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We investigated polychlorinated biphenyls (PCBs), organochlorine pesticides (e.g. dichlorodiphenyltri-
chloroethane (DDT)), polybrominated diphenyl ethers (PBDEs) and methoxylated PBDEs (MeO-PBDEs), in
six matrices (muscle, liver, kidney, adipose, blood, preen oil) of 17 white-tailed eagles from West
Greenland sampled between 1997 and 2009. High inter-individual variation in contamination was found
(PCBs: 0.49e1500 mg/g lipid weight (lw), DDTs: 0.23e910 mg/g lw, PBDEs: 0.01e24 mg/g lw, MeO-PBDEs:
0.001e0.59 mg/g lw), mostly due to age-related differences and not to temporal trends. One adult female
(age > 5 years) displayed PCB levels up to 1500 mg/g lw in liver, which is the highest concentration ever
reported in Arctic wildlife. Muscle generally contained the highest median levels, while adipose tissue
displayed the lowest median levels on a lipid basis. No significant differences were found among tissues
for MeO-PBDEs. Remarkably, we found distinct correlations (0.62 � r � 0.98; <0.0001 � p � 0.17) be-
tween levels of MeO-PBDEs and PBDEs, suggesting similar bioaccumulation pathways of PBDEs and
MeO-PBDEs in white-tailed eagles.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Persistent Organic Pollutants (POPs) have been the subject of
many studies, as these compounds accumulate in lipid-rich tissues
and biomagnify through the food chain, reaching potentially toxic
concentrations in top predators (Chen and Hale, 2010; Golden and
Rattner, 2003; Jaspers et al., 2006). In addition, most POPs have
been distributed world-wide due to long-range transport
(Simonich and Hites, 1995). They have even been able to reach the
remote Arctic areas via air and water currents (e.g. Braune et al.,
2005; Carlsson et al., 2012). Although legacy POPs, e.g. poly-
chlorinated biphenyls (PCBs) and organochlorine pesticides (OCPs),
have been banned, they still persist in the environment (e.g.
Fängström et al., 2005; Letcher et al., 2010; Dietz et al., 2012a).
Because of their high persistence and very slow degradation, con-
tinued monitoring is warranted to assess their levels in the
ers).
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environment. Emerging POPs, including certain brominated flame
retardants (BFRs), are still largely employed and their environ-
mental levels should be followed up closely. Polybrominated
diphenyl ethers (PBDEs), an important class of BFRs, have recently
been banned in Europe (Directive EEC, 2003; European Court of
Justice, 2008), while in the USA some formulations are still pro-
duced and will be phased out by the end of 2012 (Hess, 2010).
Recent studies have documented that BFRs such as SPBDE, BDE-
100, BDE-153, and hexabromocyclododecane (HBCD) have been
increasing over the last three decades in Greenland top predators
like the polar bear (Ursus maritimus; Dietz et al., 2012b). However,
some congeners like BDE-47and BDE-99 peaked between 2000 and
2004 and have now started to decline (Dietz et al., 2012b). Some
studies have reported methoxylated PBDEs (MeO-PBDEs) in wild-
life as well, but they are generally considered to be of natural origin
and not metabolites of PBDEs (Malmvärn et al., 2008; Qiu et al.,
2007; Rotander et al., 2012; Weijs et al., 2009).

Birds of prey have been used in many studies as biomonitoring
species for local and regional studies of environmental contamination
(Burger,1993; ChenandHale, 2010; Jaspers et al., 2011). Theyare ideal
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species to monitor POP pollution as they accumulate high concen-
trations at the topof the food chain (Chen andHale, 2010). Thewhite-
tailed eagle (Haliaeetus albicilla, also referred to as white-tailed sea
eagle, WTSE), is a large predatory bird from the northern part of
Eurasia. It is a top predator in the aquatic food chain, where it mainly
feeds on fish and marine bird species, but also carrion (Cramp and
Simmons, 1983). The WTSE population in Greenland is distributed
in the southwest with 150e170 breeding pairs in 1990 (Kampp and
Wille, 1990) and has been expanding to Disko Bay during the last
decade (D. Boertmann, pers. comm.). Yet, POPs contamination re-
mains a significant threat today for humans and wildlife, including
birds of prey, living in the Arctic regions (UNEP/AMAP, 2011). Fur-
thermore, information fromarcticbirdsof prey is limitedcompared to
marine birds and high trophic marine species from more southern
locations (Letcher et al., 2010).

Here, we investigate the accumulation of various POPs in six
tissues of 17 WTSEs from Greenland sampled between 1997 and
2009. As sublethal exposure, metabolism and toxicokinetics of
POPs include unique tissue-specific toxicities (Letcher et al., 2010),
the information obtained on the tissue-specific accumulation of
POPs in this study can be of interest for further risk assessment
studies in Arctic wildlife. Furthermore, we also investigate the
tissue-specific accumulation of MeO-PBDEs, since such information
has not been available until now.
2. Materials and methods

White-tailed eagles (n ¼ 17) found dead in West Greenland between March 1997
and January 2009, were analysed in this study (Table 1; Fig. 1). The birds were aged
based on plumage characteristics as immature birds can be identified until the age of
approximately5years (GlutzVonBlotzheimetal.,1971). Eightbirdswere juveniles, two
birds in2nd, one bird in 4th, one in5thplumage andfive birdswere adults. The cause of
deathwas either shooting, lead intoxication, trauma/shock, a brokenwingor unknown
(in3 cases). Further informationonthebirdsused in this study is summarized inTable1.
According to the legislation, dead birds that are not left in nature must be delivered to
the Greenland Institute of Natural Resources, where they are stored at �18 �C. More
details on the sampling areaandprocedures canbe found inKroneet al. (2004).Muscle,
liver and kidney were dissected and preen oil, blood and adipose tissuewere collected
when available in a sufficient amount for analysis. Feathers were sampled as well to
investigate POPs variation among different feather types (Jaspers et al., 2011) and to
study their suitability as biomonitoringmatrices for perfluoroalkyl substances (Herzke
et al., 2011). Samples were shipped with CITES permission from Greenland to Depart-
ment of Bioscience Roskilde, (Aarhus University, Denmark and subsequently to the
Toxicological Centre (University of Antwerp, Belgium) for POP analysis.
Table 1
Sample information of the white-tailed eagles (Haliaeetus albicilla) from South West Gree
2011). Weights between brackets are approximate values due to a high moisture cont
Adults þ birds in 4th and 5th plumage. M: male, F: female, nd: not determined.

NERI ID# Finding date Finding place Estimated agea Plumage

39640 1998 Nanortalik 6 months Juvenile
39641 1998 Paamiut 4 months Juvenile
39643 Unknown Maniitsoq þ5 years Adult

39644 1997 Maniitsoq Almost 5 years 5th
39645 1998 Nuuk 5 months Juvenile
39646 1998 Kobberfjord þ5 years Adult
39647 1999 Paamiut 11 months Juvenile
39648 1999 Paamiut One year Juvenile
39649 1999 Unknown 3 years 4 months 4th
39650 1998 Nuuk þ5 years Adult
39651 2000 Nuuk 1.5 years 2nd

39652 Unknown Unknown Max. 1 year Juvenile
39653 2001 Nuuk Almost 2 years 2nd
39654 2007 Nuuk þ5 years Adult
39655 1999 Narsaq 1 year Juvenile
39656 2009 Paamiut 6 months Juvenile
39657 2009 Godthåbsfjord þ5 years Adult

a From hatching and provided that chicks hatch in late May.
For the analysis of POPs, approximately 1 g of muscle, liver and kidney, 2.5 g of
blood,10e80mg of preen oil, 90 mg of adipose tissuewereweighed and spiked with
internal standards (CB 143, BDE 77, BDE 128, and ε-HCH). Sample treatment and
analysis were performed according to previously described methods (Covaci et al.,
2008a,b; Roosens et al., 2008). Briefly, tissues were homogenised with anhydrous
Na2SO4 and extracted with 100 ml hexane:acetone (3:1, v/v) in an automated hot
Soxhlet extractor for 2 h. The lipid content was determined gravimetrically on an
aliquot of the extract (1 h at 105 �C), while the rest of the extract was cleaned up on
a column filled with 8 g acid silica and eluted with 15 ml hexane and 10 ml
dichloromethane. The eluate was concentrated to 100 ml and transferred to an in-
jection vial. PBDEs, MeO-PBDEs, HCHs and CHLs were analysed using an Agilent
6890-5973 GCeMS operated in electron capture negative ionization (ECNI) mode
equippedwith a 30m� 0.25mm� 0.25 mmDB-5 capillary column. Bromine isotope
ions (m/z 79 and 81) and two most characteristic ions for HCHs and CHLs were
acquired in selected ion monitoring (SIM) mode, with a dwell time of 50 ms. PCBs,
DDTs and HCB were analysed on a GC/MS operated in electron ionization (EI) mode
and equipped with a 25 m � 0.22 mm � 0.25 mm HT-8 capillary column (SGE, Zulte,
Belgium). The mass spectrometer was used in SIM mode with the two most intense
ions (typically from the molecular cluster) acquired for each homologue group or
isomer.

All tissues were analysed for 38 PCB congeners (CB 18, 28, 31, 44, 47, 49, 52, 74,
87, 95, 99,101,105,110,118,128,132,138,146,149,151,153,156,170,171,172,174,177,
180, 183, 187, 194, 195, 196/203, 199, 205, 206 and 209), eight PBDE congeners (BDE
28, 47, 49, 99, 100, 153, 154 and 183), 2 methoxylated PBDEs (20-MeO-BDE 68 and 6-
MeO-BDE 47), dichlorodiphenyltrichloroethane (p,p0-DDT and o,p0-DDT) and their
metabolites (p,p0-DDE, o,p0-DDE, p,p0-DDD and o,p0-DDD), hexachlorobenzene (HCB),
hexachlorocyclohexanes (HCHs; a-, b- and g-HCH), chlordanes (CHLs; cis-nonachlor
(CN), trans-nonachlor (TN) and oxychlordane (OxC)). Concentrations are expressed
on a lipid weight (lw) basis.

All individual standards for PCBs and OCPs were obtained from Dr. Ehrenstorfer
Laboratories (Augsburg, Germany), while PBDE standards were obtained from
Wellington Laboratories (Ontario, Canada) and solvents of pesticide grade were
employed (Merck, Darmstadt, Germany). Procedural blanks and a certified reference
material (SRM1945) were analysed for supporting quality control. More details
about QA/QC are given in the SI.

For each analyte, the average blank value was subtracted from the measured
value. The limit of quantification (LOQ) was fixed on 3� SD of the procedural blanks.
For pollutants not detectable in the blanks, the LOQ was calculated from a signal to
noise ratio of 10. LOQs for the analysed pollutants varied from 1 to 4 ng/g lw. Data
below LOQ of samples were assigned a value according to f � LOQ where f is the
detection frequency or the proportion of samples > LOQ (Voorspoels et al., 2002).
Compounds with�50% of the measurements< LOQwere not taken into account for
statistical analysis. For PCBs, only CB 18, CB 44, CB 132 and CB 205 were <LOQ in
more than half of the cases, while all PBDE congeners were above LOQ in more than
50% of the samples, except for BDE 183 (detected only in 28% of the cases). g-HCH
was only detected in 36% of the samples and was therefore not included in further
statistics. LOQs for the different compounds and tissues on a wet weight basis (ww)
are presented in Table SI-1 of the Supporting Information.

Statistical analyses were performed using XLSTAT (version 2011.2.02;
Addinsoft�) and SAS 9.2 forWindows (SAS Institute Inc., Cary, NC, USA). To meet the
nland (1997e2009) analysed in the present study (partly adopted from Jaspers et al.,
ent or decomposition of the carcass. JUV: juveniles þ birds in 2nd plumage, AD:

Age class Sex Cause of death Weight (g) Condition

JUV M Trauma 5100 Very good
JUV M Trauma 6010 Very good
AD F Lead intoxication

(Krone et al., 2004)
5130 Moderate

AD F Trauma (6340) Moderate
JUV M Shot 5550 Very good
AD M Trauma 5395 Very good
JUV M Trauma (5280) Very good
JUV M Shock 3450 Bad
AD F Shot (5970) Very good
AD M Unknown (infection) 5140 Very bad
JUV F Lead intoxication

(Krone et al., 2004)
4680 Bad

JUV F Unknown nd nd
JUV F Unknown nd nd
AD F Probably shot nd nd
JUV M 15 leadshots found in body nd nd
JUV M Broken wing nd nd
AD F nd nd



Fig. 1. Map of West Greenland with indication of sampling sites for white-tailed eagle carcasses from 1997 to 2009 analysed in the present study (specified with their ID #, adapted
from Jaspers et al., 2011). Two birds with ID # 39649 and ID # 39652 could not be located on the map because the exact location was not known.
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requirement of normality, all POP data were log-transformed according to Y ¼ log10
(X þ 1). Multi way repeated measures mixed models were calculated to investigate
significant differences in concentrations of POPs between tissues, taking into ac-
count age and sex of the bird, sampling year and their interactions. Post hoc com-
parisons employed the Tukey correction for repeatedmeasures. To include the factor
“age” in the statistical analyses, juveniles and birds in 2nd plumage were grouped
(JUV, n ¼ 10), while birds in 4th and 5th plumage were grouped with the adult birds
(AD, n ¼ 7; Table 1). One adult female WTSE (NERI ID# 39654 or “GR54”) had
extremely high tissue concentrations (up to 1500 mg/g lw in liver) and was con-
sidered an outlier compared to the other birds. Therefore this individual was
excluded from further statistical analyses. Profiles were constructed using the rel-
ative contribution of a compound class to the total sum of POPs or the relative
contribution of specific congeners to the sum of PCBs and sum of PBDEs. Profiles
were investigated by Principal Component Analysis (PCA) to reduce the complexity
of the data into fewer independent factors. As such, the underlying relationships of
the pollutants between tissues are clarified (Hobbs et al., 2002). To eliminate the
effect of each individual pollutant, concentration data were first normalised by
subtracting the mean of the original data and dividing by the standard deviation
(Echols et al., 2000). Distance biplots were generated for the first two principal
components and both factor loadings (red dots), representing the correlation of the
congeners with the components, as factor scores (blue diamonds) were plotted.
Differences between tissues were tested by performing non-parametrical Kruskale
Wallis tests with Bonferroni corrected significance level on calculated factor scores
of the PCA. Pearson correlations were performed on the log transformed data.
Correlations could not be investigated between preen oil and blood, because sam-
ples from both tissues were only available for three individuals. Furthermore, only
data from three adipose tissues were available, so these were not included in the
correlation analyses either. The level of significance was set at a ¼ 0.05 throughout
this study.

3. Results and discussion

3.1. POP levels

Table 2 presents concentrations on a lipid weight basis. Con-
centrations on a wet weight basis and according to age (juveniles
versus adults) can be found in Table SI-2 and Table Si-3 of the
Supporting Information.



Table 2
Median concentrations and ranges (mg/g lipid weight) of POPs in the tissues of Greenland WTSE.

Muscle Preen oil Liver Kidney Blood Adipose tissue

n 17 13 6 6 5 3
Lipid % 1.5e11 16e96 3.4e6.2 3.0e6.8 0.2e1.5 94e96

Sum PCBs 36 (1.5e930) 14 (0.83e170) 11 (0.62e1500) 9.1 (0.49e1000) 6.9 (1.4e96) 1.8 (1.8e1.9)
Sum DDTs 18 (0.7e530) 12 (0.44e160) 7.2 (0.33e910) 6.3 (0.23e630) 5.1 (0.6e53) 1.1 (0.84e1.2)
Sum CHLs 7.8 (0.36e160) 5.2 (0.38e77) 3 (0.20e210) 2.6 (0.13e190) 2.1 (0.33e18) 0.52 (0.41e0.53)
HCB 1.2 (0.11e10) 1.1 (0.14e6) 0.78 (0.08e12) 0.74 (0.06e13) 0.88 (0.15e1.5) 0.17 (0.12e0.20)
Sum HCHs 0.26 (0.02e3.7) 0.23 (0.02e4.3) 0.22 (0.02e8.6) 0.16 (0.01e6.1) 0.23 (0.03e0.62) 0.05 (0.03e0.05)
Sum PBDEs 0.42 (0.03e15) 0.19 (0.02e3.2) 0.18 (0.01e24) 0.15 (0.01e18) 0.15 (0.04e1.7) 0.03 (0.03e0.04)

Sum PCBs includes 34 congeners (CB 28, 31, 47, 49, 52, 74, 87, 95, 99, 101, 105, 110, 118, 128, 138, 146, 149, 151, 153, 156, 170, 171, 172, 174, 177, 180, 183, 187, 194, 195, 196/
203, 199, 206 and 209), Sum DDTs includes p,p0-DDE, p,p0-DDD and p,p0-DDT, Sum CHLs includes OxC, TN and CN, Sum HCHs includes a- and b-HCH, Sum PBDEs includes 7
congeners (BDE 28, 47, 49, 99, 100, 153 and 154).
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Legacy POPs were found in high levels in all tissues (Table 2),
except in adipose tissue (on a lipid weight basis). High variation in
contamination loads was found among individuals with more than
a 100 fold difference in concentrations. No significant differences in
concentrations were found between male and female birds
(F1,315 ¼ 1.48, p ¼ 0.22), but significant differences were found be-
tween juveniles and adults (F1,315 ¼ 120.12; p < 0.0001), according
to collection year (F6,315 ¼ 37.72, p < 0.0001) and a significant
interaction between age and year (F2,314 ¼ 50.36, p < 0.0001) was
likewise found. Further visual inspection of the data revealed that
the high variability in levels was probably due to age differences of
the birds and not to temporal trends of POPs (see Figure SI-1 in the
Supplementary Information). Indeed, extremely high levels were
quantified in individual GR54, which was an adult female bird
sampled in August 2007. Concentrations of sum PCBs were found
up to 1500 mg/g lw in the liver of that bird, which is the highest level
ever reported in Arctic wildlife to our knowledge. A high age (>5
years) may be an important cause of the high POPs concentrations
found in this bird. This individual could not be sampled for blood
and adipose tissue, which could explain lower maximum levels in
blood and adipose tissue compared to the other tissues (Table 2).
After removing individual GR54 from the mixed model, the inter-
action between year and age stayed significant (F2,283 ¼ 56.06,
p < 0.0001), but post hoc tests revealed that for the adults only
a significant difference was found between years 1999 and 2009
(adjusted p-value (adj p) < 0.0001), while concentrations in the
juveniles differed significantly from year to year (adj p < 0.0001 in
all cases, except for a non-significant difference between years 1999
and 2001; p ¼ 0.96). Besides age, variation in POP levels could also
be related to temporal variation or spatial variation, as some of the
sampling locations are more than 500 km apart (Fig. 1).

Significant differences of overall POP levels between tissues
(F5,283¼ 9.05, p< 0.0001) were found for adipose tissuewith blood,
liver (adjusted p-value < 0.05 for both cases) and muscle (adj
p < 0.0001), between muscle and kidney (adj p < 0.001) and be-
tween muscle and preen oil (adj p < 0.0001). The highest median
levels of POPs were found in muscle, while adipose tissue displayed
the lowest median levels on a lipid weight basis (but n ¼ 3 only;
Table 2). Median concentrations of sum PCBs decreased in the order
muscle (36 mg/g lw) > preen oil (14 mg/g lw) > liver (11 mg/
g lw) > kidney (9.1 mg/g lw) > blood (6.9 mg/g lw) > adipose tissue
(1.8 mg/g lw). However, these differences were not found signifi-
cant, which is likely due to the high inter-individual variation
within the relatively low sample size. In comparison, median con-
centrations of sum PCBs in feathers from the same individuals were
previously found to be several orders of magnitude lower and
ranged from 20 to 420 ng/g dry weight (dw) in different feather
types (Jaspers et al., 2011).

When we compare our results to data published on WTSEs of
Eastern Germany from 1979 to 1998 (Kannan et al., 2003) similar
ranges were found for PCB concentrations in liver (64e89,400 ng/
g ww compared to 21e86,000 ng/g ww in the present study).
However, the concentrations of p,p0-DDE were one order of mag-
nitude higher in the German WTSEs (maximum 686,000 ng/g ww
compared to 51,000 ng/g ww in the present study; Table SI-2: DDE
presents 99% of sum DDTs). Excluding individual GR54 increased
the geographical trend, making the Greenland WTSE concentra-
tions up to two orders of magnitude lower for p,p0-DDE (11e
3100 ng/g ww) and one order of magnitude for PCBs (21e
5400 ng/g ww) compared to the German WTSEs. Probably the
proximity of local DDT sources (e.g. Kronimus et al., 2006;
Schwarzbauer et al., 2003) in Eastern Germany has been respon-
sible for the higher concentrations found in that study, but the
differences in the reported periods may also contribute as the POP
loads were higher between 1979 and 1998 (Kannan et al., 2003)
compared to 1997e2008 (present study). In comparison to WTSEs
from Japan collected between 1986 and 1999 (Iwata et al., 2000;
Sakamoto et al., 2002), maximum concentrations of both PCBs and
p,p0-DDE were found lower in the Greenland WTSEs as well
(excluding GR54). Still, levels were higher in WTSE GR54 from
Greenland. Finally, PCB levels (3800 mg/g lw) reported in muscle for
one Steller’s sea eagle (Haliaeetus pelagicus) from Japan (Kunisue
et al., 2008) were higher than the maximum levels reported in
muscle for the Greenland WTSE (930 mg/g lw).

A few studies reported PCB and OCP levels in blood of WTSE
nestlings (Olsson et al., 2000; Eulaers et al., 2011a, 2011b). Sum PCB
concentrations in the blood of the juvenile WTSEs from Greenland
(3.5e98 ng/g ww; Table SI-3a) are similar to blood plasma levels in
nestling WTSEs from Northern Norway (Eulaers et al., 2011a), but
were in the lower range of the whole blood levels found in the
WTSE nestlings from Sweden (74e160 ng/g ww for nestlings more
than 8 weeks old; Olsson et al., 2000). On the contrary, DDE, HCB
and HCHs showed higher maximum concentrations in the Green-
land WTSEs compared to the other studies. This might be due to
differences in the atmospheric transport of these compounds to
Greenland (UNEP/AMAP, 2011). For example, different OCP patterns
have been found between polar bear (Ursus maritimus) populations
spanning the Arctic and subarctic regions, with the Greenland
population displaying the highest sum DDTs concentrations
(Verreault et al., 2005a), indicating that wildlife in Greenland may
be subject to a high exposure risk. When the blood levels in the
juvenile WTSEs are compared to POPs concentrations found in
blood of one adult WTSE from Greenland (Table SI 3-b), concen-
trations in the Swedish nestlings were always lower, which can be
explained by the increased accumulation of POPs over time in adult
birds.

PBDE levels were in general approximately 100 fold lower than
levels of PCBs and DDTs. PBDEs could be quantified in all tissues
(median 0.03e0.42 mg/g lw)withmaximumconcentrations found in
the liverup to 24mg/g lw (Table2), butno significantdifferenceswere
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found between tissues for concentrations of PBDEs. The PBDE levels
reported in muscle for the Steller’s sea eagle from Japan (Kunisue
et al., 2008) were similar (11 mg/g lw) to the maximum level
(15 mg/g lw) in the current study. In comparison to PBDE levels
reported in various tissues from terrestrial birds of prey from Bel-
gium (Voorspoels et al., 2006), concentrations in the WTSE tissues
from Greenland were within the same range, with also similar
maximum concentrations in liver as reported for the sparrowhawk
(Accipiter nisus) liver (26 mg/g lw; Voorspoels et al., 2006).

Further, we can compare our tissue results to PBDEs reported in
WTSE eggs from Sweden and peregrine falcon (Falco peregrinus)
eggs from South Greenland. The concentrations in the Greenland
WTSE tissues show lowermedian levels, but comparable maximum
concentrations to the WTSE eggs from the Baltic (up to 8.4 mg/g lw;
Nordlöf et al., 2010) and the peregrine falcon eggs from South
Greenland (up to 13 mg/g lw; Vorkamp et al., 2005). Median PBDE
concentrations in WTSE tissues were also comparable to median
PBDE levels reported in yolk sac from kittiwakes (Rissa tridactyla)
collected in Norway (150e446 ng/g lw; Murvoll et al., 2006). One
study reported PBDE levels in plasma of young bald eagles (Hal-
iaeetus leucocephalus), a closely related species from North America
(McKinney et al., 2006). Although concentrations in that studywere
generally found higher than in the blood of the Greenland WTSEs
(up to 31 ng/gww in the highest contaminated site of Santa Catalina
Island), similar concentrations were found at the reference site
(ranging from <LOQ e 1.25 ng/g ww), which was geographically
separated from large urban and industrial zones (McKinney et al.,
2006).

3.2. POPs profiles

As shown in Fig. 2, PCBs have the highest contribution to the
total sum of POPs (around 50%), followed by DDTs (30%), CHLs (15%)
and HCB (5%). HCHs and PBDEs contribute only less than 5% to the
total POPs load. The POPs profile is similar in all tissues, except for
a slightly higher contribution of sum CHLs in preen oil. The PCB
profile (Figure SI-2 in the Supplementary Information) in all tissues
was dominated by CB 153 (around 30%), followed by CB 138 (14e
16%), CB 180 (11e14%) and CB 118 (6e8%). A similar pattern was
observed in the blood of nestling WTSEs from Sweden (Olsson
et al., 2000) and Norway (Eulaers et al., 2011a, 2011b), with the
highest levels for CB 153 and CB 138, followed by CB 180 and CB 118.
Furthermore, CB 153 was the highest in all muscle samples from
WTSEs and Steller’s sea eagles (Haliaeetus pelagicus) from Japan,
followed by CB 138, CB 118, and CB 180. In preen oil, we found
Fig. 2. POPs profile (mean % � 2SE) in tissues of w
a higher contribution of lower chlorinated congeners (e.g. CB 118:
10%) and a lower contribution of the higher congeners (e.g. CB 180:
10%) compared to the other tissues. This is consistent with findings
of previous studies on preen oil (Jaspers et al., 2008; Yamashita
et al., 2007).

The PBDE profile of the Greenland WTSEs was clearly domi-
nated by BDE 47 in all tissues (45e70% of the total sum PBDEs),
followed by BDE 99, BDE 100 (10e15%) and BDE 153 and BDE 154
(5e10%). BDE 28 and BDE 49 contributed less than 5% to the total
sum of PBDEs (see Figure SI-3 in the Supplementary Information).
In comparison, BDE 47 was also found to be the dominant congener
in eggs from Swedish WTSEs (40e60%; Nordlöf et al., 2010), in
plasma of North American West Coast Bald Eaglet (around 50%;
McKinney et al., 2006) and in plasma, body feathers and preen oil of
WTSE from Norway (40e70%; Eulaers et al., 2011a, 2011b). Fur-
thermore, BDE 47 was the only congener that could be quantified in
the feathers of the Greenland WTSEs (Jaspers et al., 2011). The
current results are in line with the general dominance of BDE 47 in
studies on fish-eating birds from Europe and North America
(reviewed by Kunisue et al., 2008) and also agrees with the results
found for fish-eating coastal birds from Japan (Kunisue et al., 2008).
In contrast, the dominance of BDE 153 has been reported in open
seabirds (e.g. albatrosses) and inland predatory birds, illustrating
the importance of both food habits and habitat (Kunisue et al.,
2008).

No significant differences were found in the factor scores of the
PCA for the PCBs (KW ¼ 7.97 p ¼ 0.16 for factor 1; KW ¼ 11.08,
p¼ 0.0498 for factor 2) and PBDEs (KW¼ 9.22, p¼ 0.10 for factor 1;
KW ¼ 6.58, p ¼ 0.25 for factor 2), only for factor 2 of the PCBs
between preen oil and muscle (p ¼ 0.011). This is illustrated in
Fig. 3, with lower chlorinated (tri- to penta-) PCBs clustering with
preen oil and higher chlorinated (hexa- to nona-) congeners to
muscle. Although adipose tissue is also clustering with the lower
chlorinated PCBs on Fig. 3, this was not found significant, probably
due to the low sample size (n ¼ 3). However, as shown in Fig. 4, the
PBDE profile in adipose tissue is deviating to some degree from the
other tissues, with a higher contribution of lower brominated
congeners. Furthermore, multiple pairwise comparisons using the
Dunn’s procedure revealed significant differences between con-
centrations in adipose tissue and concentrations in muscle
(p ¼ 0.01), blood (p ¼ 0.04) and kidney (p ¼ 0.02), but not after
Bonferroni correction. Taking the small sample size (n ¼ 3) for
adipose tissue into account, this may be an indication for a signifi-
cant difference with a larger sample size. Overall, we can conclude
that the accumulation of POPs in the different tissues occurs in
hite-tailed eagles from Greenland 1997e2009.



Fig. 3. PCA biplot of the PCB profile in tissues of white-tailed eagles from Greenland 1997e2009. Abbreviations used: M: Muscle, L: Liver, K: Kidney, A: Adipose tissue, P: Preen
gland, B: Blood.
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a similar way, although there may be slight differences for adipose
tissue and preen oil that seem to accumulate more lower halo-
genated congeners. This is reflected in the PCB profile by a 2e5%
higher contribution of CB 74, CB 99 and CB 118 in preen oil (and
to some extent in adipose tissue) and in the PBDE profile by a 5e10%
higher contribution in BDE 47 in adipose tissue (see Figures SI-2
and SI-3 in the Supplementary Information).
Fig. 4. PCA biplot of the PBDE profile in tissues of white-tailed eagles from Greenland 1997
gland, B: Blood.
3.3. MeO-PBDEs

20-MeO-BDE 68 and 6-MeO-BDE 47 could be quantified in all
tissues (Table 3). For 20-MeO-BDE 68, no significant differences
were found between the tissues (F5,22 ¼ 1.85, p ¼ 0.14), but sig-
nificant differences were found according to age (F1,7 ¼ 35.5,
p < 0.001) and year (F6,7 ¼ 7.44, p < 0.01). Significantly higher
e2009. Abbreviations used: M: Muscle, L: Liver, K: Kidney, A: Adipose tissue, P: Preen



Table 3
Median concentrations and ranges (ng/g lipid weight) of MeO-PBDEs in the tissues of Greenland WTSE. Levels of BDE 47 are given for comparison.

Muscle Preen oil Liver Kidney Blood Adipose tissue

n 17 13 6 6 5 3
Lipid % 1.5e11 16e96 3.4e6.2 3.0e6.8 0.2e1.5 94e96

20-MeO-BDE 68 18 (1.8e340) 7.0 (1.5e91) 8.7 (1.0e590) 8.0 (<0.96e410) 6.5 (1.4e67) 2.2 (2.2e4.1)
6-MeO-BDE 47 23 (3.8e170) 9.3 (2.4e66) 20 (3.1e260) 18 (2.3e210) 15 (5.5e58) 6.6 (5.8e8.4)
BDE 47 213 (16e8700) 130 (8.4e2300) 98 (5.7e13000) 87 (3.7e10000) 89 (17e990) 22 (19e22)
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concentrations were found in adults compared to juveniles (adj
p < 0.05). Significant differences between years could be attributed
to the levels in 1998 and 2009 being significantly lower than the
levels in 2000 and 2007 (adj p < 0.05). For 6-MeO-BDE 47, no
significant differences were found between the tissues (F5,22 ¼ 1.58,
p ¼ 0.21), but a significant difference for age (F1,7 ¼ 10.19, p ¼ 0.02)
and year (F6,7 ¼ 5.52, p ¼ 0.02) was observed. Post hoc tests
revealed that adults had significantly higher concentrations than
juveniles (adj p< 0.05) and a significantly higher concentrationwas
observed in 1998 in comparison to 2000 (adj p < 0.05). All other
years showed no significant differences (adj p > 0.05).

The present study is the first to report on levels of MeO-PBDEs in
bird tissues. Therefore we can only compare our results with levels
found for eggs and blood. In comparison to levels found in eggs
from Swedish WTSEs (Nordlöf et al., 2010), concentrations of MeO-
PBDEs in the Greenland WTSE are in the lower range, more similar
to the inland than to the coastal samples from Sweden. The authors
from that study pointed to the presence of MeO-PBDEs in the
inland samples as from an as-yet unidentified source for MeO-
PBDEs in the freshwater ecosystem (Nordlöf et al., 2010). 6-MeO-
BDE 47 (20-MeO-teBDE) was also quantified in blood of nestling
WTSEs from the Swedish Baltic Coast (Olsson et al., 2000) and the
authors found this compound at higher concentration, at least one
order of magnitude higher, than the results for the Greenland
WTSEs, but similar to the levels found in the WTSE eggs from the
Baltic coast (Nordlöf et al., 2010). In comparison to other bird
species, levels in blood of the Greenland WTSEs from the current
study were comparable to concentrations of MeO-PBDEs found in
blood plasma of glaucous gulls (Larus hyperboreus) from Svalbard in
the Norwegian Arctic (Verreault et al., 2005b). However, 6-MeO-
BDE 47 concentrations in blood from the Greenland WTSEs were
one order of magnitude higher than concentrations measured in
the blood serum of 8 bird species from South China (<LODe 2.5 ng/
g lw; Liu et al., 2010). This is probably due to the higher trophic
position of the WTSE compared to the birds in the study of Liu
et al. (2010), which were mostly feeding on plant material, seeds
and insects. 20-MeO-BDE 68 was not reported in the studies of
Verreault et al. (2005b) and Liu et al. (2010) and can thus not be
compared to our results. In contrast to the results for theWTSEs, no
MeO-PBDEs could be detected in the plasma of North American
bald eagles (McKinney et al., 2006), suggesting potential species
differences in exposure and metabolism.

3.4. Correlations of POPs and MeO-PBDEs

Weinvestigated the correlationsbetween the levelsof POPs in the
different tissues, excluding the three adipose tissue samples. The
results of the correlation analyses showed that sum PCBs concen-
trations were significantly correlated between all tissues
(0.97� r� 0.99; 0.0001� p� 0.013). The samepatternwas found for
HCB (0.96 � r � 0.99; 0.0001 � p � 0.008) and sum PBDEs
(0.98� r�0.99; 0.0001� p�0.012). For 6-MeO-BDE47and20-MeO-
BDE 68 high correlation coefficients (0.94 � r � 0.99;
0.0001 � p � 0.17) were found between all tissues, although they
werenot significant for preenoil (p-value around0.10). For sumDDTs
(0.97 � r � 0.99; 0.0001 � p � 0.033), sum CHLs (0.98 � r � 0.99;
0.0001 � p � 0.006) and sum HCHs (0.98 � r � 0.99;
0.0001 � p � 0.042) significant correlations were found between all
tissues, againwhen excluding the three adipose tissue samples. This
is also in accordance with the slightly deviating profiles that were
found foradipose tissue (see supra).However, the lowsample size for
adipose tissue prevented definite conclusions.

Correlations among levels of PBDEs andMeO-PBDEs in the same
tissue were also investigated (excluding adipose tissue). All PBDE
congeners were strongly inter-correlated in the tissues we analysed
(0.82� r� 0.99;<0.0001� p� 0.052), which could be expected on
the basis of their common origin through the diet. The correlations
of 6-MeO-BDE 47 and 20-MeO-BDE 68 between the different PBDE
congeners, were likewise found very strong and significant
(0.62 � r � 0.98; <0.0001 � p � 0.17; Table 4; Fig. 5), which was
surprising given the anticipated natural origin of the compounds.
Therefore, the significant correlations found between PBDEs and
MeO-PBDEs, explaining 63e90% of the variation in muscle (based
on the r2 value calculated from Table 4), suggest similar bio-
accumulation pathways of PBDEs and MeO-PBDEs in WTSEs. In
comparison, Verreault et al. (2005b) also found a positive rela-
tionship between 6-MeO-BDE 47 and BDE 47 in the glaucous gull,
explaining 54% of the variation, and explained this by transfer of 6-
MeO-BDE 47 through the food chain along with PBDEs. Wan et al.
(2010) recently reported formation of MeO-PBDEs in fish through
metabolism. This metabolic capacity of the fish may potentially
explain the transfer of MeO-PBDEs up the food chain with the
WTSE as the top predator. It might also explain the presence of
MeO-PBDEs in the freshwater ecosystem as reported in the study of
Nordlöf et al. (2010). This is the first study to suggest similarities in
bioaccumulation of PBDEs and MeO-PBDEs and further research
should be performed to evaluate this hypothesis and to identify the
potential sources of MeO-PBDEs.

3.5. Risk assessment

The POP levels found in the Greenland WTSEs were lower than
reported in previous studies on sea eagle species (Haliaeetus sp.)
from contaminated areas around the world and similar to con-
centrations found in low contaminated areas. Olsson et al. (2000)
found a negative impact of PCBs and DDE on the mean brood size
in WTSEs from Sweden (only significant for CB 118), at mean PCB
concentrations generally two-fold higher than the ones found in
the present study. However, no effect was found on the average
reproductive outcome and these levels were concluded not to pose
a serious threat to the population of Swedish WTSEs. Likewise,
median levels in the present study were below the PCB and DDE
thresholds reported by Helander et al. (2002) for depressed pro-
ductivity in WTSEs. Hence, the current levels of PCBs and OCPs in
the Greenland WTSE are likely not of concern at the population
level, although subclinical and developmental effects may still pose
a potential threat at low concentrations (Grandjean and Landrigan,
2006). However, some birds may be at risk, as the maximum



Table 4
Results of the Pearson correlations (correlation coefficients) between PBDEs and 20-
MeO-BDE 68 and 6-MeO-BDE 47. Significant correlations are given in bold.

Muscle Preen oil Liver Kidney Blood

n 16 12 5 5 5

20-MeO-BDE 68 BDE 28 0.93**** 0.92**** 0.95* 0.94* 0.93*
BDE 49 0.95**** 0.89*** 0.97** 0.95* 0.97**
BDE 47 0.93**** 0.88*** 0.97** 0.96** 0.95*
BDE 100 0.93**** 0.83*** 0.97** 0.98** 0.95*
BDE 99 0.91**** 0.86*** 0.97** 0.97** 0.87T

BDE 154 0.91**** 0.81*** 0.94* 0.94* 0.84T

BDE 153 0.85**** 0.82*** 0.94* 0.95* 0.91*
6-MeO-BDE 47 BDE 28 0.84**** 0.73** 0.85T 0.83T 0.84T

BDE 49 0.86**** 0.69* 0.89* 0.86a 0.90*
BDE 47 0.83**** 0.70* 0.95* 0.94* 0.89*
BDE 100 0.82*** 0.62* 0.96* 0.94* 0.89*
BDE 99 0.80*** 0.69* 0.96* 0.94* 0.78
BDE 154 0.82*** 0.65* 0.88a 0.85a 0.72
BDE 153 0.81*** 0.62* 0.89* 0.87a 0.83a

a p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (p-values were not
Bonferoni corrected because of low sample sizes).
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concentrations found in this study were far above the reported
Lowest Observed Effect Levels (LOELs) in Swedish WTSEs (500 mg/
g lw for PCBs and 120 mg/g lw for DDE; Helander et al., 2002). The
PCBs concentration found in the liver of GR54 (1500 mg/g lw) was
even three times higher than the LOEL reported for PCBs in WTSE
eggs that was associated with depressed productivity (Helander
et al., 2002).

For PBDEs, Nordlöf et al. (2010) found no effect on the produc-
tivity of the WTSEs from Sweden, with concentrations in eggs
similar or higher than the ones we found in the tissues of the
Greenland WTSEs. Generally, PBDE levels in tissues of the Green-
land WTSEs were also one to two orders of magnitude lower than
the LOEL of 1000 ng/g ww in osprey eggs associated with impaired
reproduction (Henny et al., 2009). However, this threshold was
exceeded by the maximum values in liver (1400 ng/g ww) and
preen oil (2200 ng/g ww; Table SI-2) found in the adult female
GR54 from Greenland, suggesting that individual birds may be at
risk from high PBDE contamination.

Overall, conventional POPs seem to be declining in Arctic re-
gions (Rigét et al., 2010; Dietz et al., 2012a,b) and levels of POPs in
the GreenlandWTSE do not seem to have posed serious risks on the
population in the last two decades. However, subclinical effects and
synergism with other potential threats, e.g. heavy metal exposure
and climate change driven food web and pathogen changes (Noyes
et al., 2009; Sagerup et al., 2009) may be of concern. In particular,
mercury has been documented to increase in GreenlandWTSEs and
other high trophic Arctic wildlife during the 20thcentury (Dietz
Fig. 5. Correlation plot between BDE 47 and 6-MeO-BDE 47 (log-transformed lw
concentrations) in muscle tissue of white-tailed eagles from Greenland 1997e2009.
et al., 2006, 2009, 2013). Also SPBDE, BDE-100, BDE-153, and
HBCD have been increasing over the last three decades in East
Greenland polar bears, whereas congeners like BDE-47and BDE-99
have recently started to decline (Dietz et al., 2012b). Furthermore, it
may be possible that MeO-PBDEs in WTSEs are not only from
natural origin and may be metabolic products from PBDEs pro-
duced in fish and subsequently ingested through the diet. However,
this possibility should be further investigated in future studies.
Since generally concentrations of MeO-PBDEs in fish are found
higher than in the birds that prey on them (Zhang et al., 2010),
further metabolism and transformation of MeO-PBDEs may take
place in WTSEs and other bird species. Therefore, future risk
assessment studies should take the potential metabolic origin and
transformation of MeO-PBDEs into account.
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