has been continuously released to the Great Lakes
via point and nonpoint discharges. Of the persistent organic
pollutants (POPs) evaluated by federal and state environ-
mental monitoring programs such as the Great Lakes Fish
Monitoring and Surveillance Program (GLFMSP), polybromi-
nated diphenyl ether (PBDE) and hexabromocyclododecane
(HBCDD) flame retardants have been studied for decades in
the Great Lakes basin.'~® As a consequence of long-term use in
consumer products and because of their substantial persistence
and bioaccumulation potential,”® PBDEs and HBCDD have
contaminated all compartments of the Great Lakes and have
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been demonstrated to be global pollutants. The major North
American manufacturers have discontinued the production,
sale, and importation of PentaBDE and OctaBDE since 2004
and DecaBDE since 2012.”'° HBCDD was added to an
amendment to Annex A (decision SC-6/13) by the parties to
the Stockholm Convention at a May 2013 conference and
listed for production and use only in specific circumstances.''
It is also listed as a binational Chemical of Mutual Concern

from the Great Lakes Water Quality Agreement."?
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Restrictions on PBDEs and HBCDD use have stimulated the
development and application of alternative flame-retardant
chemicals to meet flammability standards.'”'® Covaci et al.
estimated that more than 75 brominated flame retardants
(BFRs) alternative to PBDEs and HBCDD (collectively
referred to as alternative BFRs or ABFRs) have been
commercially manufactured.'* For example, 2-ethylhexylte-
trabromobenzoate (EH-TBB) and bis(2-ethylhexyl)-3,4,5,6-
tetrabromo-phthalate (BEH-TEBP) were considered as
PentaBDE replacements, while 1,2-bis(2,4,6-
tribromophenoxy)ethane (BTBPE) and decabromodiphenyl-
ethane (DBDPE) were suggested as a replacement for
OctaBDE and DecaBDE, respectively.'”'* In addition to
brominated substances, chlorinated flame retardants are also
broadly used, which include primarily a group of dechlorane-
related chemicals (collectively referred to as DECs). The main
DEC flame retardants include syn- and anti-dechlorane plus
(DP) isomers, dechlorane (or Dec-) 601, Dec-602, Dec-603,
and Dec-604.">""" Dechlorane analogues are applied to items
including electrical wire coatings, é)lastic roofing material, and
connectors used in computers.1 Dec-602, Dec-604, or a
mixture of them were used as DP alternatives, when the latter
substances did not meet the specific voltage leakage and
thermal standards in some applications.'> Some analogues
(e.g, chlordene plus or Cplus and Dec-603) also existed as
impurities in hexachlorocyclo-pentadiene (HCCP)-based
pesticides (e.g, chlordane, chlordene, aldrin, or clieldrin).18
The DECs and ABFRs have diverse physicochemical proper-
ties, environmental behavior, and fate, thus representing
different risks to the environment.

Available studies have reported the occurrence of selected
flame retardants other than PBDEs and HBCDD in Great
Lakes sediment,”'®'"' air,%*° ﬁsh,lﬁ’m_23 and herring
gulls.24’25 These environmental data highlight the need for a
comprehensive evaluation on how the concentrations and
composition of alternative flame retardants have changed in
Great Lakes biota, following the discontinuation of PBDEs and
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HBCDD. To address this question, our present work utilized
archived GLEMSP fish samples to investigate the contami-
nation status and temporal trends of a wide range of alternative
flame retardants. Specific objectives were to (1) investigate the
concentrations and composition of DECs and ABFRs in
archived Great Lakes lake trout (Salvelinus namaycush) and
walleye (Sander vitreus) composites; and (2) assess chemical-
specific spatiotemporal changes in fish concentrations of DECs
and ABFRs during the period of 2004—2016. Findings from
this retrospective study constitute a baseline for continued
surveillance of flame retardants in the Great Lakes basin.

B MATERIALS AND METHODS

Chemicals and Reagents. This study measured 18
dechlorane-related chemicals, including syn- and anti-DP,
monodechlorinated DP (Cl;;-DP), didechlorinated DP (Cl,,-
DP), Cplus, DP mono adduct (DPMA), dibromochlordene
(DBCD), hexachloro(phenyl)norbornene (HCPN), HCCP,
Dec-601, Dec-602, Dec-603, Dec-604, Dec-604 Component B
(Dec-604CB), Br-Dec604, Br,-Dec604, Br,Cl,-Dec604, and
Cl,-DEC604. We also measured 20 ABFRs, including 2,4,6-
tribromophenyl allyl ether (ATE), BEH-TEBP, BTBPE,
decabromodiphenylethane (DBDPE), EH-TBB, hexabromo-
benzene (HBBZ), hexachlorocyclopentadienyl-dibromocy-
clooctane (HCDBCO), pentabromobenzyl acrylate (PBBA),
pentabromobenzyl bromide (PBBB), pentabromobenzene
(PBBZ), pentabromoethylbenzene (PBEB), pentabromoto-
luene (PBT), 1,3,5-tribromobenzene (TBB), tetrabromo-o-
chlorotoluene (TBCT), a- and f-1,2,5,6-tetrabromocyclooc-
tane (TBCO), a-, fB-, and y-1,2-dibromo-4-(1,2-
dibromoethyl)cyclohexane (TBECH), and 2,3,5,6-tetrabro-
mo-p-xylene (TBX). These alternative FRs were chosen for
the present work because some of them have been detected in
the Great Lakes or other aquatic systems from around the
world, while the others have been reported with emerging
commercial applications.'* Surrogate standards included 4'-
fluoro-2,3’,4,6-tetrabromodiphenyl ether (F-BDE69), 4'-fluo-

DOI: 10.1021/acs.est.8b05300
Environ. Sci. Technol. 2019, 53, 1786—1796


http://dx.doi.org/10.1021/acs.est.8b05300

Environmental Science & Technology

ro-2,3,3’,4,5,6-hexabromodiphenyl ether (F-BDE160), and
2,2,3,3',4,5,5',6,6’-nonabromo-4'-chlorodiphenyl ether (4PC-
BDE208), while 3'-fluoro-2,2',4,4',5,6'-hexabromodiphenyl
ether (F-BDE154) was used as an internal standard. Reference
standards were purchased from AccuStandard (New Haven,
CT) or Wellington Laboratories (Guelph, ON, Canada),
except for Br-Dec604, Br,-Dec604, Br,Cl,-Dec604, and Cl,-
Dec604 (synthesized by Toronto Research Chemicals,
Toronto, Canada).

Samples. Lake trout and walleye samples were collected
through the GLFMSP (2004—2016). The detailed sampling
protocol has been described elsewhere.”*”” In brief, lake trout
were collected at one of the two sites in alternative years from
Lakes Huron (LH), Michigan (LM), Ontario (LO) and
Superior (LS), as well as in 2011, 2013, and 2015 from Lake
Erie (LE) (Figure 1). Walleye were only collected from LE
yearly from 2004 to 2010, as well as in 2012, 2014, and 2016
(Table S2). Each year S0 individual fish with similar sizes
(600—700 mm in length for lake trout or 400—500 mm for
walleye) were collected from each site. These sites have a
distance to the closest hatchery site of approximately 2—91
km.”® Therefore, both hatchery fish (identified by fin clip or
wire tags) and wild fish were collected, but there is no
systematic trend in the percentage of hatchery fish collected at
any site (Figure S1).”” Hatchery and wild lake trout have
similar diet thus their mix did not produce a significant
influence on measured POPs concentrations.”® Fish sex may
affect chemical bioaccumulation through metabolic difference
and maternal transfer.”*> The GLEMSP compositing design
generates fish composites primarily based on age. While fish of
the same age are grouped into male/female only composites
whenever possible, the number of composites consisting of
single sex fish is too low to assess whether fish sex is a driver in
contaminant concentrations.

The GLEMSP has determined the age of individual fish via
multiple techniques, including otoliths, fin clips, coded wire
tags (CWT), scales, and maxillae. Since 2012, the traditional
otolith age approach was replaced by a maxillae aging method,
as the latter approach demonstrates higher accuracy, precision,
and smaller bias and allows samples to be composited
according to a known age versus an assumed age based on
1ength.33’34 As measured maxillary (new method) and otolith
ages (old method) did not exhibit a significant difference
(ANOVA; p = 0.12), the determined ages before and after this
change were combined for age normalization of measured FR
concentrations.””

Fifty individual fish were homogenized to produce 10
composite samples per site. Since 2004, GLFMSP also
combined the 10 composites to create a mega-composite for
each site, resulting in a single pooled composite of 50 lake
trout/walleye from each lake every year. This allows for a more
efficient investigation of emerging contaminants in Great Lakes
ecosystems. Only mega-composite samples were used in the
present study.

Sample Analysis. The measurement of FR residues
followed the previously reported analytical procedures with
minor modifications.”””* Briefly, approximately 0.5—1 g of fish
mega-composite was spiked with surrogate standards and then
subjected to accelerated solvent extraction (Dionex ASE 350,
Sunnyvale, CA), employing two S min extraction cycles with
dichloromethane (DCM) at 100 °C and 1500 psi. After
gravimetric determination of lipid content using 10% of the
extract, the remaining extract was cleaned through a gel
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permeation chromatography column (diameter, 1.5 cm; length,
40 cm) packed with 6 g of styrene divinylbenzene beads (3%
cross-linkage, 40—80 um bead size, <2000 MW limit;
purchased from Bio-Rad, Hercules, CA) in a mixture of
hexane and DCM (HEX/DCM, 1:1, v/v).29 The resulting
extract was further purified through a 2 g Isolute silica cartridge
(Biotage Inc., Charlotte, NC). The cartridge was precondi-
tioned with 10 mL of HEX, and the concentrated extract was
loaded and washed with 3 mL of HEX. Flame retardants were
then eluted out with 11 mL of HEX/DCM mixture (6:4, v/v).
The final extract was spiked with FBDE-154.

Instrumental analysis of FRs was performed on an Agilent
7890B gas chromatograph (GC) coupled with a 5977A single
quadrupole mass analyzer (Agilent Technologies, Palo Alto,
CA) operated in electron-capture negative ionization (ECNI)
mode. The GC was equipped with a 15 m DB-SHT column
(0.25 mm i.d,, 0.1 um, J&W Scientific, Agilent Technologies)
and the injector was operated in pulsed-splitless mode (held at
260 °C). The initial oven temperature was set at 50 °C (held
for 3 min) and then ramped to 300 °C at 8°C/min (held for
10 min). Quantification of the FRs was conducted based on
each congener’s characteristic ions under selected ion
monitoring (SIM) mode (Table S3).

Quality Assurance and Control. Target analytes and
surrogate standards were spiked into a composite of tilapia
(Oreochromis niloticus) fillets purchased from a local super-
market. Pretest of the composite demonstrated that it contains
no quantifiable FRs. The spiked FRs had absolute recoveries
(mean + standard deviation) from sample treatment ranging
between 81.1 + 8.4% and 106.9 + 7.7% in six replicates and
relative recoveries of 904 + 52% to 109.0 + 6.3% after
adjustment with the recoveries of surrogate standards (i.e.,
FBDE-69 for analytes with a retention time earlier than BDE-
85, 4PC-BDE208 for DBDPE only, and FBDE-160 for all other
analytes). The absolute recoveries of three surrogate standards
in the Great Lakes fish megacomposites were 88.4 + 13.7%,
81.5 + 11.6%, and 101.6 + 15.4%, respectively. The procedural
blanks processed along with megacomposites contained none
of the alternative FRs. Replicate analyses of six randomly
chosen megacomposites resulted in a relative standard
deviation of analyte concentrations ranging from 7.5% to
13.5%. Owing to the lack of certified values for alternative FRs
in the National Institute of Standard Technology Standard
Reference Material 1947 LM Fish Tissue, PBDEs were
determined as an alternative to assess analytical accuracy.
The recoveries of PBDEs from triplicate analyses ranged from
91.1 + 3.8% to 107.7 + 5.6% of the reference values after
adjustment with surrogate recoveries. The GC—MS instru-
mental detection limit (IDL) for a FR was estimated by
running eight replicate standard solutions of the lowest
possible concentration resulting in a signal-to-noise ratio of
5—20, and was then calculated by multiplying the standard
deviation of the replicate measurements by the Student’s ¢
value appropriate for a 99% confidence level.** The IDLs of
target FRs ranged from 0.02 to 0.26 ng/mL (injection volume
=2 uL). The method limit of quantification (MLOQ) for each
analyte was determined by multiplying a Student’s t-value
designated for a 99% confidence level with standard deviations
in replicate analyses (n = 8) of tilapia fillets spiked with a low
amount of analyte (2—20 ng). The MLOQs ranged between
0.05 and 2.2 ng/g lipid weight (Table S2).

Age Normalization. GLFMSP fish are collected using size
as a metric for age. Fish ages in the designated size ranges have
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Table 1. Median Concentrations (ng/g Lipid Weight) of Main Alternative Flame Retardants Detected in Great Lakes Fish
Megacomposites. The Concentration Ranges Are Given in Parentheses

Erie Huron
N 13 13
lipid% 11.1 (8.7-29.6) 16.3 (10.0—30.8)
ATE <MLOQ” (<MLOQ-0.2)  <MLOQ (<MLOQ-0.1)
BEH-TEBP <MLOQ (<MLOQ-0.6) <MLOQ (<MLOQ-3.8)
BTPBE <MLOQ (<MLOQ-0.6) 0.2 (<MLOQ-0.4)
HBBZ 0.4 (<MLOQ-1.9) 1.3 (0.5-2.6)
PBEB <MLOQ <MLOQ_(<MLOQ-0.2)
PBT <MLOQ 0.3 (<MLOQ-0.6)
TBCT 3.2 (1.5-5.9) 152 (6.2—33.3)
B-TBECH <MLOQ <MLOQ
Y ABFRs” 3.8 (0.9-7.3) 19.9 (6.9-36.9)
Cplus 0.1 (<MLOQ-0.5) <MLOQ_(<MLOQ-0.4)
DEC-602 0.9 (0.3-1.2) 2.3 (1.7-4.6)
DEC-603 0.2 (<MLOQ-0.4) 0.1 (<MLOQ-0.2)
DEC-604CB <MLOQ (<MLOQ-0.2) 0.1 (<MLOQ-0.3)
Br-DEC604 <MLOQ <MLOQ
Br2-DEC604  <MLOQ <MLOQ
HCPN <MLOQ <MLOQ
Cl,,-DP <MLOQ (<MLOQ-0.2) <MLOQ (<MLOQ-0.1)
Syn-DP <MLOQ (<MLOQ-0.2) <MLOQ (<MLOQ-0.3)
Anti-DP 0.1 (<MLOQ-0.4) 0.1 (<MLOQ-0.2)
> DECs® 1.2 (0.6-2.9) 32 (1.9-52)

Michigan Ontario Superior
13 13 13
20.5 (17.5-36.1) 24.0 (20.4-32.9) 142 (2.4-18.8)
<MLOQ (<MLOQ-0.2)  <MLOQ (<MLOQ-0.1)  <MLOQ (<MLOQ-0.4)
<MLOQ (<MLOQ-3.8)  <MLOQ <MLOQ
<MLOQ (<MLOQ-0.4)  <MLOQ (<MLOQ-04) <MLOQ (<MLOQ-0.3)
0.8 (<MLOQ-1.5) 1.2 (0.5-1.7) 0.8 (<MLOQ-3.1)
<MLOQ (<MLOQ-0.3)  <MLOQ <MLOQ (<MLOQ-0.3)
0.4 (<MLOQ-0.8) 0.1 (<MLOQ-0.3) 0.2 (<MLOQ-0.7)
16.1 (9.5-35.1) 6.6 (3.8—11.5) 16.3 (3.9-50.6)
<MLOQ (<MLOQ-1.0)  <MLOQ (<MLOQ-12) <MLOQ
18.8 (10.1-36.9) 7.8 (5.0-14.0) 17.4 (3.9-54.7)
<MLOQ (<MLOQ-0.5)  <MLOQ (<MLOQ-02)  <MLOQ (<MLOQ-0.5)
0.9 (0.5-1.7) 8.5 (4.3-16.7) 0.6 (0.3—1.8)
0.1 (<MLOQ-0.3) 0.1 (0.1-0.2) <MLOQ (<MLOQ-0.3)
<MLOQ (<MLOQ-0.3) 8.0 (4.8—10.0) <MLOQ (<MLOQ-0.1)
<MLOQ 1.4 (0.8—4.0) <MLOQ
<MLOQ 0.4 (0.1-1.1) <MLOQ
<MLOQ 1.0 (0.6—4.0) <MLOQ
<MLOQ (<MLOQ-0.1) 0.1 (<MLOQ-0.2) <MLOQ
<MLOQ (<MLOQ-0.1) 0.1 (<MLOQ-0.2) <MLOQ (<MLOQ-0.3)
0.1 («<MLOQ-0.2) 0.3 (0.1-0.4) <MLOQ (<MLOQ-0.3)
1.3 (0.5-2.4) 21.0 (12.1-31.9) 1.0 (0.3-2.3)

“<MLOQ = less than method limit of quantification. “Summed concentration of alternative brominated flame retardants. “Summed concentration

of dechlorane analogues.

significantly increased in LH, LM, and LS over the past decade
(Figure $2).>” Given that the bioaccumulation rate of some
chemicals vary with fish size and age (exposure period),**~*
fish age variations may bias spatiotemporal trend analysis of a
contaminant. Thus, an age normalization approach was
developed to normalize measured FR concentrations based
on the method described in recent Great Lakes studies (see
Supporting Information for details).””*” In brief, a lake- and
year-specific normalization factor was determined for a POPs
chemical based on the relationship between concentration and
the measured age (average of the five individual fish) in each of
the 10 composites per site.”””” However, the age normal-
ization factors for alternative FRs (measured only in
megacomposites) cannot be directly determined in the same
way since there was only one sample per year. Instead, the age
normalization factor of a POPs chemical exhibiting the best
concentration correlation with an alternative FR in mega-
composites was used to normalize the FR concentration.”
This is based on an assumption that the chosen POPs chemical
has a similar bioaccumulation pattern with an alternative FR in
Great Lakes fish. This approach results in a lake- and year-
specific age factor for each alternative FR (Table S4).

Data Analysis. Concentrations of FRs were adjusted with
surrogate standard recoveries and reported on a lipid weight
(Iw) basis. Any measurement below MLOQ is treated as
<MLOQ. For an analyte with detection frequency greater than
60%, a half MLOQ_ was assigned to a measurement below the
MLOQ_ for statistical analyses if its geometric standard
deviation is greater than three; otherwise, a LOQ/ \/ 2 was
used.*’ The analysis of variance (ANOVA) with Tukey’s
posthoc test and the principal component analysis (PCA) were
conducted using the OriginPro 9.0 (OriginLab Corporation).
Non-normally distributed data were logarithmically trans-
formed prior to statistical analyses. For an analyte with a
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detection frequency greater than 60% in megacomposites from
the same site, trend analyses were conducted via the
nonparametric Kendall’s tau test (OriginPro 9.0, OriginLab
Corporation) and Kendall-Theil robust line (KTRLine
software, United States Geological Survey), respectively.”” A
significance level of a = 0.05 was applied. The Kendall—Theil
trend percentage was determined via the following equation:

Kendall—Theil trend% = slope/average (1)

where slope represents the generated Kendall-Theil slope and
average is the mean concentration value used for the Kendall—
Theil slope estimation.

The halving time (f;,) of a FR in Great Lakes fish was
determined using

t;;, = In(0.5)/In(1 + a) )

where a is the slope of the Kendall-Theil trendline
(percentage/year).

B RESULTS AND DISCUSSION

Age Normalization. Even though the GLFMSP selected
fish with similar body sizes, the ages of sampled fish have
varied significantly over the past decade in some lakes.
Annualized fish age trends (%/yr) were determined to be
7.2% in even years and 7.4% in odd years from LH, 8.3% in
even years and 6.9% in odd years from LS, and 4.8% in even
years from LM (see Figure SZ).37 The age variations were
partially attributed to the changes in lake trophic structure
caused by invasive species such as round goby (Neogobius
melanostomus) and dreissenid mussels (Dreissena rostriformis
bugensis and Dreissena bugensis)*~* as well as eutrophica-
tion, ™ * which has differed among the lakes.***” These
factors may lead to lake-specific changes of trophic structure.
Bioaccumulation rates of contaminants (e.g.,, polychlorinated
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Figure 2. Comparison of the total concentrations of dechloranes (¥DECs) and alternative brominated flame retardants (ZABFRs) (age
normalized) in fish megacomposites from five lakes over time (2004—2016). Boxes without a common letter indicate a statistically significant

difference in concentrations.

biphenyls or PCBs, PBDEs, organochlorine pesticides, and
mercury) have been found to vary with fish size and age.””~*
Age-dependent bioaccumulation of PBDEs has been reported
in Great Lakes lake trout.>® Therefore, age must be taken into
consideration for valid spatiotemporal FR analyses in Great
Lakes fish. The normalized data were used for the
interpretation of interlake differences and temporal trends.
Both age normalized and non-normalized data are summarized
in the Supporting Information (Tables S2, SS, and S6).

Alternative Flame Retardants Detected. Among the
variety of alternative FRs screened, dechlorane analogues were
frequently observed in fish megacomposites, demonstrating
broad exposure. Dec-602, Dec-603, Dec-604CB, Cplus, and
syn- and anti-DP had a detection rate of 53.9—100%, whereas
other analogues (i.e, Cl;;-DP, Cl;;-DP, Dec-601, Br-Dec604,
Br,-Dec604, and HCPN) were only detected in 7.7—20.0% of
the samples. The median XDEC concentration (including all
detectable dechlorane analogues) ranged from 1.0 ng/g lw
(0.16 ng/g ww) in LS fish to 21.0 ng/g Iw (5.1 ng/g ww) in
LO fish (Table 1). These values are generally 1 to 2 orders of
magnitude lower than PBDE concentrations detected in 2016
Great Lakes fish composites which ranged from 9.7 to 47.2 ng/
g ww."

Several dechlorane analogues, primarily Dec-602, Dec-603,
Cplus, and DP isomers, have been reported in fishes from the
St. Lawrence River (Canada) and Illinois (U.S.), Franciscana
dolphin (Pontoporia blainvillei) from Brazilian coasts, peregrine
falcon (Falco peregrine) eggs from Canada and Spain, and
bobcats (Lynx rufus) from midwestern U.S., indicating their
bioavailability in both aquatic and terrestrial systems.”>**~>"
Given that dechloranes are subject to no known regulations,
their broad exposure and bioaccumulation potency merit
particular concerns and further environmental investigation.

The median concentration of ZABFRs (total concentrations
including all detectable alternative BFRs) ranged from 3.8 ng/g
Iw (0.5 ng/g ww) in LE fish to 19.9 ng/g lw (3.1 ng/g ww) in
LH fish (Table 1), also 1 to 2 orders of magnitude lower than
PBDE concentrations determined in the same fish. Among the
variety of ABFRs determined in fish megacomposites, TBCT,
HBBZ, and PBT had relatively higher detection frequencies
(i.e, 100%, 89.2%, and 61.5%, respectively) and greater levels
(ie, <MLOQ -50.6; nd —3.1; an nd —0.8 ng/g lw;
respectively) than any other analyte. These three chemicals
belong to a family of brominated benzene flame retardants.
The remaining species in this class were detected infrequently:
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(compounds, detection frequency) ATE (21.5%), PBBA (0%),
PBEB (12.3%), PBBZ (0%), TBB (9.2%), and TBX (3.1%).
Less is known about this group of flame retardants compared
to PBDEs and HBCDD, and their exact production and usage
remains unclear.’ Some of the brominated benzenes, such as
ATE, HBBZ, PBBZ, PBEB, and TBX, have been observed in
Great Lakes air or sediment with high detection frequencies
(usually >40%).*>* Measurable levels of ATE, HBBZ, PBEB,
PBT, and TBX were also reported in herring gull (Larus
argentatus) eggs and prey and predatory fish from the Great
Lakes basin.””*>*® Beyond the Great Lakes, ATE, HBBZ,
PBEB, and TBCT have been detected at high rates (i.e., 33—
100%) in air based on the Global Atmospheric Passive
Sampling (GAPS) Network,” demonstrating their global
distributions.

Among the other ABFRs (Tables 1 and S2), BTBPE, BEH-
TEBP, and TBECH were detected at a rate of 10.8—41.5% and
generally present at concentrations less than 2 ng/g lw in Great
Lakes fish megacomposites, whereas none of the other ABFRs
(i.e., DBDPE, EH-TBB, HCDBCO, and TBCO) was
detectable or quantifiable. BTBPE was also detected in Great
Lakes herring gull eggs from multiple colonies, but the levels
were generally less than 1.4 ng/g lw.”> BTBPE has been
reported in sediment, air, and additional abiotic and biological
compartments,”* ™" indicating broad applications of BTBPE-
containing products and subsequent releases to the environ-
ment. However, fish and wildlife studies generally demon-
strated very limited bioavailability of this OctaBDE replace-
ment. In vivo exposure to juvenile rainbow trout (Oncorhynchus
mykiss) suggests that BTBPE has a high uptake potential from
aquatic food webs, followed by rapid degradation or
depuration.”® Similarly, BEH-TEBP, EH-TBB, and TBECH
had broad distributions in Great Lakes air, water, or
sediment,”**” but exhibited very low concentrations and/or
low detection frequencies in fish and birds.”*****% Exposure
studies have demonstrated rapid metabolism of TBECH in
fish, bird, and rat.®* ™% Likewise, significant biotransformation
was suggested for BEH-TBEP, EH-TBB, and DBDPE by in
vitro or in vivo studies.”*”%°

Overall, despite broad occurrence of several DEC and ABFR
substances in Great Lakes fish, their contamination was still
much lower than that of PBDEs in the Great Lakes. Data from
other ecosystems also revealed a dominance of PBDEs over
alternative FRs in most aquatic and terrestrial organ-
isms,* 193596768 This pattern may be determined by
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chemical-dependent production volume and bioaccumulation
potency.

Spatial Distribution of FR Concentrations and
Compositions. Flame retardant contamination exhibited
spatial variations across the five lakes and the variations were
chemical-specific (Figure 2). As statistical analyses did not
reveal significant concentration differences between odd year
and even year collection sites (Student’s t test, p > 0.0S for
YDECs or XABFRs), the two sites from each lake were
combined for spatial analysis.

Statistically significant differences in the concentrations of
XDECs and XABFRs were observed among the lakes
(ANOVA, p < 0.001 in both cases). Post hoc tests indicated
that the contamination of XABFRs or its main constituent
TBCT in LE fish was significantly lower than that in any of the
other four lakes, whereas the other four lakes did not differ
significantly in fish ZABFR concentrations (Figure 2). This
pattern also resembles the spatial distribution pattern of
PBDEs reported in Great Lakes fish.” It should be noted that
FR concentrations did not differ significantly between lake
trout and walleye from LE. Therefore, the pattern may simply
reflect lake-specific contamination input and food web
structure. Hydrological factors (e.g, water retention time)
may also influence spatial distribution. Lake Erie has a
relatively shorter water residence times than the other
lakes.>*® Hydraulic retention time affects the turnover and
bioaccumulation rates of chemicals in aquatic systems, thus
contributing to spatial variation in contaminant distribution.’

Dechloranes exhibited a different spatial distribution pattern
compared with other FRs (Figure 2). Concentrations of
XDECs in LO fish were 1 to 2 orders of magnitude greater
than those from other four lakes (Table 1). This was likely due
to the proximity of LO sites to a Dechlorane Plus
manufacturing facility located in Niagara Falls, New York."
When plotting the mean concentration of XDECs in Great
Lakes fish megacomposites from each fish collection site
against the distance of a collection site to the manufacturing
facility’s location, a significant, negative correlation was
observed, indicating a point source influence (Figure 3). The
large log K,,, (octanol—water partition coefficient) and log K,,
(octanol—air partition coefficient) values of dechlorane
analogues suggest they have a great affinity for sediment and
possess lower long-range transport potential than compounds
containing fewer halogens (e.g,, lower brominated PBDEs).
Indeed, greater concentrations of dechlorane analogues were
observed in sediment from LO than those from other
lakes, 161722

Composition of dechlorane analogues in fish also differed
between LO and other lakes (Figures 4 and 5). Dec-602
appeared to be the dominant analogue in fish from LE, LM,
LH, and LS, constituting an average of 61.1—87.0% of XDECs
by lakes. In contrast, Dec-602 and Dec-604CB reached similar
concentrations in LO fish, constituting an average of 41.6%
and 37.7% of XDECs, respectively. Dec-604 was only
detectable in LO fish, but its levels were generally below
MLOQ. These data may indicate limited bioavailability or
greater vulnerability of Dec-604 to environmental or biological
transformation compared with other major dechlorane
analogues. The analyses of LO fish and sediment data suggest
that Dec-604 has a much lower biota-sediment accumulation
factor (BSAF) than other dechlorane analogues (0.0045 vs
0.013—7.9), with the exception for syn-DP (0.0008)."”
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The PCA analysis results in two distinctly different clusters,
one including HCPN, Dec-604CB, Br-Dec604, and Br,-
Dec604 and exclusively corresponding to LO fish (Figure S).
Indeed, these analogues were only detectable in LO fish among
the five lakes. Br-Dec604 and Br,-Dec604 have not been
reported in any ecosystem beyond the Great Lakes basin. Dec-
604CB (Br;-Dec604), Br,-Dec604, Br-Dec604, and HCPN are
all structurally similar to Dec-604 and were suspected to be
impurities in commercial Dec-604 products (or other
dechlorane mixtures) or environmental degradation products
of Dec-604."” It is also possible that Dec-604CB was
developed as a component of a flame retardant mixture,
because a Brj-Dec604 product has been listed on the Non-
Domestic Substances List by Environment Canada.”* The
existence of these Dec-604 analogues in LO fish points to a
significant point-source influence.

Temporal Trends. In response to the decreased use of
PBDEs and HBCDD it is likely that alternative FR use has
increased. However, it is interesting to see that concentrations
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of ZABFRs declined significantly in all lakes except LE (no
significant change), with age corrected trend slopes ranging
from —20.1% to —7.0% per year (Figure 6). The halving time
of ZABFRs ranged between 3.1 and 9.6 years in the lakes
where significant trends were determined (Table S6). This was
likely driven by the trends of TBCT concentrations which
declined in fish from all lakes except LE. Other main
brominated benzene FRs (i.e., HBBZ and PBT) and BTBPE
also revealed significant declines in most lakes. For example,
concentrations of HBBZ declined significantly in fish from LH,

LM, and LO (age corrected trend slopes: —11.9% to —7.8%),
while PBT declined in LH, LM, and LS (trend slopes: —20.2%
to —14.4%). BTBPE also exhibited significant declines in LH
and LS fish; however, the trend analysis was affected by limited
detection frequencies at other lakes. Recent Great Lakes air
studies (2005—2014) revealed declining atmospheric PBEB
concentrations (vapor plus particle phases) at various sites in
Chicago, Cleveland, and Sturgeon Point with a halving time of
5—7 years, although its concentrations were increasing with a
doubling time of 11 years at the most remote site, Eagle
Harbor.” Atmospheric concentrations of HBBZ and BTBPE
also decreased at various Great Lakes monitoring sites with a
halving time, if applicable, of 4—13 years and approximately 5
years, respectively.’ These environmental data suggest
decreasing environmental release and exposure of brominated
benzene FRs and BTBPE in the Great Lakes basin. Other
ABFRs generally had no measurable trends due to very low
detection rates (Table S6).

Fish XDEC concentrations also significantly declined in LH
(Kendall’s tau = —0.72, p < 0.001), LM (Kendall’s tau = —0.49,
p = 0.02), and LS (Kendall’s tau = —0.61, p = 0.006), while
revealing a marginally significant trend in LO (Kendall’s tau =
—0.36, p = 0.09), with age corrected trend slopes ranging from
—13.5% to —8.8% per year (Figure 6). The halving time of
2DECs ranged between 4.8 and 7.5 years in these lakes (Table
S6). No significant trend was observed in LE fish (Kendall’s
tau = —0.08, p = 0.71). The trends generally agreed with LO
sediment core studies which indicated that concentrations of
syn-DP, anti-DP, Dec602, Dec-603, and Cplus declined from
1980 to mid-2000s after peaks around 1980, while concen-
trations of Dec-604 and its less halogenated analogues
increased from 1950 to 1990 and then leveled off or declined
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Great Lakes fish megacomposites. Dash lines represent statistically significant correlations between fish concentrations and sampling years. No
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. 1622 . .
since then.””” However, opposite trends were reported in

Great Lakes air studies in which XDP concentrations
(including anti- and syn-DP isomers) were increasing with
doubling times of 4—6 years at Chicago, Eagle Harbor, and
Sleeping Bear sites and remained unchanged at Sturgeon Point
and Cleveland sites.® A recent herring gull study also indicated
greater concentrations of XDPs in 2012 composites compared
with 2008 samples from different colonies.”” These contra-
dictory results between air/gull and fish/sediment studies
require additional investigation.

The findings to date suggest that other possible dechlorane-
related chemicals in addition to the main analogues discussed
here may exist in the environment. Two monodydroDec602
diastereomers were identified in Great Lakes fish with
concentrations of 1.6—50 and 0.7—20 ng/g lw, respectively,
while one of them was also detected in Arctic beluga whale
(Delphinapterus leucas) (0.03—0.21 ng/g lw).”” Suspected
dechlorane-related metabolites were also detected in German
peregrine falcon eggs, although their structures and sources
were not elucidated.”® Relevant knowledge remains largely
lacking of the sources, environmental behavior, and fate of
these additional dechlorane-related chemicals.

We would like to point out the limitations of our study
design that may affect temporal analyses. First, our analysis is
limited by the use of megacomposites which produce a robust
mean value, but provide no information on individual fish
concentration variability. Second, potential bias may be
included in temporal trend analyses by the age normalization
approach used. Since there was only one data point per lake for
each year, the age correction used was based on the
bioaccumulative pattern of the most similar POPs substance
that was measured in individual composites. However, it
should be noted that the temporal trends of ZDECs or
YABFRs were similar when using data with or without age
normalization (Tables SS and S6), implying that our age
normalization approach had a limited effect on the observed
trends.

Research Perspectives. Findings from the present study
demonstrated limited bioavailability of many alternative FRs
(e.g, DBDPE, EH-TBB, and BEH-TEBP) in Great Lakes fish
and declining trends of fish XDEC and ZABFR concentrations
in most lakes. However, potential risks of these alternative FRs
to fish and wildlife should not be discounted. Some of them
undergo photochemical or microbial degradation.”' For
example, DBDPE, EH-TBB, and BEH-TEBP were reported
to undergo photolysis which produces a series of debrominated
products.”””® Anaerobic microbial degradation was also
reported for TBECH, TBCO, and HBBZ.”*”> These less
halogenated degradation products are usually more bioavail-
able than parent chemicals; thus elevating the overall risks of
organismal exposure to alternative FRs. However, very little
information is available on the occurrence of transformation
products and derivatives of alternative FRs in the Great Lakes
basin. These will be the subjects of future investigations.

Moreover, additional FR chemicals not included in the
present study are on the market and possibly subject to an
increasing demand. The trend in the flame retardant industry is
to produce more highly brominated chemicals to replace
DecaBDE or HBCDD, partially based on the assumption that
heavily brominated chemicals have exceedingly low bioavail-
ability and are more resistant to environmental or metabolic
transformation.”’ These include 1,2-bis(2,3,4,5,6-
pentabromophenoxy)ethane (CAS 61262-53-1), ethylene bis-
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(tetrabromophthalimide) (CAS 32588-76-4), tetrabromobi-
sphenol A-bis(2,3-dibromopropyl ether) (CAS 21850-44-2),
and 2,4,6-tris(2,4,6-tribromophennoxy)-1,3,5-triazine (CAS
25713-60-4) which have an estimated log K,, greater than
9.8.”" Although direct studies on these emerging FRs remain
limited, previous knowledge on BDE-209 and DBDPE implies
that these highly brominated FRs may be subject to
photodegradation through stepwise sequential debromina-
tion.”"”* Therefore, although these new FRs themselves are
expected to have limited bioavailability, potential degradation
would produce less halogenated but more bioavailable
substances. In addition to the highly brominated FRs,
nonhalogenated chemicals such as organophosphate triesters
(OPEs) have also been increasingly used as flame retardants.”
Most of these OPEs are different from halogenated FRs in
their physicochemical properties, bioavailability, environmental
behavior, and fate.

Investigations on some of these alternative FRs remain
limited for Great Lakes and other large ecosystems worldwide.
Knowledge gaps exist in many aspects of current under-
standing of alternative FRs, including but not limited to (1)
production history and volumes; (2) release sources and
pathways; (3) environmental distribution and transformation;
(4) organismal exposure and metabolism; and () toxicity and
modes of action. In addition to addressing these knowledge
gaps, we also recommend that not only the alternative FRs
themselves, but also their main transformation products, be
included in future Great Lakes monitoring programs initiated

by both the U.S. and Canada.
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