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High levels of methylmercury accumulation in marine biota are a concern throughout
the Arctic, where coastal ocean ecosystems received large riverine inputs of mercury
(Hg) (40 Mg-y_l) and sediment (20 Tg~y_1) during the last decade, primarily from
major Russian rivers. Hg concentrations in fish harvested from these rivers have
declined since the late 20th century, but no temporal data on riverine Hg, which is
often strongly associated with suspended sediments, were previously available. Here, we
investigate temporal trends in Russian river particulate Hg (PHg) and total suspended
solids (TSS) to better understand recent changes in the Arctic Hg cycle and its potential
future trajectories. We used 1,300 measurements of Hg in TSS together with discharge
observations made by Russian hydrochemistry and hydrology monitoring programs to
examine changes in PHg and TSS concentrations and fluxes in eight major Russian
rivers between ca. 1975 and 2010. Due to decreases in both PHg concentrations
(micrograms per gram) and TSS loads, annual PHg export declined from 47 to
7 Mgy~ " overall and up to 92% for individual rivers. Modeling of atmospheric Hg
deposition together with published inventories on reservoir establishment and industrial
Hg release point to decreased pollution and sedimentation within reservoirs as predom-
inant drivers of declining PHg export. We estimate that Russian rivers were the primary
source of Hg to the Arctic Ocean in the mid to late 20th century.
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High levels of methylmercury accumulation in marine biota are a concern throughout
the Arctic (1), where coastal ocean ecosystems receive large riverine inputs of mercury
(Hg) and sediment. Recent estimates indicate that riverine export of Hg to the Arctic
Ocean (36 to 44 Mg-yfl) (2—4) is comparable to inputs from coastal erosion (15 to 47
Mgy ') and nearly half that of atmospheric inputs from direct deposition and via sea
ice and snow meltwater (45 to 98 Mg-yil) (5, 6). Particulate Hg (PHg) accounts for
roughly half of the Hg export in northern rivers (3), in part because of the strong bind-
ing affinity between Hg and organic matter in suspended solids (7). River discharge
and total suspended solids (TSS) are thus strong predictors of Hg export to the coastal
Arctic Ocean (4), where much of the riverine Hg is thought to be resequestered in mar-
ginal sediments or reduced and evaded to the atmosphere (8). Superimposed on these
controls on Hg cycling, climate warming and intensifying hydrologic cycles are
strengthening land—freshwater linkages at northern high latitudes (9). These effects are
reflected by increases in riverine export of weathering ions and dissolved nutrients
across the circumpolar north in recent decades (10-12) and regional intensification of
Hg release into fluvial networks (13, 14). Yet, Hg concentrations in fish harvested
from major Russian rivers, which account for 70% of riverine Hg inputs to the coastal
Arctic Ocean (4), have declined since the late 20th century (15, 16). No published
temporal data exist to evaluate trends in Russian river Hg against other hydrochemical
constituents which have exhibited striking multidecadal increases.

Amid recent and ongoing environmental change, long-term trends in riverine Hg
are likely to be controlled by factors that influence sediment and pollution loading to
watersheds. First, natural and/or anthropogenic changes in river discharge (e.g., reser-
voirs) may alter fluvial energy and thus erosion of sediment Hg from river banks and
beds (17). Dams for energy and water resources are widespread across Russia (18), and
associated reservoirs are likely to reduce net sediment export by increasing sedimenta-
tion (19). Additionally, industrial activities are historically prominent local and regional
sources of pollution across Russia and in 2010 released an estimated 10 Mg of Hg via
effluent directly into freshwaters (17). Polluting activities in major Russian watersheds
include Chlor-alkali-based sodium hydroxide production to bleach paper products
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Significance

Russian rivers are the
predominant source of riverine
mercury to the Arctic Ocean,
where methylmercury
biomagnifies to high levels in food
webs. Pollution controls are
thought to have decreased
late-20th-century mercury loading
to Arctic watersheds, but there are
no published long-term
observations on mercury in
Russian rivers. Here, we present a
unique hydrochemistry dataset to
determine trends in Russian river
particulate mercury
concentrations and fluxes in
recent decades. Using hydrologic
and mercury deposition modeling
together with multivariate time
series analysis, we determine that
70 to 90% declines in particulate
mercury fluxes were driven by
pollution reductions and
sedimentation in reservoirs.
Results suggest that Russian rivers
likely dominated over all other
sources of mercury to the Arctic
Ocean until recently.
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(20), coal- and gas-fired heat and power generation (21), gold
mining (22), and municipal waste processing (23). From the
late 1980s to late 1990s, economic output in Russia declined
by 44% as the former Union of Soviet Socialist Republics
(USSR) collapsed (24). This decreased industrial activity may
have reduced Hg emissions to the atmosphere and curbed
direct releases into aquatic ecosystems. Finally, the onset of Hg
emission controls in the mid-20th century (25) reduced atmo-
spheric Hg deposition in the northern hemisphere (26). Atmo-
spheric Hg deposited to soils may be mobilized into fluvial
networks via leaching and runoff over decades to centuries
(27). The scarcity of riverine Hg data available from watersheds
in the Russian sector of the pan-Arctic basin hinders a more
concrete understanding of controls on northern high-latitude
Hg cycling in recent decades.

Here we present multidecadal observations on TSS and PHg
concentrations for eight major Russian rivers which discharge
into seas bordering the Arctic Ocean: the Onega, Northern
Dvina, Mezen, Pechora, Ob’, Yenisey, Lena, and Kolyma
(Fig. 1). Using 1,300 paired measurements of TSS and PHg
concentration and daily river discharge made from the 1970s to
the late 2010s as part of a long-term Russian biological moni-
toring program, we investigate spatiotemporal trends in TSS
and Hg concentration and export with the aim of better under-
standing recent changes in the Arctic Hg cycle. We then assess
potential controls on changes in riverine Hg using observations
on TSS, inventories of reservoir establishment (18), records of
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industrial Hg release (17), climate reanalysis data (28), and esti-
mates of historical atmospheric Hg deposition simulated using
a global atmospheric chemical transport model for Hg species
(GEOS-Chem) (29). Our findings help to conceptualize future
trajectories of Hg cycling at northern high latitudes, where
rapid environmental change is expected to accelerate Hg release
into ecosystems (13, 14, 30).

Results and Discussion

Multidecadal Declines in TSS and PHg Export. Our multideca-
dal hydrochemical observations, together with flux estimates
using weighted regressions of concentrations on time, dis-
charge, and season (WRTDS) software (31, 32), reveal large
declines in TSS and PHg fluxes in major Russian rivers in the
pan-Arctic basin between the 1970s and 2010s (Table 1). Our
trend analyses leverage WRTDS flow normalization, which
controls for the influence of variability in discharge to better
understand potential effects from disturbance (e.g., pollution
and reservoirs) on constituent concentration and flux. Trend
significance results for flow-normalized concentration and flux
from WRTDS are equivalent to two-sided P values and we
report them following ref. 32: highly likely (>0.95 and <1.0),
very likely (>0.90 and <0.95), likely (>0.66 and <0.90), about
as likely as not (>0.33 and <0.66), and unlikely (<0.33).
Declines in flow-normalized TSS flux were highly likely in the
Ob’ (19.2 Tg-y_l), Lena (17.4), Yenisey (5.6), Pechora (4.3),
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Fig. 1. The eight rivers examined in this study span the longitudinal breadth of Russia. Their watersheds encompass nearly 10,000,000 km? and contain
varied histories of industrial pollution and reservoir establishment associated with dams. The Yukon and Mackenzie Rivers are shown here and referenced

in the main text but were not sampled as part of this study.
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Table 1. Absolute (total) and relative (percent) changes in mean annual flow-normalized concentrations and total
annual flow-normalized fluxes of TSS and PHg, discharge, peak discharge magnitude, mean annual air tempera-
ture, and total annual precipitation

Parameter River n Start (t;) End (o) Value at t4 Value at t; Change (total) Change, %  Trend
TSS concentration, Onega 149 1980 1992 12.8 (11.2-14.4) 16.1 (12.4-22.2) 33 25.8 L
mg-L’1 Northern Dvina 1,062 1979 2001 21.0 (15.5-23.8) 16.6 (13.3-19.4) —-4.5 -21.0 L
Mezen 378 1980 2018 16.8 (13.1-22.4) 8.2 (7.0-10.5) -8.7 -51.2 HL
Pechora 415 1983 2018 22.7 (16.3-34.4) 6.8 (5.1-8.8) -15.9 -70.0 HL
Oob' 319 1974 2008 53.8 (48.4-58.7) 22.2 (17.1-25.6) -31.8 -58.7 HL
Yenisey 122 1980 2011 9.4 (7.2-10.5) 5.5 (2.4-7.9) -3.9 -41.5 HL
Lena 58 2004 2018 40.8 (18.0-99.9)  13.9 (0.4-18.6) -26.4 —65.9 L
Kolyma 55 1982 1987 19.8 (15.2-25.9)  39.7 (33.0-53.7) 19.8 100.5 HL
PHg concentration, Onega 155 1980 1992 0.44 (0.41-0.48) 0.33 (0.28-0.36) -0.11 -25.0 HL
pgg’ Northern Dvina 304 1980 2001 0.97 (0.89-1.11)  0.41 (0.37-0.49) -0.57 -57.7 HL
Mezen 223 1980 2002 0.67 (0.61-0.72)  0.30 (0.26-0.34) -0.37 —55.2 HL
Pechora 182 1983 2002 0.50 (0.47-0.55) 0.27 (0.23-0.31) -0.23 —46.0 HL
Ob' 222 1979 2008 0.59 (0.50-0.75)  0.21 (0.18-0.28) -0.39 —-64.4 HL
Yenisey 146 1980 2011 2.0 (1.9-2.2) 0.57 (0.37-0.66) -1.46 -71.8 HL
Lena 40 2004 2011 — — — — —
Kolyma 63 1982 1987 0.80 (0.68-0.90)  1.09 (0.97-1.27) 0.29 36.3 VL
TSS flux, Tgy ™" Onega 149 1980 1992 0.26 (0.20-0.31)  0.48 (0.29-0.93) 0.21 84.6 L
Northern Dvina 1,062 1979 2001 4.0 (2.5-4.8) 3.1 (2.1-3.8) -0.85 —-22.5 L
Mezen 378 1980 2018 0.62 (0.44-0.99) 0.29 (0.20-0.40) -0.34 -53.2 HL
Pechora 415 1983 2018 5.3 (3.3-8.5) 1.0 (0.7-1.2) -4.3 -81.1 HL
Ob' 319 1974 2008 31.3(28.3-34.7) 12.7 (10.2-15.1) -19.2 -59.4 HL
Yenisey 122 1980 2011 9.9 (7.0-11.8) 4.3 (1.7-5.1) -5.6 —-56.9 HL
Lena 58 2004 2018 31.0 (15.6-37.6)  13.5(2.3-17.9) -17.4 -56.5 HL
Kolyma 55 1982 1987 5.6 (3.9-7.0) 12.2 (9.4-16.8) 6.6 117.9 HL
PHg flux, Mg-y~" Onega 126 1980 1992 0.10 (0.08-0.11)  0.12 (0.06-0.19) 0.02 20.0 N
Northern Dvina 296 1980 2001 4.5 (2.7-5.7) 1.2 (0.9-2.0) -33 -73.3 HL
Mezen 183 1980 2002 0.37 (0.24-0.58)  0.05 (0.02-0.11) -0.32 —86.5 HL
Pechora 152 1983 2002 2.3 (1.4-4.0) 0.45 (0.19-0.73) -1.9 -804 HL
Ob' 222 1979 2008 9.7 (6.7-16.3) 3.1 (1.8-6.3) -6.5 -68.0 HL
Yenisey 122 1980 2011 30.0 (20.0-38.8) 2.3 (0.5-3.8) -27.7 -92.3 HL
Lena 37 — — — — — — —
Kolyma 43 — — — — — — —
Discharge, km3y~' Onega — 1980 1992 14.8 16.4 1.6 10.6 0.45
Northern Dvina — 1979 2001 99.4 107.2 7.8 7.9 0.65
Mezen — 1980 2018 19.1 20.5 1.4 7.2 0.92
Pechora — 1983 2018 1324 102.4 -29.9 —22.6 0.02
Ob' — 1974 2008 390.2 408.2 18.1 4.6 0.55
Yenisey — 1980 2011 567.8 653.6 85.7 15.1 < 0.001
Lena — 2004 2018 639.3 629.7 -9.6 -1.5 0.44
Kolyma — 1982 1987 85.7 118.2 32.5 37.9 0.46
Peak discharge Onega — 1980 1992 3.7 4.1 0.4 11.5 0.24
magnitude, km?3 Northern Dvina — 1979 2001 28.1 32.8 4.8 17.0 0.18
Mezen — 1980 2018 7.0 6.9 -0.06 -0.9 0.74
Pechora — 1983 2018 38.5 30.7 -7.8 -20.2 0.32
Ob' — 1974 2008 57.4 62.0 4.6 7.9 0.27
Yenisey — 1980 2011 168.5 166.0 -2.5 -1.5 0.89
Lena — 2004 2018 145.0 157.6 12.6 8.7 0.66
Kolyma — 1982 1987 8.8 36.2 27.4 313.2 0.81
Mean annual air Onega 12 1980 1992 1.0 2.1 1.1 1121 0.84
temperature, °C NorthDvina 21 1980 2001 0.5 1.1 0.6 133.3 0.88
Mezen 22 1980 2002 -1.3 -1.4 -0.2 -13.4 0.34
Pechora 19 1983 2002 -6.5 -7.7 -1.2 -18.3 0.94
Ob 29 1979 2008 -0.7 1.6 23 3333 0.05
Yenisey 31 1980 2011 -5.7 -33 24 42.9 0.28
Lena 7 2004 2011 -9.3 -7.1 2.2 23.2 1.00
Kolyma 5 1982 1987 -12.3 -13.3 -1.0 -8.2 0.81
Total annual Onega 12 1980 1992 567 700 133 235 0.95
precipitation, mm NorthDvina 21 1980 2001 696 674 —22 -3.2 0.38
Mezen 22 1980 2002 567 664 97 171 0.26
Pechora 19 1983 2002 897 893 -4 -0.4 0.44
Ob 29 1979 2008 680 572 -108 -15.9 0.81
Yenisey 31 1980 2011 591 566 -25 -4.2 0.56
Lena 7 2004 2011 503 471 -32 -6.4 0.23
Kolyma 5 1982 1987 185 159 —-26 -14.1 0.46

Downloaded from https://www.pnas.org by MBL Woods Hole Ocean Inst Library on March 28, 2022 from IP address 50.228.83.142.

Trends in TSS and PHg were evaluated using WRTDS and bootstrapped 90% confidence intervals are shown in parentheses. WRTDS modeling requires n > 50 and was not done for the
Lena (PHg concentration and flux) or Kolyma (PHg flux). Trend significance for WRTDS results are equivalent to two-sided P values and are reported as highly likely (HL >.95 and <.0),
very likely (VL >.90 and < 0.95), likely (L > 0.66 and < 0.90), about as likely as not (n > 0.33 and < 0.66), or unlikely (<0.33). Trends in discharge and watershed climate were evaluated
using the Mann-Kendall trend test (significant P < 0.05). Decreases are preceded by minus signs.
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and Mezen (0.3) and likely in the Northern Dvina (0.9). For
these rivers, relative change in flow-normalized TSS flux ranged
from —23% (Northern Dvina) to —81% (Pechora), whereas
increased flow-normalized TSS flux was likely in the Onega and
highly likely in the Kolyma. Declines in flow-normalized PHg
flux were very or highly likely for the Yenisey (27.7 Mg-y_l), ob’
(6.5), Northern Dvina (3.3), Pechora (1.9), and Mezen (0.3). For
these five rivers, relative declines ranged from 68% (Ob’) to 92%
(Yenisey), while flow-normalized PHg flux in the Onega likely
did not change and flux could not be estimated for the Lena or
Kolyma due to a more limited number of observations in these
two rivers (Table 1 and S/ Appendix, Fig. S1).

Underlying these trends in total annual fluxes, mean annual
flow-normalized concentrations of TSS (milligrams per liter)
and PHg (micrograms per gram) declined on average by 51%
([TSS]) and 53% ([PHg]) in all rivers except for the Onega
(only PHg declined) and Kolyma (Fig. 2). Measurements of
[PHg] from this study (mean = 0.7 p.g-gfl, range = 0.1 to 5.3,
n = 1,484) overlapped with observations for global rivers (0.4
[0.01 to 3.7], n = 168) (SI Appendix, Fig. S2). All declines in
flow-normalized [PHg] and most for flow-normalized [TSS]
were highly likely (Table 1). Except for a 15% increase in
annual discharge in the Yenisey and a 23% decrease in the
Pechora, declines in flow-normalized [TSS] and [PHg] were
not accompanied by significant changes in discharge or peak
discharge magnitude in any other rivers, the latter representing
a potential driver of fluvial erosion (33). Results derived for the
Yenisey and Pechora using generalized flow normalization,
which accounts for long-term change in discharge (see Materials
and Methods), indicate that declines in flow-normalized TSS and
PHg fluxes were mostly (91 to 93% and 91 to 96%, respectively)
due to changes in concentration. Hence, declines in TSS and
PHg flux in recent decades appear to be primarily linked to
diminished inputs of sediment and Hg to these rivers and/or
increased sedimentation within fluvial networks (see below).

These trends extend previous assessments of mid- to late-
20th-century sediment fluxes in major Russian rivers, which
showed decreased TSS flux in the Yenisey and variability in the
Lena and Ob’ (34-36). Our observation that flow-normalized
TSS flux in the Kolyma increased within only 6 y from 1982
to 1987 may reflect interannual variability due to a shorter
sampling duration but agrees with long-term observations (ca.
1940 to 1988) of increased TSS flux (34, 35). Although our
estimates of PHg flux extend to ca. 2010, independent meas-
urements of total Hg (PHg + dissolved Hg) and TSS flux
made from 2012 to 2017 in the Ob’, Yenisey, and Lena (3, 4)
align with trajectories of declining flow-normalized PHg flux
that we document in preceding decades (S/ Appendix, Fig. S1).
Our measurements bridge observations between the mid-20th
century and 2010s, revealing large and previously undocu-
mented declines in TSS and PHg concentration and flux that
are indicative of striking changes in Arctic fluvial sediment
regimes and Hg cycling during recent decades.

Spatial Variability in PHg and TSS Export and Drivers. Normal-
izing constituent fluxes by watershed area (i.e., yield) facilitates
assessment of controls on constituent export from underlying
terrain  differences (e.g., surficial geology), hydrology, and
anthropogenic impacts across diverse landscapes (37). We
investigate TSS and PHg yields as a first step in characterizing
potential drivers of declining Hg export among watersheds
(continued in the next section). Fluxes we used to calculate

yields were estimated by WRTDS Kalman filtering, which
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accounts for serial autocorrelation and provides non-flow-
normalized flux estimates that better capture temporal variation
and discharge-driven patterns of constituent export (38). Mean
annual TSS yields ranged from 0.7 to 17.2 Mg-km™>-y~" and
varied significantly among watersheds (ANOVA: £, = 135,
P < 0.001). Higher TSS yields in the Kolyma (17.2 +
4.4 Mg-kmfz-yfl, mean + SE) and Lena (9.1 + 0.8) than in
the western watersheds (6.0 + 1.4) have been attributed to rela-
tively erodible Quaternary sediments bearing interstratified
layers of ice in eastern Siberia (39). In the western Russian
watersheds, sedimentation within expansive downstream low-
lands is thought to sequester substrate derived from erosion in
mountainous upper reaches, reducing TSS export to the coastal
ocean (39). These trends highlight a broad longitudinal gradi-
ent in topography and surficial geology underlying regional var-
iation in TSS yields across the Russian north. Superimposed on
this gradient, large reservoirs constructed on the Ob’, Yenisey,
and their tributaries (Fig. 1) in the mid-20th century reduced
TSS export in the decades following by trapping large amounts
of sediment (34), consistent with global reductions in riverine
sediment export due to reservoir establishment (19). Our
observations of large reductions in late-20th-century TSS flux
(Table 1) extend these earlier trends and implicate reservoirs as
a primary sediment sink in Russian fluvial networks during the
mid to late 20th century.

Mean annual PHg yields varied significantly among water-
sheds (F s = 56, P < 0.001) and overall were relatively low
(0.4 to 6.4 gkm >y '), which is typical of watersheds at
northern high laticudes (2), where a cold climate tempers fluvial
erosion for much of the year. In comparison to TSS, PHg
yields were highest in the Yenisey and Northern Dvina (5.1 +
0.7 to 6.4 + 0.7), lowest in the Mezen (0.4 + 0.1), and inter-
mediate in the other rivers (2.1 + 0.2 to 4.5 + 0.7) (there are
no data for Lena and Kolyma due to shorter periods of record).
While regional variability in TSS yields appeared to be driven
by longitudinal variability in terrain conditions and the distri-
bution of reservoirs, relatively high PHg yields in the Yenisey
and Northern Dvina correspond with records of historical Hg
contamination from regional industry. For instance, major pulp
and paper mills along the lower Northern Dvina accumulated
large amounts of Hg waste adjacent to their facilities (20) from
manufacturing of bleaching agents for paper production.
Chlor-alkali production in headwaters of the Yenisey released
more than 1,200 Mg of Hg into the environment during oper-
ation from 1973 to 1998 (40) and soil Hg concentrations in
contaminated regions reach 125 pg-g_I (41). In addition to
likely proximate sources of Hg to the rivers in this study, rivers
integrate biogeochemical effects of anthropogenic disturbance
from across their watersheds. In 2010, an estimated 14 Mg of Hg
was released to Russian freshwaters from anthropogenic sources
(effluent released directly and indirectly via soil erosion and leach-
ing from contaminated sites) and 7 Mg from background sources
(soil erosion and runoff of natural and atmospherically deposited
Hg) (17). From a mass budget perspective, these recent invento-
ries together with our hydrochemical observations estimate com-
parable magnitudes of Hg input to aquatic environments from
anthropogenic sources (14 Mgy ' in 2010) and transported
within Russian rivers (~19 Mg~y71 ca. 2000s; Table 1). The spa-
tial patterns and overall large declines in PHg export we docu-
ment surround a large decrease in industrial activity from the late
1980s to 1990s as the Soviet Union collapsed (24), which may
have partly reduced Hg loading to rivers via declines in industrial
effluent and emissions to the atmosphere.
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Fig. 2.

(A-H) Mean annual measured concentrations (+ SE) of PHg (primary y axes) and TSS (secondary y axes) by river, shown as points superimposed on

flow-normalized concentrations (smoothed line) from WRTDS (see Materials and Methods). Shaded regions are the 90% confidence interval around flow-
normalized concentrations, derived using a WRTDS bootstrap approach for estimating uncertainty. Uncertainty could not be estimated for years with insuffi-
cient records of daily discharge (Onega and Northern Dvina) or low sample size (PHg, Lena).

Atmospheric Hg Deposition to Russian Watersheds. The onset
of Hg emission controls during the mid-20th century and asso-
ciated declines in deposition from primary anthropogenic emis-
sions (42) are thought to have reduced Hg loading to Russian
ecosystems and also riverine Hg export (16). To test this
hypothesis, we modeled decadal trends in deposition of primary
anthropogenic Hg emissions from regional (i.e., Europe and
USSR) and global sources to the eight focal watersheds, using a
global chemical transport model (GEOS-Chem v.12.7) (29)
and published inventories of Hg emission magnitudes (25, 43,
44). Global primary anthropogenic Hg emissions declined
from a peak of 3,020 Mg-y ™' in 1970 to a minimum of 1,960
Mgy~ ' in 1990, before rising to 2,390 Mgy ' in 2015.
Within Europe and the former Soviet Union, primary anthro-
pogenic emissions declined by 1,070 Mgy~ " (from 1,230 to
160) between 1970 and 2015. During this time, mean annual
Hg deposition from re%ional emissions to all focal watersheds
declined by 85 Mgy . The decline in Hg deposition from
global emissions, which includes regional sources, was smaller
(79 Mgy "), largely due to increased emissions from eastern
Asia. Declining primary anthropogenic emissions in recent dec-
ades are consistent with the trends we observed in Hg deposi-
tion to the focal watersheds (Fig. 3 and SI Appendix, Table S1).

Hg uptake within terrestrial ecosystems and eventual export
of Hg from soils to freshwaters can occur over decades to cen-
turies (27). This export lag may be accelerated in northern
watersheds if winter and springtime Hg deposition is preserved
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on the surface and flushed into fluvial networks via the freshet
snowmelt pulse. Thus, comparing deposition and riverine Hg
mass fluxes among watersheds facilitates assessment of potential
contributions from changing emissions to fluvial export. In the
four smaller western watersheds and also in the Ob’, declines in
atmospheric Hg deposition (-15 to —17 Mgy~ ') exceeded
changes in riverine PHg flux (12 Mg~y71) (Table 1). Normal-
ized by watershed area, average peak deposition in the eastern
watersheds (22 g-km™ %y~ '; Ob’, Yenisey, Lena, Kolyma) was
smaller than in the four western watersheds (46 g-km_z-y_l),
where a larger proportion of Hg deposition originated from
proximate regional urban and industrial centers rather than
from global sources (Fig. 3). Together, these trends in mass
fluxes and areal deposition indicate relatively greater effects
from declines in regional primary anthropogenic Hg emissions
on riverine Hg export in the smaller western watersheds. In the
Ob’ and Yenisey, large decreases in flow-normalized PHg flux
relative to deposition implicate reservoirs and reductions in
local industrial pollution as primary drivers of declines in river-
ine PHg export. Together, our findings indicate that multideca-
dal declines in riverine PHg export across Russia were driven
by decreases in [PHg] associated with varied environmental and
anthropogenic factors.

Potential Drivers of Trends in PHg Concentration. Dynamic
regression models (DRMs) we developed for each river (see
Materials and Methods for multivariate time series analysis)
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which flow-normalized PHg concentration was estimated using WRTDS.

provide evidence for potential drivers underlying the near-
universal declines in flow-normalized [PHg]. Covariate coeffi-
cients indicated that changes in atmospheric Hg deposition
from regional sources were most strongly associated with [PHg]
in the four smaller western watersheds (Onega, Northern
Dvina, Mezen, and Pechora) (Table 2). For these watersheds,
deposition lagged at 10 to 15 y may reflect effects on aquatic
Hg loading from both rapid (subdecadal) responses in direct
deposition to surface waters and also delayed responses via run-
off (45) and also capture the period from ~1970 to 1990 of
relatively rapid declines in deposition from regional sources
which contributed more to Hg deposition (Fig. 3 and “yields”
results). Global Hg deposition lagged at 5 y was most strongly
associated with [PHg] trends in the Ob’ watershed, where depo-
sition to surface waters in vast wetlands (46) may accelerate the
response of aquatic Hg cycling to changes in declining atmo-
spheric deposition. Climate covariates were included in the most
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parsimonious models for most of the five western rivers, despite
showing negligible change over the study period (Table 1) and
generally appearing less-associated with flow-normalized [PHg]
than atmospheric Hg deposition and flow-normalized [TSS]. The
association between flow-normalized [TSS] and [PHg], an indica-
tor of sediment—Hg coupling, appeared to vary among rivers and
was strongest in the Yenisey, where the top two DRMs included
terms for flow-normalized [TSS] and lagged cumulative reservoir
capacity, respectively. In the most parsimonious DRM, omission
of reservoir capacity suggests the covariate for [TSS] captured res-
ervoirs’ effects on sediment concentrations across the Yenisey
watershed (Fig. 1). Although the short periods of record pre-
cluded assessment of [PHg] trends and drivers in the Lena and
Kolyma, accelerating permafrost thaw is likely to emerge as a key
driver of fluvial PHg export in these watersheds (47).

Other processes known to influence riverine PHg, such as
local and regional industrial pollution, were not quantified well
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Table 2. Results from DRMs used to evaluate potential
drivers underlying trends in flow-normalized PHg
concentration

River BIC Covariate Coefficient SE
Onega —-122.8 Regional Hg 0.009 0.002
dep (15-y lag)

[TSS] 0.007 0.003
TAP —0.001 0.002
Intercept —0.011 0.001
AR1 —-0.393 0.304
c 0.001
Northern  —144.6 Regional Hg 0.020 0.008
Dvina dep (15-y lag)
[TSS] -0.013 0.003
MAAT 0.001 0.001
AR1 0.985 0.020
c 0.006
Mezen —-197.4 Regional Hg —0.042 0.019
dep (10-y lag)
TAP 0.009 0.002
[TSS] —0.006 0.003
AR1 0.865 0.106
c 0.002
Pechora -171.4 Regional Hg 0.008 0.006
dep (10-y lag)
[TSS] 0.008 0.002
AR1 —0.008 0.245
c 0.002
Oob' —234.1 Global Hg dep 0.003 0.003
(5-y lag)
TAP —0.002 0.006
[TSS] 0.002 0.002
AR1 0.960 0.035
c 0.003
Yenisey -157.4 [TSS] 0.047 0.016
MAAT 0.003 0.002
Intercept —0.041 0.005
AR1 0.466 0.197
c 0.015

For each river, a suite of preliminary models contained all possible combinations of
covariates: atmospheric Hg deposition (dep) (global vs. local with 0-, 5-, 10-, and 15-y
lags), the flow-normalized concentration of total suspended solids ([TSS]), watershed
total annual precipitation (TAP), watershed mean annual air temperature (MAAT), and
(for the Ob’ and Yenisey only) cumulative reservoir capacity (20- and 25-y lags). The most
parsimonious model was selected as the model with the lowest Bayesian information
criterion (BIC) score that did not violate model assumptions. AR1 (regression residuals)
and o (model residuals, calculated as \0'2) are components of the ARIMA error. The
ARIMA structure was (1,2,0) for the Mezen and Pechora, and (1,1,0) for all other rivers
(see Materials and Methods).

enough on a watershed basis to include as covariates in our
models, but their effects are implicated by historical records
and reflected by DRM residuals. Nevertheless, our modeling
results suggest that reductions in atmospheric Hg deposition
and likely also industrial polluting activities within watersheds
drove declines in [PHg] which, together with sediment trap-
ping by reservoirs (especially in the Yenisey), contributed to the
large declines in Russian river Hg export in recent decades.

Implications for Northern High-Latitude Hg Cycling. Trajecto-
ries of declining PHg export together with estimates of flux
magnitude enable a first assessment of historical riverine PHg
fluxes. Summing the initial timepoint values from WRTDS
results (Table 1) shows that riverine flow-normalized PHg
fluxes from the Russian rivers (excluding the Lena and Kolyma)
were ~47 Mgy~ " around 1980. This value is 7 to 27% higher
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than estimates of 37 to 44 Mgy~ ' for contemporary (2012 to
2017) riverine total Hg flux upscaled to the entire pan-Arctic
watershed (3, 4). Total Hg fluxes in the late 20th century were
likely greater still, due to fluxes of dissolved Hg for which we
are unable to account. Contemporary fluxes of dissolved Hg
(<2.2 pm passing fraction) in these Russian rivers are consid-
ered significant relative to PHg (49% + 2%) (3), suggesting
that—under a potential scenario of limited historical changes
in the proportion of the Hg pool in the dissolved versus partic-
ulate phase—total Hg flux by Russian rivers approached 100
Mgy ' some four decades ago. Major sources of Hg to the
Arctic Ocean and contemporary estimates of their inputs
include ocean currents (21 to 48 Mg~y71), coastal erosion (15
to 47 Mgy~ '), and atmospheric deposition and snowmelt (45
to 98 Mg-yfl) (5, 6, 48). The latter may have declined since
the onset of Hg controls in the 1970s (25). Therefore, we esti-
mate that Russian rivers were potentially the single largest
source of Hg to the Arctic Ocean in the mid-20th century.
Further, contemporary total annual Hg flux from the Yukon
and Mackenzie Rivers is ~10 Mgy ' (4) and has potentially
increased in recent decades (15). Thus, changes to Arctic fluvial
Hg cycling during the last half century were driven by dimin-
ishing terrestrial Hg inputs within Russian rivers in the pan-
Arctic basin.

Future permafrost thaw is expected to intensify Hg cycling
(13, 30). Across the circumpolar north, diverse terrain condi-
tions (e.g., relief, ground ice, and Hg content) are likely to
drive regional variability in the effects of permafrost thaw on
fluvial export and biogeochemical transformation of Hg (49).
Particularly in watersheds with limited flow regulation and
large stores of soil Hg, permafrost degradation and increased
sediment transport associated with melting of regional glaciers
(7, 50) are likely to emerge as prominent sources of fluvial Hg
as the Arctic warms (30). In North America, the most severe
trajectories of climate warming and associated permafrost thaw
project a doubling of fluvial Hg flux to nearly 10 Mgy ™" in
the Yukon River Basin by 2100 (30). In Canada, where large
areas are susceptible to hillslope thermokarst activity (51), flu-
vial propagation of thawed substrate may redistribute Hg across
watershed scales for centuries to millennia (14, 52). Permafrost
degradation in western Siberia is predicted to double fluvial
PHg flux in the coming decades (13). The degree to which
these effects may counteract our observations of decreased river-
ine TSS and Hg export will likely be determined by anthropo-
genic activities (e.g., industrial activity and dam construction)
that modify sediment transport and Hg loading to watersheds
across the north.

In this study, we found significant declines in sediment and
Hg concentration and export in major Russian rivers that were
driven by pollution reductions and reservoir establishment,
resolving a decades-long period of uncertainty in the magnitude
and drivers of Hg cycling across a vast portion of the Arctic. As
anthropogenic polluting activities continue to change and per-
mafrost thaw intensifies land—freshwater linkages (13, 14, 30),
hydrochemical and biological monitoring programs building on
continuous, long-term data collection will be imperative to cap-
ture changes in Hg cycling at northern high latitudes (53).
Future research should also prioritize 1) investigating the fate
of PHg within northern reservoirs, lakes, and coastal regions,
where large accumulations of Hg in sediments (54) may influ-
ence methylmercury dynamics and accumulation within food
webs; 2) modeling of permafrost region Hg cycling (30) which
incorporates potential effects from regional human activities
on Hg mass budgets; and 3) tracing sources of fluvial Hg, to

https://doi.org/10.1073/pnas.2119857119 7 of 10



Downloaded from https://www.pnas.org by MBL Woods Hole Ocean Inst Library on March 28, 2022 from IP address 50.228.83.142.

discriminate between permafrost and nonpermafrost Hg sour-
ces and to elucidate Hg cycling (55).

Materials and Methods

sampling and Analysis. River water samples for TSS and PHg concentration
were collected approximately monthly and sampling duration varied across all
rivers from 5 to 36 y (S Appendix, Fig. S3 and Table S2). River water was col-
lected at midchannel and at the left and right banks from near the surface (0- to
0.5-m depth) and from midchannel only in November, December, February,
March, and April during frozen conditions. Samples were collected using a
metal-free sampler, stored in precleaned 2- to 5-L borosilicate glass bottles (Tef-
lon-coated bottles in the year 1980) following clean sampling techniques,
sealed, and kept chilled until analysis. Laboratory methods for processing of TSS
and PHg samples followed clean techniques from previous studies (15, 16,
56-59) and was consistent throughout the duration of this study. Within 2 h of
collection, up to 2 L of water was filtered using acid-cleaned polycarbonate
Nuclepore filters (0.45 pm). Filters were dried at 105 °C and weighed to obtain
TSS (detection limit = 3 mg-L”) (60). For PHg, additional sediment was fil-
tered, digested, reduced, and quantified using cold vapor atomic absorption
spectrometry (PerkinElmer Coleman Mas-50 Mercury Analyzer or Spectropho-
tometer VARIAN AA-475) (61). Certified reference materials for total Hg were
obtained from the National Research Council of Canada, the National Institute of
Standards and Technology, and the International Atomic Energy Agency, Monaco
(certified reference material range: 0.061 to 4.64 pug-g~"). PHg (nanograms per
liter) used in flux estimates was calculated as the product of PHg (micrograms
per gram) and TSS (milligrams per liter). Additional details on quality assurance
and control, along with watershed characteristics related to reservoirs and indus-
trial pollution, are available in SI Appendix, Supplementary Text.

River Discharge and Watershed Climate. Observations of daily discharge
were obtained from ref. 62. We calculated annual peak discharge magnitude
(33) as the sum of daily discharge in the 95th percentile for each year, to assess
annual trends in fluvial energy, implications for erosion and sediment transport,
and potential effects from anthropogenic activity (e.g., river flow regulation) in
the context of changing northern hydrology (9). We tested temporal trends in
annual discharge, peak discharge magnitude, watershed mean annual air tem-
perature, and watershed total annual precipitation using the nonparametric
Mann-Kendall and trend prewhitening to account for serial correlation (63)
using the zyp package (64) in R software v.3.6.2 (65). (See Multivariate Time
Series Analysis for information on climate data sources.) Additional details on dis-
charge measurements are available in S/ Appendix, Supplementary Text.

Hg and Sediment Flux Modeling. Estimates of annual TSS and PHg concen-
trations and fluxes were made using the United States Geological Survey
weighted regressions on time, discharge, and season (WRTDS) modeling
approach (31) in the R package Exploration and Graphics for RivEr Trends
(EGRET) v.3.0 (66). A major benefit of WRTDS for modeling long-term trends in
hydrochemical constituent concentrations and fluxes is that it allows for flexibility
in the relationship between discharge and constituent concentration, resulting in
reduced bias and improved accuracy of flux estimates (31). WRTDS outputs
include flow-normalized concentration and fluxes, while an extension
(WRTDS_K) provides Kalman filter (i.e., non-flow-normalized) flux estimates (38).
We show mean annual measured concentrations (Fig. 2) and total annual Kal-
man fluxes (S/ Appendix, Fig. S1) to illustrate interannual variation in TSS and
PHg, and we use Kalman fluxes to estimate constituent yields (flux/watershed
area), which facilitates assessment of controls on constituent export from under-
lying terrain differences (e.g., surficial geology), hydrology, and anthropogenic
impacts across diverse landscapes (37). Watershed areas upstream of each dis-
charge monitoring station were obtained from (67) and the ArcticRIMS Project
(https://rims.unh.edu). A bootstrap method was used to estimate uncertainty in
flow-normalized concentrations and fluxes and to test for statistical significance
and strength of trends (32). Trends in river discharge were also tested over the
PHg concentration interval and, for rivers exhibiting a significant change in dis-
charge (Pechora and Yenisey only), flow-normalized concentrations, fluxes, and
their bootstrap uncertainties were derived using a generalized flow normaliza-
tion procedure detailed for v.3.0 of EGRET (66) (http://usgs-r.github.io/EGRET/
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index.html). This procedure also determines the change in flow-normalized con-
centration and flux that is attributable to discharge versus concentration. Total
absolute and relative (percent) changes in 1SS and PHg concentrations and
fluxes were given as outputs from WRTDS. No issues in model performance
were detected during visual inspection of model fit and bias in residuals. Prior
to TSS and PHg modeling, corrections for spatiotemporal offsets between chem-
istry sampling and discharge monitoring stations for the Northern Dvina, Mezen,
Pechora, Yenisey, Lena, and Kolyma Rivers were applied following ref. 67.

Atmospheric Hg Deposition 1960 to 2015. Simulations of atmospheric Hg
deposition trends from local (Europe and USSR) and global sources to the eight
focal watersheds were conducted using the GEOS-Chem global chemical trans-
port model for Hg (version 12.7; https://geos-chem.seas.harvard.edu/) (29). The
model calculates the transport, chemistry, and deposition of atmospheric Hg spe-
cies and has been extensively evaluated against all available observations (29).
Atmospheric transport is driven by assimilated meteorological data from the
NASA Global Modeling and Assimilation Office’s MERRA-2 reanalysis product
(68). All simulations were conducted at the 2° x 2.5° horizontal resolution, with
47 vertical levels. The model is forced by primary anthropogenic emissions for
the period 1960 to 2015 based on published inventories (25, 43, 44). These
inventories account for the role of emission control technologies in changing the
speciation of power plant emissions, allowing us to better estimate effects on
regional deposition which is, to a large degree, determined by Hg(ll) emissions.
Emissions from terrestrial ecosystems, ocean evasion, and geogenic emissions
were held constant at the modern value of 5,260 Mg-y~" in the GEOS-Chem
benchmark budget. We used magnitudes of atmospheric Hg deposition
together with inventories on industrial Hg release to assess potential contribu-
tions from pollution sources to riverine Hg export. Additional details on recon-
structing historical  deposition trends are available in S/ Appendix,
Supplementary Text.

Multivariate Time Series Analysis. To assess potential drivers underlying
trends in PHg concentration in each river, we developed DRMs using the fable
package (69) in R. We accounted for time series autocorrelation in each model
by including an autoregressive integrated moving average (ARIMA) error struc-
ture, which contains the components (p,d,g). Components were determined
using a Durbin-Watson test (for p, the autoregressive order) and a
Kwiatkowski-Phillips-Schmidt-Shin test (for d, the degree of first-order differenc-
ing to achieve stationarity); g, the moving average component, is often used for
modeling data with intra-annual (e.g., seasonal) trends (70) and was thus set to
0 for our time series of annual data. ARIMA error structures were either (1,1,0)
or (1,2,0). We included predictor covariates for changes in atmospheric Hg depo-
sition, suspended sediments, reservoirs, and climate. Potential delayed effects
on PHg concentration from changes in Hg deposition (27) and reservoir estab-
lishment (19) were modeled by including lagged values of atmospheric Hg
deposition (lags of 5, 10, and 15 y) and cumulative reservoir capacity (20 and
25 y). Lag spans were limited by data availability and reservoir effects were
assessed only for the Ob' and Yenisey, because datasets were not available to
evaluate long-term (>10 y) trends in PHg for the Lena and Kolyma. Mean
annual air temperature and total annual precipitation were derived from ERA5
monthly reanalysis data (0.25° x 0.25°) (28) available from 1979 to 2015 using
Google Earth Engine (71). Reservoir locations, volumes, and dates of establish-
ment were obtained from the Global Reservoir and Dam Database (18) and the
literature (S Appendix, Table S3). The preliminary suite of DRMs included all
possible combinations of predictors, with one term each for deposition and res-
envoirs to differentiate between contemporary and lagged effects. The model
with the lowest Bayesian information criterion was selected as the most parsimo-
nious. A Ljung-Box test and plots of model residual autocorrelation and distribu-
tion were used to confirm that residuals were indistinguishable from white noise
(i.e., uncorrelated, homoscedastic, and mean of zero), and models violating
these conditions were not considered.

Additional Statistics. Mean annual yields of PHg and TSS among rivers were
compared using a Welch's heteroscedastic F test from the R package onewaytests
(72). Bartlett's test was used to first confirm that variances were not homogenous.

Data Availability. Data are deposited online and publicly accessible via the
Arctic Data Center (https://arcticdata.io/catalog/view/doi%3A10.18739%2FA2
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DZ0331M) (73). Scripts for processing this data are publicly available at https:/
github.com/szolkos/Russian-river-Hg. All other data are available in the main text
and/or in S/ Appendlix.
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Methods

Study Sites. Riverine sediment and Hg export may be considerably influenced at local and
regional scales by anthropogenic activities (1, 2) and also from long-range transport and deposition
of continental-scale industrial emissions (3, 4). Anthropogenic disturbance to fluvial sediment
regimes and Hg cycling (e.g., reservoirs, industrial pollution) occurs to varying degrees within all
of the focal watersheds. Industrial activity (e.g., pulp and paper mills) and resource extraction (e.g.,
coal mining, oil extraction) are documented sources of contaminants, including Hg, in most of the
watersheds. Mid- to late-20" century dam construction and reservoir establishment is well-
documented for the Ob’, Yenisey, Lena, and Kolyma (5). Dams and reservoirs along the Onega,
Northern Dvina, Mezen, and Pechora rivers are not evident in modern satellite imagery, and
documentation of late-20'" century dam construction and operations in the watersheds is sparse.

Onega. Inspection of contemporary, moderate-resolution satellite imagery freely available in
Google Earth reveals no visible reservoirs or dams along the Onega River or its major tributaries.

Northern Dvina. Three major pulp and paper mills are located along the Northern Dvina river,
in Arkhangelsk, Novodvinsk (20 km upriver of Arkhangelsk), and Koryazhma (610 km upriver of
Arkhangelsk). Large amounts of Hg accumulated in dumps and on territories of these pulp and
paper mills (6). Among them, the Ilim Group (formerly Kotlas Pulp and Paper Mill) in Koryazhma
is the largest pulp and paper mill in Russia (6). Since around the year 2000, the mills have used
modern methods rather than Hg to produce bleaching agents for paper production
(www.ilimgroup.com). Additional sources of Hg to the Northern Dvina may include municipal
waste, and heat and power generating plants (7).

Mezen. Previous research found large declines in industrial contaminants during the late 1980s
and early 1990s within the headwaters of the Mezen. The decline and collapse of the Union of
Soviet Socialist Republics (USSR) were implicated as a driver of these trends (8, 9).

Pechora. Exploitation of the relatively rich oil, gas, and coal deposits within the Pechora region
has polluted the Pechora River and its tributaries since the early 20" century (10). Hg and other
contaminants within regional lake sediments reflect historical deposition of industrial emissions
within the region (11, 12).

Ob’. Reservoirs occur within the upper reaches of the Ob’ mainstem and in the watershed of
the Irtysh River, a major tributary of the Ob’. The reservoir along the Ob’ mainstem in Novosibirsk
(9 km?®) began filling in 1956 (5) for its hydroelectric dam (13). Large reservoirs on the Irtysh
River include those associated with the Bukhtarminsk (50 km?) and Shulbinsk (2 km?)
hydroelectric power plants in Kazakhstan. The Bukhtarminsk reservoir began to fill in 1960 (5).
Several smaller dams are located in the watershed of the Tobol River, the largest tributary of the
Irtysh River (5). Extractive industries in the southern Irtysh river basin (Kazakhstan) have resulted
in heavy metal pollution in headwaters (14). The Ob’ river basin is a primary oil extraction and
coil mining region in Russia with many large industrial cities located on the banks of the Ob’ river
and its tributaries (15).

Yenisey. Chlor-alkali production in headwaters (16, 17) during operation from 1973—-1998
released more than 1,200 Mg of Hg into the environment. Soil Hg content in contaminated regions
reaches 125 ug g! (18). Numerous reservoirs were constructed for dams along the Yenisey River
since the mid-20'" century, including the large, perennial Krasnoyarsk and Sayano-Shushenskoye
dams, which began to fill their reservoirs in 1967 and 1978, respectively (5). The Krasnoyarsk




Dam has a large (73 km?) reservoir and the Sayano-Shushenskoye a smaller (31 km?®) (13). Large
dams along the Angara River, a major tributary of the Yenisey, include the perennial Irkutsk
(began filling in 1956, reservoir capacity = 46 km?) and Bratskoe (1961, 169 km?), and seasonal
Ust-Ilimskoe (1974, 59 km?®) and Boguchanskoe (2012, 58 km?) (5, 13). Two reservoirs exist in
the lower Yenisei basin, on the tributaries Khantaika (1970, 24 km?) and Kureika (1988, 10 km?).

Lena. Anthropogenic disturbance to sediment loads in the Lena watershed are partly attributed
to mining (19). The Vilyuyskoe Reservoir (1967, 36 km®) on the Vilyuy River is the largest
perennial reservoir in the Lena River basin (13), while other reservoirs exist in the watershed.

Kolyma. The Kolyma watershed is characterized by industrial development associated with
natural resource extraction and hydroelectric dam operations (20). The Kolymsk Dam (1982) has
a relatively large reservoir (15 km?®) (www.kolymaenergo.rushydro.ru/hpp/general/108681.html).
The Ust-Srednekansk Dam (2013) is located downstream on the Kolyma River with a reservoir
volume of 5.4 km? (13). Gold mining in the middle and lower reaches of the Kolyma River
significantly increases suspended sediments within the river (21-23).

Sampling and Analyses

Sample Collection and Laboratory Analyses. Sampling stations were located at Porog (Onega),
Arkhangelsk (Northern Dvina), Dorogorskoye (Mezen), Nar’yan-Mar (Pechora), Salekhard (Ob’),
Dudinka (Yenisey), Zhigansk (Lena), and Cherskiy (Kolyma) (Table S1). River water samples for
TSS and PHg concentration were collected approximately monthly, as part of the Special Scientific
Research Program of Biomonitoring of trace elements and organochlorine pesticides in freshwater
ecosystems (SPB) initiated during the USSR era. SPB was coordinated by several agencies in
recent decades: the Hydrochemical Institute, Roshydromet (the Federal Service for
Hydrometeorology and Environmental Monitoring, the Ministry of Natural Resources and
Environment, Russian Federation), the Institute of Oceanology (Russian Academy of Sciences,
RAS), Rostov State University, and the A.N. Severtzov Institute of Evolution Morphology and
Ecology of Animals, RAS (from 1994, known as the A.N. Severtsov Institute of Problems of
Ecology and Evolution), from 1976-1995/1997; the Centre for Preparation and Implementation of
International Projects on Technical Assistance, North-Caucasus Branch (NCB CPPI) from 1997—
2001; and by the South Russia Centre for Preparation and Implementation of International Projects
(CPPI-S Ltd) from 1997-2008 (24-26).

Sample processing and analysis was performed in a cleanroom using equipment pre-cleaned
with concentrated HNO3 and 6 M HCI. All chemicals used were of analytical grade or higher. Prior
to filtering, samples were composited when collected from mid-channel and both banks. Replicate
TSS samples had a coefficient of variation < 8%. For PHg, additional sediment was filtered in the
same fashion and digested in HNO3/H20; at 90°C for 2 h followed by potassium permanganate
and hydrogen peroxide treatments. Samples were reduced using either stannous chloride or sulfate
and detected at the 253.7 nm Hg line (detection limit = 0.005 pg Hg g'!) using cold vapor atomic
absorption spectrometry (Perkin-Elmer Coleman Mas-50 Mercury Analyzer or Spectrophotometer
VARIAN AA-475) (27). The concentration of PHg was determined under dry weight conditions.
Working standards for Hg(Il) were prepared daily by diluting a standard solution of 1000 mg L-!
Hg (CertiPUR, Merck, Germany) in 2 M HNOs. Quality assurance / quality control procedures
included analysis of certified reference materials (CRMs), duplicate samples, and sample blanks.
CRM measured values were within 7% of the CRM. Duplicate samples and replicate blanks were
run after every ~20 samples and were within 5% of sample values. Duplicate values were averaged



prior to statistical analysis. Particulate Hg (ng L'!) used in flux estimates was calculated as the
product of PHg (ug g!) and TSS (mg L).

Discharge Data and Climate Trends. Measurements of daily river discharge were made by
Roshydromet monitoring stations located at Porog (Onega), Ust’ Pinega (Northern Dvina),
Malonisogorskoye (Mezen), Ust-Tsilma (Pechora), Salekhard (Ob’), Igarka (Yenisey), Kyusyur
(Lena), and Kolymskoye (Kolyma) (Fig. 1, Table S1). Short (< 10 day) gaps in discharge data,
which occurred rarely, were linearly interpolated for observations made during the winter, when
flow is relatively low and less variable (28). Longer gaps (weeks to months) and gaps in the spring
and summer were not interpolated. In such cases, the entire calendar year of discharge observations
was omitted from flux modeling and is reflected graphically as a data gap (Fig. S1). Temporal
trends in river discharge (see main text) are reported for years coinciding with the TSS data period,
which extend seven years longer than PHg records for the Lena, and 16 years for the Mezen and
Pechora (Fig. S1, Table S1), allowing for discharge trends to encompass the entire duration of the
dataset. Trends in mean annual air temperature and total annual precipitation for each river (Table
2) were tested over the PHg concentration interval, to coincide temporally with the dynamic
regression modeling.

Atmospheric Hg Deposition 1960-2015. In order to reconstruct historical deposition trends, we
first defined source-receptor relationships for each of five anthropogenic emission regions and one
representing natural and legacy emissions from the ocean, terrestrial biosphere, and geogenic
sources. The source-receptor function (/) is defined following (29) and provides the pattern of
global deposition (D) to receptor region j resulting from an emission (£) released from target
region i:

I == (S3)

Global deposition is then reconstructed for each time period by multiplying each regional emission
magnitude by the corresponding source-receptor function, and summing over these products:

i

Regional emission magnitudes (1960-2015) were derived from published inventories (4, 30, 31)
and decadal emission trends were linearly interpolated to produce annual fluxes.
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Fig. S1. Total annual fluxes of particulate Hg (PHg, primary y-axes) and total suspended solids
(TSS, secondary y-axes) estimated from WRTDS for the eight rivers. Kalman-filtered (non-flow-
normalized) fluxes (see Methods) are shown as points superimposed on flow-normalized fluxes
(smoothed line). Shaded regions are the 90% confidence interval around flow-normalized fluxes,
derived using a WRTDS bootstrap approach for estimating uncertainty. In ¢)-h) diamonds = mean
of total annual TSS and total Hg (PHg + dissolved Hg) fluxes from (32), triangles = PHg fluxes
from (33), and squares = PHg fluxes from (34). Vertical error bars depict standard deviation and
horizontal error bars represent the range.
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Fig. S2. Overlapping density distributions of particulate Hg (PHg) concentrations observed in this
study and in global rivers. Data from global rivers were compiled by (35), which includes data
from (36-60).
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Fig. S3. Days on which river water was sampled for total suspended solids (TSS) and particulate
mercury (PHg) superimposed on the hydrographs of the eight rivers made from daily observations
of river discharge.
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Table S1. Absolute (total) and relative (%) changes in mean annual flow-normalized
concentrations and fluxes of total suspended solids (TSS) and particulate Hg (PHg), discharge,
peak discharge magnitude, and Hg deposition from global and regional (Europe and USSR)
sources. Changes in Hg deposition were estimated over the PHg concentration interval. Trends in
Hg deposition were not tested.

Value Value Change Change

Parameter River n Start End atg at (total) (%)

Hg deposition

(Global, Mg y!) Onega 12 1980 1992 3.2 2.7 -0.5 -15.5
Northern Dvina 21 1980 2001  10.3 7.1 -3.1 -30.5
Mezen 22 1980 2002 2.2 1.7 -0.6 -26.4
Pechora 19 1983 2002 9.0 6.8 2.2 -24.7
Oob' 29 1979 2008 42.1 31.9 -10.2 -24.2
Yenisey 31 1980 2011  38.6 30.5 -8.1 -21.0
Lena 7 2004 2011 33.1 34.6 1.5 4.5
Kolyma 5 1982 1987 124 12.1 -0.3 -2.8

Hg deposition

(EU+USSR, Mg y") Onega 12 1980 1992 24 1.9 -0.5 -21.0
Northern Dvina 21 1980 2001 5.7 2.3 -3.4 -59.3
Mezen 22 1980 2002 1.1 0.4 -0.7 -61.2
Pechora 19 1983 2002 43 1.8 -2.5 -58.6
Oob' 29 1979 2008 17.5 54 -12.2 -69.4
Yenisey 31 1980 2011 16.0 5.1 -10.9 -67.9
Lena 7 2004 2011 3.7 3.0 -0.7 -17.9
Kolyma 5 1982 1987 2.6 2.1 -0.5 -17.8
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Table S2. Locations of water sampling and discharge monitoring stations, start and end dates of measurements, and the sources of
data used in this study. Refer to Figure S1 for years with complete daily discharge used for LOADEST modeling for each river.
Latitude and longitude are reported in decimal degrees. SPB = Special Scientific Research Program of Biomonitoring. NCB CPPI =
Centre for Preparation and Implementation of International Projects on Technical Assistance, North-Caucasus Branch. CPPI-S =
South Russia Centre for Preparation and Implementation of International Projects. Roshydromet = Federal Service for
Hydrometeorology and Environmental Monitoring, Ministry of Natural Resources and Environment, Russian Federation.
OGSNK/GSN is part of Roshydromet.

River Parameter Ezgﬁgfgfﬁgéiﬁs;n;gg:g location / (;;l)t) %]())B% Start End Data source
Onega TSS Porog 63.82 38.47 1980-01-22 1992-12-20 SPB, OGSNK/GSN, NCB CPPI, CPPI-S
PHg Porog 63.82 38.47 1980-01-22 1992-12-20 SPB, NCB CPPI, CPPI-S
Discharge  Porog (70842) 63.82 38.47 1980-01-01 1992-12-31 Roshydromet
Northern Dvina ~ TSS Arkhangelsk 64.52 40.55 1979-01-10  2001-11-23 SPB, OGSNK/GSN, NCB CPPI, CPPI-S
PHg Arkhangelsk 64.52 40.55 1980-01-20  2001-12-21 SPB, NCB CPPI, CPPI-S
Discharge  Severnaya Dvina at Ust' Pinega (70801)  64.13  41.92  1979-01-01 2001-12-31 Roshydromet
Mezen TSS Dorogorskoye 65.60 4450 1980-04-09  2018-10-10 SPB, OGSNK/GSN, NCB CPPI, CPPI-S
PHg Dorogorskoye 65.60 4450 1980-01-22  2002-12-17 SPB, NCB CPPI, CPPI-S
Discharge =~ Mezen at Malonisogorskoye (70844) 65.00 45.62 1980-01-01 2018-12-31 Roshydromet
Pechora TSS Nar'yan-Mar 67.68 53.10 1983-01-13 2018-10-08 SPB, OGSNK/GSN, NCB CPPI, CPPI-S
PHg Nar'yan-Mar 67.68 53.10 1983-01-13 2002-12-20 SPB, NCB CPPI, CPPI-S
Discharge  Pechora at Ust-Tsilma (70850) 65.42 5228 1983-01-01 2018-12-31 Roshydromet
Ob' TSS Salekhard 66.63 66.60 1974-06-30  2008-07-27 SPB, NCB CPPI, CPPI-S
PHg Salekhard 66.63 66.60 1979-02-10  2008-05-28 SPB, NCB CPPI, CPPI-S
Discharge  Ob' at Salekhard (11801) 66.63  66.60 1974-01-01 2008-12-31 Roshydromet
Yenisey TSS Dudinka 69.38  86.15 1980-03-18  2011-11-30 SPB, NCB CPPI, CPPI-S
PHg Dudinka 69.38  86.15 1980-02-19  2011-11-30 SPB
Discharge  Yenisey at Igarka (9803) 6743 86.48 1980-01-01 2011-12-31 Roshydromet
Lena TSS Zhigansk 66.77 127.37 2004-04-13 2018-10-03 CPPI-S
PHg Zhigansk 66.77 127.37 2004-04-13 2011-11-20  CPPI-S
Discharge  Lena at Kyusyur (3821) 70.68 127.39 2004-01-01 2018-12-31 Roshydromet
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Kolyma TSS Cherskiy 68.75 161.30 1982-03-10 1987-10-17 SPB

PHg Cherskiy 68.75 161.30 1982-02-09 1987-12-14 SPB

Kolyma at Kolymskoye (1802) /

Discharge Kolymsk-1 (1803)

68.73 158.72 1982-01-01 1987-12-31 Roshydromet
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Table S3. Information on reservoirs within the study watersheds. Unless otherwise noted, data are from (13).

Main Year Year Area  Capacity
river Tributary Dam name Reservoir name Lat (DD) Long (DD) filled commissioned (km?) (km?%)
Oob' Irtysh Bukhtarma Lake Zaysan 49.655849  83.347580 - 1960 4194 49.8
Ob' Ob Novosibrisk Novosibirskoye 54.842791  83.001042 1956 1957 1024 8.8
Oob' Irtysh Shulbinsk NA 50.400315 81.070488 - 1987 (64) 179 2.4
ob’ Tobol Verkhne-Tobolskaya NA 52.518748  62.334486 - 1977 75 0.8
ob’ Irtysh Oskemen Ust-Kamenogorsk (63)  50.403750  81.070417 - 1952 (63) - 0.7 (63)
ob’ Ishim Sergeevskoye (61) - 53.839445  67.432500 - 1969 (65) - 0.6 (62)
ob’ Ishim Vyacheslavsky (62) - 51.00078  72.170382 - 1970 (66) - 0.4 (62)
Yenisei Angara Bratsk Bratskoye 56.284112 101.785413 1961 1964 4811 169.0
Yenisei Yenisei Krasnoyarsk Krasnoyarskoye 55.933970  92.293240 1967 1972 1630 73.3
Yenisei Angara Ust-Ilim Ust-Ilimskoye 57.976665 102.668786 1974 1977 1703 59.3
Yenisei Angara Boguchany NA 58.693824  99.152222 2012 2013 1768 58.2
Yenisei Angara Irkutsk Baikal 52.234393 104.321875 1956 1956 31968 46.0
Yenisei Yenisei Sayano-Shushenskaya  Sayano-Shushenskoye 52.825779  91.367186 1978 1990 282 313
Yenisei Khantaika  Ust-Khantaika Khantayskoye 68.124830  87.761458 1970 1970 2189 235
Yenisei Kureika Kureiskaya Kureiskaya 66.949844  88.285430 1988 1989 500 9.9
Lena Vilyui Vilyui Vilyuyskoye 63.034291 112.477083 1967 1967 2190 359
Lena Vilyui - Mamanskoye 57.808750 114.032917 - 1963 - 0.2
Lena Irelakh Irelakh - 62.521250 113.929583 - 1964 - 0.0
Kolyma Kolyma Ust-Srerdnekanskaya NA 62.431600 152.148089 2013 2012 265 5.4
Kolyma Kolyma Kolyma NA 62.055299 150.409359 1980 1991 446 1.5
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