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ABSTRACT: Polybrominated diphenyl ethers (PBDEs) were
widely used as ﬁre retardants and have been detected
throughout the Great Lakes (GL) ecosystem. The concentration trends (after ﬁsh age normalization) of PBDEs in top
predator ﬁsh (lake trout and walleye) of the GLs were
determined from 1979 to 2016, which includes most of the
period when PBDEs were manufactured and used in this
region. The ﬁsh samples were collected by two national (U.S.
and Canada) long-term monitoring and surveillance programs.
Trends in total concentrations (age-normalized) of the ﬁve
major PBDE congeners (BDE-47, 99, 100, 153, and 154)
found in ﬁsh across all ﬁve lakes have varied over time.
Signiﬁcant increases were observed from 1990 to 2000 (16.3%
per year). Rapidly decreasing concentrations (−19.5% per
year) were found from 2000 to 2007. Since 2007, the decreasing trend has become smaller (less than −5.5% per year) and
relatively unchanged from 2011 to 2015. BDE-47, the congener with the highest concentrations in lake trout, has decreased
continuously (ranging from −6.7% to −16.2% per year) in all lakes except Lake Erie. This decrease can be associated with the
voluntary and regulatory phase out of production and/or usage of PBDEs since 2000. However, it has been oﬀset by recent
(since 2007) increasing trends of the other four higher brominated BDE congeners, especially BDE-100 and 154. Production
and usage of commercial penta- and octa- BDE mixtures containing primarily the ﬁve major PBDE congeners was discontinued
in 2004 in the U.S.A. and 2008 in Canada. These results indicate increasing ﬁsh uptake and bioaccumulation of higher
brominated BDE congeners may be related to the transformation of BDE-209 to lower brominated BDE compounds in the GL
environment or food web. Considering the abundance of BDE-209 in existing products and sediment in GL region, the duration
of the unchanging total PBDE concentration trend in GL ﬁsh could be longer than expected.

■

INTRODUCTION

Polybrominated diphenyl ethers (PBDEs) were widely used as
ﬂame retardants (FRs) in polymer matrices in the Laurentian
Great Lakes (GL) region (and also in the rest of the world)
beginning in the 1970s.1−3 PBDEs were subsequently
© 2019 American Chemical Society
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sealants (5−20 years), and insulation materials (over 100
years).6 These existing products can be important PBDE
sources to the environment as PBDEs were not chemically
bonded into these products so they can easily leach out.11,17,39
Sediments are another PBDE reservoir that can continue to
supply PBDEs into the GL aquatic ecosystem due to the high
PBDE concentrations in GL sediment (102−103 times higher
than that in GL water).20,40,41 Although the ﬁve major PBDE
congeners found in ﬁsh contributed only 10% of the total mass
of PBDE in GL sediment (BDE-209 is the dominant congener
at about 90%),21 the higher brominated congeners can be
degraded to lower brominated forms through multiple
pathways including photocatalysis,30,42 and biotransformation
by microbes,43,44 wetland plants,15,29 and ﬁsh,32,45,46 and thus,
may continue to be a source of lower brominated congeners to
the ecosystem.36,45
The current study provides the most complete analysis
(1979 to 2016) of the ﬁve-major legacy PBDE congeners
(BDE-47, BDE-99, BDE-100, BDE-153, and BDE-154) in top
predator ﬁsh (lake trout, Salvelinus namaycush and walleye,
Sander vitreus) in the GL region. It combines data collected
binationally by the U.S. Environmental Protection Agency
(EPA) and Environment and Climate Change Canada
(ECCC). PBDEs concentrations were normalized by the ﬁsh
age prior to trend analyses as concentrations are known to be
age-dependent.11 Temporal trends of PBDE concentrations
and congener ratios were also analyzed for the GL region and
individual lakes using nonparametric Kendall’s tau test and
Kendall-Theil robust regression. Individual PBDE congener
trends were also compared to determine driving forces behind
the observed total PBDE trends. The potential impact from the
transformation of BDE-209 on future ﬁsh PBDE concentration
is discussed considering PBDE concentration patterns seen in
other media in the GL region (products, vapor and particulate
phases, water, sediment, and other wildlife).

determined to pose a potential risk to the ecosystem and
human health4−6 and were listed as persistent organic
pollutants (POPs, Annex A) under the Stockholm Convention
in 20097 due to their long-range transport8,9 and bioaccumulation potentials.10,11 PBDEs were designated in 2016 as a
Chemical of Mutual Concern by Canada and the U.S. under
the 2012 Great Lakes Water Quality Agreement.12 Commercial PBDE products contain penta-BDE, octa-BDE, and decaBDE mixtures.6,13 The most common and abundant PBDE
congeners in top predator ﬁsh (lake trout and walleye) are
typically BDE-47 (most abundant), BDE-99, BDE-100, BDE153, and BDE-154.2,3,14 They are lower brominated (<7 Br out
of a maximum of 10) with high lipophilicity, and are
bioaccumulative and toxic.1,3,15
In the U.S., the production and usage of the penta- and octaBDEs were phased out beginning in 2004,2,14,16 and the
production of deca-BDE products stopped in 2013.11,17 In
Canada, restrictions on PBDEs began in 2008, and ﬁnal
regulations on the manufacture, use, sale, import, and export of
all PBDEs were published in 2016.18 However, PBDE
congeners can still be widely detected in the GL region,10,14
including in air,19 water,20 sediment,21 wild life,2,22−24 and
human milk.25 Concentrations of these ﬁve PBDEs in the top
GL predator ﬁsh (lake trout (Salvelinus namaycush) and
walleye (Sander vitreus)) increased dramatically (often
reported to have increased exponentially) from the 1970s to
200016 and started decreasing in the late 1990s to early
2000s.2,3 The decreases in PBDE concentrations were
primarily related to manufacturers in GL region agreeing to
voluntary phase PBDE products out of production in the early
2000s.2,17 These decreases have resulted in declining environmental risk and declining potential human exposure.3,26
Several long-term studies of PBDEs in GL ﬁsh have found
decreasing PBDE concentrations.2,3 However, apparent disconnects were observed between PBDE concentrations in
receptors and likely loadings: BDE-47 is the dominant
congener found in ﬁsh tissue even though commercial DecaBDE dominated the production and use;2,17 Lake Superior
(LS) ﬁsh PBDE concentrations were found to be elevated
compared with other GLs even though LS is the most remote
lake with lower PBDE concentrations in the air and
sediments.27 Atmospheric BDE-47 concentrations at a rural
background also did not decrease signiﬁcantly for the decade
after commercial penta-BDE mixtures were phased out,19,28
although declining trends of BDE-47, BDE-99 and BDE-100
were observed at a more urban impacted site. These
discrepancies may be caused by the complex processing of
PBDE in the environment, including long-term transport,
biotransformation, and bioaccumulation, and suggests continued long-term ﬁsh monitoring for PBDEs is needed to
evaluate future potential risks.27 Increasing ratios of higher
brominated PBDE congeners to BDE-47 were also found in
GL ﬁsh,2,25 which indicates that potential transformation of
lower-brominated PBDE congeners from BDE-209 is occurring in the environment,15,29,30 food web,31−33 and ﬁsh34−37
that may be slowing the rate of decrease in PBDE
concentrations in GL ﬁsh.38
Although the sole U.S. based manufacturer in the GL region
phased out its production of commercial Penta-BDE in 2004,6
large quantities of PBDEs exist in products that are still in use
where they can persist for a long time.17 For example, PBDEs
have been shown to be retained in furniture (8−10 years),
electric appliances (9−18 years), electronics (5−10 yeas),

■

METHODS
Sample Collection. Fish samples have been collected
starting in the 1970s (data starting in 1979 was included in this
study) to the present in the U.S. EPA’s Great Lakes Fish
Monitoring and Surveillance Program (GLFMSP) operated by
the Great Lakes National Program Oﬃce. On the Canadian
side, ﬁsh samples were collected from 1997 to the present by
the National Fish Contaminants Monitoring and Surveillance
Program (NFCMSP) operated by Water Quality Monitoring
and Surveillance Division of ECCC.2,27 Twenty-two sampling
sites (10 from the GLFMSP and 12 from the NFCMSP) were
included in this study, although not all the sites were sampled
over the entire period (Figure S1 of the Supporting
Information, SI). Detailed descriptions of the sampling sites
and sample collection have been presented previously2,27,47
and is presented brieﬂy in the SI. Walleye samples were
routinely collected in the shallow western basin of Lake Erie by
the USEPA due to the absence of Lake Trout. Lake Trout have
replaced walleye in the eastern basin (sampled in odd years)
after several years of data comparison between the two species.
Walleye samples were only included for the LE U.S. site for
2005−2010, 2012, and 2014. Walleye data were pooled with
concurrently collected lake trout data as no signiﬁcant
concentration diﬀerences were observed (Kruskal−Wallis
tests, p = 0.12, Figure S3), similar to what was found in
previous studies.48
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Figure 1. Concentration proﬁles (before age normalization) for ﬁve major PBDE congeners (BDE-47, BDE-99, BDE-100, BDE-153, and BDE154) for each lake (a) in three diﬀerent periods (before 2000, 2000−2010, and 2011−2016) and for each year (b) with trend analysis results from
1979 to 2016. Note that in the trend (b), 10% of the data points were from before 2000 (160 in total), 83% of the data points were from after 2000
(1170 in total), and all the data points after 2004 (951 chin total) were normalized by ﬁsh age. The upper and lower 95% conﬁdence intervals for
1990−2000, 2000−2007, and 2007−2016 are +8.0% and +19.3% per year, −13.7% and −21.6% per year, and −1.7% and −2.9% per year,
respectively.

PBDE Analysis. Five major PBDE congeners (BDE-47,
BDE-99, BDE-100, BDE-153, BDE-154) were measured in
two types of ﬁsh samples: individual ﬁsh (collected by
NFCMSP and selected according to age and analyzed as
individuals) and composite sample (collected by GLFMSP, 5
individual ﬁsh of similar size or age from the same year and
lake combined). Although BDE-209 is an important PBDE
congener used in GL region, it was not reported in this study
as we only have limited data (not enough for trend analysis)
and its concentrations were relatively low (less than 1%
compared with the ﬁve major congeners, Table S5). U.S. ﬁsh
composite samples before 2003 were analyzed by Carlson et al.
as previously described.2,48,49 From 2004 to 2016, they were
analyzed at SUNY Oswego using an Agilent 7890B GC with
microelectron capture detection (ECD, 2004−2009) or
electron capture negative ion mode (ECNI-MS, 2010−
2014). Canadian individual ﬁsh samples (1997−2014) were
analyzed by a commercial laboratory (SGS-AXYS; Sidney,
British Columbia, Canada) with a method consistent with
USEPA method 1614 using isotope dilution and HRGC/
HRMS. The yearly mean surrogate recoveries ranged from
70% to 113% for all the laboratories. Detailed PBDE analytical
methods and QA/QC results for each laboratory are presented
in the SI and have been presented previously.27,49,50
No signiﬁcant diﬀerence was found for U.S. ﬁsh composite
samples before 2004 and after 2004 as reported previously.2
Interlaboratory bias between GLFMSP (U.S.) and NFCMSP

(Canadian) samples was analyzed using nonparametric
Kruskal−Wallis tests using duplicate samples from the Oswego
site in LO (2006 and 2008) and Dunkirk site in LE (2011 and
2013). For these samples, no signiﬁcant diﬀerences were found
in total PBDE concentrations (Kruskal−Wallis tests, Table
S1). Detailed information on the interlaboratory comparison
are presented in the SI.
Fish Age Analysis. Fish aging methods used in GLFMSP
and NFCMSP included otoliths, ﬁn clips, coded wire tags
(CWT), and scales.47 When a CWT was available, it was the
only method used. The maxillae estimation method, developed
at the Michigan Department of Natural Resources (MDNR),51
was used as an aging technique after 2012 for U.S. samples.
The ﬁsh age analysis method diﬀerence between U.S. and
Canadian samples were compared using Oswego and Dunkirk
samples (duplicate sampling period for GLFMSP and
NFCMSP) and no signiﬁcant diﬀerence was found (Wilcoxon
Rank-sum test, p = 0.23). Detailed U.S. and Canadian sample
age information is presented in the SI.
Age Normalization. A cluster-based age normalization
method was used to control for biases in concentration trends
caused by the age diﬀerences among sampled ﬁsh (concentrations were normalized to the average ﬁsh age, 5.9 years,
using the equations presented in Table S2),52,53 as described
previously.47 Age normalization was performed separately for
BDE-47 and the other four congeners since BDE-47 had
higher concentrations (contributing 57% mass) and was not
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Overall Trend. The temporal concentration trends for the
ﬁve major PBDE congeners from 1979 to 2016 (Figure 1b)
exhibit three major segments: (1) before 2000, concentrations
constantly increased (+16.3% per year with upper and lower
95% conﬁdence intervals of +8.0 and +19.3% per year,
Kendall’s τ, p < 0.01); (2) from 2000 to 2007, concentrations
decreased rapidly (−19.5% (−13.7 to −21.6%) per year,
(Kendall’s τ, p < 0.01); (3) after 2007, concentrations
decreased at a slower rate (−5.5% (−1.7% and −2.9%) per
year, Kendall’s τ, p < 0.01). All annual trend percentages were
based on the average concentration for the corresponding
segment. As the PBDE concentration variability was large
(particularly in the early years) the data were also analyzed for
breakpoints. Two time periods containing no signiﬁcant trends
were detected: (1) from 1996 to 2003 (Kendall’s τ, p = 0.93)
with relative high concentrations (average at 178.8 ng/g) and
(2) from 2011 to 2015 (Kruskal−Wallis test, p = 0.27) with
relatively low concentrations (average at 34.6 ng/g). Note that
a nonsigniﬁcant trend was also found for this time period using
Kendall’s τ (p = 0.99) however those results could have been
biased by the short time period (5 years), therefore, the more
restrictive Kruskal−Wallis test was used to determine whether
samples (diﬀerent years) originate from the same distribution.
Overall these two analyses indicate PBDE concentrations
switch from nondecreasing patterns to signiﬁcantly decreasing
patterns after 2003, and the decreasing trend changed to a
nonstatistically signiﬁcant decrease from 2011 to 2015.
Similar increasing then decreasing trend patterns for ﬁsh
PBDE concentrations were also reported in previous studies
and probably result primarily from the voluntary or regulatory
phasing out of PBDE use in the GL region since 2000.2,25,67
The nondecreasing/decreasing trend pattern switch may be
more precisely related to the phase out of commercial PentaBDE production in 2004.6 A recent study also showed that the
stock of commercial Penta-BDE and Octa-BDE (the primary
commercial mixtures containing ﬁve major PBDE congeners)
in existing products peaked around 2004 in the U.S.A.17 The
average concentrations for the sum of the ﬁve major PBDEs in
the GLs top predator ﬁsh from 2011 to 2016 (33.6 ng/g) was
18.8% of the average value from 1996 to 2003 (178.8 ng/g).
However, it was still double the average value in 1984 (17.8
ng/g, shown in Figure 1(b) as the reference level).
Concentrations of BDE-99 (average of 5.6 ng/g) and BDE100 (average of 5.8 ng/g) remain above the Canadian Federal
Environmental Quality Guideline (1 ng/g for both BDE 99
and BDE-100) for the protection of ﬁsh from adverse eﬀects.68
After 2007, the prior rapid decrease in the concentrations of
penta-BDEs slowed, and relatively constant concentrations
were found from 2011 to 2015 (annual average 34.6 ± 2.0 ng/
g). Note that this nondecreasing trend did not hold for 2016
concentrations that were lower than in previous years. It is
uncertain if this is an anomaly or if additional years of data will
show concentrations are again decreasing.
Similar decreasing then constant trend patterns were also
found in other contaminants in GL ﬁsh, which may be
attributed to the complexity of contaminant transformation/
bioaccumulation in the ecosystem or the changing of sources
with time. For example, polybrominated biphenyl 153 (PBB153) concentrations remained constant or even increased after
being banned for 20 years,67 which were attributed to its slow
response in the environment (PBB-153 was banned in 1970s,
however, its concentrations peaked in ﬁsh in 1980s).69 This
trend pattern was also found for mercury (Hg) concentrations

well correlated with the other 4 congeners (Figure S4). The
bioaccumulation patterns of PBDEs (age vs concentration,
Figures S5−S8) were deﬁned by one or multiple-clusters
(clusters separated by years with diﬀerent slopes and
intercept), similar to what was reported for Hg and other
organic contaminants including DDT and PCBs.47 The
detailed age normalization approach and results are also
presented in the SI.
Trend Analysis. Temporal trends with breakpoint analysis
were performed for total PBDEs, ﬁve major PBDEs, and
congener ratios in the GL region (overall trend) and in the
individual lake regions (individual trend) after concentrations
were normalized by ﬁsh age using the nonparametric Kendall’s
τ test and Kendall-Theil robust line (Sen’s slope) with
MATLAB 2016 and KTRLine software.54−62 The overall GL
regional trends were analyzed by pooling all of the data. Note
that the U.S. data before 2004 were not normalized by age
since ﬁsh age information was not available (Figure S1)
however their ages were thought to be similar across the
selected size range (6−8 years old having lengths of 600−700
mm). The 22 sampling sites were combined based on the
proximity and concentration similarity from 2004 to 2016 (all
the data were normalized by ﬁsh age) before individual trends
analysis. The sites in close proximity with similar PBDE
concentration proﬁles (determined using Kruskal−Wallis tests)
were combined resulting in 11 areas in the GL region (as
shown in Table S3). Diﬀerent areas within a lake were divided
as shown with the dotted lines and are labeled inside the
designated areas. Whiteﬁsh Bay in LS and the western basin in
LE were not included in the 11 areas since they only had two
years of data that was signiﬁcantly diﬀerent than nearby sites
(Kruskal−Wallis tests, p < 0.05).

■

RESULTS AND DISCUSSION
Concentration Patterns. Similar to previous reports,2,3,63
the dominant PBDE congener in the GL top predator ﬁsh was
BDE-47 (56.8%) followed by BDE-99 (16.1%), BDE-100
(15.5%), BDE-154 (7.4%), and BDE-153 (4.2%). The PBDE
concentration patterns for each lake were analyzed for the
three time segments: before 2000, 2001 to 2007, and 2008 to
2016. These periods represent times before the regulatory or
voluntary phase out of PBDEs, shortly after the phase out, and
the most recent period, respectively (Figure 1a). Obvious
concentration decreases were observed among the time
periods in all the ﬁve lakes. The PBDE concentration order
for lake trout was LM > LO ≈ LS > LH indicating that the
urban and more populated areas were more likely to be
important PBDE sources.20,40,64 LE walleye had the lowest
concentrations, as has also been reported in other studies,48,65
even though PBDE concentrations in walleye and lake trout
were not signiﬁcantly diﬀerent in LE (Figure S3). However,
among the ﬁve lakes the highest PBDE concentrations in
sediment and water were found in LE.20,21 The large
disconnect between ﬁsh PBDE concentrations and potential
PBDE inputs for LE may be attributed to the unique food web
structure and diﬀerent ﬁsh features in the lake.27 For example:
(1) the PBDE uptake of top predators in LE from lower
trophic levels can be reduced by the low PBDE concentrations
in the invasive round goby,10 (2) growth dilution of PBDEs
can also be important as the sampled ﬁsh in LE had younger
age for the same ﬁsh size than the other lakes,11 and (3) the
lower lipid content in LE ﬁsh can also reduce the
bioaccumulation potential of PBDEs.48,66
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Figure 2. Individual PBDE congener temporal trends from 2004 to 2016 after age normalization for each area in the GL region. When breakpoints
were determined, the bar plot shows the temporal trends after the breakpoint, and the number indicates the breakpoint year. The error bars indicate
the upper and lower 95% conﬁdence intervals. The red dashed lines indicate the areas used for trend analysis based on proximity and similarity of
concentrations between sites. The site name with an underline was not included in any area. The size of the circles indicates the average tot-PBDE
concentration for each site after 2011.

in GL ﬁsh from 2004 to 2015. The overall declining Hg trends
are due to the decreasing of regional Hg emissions that were
oﬀset by a number of environmental factors including food
web alterations, increasing local Hg emissions near LM and
LO, changes in precipitation depth and increased lake
sediment resuspension events due to increased and more
intense storms and decreased ice cover.47
Individual Trends. The individual congener trends from
2004 to 2016 in the 11 regions are shown in Figure 2. If
breakpoints were determined and the bar plots show the most
recent trend. The number indicates the breakpoint year and
the arrows show how the trend changes before and after the
breakpoint. BDE-47 decreased in most regions (except LE)
with trends ranging from −6.7 to −13.3% per year (details are
presented in Table S4). However, increasing trends can be
found for some of the more highly brominated congeners in
some regions. Speciﬁcally, BDE-99 increased in LE west, BDE100 generally increased except in LS, LM south, and LH, BDE153 increased in LO east and west, and BDE-154 increased
except in LS, LM south, LE east, and LO middle. Although
BDE-47 had the highest concentration and most signiﬁcant
continuously decreasing trend, the total PBDE trend leveled oﬀ
due to the increasing trends of other 4 highly brominated
BDEs. Speciﬁc characteristics of these trends include: (1) no

signiﬁcant trends were found in recent years in LO east and
middle for total PBDE even though BDE-47 had signiﬁcant
decreasing trends; and (2) the constant total overall PBDE
concentration (Figure 1b) from 2011 to 2015 was a response
to the decrease of BDE-47 and the increase of the other four
highly brominated congeners.
Congener Ratios. Debromination of the higher brominated BDEs (e.g., BDE-209) would result in a larger
abundance of lower brominated BDEs. Congener ratio trends
can determine the importance of congener classes over time.
Congener ratio trends of BDE-47/sum of the other four PBDEs
(BDE-100+BDE-154/BDE-47, BDE-100+BDE-154/BDE99+BDE-153) were examined to help interpret PBDE
conentration trends (Figure 3). BDE-100+BDE-154 were
combined because they both had the largest increasing trends
and their concentrations were highly correlated (Pearson
correlation coeﬃcient = 0.94, Figure S4). The ratio of BDE-47
to the total of the ﬁve major PBDEs decreased from 1990 to
2016 (−2.7% (−2.2% to −3.1%) per year) with a steeper
decreasing trend (−3.3% (−2.4% to −4.2%) per year) after
2007. However, the ratio of BDE-100+BDE-154 to BDE-47
increased from 1990 to 2016 (+1.0% (+1.1% and +0.9%) per
year), with larger increases after 2007 (+1.8% (+2.1% to
+1.6%) per year). In addition, the ratios of BDE-100+BDE6654
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Figure 3. Congener ratios trends of BDE-47/sum of other four, BDE100+BDE-154/BDE-47, BDE-100+BDE-154/BDE-99+BDE-153 in
the GL region from 1979 to 2016. The upper and lower 95%
conﬁdence intervals for 47/other 4, 100 + 154/47, and 100 + 154/99
+ 153 are −2.2% and −3.1% per year, + 2.2% and +1.7% per year,
+1.1% and +0.9% per year, respectively. Note that 10% of the data
points are from before 2000 (160 in total), 83% of the data points are
from after 2000 (1170 in total), and all the data points after 2004
(951 in total) were normalized by ﬁsh age.

Figure 4. Congener ratios of BDE-47, the sum of the other four major
BDE congeners, and BDE-209 in diﬀerent media along with
manufactured amounts in the GL region. Note that the data shown
were collected from other references,3,6,10,13,19,20,22,31,40,41,65,69−75 and
the details are presented in Tables S5 and S6.

Although BDE-47 was the most dominant congener
(contributes more than half of the mass) in the lake trout, it
was not the most abundant congener used in commercial
products in GL region (contributed only 5.2% of the total
commercial product usage, Figure 4 and Tables S5 and S6).
BDE-47 can have greater transport potential compared with
other major congeners through the atmosphere since it had the
highest ratios in the vapor phase in the atmosphere and wet
deposition (Figure 4, contributed 59 ± 9.0% in the vapor
phase, and 52 ± 14% in wet deposition). This suggests BDE-47
is more available to remote areas after it was released from
existing products.28 Increasing ratios of BDE-47 can be seen
throughout the food web (Figure 4) even though BDE-47 had
the smallest biomagniﬁcation factor (BMF) (2.1 for BDE-47,
and 6.5−13.3 for other four) among the ﬁve major PBDEs in
lake trout.46 BMF values reported above were calculated based
on the data collected from direct feed and accumulation experiments. Therefore, it did not consider the potential
bioaccumulation/biotransformation processes when PBDEs
move through the food web. The depletion of the higher
brominated congeners through the food web and enrichment
of BDE-47 is consistent with debromination,76 and implies that
both the commercial mixtures and biotransformed or
debrominated PBDE may be important PBDE sources for
lake trout.36,37,45
BDE-209 is not enriched in GL lake trout even though it was
the most heavily used congener (Figure 4, and Table S5) and
was the last to be voluntary phased out.11,17 Laboratory
experiments have found that after direct diet exposure of lake
trout to BDE-209, it was easily assimilated (the uptake rate of
BDE-209 was the fastest among the congeners, and as much as
3.4 times faster than that of BDE-47).46 However, it has a short
half-life in lake trout (26 days for BDE-209, while the other
major congeners range from 139 to 346 days). Thus, it can be
easily eliminated or transformed by lake trout.36,46 Additional
research implied that no signiﬁcant accumulation of lower
brominated BDE would be caused by feeding lake trout with
food spiked with BDE-209.38 Obvious depletion of BDE-209
through the food web can be seen in Figure 4. BDE-209 was
dominant in sediment and plankton (contributed over 90% of
total PBDE mass) and its importance decreased with trophic

154 to BDE-99+BDE-153 increased from 1990 to the present
at a rate of 1.9% (+2.2% to +1.7%) per year. These results can
be explained by the diﬀerent half-lives of PBDE congeners in
lake trout (BDE-154 > BDE-153 > BDE-99 > BDE-100 >
BDE-47),46 which makes higher brominated congeners more
dominant after direct sources (commercial PBDEs) were
eliminated. However, the actual PBDE congener uptake by
lake trout from the food web or environment can also be
important as the concentration of higher brominated
congeners were also increasing in the more recent years
(Figure 2).
PBDE Sources. The three commercial PBDE mixtures and
two degradation congener groups were identiﬁed as potential
sources to GL sediment (Zhou et al., 2012). Although
biotransformation and bioaccumulation processes in ecosystems may be complex, these sources can also aﬀect PBDE
patterns in GL ﬁsh. PBDE congener concentration ratios in
diﬀerent GL media were estimated based on previous studies
to evaluate their transfer/transformation in the ecosystem and
through the food web. The ratios of the ﬁve major PBDE
congeners used (manufactured and in the existing goods) in
the GL region after 2004 (shown in the last bar of Figure 4)
were also estimated using the congener ratios in the
commercial PBDE mixtures. The ﬁve major PBDE congeners
accounted for only a small amount (20%) of the total as the
commercial penta- and octa- BDE mixtures were phased
out.6,13 The concentration ratio patterns were compared for
BDE-47, sum of the other four major congeners, and BDE-209
in GL atmosphere (vapor phase and aerosol), wet deposition,
water, sediment, and food web (Figure 4). Note that the other
four major PBDE congener ratios were combined since some
prior studies have only reported a subset of these congeners.
BDE-209 was included since it dominated commercial usage
and can be important to the ﬁve major PBDE levels (as
discussed below) even though it was barely detected in GL
lake trout. The data shown below were collected from other
references,3,6,10,13,19,20,22,31,40,41,65,69−75 and the details are
presented in Tables S5 and S6.
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in 2004 suggesting sources of ﬁve major congeners would be
expected to decrease after 2004.6,17 Once PBDEs were no
longer manufactured in the GL region, previously insigniﬁcant
sources such assediment release, long distance transport,
release from consumer goods (e.g. e-waste), and transformation of higher brominated BDEs73,79 became more
important. PBDE concentrations in GL lake trout have been
constant from 2011 to 2015 because of the increases in BDE99, BDE-100, BDE-153, and BDE-154. Although the
increasing ratio of higher brominated congeners were
previously reported, this report is the ﬁrst to show increased
absolute concentrations of higher brominated BDE congeners
in the recent years (after break point since 2007, shown in
Figure 2). The PBDE stock analysis indicated that the relative
contribution of commercial Deca-BDE in stocks of existing
products increased from 72% (2004 to 2013) to 95% (after
2013).6,17 These results suggest that debromination of BDE209 and other higher brominated PBDE congeners transformed from BDE-209 in the environment became more
important drivers of the levels and trends of the ﬁve major
PBDE congeners in lake trout in the recent years rather than
commercial mixtures.37
Although the decreases in concentrations in GL lake trout
between the 2000s’ and the present were signiﬁcant,3 the
continuous PBDE concentration trends analysis revealed that
the total of the ﬁve major PBDE concentrations in GL ﬁsh has
been relatively constant between 2011 and 2015 because of the
increasing concentrations of higher brominated BDE congeners (BDE-100 and BDE-154) derived from the debromination of BDE-209 in the environment or through the food
web. As the stock of commercial penta- and octa- BDE in
existing products gradually declines, the BDE-209 in existing
products is becoming more important as a continuing PBDE
source to GL regions (about 60% of the stock of BDE-209 in
2014 will remain in use in 2020).17 Also, the large amounts of
BDE-209 accumulated in GL sediments may be available to the
GL ecosystem for a much longer period of time.21 Therefore,
PBDE concentrations in GL lake trout may remain at or near
current levels for longer than expected. Trends and
concentrations of PBDE congeners in each of the Great
Lakes may diverge relative to the dominant sources of PBDEs
(ex. urban populations, atmospheric transport, and internal
loading from sediment stores) in each basin.

levels (contributed 22 ± 5% of total PBDE mass at lower
trophic levels, and only contributed approximately 1% in the
top trophic level (lake trout)). Prior studies have demonstrated
that BDE-209 can be debrominated to lower brominated BDE
congeners, including mono-, di-, penta-, hepta-, and octaBDEs, by photochemical reaction,15,30,42 microbes,44,77 aquatic
plants,29 and also through the food web.37,78 The ﬁve major
PBDEs were reported as end points of the biotransformed/
debrominated BDE-209 suggesting that the transformation of
BDE-209 in the environment or food web may become a
potential source to these ﬁve major PBDE congeners.30,37,44,77,78
Evidence that supports BDE-209 being a potential source of
the ﬁve major PBDE congeners can also be found in the trend
results. Although decreasing trends were detected for BDE-99,
100, 153, and 154 after 2004, increasing trends were found for
at least one of the four congeners in most GL regions in the
recent years (from 2007 to 2011) except LS. The increasing
trends were not consistent with the decreasing stocks (amount
of PBDE in existing products) of their commercial sources
including penta-BDE and octa-BDE mixtures that peaked in
2004.17 However, the stocks of the commercial Deca-BDE
mixture (major source for BDE-209) kept increasing until
2010 based on PBDE stock and ﬂow analysis in the U.S.A.17
These results indicate that the decreases in the use of
commercial penta- and octa- BDE mixtures have and will
become less important at driving the trends in ﬁsh PBDE
concentrations in the Great Lakes. We hypothesize that when
the direct input from commercial products became relatively
low, the PBDE trends in lake trout started responding to the
increasing input from the debromination of BDE-209. The
current increasing trends for BDE-154 is most informative
since it has the longest half-life in the lake trout among the ﬁve
major PBDEs,46 and can be the most sensitive to the increasing
input from alternative sources because it contributes the
smallest fraction (4%) in the commercial mixtures.37
Regional trend diﬀerences also provide evidence that BDE209 can have impact on the ﬁve major PBDE in GL lake trout.
As shown in Figure 2, an increasing trend for penta- and hexaBDEs were found in most of the GL regions (at least one
congener) except in LS (the most remote lake), which was
consistent with the increasing of deca-BDE stock. Although
BDE-209 can impact remote areas through atmosphere
transport and deposition (Figure 4, exists 61 ± 8.2% in
aerosols and contributes 38 ± 16% of the wet deposition), its
impact in remote areas can be limited compared with BDE-47
(exists 59 ± 9.0% in the vapor phase) since BDE-209 exists
primarily in the particulate phase in the atmosphere due to its
larger log Kow (10.1 vs 6.8) and lower vapor pressure (1.1 ×
10−14 vs 5.6 × 10−10 atm) which limits its transport distance.
The decreasing trends for all the congeners in LS can be
explained by the lake’s remoteness and smaller impact from
BDE-209 transported from urban areas, where the existing
products containing PBDE are mostly located.17
Future Trends Outlook. The concentration trends of the
ﬁve major PBDEs in the GL lake trout are generally responding
to the direct PBDE input from the production and usage or
release from the products that contain commercial penta- and
octa-BDE mixtures as the ﬁve major congener concentrations
signiﬁcantly decreased from 2004 to 2007 coincident with the
voluntary phasing out of the two commercial PBDE mixtures
starting in 2004.2,14,16,17 Note that the stock of commercial
penta- and octa- BDE mixtures in existing products also peaked
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