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A B S T R A C T

Flame retardants (FR) are industrial chemicals and some are proven environmental contaminants that accu-
mulate in predatory birds. Few studies have examined the influence of diet on FR profiles in nestling raptors and
the possible physiological implications of such FR exposure. The objectives of this research were (1) to determine
spatial patterns of ≤ 48 polybrominated diphenyl ether (PBDE) congeners and ≤ 26 non-PBDE FRs, including
organophosphate esters (OPEs), in nestling peregrine falcons (Falco peregrinus) across the Canadian Great Lakes-
St. Lawrence River Basin (GL-SLR; 2010) and in the eastern Canadian Arctic (2007); (2) to identify temporal
changes in FR concentrations from the mid-2000s to 2010 in GL-SLR peregrine nestlings; (3) to investigate the
role of diet using stable isotopes on exposure patterns of quantifiable FRs; and (4) to assess possible associations
between circulating FRs and total (T) thyroxine (TT4) and triiodothyronine (TT3), tocopherol, retinol and oxi-
dative status (isoprostanes). The summed concentrations of the top 5 PBDEs (Σ5) (BDE-47, -99, -100, -154, -153)
were significantly higher in rural nestlings than urban nestlings in the GL-SLR, followed by the eastern Arctic
nestlings. The PBDE congener profile of rural nestlings was dominated by BDE-99 (34‰), whereas BDE-209
(31‰) became dominant in the 2010 urban PBDE profile marking a shift since the mid-2000s. Low (ppb)
concentrations of 25 novel non-PBDE FRs (e.g., 1,2-bis-(2,4,6-tribromophenoxy)ethane (BTBPE), deca-
bromodiphenylethane (DBDPE)) were measured in the nestlings in at least one region, with the first report in
peregrines of 15 novel non-PBDE FRs (e.g., 2-ethyl-1-hyxyl 2,3,4,5-tetrabromobenzoate (EHTBB), pentabromo
allyl ether (PBPAE), tetrabromoethylcyclohexane (α-, β-DBE-DBCH)) as well as of tris (2-butoxyethyl) phosphate
(TBOEP) (0–7.5 ng/g ww)> tris(2-chloroisopropyl) phosphate (TCIPP) (0.1–5.5 ng/g ww)> tris(2-chloroethyl)
phosphate (TCEP) (0.02–2.0 ng/g ww)> tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) (0–1.0 ng/g ww).
Within the GL-SLR, the urban nestlings’ diet had significantly more terrestrial sources (greater δ13C values) than
the broader, more aquatic-based diet of rural peregrines. Dietary source (δ13C) was significantly associated with
concentrations of Σ5PBDE, BDE-209, EHTBB, and 2,2–4,4′,5,5′-hexabromobiphenyl (BB-153), with trophic level
(δ15N) also positively associated with BDE-209 levels. Compared to urban nestlings, the rural nestlings had
significantly lower circulating concentrations of thyroxine (TT4), triiodothyronine (TT3), a greater proportion of
TT3 relative to TT4 (TT3:TT4), tocopherol and oxidative status (isoprostanes), but higher retinol levels; the most
recalcitrant PBDE congener, BDE-153, in combination with low concentrations of some novel FRs, particularly
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octabromotrimethylphenyllindane (OBIND), may influence circulating thyroid hormones, especially TT4, and
retinol levels of peregrine falcon nestlings. These associations of FR-endocrine-biochemical measures suggest
possible exposure-related changes in these birds and further study is warranted.

1. Introduction

Industrial chemicals used as flame retardants (FRs) are incorporated
into a wide variety of commercial products, and many are persistent
environmental contaminants. Historically, the most prevalently used
FRs were brominated compounds, particularly polybrominated di-
phenyl ethers (PBDEs), hexabromocyclododecane (HBCDD), and tetra-
bromobisphenol A (TBBPA) (Covaci et al., 2011). PBDEs were additive
FRs having the highest production volume and prolonged usage
through the 1970s, until the voluntary withdrawal of the technical
mixture in 2004; the production of BDE-209 continued until it was
phased out in 2013. PBDEs are bioaccumulative and continue to be
found at the greatest concentrations relative to all other FRs. The three
major commercial PBDE technical mixtures, penta-BDE, octa-BDE and
deca-BDE, are now listed under the Stockholm Convention, with the
acceptance of deca-BDE for risk management in June 2016 (http://
chm.pops.int/). Since being listed under the Stockholm Convention,
decreasing levels of PBDE congeners have been reported in birds (e.g.,
Law et al., 2014), although congeners associated with the deca-BDE
mixture, mainly BDE-209, generally continue to be reported as in-
creasing (e.g., Letcher et al., 2014). The various regulatory measures of
these prominent BFRs have resulted in the development and use of
novel FRs as alternative replacements: many are reported as emerging
environmental contaminants capable of long-range transport and de-
position (Covaci et al., 2011; Bergman et al., 2012), including 1,2-bis-
(2,4,6-tribromophenoxy)ethane (BTBPE), decabromodiphenylethane
(DBDPE) and bis(2-ethyl-1-hexyl-tetrabromophthalate (BEHTBP).

Organophosphate esters (OPEs) are a large group of chemicals that
are also used as FRs and plasticizers (van der Veen and de Boer, 2012),
and are replacement FRs for PBDEs. As a result, their production and
use has increased considerably, as for example in North America where
the annual production of the OPEs, tris(2-chloroisopropyl) phosphate
(TCIPP), tris(1,3-dichloro-2-propyl) phosphate (TDCIPP), and tris(2-
chloroethyl) phosphate (TCEP), increased from less than 14,000 t per
year in 1986, to 38,000 t per year in 2012 (Schreder et al., 2016).
Several OPEs have varied in the eggs, plasma, and other tissues of
herring gulls (Larus argentatus) across the Great Lakes (Greaves and
Letcher, 2014) over the past two decades (Greaves et al., 2016a,
2016b). Very recently, Greaves and Letcher (2017) reviewed the oc-
currence and levels of OPEs in the environment with a focus on avian
wildlife. Overall, reports on the bioaccumulation and toxicity to wild-
life, including birds, of novel FRs have been increasing in recent years
but remain limited.

Birds at elevated trophic levels are useful sentinel species of FR
accumulation (e.g., Guerra et al., 2011, 2012; Gentes et al., 2012; Su
et al., 2015, 2017; Greaves et al., 2016a, 2016b; Champoux et al., 2017)
some of which have shown biochemical changes and toxicological ef-
fects (e.g., Smits and Fernie, 2013). Peregrine falcons (Falco peregrinus)
and Cooper's hawks (Accipiter cooperi) are obligate apex avian predators
having an exclusively avian diet and occupying the highest trophic
level. They have also accumulated the highest recorded concentrations
of HBCDD (Guerra et al., 2011, 2012) and PBDEs (Elliott et al., 2015) of
any biota. Peregrines are known to accumulate historical FRs (e.g.,
Lindberg et al., 2004; Chen et al., 2008; Park et al., 2009; Potter et al.,
2009; Fernie and Letcher, 2010). Yet, there is limited knowledge con-
cerning their exposure to novel FRs (Guerra et al., 2011, 2012;
Johansson et al., 2009; Newsome et al., 2010; Park et al., 2011), and

that of other raptors (e.g., Chen et al., 2012a, Eulaers et al., 2014), and
there have been no studies examining the linkages among FR profiles,
diet, and potential biochemical changes in apex predatory birds. In the
mid-2000s, spatial differences were evident across the Canadian Great
Lakes Basin in the exposure of nestling peregrines to PBDEs, hydro-
xylated (OH)-PBDE metabolites, and other non-FRs (Fernie and Letcher,
2010), some which were correlated with the nestlings’ circulating
triiodothyronine (T3), retinol, and biochemical measures relating to
hepatic function, bone dynamics and growth (Smits and Fernie, 2013).
In other studies with wild predatory birds, concentrations of OH-PBDE
metabolites were similarly associated with T3 and retinol concentra-
tions in nestling bald eagles (Haliaeetus leucocephalus) (Cesh et al.,
2010), and testosterone was associated with PBDE and methoxylated
(MeO)-PBDE concentrations in the eggs of glaucous gulls (L. hy-
perboreus) (Verboven et al., 2008).

Given the environmental persistence of certain PBDEs, and the in-
creasing use of novel FRs despite limited knowledge of their toxicity,
further research is warranted to characterize the exposure of apex
predatory birds to these FRs and the subsequent potential physiological
effects to these species. Using the peregrine falcon as a model for apex
avian predators, the objectives of the current study were: (1) to de-
termine spatial patterns of historical and novel FR exposure, including
OPEs, in the plasma of nestling peregrine falcons from urban and rural
sites across the Canadian Great Lakes-St. Lawrence River Basin (GL-
SLR; sampled in 2010) and remote sites in the eastern Canadian Arctic
(2007); (2) to compare temporal changes in FR concentrations in GL-
SLR peregrine nestlings in 2010 to those in the mid-2000s (Fernie and
Letcher, 2010); (3) to investigate the role of diet (using stable carbon
and nitrogen isotope ratios) on the 2010 exposure patterns of quanti-
fiable FRs; and (4) to assess possible associations between concentra-
tions of circulating FRs and total (T) thyroxine (TT4), TT3, tocopherol,
retinol and oxidative status (isoprostanes) in the GL-SLR nestlings.

2. Materials and methods

2.1. Field data collection

This research was conducted with appropriate permits and in
compliance with the guidelines of the Canadian Council of Animal Care.
Peregrines nest repeatedly at the same location (Murphy, 1990) and
most of the current 30 nest sites (2010) were monitored previously in
the mid-2000s (Fernie and Letcher, 2010) across the GL-SLR. In addi-
tion, nestlings from 9 nests were sampled in the eastern Canadian Arctic
(Ungava Bay, Quebec; 2007) (Fig. 1). In the GL-SLR, 14 nests were
located within large urban centers (“urban”), specifically in the Greater
Toronto-Hamilton Metropolitan Area (GTHA) (N = 7 nests), the
Montreal Metropolitan Area (N = 4), and the Montreal peri-urban area
(N = 3). The 15 remaining nests in the Canadian GL-SLR were located
in “rural” areas (N = 13 nests, Lake Superior; N = 2 nests, eastern
Quebec). Blood samples were collected for laboratory analyses (GL-SLR:
FR concentrations, stable isotopes and biomarkers; Ungava Bay: FR
concentrations only) from up to 2 randomly selected nestlings, pre-
ferably one male and one female, from each brood of up to 5 possible
nestlings (18–30 days old). Blood samples were taken from the brachial
vein using a heparinized 27-gauge ½” needle and 3 cc syringe. The
blood was immediately stored on ice until centrifuged, with subsequent
plasma aliquoted, frozen in a dry shipper and then at −80 °C, until the
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time of laboratory analysis.

2.2. Chemical analysis

Plasma samples of each nestling were pooled within a brood to
provide sufficient volume for the various FR analyses. The chemical
analysis is described briefly here and details are provided in the
Supplementary information. Samples from the GL-SLR nestlings were
extracted, cleaned-up, and the isolated chemical fractions were ana-
lyzed for concentrations of FRs that were quantified by gas chromato-
graphy-high resolution mass spectrometry (GC-HRMS). GC-HRMS was
performed on an Agilent 6890 Series GC equipped with a CTC Analytics
Liquid Sampler A200SE and coupled to a Micromass Autospec high
resolution MS. FRs were separated using a DB-5ht 15 m column (Agi-
lent Technologies Inc., internal diameter 0.25 mm, film thickness
0.10 µm). Plasma concentrations were screened for 31 PBDE congeners
(BDE-17, -28, -30, -47, -49, -66, -71, -77, -85, -99, -100, -119, -138,
-139, -140, -153, -154, -171, -180, -183, -191, -196, -197, -201, -203,
-204, -205, -206, -207, -208, -209), 2,2–4,4′,5,5′-hexabromobiphenyl
(BB-153), and 13 novel FRs (BTBPE, DBDPE, BEHTBP, allyl 2,4,6-tri-
bromophenyl ether (ATE), 2-bromoallyl 2,4,6-tribromophenyl ether
(BATE), 2,3-dibromopropyl 2,4,6-tribromophenyl ether (DPTE), 2-
ethyl-1-hexyl 2,3,4,5-tetrabromobenzoate (EHTBB), hex-
abromobenzene (HBB), hexachlorocyclopentadienyl di-
bromocyclooctane (HCDBCO), octabromotrimethylphenyl indane
(OBTMPI), pentabromo-ethylbenzene (PBEB), pentabromotoluene
(PBT), and 2,3,5,6-tetrabromo-p-xylene (pTBX)). The extraction pro-
cedure for all of the plasma samples has been described elsewhere
(Athanasiadou et al., 2008; Hovander et al., 2009) and was consistent
in both laboratories. Briefly, approximately1 g of plasma was spiked
with the 13C recovery standards (13C12-BDE-79, 13C12-BDE-138, 13C12-
BDE-180, 13C12-BBE-206). Native OH-PBDE standards were purchased
from Accustandard Inc. (New Haven, CT) and Wellington Laboratories
(Guelph, ON) that also provided 13C-labelled recovery standards (13C12-
BDE-79, 113C12-BDE-138, 13C12-BDE-180, 13C12-BBE-206). For the Great
Lakes birds, the method limits of quantification (MLOQ) was ≤ 5.4 ng/
g for all FRs except for EHTBB (26 ng/g) and syn-DP (214 ng/g), while
the method limits of detection (MLOD) was ≤ 3.3 ng/g ww for all FRs

but EHTBB (16 ng/g ww) and syn-DP (128 ng/g ww); the MLOQ and
MLOD for the OH- and MeO-PBDEs was ≤ 0.08 and ≤ 0.05 ng/g ww,
respectively.

The plasma of the GL-SLR peregrine nestlings were also assessed for
four OPEs, specifically tris (2-butoxyethyl) phosphate (TBOEP), TCEP,
TCIPP, and TDCIPP. The OPE analysis was conducted by LC-MS/MS in
the ORCL laboratory following Chen et al. (2012b). For the OPEs, the
MLOQs were 0.2−0.3 ng/g ww, and the MLODs were 0.05−0.1 ng/g
ww. The details of the analytical and QA/QC procedures are provided
in the Supporting information.

The plasma samples of the eastern Canadian Arctic birds were si-
milarly assessed in isolated chemical fractions for concentrations of 48
PBDE congeners (including the same 31 for the GL-SLR samples), 20
non-PBDE FRs (including the same 8 as for the GL-SLR samples), plus
Dechlorane Plus (syn- and anti-DP) using GC-MS (ECNI). As a result, the
chemical concentrations for the eastern Arctic nestlings may be over-
represented (higher) than if assessed with the analytical procedures
used for the GL-SLR birds. Plasma samples from the GL-SLR and Arctic
birds were also analyzed for 8 of the non-PBDE FRs, specifically
OBTMPI, pTBX, PBT, PBEB, HBB, BTBPE, DBDPE, BB-153; in addition,
the eastern Arctic samples were assessed for ∑-hex-
abromocyclododecane (∑HBCDD), tetrabromoethylcyclohexane (α-, β-
DBE-DBCH), pentabromobenzyl bromide (PBBB), 2,4,6-tribromo allyl
ether (TBPAE), brominated biphenyl (BB-101), tetrabromo-
chlorotoluene (TBCT), pentabromo allyl ether (PBPAE), pentabromo-
benzyl acrylate (PBBA), and pentabromobenzene (PBB). The proce-
dures for this chemical analysis and lipid extraction followed those
previously reported (Chen et al., 2010; Su et al., 2014a, 2015, 2017).
All standards were purchased from Wellington Laboratories (Guelph,
ON, Canada). The plasma samples (0.95−1.13 g) were spiked with
internal standards: 20 μL each of BDE-30 (1000 pg/μL), BDE-156
(1000 pg/μL), and 13C12-BDE-209 (500 pg/μL), to determine recovery
efficiencies. A standard reference material sample (polar bear plasma)
was extracted and analyzed with the peregrine falcon plasma samples
to ensure consistency of data acquisition. For the eastern Canadian
Arctic birds, the MLOQ was<0.1 ng/g for all PBDEs and BFRs with the
exception of BDE-209 with an MLOQ<0.3 ng/g; the MLOD was
0.04 ng/g ww and 0.09 ng/g ww, respectively. The details of the ana-
lytical and QA/QC procedures are provided in the Supporting in-
formation.

2.3. Stable isotope analysis

Stable carbon (C) and nitrogen (N) isotope ratio analysis was per-
formed at the G.G. Hatch Isotope Laboratories (Ottawa, ON, Canada).
The red blood cells of each nestling, and the standards, were weighed in
tin capsules, loaded into an elemental analyzer interfaced to an isotope
ratio mass spectrometer, and flash-combusted at approximately 1800 °C
(Dumas combustion), with the resulting gas products carried by helium
through columns of oxidizing/reducing chemicals optimized for CO2

and N2. The gases were separated by a "purge-and-trap" adsorption
column and sent to IRMS interface then to IRMS. The data are reported
in δ notation, the units are per mL (‰) and defined as δX= [(Rsample −
Rstandard)/Rstandard]*1,000, where X stands for 13C or 15N, and R is the
corresponding ratio of 13C/12C or 15N/14N. δ15N is reported as ‰ vs.
atmospheric nitrogen (AIR) and normalized to internal standards cali-
brated to international standards IAEA-N1 (+0.4‰) IAEA-N2
(+20.3‰), USGS-40 (−4.52‰) and USGS-41 (47.57‰). The δ13C
values are reported as ‰ vs. V-PDB and normalized to internal stan-
dards calibrated to international standards IAEA-CH-6 (−10.4‰), NBS-
22 (−29.92‰) USGS-40 (−26.24‰) and USGS-41 (37.76‰). Based
on internal laboratory standards, measurement precision was estimated
to be 0.08‰ and 0.04‰ for 13C and 15N, respectively.

Fig. 1. Nestling peregrine falcons were sampled throughout the Canadian Great Lakes-St.
Lawrence River (GL-SLR) and the eastern Canadian Arctic (Ungava Bay).
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2.4. Biochemical analysis

Plasma samples for each individual nestling were assessed for total
(T) triiodothyronine (TT3), thyroxine (TT4), and TT3:TT4 as a proxy for
thyroid function. The plasma of each bird was also used to analyze
concentrations of tocopherol, retinol, and isoprostanes. As a biomarker
of oxidative stress and antioxidant deficiency, isoprostanes were ana-
lyzed using Cayman Chemical 8-Isoprostane ELISA kits (Item no.
516351) according to the manufacturer's instructions. As previously
reported (Fernie and Marteinson, 2016), concentrations of TT4 and TT3

were determined in duplicate using a commercially available radio-
immunoassay (MP Biomedical, Solon. OH, U.S.A.), according to the
manufacturer's instructions. Standard curves were constructed using
verified concentrations of each analyte and linearity in the response
was confirmed for the samples using dilution curves. Standard curves
were included at the beginning and end of every batch of samples
analyzed, and R2 values for TT4 and TT3 were>0.95. Inter-assay
variability ranged from 6.0‰ for TT4 to 7.1‰ for TT3.

Retinol and tocopherol were extracted and analyzed using the
modified method of Palace and Brown (1994). Specifically, the mobile
phase for HPLC analysis had 1‰ proprionic acid added to enhance
baseline separation of retinol from the internal standard retinyl acetate.
In brief, 50–100 μL of plasma was extracted. Then tocopherol acetate
(10 μL of 7.25 mg/mL) and retinol acetate (10 μL of 6.5 mg/mL) in
500 μL HPLC grade methanol were added to each sample as internal
extraction efficiency standards. A 500 μL aliquot of ethyl acetate/
hexane (3:2 v/v) was added to each tube that was then capped and
vortexed for 30 s, allowed to stand for 15 min while protected from
light, then vortexed every 5 min for 30 s. Samples were then cen-
trifuged at 10,000g for 3 min and 300 μL of the upper layer was re-
moved and blown down to dryness using nitrogen. Samples were then
reconstituted with 100 μL of HPLC mobile phase and analyzed within
24 h. The HPLC analyses was performed using an Agilent 1100 system
involving an autosampler (G1329A), quaternary pump (G1311A), and
diode array detector (DAD, G1315B). Samples were eluted on a C18
Zorbax Eclipse analytical column (4.6 × 150 mm, 3.5 µm particle size).
A gradient elution was used that consisted of 5:20:75 of isopropanol:
methanol:acetonitrile, held for 2 min, ramped to 50:20:30 in 7 min,
held for 2 min, and then returned to 5:20:75 after 7 min. The diode
array detector was set at 325 and 300 nm with respective bandwidths of
50 and 40 nm, and slit width of 8.

2.5. Statistical analyses

For statistical purposes, only concentrations of FRs that were de-
tected in more than 60‰ of individuals were utilized; individual birds
in which these FR concentrations were below the detection limit, were
assigned a value equal to half of the detection limit. Shapiro-Wilk tests
were used to assess the normality of the data, and Levene's test for the
homogeneity of variance the variables when appropriate; data were log-
transformed when necessary (and possible) to meet the assumption of
normality for parametric tests. Summed (Σ) concentrations of the five
principal PBDE congeners most commonly found in biota (Σ5PBDEs:
BDE-47, -99, -100, -153 and -154) were compared among urban, rural
and eastern Arctic nests using one-way analyses of variance (ANOVA),
followed by pairwise comparisons using least significant difference
(LSD) post hoc tests. Kruskal-Wallis non-parametric tests were used to
identify significant differences in the concentrations of BDE-47, -99,
-100, -153 and -154, across the three regions. T-tests were used to de-
termine possible urban-rural differences in ∑OH-PBDEs. Mann-Whitney
U-tests were used to identify significant differences between the urban
and rural birds in the concentrations of BB-153, DBDPE, HBB and
OBTMPI, which were detected in ≥ 53‰ of these birds. Stable isotope
values were averaged among siblings within the same nest, and com-
parisons made between urban and rural nests using Student's t-tests.
Mean concentrations for δ13C and δ15N values were calculated for

each nest and compared between urban and rural nests using Student's
t-tests. δ13C values were graphed against δ15N values to determine
possible dietary groups or clusters within the GL-SLR based on visual
discrimination. A general Linear Mixed Model (GLMM) was conducted
with the data categorized as urban or rural to determine if there was a
significant relationship between stable isotopes and Σ5PBDEs or ΣOH-
PBDEs. Spearman's correlation tests were used to identify possible as-
sociations among the stable isotope values and the concentrations of
individual PBDE congeners (BDE-47, -49, -71, -77, -99, -100, -153, -154,
-180, -183, -196, -197, -201, -203, -07, -208, -209), other FRs (BB-153,
DBDPE, HBB, OBIND), and OPEs (TCEP, TCIPP and TBOEP but not
TDCIPP).

To determine spatial differences between urban and rural nestlings
across the GL-SLR in circulating TT3, TT4, retinol, tocopherol and iso-
prostanes, data for both sexes were combined when identified as being
statistically similar (p-values> 0.05), then analyzed using nested
ANOVAs to account for the relatedness of siblings within the same
brood (i.e., data were not pooled by nest). The condition indices (body
mass/tarsal length) of the nestlings were analyzed using Kruskal-Wallis
non-parametric tests for each sex because females are significantly
larger than male peregrines. Multiple regression models were used to
determine possible relationships with the measured FRs (but not the
OPEs) and plasma biomarkers. Initially, the models were conducted
with the historical FRs, then the novel FRs, to reduce an otherwise
enormous number of variables; non-significant variables were removed
from the models iteratively. Since the wild peregrines were exposed to a
combination of historical and novel FRs, the final model combined the
significant FRs identified previously to assess their possible influence on
each biomarker. The statistical analyses were performed with IBM SPSS
Statistics (v.22.0) or SAS 9.4, and significance was considered as p ≤
0.05. Arithmetic means (AM), standard errors about the arithmetic
mean (SEM), geometric means (GM), medians and/or the range of
concentrations, are presented as appropriate.

3. Results and discussion

3.1. PBDE concentrations and congener profiles: spatial patterns and
temporal trends

There were significant regional differences in the plasma Σ5PBDEs
(F2,42 = 9.87, p<0.001; Fig. 2), with levels lowest in the eastern Arctic
nestlings (LSD: p-values< 0.001), and higher in the rural nestlings than
urban birds (LSD: p-values = 0.02) (Table 1, Fig. 2). Similarly, the
nestlings’ concentrations of BDE-47, -99, -100, -153, -154, and BDE-
183, significantly differed across the three regions (Kruskal-Wallis: p-

Fig. 2. The sum (Σ) concentrations of the 5 principal PBDE congeners (BDE-47, -99, -100,
-153 and -154) were significantly higher in rural peregrine nestlings than urban nestlings
in the Canadian GL-SLR, or nestlings in the eastern Canadian Arctic. Median, first and
third quartiles, minimum and maximum concentrations are presented.
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values ≤ 0.001): the eastern Arctic nestlings had significantly lower
concentrations of BDE-99, -153, and -183 than the rural or urban
nestlings, and the rural nestlings had significantly higher concentra-
tions of BDE-99, -100, -153, and -154, but not BDE-183 (all p-va-
lues<0.05), than the urban (Fig. 3a) or Arctic birds. A significant
pattern was also evident with the nestlings’ concentrations of BDE-209,
and its presumed metabolites, BDE-196, -197, -201, -206, -207, and
-208 (p-values ≤ 0.03): concentrations were significantly lowest in the
eastern Arctic nestlings (Table 1), and within the GL-SLR, the urban
nestlings had significantly higher concentrations of BDE-209 compared
to the rural nestlings (Z = −2.80, p = 0.004) (Fig. 3a, b).

In terms of the regional PBDE congener profiles of the peregrines,
the urban nestlings PBDE profile was dominated by BDE-209 (31‰
mean contribution) then BDE-99> -153> -207> -47> -28> -154 ≈
-100> -183> -197> -208 (Fig. 3b), while the rural birds’ profile was
dominated by BDE-99 (34‰), then BDE-153> -100> -47 ≈ -154> -
209> -183 ≈ -207> -197> -208 (Fig. 3b), and that of the eastern
Arctic nestlings by BDE-99 (23‰) followed by BDE-100> -154 and
-153. In the eastern Arctic nestlings, detection rates were comparatively
low for BDE-47 (11‰), -183 (11‰), -209 (33‰), and the other higher
brominated congeners, and surpassed by several typically less common
lower congeners (Table 1): BDE-66 (89‰), -17 (78‰), -119 (78‰), -77
(56‰), -28 (44‰) and -49 (44‰).

This is the first study to report FR concentrations in peregrine fal-
cons in the eastern Canadian Arctic. The FR concentrations in these
Arctic nestlings are markedly lower, sometimes by upwards of an order
of magnitude, than in the GL-SLR nestlings, both in 2010 (this study)
and in the mid-2000s (Fernie and Letcher, 2010). The eastern Arctic

nestlings had low levels of BDE-47 relative to the other major PBDE
congeners (Table 1), similar to that found in peregrine eggs from
Norway (Herzke et al., 2005), Greenland (Vorkamp et al., 2005) and
Sweden (Johansson et al., 2009); yet, the PBDE congener profiles in
these peregrine eggs (BDE-153> -99) contrasted with the plasma
profiles of the current nestlings in all three regions. Chemical con-
centrations and profiles in eggs reflect maternal metabolism and de-
position whereas the nestlings’ plasma concentrations reflect immediate
dietary ingestion and metabolism. Detection of BDE-209 in the Ungava
Bay peregrines, albeit at very low concentrations, is consistent with its
detection in birds from other northern localities, and further confirms
that BDE-209 is capable of long-range transport and deposition in Arctic
biota (e.g., Bartrons et al., 2011).

Temporal trends in FR concentrations and PBDE congener profiles
in peregrine tissues have reflected changes in the usage patterns of FRs
legislated in Europe in both Sweden (Johansson et al., 2009, 2011) and
Spain (Guerra et al., 2012), and it would appear to be similar in North
America (current study). Between the mid-2000s and 2010, there was a
voluntary withdrawal of the manufacturing and use of the penta-BDE
mixtures in North America (Canada 2003, United States 2005) and the
Octa commercial mixture in Canada in 2008. During this same period,
plasma Σ5PBDE concentrations in the GL-SLR nestling peregrines de-
clined from 38 ng/g ww (AM) (Fernie and Letcher, 2010) to 30 ng/g
ww (AM) in 2010 (current study), with levels of BDE-183 declining
from 2 ng/g ww (Fernie and Letcher, 2010) to 0.3 ng/g ww. However,
the temporal trends were not consistent between the urban and rural
nestlings. In both the mid-2000s (Fernie and Letcher, 2010) and in
2010, rural peregrines had higher concentrations of lower brominated

Table 1
Plasma concentrations (ng/g ww) of PBDE congeners in nestling peregrine falcons from rural and urban regions in the GL-SLR and eastern Canadian Arctic. ‰D: percentage of samples in
which congener was detected; AM±SEM: arithmetic mean± standard error of the mean; GM: geometric mean; Med: median; Min–Max: minimum and maximum; NA: not applicable due
to variation in detection rates of individual OH-PBDEs; Nan: not analyzed; ND: not detected.

GL-SLR: Urban (N = 14) GL-SLR: Rural (N = 15) Ungava Bay: Remote (N = 9)

‰D AM GM Med Min–Max ‰D AM±SEM GM Med Min–Max ‰D AM±SEM GM Med Min–Max

∑5PBDEs NA 5.24± 0.6 4.55 4.69 2.45 – 15.4 NA 45.7± 0.32 15.7 13.0 2.1 – 400.8 NA 1.1± 0.04 0.48 0.42 0.10–4.4
∑OH-PBDEs NA 0.62± 0.03 ND–2.4 NA 1.27± 0.04 0.72 0.79 0.1–6.3 Nan Nan Nan Nan Nan
BDE-17 0 – – – – 13 0.09± 0.02 0.00 ND ND–0.98 78 0.07± 0.01 0.05 0.05 ND–0.20
BDE-28 0 – – – – 0 – – – – 44 0.07± 0.01 0.04 ND ND–0.40
BDE-30 36 0.10± 0.01 0.00 0.00 ND–0.75 53 0.30± 0.03 0.02 0.07 ND–2.26 Nan Nan Nan Nan Nan
BDE-47 100 0.58±0.02 0.46 0.51 0.15–1.90 100 5.76±0.13 1.05 0.63 0.16–70.83 11 0.05±0.01 0.03 0.05 ND–0.30
BDE-49 57 0.01± 0.00 0.00 0.01 ND–0.08 53 0.04± 0.01 0.00 0.01 ND–0.45 44 0.03± 0.00 0.03 ND ND–0.05
BDE-66 36 0.01± 0.00 0.00 ND ND–0.05 53 0.22± 0.02 0.01 0.01 ND–1.12 89 0.05± 0.00 0.05 0.05 ND–0.10
BDE-71 57 0.01± 0.00 0.00 0.01 ND–0.06 73 0.13± 0.02 0.01 0.02 ND–1.32 11 0.02± 0.00 0.02 ND ND–0.05
BDE-77 57 0.06± 0.01 0.00 0.00 ND–0.71 53 0.02± 0.01 0.00 0.00 ND–0.19 56 0.04± 0.00 0.03 0.05 ND–0.05
BDE-85 43 0.02± 0.01 0.00 ND ND–0.19 53 0.16± 0.02 0.01 0.03 ND–1.01 11 0.02± 0.00 0.02 ND ND–0.05
BDE-99 100 2.31±0.04 1.86 1.57 0.86–8.01 100 17.77±0.20 6.28 4.96 0.67–155.58 67 0.43±0.03 0.10 0.05 ND–2.20
BDE-100 93 0.47±0.02 0.25 0.36 ND–1.46 100 7.45±0.14 1.87 1.57 0.24–76.70 89 0.26±0.02 0.14 0.20 ND–0.80
BDE-119 7 0.00± 0.00 0.00 ND ND–0.02 33 0.04± 0.01 0.00 ND ND–0.27 78 0.04± 0.00 0.04 0.05 ND–0.05
BDE-138 7 0.02± 0.01 0.00 ND ND–0.21 33 0.24± 0.02 0.01 ND ND–1.76 0 ND ND ND ND
BDE-139 14 0.02± 0.01 0.00 ND ND–0.13 20 0.12± 0.02 0.01 ND ND–1.18 0 ND ND ND ND
BDE-140 7 0.01± 0.01 0.00 ND ND–0.10 13 0.06± 0.01 0.00 ND ND–0.78 0 ND ND ND ND
BDE-153 93 1.40±0.03 0.80 0.98 ND–3.74 100 11.32±0.15 4.43 3.78 0.69–70.00 67 0.18±0.01 0.09 0.05 ND–0.60
BDE-154a 86 0.48±0.02 0.20 0.34 ND–1.34 100 3.36±0.08 1.35 1.10 0.31–27.68 67 0.20±0.02 0.07 0.05 ND–0.90
BDE-171 7 0.01± 0.01 0.00 ND ND–0.11 7 0.01± 0.01 0.00 ND ND–0.10 0 ND ND ND ND
BDE-180 50 0.03± 0.01 0.00 ND ND–0.13 53 0.07± 0.01 0.01 0.01 ND–0.60 33 0.03± 0.00 0.03 ND ND–0.05
BDE-183 93 0.27±0.01 0.13 0.23 ND–0.68 93 0.92±0.04 0.23 0.30 ND–5.82 11 0.02±0.00 0.02 0.02 ND–0.05
BDE-191 7 0.01± 0.01 0.00 ND ND–0.12 7 0.01± 0.00 0.00 ND ND–0.08 0 ND ND ND ND
BDE-196 79 0.12± 0.01 0.04 0.11 ND–0.36 47 0.20± 0.02 0.01 ND ND–1.23 33 0.03± 0.00 0.03 ND ND–0.05
BDE-197 93 0.24± 0.01 0.15 0.20 ND–0.66 80 0.59± 0.03 0.10 0.21 ND–3.23 33 0.03± 0.00 0.03 ND ND–0.05
BDE-201 71 0.06± 0.01 0.02 0.08 ND–0.16 60 0.38± 0.03 0.02 0.09 ND–2.31 33 0.03± 0.00 0.03 ND ND–0.05
BDE-203 57 0.06± 0.01 0.01 0.03 ND–0.30 53 0.24± 0.02 0.02 0.05 ND–1.55 0 ND ND ND ND
BDE-204 36 0.05± 0.01 0.01 ND ND–0.33 13 0.01± 0.01 0.00 ND ND–0.11 Nan Nan Nan Nan Nan
BDE-205 29 0.11± 0.02 0.01 ND ND–0.93 13 0.29± 0.03 0.00 ND ND–4.19 11 0.02± 0.00 0.02 ND ND–0.05
BDE-206 64 0.10± 0.01 0.02 0.04 ND–0.43 27 0.07± 0.01 0.00 ND ND–0.65 22 0.03± 0.01 0.03 ND ND–0.10
BDE-207 100 0.65± 0.02 0.49 0.63 0.09–1.34 93 0.66± 0.03 0.22 0.32 ND–2.56 22 0.03± 0.00 0.02 ND ND–0.05
BDE-208 86 0.21± 0.01 0.08 0.24 ND–0.57 87 0.26± 0.02 0.08 0.13 ND–0.92 0 ND ND ND ND
BDE-209 100 3.33±0.05 2.53 2.80 0.7–6.60 87 1.47±0.05 0.35 0.58 ND–7.99 33 0.08±0.01 0.07 ND ND–0.15

a For the eastern Canadian Arctic birds, BB-153 and BDE-154 co-eluted during analysis, and the total concentration of both is reported under BDE-154.
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PBDE congeners than urban nestlings, with modest declines in BDE-47
(AM: 8 vs. 6 ng/g ww) and −99 (22 vs. 18 ng/g), and moderate in-
creases in BDE-100 (5 vs. 8 ng/g ww), BDE-153 (9 vs. 11 ng/g ww) and
BDE-154 (2 vs. 3 ng/g ww), resulting in a greater relative contribution
of BDE-100, no longer BDE-47, in the rural peregrine PBDE profile. In
contrast, mean concentrations of all major lower brominated congeners
decreased among urban peregrines (except for BDE-154). There was
also a downward trend in plasma BDE-183 levels during this 5-year
period for both rural (AM: 2 vs. 1 ng/g ww) and urban (2 vs. 0.3 ng/g
ww) peregrines. These particular overall trends in the urban peregrines
seem consistent with the phasing out of the penta- and octa-BDE
commercial mixtures and their substitution with the deca-BDE mixture,
while those in the rural peregrines may reflect the greater persistence of
lower PBDE congeners, in particular BDE-153 (Drouillard et al., 2007),
the possible accumulation of certain lower brominated congeners from
debromination (van den Steen et al., 2007; Johansson et al., 2011),
and/or dietary differences between the urban and rural peregrines
(discussed below).

With the withdrawal of the penta- and octa-BDE mixtures in the
mid-2000s from North America, commercial usage of the deca-BDE
formulation increased, likely resulting in the increased exposure and
accumulation of BDE-209 in biota between the mid-2000s and 2010.
During this same time period, BDE-209 concentrations increased in GL-
SLR urban nestling peregrines from 0.1 to 3.3 ng/g ww but remained

stable in rural peregrines (2 vs. 2 ng/g ww). Moreover, this increase
resulted in a marked shift since the mid-2000s with BDE-209 levels
becoming greater in urban nestlings, not in the rural nestlings as pre-
viously reported (Fernie and Letcher, 2010). This urban> rural pat-
tern, and the BDE-209 concentrations of the GL-SLR urban peregrines,
are consistent with that reported in peregrine falcon eggs in the United
States (Chen et al., 2008; Park et al., 2009; Potter et al., 2009; Newsome
et al., 2010). However, that there was the shift to BDE-209 dominating
the congener profile (percent contribution) of the GL-SLR urban pere-
grines is novel for this species, and consistent with the dominance of
BDE-209 reported in ring-billed gulls (L. delawarensis) in Montreal
(Gentes et al., 2012). Our results also suggest that the peregrine nest-
lings were likely metabolizing BDE-209 based on the relatively high
ranking of BDE-207 in the urban birds’ congener profile (Table 1) and
because BDE-207 is the primary product of BDE-209 debromination in
birds (van den Steen et al., 2007), including the closely related Amer-
ican kestrel (F. sparverius) (Letcher et al., 2014). Further research is
required to determine if there are further temporal changes in BDE-209
concentrations in apex avian predators since the voluntary withdrawal
of the commercial BDE-209 mixture in North America in 2013, and to
determine if urban areas are a possible source of BDE-209 (and other
FRs) for predatory birds nesting in large urban centers.

Fig. 3. Plasma concentrations (A) and relative con-
tributions (‰) (B) to the PBDE congener profiles, of
the most commonly detected PBDE congeners in
urban and rural GL-SLR nestling peregrines, 2010.
Asterisks denote overall significant differences be-
tween urban and rural nestling peregrines
(p<0.05). Median, first and third quartiles,
minimum (when possible) and maximum con-
centrations are presented.
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3.2. Novel BFRs, HBCDD, and OPEs

There are generally few but a growing number of reports of novel
FRs in apex avian predators. Chen et al. (2012a) reported on PBDEs and
19 non-PBDE FRs that were screened in the eggs of American kestrels
and European starlings (Sturnus vulgaris) collected in 2010 from the
southern Lake Ontario region (North America). PBDE congeners
dominated the FR burdens in eggs of both the kestrels and starlings. Of
the measured non-PBDE FRs, only BB-153 (that co-eluted with BDE-
154), total-HBCDD and the syn- and anti-DP isomers were detectable
with any frequency and their levels were low parts-per-billion. Eulaers
and his colleagues (2014) found that compared to feathers, there was
low detectability and very low concentrations of novel non-PBDE BFRs
and OPEs in the plasma of nestling white-tailed eagles (H. albicilla). Low
concentrations of these FRs were also detected, but with varying fre-
quency, in the plasma of the current nestling peregrines from all three
regions (Table 2). The current study is the first to report the occurrence
in peregrine falcons of 15 non-PBDEs (i.e., ATE, BATE, BB-153, DPTE,
EHTBB, PBBA, PBBB, PBPAE, PBEB, PBT, TBCT, α- and β-DBE-DBCH,
TBPAE, pTBX) and 4 OPEs (i.e., TCEP, TCIPP, TDCIPP, TBOEP), with
novel concentrations of Dechlorane Plus (DP), BEHTBP, BTBPE,
DBDPE, HBB, HCDBCO, and OBTMPI, previously reported in peregrine
eggs from the GL-SLR region (Guerra et al., 2011, 2012). Among the GL-
SLR peregrine nestlings, BB-153 concentrations were significantly
higher in rural than urban peregrines (Z = −3.71, p<0.001) in con-
trast to HBB concentrations being highest in the urban peregrines (Z =
2.84, p= 0.008), and OBIND and DBDPE having similar concentrations
in the urban and rural peregrines. Of the remaining novel FRs measured
in the same nestlings, HBB followed by OBTMPI had the highest de-
tection rates overall, however there were comparatively higher con-
centrations of BTBPE, DBDPE, BEHTBP and EHTBB (Table 2). A sin-
gularly high level of BTBPE of 569 ng/g ww was measured in urban
nestlings from one nest located in downtown Hamilton, and we can

offer no explanation for this particular occurrence.
Among the eastern Arctic peregrine nestlings, the most prevalent of

the measured novel FRs, albeit at very low concentrations, were TBPAE
(100‰), α- DBE-DBCH (78‰), pTBX (67‰), BB-153 (67‰) and
PBPAE (44‰), with all other FRs detected in one third of samples or
fewer (Table 2). Of note, HBCDD was not detected in the plasma of
these Arctic peregrines (Table 2), somewhat consistent with previous
findings in which HBCDD was detected but in only 3 of 34 peregrine
nestlings (all urban nestlings) in the GL-SLR in the mid-2000s (Fernie
and Letcher, 2010). In contrast, HBCDD concentrations were measured
in peregrine eggs in Greenland and Sweden (Vorkamp et al., 2005;
Johansson et al., 2009) and the GL-SLR, including an egg from Montreal
having the highest recorded HBCDD concentration in any biota (Guerra
et al., 2012).

Although atmospheric concentrations of OPEs are very high across
urban and rural areas in the Great Lakes Basin (Salamova et al., 2014),
the detection rates and plasma concentrations in the peregrine nestlings
were not necessarily high. The detection frequencies of TBOEP (63‰)
and TCIPP (50‰) in the plasma of the GL-SLR peregrines were rela-
tively high, but comparatively low for TCEP (38‰) and TDCIPP (19‰),
with plasma concentrations being highest for TBOEP (0–7.5 ng/g
ww)>TCIPP (0.1–5.5 ng/g ww)>TCEP (0.02–2.0 ng/g ww)>
TDCIPP (0–1.0 ng/g ww). (Plasma concentrations of these four OPEs
were not assessed in the eastern Arctic peregrine nestlings). These
findings are consistent with the OPE levels in birds reported in a recent
study by Greaves and Letcher (2017). Other studies determining OPE
concentrations in the plasma of GL herring gulls and Swedish white-
tailed sea eagles (e.g., Eulaers et al., 2014, Greaves and Letcher, 2014;
Su et al., 2014b) reported plasma levels of OPEs to be low relative to
levels measured in other tissues of these free-ranging birds.

Table 2
Plasma concentrations (ng/g ww) of emerging flame retardants in nestling peregrine falcons from rural and urban regions in the GL-SLR and eastern Canadian Arctic. ‰D: percentage of
samples in which the congener was detected; AM±SEM: arithmetic mean± standard error of the mean; GM: geometric mean; Med: median; Min–Max: minimum and maximum; ND: not
detected; NA: not analyzed.

Urban (N = 14) Rural (N = 15) Eastern Canadian Arctic (N = 9)

‰D AM±SEM GM Med Min–Max ‰D AM±SEM GM Med Min–Max ‰D AM±SEM GM Med Min–Max

BB-153a 100 0.30± 0.01 0.26 0.29 0.08–0.63 100 5.5± 0.12 1.1 0.69 0.3–59.1 67 0.20± 0.02 0.07 0.05 ND–0.90
BTBPE 36 40.93± 0.39 0.11 0.02 0.02–568.87 33 0.9± 0.1 0.07 ND ND–7.8 0 ND ND ND ND
DBDPE 57 12.45± 0.13 0.30 4.41 ND–47.11 53 12.1± 0.1 0.28 2.46 ND–49.7 0 ND ND ND ND
HBB 79 0.07± 0.01 0.01 0.05 ND–0.21 67 0.1± 0.01 0.01 0.04 ND–0.7 33 0.03± 0.00 0.03 ND ND–0.1
OBTMPI 71 0.43± 0.03 0.02 0.07 ND–2.49 67 0.1± 0.01 0.01 0.03 ND–0.5 0 ND ND ND ND
PBT 57 0.02± 0.01 0 0 ND–0.08 20 0.0± 0.0 0 ND ND–0.03 11 0.02± 0.00 0.02 ND ND–0.1
pTBX 21 0.0± 0.0 0 ND ND–0.02 13 0.0± 0.0 0 ND ND–0.01 67 0.2± 0.01 0.08 0.1 ND–0.4
PBEB 43 0.03± 0.01 0 ND ND–0.11 27 0.01± 0.0 0 ND ND–0.04 11 0.02± 0.00 0.02 ND ND–0.1
ATE 21 0.01± 0.00 0 ND ND–0.09 7 0.0± 0.0 0 ND ND–0.00 NA – – – –
BATE 29 0.02± 0.01 0 ND ND–0.15 13 0.0± 0.0 0 ND ND–0.05 NA – – – –
BB-101 NA – – – – NA – – – – 11 0.02± 0.00 0.02 ND ND–0.1
BEHTBP 43 1.18± 0.5 0.13 ND ND–9.57 40 8.0± 0.2 0.19 ND ND–98.3 NA – – – –
DPTE 21 0.09± 0.01 0.01 ND ND–0.55 7 0.1± 0.02 0 ND ND–1.8 NA – – – –
anti-DP NA – – – – NA – – – – 22 0.03± 0.00 0.02 ND ND–0.1
syn-DP NA – – – – NA – – – – 11 0.02± 0.00 0.02 ND ND–0.1
EHTBB 29 2.38± 0.07 0.79 0.39 0.39–15.15 7 0.6± 0.03 0.45 ND ND–3.4 NA – – – –
HCDBCO 7 0.05± 0.00 0.05 0.05 0.05–0.13 7 0.1± 0.01 0.05 ND ND–0.9 NA – – – –
HBCDD NA – – – – NA – – – – NA – – – –
PBB NA – – – – NA – – – – 33 0.03± 0.00 0.03 ND ND–0.1
PBBA NA – – – – NA – – – – 22 0.04± 0.01 0.03 ND ND–0.2
PBBB NA – – – – NA – – – – 33 0.03± 0.00 0.03 ND ND–0.1
PBPAE NA – – – – NA – – – – 44 0.13± 0.01 0.06 ND ND–0.4
TBCT NA – – – – NA – – – – 33 0.06± 0.01 0.04 ND ND–0.3
α-DΒΕ− DBCH NA – – – – NA – – – – 78 0.5± 0.03 0.16 0.1 ND–2.5
ß-DBE-DBCH NA – – – – NA – – – – 11 0.1± 0.06 0.03 0.02 ND–0.7
TBPAE NA – – – – NA – – – – 100 0.1± 0.01 0.08 0.05 ND–0.3

a BB-153 and BDE-154 could not be separated during the analysis of the plasma samples of the eastern Canadian Arctic birds, and the total concentration of both is reported under BDE-
154 in Table 1.
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3.3. Stable isotopes, diet and relationships with FR concentrations

Diet can be one of several sources of exposure to contaminants for
birds. Stable carbon isotope ratio (δ13C) values provide insight into
dietary sources (e.g., terrestrial, aquatic, anthropogenic ecosystems),
while stable nitrogen isotope (δ15N) values increase with trophic posi-
tion (Kelly, 2000). As an obligate apex predator, the lack of significant
regional variation in the δ15N values (t = 1.86, p = 0.07; Fig. 4) was
not overly surprising. However, δ13C values were significantly higher in
the urban peregrines than the rural birds (t = 9.56, p<0.001; Fig. 4),
consistent with previous studies (e.g., Newsome et al., 2010), and
suggesting that urban peregrines had a largely terrestrial diet involving
greater anthropogenic influences in contrast to rural peregrines having
a broader, sometimes aquatic-based diet.

Based on the relationships between δ13C and δ15N ratio values, five
distinct diets were evident in the GL-SLR peregrine nestlings. The rural
nestlings in the Quebec (Cluster A) and Lake Superior (Cluster B) re-
gions had two distinct diets (Fig. 5). The Lake Superior peregrines had
δ13C values (~ −23‰ to −25‰) consistent with that of nearby her-
ring gulls nesting offshore (Hebert et al., 1999) but lower than gulls
breeding inland (Chen et al. (2012c). The urban GTHA nestlings had a
different, much more homogenous diet (Fig. 5, Cluster C) characterized
by similar to lower δ13C values, but lower δ15N values, than those of
nearby gulls (Hebert et al., 1999; Chen et al., 2012c), and consistent
with prey remains of terrestrial urban birds (e.g., pigeons, Columba
livia). Compared to the two groups of rural birds (Clusters A, B), the diet
of the Montreal peregrines (Fig. 5, Clusters D1, D2) was more terrestrial
based, as evidenced by the higher δ13C values overall, yet was con-
siderably more varied with one group of peregrines having a more
terrestrial based diet (Fig. 5, Cluster D1) than the others that had an
aquatic-based diet (Fig. 5, Cluster D2). Four of the Montreal urban nests
were located immediately adjacent to the St. Lawrence River or Port of
Montreal resulting in the distinct likelihood of these peregrines con-
suming aquatic birds (e.g., ducks, gulls) (Fig. 5, Cluster D2). Compared
to their fully urban counterparts, the Montreal peri-urban nestlings had
higher δ13C values consistent with their nests located in highly agri-
cultural landscapes and hence their consumption of birds with a ter-
restrial corn-enriched diet (e.g., European starlings, ring-billed gulls)
(Fig. 5, Cluster D1).

The δ13C values of the nestling peregrines were significantly cor-
related with concentrations of several measured FRs, confirming that
diet was a likely route of exposure to many of the measured FR con-
taminants. The δ13C values of the peregrine nestlings were significantly
and negatively related to their Σ5PBDE concentrations (GLMM: F =
−6.93, p = 0.014, B = −1.27; Fig. 6) and individual lower bromi-
nated PBDE congeners (BDE-47, -99, -100, -153, -154) (Spearman's: r-
values: −0.38 to −0.45, p-values ≤ 0.022). Nestlings having lower

δ13C values (Lake Superior area rural nests) had more of an aquatic-
based diet and higher plasma Σ5PBDE concentrations, while the pere-
grines with the highest δ13C values (GTHA urban, Montreal peri-urban
birds) had nearly exclusive terrestrial diets and lower Σ5PBDE con-
centrations. Furthermore, the urban peregrines immediately adjacent to
the St Lawrence River and the Port of Montreal (likely) fed on aquatic
birds and had Σ5PBDE concentrations more than twice as high as that of
the other urban peregrines (AM = 8 vs. 4 ng/g ww, GM = 7 vs. 3 ng/g
ww) in this study. Our results are consistent with previous findings in
which lower-brominated PBDEs reached higher concentrations in
aquatic-feeding species than terrestrial-feeding species, attributed to
their increased biomagnification through the longer food webs of
aquatic ecosystems (de Wit, 2002; Chen et al., 2010).

In the present study, the δ13C values (N = 33 r = 0.39, p = 0.04)
(Fig. 6) and δ15N (r = 0.41, p = 0.03) of the peregrine nestlings were
also significantly but positively correlated with plasma BDE-209 con-
centrations: nestlings having a terrestrial-based diet at a higher trophic
position, had higher BDE-209 concentrations than those with an
aquatic-based diet at a lower trophic position, consistent with the
urban> rural pattern previously discussed, and with previous reports
of higher BDE-209 levels in terrestrial-feeding biota (Voorspoels et al.,
2006; Chen et al., 2007; Sormo et al., 2011; Yu et al., 2011). BDE-209
has a distinctly short half-life and readily debrominates into lower
congeners in birds (van den Steen et al., 2007; Letcher et al., 2014),
such that high concentrations may only be found in consumers feeding
in the immediate vicinity of point sources (e.g., Zhang et al., 2011;
Huang et al., 2013). Consequently, it is possible that peregrines with a
relatively more aquatic-based diet may receive substantial exposure to
BDE-209 if feeding close to a highly concentrated point source (e.g.,
Fig. 6, the outlying peregrine). Further research into the sources of BDE-
209 exposure in (urban) birds would be beneficial.

Diet also appeared to be the route of exposure for the FR, BB-153,
which was significantly correlated with δ13C (r = −0.49 p = 0.006),
suggesting that peregrines with a terrestrial-based diet, mainly those in
urban and semi-urban environments, may have less exposure to BB-
153, compared to those with an aquatic-based diet. There were no
statistically significant correlations between the stable isotope values
and the novel flame retardants detected in more than 60‰ of the birds,
specifically DBDPE, OBTMPI, and HBB. There were also no significant

Fig. 4. Stable carbon (δ13C) isotope values, but not nitrogen (δ15N) isotope values, were
significantly higher in urban than rural peregrine nestlings in the GL-SLR region, 2010.
Median, first and third quartiles, minimum and maximum values are presented.

Fig. 5. Five distinct different diets were evident for the nestling peregrine falcons in the
GL-SLR based on their stable carbon (δ13C) and nitrogen (δ15N) isotope patterns (white =
urban; gray = rural). Cluster A = Quebec rural nests; Cluster B = Lake Superior rural
nests; Cluster C = Greater Toronto-Hamilton Area urban nests; Cluster D1, D2 =
Montreal area urban nests.
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correlations between δ13C or δ15N and the measured OPEs (i.e., TCIPP,
TBOEP, TCEP), possibly due to the poor sequestering of OPEs in plasma
found in other avian species (Greaves and Letcher, 2014; Su et al.,
2014b; Eulaers et al., 2014), or that OPEs have poor bioavailability, are
less subject to bioaccumulation or biomagnification, and/or that there
are potentially other routes of exposure such as inhalation and
preening. OPE metabolism is very rapid in birds (Su et al., 2014b;
Farhat et al., 2014) and is likely a major factor that influenced OPE
plasma levels in the present peregrine nestlings. In chicken embryo
hepatocytes, only 0.2‰ of the original administered dose of triphenyl
phosphate (TPHP) remained after 36 h (Su et al., 2014b), while TCIPP
and TDCIPP were reported to be 99‰ depleted by the end of incubation
in chickens (Farhat et al., 2014). In vitro metabolism of 5 OP triesters
was also very rapid in herring gull liver microsomal assays
(TBOEP>TCIPP>TDCIPP) (Greaves et al., 2016a, 2016b).

3.4. Relationships between FRs, thyroid hormones, biochemical measures,
and oxidative status

There have been limited studies investigating the endocrine and
biochemical implications of FR exposure in wild birds (Johansson et al.,
2009; Cesh et al., 2010; Smits and Fernie, 2013; Champoux et al., in
press). ΣPBDE concentrations in peregrine eggs were negatively

correlated with reproductive productivity (Johansson et al., 2009). In
the mid-2000s, GL-SLR nestling peregrines demonstrated regional dif-
ferences in circulating TT3, retinol, and glucose concentrations, and
their retinol and clinical chemistry measures relating to hepatic func-
tion and bone dynamics were associated with circulating ΣPBDE and/or
ΣOH-PBDE metabolite levels (Smits and Fernie, 2013). In 2010, in the
present GL-SLR nestlings, urban males were significantly heavier
(616± 8 g) and had better body condition (0.32± 0.005) than rural
male nestlings (mass: 595± 8 g; condition: 0.30±0.005) (p-values ≤
0.002), but neither measure was correlated with the measured circu-
lating contaminants. While the body mass and condition of female
nestlings remained consistent across the GL-SLR (p ≥ 0.10), in 2010,
body mass was significantly and negatively correlated with increasing
circulating concentrations of the major PBDE congeners (∑5PBDEs,
BDE-99, -100, -153, -154), the octa-PBDE congener (BDE-183), BDE-
209 metabolites (i.e., BDE-196, -197, -201, -207, -208), and HBB and
BB-153 (N = 19; r-values ≥ −0.46 to −0.65; p-values ≤ 0.05); these
correlations suggest possible influences of the more persistent PBDE
congeners and the metabolism of BDE-209 in these birds (Fig. 3a) and
other raptors (Letcher et al., 2014).

PBDEs are putative thyroid disruptors, reducing circulating T4 and
disrupting thyroid function in nestling kestrels (Fernie and Marteinson,
2016) and birds in general (reviewed in Guigueno and Fernie, 2017). In
adult American kestrels, exposure to TDCIPP, TBOEP, TCEP or TCIPP,
disrupted thyroid function and/or circulating thyroid hormones (Fernie
et al., 2015), and exposure to β-DBE-DBCH disrupted circulating
thyroid and steroid hormones (Marteinson et al., 2017). Given previous
patterns (Smits and Fernie, 2013) and the significant regional variations
in FRs observed in the present GL-SLR peregrines, regional variations in
circulating thyroid hormones were anticipated and occurred: compared
to rural nestlings, the urban nestlings had significantly higher circu-
lating concentrations of TT4 (F27,51 = 2.70 p = 0.009), TT3 (F27,51 =
4.81 p<0.0001), and TT3:TT4 ratios (F27,51 = 3.66 p = 0.0012), a
measure of overall thyroid function that in these urban birds, suggested
a greater proportion of TT3 relative to TT4 (Table 3).

The exposure of raptors to FRs, particularly PBDEs, has also dis-
rupted retinol, a form of vitamin A and an antioxidant, and altered their
oxidative status, as reported in captive American kestrels (e.g., Fernie
et al., 2005; Sullivan et al., 2010). Isoprostanes are produced by oxygen
radicals, occur in plasma and other tissue, and are elevated by oxidative
stress. Following their exposure to PBDEs, American kestrels had de-
pleted retinol concentrations (Sullivan et al., 2010). Hepatic oxidative
status was also elevated in female kestrel nestlings exposed to PBDEs
(Fernie et al., 2005) but not in adult kestrels exposed to TDCIPP, TCIPP,
TBOEP, or TCEP (Fernie et al., 2015). In the mid-2000s, plasma retinol
of nestling peregrines significantly varied across the GL-SLR (Smits and
Fernie, 2013), and this continued in 2010, with significant differences
evident: the rural nestlings had significantly higher circulating retinol
concentrations (F26,48 = 3.64 p = 0.002), but significantly lower
plasma levels of tocopherol (F26,48 = 2.19 p = 0.04) and isoprostanes
(F28,49 = 2.68 p = 0.01), than the urban nestlings (Table 3).

Peregrine nestlings in the GL-SLR are exposed to a wide variety of
FRs, and hence the need to identify which, if any, of the measured FRs

Fig. 6. Stable carbon (δ13C) isotope values were significantly associated with plasma
concentrations of Σ5PBDE (GLMM: F = −6.93, p = 0.014, B = −1.27) and BDE-209
(Spearman's r = 0.39, p = 0.04) in nestling peregrine falcons in the Canadian GL-SLR
region. White and gray dots denote urban and rural nestlings, respectively.

Table 3
Comparisons of circulating thyroid hormones, biochemistry, and oxidative status between rural and urban nestling peregrines in the Canadian GL-SLR.

Urban-rural Rural Urban

Statistical model Units N Mean± SEM N Mean±SEM

TT3 F28,52 = 5.09 p<0.0001 pg/mL 29 1.3± 0.1 23 1.7± 0.1
TT4 F28,52 = 2.62 p = 0.011 ng/mL 29 19.0±0.9 23 21.4± 1.0
TT3:TT4 F29,52 = 4.49 p = 0.0002 ratio 29 0.068± 0.005 23 0.083±0.006
Tocopherol F27,49 = 2.14 p = 0.04 ng/mL 28 7,620± 1,750 21 10,597± 3,178
Retinol F27,49 = 3.66 p = 0.002 µg/mL 28 4.21±0.43 21 3.4± 0.51
Isoprostanes F29,50 = 2.63 p = 0.01 pg/mL 27 118.4± 7.0 23 126.9±5.0
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may have influenced their circulating thyroid hormones, tocopherol,
retinol, and/or oxidative status (isoprostanes). Preliminary correlations
identified significant, negative correlations with circulating con-
centrations of TT4 and historical PBDE congeners (∑5PBDEs, BDE-99,
-100, -153, -154, -183), BDE-209 metabolites (BDE-196, -197, -201,
-207, -208), other FRs (HBB, BB-153), and novel FRs (i.e., OBIND,
DBDPE, PBEB) (r-values: −0.27 to −0.44; p-values ≤ 0.05). Similarly,
circulating TT3 levels were negatively associated with historical FRs
(BDE-153, HBB, BB-153) and BDE-209 metabolites (BDE-196, −197,
−201) (r-values: −0.31 to −0.45; p-values ≤ 0.03), while circulating
retinol levels were negatively correlated with four of the novel FRs, i.e.,
OBIND, DBDPE, PBT, and PBEB (r-values: −0.36 to −0.56; p-values ≤
0.01). Isoprostanes and tocopherol were not associated with any of the
measured FRs. Regression models were then used to identify which of
the significantly correlated FRs were more likely influencing these
biomarkers. The nestlings’ circulating TT4 concentrations were sig-
nificantly predicted by BDE-99, BDE-153, BDE-197, BB-153, OBIND,
and EHTBB (R2 = 0.58, p-values ≤ 0.05), while their TT3 levels were
predicted by body mass, BDE-153, and HBB concentrations (R2 = 0.47
p-values ≤ 0.009), and retinol concentrations by OBIND, DBDPE, and
PBT (R2 = 0.42 p-values ≤ 0.05). Collectively, these regression results
suggest that the most recalcitrant PBDE congener, BDE-153, in combi-
nation with low concentrations of some novel FRs, particularly OBIND,
may influence circulating thyroid hormones and retinol in peregrine
falcon nestlings, warranting further research especially with concerning
potential effects of novel FRs.

Of the four OPEs investigated in the current study, plasma TT4

concentrations were negatively associated with the peregrine nestlings’
circulating TDCIPP levels only (N = 3 r = −1.0 p<0.0001). This
sample size is very small and hence caution must be exercised; never-
theless, the negative correlation between plasma TT4 and TDCIPP levels
in these peregrine nestlings is consistent with the changes in circulating
T4 and thyroid function observed in captive adult American kestrels
exposed to TDCIPP (Fernie et al., 2015). No correlations were evident
for TBOEP, TCEP, TCIPP, and TDCIPP with circulating TT3, retinol,
tocopherol or isoprostanes, the latter consistent with previous reports
concerning these OPEs and oxidative status in American kestrels (Fernie
et al., 2015). Future research should further investigate the possible
influence of OPEs on circulating thyroid hormones and biochemistry in
birds utilizing OPE-feather concentrations, since feathers are likely to
have much higher concentrations of OPEs than plasma.

4. Conclusions

The peregrine falcon is an apex obligate avian predator found
globally. The current study is the first to characterize historical and
novel FRs in nestling peregrines in the eastern Canadian Arctic and 15
novel FRs detected for the first time in this species. The peregrine
nestlings showed significant spatial and temporal differences in FR
exposure across the Canadian GL-SLR and eastern Canadian Arctic.
Historical FRs, and novel FRs with varying, low concentrations, were
detected in the nestlings in all three regions. Historical PBDEs con-
tinued to dominate the FR profile of all of the peregrine nestlings, and,
with the exception of BDE-209, were highest in the rural nestlings than
the urban nestlings within the GL-SLR, in turn, significantly higher than
in the Arctic nestlings. Within the GL-SLR, the PBDE profile of rural
nestling peregrines was dominated by BDE-99, whereas that of the
urban peregrines had changed from the mid-2000s, to BDE-209 be-
coming dominant in 2010, consistent with other urban-dwelling birds
(e.g., Chen et al., 2008; Newsome et al., 2010; Gentes et al., 2012); this
shift in the urban PBDE profile may possibly reflect the increased usage
of BDE-209 during this period with the voluntary withdrawal of the
other commercial BDE mixtures in North America. There was also
evidence of debromination of BDE-209 in the (urban) peregrines as
observed in the closely related American kestrel (Letcher et al., 2014).
The results of the present study confirm that the exposure of this apex

avian predator to historical and some novel FRs was related to dietary
intake. Such FR exposure was correlated with changes in circulating
thyroid hormones and retinol of these wild birds, with the GL-SLR
urban nestlings having higher circulating TT4, TT3, isoprostanes, and
tocopherol, but lower retinol, compared to rural nestlings. Further re-
search is required to determine the possible biological significance of
these associations that remain unknown.
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