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Organic carbon (OC), iron (Fe), metal, and phosphorus (P) are key aquatic components
that largely determine the biotic and abiotic functioning of freshwater systems, including
groundwater, soil water, lakes, rivers, and their estuaries. Over the past decade, there has
been increasing interest regarding the elevation in organic carbon and iron concentrations in
freshwaters in relation to the so-called “browning” effect, caused by climate warming and
changes in anthropogenic pressure. As for phosphorus, it is a vital element for all aquatic
ecosystems and its aquatic biogeochemical cycle is now undergoing sizable changes linked
to eutrophication, invasive species development, and transformations between organic and
inorganic forms. This Special Issue combines the articles dedicated to various aspects of the
behavior of organic carbon, phosphorus, iron (and other related metals) in a broad range
of freshwater environments, from soil solutions and groundwaters to ponds, lakes, rivers,
and their riparian zones and estuaries.

Savenko and Savenko [1] presented a review on the geochemistry of phosphorus in
continental runoff in the form of both dissolved and solid substances, with a separate
consideration for the processes of runoff transformation in river mouth areas. The authors
could draw a conclusion about the non-conservative distribution of phosphorus in the
estuaries, in most cases associated with biological production and destruction processes.
They further argue that conservative behavior of phosphorus was observed only in heavily
polluted river mouths with abnormally high concentrations of this element.

Pokrovsky et al. [2] reported a new assessment of riverine fluxes of carbon, nutrients,
and metals in the surface waters of permafrost-affected regions; their study is crucially im-
portant for constraining adequate models of ecosystem functioning under various climate
change scenarios. As a case study, they used the largest permafrost peatland territory on
the Earth, the Western Siberian Lowland (WSL). By applying a “substituting space for time”
scenario, the WSL south-north gradient was used as a model for future changes due to the
permafrost boundary shift and climate warming. The authors demonstrated that, contrary
to common expectations, the climate warming and permafrost thaw in the WSL will likely
decrease the riverine export of organic C and many other elements; they conclude that
modeling of C and element cycles in the Arctic and sub-Arctic should be region-specific,
and that neglecting huge areas of permafrost peatlands might produce sizeable bias in our
predictions of climate change impact.

In the same territory, Manasypov et al. [3] studied the biogeochemistry of thermokarst
lakes and demonstrated that thermokarst lakes and ponds that are formed due to thawing
of frozen peat in high-latitude lowlands are very dynamic and environmentally important
aquatic systems. They showed that these thermokarst lakes and ponds play a key role in
controlling C emission to the atmosphere and organic carbon (OC), nutrient, and metal
lateral exports to rivers and streams. Analyses of lake water chemical composition across
the permafrost gradient allowed them a first-order empirical prediction of lake hydrochem-
ical changes in the case of climate warming and permafrost thaw, employing a scenario
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where space is substituted for time. The main conclusion of this study was that the exact
magnitude of this response will be strongly seasonally dependent, with the largest effects
observable during baseflow seasons.

Extending the knowledge of river water chemical composition in Siberia, Tashiro et al. [4]
studied watershed-scale iron dynamics, and coupled the seasonal changes in Fe and dissolved
organic carbon (DOC) concentrations in the tributaries of the Amur River basin. They demon-
strated that permafrost wetlands in valley areas act as hotspots of dissolved Fe production
and greatly contribute to Fe and DOC discharge to rivers, especially during snowmelt and
rainy seasons.

Additionally, in Eastern Siberia, Vorobyev et al. [5] described a snapshot study of
major and trace element concentration in the Lena River basin during the peak of spring
flooding, which revealed a specific group of solutes according to their spatial pattern
across the river main stem and tributaries and allowed the establishment of a link to
certain landscape parameters. The authors demonstrate that future changes in the river
water chemistry linked to climate warming and permafrost thaw at the scale of the whole
river basin are likely to stem from changes in the spatial pattern of dominant vegetation
as well as the permafrost regime. They further argue that comparable studies of large,
permafrost-affected rivers during contrasting seasons, including winter baseflow, should
allow efficient prediction of future changes in riverine “inorganic” hydrochemistry induced
by permafrost thaw.

Two studies of river water hydrochemical composition in Western Siberia—those of
Ivanova et al. [6] and Kolesnichenko et al. [7]—provided new insights on landscape, soil,
lithology, climate, and permafrost control of dissolved carbon and other major and trace
elements in the Ob River, its tributaries, and other small- and medium-sized rivers of the
region. These works demonstrated strong environmental factor control on major and trace
element concentrations in Western Siberian rivers and predicted a future increase in the
concentration of DIC and labile major and trace elements and a decrease in the transport of
DOC and low soluble trace metals in the form of colloids in the main stem of the Ob River.
They assert that large-scale, seasonally resolved transect studies of large riverine systems of
Western Siberia are needed to assess the hydrochemical response of this environmentally
important territory to ongoing climate change. An example of using such an approach for
two contrasting rivers of the region—permafrost-affected Taz River and permafrost-free Ket
River—is provided by Pokrovsky et al. [8], who showed that climate warming in northern
rivers may double or triple the concentration of DIC, Ca, Sr, U, but also increase the
concentration of DOC, POC, and nutrients. The study applied a substituting-space-for-time
approach for the south-north gradient of the studied river basins.

Further insights on the factors shaping the chemical composition of rivers were pro-
vided by Krickov et al. [9] who measured chemical composition of dissolved (<0.22 pm)
fractions of snow across a 2800 km south-north gradient in Western Siberia. Based on
mass balance calculation, these authors demonstrate that the wintertime atmospheric input
represents a sizable contribution to the riverine export fluxes of dissolved (<0.45 um) Mn,
Co, Zn, Cd, Pb, and Sb during springtime and can appreciably shape the hydrochemical
composition of the Ob River main stem and tributaries.

The role of river water hydrochemistry in freshwater organism ecology and chemical
composition is presented in work of Lyubas et al. [10]. The authors used new data on
trace elements accumulation by freshwater mussels in the Severnaya Dvina and the Onega
River Basin—the two largest subarctic river basins in the Northeastern Europe. The study
revealed that iron and phosphorous accumulation in shells have a strong relationship
with their distance from the mouth of the river; additionally, they demonstrated that the
accumulation of elements in the shell depends on the environment of the biotope.

Finally, Venelinov and Tsakovski [11] presented a case study of surface waters where
they implemented the metal bioavailability concept in the Water Framework Directive
(WFD) compliance assessment. Based on comprehensive database including DOC and
metals, they used three substitution approaches and demonstrated that BIO-MET can be
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used as the most appropriate tool for the bioavailability assessment of Cu, Zn, and Pb in
Bulgarian surface water bodies.

Funding: This research was funded by RSF, grant number 22-17-00253.

Conflicts of Interest: The author declares no conflict of interest.

References

1.
2.

10.

11

Savenko, V.S.; Savenko, A.V. The Main Features of Phosphorus Transport in World Rivers. Water 2022, 14, 16. [CrossRef]
Pokrovsky, O.S.; Manasypov, R.M.; Kopysov, S.G.; Krickov, I.V.; Shirokova, L.S.; Loiko, S.V.; Lim, A.G.; Kolesnichenko, L.G.;
Vorobyev, S.N.; Kirpotin, S.N. Impact of Permafrost Thaw and Climate Warming on Riverine Export Fluxes of Carbon, Nutrients
and Metals in Western Siberia. Water 2020, 12, 1817. [CrossRef]

Manasypov, R.M.; Lim, A.G.; Krickov, L.V,; Shirokova, L.S.; Vorobyev, S.N.; Kirpotin, S.N.; Pokrovsky, O.S. Spatial and Seasonal
Variations of C, Nutrient, and Metal Concentration in Thermokarst Lakes of Western Siberia Across a Permafrost Gradient. Water
2020, 12, 1830. [CrossRef]

Tashiro, Y.; Yoh, M.; Shiraiwa, T.; Onishi, T.; Shesterkin, V.; Kim, V. Seasonal Variations of Dissolved Iron Concentration in Active
Layer and Rivers in Permafrost Areas, Russian Far East. Water 2020, 12, 2579. [CrossRef]

Vorobyev, S.N.; Kolesnichenko, Y.; Korets, M.A.; Pokrovsky, O.S. Testing Landscape, Climate and Lithology Impact on Carbon,
Major and Trace Elements of the Lena River and Its Tributaries during a Spring Flood Period. Water 2021, 13, 2093. [CrossRef]
Ivanova, I.; Savichev, O.; Trifonov, N.; Kolubaeva, Y.V.; Volkova, N. Major-Ion Chemistry and Quality of Water in Rivers of
Northern West Siberia. Water 2021, 13, 3107. [CrossRef]

Kolesnichenko, I.; Kolesnichenko, L.G.; Vorobyev, S.N.; Shirokova, L.S.; Semiletov, L.P.; Dudarev, O.V.; Vorobev, R.S.; Shavrina, U.;
Kirpotin, S.N.; Pokrovsky, O.S. Landscape, Soil, Lithology, Climate and Permafrost Control on Dissolved Carbon, Major and
Trace Elements in the Ob River, Western Siberia. Water 2021, 13, 3189. [CrossRef]

Pokrovsky, O.S.; Lim, A.G.; Krickov, I.V.; Korets, M.A.; Shirokova, L.S.; Vorobyev, S.N. Hydrochemistry of Medium-Size Pristine
Rivers in Boreal and Subarctic Zone: Disentangling Effect of Landscape Parameters across a Permafrost, Climate, and Vegetation
Gradient. Water 2022, 14, 2250. [CrossRef]

Krickov, LV.; Lim, A.G.; Shevchenko, V.P.; Vorobyev, S.N.; Candaudap, E.; Pokrovsky, O.S. Dissolved Metal (Fe, Mn, Zn, Nji,
Cu, Co, Cd, Pb) and Metalloid (As, Sb) in Snow Water across a 2800 km Latitudinal Profile of Western Siberia: Impact of Local
Pollution and Global Transfer. Water 2022, 14, 94. [CrossRef]

Lyubas, A.A.; Tomilova, A.A.; Chupakov, A.V.; Vikhrev, L.V,; Travina, O.V.; Orlov, A.S.; Zubrii, N.A.; Kondakov, A.V.; Bolotov, LN.;
Pokrovsky, O.S. Iron, Phosphorus and Trace Elements in Mussels” Shells, Water, and Bottom Sediments from the Severnaya Dvina
and the Onega River Basins (Northwestern Russia). Water 2021, 13, 3227. [CrossRef]

Venelinov, T.; Tsakovski, S. How to Implement User-Friendly BLMs in the Absence of DOC Monitoring Data: A Case Study on
Bulgarian Surface Waters. Water 2022, 14, 246. [CrossRef]






. water

Article

Hydrochemistry of Medium-Size Pristine Rivers in Boreal and
Subarctic Zone: Disentangling Effect of Landscape Parameters
across a Permafrost, Climate, and Vegetation Gradient

Oleg S. Pokrovsky 1% Artem G. Lim 2, Ivan V. Krickov 2, Mikhail A. Korets 3, Liudmila S. Shirokova 14 and Sergey

N. Vorobyev 2

Citation: Pokrovsky, O.S.; Lim, A.G.;
Krickov, I.V,; Korets, M.A.; Shirokova,
L.S.; Vorobyev, S.N. Hydrochemistry
of Medium-Size Pristine Rivers in
Boreal and Subarctic Zone:
Disentangling Effect of Landscape
Parameters across a Permafrost,
Climate, and Vegetation Gradient.
Water 2022, 14, 2250. https://
doi.org/10.3390/w14142250

Academic Editor: Maurizio Barbieri

Received: 29 June 2022
Accepted: 14 July 2022
Published: 18 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 GET, UMR 5563, CNRS, University of Toulouse (France), 14 Avenue Edouard Belin, 31400 Toulouse, France;
liudmila.shirokova@get.omp.eu

2 BIO-GEO-CLIM Laboratory, Tomsk State University, Lenina Av., 36, 634050 Tomsk, Russia;
lim_artyom@mail.ru (A.G.L.); krickov_ivan@mail.ru (I.V.K.); soil@green.tsu.ru (5.N.V.)

3 VIN. Sukachev Institute of Forest of the Siberian Branch of Russian Academy of Sciences, KSC SB RAS,

660036 Krasnoyarsk, Russia; mik@ksc.krasn.ru

N.P. Laverov Federal Center for Integrated Arctic Research, UrB Russian Academy of Science, 23 Nab

Severnoi Dviny, 163000 Arkhangelsk, Russia

*  Correspondence: oleg.pokrovsky@get.omp.eu

Abstract: We studied two medium size pristine rivers (Taz and Ket) of boreal and subarctic zone,
western Siberia, for a better understanding of the environmental factors controlling major and trace
element transport in riverine systems. Our main objective was to test the impact of climate and
land cover parameters (permafrost, vegetation, water coverage, soil organic carbon, and lithology)
on carbon, major and trace element concentration in the main stem and tributaries of each river
separately and when considering them together, across contrasting climate /permafrost zones. In the
permafrost-bearing Taz River (main stem and 17 tributaries), sizable control of vegetation on element
concentration was revealed. In particular, light coniferous and broadleaf mixed forest controlled
DOC, and some nutrients (NO,, NO3, Mn, Fe, Mo, Cd, Ba), deciduous needle-leaf forest positively
correlated with macronutrients (POy, Pyot, Si, Mg, P, Ca) and Sr, and dark needle-leaf forest impacted
Niot, Al, and Rb. Organic C stock in the upper 30-100 cm soil positively correlated with Be, Mn, Co,
Mo, Cd, Sb, and Bi. In the Ket River basin (large right tributary of the Ob River) and its 26 tributaries,
we revealed a correlation between the phytomass stock at the watershed and alkaline-earth metals
and U concentration in the river water. This control was weakly pronounced during high-water
period (spring flood) and mostly occurred during summer low water period. Pairwise correlations
between elements in both river systems demonstrated two group of solutes—(1) positively correlated
with DIC (Si, alkalis (Li, Na), alkaline-earth metals (Mg, Ca, Sr, Ba), and U), this link originated from
groundwater feeding of the river when the labile elements were leached from soluble minerals such
as carbonates; and (2) elements positively correlated with DOC (trivalent, tetravalent, and other
hydrolysates, Se and Cs). This group reflected mobilization from upper silicate mineral soil profile
and plant litter, which was strongly facilitated by element colloidal status, notably for low-mobile
geochemical tracers. The observed DOC vs DIC control on riverine transport of low-soluble and
highly mobile elements, respectively, is also consistent with former observations in both river and
lake waters of the WSL as well as in soil waters and permafrost ice. A principal component analysis
demonstrated three main factors potentially controlling the major and TE concentrations. The first
factor, responsible for 26% of overall variation, included aluminum and other low mobile trivalent
and tetravalent hydrolysates, Be, Cr, Nb, and elements strongly complexed with DOM such as Cu and
Se. This factor presumably reflected the presence of organo-mineral colloids, and it was positively
affected by the proportion of forest and organic C in soils of the watershed. The second factor
(14% variation) likely represented a combined effect of productive litter in larch forest growing on
carbonate-rich rocks and groundwater feeding of the rivers and acted on labile Na, Mg, Si, Ca, P, and
Fe(II), but also DOC, micronutrients (Zn, Rb, Ba), and phytomass at the watershed. Via applying a
substituting space for time approach for south-north gradient of studied river basins, we predict that
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climate warming in northern rivers may double or triple the concentration of DIC, Ca, Sr, U, but also
increase the concentration of DOC, POC, and nutrients.

Keywords: metals; carbon; nutrients; trace elements; landscape; permafrost; river; watershed; boreal

1. Introduction

Climate change, which is mostly pronounced in high latitudes, strongly impacts the
chemistry of rivers and streams and can bring yet unknown consequences on carbon,
nutrient, and metal export from land to ocean thus enhancing the retroactive link to cli-
mate change drivers [1-4]. There are numerous case studies of climate change impact on
surface and groundwater sustainability and hydrochemistry, such as those performed in
temperate /subtropical regions [5,6]. However, huge northern unpopulated territories of
the world remain poorly covered by a coupled hydrochemical/hydrological approach.
This is especially true for pristine permafrost-bearing regions located at high latitudes and
containing sizable amount of carbon in the form of peat, organic litter, and vegetation.
An example is Western Siberian Lowland (WSL), located in the gradient of climate and
permafrost zones within essentially the same lithological background, minimal variations
in river runoff and relief and moderate to negligible anthropogenic activity. The interest
of the WSL is that it contains huge peat resources and presents rather shallow, essen-
tially discontinuous to sporadic/isolated permafrost, highly vulnerable to thawing [7-10].
For this relatively large territory (2 million km?), extensive studies of small [11-19] and
large [20] river dissolved, colloidal and particulate load, chemical composition of soil ice
and suprapermafrost waters [21-24], and gaseous regime of rivers and lakes [25-27] have
been performed. However, the majority of these studies except that of the Ob River [20]
dealt with single site sampling of a given river, without addressing the spatial variability
of riverine solutes within a watershed. This is a clear shortcomings of current state of
knowledge of western Siberian rivers, because without sufficient spatial coverage, one
cannot test the impact of various landscape factors on water hydrochemistry within the
same river basin.

In the present study, we used a coupled hydrochemical/landscape (land cover) ap-
proach that allows revealing the main environmental factors controlling the hydrochemical
composition of the river water. Up to now, such an approach has been efficiently used only
for single-point sampling of small rivers [13-19] and one large Siberian River [20] but has
not been implemented at the scale of the whole watershed of medium-size rivers. Toward
better understanding of land cover control on riverine C, nutrient and metal transport,
we chose two medium size rivers of western Siberia, Taz (Swatershed = 150,000 km?) and
Ket (Swatershed = 95,000 km?) located within permafrost-bearing forest-tundra/tundra and
permafrost-free taiga biomes, respectively. Both rivers drain through similar sedimentary
deposits overlayed by peatland and forest/tundra; they are virtually pristine (population
density < 1 people km~2) and have no industrial or agricultural activity on their watershed.
Within the on-going drastic climate change in Siberia, the southern river (Ket) can be consid-
ered as an extreme scenario of long-term transformation of the northern River (Taz) in case
of complete disappearance of discontinuous permafrost and northward migration of the
taiga forest. Therefore, our primary objective in this work was to test the impact of climate
and land cover parameters (permafrost, vegetation, water coverage, soil organic carbon,
and lithology), on carbon, major and trace element concentration in the main stem and
tributaries of each river separately and when considering them together, across contrasting
climate/permafrost zones. A flowchart of methodology and approach used in the present
study is illustrated in Figure 1. We anticipate that, via employing similar approach for
two sufficiently contrasting and yet representative river basin of the WSL, we can provide
essential information for coupled land—River C, nutrient and metal fluxes for climate
modeling of the region and to foresee future, long-term changes in much large territory
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of strongly understudied permafrost-affected Eurasian lowlands, which includes North
Siberia, Anabar, Kolyma and Yana-Indigirka lowlands, with an overall territory more than
2 million km?2.

r.Taz la,,%c
northern basin We
(permafrost,

bogs) Predicting
possible
future
Establishing changes
i Analysis of controlling inriver
(22::;:25) mmm) | solutes |™==| factorsvia PCA # hydro-
(<0.45 pm) and pairwise chemistry
correlations using a
substituting
r. Ket spa.ce for
southern time
basin (taiga, approach

bogs)

Figure 1. A flow chart of methodological approach used in the present study.

2. Study Site and Methods
2.1. Ket River Basin

We sampled the Ket River main stem and its 26 tributaries during the peak of the spring
flood and the end of summer baseflow. The catchment area of sampled watersheds ranged
from 94,000 km? (Ket’s mouth) to 20 km? (smallest tributary). The studied watersheds
presented rather similar lithology, climate, and vegetation, given its generally west—east
orientation, Figure 2; Ref. [28]). The Ket River basin (right tributary of the Ob River) is
poorly accessible and can be considered as essentially pristine comprising about 50% forest
and 40% of wetlands while having virtually negligible agricultural and forestry activity.
The river basin is poorly populated (0.27 person km~2) and, compared to left tributaries of
the Ob River, lacks road infrastructure due to absence of hydrocarbon exploration activity.
We therefore consider this river as a model one for medium size rivers of the boreal zone
of western Siberia Lowland covered by forests and bogs. As such, the results on river
water hydrochemistry obtained from this watershed can be extrapolated to much larger
territory, comprising several million km? of permafrost-free taiga forest and bog biome,
extending over 3000 km between the left tributaries of the Yenisei River in the east and
Finland in the west. The mean annual air temperatures (MAAT) of the Ket River basin is
—0.75 £ 0.15 °C and the mean annual precipitation is 520 4+ 20 mm y~!. The lithology is
represented by silts and sands with carbonate concretions overlayed by quaternary deposits
(loesses, fluvial, glacial, and lacustrine deposits). The dominant soils are podzols in forest
areas and histosols in peat bog regions.
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Figure 2. Map of the two studied river basins (Taz in the north and Ket in the south). The sampling
points of the main stem and tributaries are shown by red and black circles, respectively.

2.2. Taz River Basin

The Taz River sampled in this work included the main stem and its 17 tributaries
whose catchment area ranged from 149,000 km? at the Taz’s mouth to 25 km? of smallest
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sampled tributary. Alike the Ket River basin, all sampled catchments exhibited similar
lithology (clays, silts and sands overlayed by quaternary loesses, fluvial, glacial, and
lacustrine deposits), but more contrasting climate and vegetation due to its north to south
orientation (Figure 2). The MAAT ranges from —4.6 °C in the headwaters (Tolka village) to
—5.4 °C in the low reaches (Tazovskiy town). The mean annual precipitation is 500 mm
y~! in the central part of the basin (Krasnoselkup) and 600 mm y~! in the low reaches of
the Taz River. Given its landscape and climate features, the Taz River basin includes: (1) the
upper (southern) part (“headwaters”) which comprises 400-800 km upstream of the river
mouth, where the permafrost is sporadic to discontinuous and the dominant vegetation is
forest-tundra and taiga, and (2) the low reaches (northern) part, located 0-400 km upstream
of the mouth where the permafrost is continuous to discontinuous and the dominant biome
is tundra and forest-tundra.

2.3. Sampling

For the Ket River, the peak of annual discharge in 2019 occurred in the end of May
whereas in August, the discharge was three to five times lower. From 18 May to 28 May
2019, and from 30 August to 2 September 2019, we started the boat trip in the middle course
of the Ket River (Beliy Yar), and moved, first, 475 km upstream the Ket River till its most
headwaters, and then moved 834 km downstream till the river mouth. We stopped each
50 km along the Ket River and sampled for major hydrochemical parameters, suspended
matter, and bacteria. We also moved several km upstream of selected tributaries to sample
for river hydrochemistry.

In the Taz River, the peak of annual discharge in 2019 occurred in the middle of June
(5600 m3s~1;in August, the discharge was 5 times lower). Therefore, the month of July
(average discharge is 2300 m3 s~; range 1920-3370 m® s~1) can be considered as the end of
spring flood period. From 12 July to 16 July 2019 we moved 800 km downstream the Taz
River from its most headwaters (Tolka village) to the low reaches (Tazovskiy town). We
stopped each ~50 to 100 km of the boat route and sampled for hydrochemical parameters,
river suspended matter and total bacterial number of the main stem. For sampling the
tributaries, we moved 500-1500 m upstream of the confluence zone.

2.4. Analyses

The dissolved oxygen (CellOx 325; accuracy of 5%), specific conductivity (TetraCon
325; &+ 1.5%), and water temperature (£0.2 °C) were measured in situ at 20 cm depth
using a WTW 3320 Multimeter. The pH was measured using portable Hanna instrument
via combined Schott glass electrode calibrated with NIST buffer solutions (4.01, 6.86, and
9.18 at 25 °C), with an uncertainty of 0.01 pH units. The river water was sampled in
pre-cleaned polypropylene bottle from 20-30 cm depth in the middle of the river and
immediately filtered through disposable single-use sterile Sartorius filter units (0.45 um
pore size). The first 20 mL of filtrate was discarded. The DOC and dissolved inorganic
carbon (DIC) were determined by a Shimadzu TOC-VSCN Analyzer (Kyoto, Japan) with an
uncertainty of 3% and a detection limit of 0.1 mg/L. Blanks of Milli-Q water passed through
the filters demonstrated negligible release of DOC from the filter material. Specific ultra-
violet absorbance (SUVAj54) was measured via ultraviolet absorbance at 254 nm using a
10-mm quartz cuvette on a Bruker CARY-50 UV-VIS spectrophotometer and divided by the
concentration of DOC (L mg’1 m~1). The concentrations of C and N in suspended material
(particulate organic carbon and nitrogen (POC and PON, respectively)) were determined
via filtration of 1 to 2 L of freshly collected river water (at the river bank or in the boat)
with pre-weighted GFF filters (47 mm, 0.8 um) and Nalgene 250-mL polystyrene filtration
units using a Mityvac® manual vacuum pump. Particulate C and N were measured using
catalytic combustion with Cu-O at 900 °C with an uncertainty of <0.5% using Thermo
Flash 2000 CN Analyzer at EcoLab, Toulouse. The samples were analyzed before and
after 1:1 HCI treatment to distinguish between total and inorganic C; however, the ratio
of Corganic:Cearbonate in the river suspended matter (RSM) was always above 20 and the
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contribution of carbonate C to total C in the RSM was equal in average 0.3 & 0.3% (2 s.d.,
n = 30).

Total microbial cell concentration was measured after sample fixation in glutaralde-
hyde, by flow cytometry (Guava® EasyCyteTM systems, Merck, Darmstadt, Germany).
Cells were stained using 1 uL of a 10 times diluted SYBR GREEN solution (10000 x, Merck),
added to 250 pL of each sample before analysis. Particles were identified as cells based on
green fluorescence and forward scatter [29].

All analytical approaches used in this study for major and trace element analyses
followed methods developed for western Siberian organic-rich surface waters [17,30,31].
The samples were preserved via refrigeration 1 month prior to analysis. Major anion
(Cl, SO4?7) concentrations were measured by ion chromatography (HPLC, Dionex ICS
2000) with an uncertainty of 2%. International certified samples ION, PERADE, and RAIN
were used for validation of the analyses. Major cations (Ca, Mg, Na, K), Si, and ~40
trace elements were determined with an Agilent iCap Triple Quad (TQ) ICP MS using
both argon and helium modes to diminish interferences. About 3 pg L™! of In and Re
were added as internal standards along with three various external standards. Detection
limits of TE were determined as 3 x the blank concentration. The typical uncertainty for
elemental concentration measurements ranged from 5-10% at 1-1000 ug/L to 10-20%
at 0.001-0.1 pg/L. The Milli-Q field blanks were collected and processed to monitor for any
potential contamination introduced by our sampling and handling procedures. The SLRS-6
(Riverine Water Reference Material for Trace Metals certified by the National Research
Council of Canada) was used to check the accuracy and reproducibility of analyses [32,33].
Only those elements that exhibited good agreement between replicated measurements of
SLRS-6 and the certified values (relative difference < 15%) are reported in this study.

2.5. Landscape Parameters and Water Surface Area of the Ket and Taz River Basin

The physio-geographical characteristics of the Ket and Taz tributaries and several sam-
pling points of the main stem of both rivers were determined by applying available digital
elevation model (DEM GMTED2010), soil, vegetation, and lithological maps. The landscape
parameters were typified using TerraNorte Database of Land Cover of Russia (Ref. [34];
http:/ /terranorte.iki.rssi.ru, accessed on 1 February 2020). This included various types of
forest (evergreen, deciduous, needleleaf/broadleaf), grassland, tundra, wetlands, water
bodies, and riparian zones. The climate parameters of the watershed were obtained from
CRU grids data (1950-2016) [35] and NCSCD data (Ref [36]; d0i:10.5879/ecds/00000001), re-
spectively, whereas the biomass and soil OC content were obtained from BIOMASAR2 [37]
and NCSCD databases. The lithology layer was taken from GIS version of Geological map
of the Russian Federation (scale 1: 5,000,000, http://www.geolkarta.ru/, accessed on 1
February 2020).

2.6. Data Analysis

Element concentrations for all datasets were tested for normality using the Shapiro—
Wilk test. In case of the data were not normally distributed, we used non-parametric
statistics. Comparisons of major and trace element concentration in the main stem and the
tributaries during two sampling seasons (Ket) and summer baseflow (Taz) were conducted
using a non-parametric Mann Whitney test at a significance level of 0.05. For comparison of
unpaired data, a non-parametric H-criterion Kruskal-Wallis test was used to reveal the dif-
ferences between different seasons and between the main stem and tributaries. The Pearson
rank order correlation coefficient (p < 0.05) was used to determine the relationship between
major and trace element concentrations and main landscape parameters of several points
of the main stem and all tributaries, as well as other potential drivers of TE concentrations
in the river water such as pH, O,, water temperature, specific conductivity, DOC, SUVA
(aromaticity), DIC, Fe, Al, particulate carbon and nitrogen, and total bacterial number.
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3. Results and Discussion
3.1. Spatial and Seasonal Variation of Elements in the Ket River and Control of River
Hydrochemistry by Landscape Parameters

All the primary data on dissolved (<0.45 um) element concentration in both rivers
together with relevant landscape parameters of the sampling points are available from
the Mendeley Repository [28]. The spatial variations of element concentration in the main
stem and tributaries of the Ket River were generally lower than the differences between
the two seasons. This is illustrated by a plot of several major and trace elements along the
full length of the river basin (Figure 3A-E), and further confirmed by a Mann-Whitney U
test (Table S1 of the Supplementary Materials) which shows that the maximal differences
in element concentrations are observed between seasons in both the main stem and the
tributaries. The differences between the Ket River main stem and the tributaries were
always lower or not pronounced for the same season. This allowed to calculate the mean
concentrations of elements across the full length of the main stem and among all tributaries
for each seasons (Figure S1 and Table S2 of the Supplementary Materials). Analyses of the
differences in element concentration between the flood and the baseflow of the Ket River
allowed distinguishing three group of solutes as illustrated in Figure 4. The first groups
comprised elements having a factor of 2 to 10 higher concentrations in both main stem of the
Ket River and tributaries during spring flood compared to summer baseflow, and included
DOC, low soluble low mobile “lithogenic” hydrolysates (Be, Al, Ti, Cr, Ga, Y, Zr, Nb, REE,
Hf, Bi, Th), some divalent heavy metals (Ni, Cu, Cd), oxyanions (Sb), Cs, T1, and SOj4.
The second group typified highly mobile elements exhibiting lower concentrations during
spring flood compared to the baseflow and included DIC, POC, alkaline and alkaline earth
metals (Li, Na, Mg, Ca, Sr, Ba), labile nutrients (Si, P, Mn), oxyanions (As, Mo), Fe and
U(VI). Finally, a group of elements demonstrated rather similar (within 30%) concentrations
during both seasons and included Cl, micronutrients (V, Co, Zn, Se, Rb), Ge, W, and Cd.

A pairwise (Pearson) correlation of major and trace element concentration in the main
stem and tributaries of the Ket River with main land cover parameters of the watershed
was tested for both seasons, but notable correlations were observed only for the summer
baseflow (Table S3). These correlations were detected only for alkaline-earth elements
(Mg, Ca, Sr) and U, whose concentrations positively correlated (Rpearson > 0.5; p < 0.05)
with phytomass stock on the watersheds (Figure 5). However, the observed correlations
do not necessarily indicate a direct control but may be the consequence of the fact that
carbonate-bearing loesses are most favorable substrates for productive forests compared to
clay, sand and peat -rich soils [20]. The carbonate minerals of these substrates are known
to act as sizable sources of alkaline-earth metals and uranium [the latter is carried in the
form of highly labile uranyl-carbonate complexes] in shallow subsurface and groundwater
feeding the river during summer baseflow [16,17]. Other elements did not demonstrate
any sizable correlations to the landscape factors. The most likely reason for paucity of such
a control is highly homogeneous coverage of the river basins by forest, bogs, and riparian
zones with essentially the same climate, runoff, vegetation, soil, and total phytomass stock,
represented by similar tree species of the boreal taiga of permafrost-free zone of the WSL.

Overall, the dominance of the season over space in solute control in the river basin
let us to consider, for further analysis, only the same season (summer baseflow) for both
rivers. This allowed better understanding the main driving factors (landscape parameters)
of dissolved major and trace element variation along the full length of the main stem of
both rivers as well as within each river tributaries.

11
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3.2. Major and Trace Element Spatial Variation over the River Main Stem and among Tributaries of

the Taz River Basin and Land Cover Control

The variations of major and trace element concentration along the Taz River were also
rather low as illustrated in a plot of some major and trace element concentrations over the
river distance, from the headwaters to the mouth (Figure 6). The concentration of DOC,
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Piwot, NO3, NO,, Al, Fe, Cd, Ba, and Bi increased southward, with an increase in mean
annual temperature. In contrast, in the northward direction, with an increase in tundra and
discontinuous permafrost coverage, the concentrations of Cl, SOy, Li, B, Na, K, V, Ni, Cu, Y,
REE, and U increased, which may stem from a combination of sea-salts release from the
underlying marine clays and silts and far-range (>300 km) atmospheric transfer from the
Norilsk smelters (V, Ni, Cu). The variations among tributaries were generally larger but
did not exhibit any systematic evolution between the upper and lower reaches of the Taz
River basin (Table S4). Therefore, we can hypothesize that the primary factor controlling
solute concentration in the tributaries is land cover (see Section 3.3 below). In the main
stem and tributaries, the difference in dissolved element concentration between the upper
(southern) and lower (northern) part of the river has not exceeded 20-30% which was often
within the standard deviation of the mean values. The only exception is Mn concentrations
in the tributaries were two times higher in the south compared to the north.
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Figure 6. S042 (A), Al (B), DIC (C), Fe (D), Ca (E) Mn (F), Mg (G), and Sr (H) concentration in the
Taz River main stem and tributaries during summer baseflow.

Pairwise correlations of major and trace element concentration in the Taz River basin
with main physico-geographical, geocryological, and climatic features of the watershed
revealed several potential drivers (Table S5). The tundra coverage of the watershed, cor-
responding to northward directions and proximity to the sea exhibited strong positive
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(Rpearson > 0.60, p < 0.01) correlations with Li, B, Na, K, Cl, SO4, and U. These elements
likely originate from sea salts of the former marine clays dominating the bedrocks of river
catchments in the northern part of WSL [17] but also the deposition of marine aerosols in
the form of snow [38]. The latter is also known to be enriched in Ni and Cu, reflecting
the proximity of the low Taz reaches to the Norilsk Cu-Ni smelters in the northern part of
WSL. This can explain positive (Rpearson > 0.50, p < 0.05) correlations between the tundra
coverage and the concentrations of Ni and Cu in the rivers of the Taz basin. Presumably,
the atmospheric deposition of metal-rich aerosols can be transferred, via plant litter decay
and surface runoff, to the river main stem and tributaries in the northern part of the basin.

The vegetation also exhibited notable impact on elements concentrations in the river
water. Thus, presence of larch trees (deciduous needle-leaf forest coverage) positively
correlated with concentrations of DOC and macronutrients (Si, Mg, Ca, Sr) and Cs. Light
coniferous and broadleaf mixed forest positively impacted concentrations of DOC, macro-
(POy4, NO3, NHy) and micro-nutrients (Mn, Fe, Co, Mo, Ba, Cd). Finally, the organic carbon
content in upper 0-30 and 0-100 cm of soil positively correlated with some micro-nutrients
(Mn, Co, Mo) but also Be, Sc, Cd, Sb, and Bi. Noteworthy is that neither the watershed
surface area nor the permafrost coverage, which are the two potential drivers of element
geochemistry in surface waters i.e., [39-42], correlated with major and trace elements of the
Taz River basin. Furthermore, we were not able to detect any control of other landscape
features such as riparian zone, wetlands, and recent burns.

3.3. Common Features of Spatial Distribution of Major and Trace Element in Two River Basins
during Summer

Analysis of pairwise correlations described in Sections 3.1 and 3.2 for two river basins
individually revealed a number of common features in terms of apparent control of land-
scape parameters on element concentration in river waters. This allowed correlating the
hydrochemical composition of the water column with major environmental factors that
are likely to operate on both river basins as illustrated for some elements in Figure 7. The
first factor is forest biomass in general and, in particular, the coverage of the watershed
by larch trees (deciduous light needle leaf forest), which are most efficient for recycling
the nutrients such as Li, B, Si, Zn, Rb, and Ba [43]. The second environmental parameter
is bog coverage of the watershed, which was positively correlated with SUVA and low
mobile lithogenic elements and divalent transition metals whose transport is facilitated
by high DOC concentration (V, Ni, Cu, Y, heavy REE). The impact of bogs on retention of
these elements was demonstrated in North European boreal rivers [44,45]. Noteworthy
that the bog presence facilitated only the transport of heavy REE and not the light ones.
In the WSL surface waters, the former are known to form much stronger complexes with
allochthonous DOM from bogs and peat waters and less prone to be carried as organo-ferric
colloids [30,46-48].

A small number of elements were associated with total bacterial number (SUVA, P,
V, Fe, and As) and presumably marked shallow subsurface discharge of Fe(II)-rich waters
from the adjacent peatlands and biotically driven formation of large size Fe hydroxide
colloids, stabilized by allochthonous (aromatic) organic carbon. Strong co-precipitation
of P, V, and As with Fe hydroxides is known from laboratory experiments with organic-
rich (peatland) waters in the presence of soil and aquatic bacteria [49-52]. The area of
riparian zones of the river positively correlated with DIC, Sr, Ba, U, and particulate organic
nitrogen. While the first four elements could mark an enhanced discharge of deep and
subsurface groundwaters in the riparian zones, notably of larger rivers, the correlation
with PON could illustrate the generation of N-rich particles in the sediments of highly
productive floodplains [13,18]. Among common climate parameters of both river basins,
the precipitation did not impact the hydrochemical composition. However, the mean
annual air temperature encompassed the contrast between northern and southern rivers
and correlated with labile components of the river water (S.C., DIC, Li, B, Si, Ca, Sc, Zn, Se,
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Rb, Sb, Cs, Ba, and U). This was fully consistent with previous observations of large (Ob,
Ref. [20]; Lena, Ref. [53]) and small [15-17] Siberian rivers.
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Figure 7. Pairwise correlations of several major and trace elements with two most pronounced
landscape parameters—Phytomass stock at the watershed and bog coverage, total bacterial count
(TBC) and mean air temperature, for both Taz and Ket river main stem and tributaries.

Given that the season was an important driving factor of element concentrations in
the Ket River (see Section 3.1), we attempted a PCA treatment of elementary dataset of
both rivers during summer baseflow. This analysis revealed three main factors capable
of explaining 26, 14, and 6.6% of total variability, respectively (Figure S2, Table S6). The
first factor acted positively on aluminum and other low mobile hydrolysates such as Be,
Al Ti, Cr, Ga, Y, Zr, Nb, Y, REE, Hf, Th and elements which are known to be strongly
complexed with DOM such as Cu and Se [54]. Presumably, it reflected mobilization of
low soluble elements from lithogenic (silicate) minerals in the form of organo-mineral
(essentially organo-aluminum) colloids as it is known from studies in soil porewaters
of the WSL regions [24]. The second factor negatively acted on labile Na, Mg, Si, Ca, P,
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and Fe (probably as Fe(Il)). The F2 was also positively linked to DOC, micronutrients
(Zn, Rb, Ba), and phytomass at the watershed (primarily, light needle-leaf trees) as well
as mean temperature and the proportion of younger (<25 Ma) rocks. In the WSL, these
rocks contain carbonate concretions and partially carbonated loesses. The second factor
thus likely represented a combined effect of productive litter in larch forest growing on
carbonate-rich rocks and groundwater feeding of the rivers by soluble, highly mobile
elements. Finally, the third factor, although exhibited limited explanation capacity, was
strongly linked to pH, specific conductivity, DIC, Sr, and U and clearly marked a direct
impact of bicarbonate-rich, slightly mineralized waters that reside in shallow (Taz) and
deeper (Ket) subsurface reservoirs containing carbonate minerals and actively discharge
into the river during baseflow.

Noteworthy is the similarity of the two main groups of major and trace elements,
DOC- and DIC-related, based on pairwise correlations between element concentrations.
The DIC concentration in both river basins significantly (p < 0.05) correlated with S.C.,
Si, alkalis (Li, Na), alkaline-earth metals (Mg, Ca, Sr, Ba), and U. This correlation marks
an enhanced mobility of these elements in the form of ionic forms and neutral molecules
(uranyl as carbonate/hydroxide complexes), essentially controlled by discharge of DIC
and mobile element—rich groundwaters either at the river bank or in the hyporheic zone.
These mechanisms of labile element mobilization are fairly well-known across the boreal
zone [55]. The DOC correlated with trivalent (Sc, Al, Ga, Y, REE), tetravalent (Ti, Zr, Hf,
Th), and other (Be, Cr, Nb) hydrolysates, Se and Cs. These elements are essentially present
in the river water in the form of Al-organic colloids or organic complexes [14,54,56-58].
These two main groups of solutes were evidenced not only in large and small rivers and
streams [14,16,17,20,59] but in lentic waters of the region, such as lakes and ponds [60,61],
supra-permafrost waters [23], peat porewaters [22-24], and peat ice [21].

3.4. Climate Change Consequences on Element Concentration in WSL Rivers (Vegetation and
Permafrost/Lithology Control) Using a Substituting Space for Time Approach

The main limitation of our approach is a restricted seasonal coverage in river sampling
and lack of daily/weakly discharge measurements, which did not allow calculating ele-
mentary export fluxes (yields). As such, predictions of climate change impact on riverine
export of this particular pristine basins can be performed solely in terms of river water
hydrochemistry. Note however that an approach of element annual yields is well developed
for other European Arctic [55] and small western Siberian rivers [13,59] including anthro-
pogenically affected Ob River in its middle course [19]. Therefore, taking the advantage
of highly pristine character of Taz and Ket River basins (in contrast to the neighboring
Pur River basin and left tributaries of the Ob River, which are strongly impacted by gas
and oil industry), one can use these river systems to approximate future changes in river
hydrochemistry linked to on-going climate change and permafrost thaw. The validity of
this approach is based on rather weak spatial variations within each basin discovered in
the present study (notably over the course of the main stem but also among tributaries) in
contrast to sizable variations in solute concentrations between the northern and southern
river basin.

For this, we can employ a “substituting space for time” approach which postulates, in
abroader context, that spatial phenomena which are observed today can be used to describe
past and future events [62]. Such an approach has been successfully used in western Siberia
since the pioneering work of Frey and Smith [12] to model possible future changes in small
rivers [13,59], lakes [61], soil waters [23], and permafrost ice [21]. Indeed, with permafrost
and forest boundary shift northward over next decades [9,63-65], the northern part of the
Taz River (tundra and forest-tundra of continuous to discontinuous permafrost) can be
entirely transformed into southern part-like territory of taiga and forest-tundra biome with
discontinuous to sporadic permafrost, whereas the entire Ket River basin can be used as
a surrogate for hydrochemistry for the southern part of the Taz River. The mean element
concentrations in the main stem and tributaries in the two sub-basins of the Taz and Ket
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River are illustrated in Figure 8. It can be seen that only a few elements exhibited sizable
contrast in river water concentration between the southern and northern part of the Taz
River basin and the Ket river catchment. Therefore, applying a substituting space for time
approach, we can anticipate that the concentration of DIC and mobile elements (Li, B, Mg,
Ca, Sr, Rb, Sb, W, U) and, to a lesser degree, DOC, Si, and micronutrients (Mn, Fe, Zn, Mo)
will increase in the low reaches of the Taz River.
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Figure 8. Elements concentration in Upper Taz (0-400 km from the mouth, northern part), Low
Taz (400-800 km from the mouth, southern part), and Ket River (main stem and tributaries). Box
represents median, whiskers correspond to lower and upper quartile.
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Overall, the main consequences of the climate change in western Siberia on middle
size river basin hydrochemistry seems to be primarily linked to the changes in dominant
vegetation and biomass at the river watershed. In the northern part of the WSL, the
change in hydrological pathways due to permafrost thaw might enrich the river waters
in soluble elements due to enhanced underground water feeding (DIC, alkaline-earth
elements (Ca, Sr), oxyanions (Mo, Sb), and U). The thickening of the active layer and
enhanced involvement of thawed peat layer down to underlying mineral horizons may
increase the export of trivalent and tetravalent hydrolysates in the form of organo-ferric
colloids. However, at the short-term scale, due to two counterbalanced sources and sinks
(permafrost thaw and plant uptake), the overall impact of the climate change on inorganic
solute export by rivers from the land to the ocean may be smaller than that traditionally
viewed for organic carbon.

4. Conclusions

Toward a better understanding of land cover control on dissolved (<0.45 um) major
and trace elements in the river water of high latitude regions, we selected two medium-
size pristine rivers of the northern, permafrost-bearing and southern, permafrost-free
region of the world’s largest peatland, the Western Siberia Lowland (Taz and Ket River,
respectively). We sampled the main stem and tributaries while encompassing a large
gradient in river basin size, permafrost, and vegetation coverage at essentially similar
lithological substrate, runoff, and relief. In the Ket River, the difference in major and
trace solute concentration between two seasons was larger than the difference between the
main stem and the tributaries. Given that the primary factor controlling the river solute
concentration was the season, this allowed straightforward comparison of two river basins
during the summer baseflow. Furthermore, sizable variations in solutes among different
tributaries of each watershed (depending on land cover) allowed testing the impact of
first-order environmental factors on river water hydrochemistry.

The similarity of landscape parameters (mainly, taiga vegetation, partially bogs and
permafrost coverage, and, in a lesser degree, the lithology) controlled the major and trace
element concentration pattern in two medium-size rivers studied in this work. A number
of landscape parameters of the main stem and tributaries correlated with nutrients (B,
Si, Zn, Rb, Ba with phytomass), low mobile lithogenic elements, and divalent transition
metals whose transport is facilitated by high DOC (V, Ni, Cu, Y, heavy REE with bogs), or
specific components reflecting bacterially controlled processing of DOM and groundwater
discharge in the water column or within the hyporheic zone (Fe, P, SUVA, V, As). The mean
annual air temperature encompassed the contrast between northern and southern rivers
and correlated with labile elements of the river water (DIC, Li, B, Si, Ca, Sc, Zn, Se, Rb, Sb,
Cs, Ba, and U), which was fully consistent with previous observations of large and small
Siberian rivers.

Via quantitative comparison of element concentration along the south-north gradient
of studied river basins and applying a substituting space for time approach, we infer that
permafrost and vegetation shift northward may sizably (a factor of 2 to 3) enrich the river
water in the north in highly mobile elements (DIC, Ca, Sr, U), and, in a lesser degree, in
DOC, POC, and nutrients (Si, Mn, Zn, Fe, Mo), whereas the current concentrations of other
macro (P) and micro-nutrients (V), and insoluble hydrolysates — geochemical tracers (Y,
REE, Zr) in the low reaches of Taz might decrease.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w14142250/5s1, Figure S1: Seasonal mean + SD concentration elements exhibiting higher
concentrations during spring flood compared to summer baseflow in tributaries and main channel
Ket’ in spring flood (blue) and summer (early fall) baseflow (orange). Figure S2: Results of PCA of ~65
hydrochemical abd 16 land cover variables in ~ 60 sampling points of the main stem and tributaries
of the Ket and Taz River basin, collected during summer baseflow. Table SIA. Mann-Whitney U Test
comparison concentration in different season (flood vs. baseflow) in tributaries and main channel
of the Ket River. Red color is for statistically significant differences. Table S1B. Mann-Whitney U
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Test comparison concentration tributaries and main channel in different seasons. Table S2. Mean
=+ SD concentrations of elements and other measured parameters in the Ket River main stem and
tributaries. Table S3. Pairwise Pearson correlations of major and trace element concentrations in the
Ket River (main stem and tributaries) during summer baseflow and main hydrochemical parameters
of the water column and land cover. Significant (p < 0.05) correlations are given in red and most
significant (p < 0.01) are highlighted in pink. Table S4. Hydrochemical parameters of the Taz River
basin (stem and tributaries), July 2019. Table S5. Pearson pairwise correlations of major and trace
elements of the river water (Taz and tributaries) with landscape parameters, vegetation coverage
and climate. Significant (p < 0.05) correlations are given in red and most significant (p < 0.01) are
highlighted in pink. Table S6. Results of PCA of ~65 hydrochemical abd 16 land cover variables in ~
60 sampling points of the main stem and tributaries of the Ket and Taz River basin, collected during
summer baseflow. Significant (p < 0.05) correlations are given in red and most significant (p < 0.01)
are highlighted in pink.
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Abstract: The metal bioavailability concept is implemented in the Water Framework Directive (WFD)
compliance assessment. The bioavailability assessment is usually performed by the application of
user-friendly Biotic Ligand Models (BLMs), which require dissolved metal concentrations to be used
with the “matching” data of the supporting physicochemical parameters of dissolved organic carbon
(DOCQ), pH and Cagjgsolved- Many national surface water monitoring networks do not have sufficient
matching data records, especially for DOC. In this study, different approaches for dealing with the
missing DOC data are presented: substitution using historical data; the appropriate percentile of
DOC concentrations; and combinations of the two. The applicability of the three following proposed
substitution approaches is verified by comparison with the available matching data: (i) calculations
from available TOC data; (ii) the 25th percentile of the joint Bulgarian monitoring network DOC
data (measured and calculated by TOC); and (iii) the 25th percentile of the calculated DOC from the
matching TOC data for the investigated surface water body (SWB). The application of user-friendly
BLMs (BIO-MET, M-BAT and PNEC Pro) to 13 surface water bodies (3 reservoirs and 10 rivers) in
the Bulgarian surface waters monitoring network outlines that the suitability of the substitution
approaches decreases in order: DOC calculated by TOC > the use of the 25th percentile of the
data for respective SWB > the use of the 25th percentile of the Bulgarian monitoring network data.
Additionally, BIO-MET is the most appropriate tool for the bioavailability assessment of Cu, Zn and
Pb in Bulgarian surface water bodies.

Keywords: BLM; TOC; DOC; Fe; historical data

1. Introduction

The determination of metal species and their bioavailability depends crucially on
Dissolved Organic Matter (DOM). The presence of DOM is specified as a Dissolved Organic
Carbon (DOC) concentration, contrary to Natural Organic Matter (NOM), which is a
collective organic component of water. NOM is a complex mixture of leaf litter, organic
acids, proteins and many more complex organic molecules. The Total Organic Matter
(TOM) constitutes Particulate Organic Matter (POM) and DOM. The organic carbon results
of unfiltered samples are reported as Total Organic Carbon (TOC) and samples filtered
through a 0.45 pm filter are reported as DOC. Both results equal the mass of carbon present
in the mixture of organic compounds in the raw water/filtrate [1]. Sometimes TOC is
reported instead of DOC, but it should be stressed that the DOC concentration will always
be less than the concentration of TOC. DOC generally accounts for about 50% of DOM
in typical surface water bodies and is in the range between 1 and 15 mg/L. DOC mainly
comprises humic substances of natural origin, which is formed as a result of the breakdown
of plant and animal tissues by chemical and biological processes or from anthropogenic
sources [2].
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The bioavailability of Cu, Ni and Zn depends on DOC concentrations [3-5], with higher
concentrations of DOC resulting in reduced toxicity. Evidence suggests that the pH also has
a significant impact on metal bioavailability and toxicity in aquatic environments [6,7]. Major
cations (Ca?*, Na*, K* and Mg?*) can also protect aquatic organisms against free metals by
competing on the biotic binding sites, e.g., fish gills [8]. The presence of dissolved Fe and Al
can affect the binding of the abovementioned metals to DOC due to their very high affinity
for complexation by DOC. In such conditions, the availability of binding sites for the less
strongly bound metals is reduced, resulting in an increase in their bioavailability for aquatic
organisms. Normally, bodies of water that are high in Fe and Al are associated with a lower
water pH (6.5-7.5), under which conditions both metals form insoluble precipitates.

DOC is a composite parameter for a heterogeneous mixture of polyfunctional poly-
mers and contains functional groups (ligands) that bind free metal ions (the most toxic
inorganic metal fraction) to reduce the interaction between free metal ions and aquatic or-
ganisms [9]. Discharge derived DOC (such as sewage effluents) is likely to be of a different
composition to natural DOC and comprises proteins, amino acids, polysaccharides and
synthetic chelating agents, such as ethylenediamine tetra acetic acid (EDTA). The current
evidence base suggests that this latter type of DOC has a much greater capacity for binding
metals compared with similar concentrations of naturally sourced DOC [10]. In bodies of
water with low pH, DOM-metal complexes are weaker, resulting in a release of bioavailable
ions and, therefore, an increase in the toxicity of the metal to aquatic organisms [11]. Tak-
ing DOM binding into account, the effect of considering bioavailability in environmental
quality standards (EQSp;oavailable) [12] has been assessed by the use of user-friendly biotic
ligand models (BLMs), which has been proposed as a tool for regulating agencies. In the
Netherlands, the assessment of bioavailability is incorporated into policy documents [13].
Feasibility studies on the implementation of a bioavailability-based approach for metals
have been undertaken by several member states [14-19]. Guidance on how bioavailability
may be incorporated into compliance assessments, classifications and local risk assess-
ments is included in the recent EU Technical Guidance for deriving Environmental Quality
Standards (EQS) under the European Water Framework Directive (WFD) [20].

High-quality surface water monitoring data provide tools for the assessment of poten-
tial risks to aquatic species. Obtaining such reliable data should follow the principles of
surface water chemical monitoring under the WFD [21], including sampling, preservation
and analysis [22]. The analytical methods for every analyte of interest should comply with
the minimum performance requirements as stated in the QA /QC Directive [23]. A common
implementation strategy of the WFD to achieve a good status and prevent any deterioration
in the status (ecological and chemical) of European water bodies led to the development of
methods for deriving EQSs to be used for the status assessment of surface water bodies
(SWBs). Following these requirements, as a general prerequisite for WFD monitoring, EQS
compliance assessment and subsequent decision-making are reliably achieved. An EQSis a
limit for environmental disturbances, in particular from an ambient concentration of pollu-
tants and wastes, which determines the maximum allowable degradation of environmental
media. A water body cannot achieve a good chemical or ecological status if the EQS for
any WEFD Priority or Specific Substance is exceeded.

The compliance assessment follows a tiered approach, which: (i) compares the annual
average concentration, calculated from monitoring data with the EQSp;oavailaples (ii) uses
user-friendly tools (based on Biotic Ligand Models) for the calculation of local metal
bioavailability for a comparison between the measured dissolved metal concentration at
a site and the EQS; and (iii) considers the local background concentrations of metals as
a part of the EQS in the risk assessment [8]. The compliance assessment, which takes
into account the bioavailability and uses simplified and user-friendly bioavailability tools
(such as BLMs), requires that the concentration of dissolved metals (Cu, Zn, Ni, Pb and
Mn) preferably be used along with data for the supporting physicochemical parameters
of DOC, pH and dissolved Ca [24]. Due to temporal and spatial variations, data for all of
the required input parameters (dissolved metal concentrations, dissolved Ca, DOC and

26



Water 2022, 14, 246

pH) should ideally be “matched” to increase the reliability of the results. Without these,
the simplified tools will either not run or not run reliably. The term “matched” means that
the required input parameters are all determined in the same sample, obtained from the
site of interest, to enable the identification of potential risks. A few of the member states
(including Bulgaria) are just starting the implementation of bioavailability-based EQS and
some of the required data are not fully available, especially for DOC, which is not routinely
measured in Europe. In such cases, two approaches are possible when dealing with the
missing DOC data: the use of historical monitoring data (e.g., data for similar and/or
neighbouring catchment types) and the use of substitute data. Such approaches should be
carefully chosen due to the quality of the available data—the dataset is likely to have been
collected with inadequate sampling protocols, insufficient analytical sensitivity and LOQ,
for a different purpose than the implementation of an EQS compliance assessment, with
different sampling frequency, etc. [25,26]. Different approaches to estimating DOC have
been proposed, including: UV absorbance [27,28]; colour measurements [29]; dissolved
iron [30]; fluorescence measurements [31]; and a modifying factor that is dependent on the
optical properties of DOC [32]. Any of the proposed approaches to estimating DOC should
be based on locally derived empirical relationships and proven to be valid for the studied
territory. Such data can be used for feasibility and screening assessments, but these need to
be assessed on a case-by-case basis.

The present study aims to propose a methodology to the national environmental
bodies for the implementation of BLM in compliance assessments when DOC data are
missing. The methodology comprises a selection of appropriate substitute approaches,
which are applicable for the environmental authorities and their validation, with the
matching data using the three most widely used BLMs: BIO-MET; M-BAT; and PNEC Pro.
In this manner, the metal bioavailability could be assessed using the most suitable pair of
substitute approaches and a user-friendly BLM.

2. Materials and Methods

Data for the concentrations of DOC, Fegjssolved and TOC were obtained by the Bulgar-
ian Environmental Agency surface water monitoring programme. The database returned
over 27,000 measurement results for around 950 SWBs for the period 1 January 2010—
31 December 2020 (Figure 1).

The methods used by the different laboratories followed standardized procedures.
For the determination of pH, EN ISO 10523:2012 was used; for Ca, EN ISO 14911:2002
and ISO 6058:2002 were used; for DOC and TOC, EN 1484:2001 was used, including one
result for TOC that was obtained by EN ISO 6468:2006. Cu, Zn, Ni and Pb were measured
using EN ISO 17294-2:2016. The basic statistics of the dataset are presented in Table 1.
No outlier tests were performed and where the halved limit of quantitation (LOQ) data
was presented (for either DOC, Fegjssolved Or TOC), the whole dataset was omitted. Where
the calculated DOC/TOC ratio exceeded one, the concentrations were not used in the
subsequent calculations.

Table 1. The basic statistics of the monitoring data for the Bulgarian surface waters (2010-2020).

Monitoring Data

DOC Fedissolved TOC
Results 1829 13,234 11,943
Water bodies (n = 952) 143 513 545
Average 5.50 mg/L 68.61 mg/L 6.71 mg/L
Standard deviation 6.92mg/L 602.61 mg/L 11.74 mg/L
Median 3.80 mg/L 22.00 mg/L 480 mg/L
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Figure 1. Data availability map.

User-friendly tools (based on the BLMs) were used in the metal bioavailability calcu-
lations. For the application of BIO-MET (https:/ /bio-met.net/, last accessed 25 October
2021), M-BAT (https:/ /www.wfduk.org, last accessed 25 October 2021) and PNEC Pro
(http:/ /www.pnec-pro.com/, last accessed 25 October 2021), data for the concentrations
of pH, DOC, TOC and Cagjgsolved Were obtained by the open data portal of the Bulgarian
Environmental Agency surface water monitoring programme (https://data.egov.bg/data/
view /9ee2ca78-051d-4ec8-b8f8-1ale93ee637¢, last accessed 25 October 2021). A total of
13 water bodies—3 reservoirs (Dospat Dam, Pchelina Dam and Iskar Dam) and 10 rivers
(Strumeshnitsa, Mesta, Yantra, Dospat, Dragovishtitsa, Negovanka, Eleshnitsa, Struma,
Rusenski Lom and Iskar) were used for the comparison during the implementation of the
BLMs, and for which the matching datasets for DOC, TOC, pH, Ca, Cu, Zn, Ni and Pb were
available for 2020.

3. Results
3.1. Substitutes for Missing DOC

The Bulgarian Environmental Agency surface water monitoring programme revealed
a total of 1829 measurement results for DOC for all monitored surface water bodies since
2010 and 13,234 measurement results for dissolved Fe. The “matching” of the data indicated
805 results for DOC and Feg;gsolved- Unfortunately, nearly half of the results could not be
used for correlation between the parameters since most of the Fegjssolved cONcentrations
were reported as LOQ/2. The analysis showed a poor correlation (R? = 0.38, n = 445) when
“matched” data was used (Figure 2).
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Figure 2. The relationship between the measured concentrations of DOC and dissolved Fe in
Bulgarian surface waters.

The Bulgarian Environmental Agency surface water monitoring programme contained
11,945 results for TOC concentrations in the 2010-2020 period. The “matching” data
indicated 736 results for DOC and TOC. The analysis showed a significant correlation
(R%=0.95, n = 736) when matched data was used (Figure 3) and a conversion factor
DOC = 0.81 x TOC could be applied for missing DOC data.
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Figure 3. The relationship between the measured concentrations of DOC and TOC in Bulgarian
surface waters.

3.2. Substitutes in the Absence of Matching Data

The UK [9] and France [18] have adopted an approach to use the 25th percentile of the
DOC concentrations for estimating DOC when the matching data are unavailable. In this
paper, the calculated DOC concentrations using the TOC data (DOC = 0.81 x TOC) was
used as a substitute. Furthermore, the 25th percentile of the DOC concentrations (2.4 mg/L)
from the Bulgarian DOC data obtained in 2020 (n = 1711) was used and compared with
the results of the matching data. Additionally, the 25th percentile of the calculated DOC
concentrations using the measured TOC concentration for the respective water body was
used and compared with the results of the matching data.
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3.3. Application of User-Friendly Models (BIO-MET, M-BAT and PNEC Pro) in
Compliance Assessment

Following the tiered approach, the user-friendly BLMs were implemented on 13 water
bodies (3 reservoirs and 10 rivers) with the available matching datasets for DOC, TOC, pH,
Ca, Cu, Zn, Ni and Pb for 2020. The average annual concentrations that were calculated
from the monitoring data were compared with the EQSp;oavailable (1 1g/L for Cu, 4 ug/L
for Ni, 8 ug/L for Zn and 1.2 ug/L for Pb), which was derived from the WFD [21] and
national ordinance [33].

The results show 13 exceedances for Cu, 6 exceedances for Zn and 4 exceedances for
Pb (Table 2). No exceedances of the average annual concentrations were observed for Ni,
compared with the EQS.

Table 2. The exceedances for Cu, Zn, Ni and Pb in the studied Bulgarian surface water bodies.

Water Body

0
o

Zn Ni Pb

+
+ +

Dospat Dam
Pchelina Dam
Iskar Dam
Strumeshnitsa
Mesta

Yantra

Dospat
Dragovishtitsa
Negovanka

10 Eleshnitsa

11 Struma

12 Rusenski Lom
13 Iskar

O 0N ONUl WM
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+

When the average annual concentrations exceeded the EQS, the samples moved to the
second tier where the Biotic Ligand Model-based tools (BIO-MET, M-BAT and PNEC Pro) were
used for the calculation of local metal bioavailability and a comparison between the measured
dissolved metal concentration at a site and the EQS was made. The DOC concentration played
an important role in determining the bioavailable dissolved metal concentration.

For the calculations, the following data were used: the measured DOC concentrations;
the calculated DOC from the matching TOC data (DOC = 0.81 x TOC); the 25th percentile
(2.4 mg/L) of the DOC and calculated TOC for 2020 of all surface water bodies (n = 1711);
and the 25th percentile of the calculated DOC from the matching TOC data for 2020 for
each of the water bodies studied. An indication of whether there were exceedances was
expressed as the Risk Characterization Ratio (RCR). If the RCR was lower than one, the
site was considered as having “passed” the assessment and no further investigation was
necessary. If the value of the RCR was greater than one, this indicated an exceedance of the
EQS and led to a progression to Tier 3.

3.3.1. BLM Comparisons for Copper

The user-friendly BLM models were implemented for the 13 water bodies where
the annual concentrations of Cu for 2020 exceeded the generic EQSp;oavailable (1 1g/L).
First, the BLM models were performed with the matching data (n = 63) for dissolved Cu,
pH, dissolved Ca and DOC, and after that, the DOC values were substituted with: the
calculated DOC from the available TOC data (DOC = 0.81 x TOC); the 25th percentile of
the DOC data from the Bulgarian monitoring network results from 2020 (P25_BG); and by
the 25th percentile of DOC data that was calculated from the TOC for the respective water
body (P25_SWB), as described earlier. The calculated RCRs for all of the approaches are
presented in the Supplementary Material (Figures S1-S3).

The comparisons between the Cu bioavailability results obtained by the BLM models
are presented in Figures 4-6. The correlations between the BIO-MET calculated RCR using
matching and substituted data were very good (Figure 4). For the RCR values using
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percentiles approaches: P25_BG and P25_SWB were overestimated with slopes of 2.7 and
1.8, respectively. These environmental conservative estimates were more pronounced when
the 25th percentile of the data from the Bulgarian monitoring network was used. The results
from the M-BAT model followed a similar pattern to those of the BIO-MET (Figure 5), but
the R? values dropped to 0.54 for P25_BG and 0.69 for P25_SWB. The comparison between
the RCR values obtained by the PNEC Pro model revealed lower correlations and slopes
that were significantly different from one for all pairs (Figure 6). It should be mentioned
that the comparison was restricted by the validated applicability domain of the PNEC Pro
model, which decreased the number of calculated RCR values.

6 P25_BG P25_SWB TOC
y=-016+27x o y=-011+18x y=-0025+12x
R*=081 * R*=086 R*=094

Substituted data

0.0 0.5 1.0 15 0.0 05 1.0 15 0.0 0.5 1.0 15
Matching data

Figure 4. The comparison of the BIO-MET calculated RCR for Cu between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).

P25_BG P25_SWB TOC
y=0089+19x y=00092+13x y=00031+11x
R*=054 R*=069 R*=096

Substituted data

00 05 10 15 2000 05 10 15 2000 05 10 15 20
Matching data
Figure 5. The comparison of the M-BAT calculated RCR for Cu between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).
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yz026+22x +32x
R*=035

Substituted data
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Figure 6. The comparison of the PNEC Pro calculated RCR for Cu between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).

3.3.2. Comparisons for Zn

The user-friendly BLM models were implemented for the six water bodies (two reser-
voirs and four rivers) where the annual concentrations of Zn for 2020 exceeded the generic
EQSpioavailable (8 1g/L) and the matching data (n = 34) for dissolved Zn, pH, dissolved
Ca and DOC were available. The calculated RCRs are presented in the Supplementary
Material (Figures 54-56).

The comparison between the Zn bioavailability results obtained by the three BLM
models using the matching and substituted DOC data is presented in Figures 7-9. The
correlations between the calculated RCRs using the matching and substituted data for all
BLMs were very good (R? > 0.90). The slopes varied between 1 and 1.5, decreasing in the
order: P25_BG > P25_SWB > TOC.

P25_BG P25_SWB TOC
Cy=0027+15x y=00077 +12 x y=0.0093+098 x
R*=093 R*=092 R =004

3

[

Substituted data

00 03 10 15 00 05 10 15 00 05 10 15
Matching data
Figure 7. The comparison of the BIO-MET calculated RCR for Zn between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).
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Figure 8. The comparison of the M-BAT calculated RCR for Zn between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).

P25_BG P25_SWB TOC
* y=-00048+13x y=0012+11x y=003+092 x
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Substituted data
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Matching data

Figure 9. The comparison of the PNEC Pro calculated RCR for Zn between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).

3.3.3. Comparisons for Lead

The user-friendly BLM models were implemented for the four water bodies (two
reservoirs and two rivers) where the annual concentrations of Pb for 2020 exceeded the
EQSpioavailable (1.2 ng/L) and the matching data (n = 22) for dissolved Pb, pH, dissolved
Ca and DOC were available. The calculated RCRs are presented in the Supplementary
Material (Figures S7-59).

The comparison between the Pb bioavailability results obtained by the three BLM
models using the matching and substituted DOC data are presented in Figures 10-12. The
performed linear regression analysis only showed a good agreement between the RCRs
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obtained using the matching data and the DOC calculated by TOC. The best result achieved
by the percentile approaches was for the BIO-MET calculated RCR using P25_SWB as the
substituted data.

P25_BG P25_SWB TOC
y=0.096+11x y=0047+ x y=0012+096 x
R*=034 R*=044 R*=079

Substituted data

0.:10 D.I1E 0 :25 3.‘25 D.“IU 0 :\5 0.‘20 D.éE
Matching data
Figure 10. The comparison of the BIO-MET calculated RCR for Pb between the matching data and
substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).
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Figure 11. The comparison of the M-BAT calculated RCR for Pb between the matching data and

substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data

calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the

25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the

matching DOC data calculated by TOC).
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Figure 12. The comparison of the PNEC Pro calculated RCR for Pb between the matching data
and substituted data (P25_BG—the 25th percentile of the available DOC data and/or the DOC data
calculated by the TOC from the Bulgarian monitoring network results during 2020; P25_SWB—the
25th percentile of the DOC data calculated by the TOC for the respective water body; TOC—the
matching DOC data calculated by TOC).

4. Discussion

The first step in the implementation of BLMs in the case of missing DOC monitor-
ing data is the possible substitution of the available historical data from the Bulgarian
Environmental Agency surface water monitoring programme. Contrary to the practice
used in Great Britain [29], the correlation obtained between the DOC and Feg;ssolved cON-
centrations (Figure 2) shows that it cannot be used for the substitution of missing DOC
data. The result obtained from the comparison between the available DOC and TOC
data reveals that a conversion factor of DOC = 0.81 x TOC can be applied when DOC
data are missing (Figure 3). This outcome is in agreement with the approach used in
Finnish [34] and Swedish [11] networks, where TOC is traditionally measured and the ap-
plied conversion factors are 0.94 and 0.90, respectively. Similar to the Bulgarian monitoring
data, a relationship (DOC = 0.83 xTOC) is used for BLM purposes in the State of Oregon,
USA [35]. Similar conversion factors were reported for rainfall and runoff samples in the
USA (DOC = 0.84 x TOC) [36] and in Polish groundwater samples (DOC = 0.93 x TOC) [37].

The second step of the proposed scheme for the implementation of BLMs deals with
cases where no matching data are available, which is caused by the different monitoring
frequencies used for metals and DOC. To overcome this problem, the environmental
authorities of England and Wales [7] and France [18] and the EPA of the USA [38] propose
the use of the 25th percentile of measured DOC concentrations as the input for the user-
friendly BLMs. The proposed approaches in this study for dealing with the absence of
matching data includes: (i) the substitution of missing DOC data using available TOC
data (DOC = 0.81 x TOC) and (ii) the use of the 25th percentile of the data consisting of
measured and substituted DOC values. This allows for the significant broadening of the
implementation of BLMs in the Bulgarian monitoring network (Figure 1).

The comparison of the following suggested substitution approaches was performed
for 13 water bodies where all data records were available.: (i) DOC calculated by TOC;
(ii) 25th percentile of the joint (measured and calculated) Bulgarian monitoring network
DOC data; and (iii) 25th percentile of the respective SWB with matching data.
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The application of BLMs for assessing the Cu bioavailability showed the closest
agreement between the BIO-MET and M-BAT results (Figures 4 and 5). While both methods
confirmed the applicability of the proposed substitution approaches, those based on the
25th percentile provided more conservative estimates. It should be mentioned that the
correlations were better between the BIO-MET calculated RCRs using matching data and
data substituted by the 25th percentile. The PNEC Pro results were unsatisfactory for all
BMLs and were an indication that none of the substitution approaches could be used for
this user-friendly BLM (Figure 6).

The comparison between the Zn bioavailability results obtained by all BLMs using
matching and all types of substituted data confirmed the applicability of all of the proposed
approaches (Figures 7-9). Again, the most conservative estimates are provided by the 25th
percentile of Bulgarian monitoring network data, followed by the 25th percentile of SWB
data and the DOC data calculated by TOC.

The application of BLMs for the assessment of Pb bioavailability revealed a clear
separation between the substituted data calculated by TOC on one side and the data
substituted by the 25th percentile on the other (Figures 10-12). The comparison of the
calculated RCRs by all BLMs between the matching data and the DOC data calculated by
TOC showed very good correlations and slopes that were close to one. The comparison
between the matching data and the 25th percentile substituted data yielded lower R? values
and the slopes of the PNEC Pro comparison differed significantly from one. When using
the BLM calculations in Tier 2, the results showed a great reduction in the exceedances
of the samples (Table 3). For Cu, when BIO-MET was applied, 5 out of 63 samples were
found to be exceedances when the measured DOC was used, 4 exceedances were found
when TOC value was used (DOC = 0.81 x TOC), 8 exceedances were found when the 25th
percentile of the DOC concentration was used and 7 exceedances were found when the
25th percentile of the converted TOC for the respective water body was used, in contrast to
the direct comparison of the EQS to the measured copper values (57 out of 63).

Similar results were obtained using M-BAT (7, 6, 7 and 9 exceedances out of 63,
respectively) and PNEC Pro (9, 8, 10 and 5 exceedances out of 63, respectively).

The results showed a reduction in the exceeding samples for BIO-MET (2, 5, 7 and
6, respectively), M-BAT (6, 6, 7 and 7, respectively) and PNEC Pro (6, 5, 7 and 6, respec-
tively) compared with the direct comparison of the EQS to the zinc values (14 out of
34 exceeding values).

The results from the application of the BLM tools showed the greatest reduction in the
exceeding samples for Pbo—only one RCR value was found to be above one—when PNEC
Pro was used with the 25th percentile of the Bulgarian DOC data. The direct comparison
with the EQS (Tier 1) showed 8 exceedances out of 22 samples.

Generally, the user-friendly BLM tools returned a lower number of RCR exceedances
when the measured DOC concentration was used compared with the other approaches,
with BIO-MET returning the lowest number of exceedances.
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Table 3. The exceedances for Cu, Zn, Ni and Pb in the studies of Bulgarian surface water bodies after
the application of the BLMs.

Element BLM Data Used Totals Exceedances
Measured Cu 63 56
Measured DOC 63 5
DOC =0.81 x TOC 63 4
RCRBIO-MET 5514 bercentile DOC (P25_BG) 63 8
25th percentile TOC (P25_SWB) 63 7
EQS Measured DOC 63 7
Cu=1 L /L ~ DOC =0.81 x TOC 63 6
& RCRM-BAT 55tk percentile DOC (P25_BG) 63 7
25th percentile TOC (P25_SWB) 63 9
Measured DOC 63 9
DOC =0.81 x TOC 63 8
RCR PNEC 25th percentile DOC (P25_BG) 63 10
25th percentile TOC (P25_SWB) 63 5
Measured Zn 34 14
Measured DOC 34 2
DOC =0.81 x TOC 34 5
RCRBIO-MET 554, percentile DOC (P25_BG) 34 7
25th percentile TOC (P25_SWB) 34 6
EQS Measured DOC 34 6
Zn=8 pg/L ! DOC =0.81 x TOC 34 6
& RCRM-BAT 25, percentile DOC (P25_BG) 34 7
25th percentile TOC (P25_SWB) 34 7
Measured DOC 34 6
RCR PNEC DOC =0.81 x TOC 34 5
25th percentile DOC (P25_BG) 34 7
25th percentile TOC (P25_SWB) 34 6
Measured Pb 22 8
Measured DOC 22 0
DOC =0.81 x TOC 22 0
RCRBIO-MET 5544 bercentile DOC (P25_BG) 2 0
25th percentile TOC (P25_SWB) 22 0
EQS Measured DOC 22 0
Pb=12ug/L . DOC =0.81 x TOC 22 0
He RCR M-BAT 25th percentile DOC (P25_BG) 2 0
25th percentile TOC (P25_SWB) 22 0
Measured DOC 22 0
DOC =0.81 x TOC 22 0
RCR PNEC 25th percentile DOC (P25_BG) 2 1
25th percentile TOC (P25_SWB) 22 0

5. Conclusions

The metal bioavailability assessment by user-friendly BLMs requires inputs for the
dissolved metal concentrations and the supporting physicochemical parameters, such as
DOC, pH and dissolved Ca. The main obstacle in front of the environmental authorities
for the implementation of BLMs is the lack of matching data, especially for DOC. In cases
where the required data are not fully available, alternative approaches are needed to fill the
missing inputs.

In this study, various alternative approaches were tested to support the environmental
decision-making bodies. The proposed methodology included three approaches for the
substitution of missing DOC data: (i) calculation from available TOC data; (ii) the 25th
percentile of the joint (measured and calculated by TOC) Bulgarian monitoring network
DOC data; and (iii) the 25th percentile of the joint DOC data for the investigated SWB. For
the next step, the proposed substitution approaches were validated by a comparison with
the available matching data from the Bulgarian monitoring surface waters network. The
comparisons were performed for the three most widely used BLMs: BIO-MET; M-BAT;
and PNEC Pro. The described methodology would allow the environmental authorities to
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estimate the bioavailability of certain metals and then choose the best possible substitution
approach by the implementation of the most appropriate BLM, which would cover as many
SWBs as possible without the matching data being available.

The application of the abovementioned methodology to the Bulgarian surface waters
monitoring data outlined that the suitability of the substitution approaches decreases in
the following order: DOC calculated by TOC > use of the 25th percentile of the data for the
respective SWB > use of the 25th percentile of the Bulgarian monitoring network data. The
results obtained by the implementation of BIO-MET rendered it the most appropriate tool
for the bioavailability assessment of Cu, Zn and Pb in Bulgarian surface waters.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/w14020246/5s1, Figure S1: The calculated RCR for Cu using the BIO-MET and measured DOC,
the TOC, the 25th percentile of the Bulgarian DOC data and the 25th percentile of the DOC = 0.81
x TOC for the respective water body; Figure S2: The calculated RCR for Cu using the M-BAT and
measured DOC, the TOC, the 25th percentile of the Bulgarian DOC data and the 25th percentile of
the DOC = 0.81 x TOC for the respective water body; Figure S3: The calculated RCR for Cu using
the PNEC Pro and measured DOC, the TOC, the 25th percentile of the Bulgarian DOC data and the
25th percentile of the DOC = 0.81 x TOC for the respective water body; Figure S4: The calculated
RCR for Zn using the BIO-MET and measured DOC, the TOC, the 25th percentile of the Bulgarian
DOC data and the 25th percentile of the DOC = 0.81 x TOC for the respective water body; Figure S5:
The calculated RCR for Zn using the M-BAT and measured DOC, the TOC, the 25th percentile of
the Bulgarian DOC data and the 25th percentile of the DOC = 0.81 x TOC for the respective water
body; Figure S6: The calculated RCR for Zn using the PNEC Pro and measured DOC, the TOC, the
25th percentile of the Bulgarian DOC data and the 25th percentile of the DOC = 0.81 x TOC for the
respective water body; Figure S7: The calculated RCR for Pb using the BIO-MET and measured DOC,
the TOC, the 25th percentile of the Bulgarian DOC data and the 25th percentile of the DOC = 0.81
x TOC for the respective water body; Figure S8: The calculated RCR for Pb using the M-BAT and
measured DOC, the TOC, the 25th percentile of the Bulgarian DOC data and the 25th percentile of
the DOC = 0.81 x TOC for the respective water body; Figure S9: The calculated RCR for Pb using the
PNEC Pro and measured DOC, the TOC, the 25th percentile of the Bulgarian DOC data and the 25th
percentile of the DOC = 0.81 x TOC for the respective water body.
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Abstract: Snow cover is known to be an efficient and unique natural archive of atmospheric input
and an indicator of ecosystem status. In high latitude regions, thawing of snow provides a sizable
contribution of dissolved trace metals to the hydrological network. Towards a better understanding
of natural and anthropogenic control on heavy metals and metalloid input from the atmosphere to
the inland waters of Siberian arctic and subarctic regions, we measured chemical composition of
dissolved (<0.22 pum) fractions of snow across a 2800 km south-north gradient in Western Siberia. Iron,
Mn, Co, Ni, and Cd demonstrated sizable (by a factor of 4-7) decrease in concentration northward,
which can be explained by a decrease in overall population density and the influence of dry aerosol
deposition. Many elements (Mn, Ni, Cu, Cd, Pb, As, and Sb) exhibited a prominent local maximum
(a factor of 2-3) in the zone of intensive oil and gas extraction (61-62° N latitudinal belt), which
can be linked to gas flaring and fly ash deposition. Overall, the snow water chemical composition
reflected both local and global (long-range) atmospheric transfer processes. Based on mass balance
calculation, we demonstrate that the winter time atmospheric input represents sizable contribution to
the riverine export fluxes of dissolved (<0.45 pm) Mn, Co, Zn, Cd, Pb, and Sb during springtime and
can appreciably shape the hydrochemical composition of the Ob River main stem and tributaries.

Keywords: snow; heavy metal; trace element; river flux; gas flaring; pollution; Western Siberia

1. Introduction

Snow cover is known to be an efficient and unique natural archive and indicator of
ecosystem status and atmospheric input [1-6]. Snow delivers from the atmosphere to the
ground various soluble compounds, including metal pollutants [7,8]. Given its persistence
over the frozen period of the year, snow records integral atmospheric input of solutes
and delivers invaluable information on both short-range and long-range atmospheric
transfer [9-17].

The importance of studying the chemical composition of dissolved (<0.22 pm or
0.45 um) fraction of the snow water is that the snow input represents a non-negligible
source of metal and metalloids in the river water and contributes to trace element delivery
from the land to the ocean. Therefore, in order to evaluate the current status and possible
future changes in dissolved metal export flux from the land to the ocean, high spatial
resolution measurement of snow chemical composition are needed. This is especially true
for arctic and subarctic regions, which are subjected to unprecedented changes due to
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climate warming and susceptible to strong anthropogenic impact due to their vulnerability
and low capacity to recover. According to the Arctic Monitoring and Assessment Pro-
gramme [18], anthropogenic emissions are responsible for more than 50% of the total trace
metal content in Arctic soils. For example, the Monchegorsk and Norilsk smelters affect
the environment across several thousands of kilometers [19-22]. Among all Arctic regions,
Western Siberia offers a unique possibility of performing large-scale spatial sampling due
to its well-developed road infrastructure, linked to substantial oil and gas exploration
activity. On the one hand, the Western Siberian Lowland (WSL), notably its northern
part, is relatively weakly affected by human and heavy industrial activity (large towns,
smelters, ore processing plants, forestry, and paper industry), compared with Northern
Europe or NW European Russia. On the other hand, hydrocarbon extraction industry,
notably accompanied by gas flaring, is capable of delivering various pollutants including
metal and metalloids to adjacent territories [23]. These anthropogenic impacts on snow
chemical composition can be further complemented by far-range atmospheric transfer of
solid aerosols from southern desert and semi-desert regions of Central Asia [24].

In the present study, we used existing road infrastructure to sample a sizable (2800 km
from the south to the north) transect of the WSL. We collected 36 integral (from the surface
to the ground) snow cores and attempted to distinguish the effect of local (gas flaring, urban
settlements) and global (long-range) atmospheric transfer. Via applying a mass balance
approach for depth-averaged metal concentration, we estimated possible impact of winter
time atmospheric input on metal (Fe, Mn, Ni, Co, Zn, Cd, and Pb) and metalloid (As and
Sb) fluxes during the spring flood in the Ob River. We concluded that there is a sizable
effect of atmospheric deposition on riverine export fluxes of some trace metals in Western
Siberia.

Note that, compared with a previous study of snow chemical composition (upper
0-5 cm) in another part of Western Siberia [24], the originality of the present study consists
in (i) sampling of much larger (~2800 km compared with 1700 km in previous work) latitudi-
nal gradient in relatively pristine zones comprising forest, forest tundra, and tundra within
the permafrost-free, discontinuous, and continuous permafrost regions; (ii) assessment of
dissolved trace elements in integral (from the surface to the ground) snow samples.

2. Materials and Methods

The snow cores were collected along the latitudinal gradient south — north, from the
vicinity of the Barnaul city (zone of forest steppe) to the Ob estuary (tundra zone) from
8 February 2020 to 19 February 2020. The integral 50-70 cm (from the surface to the ground,
except the bottom 2-3 cm layer) snow core was collected at 36 locations, which were evenly
distributed along the 2800 km transect (Figure 1). All sampled points were located more
than 500 m from the road.

Sampling was performed using a metal-free technique, in a protected environment,
using only plastic equipment and vinyl single-use gloves. First, a pit in the snow was
dug with a plastic shovel to ensure the representability of the studied location and the
evenness of the ground. Then, a two-person team sampled the snow in such a way that
no contamination from external surfaces (other than the plastic shovel) was possible. The
plastic shovel was inserted 2 cm above the ground in order to avoid touching the ground
during sampling. The snow was collected via a 10 cm diameter PVC tube which was
inserted into the snow until it made contact with the shovel surface, which was a few cm
above the litter, to avoid any contamination from plant debris. Prior to sampling, the tube
and the shovel were “rinsed” several times with fresh snow via inserting them into the
snow cover 1-2 m from the sampling site.

Approximately 5 L of snow was collected into single-use polyethylene bags, which
were double closed with a PVC collar. The polyethylene bags were thoroughly washed
with 1 M HCI and abundant MilliQ water in a clean room, class A 10,000. Collected snow
samples were transported to the laboratory in the frozen state and processed within 2 weeks
after sampling. In the laboratory, the snow was melted at 18-20 °C of ambient temperature,
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and immediately processed for analyses and filtration. The pH and conductivity were
measured on unfiltered samples using Hanna portable instruments. The snow water was
filtered through acetate cellulose filters (Millipore, 47 mm diameter) of 0.22 um pore size.
Blanks of MilliQ water from the clean room were also placed in polyethylene bags for the
same amount of time as the melted snow (<3 h) and processed via filtration similar to the
snow samples. The filtrates were acidified with double distilled HNOj3 acid and stored in
pre-cleaned HDPE tubes for ICP MS analysis.
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Figure 1. Studied area of the Western Siberian Lowland (WSL): 1—position of the sampling sites;
2—Tlarge cities; 3—scientific stations of Tomsk State University; 4—the position of gas flaring from site
(https:/ /firms.modaps.eosdis.nasa.gov/download /accessed on 25 July 2020); 5—sampling points

taken from the so-called ‘zimnik’ which has no solid cover and is used only several months per year,
with rather low traffic density.

43



Water 2022, 14, 94

Selected trace elements (TE) in the dissolved fractions were measured without pre-
concentration with an ICP-MS Triple Quad using both Ar and He modes to diminish the
interference. Indium and rhenium were used as internal standards at concentrations of
~3 ng/L and corrections for oxide and hydroxide ions were made for the REEs and the
other trace elements [25]. The typical uncertainty for elemental concentration measurement
ranged from 3-5% at 0.1-100 pug/L to 5-10% at 0.001-0.01 pg/L. During the ICP-MS analy-
ses, the international geostandards SLRS-6 (Riverine Water References Material for Trace
Metals certified by the National Research Council of Canada) were measured after every
20 samples to assess the validity and reproducibility of the analyses. All certified trace
element (Fe, Mn, Ni, Co, Cu, Zn, Cd, Pb, As, and Sb) concentrations of the SLRS-6 standard
(e.g., [26]) and the measured concentrations agreed with an uncertainty of 10-20%. For all
trace elements except Zn, the concentrations in the blanks were below or comparable with
analytical detection limits (~0.1 ng L~1). These values were at least 10 times lower than the
average concentration of trace elements in snow samples. Zinc exhibited non-negligible
concentrations in the blanks (0.03-1.3 pg L~1); however, these concentrations were several
times lower than those in snow water samples and as such Zn concentration corrections
did not exceed 10% of the measured values.

Statistical analysis of the average values and the link between element concentration in
the dissolved fraction and the latitude was carried out by comparison of different sampling
locations using ANOVA and H-criterion of the Kruskal-Wallis and Mann-Whitney U
tests, which allowed one to estimate the difference between two independent sets of data
based on one given parameter following the approaches developed for lakes and rivers of
Western Siberia [27-30]. The normality of data distribution was verified by a Shapiro-Wilk
test; because the data were not distributed normally, we used nonparametric statistics. To
identify potential drivers of snow water chemical composition, we performed a principal
component analysis (PCA) in XLSTAT which is a statistical software that works as an
add-on to Excel.

3. Results and Discussion
3.1. Spatial Variation and Possible Sources of Trace Element Concentration in the Snow

The latitude-averaged concentrations of dissolved and particulate fraction of snow
samples are listed in Table 1. Concentrations of dissolved element in individual samples
are listed in Table S1 of the Supplementary Materials.

Table 1. Physicochemical properties of dissolved (<0.22 um) fraction of the snow water and mean
(£SD) trace element concentrations (n = 36) in Western Siberia latitudinal transect.

pH

sC,
1S em-1

Mn
ug/l

Fe Co Ni Cu Zn As cd Sb Pb
ng/l ng/l ug/l ug/l ug/L ug/l ng/l ug/l ug/l

4.57 +0.15

10.2 £2.05

1.65+1.55

2.86 +2.39 0.013 + 0.014 0.057 £ 0.036 0.236 + 0.167 8324137 0.324 +0.192 0.030 + 0.012 0.029 £ 0.039 0.670 & 0.315

The specific conductivity (S.C.) ranged between 10~14 uS cm™! in the southern part
of the profile (54-62° N) and decreased to 6-8 uS cm~! in the northern part of the profile.
The concentration of solid particles [31] ranged from 1-4 mg/L in the southern part and
remained relatively stable (1.27 4= 1.21 mg/L) in the northern part of the Ob River basin.
The pH did not exhibit any systematic variation with latitude (4.53 £ 0.17, median + IQR),
Figure S1.

Iron, Mn, Co, Ni, and Cd demonstrated sizable (by a factor of 4-7) decrease in con-
centration northward (Figure 2a—e). This can be tentatively explained by a combination of
both the decrease in overall population density and the degree of influence of dry aerosol
deposition. Similar explanation has been put forward during our recent study of the up-
permost (0-5 cm) snow cover in another latitudinal profile of Western Siberia [32]. Many
elements (Ni, Mn, Cd, Cu, As, Sb, and Pb) exhibited a prominent local maximum (a factor
of 2-3, see Figures 2b—d and 3a—d) in the zone of intensive oil and gas extraction (61-62° N
latitudinal belt), which can be linked to gas flaring and fly ash deposition.
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Figure 2. Examples of dissolved (<0.22 pum) metal concentrations in snow water as a function of
latitude across the WSL. Fe (a); Ni (b); Mn (c); Cd (d); Co (e).

12

14
12
10 . °
s ) 10
i} L o8
g o6 ¥ ¢
o oo R 017 > 06 % R?=0.10
=0. «
g os (P N < o4 00
® °
02 SN LW 2 o5 oo, 20006P% 06700
° PO 00 53000 *
0.0 . " . N . . x 00 L . L . " L .
52 54 56 58 60 62 64 66 68 52 54 56 58 60 62 64 66 68
Latitude, °N Latitude, °N
(a) (b)
0.30 16
14 d
0.25 & - LN
12 oo
L o 4 10 °
o o
@ 015 w 08
& ow R*=0.19 g os
° 04
0.05
02
3 N>
@ Q0 %0000
0.00 ° 0.0
52 54 56 58 60 62 64 66 68 52 54 56 58 60 62 64 66 68
Latitude, °N Latitude, °N
(c) (d)

Figure 3. Examples of dissolved (<0.22 pm) metal concentrations in snow water as a function of
latitude in the WSL. Cu (a); As (b); Sb (c); Pb (d).

Given that the soluble salt content (reflected by S.C.) exhibited much lower decrease
northward compared with divalent metals (compare Figure Sle, Figures 2 and 3), the latter
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are unlikely to originate from marine aerosols or soluble fraction of carbonate minerals.
Such carbonate minerals (calcite and dolomite) are known to be present in Western Siberian
solid aerosols and likely originate from far-range atmospheric transfer from the Kazakhstan
and Mongolia desert regions [32]. Therefore, we hypothesize a local anthropogenic rather
than global source of dissolved divalent metals (Mn, Co, Ni, Cd, and Pb). This source is most
likely the products of flying ash dissolution or desorption from some solid particles. Note
here that a northward decrease in concentration of solid particles was more pronounced
than that of S.C. (a factor of 3.1 and 1.4, respectively).

In our previous study [31], we presented the variation of insoluble particles in the
snowpack of the Ob River basin and showed that particulate matter consisted of biogenic
debris and spores (evenly distributed over the transect) and lithogenic minerals (plagioclase
and clay minerals) preferentially enriched in the southern part of the transect. The carbonate
minerals (calcite and dolomite) were also reported in the upper layer of the snow pack
from Western Siberia [32]. Note that in a previous study of the surface (0-5 cm) snow layer
across another transect of the WSL, we found that Ca, Mg, Sr, Mn, and Co increase their
concentration with an increase in particle concentration by a factor of maximum 10 [32].
A similar pronounced effect can be observed in the present Table S1, which encompasses
the full depth of the snow core and thus represents more integral assessment of leaching
potential of these elements from the mineral particles.

In the transect studied in this work, the proportion of anthropogenic particles (fly ash
and black carbon) did not exhibit any systematic latitudinal pattern but was the highest
near big towns and areas of hydrocarbon production [31]. In accord with these observations,
here we hypothesize that a general northward decreasing trend in divalent metal (Mn,
Co, Ni, and Cd) reflects possible leaching of these elements from aerosol minerals and
desorption from anthropogenic particles linked to cities. In contrast, local maxima in
concentration of elements not showing any systematic latitudinal trend (for As, Sb, Zn,
Cu, and Pb) or elements exhibiting such a trend (Fe, Ni, and Cd) likely represent the point
source of atmospheric pollution such as gas flaring. This is further confirmed by positive
correlations (p < 0.05) between dissolved elements (Mn, Fe, Co, Ni, Zn, Cd, and Sb) and
solid particle concentration in snow (Table S2, Figure S2).

Note that, in another part of Western Siberia, the surface (0-5 cm) layer of the snow
pack sampled in 2014 demonstrated a single maximum of Sb, Cd, and Ni concentrations at
c.a. 63-65° N, whereas As exhibited two maxima, at 63.5° N and 67.5° N [32]. Similar to the
present study which demonstrated maxima of As, Ni, and Cd at 61° N, these patterns most
likely reflect prominent ground source of local pollution such as gas flaring. To further
examine these impacts, we tested a quantitative link between the distance to the gas flaring
site and the element concentration in the snow water (Figure S3). None of the studied
elements yielded significant (p > 0.05) correlation with the distance to the gas flare position.
Note, however, that in this treatment we could not take into account the number of different
gas flares around the sampling point and the dominant wind direction. Furthermore, one
can expect a strong interference of gas flares’ impact with that of large towns, especially in
the southern part of Western Siberia.

Because of its exceptionally flat orographic context, extensive vegetation cover, and
relative remoteness from the Arctic Coast, the atmospheric precipitates in winter are
likely to bear a signature of remote desert and semi-desert regions of Central Asia (chiefly
Kazakhstan and partially the Gobi desert). At the same time, the local centers of potential
pollution include: (i) permanent (asphalt) roads (only in the southern part of studied
transect, south of Khanty-Mansiisk); (ii) large towns with substantial heating centrals
(operating on diesel and gas); and point gas flaring stations, especially abundant between
Strezhevoy (station 14) and Priobie (station 28).

To better constrain possible local sources of pollution, we defined the distance to
the nearest human-related object (gas flare, small settlement (within first 20 km from the
sampling point), and large town) taking into account the dominant wind direction during
winter (Table S3). In this case, a significant (p < 0.05; R? > 0.3) decrease in five element
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(Fe, Co, Ni, Mn, and Cd) concentrations was observed as illustrated in Figure 4. The
concentration of other trace metals (Cu, Zn, and Pb) and metalloids (As and Sb) did not
show any link to the distance to local pollution. We thus suggest that these elements are
essentially controlled by far-range atmospheric transfer and/or by multiple sources of local
(<20 km) and near-local (20-100 km) pollution.
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Figure 4. Examples of dissolved (<0.22 pm) metal concentrations in snow water as a function of
distance to potential object of contamination in the WSL. Fe (a); Co (b); Mn (c); Ni (d); Cd (e).

A PCA treatment demonstrated two groups of parameters according to their spatial
distribution in the snow water, although of low explicatory capacity (Figure S4, Table S54).
The first group comprised Mn and Co solid particle concentration and latitude. The second
factor acted on Fe, Cd, and Pb, and specific conductivity.

3.2. Assessment of Possible Snow Thaw Impact on Trace Element Concentration and Export by
WSL Rivers

Obtained concentrations of dissolved fraction in the snow water can be compared
with typical concentrations of trace elements in river water of the Ob River and tributaries,
sampled during the end of the spring flood period [33]. This comparison (Figure 5, Table S5)
revealed three groups of elements in the snow water depending on their potential to affect
the riverine concentration. Iron, Co, and Ni in snow exhibited concentrations which were
10-15% lower than those in the Ob River water. Therefore, snowpack deposition of these
metals could not appreciably affect their riverine export. In the northern sections of the
transect, Mn, Co, Cu, As, and Sb from the snow could contribute between 10-30% to the
river water concentrations. Finally, Zn, Cd, and Pb across the entire transect, as well as
Mn and Co in the southern section of the transect, exhibited comparable or exceeded the
concentration of these elements in the river water. This comparison illustrates the important
possible contribution of snow water to the riverine transport of trace metals.
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Figure 5. Histogram of metal concentrations in snow and river water (mean =+ sd) of Western
Siberia: (a) concentration of Mn, Fe, and Zn (SN20-1-SN20-10); (b) concentration of Co, Ni, Cu,
As, Cd, Sb, and Pb (SN20-1-SN20-10); (c) concentration of Mn, Fe, and Zn (SN20-11-SN20-21);
(d) concentration of Co, Ni, Cu, As, Cd, Sb, and Pb (SN20-11-SN20-21); (e) concentration of Mn, Fe,
and Zn (SN20-22-SN20-36); (f) concentration of Co, Ni, Cu, As, Cd, Sb, and Pb (SN20-22-SN20-36).

Overall, the snow water chemical composition reflects both local and global (long-
range) atmospheric transfer processes. A northward decrease in Fe and divalent transition
metals (Mn, Co, and Ni) and Cd in the snow water contrasts the latitudinal pattern of
these elements in the Ob River and tributaries. The latter demonstrates a sizable increase
in concentrations of Fe and divalent transition metals from the south to the north [33]. To
quantify the snow water input to the springtime dissolved flux of the Ob River water, we
accounted for the river runoff in spring and the snow pool of Western Siberia. The water
stock in snow (in mm snow water accumulated during winter) is fairly well known for
Western Siberia [32,34] and ranges from 110-120 mm in the zone 56-60° N to 140-150 mm
in the northern part of the Ob River basin (60-68° N). The springtime river runoff (in mm
during May and June) was approximated to be the same as for medium and small rivers of
Western Siberia, as calculated in [35]. Here, we considered the average concentration of
trace elements in the snow water in the southern (<60° N) and the northern (>60° N) parts
of the Ob River basin.

The ratios of river fluxes in May—June to the amount of elements accumulated in the
snow stock on the same territory are presented in the form of histograms (Figure 6). In the
southern, permafrost-free zone, Mn, Co, Zn, Cd, Pb, and Sb fluxes in rivers can be provided
essentially by snowmelt. The riverine flux of Zn, Cd, and Pb can be entirely controlled
by snowmelt in the northern, discontinuous and continuous permafrost zones (north of
60-62° N). These comparisons demonstrate a paramount impact of wintertime atmospheric
depositions on freshet riverine fluxes of dissolved metals in the WSL. Because the flood
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period accounts for a sizable fraction of total annual lateral export of solutes in general and
trace metals in particular [35], when foreseeing the consequences of climate change on river
fluxes of metals, one has to account for collateral changes in snow quantity and chemical
composition. This illustrates the intrinsic complexity of the response of elementary fluxes
from the WSL to the Arctic Ocean due to ongoing environmental changes.
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Figure 6. The ratio of mean dissolved flux of rivers in three latitudinal zones (53-60 (a), 60-62 (b),
and 62-66° N (c)) of the WSL to the stock of dissolved fraction of snow. For this calculation, the snow
volume (in millimeters of water) accumulated over full winter and mean river runoff during May
and June were used.
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4. Conclusions

The chemical composition of the full depth of the snow pack was studied across a
2800 km latitudinal gradient of the Ob River basin. There was a decreasing trend of Mn,
Fe, Co, Ni, and Cd concentration in the snow water (<0.45 pm) northward. Some divalent
metals (Cu, Ni, Pb, and Cd) and metalloids (As, Sb) demonstrated a local enrichment at
61-62° N, presumably originated from anthropogenic sources of pollution. However, we
could not establish a quantitative link between the distance to gas flaring sites and the
element concentration in the snow water. This may be explained by strong interferences
with large towns, especially in the southern part of Western Siberia.

A northward decrease in Fe and divalent transition metals (Mn, Co, and Ni) and Cd
in the snow water contrasted the latitudinal pattern of these elements in the Ob River
and tributaries (according to available literature data). In the southern, permafrost-free
zone, Mn, Co, Zn, Cd, Pb, and Sb fluxes in the Ob River during the May-June period can
be supplied essentially by dissolved fraction of the snowmelt. The impact of snowmelt
on river export fluxes in spring strongly increases northward for Zn, Cd, and Pb. In
the permafrost zone, entire riverine fluxes of these elements during spring flood can be
provided by the snowmelt.

Altogether, the obtained results suggest large complexity of the riverine export and
atmospheric deposition of trace metals under climate warming scenario and require com-
prehensive analysis of dissolved metals in rain waters during different seasons across
the region.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/w14010094 /51, Figure S1: Examples of the concentration of SC, pH in snow water as a function
of latitude, Figure S2: Examples of Mn, Fe, Co, and Ni in snow water as a function of particulate
fraction, Figure S3: Examples of the concentration of SC, Mn, Ni, Fe, Cu, Cd, Co, Zn, As, Pb, and
Sb in snow water as a function of distance to gas flaring, Figure S4: PCA factorial map F1 x F2 of
elements of a reconstructed table for the dissolved fraction, Table S1: Physicochemical properties
of dissolved (<0.22 um) fraction of the snow water trace element concentrations (ug/L) in Western
Siberia latitudinal transect, Table S2: Spearmen correlations p < 0.05, Table S3: The distance between
the sampling point and some nearest possible sources of pollution, Table S4: Results of PCA treatment
of all data, Table S5: Mean (£SD) concentration (ug L~ 1) of metals in river water and snow water in
the three distinct parts of the Ob River main stem upstream and downstream of its confluence with
Vasyugan and Irtysh.
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Abstract: Trace elements in freshwater bivalve shells are widely used for reconstructing long-term
changes in the riverine environments. However, Northern Eurasian regions, notably the European
Russian North, susceptible to strong environmental impact via both local pollution and climate
warming, are poorly studied. This work reports new data on trace elements accumulation by
widespread species of freshwater mussels Unio spp. and Anodonta anatina in the Severnaya Dvina
and the Onega River Basin, the two largest subarctic river basins in the Northeastern Europe.
We revealed that iron and phosphorous accumulation in Unio spp. and Anodonta anatina shells
have a strong relationship with a distance from the mouth of the studied river (the Severnaya
Dvina). Based on multiparametric statistics comprising chemical composition of shells, water,
and sediments, we demonstrated that the accumulation of elements in the shell depends on the
environment of the biotope. Differences in the elemental composition of shells between different
taxa are associated with ecological preferences of certain species to the substrate. The results set
new constraints for the use of freshwater mussels’ shells for monitoring riverine environments and
performing paleo-reconstructions.

Keywords: freshwater mussels; trace elements; biominerals; bioindicators; Northeastern Europe;
boreal; subarctic; river

1. Introduction

Trace elements (TE) in carbonate shells of bivalve mollusks have been widely used
for environmental studies [1-9]. Measuring TE concentration in shells of mollusks helps
to track changes of different parameters in watercourses during long-time periods and
to reveal local and global environmental impacts on riverine habitats [6]. For example,
Zhao et al. [10] found that patterns of the Mn/Ca index in the shells of Hyriopsis cumingii
(Lea, 1852) are associated with the occurrence of reduction conditions at the bottom sed-
iments water interface. Therefore, the use of the Mn/Ca ratio can potentially serve as
a high-resolution marker of Mn mobility in the anoxic layer. Studying this indicator in
the shells of bivalve mollusks can help to retrospectively track environmental changes
in aquatic ecosystems caused by eutrophication. Bolotov et al. [6] determined that the
accumulation of trace elements in the shells of freshwater pearl mussels depends on the
environmental conditions of the biotope and has no taxonomic control. The ratio of man-
ganese and iron concentrations in relation to the environmental conditions of a freshwater
body was analyzed by Naeher et al. [11]. These authors demonstrated applicability of
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this indicator for the reconstruction of redox conditions using values from the shells of
modern bivalve mollusks and showed that sedimentation factors can reduce the appli-
cability of the Mn/Fe ratio for reconstructing O, concentrations in the bottom water of
lakes. Ravera et al. [12] evaluated the possibility of assessing the state of abiotic and biotic
components of a freshwater ecosystem using concentrations of chemical elements in the
shells and tissues of the bivalve mollusks Anodonta anatina (Linnaeus, 1758) and Unio sp.,
as well as in water, bottom sediments, and aquatic plants. These authors demonstrated
that these indicators can be a useful tool for long-term studies of environmental pollution.

Over recent years, the use of new methods allowed analyzing changes in the chemical
composition of shells with high spatial resolution. A number of indicatory elements were
used to assess seasonal trends and hydrological conditions of aquatic ecosystems. For exam-
ple, van Plantinga and Grossman [8] used shells of two species (Amblema plicata (Say, 1817)
and Cyrtonaias tampicoensis (Lea, 1838)) of naiad as natural archives. These authors estab-
lished a relationship between the Mn/Ca ratio and the river discharge. Watanabe et al. [13]
compared the values of geochemical indicators of hydrological conditions with the values
of annual increments in the freshwater pearl mussel Margaritifera laevis (Haas, 1910). A
correlation was found between the Ba/Ca ratio and the shell growth rate, which depended
on the volume of winter snow and spring meltwater.

The present work is aimed to characterize the accumulation of elements in the shells
of widespread species of freshwater bivalve mollusks, together with the components of
their habitats (bottom sediments and water) using a case study of two large river basins in
Northwestern Russia. Subarctic rivers of European Russian North are subjected to strong
impact of both local (pollution sources, forestry, industry) and global (climate change,
vegetation shifts) factors but they remain poorly studied using complex biogeochemical
ecosystem-based approaches that can include river water, sediments, and aquatic organ-
isms. Here, we intended to test the impact of environmental conditions on TE distribution
coefficients and characterize the difference between taxa in order to better define the scope
of the use of bivalve shells as archives of riverine aquatic environments.

2. Materials and Methods
2.1. Sampling Locations

Sampling sites are located in the basins of the Severnaya Dvina and the Onega rivers
(Figure 1, Table 1). The names of sampling localities are given relative to nearby settlements.
Mollusks’ samples were taken manually from a depth of 0.5 to 1.5 m.

River water samples were collected at sites of shells’ sampling from 0.5 m depth in pre-
cleaned polypropylene bottles. The water was immediately filtered through a single-use
sterile acetate cellulose filter (Sartorius, 0.45 um), into pre-cleaned polypropylene Nalgene
bottles. Samples for TE analyses were acidified with ultrapure double-distilled HNO3 and
stored in the refrigerator pending analyses.

The sediment samples were taken from the water-sediment interface to a depth of
3—4 cm (which corresponds to the depth of burying of Anodonta anatina and Unio spp.
mollusks in the ground), placed in a double zip polyethylene bag, preserved in cold dark
environment, and transported within several days to the laboratory where they were dried
at 90 °C in the oven.

Shells from 10 sampling sites located in different parts of the Severnaya Dvina and the
Onega River basins were used to analyze trace elements’ composition (Figure 2). Bottom
sediment and water samples were taken at 9 localities (Table 1).
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Figure 1. Location map of the field study areas: 1—Porog (POR), 2—Kuftyrikha (Kar), 3—Isakogorka
(2), 4—Krasnoflotsky (Kras), 5—Kholmogory (Hol), 6—Marilovo (Mar), 7—Bereznik (Br), 8—
Krasnoborsk (KBOR), 9—Shangaly (ShB), 10—Ust’-Alekseevo (UG).

Table 1. List of studied localities.

Ne Locality River Basin Coordinates Bottom S edlmen‘t S a'md Short Number of
Site Description Samples
Porog village, 63°49/445" N Silted area of the bottom before ‘S/\};aetléij
1 right bank before the Onega River omolmm all the river bend,
R 38°28/32.3" E . Bottom
rifts bottom sediments—sandy loam R
Sediment—1
Kuftyrikha 61°32/46.9" N Coarse sand, depth 1-1.5m, %ftliij
2 boundary near Onega River 38°595 4' AT E slight current, bottom Bottom
Kargopol town : sediments—sand with stones. .
Sediment—1
Perkhachevsky Shells—4
3 settlement, Severnaya Dvina 64°27'55.2" N Silty bottom, smell of hydrogen Water—1
Isakogorka River 40°29'222" E sulfide Bottom
anabranch Sediment—1
Krasnoflotsky island, . Shells—4
4 beach in the Severnaya Dvina 64°30'07"" N d'W 111()tw_l)eac§, bof“’“? d Water—1
southwest of the River 40°37'02" E sediments mre‘ dlum grame Bottom
island sa Sediment—1
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Table 1. Cont.

Ne Locality River Basin Coordinates Bottom S edlmen't s a.md Short Number of
Site Description Samples
The bottom is silted in places. Shells—4
. Severnaya Dvina 64°14/39.3" N The depth increases rapidly Water—1
5 Kholmogory village River 41°36/29.9" E near the coast, bottom Bottom
sediments—sand and silt Sediment—1
Sandy coast along the village, Shells—4
6 Marilovo village Severnaya Dvina 64°08'29.0" N bottom Water—0
& River 41°45'47.0" E sediments—rocky-sandy Bottom
bottom with clay Sediment—0
Bereznik village, . o=n/ng (1 Shells—3
7 western side of the Severnaya Dvina 62°50'38.0" N Beach, bottom Water—1
River 42°48'01.1" E sediments—fine-grained sand Bottom
beach .
Sediment — 1
Krasnoborsk village Beach northwest of the village, Shells—4
8 west of Zelen 8% Severnaya Dvina 61°34'58.0" N bottom Water—1
y River 45°50'42.8" E sediments—medium-grained Bottom
Island .
sand Sediment—1
DephIZIS A ey
Ust'yariver, beachat  Severnaya Dvina 61°07'52.3" N ! ! Water—1
9 . . omnf 1 bottom
the suspension River 43°20'46.0" E . . . Bottom
. sediments—medium-grained .
bridge Sediment—1
sand pebbles stones.
Yue river, beach in The flow rate is low, bottom Shells—4
10 & the village Severnaya Dvina 60°27'54.1" N sediments—bottom Water—1
& River 46°30'21.9" E sediments—medium-grained Bottom
Ust-Alekseevo, .
sand. Sediment—1

Figure 2. Shells of freshwater bivalve mollusks Anodonta anatina (Linnaeus, 1758), Unio pictorum
(Linnaeus, 1758) and Unio tumidus Retzius, 1788: A—A. anatina, the Severnaya Dvina River near
Kholmogory village; B—U. pictorum, the Severnaya Dvina near Kholmogory village; C—A. anatina,
the Onega River near Kargopol town (the Kuftyrikha boundary); D—LUIL tumidus, the Onega River
near Kargopol town (the Kuftyrikha boundary). Scale bar = 10 mm.
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2.2. Determination of the Taxonomic Position of Mollusks” Individuals and Preparation Samples for
Trace Elements” Analysis

The primary species identification of the collected samples of bivalve mollusks was
carried out based on standard and special keys [14-16]. The comparative analysis of the
shell morphology was carried out taking into account the structure of the pseudocardinal
and lateral teeth, muscle attachment scars, shell shape, and umbo position [17,18]. Details
of the shell structure were studied using an Axio Lab.A1 light microscope (Carl Zeiss, Jena,
Germany) and a Leica M165C stereomicroscope (Leica Microsystems, Wetzlar, Germany).
Shells were sawn from the umbo to the ventral margin perpendicularly to the winter lines
and along the axis of minimum growth with a diamond saw, and the obtained fragment to
10 mm width was taken for trace element analysis.

2.3. Analysis of the Trace Element Composition of Shells

For the analysis of major and trace elements, parts of the shell were washed using
MilliQ water, dried and ground in an agate mortar. Acidic dissolution of crushed shells was
carried out by processing them in ultrapure water Merck H,O,, bidistilled ultrapure water
Aldrich HNO3, HNOj3 + HClI and, finally, in HNOj at 80 °C in Savillex Teflon containers
housed in separate evaporation chambers (class A 100) located inside the cleanroom
(class ISO A 10,000). This made it possible to dissolve only the carbonate and organic
parts of the shells without leaching silicate mineral impurities. Together with samples,
we also processed two certified carbonate reference materials (Coral JCp-1, Giant Clam
JCt-1). The leachate products were evaporated to dryness, re-dissolved in 10% HNOj3;
and diluted 5000 times for the analysis of major and trace elements using an Agilent
7500ce (Agilent Technologies, Inc., Santa Clara, United States)inductively coupled plasma
mass-spectrometer [6,19].

2.4. Analysis of the Elemental Composition of Water Samples

The elemental composition of the river water was measured by mass spectrometric
and atomic emission analyzes with inductively coupled plasma (ICP-MS and ICP-AES).
The detection limits of the method were 0.1-10 ng L1 for Y, rare earth elements (REE), U,
Th, Zr, Li, Mo, Be, Rb, Cd, W, Nb, Hf, Sb, Cs, T1, and 10-100 ng L~ for (Co, V, Sr, Ba, Mn,
Pb, As) and 100-10,000 ng L~! for other elements (S, Si, P, Br, K, Ca, Fe, Na, Mg, Al, B, Ti,
Cr, Zn, Cu, Se, Ni) [20].

2.5. Analysis of the Elemental Composition of Bottom Sediments Samples

The mineralization of sediment samples was carried out by acid digestion. Along with
the analyzed samples, the digestion of international certified sediment materials (LKSD)
and one in-house standard sample was carried out. One hundred mg of sample were
placed in Teflon beakers (volume 50 mL), with 0.1 mL of a solution containing 8 pg dm™=> of
145Nd, 11Dy, and 7#Yb which is used as a control of the chemical yield during the sample
decomposition procedure), and moistened with several drops of deionized water. After
that, 0.5 mL of HCIO4 (Perchloric acid fuming 70% Supratur, Merck, Darmstadt, Germany),
3 mL (HF Hydrofluoric acid 40% GR, ISO, Merck, Darmstadt, Germany), 0.5 mL of HNO3
(Nitric acid 65%, GR, ISO, Merck, Darmstadt, Germany) were added and evaporated until
intense white fumes appeared. The vials were cooled, their walls were washed with water,
and the solution was again evaporated to wet salts. Then, 2 mL of HCl (hydrochloric acid
fuming 37% GR, ISO, Merck, Darmstadt, Germany) and 0.2 mL of 0.1 M H3BOj3 solution
(analytical grade) were added and evaporated to a volume of 0.5-0.7 mL. The resulting
solutions were transferred into polyethylene bottles, amended with 0.1 mL of a solution
containing 10 mg L~! In (internal standard), diluted with deionized water to 20 mL, and
analyzed by ICP-MS. As blank controls in Teflon beakers, the procedures described above
were carried out without samples, and the resulting solutions were used as control [19].
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2.6. Statistical Treatment of the Data

Element concentrations in samples were compared using the nonparametric Mann—
Whitney U and Kruskal-Wallace H tests because the data were not distributed normally
(Shapiro-Wilk test). To assess the relationship between the concentrations of elements,
the Spearman’s correlation coefficient was used, and linear, logarithmic, and exponential
regression models were employed.

A principal component analysis (PCA) was used to determine the factors controlling
the pattern of element accumulation in shells, water, and sediments. The selection of
factors was carried out according to the screen test and on the basis of eigenvalues (Kaiser
criterion). The suitability of the data for factorization was assessed based on the Kaiser—
Meier-Olkin measure of sample adequacy (minimum fitness value was higher than 0.6)
and using the Bartlett’s test of sphericity. Metal pollution index was calculated according
with Usero et al. [21] and Sedefio-Diaz et al. [22].

3. Results
3.1. Elemental Composition of Shells

The collected shells of bivalve mollusks belonged to two genera (Anodonta and Unio).
All analyzed individuals of Anodonta belonged to the species A. anatina. The individuals
belonging to the genus Unio, according to the teeth structure and the outline of the shell
contours, were identified as U. pictorum (Linnaeus, 1758) and U. tumidus Retzius, 1788 [23].
The average ontogenetic ages of individuals were 4.17 & 0.20 years for specimens of
Anodonta and 4.67 % 0.20 years for specimens of Unio.

The average chemical composition of mollusk shells is presented in Table 2. After
Ca, the most abundant elements were Na, Fe, Mn, Sr. Average concentrations of Na, Fe,
Mn, Sr in Anodonta anatina (n = 18) and Unio spp. (n = 21) shells were 2340 + 31 mg/kg and
2300 + 27 mg/kg, 1580 £ 653 mg/kg and 1030 mg/kg, 680 &= 79 mg/kg and 424 + 38 mg/kg,

635 + 48 mg/kg, and 713 & 68 mg/kg, respectively.

Table 2. Elemental composition of Anodonta anatina and Unio spp. shells from the Severnaya Dvina and the Onega river
basins: the cross into a cell of the table shows the absence of statistically significant differences (p > 0.05), the check mark in
a cell of the table shows the presence of statistically significant differences (p < 0.05).

Statistically Significant Differences

Element Anodonta, ppm Unio, ppm
Mean =+ SE (1 = 18) Mean =+ SE (n = 21) by Genera by Basins by Localities

Li 0.28 £ 0.04 0.23 £ 0.02 X v v
Na 2340 £ 30 2300 + 27 X v v
Mg 138 £ 18 87.6 £9.03 v X v
Al 304 + 47 174 £+ 30 v X v
P 246 + 89 171 £ 62 X v v
K 129 £ 22 76.8 £12.1 X X v
Ti 44+69 31.1 £3.62 X X v
Cr 1.89 +0.3 1.15+0.19 X X X
Mn 680 + 79 423 + 38 v X v
Fe 1580 + 653 1030 + 493 X X v
Cu 3.32£028 293 +0.23 X X X
Zn 3.47 £ 0.60 3.26 £0.53 X X v
As 249 £0.81 292 +1.36 X X X
Rb 0.46 £ 0.10 0.22 £0.05 X X v
Sr 635 1 48 713 £ 68 X v v
Zr 1.86 + 0.41 0.99 £+ 0.19 X X v
Y 0.35 4+ 0.08 0.22 £ 0.06 X v v
Nb 0.095 £ 0.019 0.063 £ 0.012 X X v

S 314 + 36 301 +25 X X v
Sb 0.12 £ 0.02 0.14 £ 0.02 X X v
Cs 0.022 £ 0.005 0.012 £ 0.002 X X v
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Table 2. Cont.

Element Anodonta, ppm Unio, ppm Statistically Significant Differences
Mean =+ SE (n = 18) Mean + SE (n = 21) by Genera by Basins by Localities
Ba 64.6 + 10.1 434 +53 v v v
La 0.65 + 0.14 0.45 + 0.11 X v v
Ce 1.2+0.23 0.76 £+ 0.18 X v v
Pr 0.14 + 0.03 0.04 + 0.02 X v Vv
Nd 048 + 0.1 0.31 +0.07 X v Vv
Sm 0.094 + 0.019 0.058 + 0.013 X v v
Eu 0.018 + 0.004 0.012 + 0.003 X v Vv
Gd 0.077 £ 0.018 0.047 £+ 0.013 X v Vv
Dy 0.069 + 0.015 0.044 + 0.009 X v v
Er 0.032 + 0.007 0.019 + 0.005 X v Vv
Yb 0.03 + 0.007 0.016 + 0.004 X v v
Pb 0.49 +0.03 0.46 + 0.04 X X X
Th 0.062 + 0.011 0.039 + 0.011 X X v
U 0.030 £ 0.005 0.019 + 0.004 v X v

It was found that the concentrations of only 5 elements (Mg, Al, Mn, Ba, and U) differ
between samples of mollusks belonging to different genera. Considering both genera
together, the concentrations of Li, Na, P Al, Sr, Y, Ba, REEs differed between the samples
from the two river basins. Further, the concentrations of all elements, except for Cr, Cu, As,
and Pb, differ statistically significantly among the studied localities when considering two
genera together.

3.2. Elemental Composition of Water and Sediments

The concentrations of chemical elements in water and bottom sediments are presented
in Tables 3 and 4.

Table 3. Trace element composition of water from the studied biotopes.

C, ppm C, ppm
Element Mean iPSI;E n=9 Element Mean iPSPE n=9

B 42.0+11.7 Zr 0.226 4+ 0.036
Na 12000 =+ 4340 Nb 0.005 4 0.001
Mg 11300 + 1590 Mo 0.53 +0.12
Al 70.9 +£19.1 Cd 0.018 4 0.008
Si 2180 + 321 Sb 0.07 + 0.02

S 10200 =+ 2590 Cs 0.005 £ 0.001
K 1320 + 277 La 0.208 + 0.064
Ca 42000 + 5410 Ce 0.437 £0.15
Ti 212 +0.54 Pr 0.057 + 0.017
\% 0.904 + 0.063 Nd 0.234 + 0.068
Mn 190 + 84.9 Sm 0.047 + 0.014
Fe 449 £+ 104 Eu 0.0089 £ 0.0025
Co 0.15 + 0.04 Gd 0.046 + 0.012
Ni 0.503 £+ 0.118 Tb 0.0064 £ 0.0018
Cu 0.933 + 0.121 Dy 0.0346 + 0.0090
Zn 103 + 3.4 Ho 0.0069 + 0.0016
As 1.34+02 Er 0.0173 + 0.0043
Br 34 +11 Tm 0.0022 + 0.0006
Sr 448 + 111 Yb 0.0142 + 0.0033
Ba 59 + 11 Lu 0.0021 =+ 0.0005
b 0.192 + 0.053 Hf 0.0055 =+ 0.0010
Li 48+09 w 0.0068 + 0.0018
Be 0.009 + 0.002 Tl 0.0029 + 0.0003
Rb 1.21 £ 0.15 Th 0.0215 + 0.0043
Y 0.176 £ 0.047 18] 0.426 + 0.122
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Table 4. Trace element composition of bottom sediments from the studied biotopes.

C, ppm C, ppm
Element Mean j:PSI:;E n=9 Element Mean :tPSpE n=9)

Na 9130 + 1520 Sn 0.349 + 0.104
Al 30200 + 4260 Cs 0.702 + 0.214
P 231 £ 51 Ba 337 £ 34

S 1620 + 1450 La 9.79 + 1.88
K 8720 4+ 910 Ce 21.3 +3.98
Ca 16200 £ 665 Pr 231 +043
Ti 1120 + 257 Nd 8.84 +1.63
Mn 362 + 87 Sm 1.64 +£0.32
Fe 12100 + 2980 Eu 0.392 + 0.064
Li 13.1 +6.03 Gd 1.45 4+ 0.28
Be 0.786 4+ 0.182 Tb 0.198 4 0.041
Sc 4.00 +0.94 Dy 1.25 +0.25
\% 251 +6.3 Ho 0.234 + 0.047
Cr 289 +£5.3 Er 0.733 4 0.160
Co 498 +1.12 Tm 0.105 + 0.022
Ni 16.0 4.3 Yb 0.759 + 0.148
Cu 9.42 +5.22 Lu 0.106 + 0.021
n 344 +9.1 Hf 1.23 +0.22
Ga 5.84 + 0.83 Ta 0.334 + 0.094
As 2.71 £ 0.63 W 0.298 +£0.13
Rb 27.8 +2.89 Tl 0.135 + 0.012
Sr 388 £+ 267 Pb 8.03 + 1.59
Y 6.76 + 1.52 Bi 0.03 +0.01
Zr 49.8 + 8.8 Th 1.99 £+ 0.53
Nb 46+12 U 0.79 +0.28

Correlations between element concentrations in the shells revealed two groups of
elements. The largest number of strong correlations was found for aluminum (Mg, K,
Rb, U, Th, etc.) and iron (P, K, Rb, Cs). Generally, for Anodonta anatina, the correlations
between elements were stronger than those for Unio species (Figure 3 and Figures S1-54,
Supplementary Materials).

Correlations of REE with other elements were analyzed for Anodonta mussels” shells.
Strong positive correlations were established for La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Er, Yb with
iron (Rspearman ranged from 0.80 to 0.96, p < 0.01) and for Eu, Gd, Er, Yb with aluminium
(Rspearman ranged from 0.70 to 0.80, p < 0.01). Medium positive correlations were observed
between aluminium and Ce, Pr, Nd, Sm, Dy (Rspearman ranged from 0.51 to 0.68, p < 0.05).

Correlations of REE with other elements were also examined for Unio mussels’ shells.
Strong positive correlations were identified for Nd, Sm, Ce, Pr, Eu, Gd, Dy, Er, Yb with iron
(Rspearman ranged from 0.78 to 0.88, p < 0.01) and for Nd, Sm, Gd, Dy, Er with aluminium
(Rspearman ranged from 0.71 to 0.75, p < 0.01). Medium positive correlations were observed
between Al and Ce, Pr, Eu, Yb (Rgpearman ranged from 0.64 to 0.69, p < 0.01). Medium
positive correlations were observed between Fe and La (Rgpearman = 0.69, p < 0.01).

Iron and phosphorus exhibited strong correlations with Mg, Y, Cs (Rspearman> 0.7,
p <0.01), K, Rb (Rspearman > 0.7, p < 0.05), and REE (Rspearman > 0.8, p < 0.05). There were
no significant correlations for Na, Al, S, Mn, Sr, and U with the concentrations of iron and
phosphorus in the shells of bivalve mollusks (p > 0.05).
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Figure 3. Correlation between trace elements’ concentrations in shells of freshwater mussels Anodonta anatina (A) and Unio
spp- (B), collected from the Onega and the Severnaya Dvina River basins: 1—strong positive correlation (Rspearman
> 0.7, p <0.05); 2—medium positive correlation (0.7 > Rspearman > 0.5, p < 0.05); 3—medium negative correlation
(7 07< RSpearman < 70~5rp < 0'05)'

3.3. Multiparametric Statistics

Preliminary assessment of the suitability of concentrations data on Li, Na, Mg, Al P, S,
K, Ti, Cr, Mn, Fe, Cu, Zn, As, Rb, Sr, Y, Zr, Nb, Sb, Cs, Ba, REEs, Pb, Th, U for factorization
revealed an acceptable value of the Kaiser-Mayer—-Olkin sample adequacy measure (0.719)
and a statistically significant indicator of Bartlett’s sphericity criterion (x2 = 2592; p < 0.001).
As a result, three factors were identified; in terms of the values of factor loadings, they
were interpreted as follows. None of the factors was different between individuals of
different genera. Factor 1 had a regression relationship with the sum of the concentrations
of elements per sample, normalized to calcium (Figure 4). Factor 2 was associated with the
accumulation of iron, barium, and phosphorus during shell growth. Factor 3 described the
conditions of a particular biotope associated with the composition of the bottom sediments
in which the mollusks lived, including the accumulation of heavy metals in the shell (Sb,
Pb, Sr), and differed among localities (p > 0.001).

0.06 A
0.05 A " -
0.04 - Y:0-014260'3“h
= R2=0.792; p <0.00001
= 0.03 4 .
n
0.02 1
0.01 A
0 . . : : . .
— =4 0 1 2 3 q
F1

Figure 4. The power relationships between the first principal component and the sum of Ca-
normalized elements in each sample.
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3.4. Element Distribution Coefficients between the Shell and the Environment

Apparent distribution coefficients of major and trace elements between the river
water and the aragonite shells of Unio spp. and A. anatina were calculated based on
several replicates from the same site. Calcium-normalized distribution coefficients Ky
(solid/liquid) = ([TE]/[Ca])shell/([TE]/[Ca]) solution varied from 10 to 0.001 (Figure 5). In
addition, distribution coefficients of trace elements between shells and bottom sediment
samples were determined to range from 6.71 x 10 to 0.52 (Figure 6).

Ti NbMnPb Al Zr Cs LaCe Cu Th NdFe Y Sb YbAs Sr BaZnNaRb K U Li S Mg

W Anodonta W Unio

Figure 5. Calcium-normalized distribution coefficients (K4) of elements between mollusks’ shells (Unio spp. and Anodonta

anatina) and river water.

Ka shell/sediments

0.1 %

0.01 -

Ti NbMnPb Al Zr Cs La Ce Cu Th Nd Fe Y Sb Yb As St BaZnNaRb K U Li S Mg

0.001

0.0001

B Anodonta W Unio

Figure 6. Calcium-normalized distribution coefficients (K4) of elements between mollusks’ shells (Unio spp. and Anodonta

anatina) and bottom sediments.

The metal pollution index was calculated according to Usero et al. (1996) and Sedefio-
Diaz et al. (2020) for U. pictorum, U. tumidus and A. anatina shells from the Severnaya Dvina
River Basin. It varied from 0.59 to 4.75 for A. anatina and from 0.67 to 4.22 for Unio spp. For
the shells from the Onega River Basin this index varied from 0.74 to 2.80 for A. anatina and

from 0.45 to 0.81 for Unio spp.

4. Discussion
4.1. Element Inter-Correlations and Element Ratios as Indicators of Possible Mechanisms and
Environmental Conditions

The correlations between element concentrations identified in this study may reflect
several main mechanisms of TE accumulation in the shells such as: (i) metabolic reactions
leading to carbonate mineral generation within the mollusk’s body and co-precipitation
with aragonite in the “extrapallial” fluid; (if) complexation with organic matter (perios-
tracum, winter lines, nacreous) of the shell structure; (iii) co-deposition with iron (III) or
manganese (IV) hydroxide on the surface of growing shells and (iv) nonspecific passive cap-
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ture (occlusion) of river water or sediment porewater particles (silicates, sulfides, organic
debris) during filtration of the surrounding water (Bolotov et al., 2015).

There was a sizable (a factor of 7 to 11) increase in the Fe concentration in the U. picto-
rum and U. tumidus shells and in water from biotopes in the direction from the headwaters
of the basin to the mouth of the Severnaya Dvina River (R? = 0.928, p < 0.01). In addition,
such a regression relationship was also revealed for phosphorus in the shells of mollusks
of this genus (R2 =0.934, p < 0.01), Figure 7. No such dependence was found for bottom
sediments from the corresponding sampling points. In our opinion, this is due to variability
of the bottom sediment composition at the sampling sites (from loam to medium-grained
sand). In contrast, a strong positive correlation between Fe and P in shells of mollusks
may indicate either P co-precipitation with Fe hydroxide or formation of Fe phosphate at
the shell surface or impregnated between growing layers. Strong removal of P with Fe
hydroxide from aqueous solutions is fairly well known [24-26]. The importance of this
process for concomitant Fe and P accumulation in mollusks shells is consistent with the
fact that the Kg ghell/water for Fe and P did not exhibit statistically significant regression
relationships with the distance from the mouth of the Severnaya Dvina River (p > 0.05),
despite sizable variations of these element concentrations in the river water.

y = 1702¢ 0003
R*=0.928;p<0.01  y=-2655In(x)+ 2022.4
o R? = 0.794; p < 0.05

1 ®
y =— 61.6In(x) + 467.71
R?=0.934; p <0.01
0 200 400 600 800
Distance from the river mouth, km
@ P shell ® Fe shell ¢ Fe water

Figure 7. Changes in the concentration of iron and phosphorus in U. pictorum and U. tumidus shells and iron in the water
from biotopes in the Severnaya Dvina Basin. The power relationships between element concentration (shells) (y) and
distance from mouth (Severnaya Dvina) (x) are significant at p < 0.01 for shells” samples and at p < 0.05 for samples of water.

For the Severnaya Dvina River, Dzhamalov et al. [27] reported a downstream trend
of an increase in Fe dissolved concentration and export fluxes. This trend can be linked
to a progressive increase of the bog coverage and a shift in the watershed rock lithology,
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from carbonates and evaporates in the headwaters and small tributaries to silicate moraine
and Archean metamorphic rocks in the low reaches of the basin [28,29]. The data on Fe
concentration in shells and ecosystem compartments obtained in this study are consistent
with these observations. A northward increasing trend in Fe concentration is evidenced
from 6 sampling sites located in the section of the basin from the confluence of the Yug
River to the mouth of the Severnaya Dvina River (Figure 7). Therefore, the shells of
freshwater mussels with an average lifespan of about five years represent an archive that
can be complementary to a long-term river water chemistry monitoring via hydrochemical
analyses, i.e., [27,30].

Additional information about the environmental conditions of biotopes can be ob-
tained via the concentration ratios of an element to Ca or Fe (i.e., Mn/Fe, Mn/Ca). A
linear regression (p = 0.0016) was revealed between the Mn/Fe ratio in the U. pictorum
and U. tumidus shells and in sediments from the corresponding biotopes in the Severnaya
Dvina River Basin (Figure 8). Given that Mn/Fe ratio can serve as an indicator of the redox
conditions at the sediment-water interface, i.e., [10], the accumulation of Mn relative to Ca
in skeletons of mollusks reflects the corresponding redox conditions, which are operating
under anoxic/suboxic conditions at the sediment-water interface.

0.07 -

006 1 y = 0.009x +0.023 ®
0.05 - R?=0.883: p < 0.001

0.04 -
0.03 -

e

(=}
~}
i

0.01 A

0 rg T ra T ryTrrTrrr ey

Mn/Fe bottom sediments

Figure 8. Regression relationships between element Mn/Fe-ratio in U. pictorum and U. tumidus shells
(x) and bottom sediments (y) from Severnaya Dvina basin.

On the one hand, among various mechanisms, Mn, and Fe immobilization in the form
of MnS and FeS both in the sediments and shells can be involved. This is consistent with
elevated sulfide concentration in upper layer of riverine sediments in the region [31]. On
the other hand, preferential uptake of Mn vs. Fe by shells can be explained by higher
affinity of Mn?* to the carbonate mineral structure compared to Fe>* in the environmental
conditions, which are not sufficiently reduced to convert Fe3* into Fe?*.

Zhao et al. [10] suggested the ranking of different species of freshwater mollusks
with respect to the Mn/Ca ratio in watercourses of different trophic status. In terms
of their average Mn/Ca (mmol/mol) values in shells, the U. tumidus, U. pictorum and
A. anatina samples from the studied basins (the Severnaya Dvina and the Onega rivers)
correspond to mesotrophic watercourses (Figure 9). The values of the Mn/Ca ratio in the
shells of freshwater bivalve mollusks can reflect the occurrence of reducing conditions at
the water-sediment interface; such conditions may occur due to eutrophication [10]. In the
studied shells, the Mn/Ca ratios are higher in the A. anatina shells (p < 0.01), because this
species lives under conditions of lower oxygen content, burrowing deeper into softer clay
sediments in comparison with Unio specimens from the same biotope.
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Figure 9. Comparison of Mn/Ca ratio (mmol/mol) in shells of freshwater bivalve mollusks: 1—Margaritifera margaritifera
(oligotrophic rivers), 2—M. laevis (oligotrophic rivers), 3—M. dahurica (oligotrophic rivers), 4—M. laevis (mesotrophic rivers),
5—M. dahurica (mesotrophic rivers), 6—U. tumidus and U. pictorum (mesotrophic rivers), 7—Anodonta anatina (mesotrophic
rivers) (References: 1-5—Bolotov et al., 2015, 6-7—this study).

4.2. Relationship between the Content of Chemical Elements in Shells, Water and Sediments

The distribution coefficients (Kg) of chemical elements between different compart-
ments of the ecosystem were calculated to assess the efficiency of element uptake by
mollusks shells from the surrounding milieu. The lowest values of the distribution coeffi-
cients (Kq shell/Waters Kd Shell/Sediments) Of highly mobile elements such as Na, S, Sr, Sb, and
U were established in the localities of the Severnaya Dvina Basin. These elements are most
abundant in the bottom water layer. Lithophile elements (Al, Ti, Mn, Cu, Zr, Pb) exhibited
the highest values of the distribution coefficient between the shell and the river water or
the sediment.

According to the graphs presented in Figure 10, Rb, Sb, and Pb exhibited linear
regression coefficients of Log K shell/water (X) and Log Kg shell/Sediment (Y). A positive
regression was found for Rb (R2=0.58; p < 0.05) and Sb (R% = 0.54; p < 0.05), whereas a
negative regression was observed for Pb (R? = 0.74; p < 0.005).

Overall, an increase in Ky ghell/water With Kg sediments/water may reflect (1) a concomi-
tant immobilization of an element from the river water to the shells and the sediments;
(2) efficient uptake of an element by mollusks from the surrounding sediments.

Another important observation is that sodium, zinc, barium, and lanthanum demon-
strated significant (p < 0.005) linear dependence of Log K shei/water and Log K Sediment/Water
values (Figure 11). These ratios reflect the dependence of the element contents in the shells
and sediment concentration in water. Some elements can accumulate in greater amounts in
the sediments, with the highest K4 values of Zn and La corresponding to localities with a
clay substrate. Sodium has lower values of the distribution coefficients between sediments
and water, as well as between shells and water, which is associated with its relatively high
concentration and mobility in the liquid phase. The correlations observed between the
distribution coefficients of elements between shells/water and sediments by water show
that Na, Zn, Ba, and La (and generally all light REE) are more evenly distributed between
liquid/solid phases and shells compared to other studied elements, which is consistent
with recent results of Sedefio-Diaz et al. [22].
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Figure 10. Regression relationships between Log K ghell/water (X) and Log K speli /Sediments (Y) for
Rb, Sb, and Pb.

A dependence of the metal pollution index for Anodonta and Unio shells as a function
of the distance to the river mouth was strongly pronounced for the Severnaya Dvina River
Basin. This dependence can be approximated by a power function (R? = 0.824, p < 0.05,
Figure 12). The metal pollution index (MPI) includes the sum of the concentrations of
all metal elements (without Ca) accumulated in shells following Usero et al. [21,32] and
Stankovic et al. [33]. The MPI value increased in the direction from the headwaters to the
mouth of the Severnaya Dvina River. Such a downstream accumulative pattern can be
explained by the location of large agglomeration (Arkhangelsk city, population of 354,100
inhabitants) in the low reaches of the river. Statistically significant differences between
locations were found for the metal pollution index (p = 0.003). The highest index values
were found for biotopes located in the mouth of the Severnaya Dvina and the Onega rivers.
This likely reflects an increasing local anthropogenic pressure (urban sewage waters, some
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industry) from the town of Onega and Arkhangelsk, located in the mouth zone of both
rivers. At the same time, there was no statistically significant regression relationship for
concentrations of Zn, Cd, Pb, As, Sb, Cu, Ni, Co, Cr in shells and for K shei/water With
the distance from the mouth of the Severnaya Dvina River (p > 0.05). The contrast in Fe
and metal /metalloid spatial pattern is noteworthy as it suggests that sole urban pollution
cannot be responsible for elevated Fe concentration in the low reaches of the Severnaya
Dvina River. Rather, enhanced proportion of bogs and wetlands in the mouth zone of
Severnaya Dvina may provide high amount of Fe, essentially in the form of organo-ferric

colloids i.e., [28,34] to the river main stem.
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Figure 11. Regression relationships between Log Kg shell/water and Log Kg sediments/water for Na, Zn, Ba and La.
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Figure 12. Regression relationships between values of metal pollution index (Y axis) and the distance
from the mouth of the Severnaya Dvina River (X axis) are significant at p < 0.05.
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5. Conclusions

Analyses of the chemical composition of mollusks shells, water, and sediments of
the two largest European Arctic Rivers—Severnaya Dvina and Onega—demonstrated a
sizable accumulation of a small number of elements (Mg, Al, Mn, Ba, and U) in the shells.
These elements exhibited statistically significant differences between studied genera and
allowed to trace the ecological preferences of certain species in terms of the substrate. The
differences in element concentrations in shells and ecosystem compartments (river water
and sediments) between river basins partially stem from the lithological composition of
the catchment area and the presence of bogs at the watershed.

The specificity of lithological and mineralogical composition of bottom sediments
controls the conditions of chemical element distribution between the components of the
riverine ecosystem in each locality. These results suggest that element accumulation in the
shell depends on specific conditions of the biotope.

The concentrations of iron in the water and shells and phosphorus in the shells of
bivalve mollusks (Unio spp.) increased in the direction from the upper parts of the basin to
the low reaches of the Severnaya Dvina River. This suggested strong influx of iron from
the bogs of the catchment to the river and Fe accumulation by the freshwater mussels.

The principal component analysis revealed three main factors; the first was interpreted
as the concentration pattern (1), the second one was responsible for accumulation of iron
and phosphorus during shell growth (2), and the third is reflecting the conditions of
biotopes associated with the composition of the bottom sediments (3).

The metal pollution indices demonstrated progressive enrichment in the confluence
of the Severnaya Dvina River and the Pinega River and also in the vicinity of the river
mouth, reflecting possible point source contamination originated from industrial and
pollution activity.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/w13223227 /51, Figure S1: the power relationships between Fe and P concentrations in
A. anatina (1) and Unio spp. (2) shells; Figure S2: the power relationships between Al and Mg
concentrations in A. anatina (1) and Unio spp. (2) shells; Figure S3: the power relationships between
Al and K concentrations in A. anatina (1) and Unio spp. (2) shells; Figure S4: the power relationships
between Fe and Y concentrations in A. anatina (1) and Unio spp. (2) shells.
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