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ABSTRACT: Current understanding of mercury (Hg)
dynamics in the Arctic is hampered by a lack of data in the
Russian Arctic region, which comprises about half of the entire
Arctic watershed. This study quantified temporal and
longitudinal trends in total mercury (THg) concentrations in
burbot (Lota lota) in eight rivers of the Russian Arctic between
1980 and 2001, encompassing an expanse of 118 degrees of
longitude. Burbot THg concentrations declined by an average
of 2.6% annually across all eight rivers during the study period,
decreasing by 39% from 0.171 μg g−1 wet weight (w.w.) in
1980 to 0.104 μg g−1 w.w. in 2001. THg concentrations in
burbot also declined by an average of 1.8% per 10° of
longitude from west to east across the study area between
1988 and 2001. These results, in combination with those of previous studies, suggest that Hg trends in Arctic freshwater fishes
before 2001 were spatially and temporally heterogeneous, as those in the North American Arctic were mostly increasing while
those in the Russian Arctic were mostly decreasing. It is suggested that Hg trends in Arctic animals may be influenced by both
depositional and postdepositional processes.

■ INTRODUCTION

Mercury (Hg) contamination is a matter of serious concern in
the Arctic.e.g.,1−4 A meta-analysis of 83 long-term data sets
showed that Hg in Arctic animals, predominantly in the toxic
form of methylmercury (MeHg), has increased at a median
annual rate of 0.6% between 1968 and 2008.3,4 Increasing rates
of Hg poisoning have consequently been documented in
animals and humans throughout the Arctic.5,6

Rising Hg trends in Arctic animals were first suspected to be
due to increasing emissions of gaseous elemental mercury
(GEM) to the atmosphere.1,3 However, Hg concentrations in
some European and North American Arctic locations have
increased since the 1970s3,4,7,8 despite stable or even declining
GEM concentrations in these locations during the same
period.9,10 This lack of correlation between atmospheric
GEM and Hg concentrations has also been observed elsewhere,
such as in over 800 lakes in Minnesota, United States, where
increasing Hg trends11 occurred with concurrent declines in
GEM emissions.12 The complex dynamics of Hg concen-
trations in light of Hg deposition and GEM concentrations in
Arctic freshwater ecosystems have more recently led to the
notion that depositional Hg processes may be less important
controls of Hg concentrations in Arctic animals than

postdepositional ecosystem processes such as Hg methylation
rates and food web dynamics.7,8,13−15 In support of this notion,
Hg concentrations in Arctic freshwater ecosystems have been
found to correlate negatively with temperature,8 positively with
Hg methylation rates by sulfur-reducing bacteria,16 and
nonlinearly with concentrations of dissolved organic carbon
(DOC).e.g.,17

While the bulk of research on the topic has focused on the
mechanistic processes leading to Hg concentrations in Artic
animals, relatively little attention has been given to under-
standing broad spatial and temporal patterns of Hg throughout
the entire pan-Arctic region. A lack of data for the Russian
Arctic has hampered understanding of Hg dynamics in about
half of the pan-Arctic watershed.18 The prevailing notion that
Hg concentrations in the Arctic have been mostly increasing is
based on data from Alaska and Canada where most data are
readily available. But in Greenland and northern Europe, Hg
trends have been stable or even declining.3,4,14,15,19 A study of
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Hg in relation to longitude found that Hg has been mostly
increasing in Alaska and Canada and mostly stable or
decreasing in Greenland and northern Europe.4 This trend
was recently supported by newly published data for the Russian
Arctic, showing that Hg concentrations in burbot (Lota lota)
from the Lena and Mezen Rivers declined by 2.3% annually
between 1980 and 2001.20

Nevertheless, question remains as to whether Hg trends
throughout the Russian Arctic region have behaved similarly to
the declining Hg trends observed in the Lena and Mezen
rivers.20 Furthermore, the previously reported longitudinal
gradient in Hg trends was based mostly on data for the North
American Arctic and many of the data sets used in that analysis
were either statistically inadequate21 or lacked statistical
significance,4 putting into question the validity of the
longitudinal trend to the Russian Artic. An analysis of new
Hg data in burbot throughout the Russian Arctic region will
provide insights about the degree to which temporal and
longitudinal Hg trends observed elsewhere in the Arctic hold
true throughout the entire pan-Arctic region.
This study quantified temporal and longitudinal trends in Hg

concentrations in burbot throughout the Russian Arctic region
using one of the largest Arctic Hg data sets currently available
in terms of the number of specimens and the number of
continuous years of data collection.3,4 Data were collected
between 1980 and 2001 from eight rivers that encompass the
majority (118 degrees of longitude) of this region. While
Castello et al.20 reported temporal Hg trends in burbot from
the Lena and Mezen rivers during the same time period, this
study reports cumulative temporal and longitudinal Hg trends
in burbot in much of the Russian Arctic, making use of data for
six previously unstudied rivers. Together with existing data
from the North American and European Arctic regions, our
study facilitates discussion of Hg dynamics across the entire
pan-Arctic region, as contrasted with current analyses of Arctic
Hg dynamics which are limited to the national or hemispheric
scale at best. Additionally, our data will allow for broader-scale
temporal comparisons between historical Hg dynamics
presented here and more recent Hg data to be collected from
burbot and other species in the future. Burbot are ideal fish for
comparing Hg trends among multiple Arctic locations because
they inhabit freshwater ecosystems throughout the pan-Arctic
region.22 They are also long-lived apex predators that occupy
small home ranges, so Hg trends in these fish are expected to
represent cumulative food-web processes affecting Hg cycling
from their respective sampling locations.20,22,23

■ MATERIALS AND METHODS

Study Area. Burbot were sampled near the mouths of the
North Dvina, Mezen, Pechora, Ob’, Yenisey, Pyasina, Lena, and
Kolyma Rivers (from west to east) to fulfill internal directives
for heavy metal monitoring from the Russian State Service of
Observation and Control of Environmental Pollution, as well as
the Federal Russian Service for Hydrometeorology and
Environmental Monitoring. These rivers are the eight largest
in the Russian Arctic according to watershed area, covering a
total drainage area of 9.3 million km2 (Table 1). Together our
sites encompass a watershed area of about half of the total pan-
Arctic watershed as defined by Holmes et al.,18 covering the
entire expanse of the Russian Arctic from west to east (Figure
1). All eight rivers flow into the Arctic Ocean.

The vast majority of the watershed area which drains into
these eight rivers is mostly removed from direct human
influence. However, human populations and industrial activities
occurring throughout the study area are more prevalent in the
westernmost watersheds (North Dvina, Mezen, and Pechora
rivers) as compared with the central (Ob’, Pyasina, and Yenisey

Table 1. Sampling Locations, Effort, And Yields from Eight Russian Arctic Riversa

river
sample latitude

(°N)
sample longitude

(°E)
watershed area (million

km2)
sampling
years*

mean annual sampling yields (min,
max)

mean total length
(cm)

North Dvina 64.5 40.6 0.29 1980−2001 16.8 (13, 22) 87.6
Mezen 65.6 44.5 0.08 1980−2001 15.4 (9, 20) 87.4
Pechora 67.7 53.1 0.31 1980−2001 14.0 (8, 19) 87.6
Ob’ 66.5 66.6 2.95 1988−2001 18.2 (16, 24) 87.1
Yenisey 69.4 86.2 2.56 1988−2001 21.2 (19, 25) 87.4
Pyasina 70.5 89.2 0.18 1988−2001 14.0 (14, 14) 86.4
Lena 70.4 127.2 2.40 1988−2001 24.1 (20, 28) 86.3
Kolyma 68.7 158.7 0.65 1988−2001 12.0 (12, 12) 87.2
aRivers are arranged from west (top) to east (bottom) across the Russian Arctic. *Fish were sampled every year within the specified time period
except for 1992, in which no fish were sampled from any of the rivers.

Figure 1. Map of the pan-Arctic region. The geographic north pole is
in the center, with the hashed vertical line representing the prime
meridian. Colored regions indicate sampled watersheds, all of which lie
within the Russian Arctic. The pan-Arctic watershed, as defined by
Holmes et al.,18 is outlined in red.
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rivers) and easternmost watersheds of the Russian Arctic (Lena
and Kolyma rivers). Despite this, the central and eastern
Russian watersheds contain several hydroelectric power plants
(HPPs) which the western Russian watersheds lack. These
include the Novosibirsk HPP on the Ob’ River, the Krasnoyarsk
and Sayano-Shushenskaya HPPs on the Yenisey River (the
latter of which is the largest power plant in Russia), the Vilyuy
HPP on the Vilyuy River (a tributary of the Lena River), and
the Kolyma HPP on the Kolyma River. Dams and HPPs have
been shown to increase Hg concentrations for many years after
construction in fishes including burbot from northern
latitudes.24,25

Sampling. A total of 2135 burbot were collected from the
eight rivers between 1980 and 2001. A total mean of 46 burbot
(15 per river, min = 10, max = 20) were collected annually from
the Northern Dvina, Mezen, and Pechora Rivers between 1980
and 1987. A total mean of 136 burbot (17 per river, min = 8,
max = 28) were collected annually from all eight rivers between
1988 and 2001. No data were collected in 1992 (Table 1). The
majority of burbot were collected using a traditional longline ice
fishing technique called nalimnik and all samples were collected
between October and January of each year, which coincides
with the peak of the burbot fishing season in the region.
Sampled fish had a 1:1 sex ratio and measured between 80 and
100 cm total length (TL). Mean TL of sampled fish did not
vary between rivers or between years during this study (p >
0.05). Dorsal muscle samples between 20 and 30 g each were
removed from each fish from an area adjacent to the dorsal fin
and skinned to isolate the muscle tissue for analysis. Tissue

samples were frozen in hermetically sealed plastic bags and
transported to the laboratory for processing. All chemical
analyses were conducted within two months of arrival at the
laboratory in order to avoid archiving samples.

Processing. Laboratory processing of Hg data followed
identical gprocedures as those described in a previous study20

and did not change throughout the duration of this study. Prior
to analyses, all laboratory equipment was cleaned with
concentrated HNO3 and 6 M HCl. Working standards for
inorganic mercury (Hg(II)) were prepared daily by diluting a
standard solution of 1000 mg L−1 Hg (CertiPUR, Merck,
Germany) in 2 M HNO3; all chemicals used were of analytical
grade or higher. The samples of burbot muscle without skin
were thawed so the pieces could be cut into smaller sections
weighing 0.2−0.3 g. These smaller muscle samples were
homogenized prior to analysis in 5 mL H2SO4/HNO3 (4:1
v/v) at 85−90 °C for 2 h, followed by potassium permanganate
and then hydrogen peroxide treatment, as in previous
studies.13,26−28 Measurements of total mercury (THg) were
conducted under wet weight (w.w.) conditions via the cold
vapor atomic absorption spectrometry method29−31 at the
253.7 nm Hg line. For all samples, this was accomplished by
addition of a reductant, either stannous chloride or sulfate.32

Although MeHg would have preferably been analyzed in the
lab, it is expected that 95% or more of THg in these tissue
samples is present in the MeHg form.33 Quality assurance/
quality control (QA/QC) procedures included analysis of a
suite of certified reference materials (CRMs) for THg from the
National Research Council of Canada, the National Institute of

Figure 2. Temporal THg trends in burbot from eight Russian Arctic rivers, arranged from west to east (top to bottom, then left to right). Gray dots
represent observed data, black diamonds represent geometric mean THg concentrations, and lines represent log−linear fit models. Trends represent
mean annual percent changes in THg concentrations as a function of sampling year. Trends from the Mezen River are from Castello et al.20.
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Standards and Technology, and the International Atomic
Energy Agency, Monaco (CRM range: 0.061−4.64 μg·g−1

w.w.). All CRMs measured values were ±7% of the CRM.
QA/QC procedures also included analyses of duplicate samples
and replicate blanks, which were run after approximately every
20 samples and replicate analysis of the same sample or blank
were within ±5%. The THg detection limit of the outlined
method is 0.005 μg·g−1 w.w. of sample.
Statistical Analyses. THg concentration data were

analyzed using the Plot and Image Analysis software.34 To
investigate temporal trends in THg concentrations in burbot,
annual geometric means of THg concentrations were fitted
with log−linear regression models with year as a predictor of
THg concentration (Figure 2). A total of nine models were
developed: one for each river and one as the geometric mean of
all eight rivers together. Although no interannual variation in
mean fish weight or length was detected over time in any of the
rivers (p > 0.05), intra-annual variation in fish weight was high,
as burbot measuring 100 cm TL weighed an average of 40%
more than burbot measuring 80 cm TL (mean total weight =
7.0 and 5.0 kg, respectively). Therefore, total fish weight was
added as a covariate in all models in which THg concentrations
correlated positively with fish weight, including the Kolyma,
Lena, Ob’, Pyasina, and Yenisey Rivers, as well as the
cumulative model (p < 0.05).
To investigate longitudinal trends in THg concentrations, the

same log−linear regression model described above with total
fish weight as a covariate was fit with the exception that
longitude was used as a predictor of THg concentration (Figure
3). Only THg data from 1988 to 2001 were included in the

longitudinal model because all eight rivers were sampled during
this period. The reliability of resulting conclusions about
temporal and longitudinal THg trends was assessed by
calculating the adequacy of the data, which is defined as the
number of sampling years divided by the number of years
required to detect an annual 5% change in contaminant
concentration at α = 0.05 and statistical power = 80%.21

Adequacy values greater than or equal to 1.0 indicate reliable
trends.21

■ RESULTS AND DISCUSSION
Temporal Trends. Concentrations of THg in Russian

Arctic burbot during the sampling period declined in seven of
the eight rivers by between 1.6 and 3.4% annually (Table 2,
Figure 2). THg levels in the Kolyma River also appeared to
decline throughout the study period, although trends were not

significant (p = 0.199). Unlike many Hg time series data sets
evaluated in the Arctic,3,4 all temporal trends analyzed here are
robust as adequacy values were greater than 1.0 (Table 2).
These temporal trends are consistent with those of Castello

et al.20 and indicate that THg trends throughout most of the
Russian Arctic have declined between 1988 and 2001. These
decreasing THg trends coincide with a large-scale decline in
both the number and activity of industrial operations (namely
machinery plants, oil and gas enterprises, mining and
processing of metals and gems, and paper and pulp mills)
which surrounded the collapse of the former Soviet Union
(USSR) in 1991. For instance, Russian economic output
declined by 6.3% annually from 1989 to 1998, amounting to a
cumulative decline of about 44% during this time.35 This
decreasing industrial activity may have reduced both atmos-
pheric GEM emissions and release of Hg-containing effluent
into nearby rivers,9,36 thereby decreasing burbot exposure to
Hg over time during the study period. Reductions in Hg-
containing effluent from an industrial plant in Ontario, Canada
had comparable effects on Hg levels in four fish species in the
English-Wabigoon river system.37 At that site, Hg levels
declined steadily in all four fish species throughout the 15
year period after the effluent deposits were ceased.37 The
collapse of the former USSR may also help explain the sudden
and more drastic decrease in THg concentrations in burbot
around 1991 in the Ob’ River Basin (Figure 2).
Water temperatures may have also influenced THg trends in

Russian Arctic burbot presented here. Increasing water
temperatures have been suggested to increase Hg methylation
rates by sulfur-reducing bacteria, which increases the amount of
bioavailable Hg in the ecosystem.16 Additionally, rising water
temperatures lead to increased food consumption rates in
burbot,38,39 which would be predicted to increase THg
exposure in these fish. However, THg trends in the Russian
Arctic have decreased from 1980 to 2001 despite concurrent
increases in water temperatures in at least the Mezen, Pechora,
and Lena river basins during this time40,41 (water temperatures
for the remaining five rivers during this time period remain
unavailable). One study from the Mackenzie River Basin in
Canada reported a similar inverse relationship between water
temperature and Hg trends in both burbot and lake trout
(Salvelinus namaycush) from the early 1990s to 2012.8 It is
proposed here, as has been suggested previously,20 that
biodilution may have influenced temporal THg trends in
Russian Arctic burbot. For example, increasing stream temper-
atures in parts of the Russian Arctic could increase growth rates
of phytoplankton in these rivers, in turn decreasing the
concentration of Hg per algal cell.42 Reductions in Hg
concentrations with increased growth rates have also been
observed in periphyton43 and zooplankton.44 This reduction in
Hg at the bottom of the food web would decrease dietary Hg
exposure to low-level predators which consume these plankton,
and to tertiary predators such as burbot higher up the food web.
Additionally, increasing stream temperatures may have caused
burbot to grow at faster rates, as has been documented in other
coldwater fishes45 Increased growth rates resulting from
warmer water temperatures could have allowed these burbot
to recruit to the 80 cm TL threshold (the minimum length at
which fish were kept for Hg analyses in this study) at
progressively younger ages over the course of the sampling
period, decreasing their exposure to THg and thereby reducing
their THg concentrations.20 However, further mechanistic
studies are required to clarify the effects of increasing water

Figure 3. Longitudinal THg trends across Russian Arctic rivers. Gray
dots represent observed data, black diamonds represent geometric
mean THg concentrations, and line represents log−linear fit model.
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temperatures on THg accumulation in burbot throughout the
pan-Arctic region.
Longitudinal Trends. Concentrations of THg in all eight

Russian rivers decreased by an average of 1.8% per 10°
longitude from west to east across the study area (R2 = 0.61, p
= 0.022, Figure 3). This trend is robust as the adequacy of the
trend is greater than 1.0. Because THg concentrations were
higher in western than in eastern Russia (Figure 3), and
because the only three rivers sampled from 1980 to 1987 were
also the three westernmost rivers, longitude could have acted as
a confounding variable in the cumulative temporal model that
included THg data from all eight rivers. To remove the effect of
longitude on THg concentrations across the entire Russian
Arctic in this cumulative temporal model, data from 1980 to
1987 were removed from this model, leaving only years in
which all rivers were sampled. No change in the original
cumulative model was observed when these early sampling
years were excluded (annual trend = −2.5%, R2 = 0.82, p <
0.001), providing support to the declining longitudinal trend
from west to east across the Russian Arctic (Figure 3).
A longitudinal gradient in North American and European

Arctic THg concentrations similar to the one observed in this
study was described in 2011 by Riget́ et al. for all Arctic animals
for which data exist, including burbot and other freshwater
fishes.4 This longitudinal gradient showed that the quantity and
magnitude of increasing THg trends in these Arctic animals
decreases moving from west to east across the Arctic, beginning
in Alaska and western Canada where Hg trends are increasing
at the highest rates, and ending in Scandinavia where Hg trends
are mostly stable or even declining.4 When this longitudinal
trend is forecast even further eastward into the Russian Arctic,
Riget́ et al.’s regression model predicts mostly decreasing Hg
trends there. The longitudinal and temporal THg trends
presented in this study therefore agree with the longitudinal
trend first reported by Riget́ et al.,4 showing that this spatial
gradient holds true across the entire pan-Arctic region for
which data exist.4,14,15,19,20

The longitudinal gradient in THg trends observed here may
be influenced in part by a spatial gradient in industrial activities
which occurred throughout the Russian Arctic. In general, more
industrial activities and higher human population densities
occurred in the western Russian Arctic, whereas fewer industrial
activities and lower human population densities occurred in the
central and eastern Russian Arctic between 1980 and 2001, as is

still true today. As previous studies have reported decreasing
THg concentrations in fish with increasing distance from point
sources of Hg contamination,37,46 it could be that THg
concentrations in burbot declined longitudinally in response to
decreasing proximity to industrial activities moving west to east
across the Russian Arctic. This hypothesis is also supported by
sediment cores collected across the Russian Arctic showing that
Hg concentrations in surface sediments decrease longitudinally
from west to east47 in a strikingly similar fashion to THg trends
observed here in burbot. Because surface Hg levels are
predominantly attributed to deposition of anthropogenic Hg
emissions,47 it is suggested here that the longitudinal trend in
THg observed in Russian Arctic burbot may at least in part be
influenced by spatial variation in exposure to anthropogenic Hg
emissions and effluent across the region. Conversely, the
presence of dams and HPPs in the Russian Arctic do not appear
to have influenced longitudinal THg trends in burbot between
1988 and 2001. As earlier studies observed increasing Hg
concentrations with the presence of dams and HPPs,24,25 we
observed lower THg concentrations in regions with dams and
HPPs (the central and eastern Russian Arctic) than in regions
without these infrastructures (the western Russian Arctic).

Heterogeneity in THg Trends. These results provide
strong support to previous indications that trends in THg
concentrations varied throughout the pan-Arctic region
preceding and immediately following the turn of the twenty-
first century, having mostly increased in the North American
Arctic3,4 and mostly decreased in the Russian Arctic.20

Although there are no additional environmental data (e.g.,
aqueous Hg concentrations, water temperatures) to jointly
analyze the Hg data reported here, it appears that this spatial
and temporal heterogeneity in burbot THg trends may have
also been driven in part by varying rates of GEM emissions
from sub-Arctic source regions. Available evidence suggests that
atmospheric GEM is transported to the North American Arctic
predominantly from Hg emissions in sub-Arctic Asia,48 which
increased steadily from 1990 to 2005.3 Conversely, GEM is
transported to the Russian Arctic predominantly from Hg
emissions in sub-Arctic North America and Europe,3,48 which
decreased steadily from 1990 to 20053 in response to the
implementation of environmental regulations.9,36 Thus, the
increasing Hg trends in North American Arctic animals and the
decreasing Hg trends in Russian Arctic animals both follow
similar patterns as Hg emissions trends from their respective

Table 2. Annual Trends in THg Concentrations in Burbot in Eight Rivers of the Russian Arctica

river
geometric mean [THg] (μg·g−1 w.w.) at

start of sampling period
geometric mean [THg] (μg·

g−1 w.w.) in 2001
cumulative change in

mean [THg]
annual trend in mean [THg] (95%

confidence interval)c adequacyd

North
Dvinab

0.173 0.107 −38% -1.7% (−2.6, −0.7) 3.0

Mezenb 0.158 0.110 −30% -2.3% (−2.8, −1.8) 3.5
Pechorab 0.175 0.117 −33% -1.6% (−2.5, −0.8) 3.0
Ob’ 0.164 0.107 −34% -3.4% (−6.3, −0.4) 1.4
Yenisey 0.209 0.104 −50% -2.9% (−5.5, −0.2) 1.6
Pyasina 0.093 0.097 4% -1.6% (−3.0, −0.2) 2.2
Lena 0.117 0.093 −21% -2.7% (−4.0, −1.4) 2.2
Kolyma 0.110 0.097 −12% −0.7% (−1.9, 0.4) 2.2
All Rivers 0.171 0.104 −39% -2.6% (−3.1, −2.1) 3.5
aRivers are arranged from west (top) to east (bottom) across the Russian Arctic. Mean THg concentrations control for the effect of fish weight as a
covariate in the Ob’, Yenisey, Pyasina, Lena, and Kolyma Rivers, as fish weight correlated positively with THg concentration. bRivers which were
sampled between 1980 and 2001. All other rivers were sampled between 1988 and 2001. cBold trends indicate those which are statistically significant
at α = 0.05. dAdequacy is defined as the number of sampling years divided by the number of years required to detect an annual 5% change in
contaminant concentration.21 Adequacy values greater than or equal to 1.0 indicate reliable trends.
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source regions. Because of this, and because about 70% of Hg
present in interior Arctic tundra ecosystems is derived from the
deposition of anthropogenic Hg emissions,49 it appears likely
that deposition of GEM transported from sub-Arctic regions
could influence THg trends in animals across the entire pan-
Arctic region, as has been observed in other regions of the
world.50,51 However, further study of long-range GEM
transport and associated rates of deposition to the Arctic,
perhaps utilizing stable isotopic tracers, is necessary to create a
more thorough understanding of the relationships between sub-
Arctic GEM emissions and Hg trends in animals throughout
the pan-Arctic region.
Interpretation of temporal and longitudinal trends in THg in

Russian Arctic burbot suggest that both depositional and
postdepositional processes may explain the observed spatial and
temporal heterogeneity in Hg trends in Arctic animals. In order
to further understand Hg dynamics throughout the entire pan-
Arctic region, integrative analyses must be conducted based on
spatially complete data sets of the emission, transport, and
deposition of GEM to the Arctic, as well as on biotic and
abiotic environmental controls of Hg bioavailability and
bioaccumulation.
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