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ABSTRACT: Temporal trends and climate related parameters
affecting the fate of legacy persistent organic pollutants (POPs) such
as polychlorinated biphenyls (PCBs) and organochlorine pesticides
(OCPs) were examined in landlocked Arctic char from four lakes in
the Canadian Arctic. Among biological parameters, lipid content was
a key factor explaining the concentration of most POPs in Arctic
char. Legacy PCBs and OCPs generally showed declining trends of
concentrations in Arctic char, consistent with past restriction on uses
and emissions of POPs. However, increases in lake primary
productivity (measured as chlorophyll a) exerted a dilution effect
on POPs concentrations in Arctic char. Concentrations of POPs in
char from the last two decades were positively correlated with
interannual variations of the North Atlantic Oscillation (NAO).
Higher concentrations of POPs in Arctic char were observed in 3 of
the 4 lakes during positive NAO phases. This, together with increasing local Arctic temperatures, could lead to increases on
POPs concentrations in char from remote Arctic Lakes in future decades. Also, if there are nearby secondary sources as may be
the case for Resolute Lake, located near an airport where increasing levels were found for hexachlorobenzene and toxaphene,
probably due to the mobilization from secondary sources in soils.

■ INTRODUCTION

Although the Arctic is one of the most pristine areas of the
world, the presence of persistent organic pollutants (POPs)
has been well documented over the past 30 years.1−4 Legacy
POPs such as polychlorinated biphenyls (PCBs), organo-
chlorine pesticides (OCPs), such as hexachlorobenzene
(HCB), dichlorodiphenyltrichloroethane (DDTs), and hexa-
chlorocyclohexane (HCHs), and toxaphene have been
detected in various biota samples from the High Arctic.2,3,5

While much information on POPs is available on Arctic marine
food webs,6−9 less information is available on High Arctic lakes
and their food webs. High Arctic lakes have simple food webs
making them valuable for studies of bioaccumulation pathways
and processes. Non-anadromous or landlocked Arctic char
(Salvelinus alpinus) are usually the only fish species in lakes
which are isolated from the ocean.10 Due to its circumpolar
distribution, Arctic char has been used as a sentinel species,
which has allowed large scale spatial and temporal compar-
isons, mainly for mercury.11−14 The few available published
data on POPs in Arctic char are from lakes in Norway,15

Sweden,16 and Greenland,17−19 although a recent POPs
assessment from the Canadian Arctic includes a summary of
trends in Arctic char.20 These studies generally show

significantly declining trends of PCBs, DDTs, toxaphene, and
HCHs. Several factors have been proposed to account for
accumulation of POPs in Arctic char and other northern
freshwater fishes including food chain structure,21 feeding
strategy,22 growth rate,23 age, and lipid content,22 as well as the
trophic status of the lake.15 However, it is still unclear how
these factors, or their combination with other anthropogenic
perturbations such as global warming, may affect the body
burdens of POPs in Arctic char. Modeling efforts,24,25

reviews,26−29 limited atmospheric measurements in the
Arctic,30 and field studies in Antarctica31 suggest that, as the
Polar Areas warm, contaminants once trapped in ice/
sediments and permafrost may revolatilize, leading to
increasing concentrations. One way to study the influence of
climate on POPs in food webs, is to examine the correlations
between climate indicators and long temporal series.32 Riget́
and co-workers33 first attempted this in landlocked char from a
lake in Western Greenland based on 5 sampling years over the
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period 1994−2008 but did not find a correlation of PCBs and
monthly mean summer temperature, which suggested that
longer temporal trends would be needed. Therefore, the main
objectives of this study were (i) to examine the trends of legacy
POPs such as PCBs, OCPs (DDTs, HCHs, and HCB), and
toxaphene in Arctic char, collected at four lakes in the
Canadian Arctic, over a long time period (1989 and early/mid
1990s to 2015), (ii) to study which parameters are affecting
the occurrence of POPs in Arctic char, and (iii) to investigate
whether or not climatic parameters and climatic oscillation
indices may be linked to the temporal trends of POPs in Arctic
char.

■ EXPERIMENTAL SECTION
Study Site and Sample Collection. Three lakes (Amituk,

Resolute, and Char Lakes) located on Cornwallis Island
(75°04′60.00′′ N, 95°00′0.00′′W) and one lake (Lake Hazen)
located on Ellesmere Island (80°45′1.40′′ N, 72°39′54.69′′
W) (see Figure 1 for sampling site location) were selected for
this study. Contaminant trends in Arctic char from these lakes
have been extensively studied but mainly for mercury and
other metals.11,34 Adult char (>200 g) were collected in late
July from almost every year from 2001 to 2015 and less

frequently in the 1990s in Amituk, Resolute, and Hazen Lakes,
by gill netting or by jigging through the ice at a rate of 7−25
adult fish per lake and year, with the exception of Char Lake,
where the collection was in the range of 3−10 fish per year. All
fish were length measured (cm), weighted (g), and dissected in
situ within 1 to 4 h after collection. Subsamples of muscle+skin
and otoliths were kept frozen for transport and storage (−30
°C). In total, n = 474 samples from Arctic char (muscle+skin)
were collected and analyzed for POPs in this study.
Water samples, collected annually at the same time as fish

sampling, were analyzed for chlorophyll a (CHLa) as described
in the Supporting Information and elsewhere.35 One surface
soil sample from the catchment areas of Amituk, Resolute, and
North Lakes was also collected in 2016. Each soil sample
consisted of a pool of several soil samples located within 2 m2

of the selected sampling site. Soil samples were collected in
clean certified jars and kept at −30 °C until the analysis.

Analytical Methods. Char muscle+skin samples were
analyzed for PCBs, organochlorine pesticides, and other
chlorinated organics by ALS Global Laboratories (Burlington,
ON) (2011−2015) and by Environment Canada (National
Laboratory for Environmental Testing (NLET)) for others
from 1992 to 2010. Both laboratories are accredited by the

Figure 1. Sampling sites on Cornwallis Island (Resolute, Char, and Amituk Lakes) and on Ellesmere Island (Lake Hazen).
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Canadian Association for Laboratory Accreditation and ISO
17025 certified. Samples from 1989 to 1992 from Amituk Lake
and 1990 from Hazen Lake were analyzed at the Freshwater
Institute (Fisheries and Oceans, Winnipeg).36 Extraction and
isolation steps in all three laboratories generally followed US
EPA Method 169937 and have been previously described.38,39

Further details regarding extraction, isolation steps, and
methodology used for the analysis of each pollutant are
given in Annex I of the Supporting Information. PCBs (87
congeners from mono- to decachloro PCBs) and OCPs
(HCHs, including α-HCH, β-HCH, and γ-HCH; DDTs
including o,p′-DDE, p,p′-DDE, o,p′-DDD, p,p′-DDD, o,p′-
DDT, p,p′-DDT, and HCB) were analyzed, together with
toxaphene, quantified using a technical toxaphene standard.40

Individual toxaphene congeners (P26, P50, P62) were also
determined in a subset of samples from all four lakes (2012−
2015). The reference to the sum of homologue groups or the
total sum of PCB (ΣPCBs), HCHs (ΣHCHs), and DDTs
(ΣDDTs) considers the congeners and isomers mentioned
above and in Annex I of the Supporting Information.
For the soils, wet subsamples (35 g) were homogenized,

weighed, and mixed with equal parts of clean Hydromatrix
(diatomaceous earth; Dionex); then, the mixture was spiked
with 13C-labeled PCBs and extracted in an accelerated solvent
extractor (ASE 300; Dionex). PCBs (70 congeners from
mono- to decachloro PCBs) together with HCB were
analyzed. Further details on soil extraction and analysis are
described in Annex I of the Supporting Information.
Quality Assurance/Quality Control. All samples were

homogenized and extracted in dedicated clean laboratories
with positively pressured and HEPA filtered air. Batches of
char samples were extracted with method blanks and standard
reference materials (SRM1946 or SRM1947 lake trout,
National Institute of Standards and Technology, Gaithersburg,
MD, USA) at a rate of 1 every 9 samples processed. Method
detection limits (MDLs) of analytes were determined as 3
times the standard deviation (SD) of method blank
concentrations and are reported in Table S1. Laboratory
blanks were also included in every set of soil sample extractions
(1 blank every 5 samples). Low levels of PCBs were found in
the blanks, indicating minimal contamination during process-
ing. Further information is shown in Annex I of the Supporting
Information and Table S2.
Stable carbon (δ13C) and nitrogen (δ15N) isotope ratios

were determined on all fish muscle at the Environmental
Isotope Laboratory (University of Waterloo, Waterloo, ON,
Canada). The age of the fish was determined from the otoliths
using the break and burn method or thin-section method
reported elsewhere.34,35 Climatic parameters such as North
Atlantic Oscillation (NAO), Arctic Oscillation (AO), and
Pacific North American Pattern (PNA) for all the relevant
years were obtained from the Web site of the U.S. National
Weather Service, Climate Prediction Centre (http://www.cpc.
ncep.noaa.gov/), while local climatic parameters such as
temperature (T), precipitation, snow cover, and ice thickness
were obtained from the weather stations in Resolute and
Eureka (http://climate.weather.gc.ca/).
All statistical analyses were conducted using SPSS 20. Non-

detected concentrations were replaced with half of the
detection limit for calculation of arithmetic and geometric
means and standard deviations. Results for all POPs were log10
transformed in order to reduce coefficients of skewness and
kurtosis. Statistically significant results were assessed against a

type-1 error rate of probability <0.05. Temporal trends were
examined using the PIA software package41 that has been
utilized for studies of trends and statistical power of Arctic data
sets.1,42

■ RESULTS AND DISCUSSION
Fish Biology. The individual Arctic char ranged from 8 to

37 years in age, from 21 to 82 cm in body length, and from 200
to 3148 g of weight (Table S3). A close coupling correlation
(r2 = 0.69, p < 0.001) was observed between length and weight
over the data set (Figure S1). Analyses of δ15N and δ13C for
the four lakes are shown in Figures S2 and S3. Although Arctic
char from the different lakes are at the same trophic level, the
δ15N isotopic signature varied significantly. The wide range of
stable isotope signature has been previously observed in Arctic
char collected within these lakes34,43 and may reflect the fact
that there are different morphotypes of char present34 and
therefore different feeding behaviors among individual char.
Additionally, nitrogen (N) deposition caused by recent
anthropogenic N may have influenced δ15N, but little is
known about the variability of atmospheric N inputs to the
Arctic.34 Some studies44 based on ice corer records have
pointed out slight increases of N deposition in the Arctic
caused by recent anthropogenic N enrichment of the
atmosphere, although data for profundal sediments in Lake
Hazen showed no significant trends despite the increase of
nitrogen inputs from glacial rivers.45 Mean δ13C showed
marked significant differences between the lakes (Figure S3).
Arctic char δ13C values were generally more negative (i.e.,
more pelagic carbon) in Char, Resolute, and Amituk Lakes
than in Lake Hazen (Figure S4). Although fluctuations on δ13C
were found within the years, a significant decline of δ13C
(arithmetic means vs years) was observed only in Amituk Lake
(r2 = 0.81, p < 0.001) and Lake Hazen (r2 = 0.57, p < 0.05)
which may suggest a change in the carbon sources, while no
decline or increasing trends were observed in Resolute and
Char Lakes. Fish condition factor (CF),46 which is a measure
of the overall health for the fish (CF: [body weight (g)/body
length (cm)3] × 100), ranged from 0.44 to 1.07.

Occurrence of Legacy POPs in Arctic Char. Among the
selected POPs measured in Arctic char, toxaphene and PCBs
always showed the highest concentrations followed by ΣDDT
> ΣHCH ≥ HCB (Table S4). Geometric mean concentrations
ranged from 1.6 to 172 ng/g ww (wet weight) for toxaphene,
from 4.8 to 127 ng/g ww for total PCBs (Σ87PCB; sum of 87
PCB congeners and coeluters), from 0.54 to 61 ng/g ww for
ΣDDT, from 0.03 to 4.24 ng/g ww for ΣHCHs, and from 0.48
to 4.37 ng/g ww for HCB (Table S4). Concentrations of
individual toxaphene congeners such as P26, P50, and P62
determined in a subset of samples from 2005 to 2015 ranged
from 0.32 to 7.86, 0.20 to 9.33, and 0.02 to 3.37 ng/g ww,
respectively (Table S5). The predominance of PCBs and
toxaphene in freshwater fish from lakes and rivers in northern
Canada was first noted in samples collected in the 1980s47 and
confirmed in more recent studies.20,48 Overall, PCB homo-
logue profiles were not statistically different among years and
lakes, with those congeners having 5 and 6 chlorine atoms
contributing up to ∼70% of Σ87PCB in Arctic char (Figure S5),
illustrating the higher bioaccumulation and persistence of these
PCB congeners. Although the concentration of PCBs and
other POPs has fluctuated over the years as discussed further
below, the concentrations reported here are of similar
magnitude to those previously reported in the peer reviewed
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literature (Table S6) for remote Arctic lakes in Nunavut
(Canada)2,3 and in a time series from 1994 to 2008 in
Southwest Greenland.33 Relatively higher Σ7PCBs (sum of 7
congeners) concentrations have been reported in Arctic char
collected from lakes on the island of Bjørnøya (Norway)
averaging 695 ng/g ww for fish from Lake Ellasjøen and 49 ng/
g ww for fish from Lake Øyangen. However, Ellasjøen is
impacted by seabird guano which provides an additional
source of POPs.15

Along with toxaphene, the α- and γ-HCH isomers together
with HCB and p,p′-DDE were the most common individual
OCPs found in Arctic char from the four Canadian Arctic
lakes. Mean concentrations of ΣDDTs, HCB, and ΣHCHs
detected in Arctic char muscle of Greenland (Table S6) over
the time series 1994−200833 were in the range from 0.74 to
7.51 ng/g ww for ΣDDTs, 0.25 to 0.73 ng/g ww for HCB, and
0.05 to 0.25 ng/g ww for ΣHCH, which are in a similar range
as those reported in this study (Tables S4 and S6). Overall the
highest concentrations of ΣPCBs and OCPs regardless of the
sampling year occurred in Resolute and Char Lakes which may
be attributed to reemissions from secondary sources (e.g.,
soils) in the area due to their proximity to the Resolute airport
and hamlet of Resolute Bay (population of 200 inhabitants)
(see Figure 1). In fact, higher concentrations of Σ70PCBs (2.83
ng/g dry weight (dw)) and HCB (0.134 ng/g dw) were

measured in soil collected in the Resolute Lake catchment, in
comparison to those soils collected near Amituk Lake, a
remote site 40 km north of Resolute Bay (Σ70PCBs and HCB
of 0.061 ng/g dw and 0.013 ng/g dw, respectively), or 5 km
west of the airport near North Lake (Σ70PCBs: 0.089 ng/g dw;
HCB: 0.029 ng/g dw) (Table S7 and Figure 1). A military and
civilian airport has operated in the Resolute Lake catchment
since 1949, and its wastewaters were discharged into the upper
area of the catchment until 1997. The discharge greatly
impacted the water chemistry of Meretta Lake,49,50 and
waterborne contaminants could have moved downstream
into Resolute Lake (Figure 1). PCB contamination of land
surrounding military radar facilities in the Canadian Arctic has
been relatively well documented.51 However, to our knowl-
edge, PCB contamination of soils within the Resolute Lake
catchment has not been studied previously. Overall, lower
concentrations of POPs were found in Arctic char from the
most remote of the studied lakes (Lake Hazen).
The influence of lipids, which ranged from 1.54% to 7.96%

(geometric means) on concentrations of POPs, was assessed
by regression analysis. Figure S6 shows the significant
dependence (p-level <0.05) of concentrations of Σ87PCBs (r

2

= 0.13−0.20), ΣDDTs (r2 = 0.13−0.28), ΣHCHs (r2 = 0.19−
0.45), HCB (r2 = 0.24−0.64), and toxaphene (r2 = 0.14−0.45)
on lipid content, thus indicating that it is a key factor

Figure 2. Trends in concentrations of ΣPCBs, ΣDDTs, ΣHCHs, HCB, and toxaphene (ng/g lipid wt) in Arctic char muscle from Amituk, Char,
Resolute, and Hazen Lakes from 1989 to 2015.
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controlling POPs concentrations in Arctic char especially in
Amituk, Resolute, and Char Lakes. On the other hand, lipid
content was an important parameter explaining the concen-
tration of ΣHCHs (Figure S7) only when insectivorous char
from Lake Hazen (δ15N < 12‰) were considered. Previous
studies showed that char in Lake Hazen were mainly
insectivorous, feeding mostly on chironomids, which resulted
in a lower δ15N signature, whereas some individuals may feed
opportunistically on small char, which is reflected in the higher
δ15N signature.34 A positive statistically significant dependence
of Σ87PCBs and ΣDDTs on δ15N was observed in the four
lakes (Figure S8) with r2 in the range from 0.11 to 0.34.
Concentrations of Σ87PCBs, ΣDDT, ΣHCH, and HCB, but
not toxaphene, were significantly correlated with each other
(Table S8) across the whole set of char samples, which
suggests common sources and pathways, as well as evidence of
the common role of lipid content as a descriptor of the burden
of hydrophobic pollutants. Due to the importance of lipid as a
key parameter, lipid normalized concentrations (ng/g lipid
weight (lw)) were regressed against covariates such as fish
length, weight, age, CF, δ15N, and δ13C. However, no
consistent statistically significant relationships were found.
Further details are provided in Tables S9−S12. The modest
influence of biological parameters, other than lipid content, to
explain a small percentage of the variation in concentrations of
POPs, and the year of sampling, suggests that other factors
such as climate influences on the status of the lakes and their
food webs or changes in the biogeochemical cycling of POPs
may affect their bioaccumulation in Arctic char once primary
sources have leveled off or disappeared.52,53

Trends of Legacy POPs in Arctic Char. Temporal trends
of Σ87PCBs, ΣDDTs, ΣHCHs, HCB, and toxaphene in Arctic
char from the four lakes are shown in Figure 2, and the annual
percent of change is in Table S13. Overall, most legacy POPs
and OCPs showed declining trends which can be attributed to
the past national and regional bans and restriction on uses and
emissions of legacy POPs in circumpolar and neighboring
countries. ΣPCBs and ΣDDTs declined in all lakes, at
statistically significant rates from 6.7%/yr to 7.6%/yr for
Σ87PCBs and 7.1%/yr to 11%/yr for ΣDDTs, when
considering the whole time series (between 12 and 17
years). The exception was Resolute Lake, where declines of
3.5%/yr for Σ87PCBs and 2.3%/yr for ΣDDTs were not
significant probably due to the presence of secondary sources
of POPs in the catchment area as mentioned above. The p,p′-
DDE/ΣDDTs ratio (Figure S9) in char has increased
significantly during the last 15 years in all 4 lakes (p < 0.05)
indicating no ongoing or recent inputs of p,p′-DDT, consistent
with previous studies on Arctic biota.1,54 Σ87PCBs and
individual PCBs congeners (e.g., PCB153) have declined in
the majority of time series studies for arctic marine and
freshwater biota1 including this study (Table S13). The mean
annual decrease was 3.7% (t1/2 = 18 yr) for Σ10PCB, 3.8% (t1/2
= 19 yr) for PCB153, and 4.2% (t1/2 = 17 yr) for ΣDDT.1
Thus, rates of decline reported here for char in Canadian
Arctic lakes are actually more rapid than % declines for arctic
biota as a whole.
α-HCH also declined significantly in all 4 lakes, with the

overall greatest annual change (7.8%/yr to 14%/yr) of all
POPs analyzed. Similar to ΣPCBs and ΣDDTs, Resolute Lake
showed the lowest declines for α-HCH, about 40% slower than
in nearby Char Lake. On the other hand, β-HCH did not show
significant declines in Amituk, Resolute, and Char Lakes but

increased significantly in Lake Hazen from 1990 to 2013
(6.1%/yr). The recent assessment of temporal trends of POPs
in circumpolar arctic biota1 found that β-HCH time series
were quite different from those for α-HCH, with 64% of the
time series starting before 2000 showing no significant trend.
Air sampling at Alert showed increasing trends of β-HCH from
2003 to 2007 followed by a decline to 2012.55 Re-emission of
β-HCH from oceans due to sea ice retreat may sustain levels in
Arctic air53 and could be a factor, although it would be
expected to influence lakes on Cornwallis Island as well. A
unique aspect of Lake Hazen is the influence of glacier melting
which increased in the period of 2003−2012 leading to
increased fluxes of POPs to lake sediments.45 Greater water
solubility of β-HCH, resulting in its partitioning more strongly
to water56 (and greater recalcitrance due to its uniform
equatorial chlorine substitution), may explain the differences
between the trends of the two isomers.
HCB was found to have declined significantly in Amituk,

Char, and Hazen Lakes at a rate of 4%/yr, while an increasing
trend was observed in Resolute Lake (1.8%/yr). Most time
series of HCB in biota across the North American and
European Arctic have observed slowly decreasing trends of
HCB at a rate of 2.6%/yr (t1/2 = 18 yr).1 HCB also showed a
very slow decline in air at Alert (t1/2 = 29 yr).55 The limited
decline compared to other POPs has been attributed to
continuing primary and secondary emissions due to the
presence of HCB as a byproduct, e.g., in some pesticides.55

Increasing trends of HCB, since 2000, were also detected in
black guillemot eggs57 and adult polar bears39 from eastern
Greenland, suggesting that emissions and releases of HCB are
still occurring in the environment.
Toxaphene was found to have only declined significantly in

Amituk Lake (6.4%/yr) and Lake Hazen (7%/yr), which
contrasts again with significant increases in Resolute Lake
(19%/yr). Overall, declines in the concentration of toxaphene
congeners, P26, P50, and P62, were also observed in Hazen
and Amituk Lakes, while P62 showed an increasing trend in
Resolute Lake, although trends were not statistically significant
due to the limited number of years available (2012−2015)
(Figure S10). The limited literature available on trends of
toxaphene on freshwater fish shows variations with species and
location. Declining toxaphene (sum of 6 congeners; 4.9%/yr
from 2000 to 2012) was found in Arctic char from
southwestern Greenland,18 although the trend was not
statistically significant, probably because average concentra-
tions from 2010 to 2012 showed a slight increase. Decreasing
trends were observed in lake trout from Lake Laberge (Yukon
Territory) over the time period of 1993−2010.48 A period of
increasing toxaphene in burbot liver from the Mackenzie River
was observed from 2001 to 200858 and was tentatively
attributed to mobilization of old sources of toxaphene in the
area.20 Mobilization of old sources appears to be occurring as
well in Resolute Lake and its catchment. Like DDT and
possibly HCHs and toxaphene may have been brought into the
airbase for insect control and subsequently deposited in the
upper catchment from wastewater or sewage sludge.
Remobilization of older atmospherically deposited sources
within the catchment is less likely, given that no increases were
observed in nearby Char Lake or at Amituk or Hazen Lakes.
Therefore, the declines of POPs observed in Arctic char

seem consistent with the bans and phase outs of POPs during
the 1970s and the following two decades,2,3 declining trends of
POPs in the Arctic atmosphere1,59 and in freshwater and
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marine biota.1,19,42 Differences in the decreasing/increasing
trends of certain legacy POPs in the recent years, not explained
by fish biological covariates, may be explained by (i) re-
emissions from secondary sources, as suggested in other
studies,24,27,31,32 which may be enhanced by warming, (ii)
changes in the atmospheric circulation patterns, which are
responsible for the distribution of POPs around the globe, and
on the lake biogeochemical cycles of POPs, or (iii) the
combination of all these factors.
Climatic Influence on the Biogeochemical Cycles of

Legacy POPs in Arctic Char. Annual air temperatures
exhibited increasing trends on the study area over the time
period of this study (1989−2015) with r2 ranging from 0.29 to
0.64 (Figure S11). This warming has resulted in increasing
summer glacier surface temperatures in the Canadian High
Arctic Island over the period of 2005−2012,60 together with a
reduction of precipitation in the form of snow (Figure S12).
Together these changes may have induced alterations in the
lake productivity.61 Our water chemistry results show that
increases in primary productivity (indirectly measured as
CHLa) have been observed since 2005 in Resolute and Amituk
Lakes. Although analyses of CHLa were also carried out for the
early years, CHLa was under the detection limit (0.1 μg/L)
until 2005 and for some years after 2005. Therefore, only those
CHLa measurements above the detection limit and in which
POPs concentrations from char were available were included in
the regression analysis. CHLa concentrations in Amituk and
Resolute Lakes are significantly correlated with mean summer
air temperatures (Figure S13). Several studies62−65 have noted
the important role that biomass (plankton) plays on
lacustrine62,63 and marine environments64,65 in depleting
dissolved-phase POPs concentration in aquatic environments,
a process known as the biological pump. Figure 3 shows a
statistically significant negative correlation between the
concentration of PCBs (ng/g lw) in Arctic char and lake
CHLa over the temporal series, when considering Resolute and
Amituk Lakes together and in Figure S14 for the individual
lakes. The declines of PCBs with increasing lake CHLa suggest
that the declining trends of POPs in Arctic char observed over
the temporal series may be not only due to the effect of the
restrictions in the use of these chemicals in the past but also
due to the effect of the biological pump. This is due to a
coupling of air−water exchange and settling fluxes of particle-
associated POPs, which may have led to the depletion of the
hydrophobic compounds in the photic zone of the Arctic lakes,
when the primary productivity (or plankton biomass) was
higher and therefore exerting a biodilution effect on POPs
concentrations in the lowest and therefore upper levels (such
as Arctic char) of the food web. This suggests that the entrance
of pollutants through the atmosphere may have not been fast
enough to compensate the vertical losses of POPs with the
exception of Resolute Lake, where the re-emission of pollutants
from the catchment area may be influencing the temporal
trends in char to a greater extent.
Lake productivity and other local climatic events may also be

linked to hemispheric scale trends. Interannual atmospheric
climate fluctuations such as AO, PNA, and NAO have been
shown to have an important impact on the global pollutant
distribution and transport.53,66,67 Of all of them, the NAO has
been suggested to be one of the dominant patterns of large-
scale climate variability in the Arctic with poleward transport
from Europe, North America, and (though less pronounced)
Asia being faster under NAO+. This increases concentrations of

atmospheric pollutants in the Great Lakes and Arctic regions
during spring and summer67,68 and may influence the ice out of
the lakes and food webs (e.g., insect emergence which supplies
most carbon to the fish35). The influence of climate variability
and temporal changes in POPs concentrations were assessed
by a regression analysis considering the current spring and
summer NAO. Also preceding spring and summer NAO were
included in the analysis since concentrations of POPs found in
Arctic char in a current year are likely to have been transported
to the Arctic during the previous year.26,69 Statistically
significant correlations between preceding spring and summer
NAO values and ΣPCBs, ΣDDTs, and ΣHCH concentrations
were observed in Arctic char from the most northerly and
remotest lake (Lake Hazen) (Figures 4 and S15) with r2

between 0.16 and 0.33 (p < 0.001) while weaker (0.03−0.11 p
< 0.05) or no statistically significant correlations were observed
when using current spring and summer NAO (Figures 4 and
S15). Overall, a similar pattern was observed in Char and
Amituk Lakes (Figures S16 and S17). Although there was an
overall negative trend in NAO, as of about year 2001, mean
concentrations of POPs in Arctic char can be seen to follow
NAO fluctuations in Lake Hazen (Figure 5). A few previous
examples are available in the literature relating climatic indices
and POPs in biota, but they have mainly focused on top
predator mammals such as ringed seals,70 terrestrial raptors,71

and seabirds.72 These studies also showed higher concen-
tration of POPs following years with high air transport toward

Figure 3. Influence of CHLa (μg/L) on the concentrations of
selected PCBs (Log PCB31_28, PCB52, PCB99; ng/g lipid wt) on
Arctic char in High Arctic lakes over the period of 2005−2015.
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the Arctic during AO+ or NAO+ phases. To assess the
influence of local and global climatic parameters on long
temporal series of POPs in Arctic char, NAO and/or other
local climatic parameters (e.g., T, precipitation, snow cover, ice
thickness, CHLa, etc.) together with biological parameters
such as body weight, length, CF, δ13C, or δ15N were initially
included in a multiple regression analysis. Although T is an
important parameter affecting the fate and distribution of
POPs not only in the Arctic but also at a global scale, it was not
a statistically significant parameter (p > 0.05) when included in
the multiple regression model. Different reasons may account
for the lack of dependence: (i) local temperature variability
may have not been registered by the selected weather stations,
(ii) ambient air temperatures fluctuate considerably much
more during the season than profundal lake water temperature
where Arctic char live most of the time (unfortunately, no lake

Figure 4. Relationships between the concentrations of Log ΣPCB, ΣDDTs, and ΣHCHs (in ng/g lipid wt) in char from Lake Hazen and the
predictor: NAO in the preceding and current summers and springs (in Figure S15). Relationships for Amituk and Char Lakes are shown in Figures
S16 and S17.

Figure 5. Temporal trends (2001 to 2015) of NAO index (preceding
year spring NAO) and concentration of ΣPCBs and ΣDDTs (ng/g
lipid wt) in Lake Hazen.
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water T was available in the study), or (iii) longer temporal
series may be needed to see the effect on T.33 Therefore, only
the statistically significant and independent parameters were
included in the final multiple regression model as [1].

a b Y c W P dLog POPs lw ( ) (Log orLog )

(NAO preceding year)

[ ] = + + +

_ (1)

where Y is the year of sampling, W is the fish weight, P is the
total annual precipitation (rain + snow), and NAO is the
preceding year spring or summer NAO. Table S14 shows the
fitting parameters and p-values for each lake and POPs
considered. Overall, the fitted eq 1 for each lake explained 18−
41% of the variability of ΣPCBs (r2 = 0.18−0.41, p < 0.001) for
Hazen, Amituk, and Resolute Lakes. Inclusion of NAO_pre-
ceding year fluctuation in the regression model enhanced the
explained variability of temporal trends of ΣPCB in the study
lakes by 11−50%, in comparison to a regression model which
did not include it (Tables S15 and S16). In the same way, the
inclusion of climatic parameters on the regression model
explained 11−55% of the variability of ΣDDTs (r2 = 0.11−
0.55, p < 0.001) in Arctic char from Hazen, Amituk, and
Resolute Lakes which also accounted for an increase of 6−57%
on the explained variability, although NAO had only a positive
effect in the remotest lake. Greater variability (r2 = 0.53−0.87)
was explained by eq 1 for ΣHCHs, which suggests increases of
2−17% in comparison to a regression model where climatic
parameters are not considered (Table S16). Concentration of
ΣHCHs in Arctic char was positively correlated with annual
precipitation (rain + snow) suggesting the importance of a wet
deposition pathway delivering HCHs into the Arctic lakes.
Climatic parameters (e.g., precipitation) and NAO were also
able to explain the increasing trend of β-HCH (from 1990 to
2012) in Lake Hazen, the most northerly lake (Figure S18),
with r2 between measured and estimated of 0.21, p < 0.05. The
fact that climatic parameters and climate indices are able to
enhance the understanding of long temporal trends of POPs
provides a potential tool for the estimation of environmental
concentrations and the fate of POPs in Arctic char. Future
simulations and more than half of multimodel analyses predict
that a positive trend in the NAO66,73−75 may be dominant in
the following years as an effect of anthropogenic warming.76

This fact together with increasing local Arctic temperatures
could increase POPs concentrations in char from the High
Arctic lakes in the following decades, particularly if there are
nearby secondary sources as may be the case for Resolute Lake,
where increasing levels have already been shown for HCB and
toxaphene. However, this effect may be counteracted by the
effect of the biological pump as suggested above. Whether this
applies to other newer POPs such as perfluorinated alkyl acids
and brominated flame retardants, which achieved maximum
concentrations in char in the mid-2000s,20 is still unknown and
may require a longer time series.
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