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Abstract The lakes of mining and metallurgi-
cal regions are modified not only by climate warm-
ing, but also by diverse human impacts. The primary
hypothesis of this study was that the response of
lakes in the Ural metallurgical region to global warm-
ing and human land use was mediated by loading
of potentially toxic elements (PTEs) and acidifica-
tion. To test this hypothesis, we carried out a diatom
and geochemical analysis of sediments accumulated
through the past 800—1200 years and a hydrochemical
analysis of four lakes. All lakes were characterized
by shifts in diatom assemblages and changes in dia-
tom indices and planktonic diatoms in the nineteenth
and the twentieth centuries. Despite contamination by
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PTEs, lakes Turgoyak, Tavatui, and Syrytkul experi-
enced an increase in trophic state and in planktonic
diatoms. Oligotrophication was inferred only in the
record of Lake Ufimskoe which was most contami-
nated by PTEs, but marked by the least other human
impact. We conclude that diatom assemblages in the
Middle and Southern Urals lakes primarily reflect
the influence of local human activity, rather than the
global warming. Industry-related acidification and
higher PTEs altered lake development only under the
condition of weak influence of other human activities.
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Introduction

Lakes are an important part of water resources in
the forest zone of the Eastern Slope of the Urals.
They are a source of drinking and technical water to
cities and are actively used for industrial enterprises,
fisheries, and recreation. According to a number of
studies, Southern and Middle Ural lakes are rapidly
degrading, possibly due to climate change and human
impacts (Gavrilkina et al., 1998; Rogozin, 1998;
Bayanov, 2012; Isakova et al., 2015).

Climate warming has been observed in the
studied region since the middle of the nineteenth
century. The most pronounced increase in average
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annual temperature began in the twentieth century
(Pogoda i klimat, 2022, http://www.pogodaiklimat.
ru/history/28440.htm). Climate warming can cause
alteration of lake stratification patterns, extension
of the growing season and open water period,
changes in light and nutrient availability, and habitat
alterations that lead to biotic composition shifts
(Magnuson et al., 2000; Smol et al., 2005; Winder
& Sommer, 2012; O’Reilly et al., 2015; Riihland
et al., 2015; Reavie et al., 2017). Both direct and
indirect climate impacts may be superimposed on
the influence of local human activities. For instance,
changes in hydrological lake conditions, wastewater
discharge, deforestation, and active recreation due
to population growth and urbanization contribute
to the rapid eutrophication of lake ecosystems
(Rogozin, 1998; Bayanov, 2012; Isakova et al.,
2015). In addition, the Ural region has long been the
most important mining and metallurgical region in
Russia. For the last three centuries, more than 300
metallurgical plants have been built there (Alekseeyv,
2001). Industrial construction and related population
growth reached a maximum in the twentieth century.
Industrial emissions may cause lake acidification
and an increase in potentially toxic elements (PTEs)
in water and lake sediments. These factors result in
changes in the phytoplankton structure, emergence
of species tolerant to pollution (Ruggiu et al., 1998;
Cattaneo et al., 2004; Salonen et al., 2006; Tuovinen
et al., 2012; Morin et al., 2014; Snit’ko & Snit’ko,
2015, 2019; Sivarajah et al., 2019), reduction in
planktonic species (Salonen et al., 2006; Tuovinen
et al., 2012; Thienpont et al., 2016), and changes
in lake trophic state (Denisov et al., 2020). It is
necessary to specify the lake ecosystem response
to human and natural impacts to provide effective
management and forecasting of lake development in
the metallurgical region under the global warming.
Diatoms are important bioindicators characterized by
a significant sensitivity to changes in hydrochemical
parameters, particularly to nutrients, PTEs, and water
pH. The study of diatom assemblages corresponding
to different lake developmental periods makes it
possible to assess lake ecosystem changes under the
influence of different human and natural factors.
Paleolimnological studies are very limited in
the Ural region. Sedimentary diatom assemblages
from several Northern Ural lakes show distinct
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changes involving planktonic diatoms in the
twentieth century, likely due to a temperature
increase in June and September that extended the
duration of the ice-free season (Solovieva et al.,
2008). Paleolimnological reconstructions based
on diatom analysis of sediment cores from the
Polar Urals revealed changes in lakes over the
past 100-150 years that were related to climate
warming (Palagushkina et al., 2019). Changes in
diatom assemblages of Lake Bol’shoe Miassovo
(Southern Urals) were interpreted as responses to
global climate warming (Rogozin et al., 2017).
The study of Holocene sediments of small lakes
in the Southern Urals (Maslennikova & Udachin,
2017) showed changes in diatom assemblages
likely related to dam construction and acidification
related to the Karabash copper smelter. However,
the limited number of analyzed samples for the
period prior to these human impacts prevented
assessment of the possible role of natural factors
in the lakes’ changes. In the study of Holocene
sediments from the larger and deeper Lake Tavatui
(Middle Urals), Maslennikova (2022) concluded
that, since the mid-nineteenth century, lake water
phosphorus content changed in accordance with
the main trend of increasing annual temperature.
Meanwhile, the impact of changes in concentrations
of PTEs, as well as the possible acidification of
Lake Tavatui, located in the Middle Urals mining
and metallurgical region, was not assessed. In a
previous study of Lake Turgoyak, which is one of
the deepest lakes of the Southern Urals, diatom
analysis of several samples from sedimentary
horizons accumulated over the last 12 cal ka BP
revealed that the lake ecosystem repeatedly changed
over this time (Maslennikova et al., 2018). The
upper part of the sediment during the Anthropocene
has not been studied yet.

We hypothesize that the response of shallow
and deep lakes of the Ural metallurgical region
to climate warming and local human activities
is substantially changed by industry-related
acidification and contamination by PTEs. To test
this hypothesis, we used the following approach: (1)
assess and compare the ecosystem state and water
quality in present-day lakes subject to different
degree and type of human impacts; (2) assess the
ecosystem changes of Ural metallurgical region
lakes over the past 1000 years; and (3) identify the
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main factors that caused changes in the Ural lake
ecosystems.

Regional setting

We studied four lakes (Ufimskoe, Syrytkul, Tavatui,
and Turgoyak) in the Ural mountain-forest zone, dif-
fering in morphometric (Table 1) and hydrochemical
parameters (Table 2), human impact type and degree
(Fig. 1).

The Urals became a mining and metallurgy center
in the eighteenth century. In the first half of the eight-
eenth century, the Middle Urals was an object of
intensive mining development. In the second half of
the eighteenth century, the Southern Urals turned into
one of the leading mining industry centers in Russia.
The Middle Urals was an area of concentration of fer-
rous metallurgy plants. The Southern Urals mainly
specialized in the production of copper. In the eight-
eenth century, copper smelting plants of the region
produced more than 80 kt of copper which accounted
for 67.5% of the copper smelting industry of Russia
(Kulbahtin, 2008). Many plants were closed after
1861 AD. A new period of industrial activity begin-
ning in the twentieth century was interrupted by the
October Revolution in 1917 AD. Many plants started
working again after 1925 AD. The largest industrial
growth in the Urals occurred following industrializa-
tion (1928-1941 AD) and World War II (1939-1945).
A reduction in industry was observed in the 1990s.

Table 1 Location and morphometry of studied Urals lakes

The new growth of industry began only at the begin-
ning of the twenty-first century. At present, many fer-
rous and non-ferrous metallurgy plants are located in
the Middle Urals. The Sredneuralsk and Kirovgrad
plants founded in 1931 AD and 1914 AD are the
closest copper smelters to Lake Tavatui (30 km). The
Karabash copper smelter, which exerted the greatest
impact on natural ecosystems of the Southern Urals,
has been operated since 1910 AD (Udachin et al.,
2014). After a brief hiatus (1918-1925 AD), the
copper smelter continued to increase the smelting of
copper ore and coarse copper until 1989 AD. In the
period between 1989 AD and AD 1998, the smelter
was stopped due to substantial ecological problems
(Alekseev, 2001). At the beginning of the twenty-
first century, production modernization made it pos-
sible to reduce sulfur dioxide and PTEs emissions.
Lakes Ufimskoe, Syrytkul, and Turgoyak are located
7, 12, and 36 km from the Karabash copper smelter,
respectively.

Population data covering a significant period of
time is available only for large cities of the South-
ern and Middle Urals. Since 1723 AD, the popula-
tion of Yekaterinburg (Middle Urals) increased from
four thousand to 1493 thousand people. Since 1739
AD, the population of Chelyabinsk (Southern Urals)
increased from one thousand to 1200 thousands of
people. The fastest population growth was observed
since the 1930s. The decline in the population in the
1990s was reversed by a steady increase since the
twenty-first century (Kolotova et al., 2009).

Parameter Ufimskoe Tavatui

Core latitude and longitude
60°07'08.50”"E

Altitude, m a.s.1 472 259
Surface area, km? 0.87 21.2
Maximum water depth, m 3 9
Average water depth, m 1.1 5
Water volume, mln m> 1 124
Water depth at core site, m 3 7.5
Catchment area, km? 4.9 104
Catchment area/Lacustrine 5.6 4.9
surface area
Lacustrine surface area/Water 0.9 0.2
volume

Dates of hydrological regulation —

1762 AD, 1914 AD

Syrytkul Turgoyak

55°31'20.61”N,  57°13'05.85”N, 60°17'98.89”E 55°19'733”N, 60°15233”E 55°16'817"N,
60°05'481”E

358 320

0.6 26.4

6.5 325

3.7 19

22 507

52 19

29 76

4.8 29

0.3 0.1

Since 1871-1919 AD 1960-2007 AD
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Table 2 Hydrochemical parameters of studied lakes

Parameter Code Unit Ufimskoe Tavatui Syrytkul Turgoyak
Mean STDEV  Mean STDEV  Mean STDEV  Mean STDEV
pH 7.0 0.1 7.5 0.3 7.2 0.1 7.6 0.4
Electrical conductivity EC pS cm™! 65.6 7.3 124.9 21.8 172.0 8.7 125.5 5.9
Total water hardness TWH mmol L~! 0.6 0.1 1.4 0.4 1.9 0.2 1.4 0.0
Alkalinity Alk mmol L~! 0.21 0.02 1.08 0.35 1.56 0.02 0.88 0.08
Color of water Color Cr-Coscale 28.8 6.4 20.9 5.0 29.1 2.5 8.8 0.3
Permanganate value Pv mgO L™! 5.8 0.4 7.1 0.6 9.2 0.8 2.7 0.0
Salinity Salinity mgL™! 53 6 133 27 165 4 127 3
Bicarbonate HCO;~ peqL™ 212 20 1080 354 1558 16 880 80
Chloride ClI- peqL™! 58 11 216 61 112 19 161 14
Sulfate Noln peqL™! 468 142 531 64 452 19 729 177
Calcium Ca** peqL™! 404 7 918 235 1277 58 1035 25
Magnesium Mg>* peqL™! 211 36 516 116 639 2 415 25
Potassium K* peqL™! 42 8 81 33 77 4 54 0.1
Sodium Na* peqL™! 145 26 250 47 281 15 219 18
Phosphate phosphorus  PO,-P pg L7 3 2 2 1 19 31 1 1
Total phosphorus TP pg L7 15 4 35 6 50 4 10 6
Nitrite nitrogen NO,-N  pgL~! 2 0.2 5 6 3 0.02 2 0.08
Nitrate nitrogen NO,-N  pgL™! 23 12 36 28 77 30 16 0.0
Ammonia nitrogen NH,-N pgL~! 125 96 44 2 91 84 43 0
Total nitrogen TN pg L7 503 116 617 161 1520 - 327 49
Total carbon TC pg L7t 9643 1613 20,660 6037 43,730 - 13,993 1539
Total organic carbon TOC pg L7 7883 1438 11,050 1578 25,160 - 5693 994
Secchi disk SD m 2.6 0.06 2 0.7 1.9 0.5 10 0
TN/TP 33 11 18 6 30 10 33 11

Mean is an average value based on three water samples collected in spring, summer, and autumn

STDEYV is a standard deviation

Lakes Turgoyak and Tavatui are under a signifi-
cant recreation pressure and are partially used for
water supply to the cities. Lake Syrytkul is located
within the Ilmensky State Reserve. All lakes, except
for Ufimskoe, have been subject to flow regula-
tion activities. The level of Lake Tavatui rose by
2-3 m, with an increase in surface area, after dam
construction on the Neiva River in 1762. Then in
1914-1915, an artificial passage was made to the
east of the old channel, connecting Lake Tavatui
with Verkh-Neivinsky pond (Lozhkin, 1971). The
dam construction in Lake Syrytkul limited its flow
and substantially changed its parameters (Deryagin
et al., 2011). According to old maps (Strel’bickij,
1871; 1919) the dam was constructed in the period
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between 1871 and 1919 AD.). Since the mid-twenti-
eth century, Lake Turgoyak water was actively with-
drawn to supply Miass, and its flow was regulated
from 1960 to 2007 (Gavrilkina et al., 1998).

Materials and methods
Field methods

The sediment cores were collected with a
Molchanov’s bathometer (for lakes Ufimskoe,
Syrytkul, and Tavatui) and a Stratometer C1 (for
Lake Turgoyak) from mean or maximum lake water
depths (Table 1). The core sections were extruded
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and sliced in the field. All samples were stored in
plastic bags at 4 °C in the dark. Water samples were
collected by hand below the surface (0.3-0.5 m
depth) no less than three times during the period
from May to September.

Laboratory analyses of water and sediments

Trace element concentrations in the lake sediments
were determined by inductively coupled plasma-
source mass spectrometry (ICP-MS) using Perkin
Elmer ELAN 6000 in the Ural Electrochemical
Integrated Plant (for Lake Tavatui sediments) and
Agilent 7700 (for lakes Ufimskoe and Syrytkul).

Trace elements for Lake Turgoyak were analyzed
by laser ablation mass spectrometry using Agilent
7700xICP-MS coupled to a New Wave Research
UP-213 nm laser ablation system owned by South
Urals Federal Research Center of Mineralogy and
Geoecology of the Ural Branch of the Russian
Academy of Sciences. The methods were described in
detail by Maslennikova et al. (2020).

Chemical analysis of water was carried out in
the Laboratory of the South Urals Research Center
of Mineralogy and Geoecology in accordance
with standard hydrochemical analysis methods
also listed and briefly described in Maslennikova
(2020). Total nitrogen, total carbon and total
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inorganic carbon were determined using a
Topaz NC analyser. The operation principle of
Topaz NC is based on high-temperature thermal
catalytic oxidation of nitrogen and carbon
compounds contained in a water sample, followed
by detection of element oxides and calculation
of the initial content of all forms of nitrogen and
carbon compounds in the sample. Trace elements
concentrations in the lake water were determined
by ICP-MS using Agilent 7700 in South Urals
Federal Research Center of Mineralogy and
Geoecology of the Ural Branch of the Russian
Academy of Sciences.

Chronology

Age-depth models were developed based on 2!°Pb,
B37Cs and AMS'C measurements. AMS !4C
measurements of the considered Urals lakes were
presented in previous publications (Maslennikova
et al., 2016, 2020, 2022). Additionally, two samples
of organic carbon-rich bulk sediments collected
from the Turgoyak and Tavatui cores were dated
by AMS !#C at the Center for Collective Use
“Laboratory of Radiocarbon Dating and Electron
Microscopy,” Institute of Geography, Russian
Academy of Sciences, and at the Centre for Applied
Isotope Studies, University of Georgia, USA.
All radiocarbon dates were calibrated using the
IntCal20 calibration curve (Reimer et al., 2020).
Activities of >'°Pb for lakes Syrytkul, Turgoyak,
and Tavatui were measured with application of
Ortec alpha spectrometry system. Activity of *°Ra
used to establish supported 2!°Pb activity, as well as
activity of 21°Pb for Lake Ufimskoe was determined
by gamma spectrometry with application of hyper-
pure planar germanium detector. Activity of *’Cs
was estimated for lakes Ufimskoe and Syrytkul.
Unsupported 2!1°Pb activity was determined by
subtracting supported activity from the total
activity, with supported 2'°Pb estimated from the
asymptotic activity at depth (for Lake Turgoyak)
or 2*Ra activity (for lakes Syrytkul, Turgoyak,
and Tavatui). Sediment age/depth relationships
for upper sediments were calculated using the
constant rate of supply (CRS) and constant initial
concentration (CIC) model (Appleby & Oldfield,
1978). The chronological information obtained
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based on 2!°Pb, '¥’Cs and AMS '“C measurements
was integrated and modeled using Bacon (version
2.2) (Blaauw & Christen, 2011) (Supplementary
Table S1, Fig. S1). Results of 2!°Pb, 137Cs, and
AMS '“C measurements applied to age-depth
models are reported in the supplementary material
(Tables S2, S3).

Diatom analysis

For diatom analysis, samples were treated with
nitric and perchloric acids to remove organic matter.
Slides were mounted using an Elyashev’s mountant
(n=1.67-1.68) (Proshkina-Lavrenko, 1974). A
Mikmed 6 var. 7 microscope using bright-field oil
immersion optics at 1000 X magnification was used
counting. Measurements for taxonomic identification
were made using ToupView 3.7 software, and
photomicrographs were obtained with a ToupCAM
UCMOS14000KPA digital camera. At least 500
valves were counted per sample (diatom total) to
determine the relative abundances (percentage)
of individual taxa in the assemblages. Diatom
identification was based on Krammer & Lange-
Bertalot (1986, 1988, 1991a, b), Kulikovskiy et al.
(2016), Lange-Bertalot et al. (2017), and Reichardt
(2018). The diatom nomenclature was updated using
the online Algaebase catalogue (Guiry and Guiry,
2022).

Modern lake trophic state and nutrients enrichment
assessment

The trophic state index (TSI) was used to assess
the current trophic state of lakes based on the
hydrochemical data. Average concentrations of
total phosphorus (TP), total nitrogen (TN), and total
organic carbon (TOC) as well as Secchi disk depth
(SD) were used as trophic state indicators. A value
of TSI<40 indicates oligotrophic conditions, with
mesotrophic from 40 to 50, eutrophic from 50 to 70,
and hypertrophic > 70. TSI values were calculated by
the formulae of Carlson (1977), Kratzer & Brezonic
(1981), and Dunalska (2011).



Hydrobiologia (2023) 850:1669-1698

1675

Evaluation of lake water contamination in potential
toxic elements

Water pollution by PTEs was assessed based on
Criterion Cumulative Unit (CCU) (Clements et al.,
2000), which is defined as:

CCU = Concentration of pollutant

/Criterion value for pollutant

The criterion values for pollutants represent the
statutory fisheries water quality standards in force in
the Russian Federation (Normativy kachestva, 2016
with changes in 2018, 2020). RUC (Rebasamiento
del Umbral de Contaminacién or Pollution Threshold
Overshoot) was applied to unify the combined effect
of all pollutants in one metric (Fernandez et al., 2018).
RUC was calculated from CCU through the following
mathematical expression: RUC = logZ(Z ccu )

For the correct calculation of RUC, CCU values
from O to 0.75 were set equal to 0. Unpolluted sites have
RUC=0, whereas sites that are polluted or at high risk
of being polluted with one or more PTEs have RUC>0
(Fernandez et al., 2018).

Evaluation of lake sediment contamination by
potentially toxic elements

The enrichment factor (EF) was utilized for assess-
ment of PTE contamination levels in lake sediments.
EF values were calculated for both pre-industrial and
industrial lake sediments using the following formula:
EF = (Xs/Es)/(Xr/Er), where (Xs/Es) is the ratio of the
element of interest (X) to the reference element (E) for the
studied samples, and (Xt/Er) is the ratio of the element of
interest to the reference element for the reference sediments.
We used lithium as the reference element (Loring, 1991).
For reference sediments, we used sediments of the same
type, but accumulated in the pre-industrial time in the same
lake (Chassiot et al., 2019). We did not use several samples
between industrial and pre-industrial period for calculation
of industrial and reference values due to possible diagenetic
migration of PTEs. Five categories were used for assess-
ment based on EF: none-to-slight enrichment (<2), mod-
erate (2-5), severe (5-20), very severe (20-40), extremely
severe (>40) (Sutherland, 2000). The enrichment index
(EI) was calculated by analogy with the pollution load index

(PLI) (Tomlinson et al., 1980) to compare the degree of
PTE enrichment in sediments of different lakes.

PLI = {/CFI X CF2... X CFn, where CF is the
contamination factor obtained by calculating each
potentially toxic element concentration and its back-
ground value and n is the quantity of PTEs. However,
instead of the contamination factor, we used the enrich-
ment factor in the formula to consider terrigenous dilu-
tion of sediments:

EI = VEF1 x EF2 ... x EFn

Reconstructions of lake ecosystem changes

Reconstructions are based on the analysis of diatom
flora shifts and changes in diatom ecological groups.
To understand the general trends of diatom flora
shifts, a principal component analysis (PCA) was
applied to the full diatom data of the four study lakes.
Indicator species with known ecological preferences
were used for qualitative reconstructions. Saprobity
and trophic state were also evaluated based on the
ecological groups of Van Dam et al. (1994).

Paleolimnological reconstructions based on diatom
indices of water quality

Diatom indices of water quality were used to evaluate
the history of organic pollution and eutrophication
over the last 800-1200 years. The diatom analysis
raw counts were entered into Omnidia version 6.1.4
for ecological analysis and calculation of 23 water
quality diatom indices (Lecointe et al., 1993). Several
pH indices were also calculated in Omnidia based on
the models of Andrén & Jarlman (2009), Renberg
& Hellberg (1982), Huttunen & Turkia (1990), and
Hakansson (1992). Firstly, we determined which of
diatom indices presented in Omnidia software met the
condition of the availability of ecological information
for at least 60% of the assemblage species and that
these species comprised 60% of the assemblage in
each studied lake. Then, we tested remaining diatom-
based indices to determine the most reliable ones
for reconstruction of pH, water quality, and trophic
status for Urals lakes. Specifically, we used a modern
lake database with diatom and hydrochemical data
to evaluate how well each index was correlated to
hydrochemical variables. The applied lake database
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contains the data on hydrochemical parameters and
diatoms of 73 lakes of the Urals (Maslennikova,
2020). We performed correlation analysis between
individual diatom indices and hydrochemical
variables with application of Statistica v. 10.0
software. Hydrochemical parameters (except for
pH) were log-transformed before the correlation
analysis. Pearson correlation coefficients (r) as well
as references for diatom indices are presented in the
supplementary material (Table S4). Reconstructions
of nutrient status were carried out using only the
indices with a moderate or strong correlation (r>0.5)
with nutrient variables (TP, TN, TOC, Pv, Color,
N-NO3, P-PO4, N-NH4). To facilitate comparison
between indices, all water quality indices presented in
Omnidia version 6.1.4 were transformed to the scale
from 1 to 20. A decrease in index value indicates
eutrophication and degradation in water quality. We
also used original index values, if needed, with an
appropriate explanation in the text. The pH indices
based on the models of Andrén & Jarlman (2009),
Renberg & Hellberg (1982), Huttunen & Turkia
(1990), and Hakansson (1992) were used only if
their values had moderate or strong correlation with
measured pH of the 73 Urals lakes.

Diatom-based inference models for electrical
conductivity (EC) and total phosphorus
reconstructions

For electrical conductivity reconstructions, a transfer
function developed using a 72-lake regional diatom
dataset was applied (Maslennikova, 2020). For total
phosphorus reconstructions, two TP diatom datasets
were applied: a combined TP diatom dataset from
the European Diatom Database Initiative (EDDI)
(Lotter, 1989; Bennion, 1994; Wunsam & Schmidt,
1995; Bennion et al., 1996a, b; Rioual, 2000) and a
regional Urals lakes dataset (Maslennikova, 2020).
Diatom-based inference models were developed
by simple weighted averaging (WA) and weighted
averaging partial least squares (WA-PLS) methods
using log-transformed species relative abundance
data (ter Braak & Juggins, 1993; Birks, 1998). The
performance of all transfer functions was evaluated
by mean square error of prediction, as estimated by
bootstrapping (RMSEP, ) and associated model
statistics such as average bias, maximum bias, and
coefficient of determination () between predicted
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and observed values (Birks et al., 1990). Transfer
functions and reconstructions of EC and TP were
developed using C2 software (Juggins, 2007).

Assessment of reliability of EC, TP and diatom
indices reconstructions

For assessment of reliability of EC and TP
reconstructions, the modern analogue technique
(MAT) (Laird et al, 1998; Birks, 1998), which
evaluates the similarity of modern diatom assemblages
to core assemblages, was used. The analysis of
ecological groups and the calculation of indices for
paleolimnological reconstructions were carried out
only if the ecological information was available for at
least 60% of the assemblage species, and these species
comprised at least 60% of the assemblage.

The extent to which EC, TP, or diatom indices
tracked the main directions of variation in the fossil
diatom assemblages was assessed a) by calculation
of correlation between DI-EC, DI-TP, pH indices
values in the core to the PCA axis— 1 and — 2 scores
of the fossil diatom assemblage; b) by calculation of
the Az/Ap ratio where Ay is the eigenvalue of the first
axis of a redundancy analysis (RDA) of the fossil
diatom assemblage constrained to the diatom-inferred
parameter, and A; is the eigenvalue of the first axis of
a principal component analysis of the same down-core
diatom assemblage (Juggins, 2013; Cumming et al.,
2015).

Detection of lake ecosystem shift drivers

To detect influence of different factors on lakes
ecosystems, we used the historical data on industry
development and local land use activity. In addition,
RDAs with PTEs concentrations, enrichment factors,
enrichment index, climatic parameters (annual mean
temperature (AMT), annual precipitation (AP)), and
population as explanatory variables were applied
for detection of the relationship between diatom
assemblages and underlying driving forces. Climatic
parameters were obtained from meteorological archives
containing data for the Middle Urals since 1832 AD
(http://www.pogodaiklimat.ru/history/28440.htm) and
the Southern Urals since 1837 AD (http://www.pogod
aiklimat.ru/history/28630.htm). Population data were
obtained for the biggest city of the Southern Urals
(Chelyabinsk) since 1739 AD and for the biggest city
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of the Middle Urals (Yekaterinburg) since 1732 AD
(Kolotova et al., 2009). To assess whether the variable
of interest explained a unique and significant fraction
of variance in the diatom species assemblages, an RDA
was run for each variable individually and with other
significant variables as conditional covariables. All
ordinations were implemented in CANOCO 4.5. (ter
Braak & Smilauer, 2002).

Results
Chronology

The Lake Tavatui core covered approximately
1200 years of sediment accumulation (Supplementary
Table S1). Lake Tavatui 2!°Pb ages calculated using
the CRS and CIC models were in good agreement
with each other until the depth of 14 cm. This could
be associated with sediment compaction with depth,
which did not take into account in CIC model.
Sediment accumulation rate (SAR) for upper 18 cm
calculated using CRS model varied between 0.15
and 0.33 cm/year. Mean sediment accumulation
rate assessed with application of CIC model was
0.26 +£0.04 cm/year (Supplementary Table S2). The
sedimentation rate at the bottom of the core was ten
times less (0.03 cm/year).

The Lake Turgoyak sediment core spanned
more than the past millennia. For Lake Turgoyak,
sedimentary 2!°Pb unsupported activity reached
background concentrations (supported 2!°Pb) after
the top 6 cm of the sediment core (Supplementary
Table S2). Background concentration calculated
based on 2!°Pb activity from 6 to 24 cm (67 Bg/kg)
was in accordance with the results for another core
taken in 2021 AD (68 Bg/kg) and 22 Ra activity
determined for Lake Turgoyak sediment core taken
in 2014 AD (55-72 Bg/kg) (unpublished data of
V.N. Udachin). SAR estimated by CRS model
was 0.051+0.014 cm/year and by CIC model was
0.058 +£0.017 cm/year. For the bottom of the core
sedimentation rate was 0.03 cm/year.

The Lake Syrytkul sediment core spanned more
than the last 800 years. 2'°Pb CRS and CIC ages were
in good agreement with each other until the depth
of 18 cm. Then CRS model showed older age. SAR
estimated by CRS model varied between 0.2 and
0.26 cm/year. SAR calculated with application of CIC

model was 0.24+0.03 cm/year. These values were
in good agreement with SAR determined by '*’Cs
method (0.25-0.26 cm/year). Increase in 137Cs from
98 Bg/kg to 294 Bg/kg most likely associated with the
beginning of nuclear tests in the USSR (1949 AD).
37Cs peak (341 Bg/kg) at 10-12 cm indicated the
date of 1963 AD when global *’Cs fallout deposition
was maximum. This date corresponds well with the
date of that level derived from the >'°Pb CIC and CRS
models (Supplementary Table S2). Accumulation
rate of the core bottom sediments was 0.06 cm/year
(Supplementary Table S1).

The Lake Ufimskoe sediment core spanned
approximately 800 years. Sedimentation rate was
0.05 cm/year at the bottom of the core. Since >'°Pb
did not reached balance with 22°Ra, for SAR and age
determination we applied only CIC model. Mean
sediment accumulation rate for upper 12 cm was
0.25+0.06 cm/year. Increase in '*’Cs from 87 Bgq/
kg to 201 Bg/kg was associated with 1949 AD. Peak
of ¥7Cs (214 Bg/kg) 6-8 cm indicated the date of
1963 AD. These dates are within error of CIC age
determinations. Although SAR estimated based on
137Cs was lower (0.17-0.2 cm/year), it was within
error of mean sediment accumulation rate determined
using CIC model (Supplementary Table S2). In
addition, SAR for Lake Ufimskoe sediments core
taken in 2009 (unpublished data of Udachin V.N.)
in 50 m from the studied core was close to obtained
value (0.19 cm/year).

Since SAR calculated by CIC model had
substantial error, for the age-depth models of lakes
Tavatui, Turgoyak and Syrytkul we included dates
determined with application of 2!°Pb CRS model.
For Lake Ufimskoe we used dates obtained with
application of '*’Cs method (Supplementary Fig S1).

Chemical analysis of lake water

According to the hydrochemical analysis (Table 2),
all studied lakes are freshwater. The electrolyte con-
tent is the lowest in Lake Ufimskoe and the highest
in Lake Syrytkul. Lakes Tavatui and Syrytkul are cal-
cium bicarbonate-dominated with sulfate as the sub-
dominant anion and magnesium as the sub-dominant
cation. The dominant anions of Lake Turgoyak are
bicarbonate and sulfate, and the dominant cation is
calcium. Lake Ufimskoe is calcium sulfate-dominated
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Table 3 Trophic state indices (TSI) calculated based on total phosphorus (TP), Secchi depth (SD) (Carlson, 1977), total nitrogen
(TN) (Kratzer & Brezonic, 1981), and total organic carbon (TOC) (Dunalska, 2011)

Lake Ufimskoe Tavatui Syrytkul Turgoyak

Mean STDEV Mean STDEV Mean STDEV Mean STDEV
TSI(TN) 45 35 47 3.6 60 - 38 23
TSI(TOC) 53 29 58 22 71 - 48 2.7
TSI(TP) 43 5 55 2 61 2 37 12
TSI(SD) 46 0.3 50 5.7 51 2 27 0

Mean is an average value based on three water samples taken in spring, summer, and autumn

STDEYV is a standard deviation

with bicarbonate as the sub-dominant anion and mag-
nesium as the sub-dominant cation.

Based on trophic state indices calculated from aver-
age TP, TN, and SD, Lake Ufimskoe is mesotrophic,
Lake Turgoyak is oligotrophic, while lakes Syrytkul
and Tavatui are eutrophic (Table 3). TSI values calcu-
lated from TOC are higher than those calculated from
other parameters. This pattern was observed in other
Urals lakes and may be due to regionally elevated
organic matter content in Southern and Middle Urals
lakes that affected not only TOC values, but also per-
manganate values (Pv). In descending order of TSI,
the studied lakes are arranged as follows: Syrytkul,
Tavatui, Ufimskoe, and Turgoyak.

In all studied lakes, RUC was more than zero
(Table 4). In descending order of RUC, the studied

lakes are arranged as follows: Ufimskoe, Syrytkul,
Turgoyak, and Tavatui. In Lake Ufimskoe, Zn and Cu
exceed the criterion value for fishery reservoirs by
5 and 16 times, respectively (Normativy kachestva,
2016 with changes in 2018, 2020). Lake Syrytkul
is characterized by a slight excess of threshold val-
ues not only of Cu, but also of Mo. In Turgoyak and
Tavatui, Cu concentration is approximately twice as
high as the threshold value.

Geochemistry of lake sediment
Enrichment by PTEs through time

Enrichment index of Lake Tavatui gradually increased
from 1500 AD, then reached values of 67 at 1880

Table 4 Concentrations of potentially toxic elements (PTEs) in lake water

Chemical  Criterion value Lake Tavatui Turgoyak Ufimskoe Syrytkul
element

n 5 3 4 3

Unit Mean STDEV Mean STDEV Mean STDEV Mean STDEV
Cu 1 pg Lt 1.7 0.7 2.0 0.7 16.6 10.4 1.1 1.2
Zn 10 pg Lt 1.9 1.5 44 5.7 56.5 529 33 0.2
As 50 pg Lt 2.0 0.4 1.9 0.2 15.5 3.7 8.8 2.8
Mo 1 pg Lt 0.3 0.2 0.9 0.1 0.4 0.2 1.2 0.7
Sn 112 pg Lt 0.095 0.139 0.053 0.011 0.079 0.033 0.013 0.001
Sb 5 pg Lt 0.4 0.1 0.3 0.0 22 0.5 0.7 0.4
Tl 0.1 pg L~ 0.008 0.005 0.005 0.001 0.026  0.009 0.003 0.001
Pb 6 pg L~ 0.5 0.3 0.4 0.2 1.9 2.0 0.7 0.6
Bi 100 pg L 0.013 0.004 0.008 0.006 0.024  0.023 0.004  0.001
RUC 0 0.8 0.5 1.5 0.5 4.5 0.9 1.2 1.1

Mean is an average value of chemical element concentration in water sampled in 2014-2021, STDEV is a standard deviation, n is
the number of water samples. Criterion value is based on the statutory fisheries water quality standards of the Russian Federation
(Normativy kachestva, 2016 with changes in 2018, 2020); RUC is the Rebasamiento del Umbral de Contaminacion or Pollution

Threshold Overshoot (Fernandez et al., 2018)
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Fig. 2 Lake Tavatui sedimentary record of changes in enrich-
ment factors of potentially toxic elements, planktonic diatom
abundance, diatom indices, and diatom-inferred water param-
eters. Error bars on the DI-EC and DI-TP curves represent

AD, and varied little until 2009 AD (Fig. 2 Supple-
mentary Table S5). Enrichment factors of Cu, Sb, Sn,
and Bi increased gradually from 1500 AD, decreased
at 1912 AD, and then increased again. EF of Pb had
similar pattern except for a decrease at 1940 AD. EFs
of Zn and As increased at 1850 AD as well, but had
maxima at 1912 AD and 1955 AD, respectively.
Enrichment index of Lake Turgoyak and enrich-
ment factors of all PTEs displayed the same
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Fig.3 Lake Turgoyak sedimentary record of changes in
enrichment factors of potentially toxic elements, planktonic
diatoms abundance, diatom indices, and diatom-inferred water
parameters. Error bars on the DI-EC curve represent sample-
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sample-specific standard errors (SEB) generated using 1000

bootstrap iterations. Data on diatom indices and diatom-

inferred water parameters are provided in Table S9 (electronic
supplementary material)

general pattern (Fig. 3, Supplementary Table S5).
They increased slightly from 1300 AD and then
showed a marked increase from 1930 AD and the
maximum enrichment of surface sediments (0—1 cm).

Enrichment index of Lake Ufimskoe slightly
increased from 1800 AD and substantially increased
from 1955 AD (Fig. 4, Supplementary Table S5). All
PTEs, with exception of T1, Sb and As, had maximum
EFs in surface samples.

S

i

2014 1713 16 79 8.42.1

I

20 0 2.4 0 20 1000

specific standard errors (SEB) generated using 1000 bootstrap
iterations. Data on diatom indices and diatom-inferred water
parameters are provided in Table S11 (electronic supplemen-
tary material)
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enrichment factors of potentially toxic elements, planktonic
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Fig. 5 Lake Syrytkul sedimentary record of changes in enrich-
ment factors of potentially toxic elements, planktonic diatoms
abundance, diatom indices, and diatom-inferred water parame-
ters. Error bars on DI-EC and DI-TP curves represent sample-

Enrichment index of Lake Syrytkul and enrichment
factors of Cu, Zn, Pb and Sn displayed almost the same
general pattern (Fig. 5, Supplementary Table S5). They
increased gradually from 1725 to 1960 AD, slightly
decreased from 1960 to 1980 AD, and reached maxi-
mum in the 1998-2006 AD. EFs of Sb, Bi, and As had
a similar pattern, but maximum values at 1944-1965
AD. EF of Tl increased gradually from 1725 AD to the
maximum values at 1980-2011 AD.
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specific standard errors (SEB) generated using 1000 bootstrap
iterations. Data on diatom indices and diatom-inferred water
parameters are provided in Table S15 (electronic supplemen-
tary material)

Comparison of sediments PTE concentrations,
enrichment indices and enrichment factors

According to the geochemical analysis, Lake Ufim-
skoe features extremely severe enrichment in Sb
(73), Pb (92), and Bi (66), very severe enrichment in
Sn (36), severe enrichment in Zn (11) and Cu (7.5),
moderate enrichment in Tl (2.9) and As (2). Lake
Ufimskoe sediments are characterized by the highest
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Table 5 Enrichment factors (*very severe enrichment, **extreme enrichment), enrichment index (EI), and concentrations of PTEs
in lake sediments in industrial and pre-industrial periods

Parameter  Industrial value Reference value Enrichment factor Industrial value Reference value Enrichment
factor

Mean STDEV Mean STDEV Mean STDEV Mean STDEV Mean STDEV Mean STDEV
Lake Tavatui Syrytkul
n 10 14 10 10 3 10
Cu 182 96 64 8.5 2.1 1.6 540 132 20 1.3 15 53
Zn 453 209 99 14 33 1.3 545 130 47 1.6 6.5 2.4
As 50 28 1.9 0.6 20* 12 134 38 35 3.7 2.1 0.4
Mo 2.4 4.5 1.2 0.2 1.5 4.1 9.4 0.8 5.9 1.3 0.9 0.2
Sn 10 4.9 0.5 0.2 15 6.9 16 5.9 0.6 0.3 15 8.0
Sb 2.9 1.4 0.1 0.0 25% 12 14 2.5 0.08 0.02 102%* 14
Tl 0.5 0.1 0.3 0.0 1.3 0.1 0.5 0.1 0.09 0.008 2.8 0.4
Pb 125 58 4.1 1.8 22% 10 258 78 8.3 0.4 17 7.5
Bi 1.3 0.6 0.1 0.0 9.5 4.0 2.8 0.6 0.03 0.01 46%* 8.5
EIL 6.2+04 9.3+2.1
Lake Ufimskoe Turgoyak
n 6 6 6 4 15 4
Cu 1729 458 199 110 7.5 1.9 120 72 63 5.1 2.3 1.6
Zn 970 216 79 22 11 22 227 154 110 13 2.5 1.9
As 619 56 269 7.9 2.0 0.2 62 45 11 2.2 7.1 5.6
Mo 2.7 0.2 22 0.4 1.0 0.1 24 7.0 26 8.7 1.1 0.3
Sn 28 14 0.7 0.2 36* 17 8.0 8.6 1.7 0.1 5.9 6.7
Sb 20 2.6 0.2 0.1 73*¥% 9 6.9 7.5 0.6 0.1 15 17
Tl 0.8 0.1 0.2 0.1 2.9 0.5 0.8 0.2 0.6 0.0 1.6 0.6
Pb 719 249 6.8 1.5 92%% 30 183 206 18.4 14 13 15
Bi 6.6 1.6 0.1 0.0 66%* 15 2.2 1.5 1.1 0.1 24 1.8

Mean is an average value, STDEV is a standard deviation, n is the number of sediment samples

EI of each lake was calculated as an average of Els calculated for each sample of industrial period sediments

concentrations of Cu, Zn, As, Pb, Sn, Sb, Bi, and
Tl and the highest mean EI (12.2) for sediments of
industrial period (Table 5). Lake Syrytkul has lower
EI (9.3), PTEs, and EFs than Lake Ufimskoe, except
for Cu (severe enrichment; 15) and Sb (extremely
severe enrichment; 102). Even lower EI (6.2) is noted
for Lake Tavatui. In contrast to lakes Ufimskoe and
Syrytkul, the Lake Tavatui sediments are distin-
guished by severe enrichment in As (20) although its
average concentrations are lower. The lowest EI value
(5.0) is in Lake Turgoyak. All lakes are characterized
by severe or extremely severe enrichment in Sn, Sb,
and Pb.

Choice of diatom indices for reconstructions of a lake
ecosystem changes

Only IPS (Pollution Sensitivity Index), IBD (Biologi-
cal Diatom Index), IDG (Generic Diatom Index) and
ACID (Andrén & Jarlman, 2009) can be applied in all
lakes. In addition, IDS/E (Louis-Leclercq Diatomic
Index) and Sla (Sladecek Saprobic Index) can be used
for lakes Syrytkul and Ufimskoe, and TDI (Trophic
Diatom Index) can be used for Tavatui. The indices
pH R&H (Renberg & Hellberg, 1982) and pH Elor-
anta (Eloranta & Turkia, 1990) are applicable for lakes
Tavatui, Turgoyak, and Ufimskoe. For lakes Turgoyak
and Syrytkul we can use pH LMH (Héakansson, 1992).
In the Lake Turgoyak record, TDI and IPS indices are
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highly dependent on the abundance of Pseudostauro-
sira brevistriata (Grunow) D.M. Williams & Round.
After removing this species from the results, the IPS
and TDI curves changed significantly, so these indices
were not used in the interpretation. Analysis of correla-
tion between selected diatom indices and hydrochemi-
cal parameters demonstrated that IPS, IBD, IDG, IDS/E
and Sla were correlated with nutrient parameters of
Urals lakes (Supplementary Table S4). IBD is focused
on saline and organic pollution effects (Prygiel & Coste,
2000). IPS reflects organic pollution and inorganic
nutrients effects (Cemagref, 1982). IDG is an analogue
of IPS, but IDG is based on the generic composition
of assemblages (Cemagref, 1982; Rumeau & Coste,
1988). TDI indicates degree of eutrophication and
reflects diatom response to common nutrient enrich-
ment (Kelly & Whitton, 1995). IDS/E is a saprobity-
eutrophication index with values between 1 and 5 rep-
resenting levels of degradation due to organic pollution
and eutrophication (Leclercq & Lecointe, 2008). Sla is
a saprobity index which corresponds to six classes of
water quality and self-purification zones in water eco-
systems (Sladecek, 1986) (Supplementary Table S6).

The indices pH R&H and pH LMH were character-
ized by moderate correlation (r=0.5) with measured
average pH values. ACID had weak correlation with
measured values. Values of the index pH Eloranta
did not correlate with measured pH (Supplementary
Table S4). Thus, pH Eloranta and ACID indices were
excluded from the ecological analysis.

Assessment of transfer functions and reliability of
reconstructions of DI-EC, DI-TP, and diatom indices

WA with classical deshrinking (RMSEP, ,=0.2
log10 pS cm™, bootstrap #*=0.79, maximum boot-
strap bias=0.2 1og10 pS cm™!) was the best perform-
ing model for EC (Maslennikova, 2020). WA-PLS-
Component 2 was the best performing model for TP
based on both the combined EDDI dataset and the
Urals lakes dataset. RMSEP, ., for both models was
0.3 logl0 pg L™'. The bootstrap r* and maximum
bootstrap bias for the transfer function developed
based on the EDDI combined dataset was higher
(0.75 and 0.6 1og10 pg L™ than that for the transfer
function developed using the Urals lakes dataset (0.5
and 0.5 log10 pg L71).

According to modern analogue technique, Ufim-
skoe, Tavatui, and Syrytkul fossil samples had good
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analogue samples in both the Urals lakes calibration
dataset and the combined EDDI dataset. Most diatom
taxa of Lake Turgoyak were well represented only in
the Urals lakes calibration dataset.

The diatom-inferred TP reconstructions for
Lake Tavatui correlated to PCA axis-1 scores
(r=0.58-0.77) (Supplementary Table S7). The
diatom-based EC reconstruction correlated to PCA
axis-2 scores (r=0.66). DI-TP explained the greatest
amount of variance in the fossil diatom assemblages
(30%) and showed the highest Ag/Ap ratio (0.73),
followed by DI-TPy (18%, 0.44) and DI-EC (7%,
0.17). Diatom indices (IBD, IPS, and TDI) negatively
correlated to PCA axis-1 scores (r=— 0.56-0.85)
captured 32%, 18%, and 17% of fossil diatom
assemblages variance and had Ag/Ap ratios of 0.75,
0.44, and 0.2, respectively. Diatom index pH R&H
positively correlated to PCA axis-1 scores (r=0.79)
explained 27% of variance and showed a Ag/Ap ratio
of 0.66. Given Ag/hp ratios of less than one, we
supposed that other variables could influence diatom
assemblages. According to the unrestricted Monte
Carlo permutation test, IDG did not significantly
(P <0.05) explain fossil diatom assemblage variance.
So, it was excluded from the interpretation.

Diatom assemblages of Lake Turgoyak were not
well represented in the EDDI diatom dataset, so we
used only reconstructions based on the Urals diatom
dataset for this lake. DI-EC correlated to PCA axis-1
scores (r=0.5) explained 13.7% of diatom variance,
and showed a Agj/Ap ratio 0.4. DI-TPy, was not
a significant variable (Supplementary Table S7).
Diatom indices pH LMH, IBD, and IDG were highly
correlated to PCA axis-1 scores (r=-— 0.76-0.9)
and showed Ag/Ap ratios of 0.67, 0.85, and 0.76
(Supplementary Table S7). The indices explained a
highly significant (P <0.005) proportion of variance
in the fossil diatom assemblages: IBD — 28%, IDG
—25%, and pH LMH - 22%.

Diatom-inferred TP based on both EDDI and Urals
lakes diatom datasets correlated with PCA axis-1
(r=0.65 and r=0.79) explained a significant portion
of the Lake Ufimskoe diatom assemblage variance
(30% and 24%) and showed Ag/Ap ratios of 0.67
and 0.53. Among diatom indices, only IDS/E had
significant explanatory power (32%, P <0.005) with
a Ag/Ap ratio of 0.71.

For Lake Syrytkul, the highest Ag/Ap ratio (0.77),
variance (46%, P <0.005) and correlation with PCA
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axis-1 scores (r=0.87) was observed for DI-TPp.
Total phosphorus inferred using EDDI was not
a significant variable (P>0.05) (Supplementary
Table S7). DI-EC negatively correlated with PCA
axis-1 scores (— 0.61) captured a significant portion
of variance (24%, P<0.005) and showed a Ag/Ap
ratio of 0.42. IBD, IDS/E, IDG, and Sla negatively
correlated with PCA-1 axis score (r=— 0.83-0.93)
explained a significant proportion (P <0.005) of the
fossil diatom assemblages variance (44—-53%) and Ag/
Ap ratios varied between 0.74 and 0.89. IPS and pH
LMH did not significantly explain diatom variance.
Thus, for Lake Tavatui ecosystem changes
assessment, we can use diatom-inferred total
phosphorus and electrical conductivity, pH R&H, and
several diatom indices reflecting nutrient status: IBD,
IPS, and TDI. The Lake Turgoyak ecosystem changes
can be assessed with application of DI-EC, pH LMH,
IBD, and IDG. The Lake Ufimskoe ecosystem shifts
can be reconstructed using diatom-inferred total
phosphorus and IDS/E. Lake Syrytkul parameters can
be evaluated based on reconstruction of TP and EC
inferred using Urals lakes dataset and several diatom
water quality indices (IBD, IDS/E, IDG, and Sla).

Determination of driving forces with application of
RDA

For the Lake Tavatui full sequence, we used RDA
with PTEs and population. RDA showed that
population had Ag/Ap of 0.88, enrichment factors of
Sn and Bi had Ag/A, of 0.85. Only concentrations
and EFs of As, Mo, and Tl were not individually
significant variables. Other PTEs had Ag/A, that
varied from 0.41 to 0.73. All significant variables
correlated with each other. RDA of the Lake Tavatui
reduced sequence (1863-2009 AD) with PTEs,
climate parameters (AP and AMT), and data on
population demonstrated that AMT was the most
significant environmental variable with the highest
Ar/Ap (0.87). Population had Ag/Ap of 0.84, EFs Cu
and Bi had Az/Ap of 0.83. The variables correlated
with each other (>0.8). A unique significant
variance (P<0.05) was observed only for EFs of
Cu and Bi (10%), when using AMT and population
as covariables. Spearman rank order correlation (R)
demonstrated that AMT, population, EFs Cu, and Bi
had strong correlation with IBD (R=0.94, 0.92, 0.82)
and planktonic diatoms (R=0.95, 0.95, 0.86).

For Lake Syrytkul, RDA of the full sequence
included population and PTEs. Mo concentration and
enrichment factor were the most significant variables
with Ag/Ap of 0.86 and 0.83. Population had Ag/Ap of
0.73. Other PTE concentrations and enrichment fac-
tors were all individually significant (P <0.05) vari-
ables with Ag/Ap of 0.41-0.81. Population, concentra-
tion of Mo, As, and Sn explained a unique significant
(P<0.05) variance (12.6%, 14.8%, 19.6%, and 14.1%).
RDA of the reduced sequence (1832-2011 AD) with
AMT, population, and PTEs demonstrated that the
highest Ag/Ap (0.7) was observed for enrichment factor
of Mo. Concentration of As, Mo, and Li had Ag/Ap of
0.64, 0.61, and 0.54. AMT and population had Ag/Ap of
0.52. Annual temperature, population, concentration,
and enrichment in Mo had strong Spearman rank order
correlation (R>0.9) and correlated to PCA axis-1. All
these variables positively correlated with planktonic
diatoms (R=0.74-0.84). As and Li correlated with
each other (R>0.9), IDS/E and PCA axis-2.

Due to a relatively low sedimentation rate of Lake
Ufimskoe and especially Lake Turgoyak, less than 10
samples covered the period of meteorological obser-
vations. So, we did not include climatic parameters
in a redundancy analysis. RDA of the Lake Turgoyak
sequence showed that population was the most sig-
nificant explanatory variable with Az/Ap of 0.9. Popu-
lation correlated with PTEs (with exception of Mo),
which had Ag/Ap of 0.83-0.89. All these environmen-
tal variables correlated with IBD, IDG, pH LMH, and
planktonic diatoms.

RDA of the Ufimskoe sequence demonstrated
that concentrations and EFs of Cu, Pb, and Sn as
well as population had Ag/Ap of 0.84. All other
PTEs were significant explanatory variables (with
exception of Mo) with Ag/A, between 0.58 and 0.8.
Population correlated with PTEs (R=0.88-0.94)
(with exception of Mo) and negatively correlated to
planktonic diatoms (R=-— 0.87). Enrichment index
and enrichment factors of Cu, Zn, As, Sn, T1, and Pb
correlated with organic pollution and eutrophication
index (IDS/E) (R>0.5).

Paleolimnological analysis based on the diatom data
Lake Tavatui

In total, 72 taxa were identified across 15 samples
in the Lake Tavatui sediment core (Supplementary
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Table S8). Until the beginning of the twentieth cen-
tury, planktonic diatoms were represented mainly
by p-mesosaprobic, eutrophic Aulacoseira ambigua
(Grunow) Simonsen and, rarely, by p-mesosaprobic,
mesotrophic Fragilaria crotonensis Kitton. The wide-
spread occurrence of planktonic diatoms, dominantly
Aulacoseira ambigua, in 1300 AD was followed by
a decline and then by an increase in their abundance
and diversity at the beginning of the twentieth century
(Fig. 6). For instance, the early twentieth century was
marked by sporadic valves of a-meso-polysaprobic,
hypereutrophic Stephanodiscus hantzschii Grunow
in Cleve & Grunow and f-mesosaprobic, meso-
eutrophic Asterionella formosa var. formosa Hassall.
Since the mid-twentieth century, the relative abun-
dances of Stephanodiscus hantzschii, p-mesosaprobic,
eutrophic Aulacoseira granulata (Ehrenberg) Simon-
sen and P-mesosaprobic, eutrophic Lindavia radi-
osa (Grunow) De Toni and Forti increased, while
a-mesosaprobic, eutrophic Cyclostephanos dubius
(Hustedt) Round appeared.

Benthic diatoms of the Lake Tavatui sediments
are represented mainly by freshwater species
with wide ecological ranges (Pseudostaurosira
brevistriata, Staurosira venter (Ehrenberg) Cleve
& J.D. Moller, Staurosira construens Ehrenberg,
Staurosirella pinnata (Ehrenberg) D.M. Williams
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& Round, and Navicula radiosa Kiitzing). Diatom
assemblages also include species preferring
electrolyte-poor habitats (Neidium ampliatum
(Ehrenberg) Krammer in Krammer & Lange-
Bertalot, Stauroneis phoenicenteron (Nitzsch)
Ehrenberg, Stauroneis siberica (Grunow) Lange-
Bertalot & Krammer, Stauroforma exiguiformis
(Lange-Bertalot) R.J. Flower, V.J. Jones & Round,
Tabellaria flocculosa (Roth) Kiitzing, Eunotia
faba Ehrenberg, and FEunotia minor (Kiitzing)
Grunow) and low-pH species of oligotrophic lakes
and streams (Pinnularia subgibba Krammer and
Pinnularia neomajor Krammer) (Kulikovskiy et al.,
2016; Lange-Bertalot et al., 2017).

The relative abundance of planktonic species
varies from 46 to 76%. Planktonic diatoms decreased
simultaneously with an increase in PTEs (Fig. 2).
However, since the beginning of the twentieth
century, planktonic diatoms have positively correlated
with Bi and Sn sediment enrichment. Since the mid-
twentieth century, planktonic diatoms consistently
increased, oligosaprobes decreased, p-mesosaprobes
increased, o-meso-polysaprobes appeared, and
diatom-inferred TP increased (Supplementary
Table S9). While mesotrophic species decreased,
diatoms preferring eutrophic and hypereutrophic
habitats increased.
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Fig. 6 Diatom stratigraphy of the Lake Tavatui. The % below PCA axes refers to the variance explained by each axis. Diatom abun-
dances (%) are provided in Table S8 (electronic supplementary material)
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Trophic state index calculated based on values
of DI-TP and DI-TPy showed that Lake Tavatui
remained eutrophic throughout the considered period
(Supplementary Table S9). However, since the
beginning and especially in the second half of the
twentieth century, total phosphorus increased. This
process was accompanied by a pH R&H increase.
According to DI-EC, the lake remained freshwater
during the whole studied period.

Diatom indices (IBD, IPS, and TDI) were
significant explanatory variables for Lake Tavatui
diatom assemblage variances (Supplementary
Table S7). Based on IBD, Lake Tavatui had good
to medium water quality. The degree of pollution
and eutrophication varied between moderate
eutrophication to moderate pollution or heavy
eutrophication (Supplementary Table S6). Based on
IPS, Lake Tavatui was characterized by moderate
eutrophication and good water quality. A decrease
in IBD was observed since the beginning of the
twentieth century with minimum values since
1980-1990 AD. IPS decreased in the second half
of the twentieth century. According to TDI, in the
second half of the twentieth century, Lake Tavatui
trophic state shifted from mesotrophic to eutrophic
(Supplementary Table S8, S9).
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Lake Turgoyak

The sedimentary diatom assemblages of Lake Turgo-
yak are characterized by 96 taxa across 18 samples
(Supplementary Table S10). The number of diatom
taxa in sediments increased from 24 to 31 since the
eighteenth century and reached a maximum (41) in
the upper samples. Until the mid-twentieth century,
diatom assemblages of the Lake Turgoyak sediments
comprised mostly benthic species with a wide trophic
tolerance ranging from oligo- to eutrophic environ-
ments (Staurosira venter, S. construens, Staurosirella
lapponica (Grunow) D.M. Williams & Round, and
Pseudostaurosira brevistriata) and species occur-
ring in oligotrophic and oligo-mesotrophic habitats
with low to medium electrolyte content (Ellerbeckia
arenaria (G. Moore ex Ralfs) R.M. Crawford 1988,
Cavinula jaernefeltii (Hustedt) D.G. Mann & AlJ.
Stickle, Gliwiczia calcar (Cleve) M. Kulikovskiy,
Lange-Bertalot & A. Witkowski, Staurosira olden-
burgioides (Lange-Bertalot) Kulikovskiy, Lange-
Bertalot & Witkowski, Staurosira grigorszkyi (W.
Smith) Leuduger-Fortmorel, and Karayevia such-
landtii (Hustedt) Buktiyarova) (Fig. 7). Planktonic
diatoms increased significantly only at the beginning
of the twentieth century. In contrast to Lake Tava-
ui, planktonic diatoms did not correlate with PTEs
(Fig. 3). Until the mid-twentieth century, planktonic
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Fig. 7 Diatom stratigraphy of the Lake Turgoyak sediment core. The % below PCA axes refers to the variance explained by each
axis. Diatom abundance data are provided in Table S10 (electronic supplementary material)

@ Springer



1686

Hydrobiologia (2023) 850:1669-1698

diatoms were represented by Stephanodiscus alpi-
nus Hustedt in Huber-Pestalozzi and Pantocsekiella
comensis (Grunow) K.T. Kiss & E. Acs, which were
found in the Urals only in oligotrophic and oligo-
mesotrophic mountain lakes, as well as by Lindavia
radiosa, which is marked by a wide trophic toler-
ance. The second half of the twentieth century was
characterized by an appearance of diatoms usually
abundant in mesotrophic and eutrophic lakes (Stepha-
nodiscus hantzschii, Stephanodiscus parvus Stoermer
& Hékansson, Stephanodiscus minutulus (Kiitzing)
Cleve & Moller, Asterionella formosa var. formosa,
and Fragilaria crotonensis).

Diatom indices IBD and IDG were significant in
explanation of Lake Turgoyak diatom assemblage
variances. IBD and IDG correlated with each
other (Fig. 3, Supplementary Table S11). Both
indices showed good water quality and moderate
eutrophication for the considered period. Indices
fluctuated in the pre-industrial period and a steady
decline began long before the beginning of the
twentieth century. Minimum values since the second
half of the twentieth century are likely a response
to both an increase in EC and higher nutrient
concentrations. The pH LMH gradually decreased
long before the beginning of industrial period without
relation to PTE sediment enrichment (Fig. 3).

A.

Lake Ufimskoe

The diatom assemblages of Lake Ufimskoe are repre-
sented by 71 taxa across 11 samples (Supplementary
Table S12). The number of taxa per sample varied
without a clear regularity. Benthic taxa, which domi-
nated the assemblages, were characterized by spe-
cies preferring oligotrophic freshwater habitats with
a low electrolyte content (Stauroforma exiguiformis,
Pinnularia neomajor, and Tabellaria flocculosa), as
well as by species with a wide ecological amplitude
(Staurosira binodis (Ehrenberg) Lange-Bertalot in
Hofmann, Werum & Lange-Bertalot, S. construens,
S. venter, and Staurosirella pinnata) (Fig. 8). Relative
abundances of Achnanthidium minutissimum (Kiitz-
ing) Czarnecki, which is tolerant of heavy metal pol-
lution (Cattaneo et al., 2004), varied over this period
of Lake Ufimskoe development unrelated to industrial
impact.

Planktonic species found in Lake Ufimskoe
sediments are represented by Aulacoseira ambigua,
granulata, Lindavia radiosa and, rarely,
Discostella stelligera (Cleve & Grunow) Houk &
Klee. The abundance of planktonic species varies
from 20 to 46% during the period under consideration
(Supplementary Table S13). Planktonic diatoms,
which began to decrease before the twentieth century,
reached their minimum abundance in the second
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Fig. 8 Diatom stratigraphy of the Lake Ufimskoe sediment core. The % below PCA axes refers to the variance explained by each
axis. Diatom abundance data are provided in Table S12 (electronic supplementary material)
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half of the twentieth century as sediment enrichment
by PTEs increased (Fig. 4). In relation to saprobity,
B-mesosaprobes and oligosaprobes comprise the
largest proportion in Lake Ufimskoe sediments,
and in terms of trophic state, species preferring
oligotrophic and meso-eutrophic conditions are most
abundant. Oligosaprobes and species of oligotrophic
habitats became more abundant in accordance with
an increase in PTEs.

According to trophic state index calculated
based on DI-TP and DI-TPy,, Lake Ufimskoe was
eutrophic or mesotrophic throughout the considered
period. In contrast to DI-TP, total phosphorus
inferred using the EDDI diatom dataset overestimated
the real values (Table 2, Supplementary Table S13).
So, we supposed that the lake was mesotrophic.
Since the beginning of the twentieth century, total
phosphorus began to increase with maximum values
of 31 pg/L (DI-TPyp,) and 34 ug/L (DI-TP).

Among diatom indices, only IDS/E was
significant in explanation of Lake Ufimskoe diatom
assemblage variance. It varied between 3.1 and 3.7,
corresponding to moderate and low degradation
level (Supplementary Tables S69 and S13).IDS/
also showed non-existent (< 10%) organic pollution
throughout the considered period and shifted from
moderate to low eutrophication since the end of
the nineteenth century. Increase in IDS/E was in
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accordance with sediment enrichment by PTEs
(Fig. 4).

Lake Syrytkul

In total, 75 diatom species were identified in Lake
Syrytkul sediments across 19 samples (Supplemen-
tary Table S14). Until the beginning of the twenti-
eth century, the diatom assemblages of Lake Syryt-
kul were mainly represented by benthic species with
wide ecological amplitude (Staurosirella pinnata,
S. lapponica, Staurosira construens, S. venter, and
Pseudostaurosira brevistriata) (Fig. 9). Gyrosigma
attenuatum (Kiitzing) Rabenhorst and Gogorewia
exilis (Kiitzing) Kulikovskiy & Kociolek, species of
alkali freshwater habitats that are sensitive to organic
pollution above the B-a mesosaprobic level, were
also present but in low percentages (Lange-Bertalot
et al., 2017). Planktonic diatoms are represented by
p-mesosaprobic Aulacoseira ambigua and Aulaco-
seira granulata and single valves of a-mesosaprobic
Cyclostephanos dubius.

In general, until the end of the nineteenth century,
diatom assemblages were predominantly character-
ized by p-mesosaprobes and oligosaprobes. In rela-
tion to trophic state, the largest number of species
preferred meso-eutrophic conditions (Supplementary
Table S15). Since the end of the nineteenth century,
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Fig. 9 Diatom stratigraphy of the Lake Syrytkul sediment core. The % below PCA axes refers to the variance explained by each
axis. Diatom abundance data are provided in Table S14 (electronic supplementary material)
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a-mesosaprobes and a-meso-polysaprobes became
more important. Species preferring eutrophic and
hypereutrophic conditions also became more abun-
dant. Diversity and relative abundance of planktonic
diatoms increased mostly due to Lindavia radiosa,
Stephanodiscus minutulus, Stephanodiscus parvus,
and Fragilaria crotonensis.

Based on trophic state index calculated from
DI-TPy,, Lake Syrytkul was eutrophic throughout
the considered period. DI-TPy, has increased
consistently since the nineteenth century (Fig. 5,
Supplementary Table S15).

The diatom water quality indices (IBD, IDG,
Sla, and IDS/E) were significant in explanation of
the Lake Syrytkul diatom assemblage variance. All
indices were correlated with each other and changed
since the beginning of the twentieth century. IBD
and IDG values demonstrated a shift from moderate
eutrophication and good water quality to moderate
pollution or heavy eutrophication and medium water
quality (12.5-13.5) (Supplementary Table S6, S15).
IDS/E indicates a shift from low degradation without
pollution with low to moderate eutrophication to
moderate degradation with low eutrophication and
moderate pollution. Sla remained in oligosaprobic
self-purification zone with good water quality but
decreased from 1.1-1.3 to 1.3-1.4 since the beginning
of the twentieth century. Sla overestimated water
quality due to absence of Stephanodiscus minutulus
and Stephanodiscus parvus in index dataset presented
in Omnidia 6.1.4.

Discussion

Water quality and sediment contamination
assessment

According to water and sediment analysis, Lake
Ufimskoe is the most polluted by PTEs. It is located
7 km from the Karabash copper smelter and features
maximum concentrations of Cu, Zn, As, Pb, Sb,
and Bi in water and sediments and the highest
RUC and EI (Tables 4 & 5). Lake Syrytkul located
12 km from the Karabash copper smelter ranks the
second in terms of concentration of PTEs in water
and sediments. Lake Tavatui located in the Middle
Ural center of mining and metallurgy has higher EI
value than Lake Turgoyak due to great differences
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in the toxic element supply during the industrial and
pre-industrial periods. Based on these results, the
lakes should be ranked as follows in terms of heavy
metal loading due to mining and metallurgical
plant activities: Ufimskoe, Syrytkul, Tavatui, and
Turgoyak. The higher RUC value, as well as higher
reference and industrial concentrations of As, Mo,
Sb, T1, Pb, and Bi in the Lake Turgoyak sediments
compared to Lake Tavatui are likely related to the
differences in catchment rock composition. The
high Mo concentration in Lake Syrytkul water is
explained by the predominance of alkali rocks with
Mo mineralization in the lake’s catchment (Petrov
et al., 2015).

In order of decreasing TSI and nutrient-related
variables (TN, TOC, TP, Pv, and TON) and
increasing SD, the studied lakes are arranged as
follows: Syrytkul, Tavatui, Ufimskoe, and Turgoyak
(Tables 2 & 3). Hence, Lake Ufimskoe is currently
the most contaminated by potentially toxic elements
and is mesotrophic. Lake Syrytkul is less polluted
by PTEs, but characterized by eutrophic conditions.
Lakes Tavatui and Turgoyak are characterized by
even less contamination by PTEs. In terms of TSI
(TN, TP, and SD), Lake Turgoyak is oligotrophic,
while Lake Tavatui 1is eutrophic. Sediment
accumulation rates of the studied lakes varied in
accordance with their trophic state. The highest
SAR was observed for eutrophic lakes Tavatui and
Syrytkul, and the lowest SAR, for oligotrophic Lake
Turgoyak. Although lakes Turgoyak and Tavatui
are both characterized by substantial human impact
(flow regulation, recreational pressure, catchment
alteration, and nutrient loading), their trophic
state is different, possibly due to morphometric
parameters. Lake Turgoyak is characterized by a
weak water exchange and a low specific catchment/
surface area, and the lake processes may be relatively
independent of the catchment (Andreeva, 1973).
The combination of greater depth and minimum
surface area/water volume ratio produces a negligible
lake eutrophication trend (Table 1). Lake Tavatui
is characterized by a higher ratio of catchment to
surface area, so it is more influenced by nutrient
loading from its human-modified catchment. The
lake’s shallower depths and higher surface area/water
volume ratio possibly contribute to enhanced rates
of natural and anthropogenic eutrophication due to
nutrient recycling at the water—sediment interface



Hydrobiologia (2023) 850:1669-1698

1689

(Wetzel, 2001; Scheffer, 2004). Lake Ufimskoe is
the shallowest of the lakes under consideration,
and its ratios of surface area to water volume and
catchment area to surface area are the highest. These
morphometric parameters could contribute to natural
eutrophy. However, Lake Ufimskoe is mesotrophic,
while Lake Syrytkul is eutrophic, despite lower ratios
of catchment area to surface area and surface area to
water volume. This fact could be due to differences in
human impact, with higher acid and PTE loading in
Lake Ufimskoe and flow regulation in Lake Syrytkul.

Enrichment in PTEs over the past period of lakes
history

A discrepancy between proposed history of
anthropogenic PTE deposition and changes in
concentration and enrichment in PTEs can be
explained by uncertainties in age-depth models. In
addition, it may be associated with natural factors.
Since we use EF, influence of clastic material
enriched in PTEs transported to the sediments due to
increase in catchment erosion can be excluded. Other
most likely natural factors are a supply of soil organic
matter rich in PTEs and migration of chemical
elements after burial (Boyle, 2001). The surface
sediment PTE enrichment, especially expressed in
Lake Turgoyak, can be explained by cycling processes
in the water column or upward diffusion when trace
elements are released by mineralization (Morfett
et al., 1988; Boyle, 2001). Thus, to determine PTEs
influence on diatoms, we did not only compare the
diatom record with the PTE sediment profiles, but
tried to identify thechanges in the diatom record
according to the proposed history of anthropogenic
PTE deposition.

Factors affecting the development of lake ecosystems
in the Southern and Middle Urals

Climate warming

We consider the known climate warming effects on
lake ecosystems in order to understand the extent the
changes in the Ural lakes are explained by climate
warming, and to what extent, by human impacts.
Climate warming could provide more stable
and longer periods of stratification, triggering
compositional shifts within the phytoplankton

communities to the benefit of mobile, small-sized
or colony-forming species (Winder et al., 2009;
Michelutti et al., 2015; Riihland et al., 2015).
Due to changes in thermal structure and timing of
stratification, nutrients released from the sediment
are largely restricted to the hypolimnion, and
phytoplankton production is supported mainly by
the external load (Radbourne et al., 2019). At the
same time, increases in water temperature of shallow
lakes could stimulate mineralization mediated by
microorganisms, which could liberate organic-bound
P and release it into water column (Wang et al.,
2019). Climate warming can increase the input of
nutrients due to faster weathering or intensification
of microbiological processes in soils (Jeppesen et al.,
1998; Cardoso et al., 2007; Fritz & Anderson, 2013).
Climate warming can affect the trophic state due to
changes in aquatic vegetation (Canfield & Jones,
1984; Ticha et al., 2019).

As for Lake Turgoyak, despite an increasing
abundance of planktonic diatoms since the beginning
of the twentieth century, small-sized (Lindavia
comensis, Stephanodiscus parvus) or colony-
forming species (Asterionella formosa, Fragilaria
crotonensis), which usually are favored in the
stratification period, increased only in the second
half of the twentieth century after dam construction.
In lakes Syrytkul and Tavatui, a wide distribution
of small-sized or colony-forming species is also
coincident with an increase in large-celled planktonic
Aulacoseira taxa favored during the stronger vertical
mixing periods. Discostella stelligera, which was
the only small-sized planktonic species identified in
Lake Ufimskoe, did not increase during the warming
period. Therefore, we conclude that lengthening
or strengthening of stratification due to warming
was not a main factor influencing changes in the
number of small, planktonic cyclotelloid diatoms
(Stephanodiscus parvus, Stephanodiscus minutulus,
Lindavia and Discostella stelligera)
and colony-forming pennate species (Asterionella
formosa and Fragilaria crotonensis).

Diatom indices that reflect nutrient status
decreased in the upper sediments of all studied lakes
with the exception of Lake Ufimskoe. These changes
were a response to lakes eutrophication. Based on
the analysis of Lake Tavatui diatom assemblages,
quantitative hydrochemical reconstructions,
and diatom indices, we conclude that nutrient

comensis,
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concentrations and lake trophic state increased
since the beginning of the twentieth century. The
eutrophication process was noticeably enhanced since
the second half of the twentieth century. According
to RDA, AMT was strongly correlated with diatom
indices and was the most significant variable
in explanation of the Lake Tavatui assemblage
variability. So, despite a possible increasing of
stratification, which could lead to low nutrients in
surface water, we can conclude that the climate
warming plays substantial role in Lake Tavatui
eutrophication possibly due to an increase in the
nutrient loading from the catchment. This process
could also be human-induced. The relatively high
ratio of catchment area to lacustrine area suggests a
strong influence of catchment on lake processes and
confirms a possible main role of external loading in
the lake eutrophication.

An increase in the abundance of planktonic
diatoms in Lake Turgoyak was clearly recorded since
the beginning of the twentieth century, and an evident
expansion of eutrophic and hypereutrophic species
was noted since the second half of the twentieth
century. Reliable quantitative reconstructions of TP
are unavailable for Lake Turgoyak, while variations
in IBD and IDG showed an increase in nutrients
long before the beginning of the twentieth century
and in the second half of the twentieth century. An
increase in thermal stratification and decrease in
nutrient availability due to restriction in hypolimnion
suggest a decrease in phytoplankton, especially in
species that require high nutrient content as a result
of climate warming. The low ratio of catchment
area to lacustrine area does not suggest substantial
compensation by a warming-induced increase in
external nutrient loading. So, the evident increase in
the nutrient status of Lake Turgoyak in the second
half of the twentieth century suggests it is caused by
another factor.

According to PCA, the largest changes in the
Lake Syrytkul diatom assemblages occurred at
the beginning of the twentieth century. The lake
ecosystem was characterized by growing proportion
of planktonic species, increase in total phosphorus,
drop in Sla, IDS/E, IBD, and IDG, as well as
the appearance of a-mesosaprobes and o-meso-
polysaprobes. These features are likely a response to
the lake eutrophication. In contrast to Lake Tavatui,
the relatively low value of Agx/Ap of AMT suggests the
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greater impact of other driving forces to explain the
diatom assemblage shifts.

Lake Ufimskoe is the shallowest of the studied
lakes with the highest expected impact of the
catchment. These parameters could contribute to
natural and anthropogenic eutrophication. Climate
warming could contribute to natural eutrophication
not only due to increase in nutrient external load,
but also by intensification of nutrient cycling and
remobilization of phosphorus from sediments due
to water warming. Due to the lake’s shallowness,
an increase in stratification does not likely influence
nutrient availability. However, despite the climate
warming, higher percentage of oligosaprobes and
species of oligotrophic habitats, and an increase
in IDS/E since the nineteenth century indicated a
decrease in organic pollution and eutrophication.
Natural oligotrophication could be caused by
changes in the vegetation in the catchment area.
For example, expansion of the coniferous forests
could decrease microbiological mineralization rate
(Sorokina & Sorokin, 2007), which would reduce
nutrient flux into the lake. However, according to
palynological analysis (Maslennikova, 2020), the role
of coniferous forests continued to decrease, while
the role of birch grew in the twentieth century. In
addition, oligotrophication could be caused by lower
nutrient availability due to more abundant aquatic
macrophytes developed under the warming climate
(Ticha et al., 2019). However, the palynological data
do not indicate an increase in aquatic vegetation.
In addition, the aquatic vegetation of recent Lake
Ufimskoe is not diverse and is represented by rare
Potamogeton perfoliatus Linnaeus, which does not
form a continuous carpet, in contrast to the aquatic
vegetation of many other shallow lakes in the
Southern Urals. Planktonic diatoms became a minor
component of the diatom assemblage as early as the
eighteenth century. Warming since the middle of the
nineteenth century did not contribute to a widespread
occurrence of planktonic diatoms, as in the Northern
Urals (Palagushkina et al., 2019). These facts
imply other factors have influenced Lake Ufimskoe
oligotrophication.

Human impacts

Human impacts in this territory include drivers that
have antagonistic effects on lake ecosystems. Mining
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and metallurgy activity lead to increases in PTEs
and decreases in pH, which reduce productivity
and plankton abundance and decrease lake trophic
state (Salonen et al., 2006; Tuovinen et al., 2012;
Thienpont et al., 2016; Denisov et al., 2020). While
recreation, wastewater discharge, dam construction,
and water intake lead to eutrophication.

Changes in Lake Tavatui since the beginning of the
twentieth century could be related to eutrophication
not only due to ongoing climate warming but also
the creation of an artificial passage to the east of the
old channel, connecting the Lake Tavatui with the
Verkh-Neivinsky water reservoir (Lozhkin, 1971).
Since the mid-twentieth century, eutrophication
processes and organic pollution could be influenced
by the climate warming, as well as a rapid population
growth in the Sverdlovsk region, which peaked in
the 1990s, expansion of recreation activity, and
exploitation of the coastline for the construction of
recreation centers and cottage settlements. Based on
the historical data, an increase in the abundance of
planktonic diatoms and decreasing values of diatom
indices due to eutrophication should have occurred as
early as 1762 AD, as the level of Lake Tavatui rose by
2-3 m with an increase in surface area due to the dam
construction on the Neiva River (Lozhkin, 1971).
However, this event was not reflected in the lake
sediment record. The lake ecosystem response to this
human-induced impact could have been modified due
to climate cooling (the Little Ice Age). In addition,
this discrepancy could be related to the Middle Urals
becoming a mining and metallurgy center in the first
quarter of the eighteenth century (Gorshkov, 1957).
The entry of toxic elements into the lake could
reduce the eutrophication rate and the number of
planktonic diatoms, as was observed in lakes of the
Murmansk region (Denisov et al., 2020), lakes of
SW Finland (Salonen et al., 2006; Tuovinen et al.,
2012), and the subarctic lake of Canada (Thienpont
et al., 2016). Positive correlation between planktonic
diatoms, Cu and Bi, could be spurious (Fig. 2). The
increase in planktonic diatoms is also correlated with
AMT, population, DI-TP, and IBD and more likely
explained by increase in external nutrient loading.

Changes in the Lake Turgoyak ecosystem recorded
in diatom assemblages since the beginning of the
twentieth century could be related to both the ongoing
warming in the Southern Urals and more active land
use that resulted in deforestation near the lake and a

higher recreation load (Sementovskiy, 1913). Changes
in the lake ecosystem since the second half of the
twentieth century most likely reflect its eutrophication
due to a growing complex human-induced impact.
1955 AD was marked by initiation of a few events:
construction of the Mashgorodok microdistrict, rapid
growth of the population of the city of Miass and the
Chelyabinsk region, intensive water intake for water
supply to Miass (since 1952 AD) followed by lake
flow regulation (1960 AD) (Gavrilkina et al., 1998),
and active construction of cottages and recreation
centers on the lake shore. The maximum number
of planktonic diatoms and the minimum values of
IBD and IDG were observed in the period when the
highest heavy metal concentrations accumulated
(Fig. 3). These results suggest that the lake ecosystem
did not react clearly to the industrial impact. The
increased supply of potentially toxic elements
reflected in the geochemical record did not slow down
the eutrophication process likely because of relatively
low concentrations of PTEs and the substantial
human-induced eutrophication.

The eutrophication of the Lake Syrytkul ecosystem
in the twentieth century that is reflected in the diatom
record could be explained by dam construction
that increased lake water depth, productivity, and
organic matter content. Lake flow rate was reduced
and external nutrient load increased due to coastal
erosion. This suggestion is confirmed not only by a
low value of Ag/A, for annual mean temperature,
but also abrupt changes in the diatom record. The
extensive supply of toxic elements into the lake as a
result of industrial activities did not have a noticeable
effect on the lake eutrophication process or diatom
composition. Higher concentrations of hardness-
causing cations (e.g., Ca’" and Mg>"), in comparison
with Lake Ufimskoe, could mitigate the toxicity of
metals (Yim et al., 2006; Pociecha et al., 2020). An
increase in Stephanodiscus parvus was coincident
with increasing concentrations of PTEs in the Lake
Syrytkul sediments, which is similar to Lake Lamba
in the Murmansk region (Slukovskii et al., 2018).
However, change in the abundance of S. parvus was
more likely related to increasing total phosphorus
(Fig. 5). The abundance of planktonic diatoms in
Lake Syrytkul sediments is positively correlated
with PTEs (especially Bi and Sb). Planktonic
diatoms are also correlated to diatom-inferred TP and
diatom indices (IBD, IDS/E, IDG, and Sla). So, the
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correlation between PTEs and planktonic diatoms
could be spurious, as was the case in Lake Tavatui. At
first sight, relatively high ratios Ag/Ap of Mo, As, and
Li point to direct influence of these trace elements on
diatoms. However, it also can be explained by one
factor that influenced both the diatom assemblage
and geochemistry of these chemical elements. A rise
in lake level and eutrophication could lead not only
to a diatom assemblage shift, but also to change in
migration of As and Mo, and decrease in Li due to
dilution of sediments by organic matter.

The decrease in organic pollution and
eutrophication of Lake Ufimskoe since the twentieth
century, which we could not explain by natural
forces, most likely was associated with an increase
in heavy metal concentrations and a decrease in
pH due to industrial impact. An increase in IDS/E
since the twentieth century indicated a decrease
in eutrophication and organic pollution. However,
after decreasing in the end of the nineteenth century,
DI-TP increased (Fig. 4). Such inconsistency can be
explained as follows: an increase in TP may be due
to pH decrease associated with industrial activity.
Phosphorus is more mobile in acidic water. Despite
higher TP, lake productivity and therefore organic
matter in water decreased due to lowering of pH
and high PTEs. So, the value of IDS/E increased
which indicates oligotrophication. Lower abundance
of planktonic diatoms could also be related to
higher concentrations of heavy metals and other
potentially toxic elements (Salonen et al., 2006;
Tuovinen et al., 2012; Thienpont et al., 2016). No
shift toward domination of known metal-resistant
species (Cattaneo et al., 2004; Tuovinen et al., 2012;
Sivarajah et al., 2019) was noted. The declining
importance of Aulacoseira granulata, which tolerates
metal pollution and copper sulfate (Morin et al.,
2008), since the beginning of the industrial period
could be related to lake oligotrophication.

Comparison with other Ural lakes

The most pronounced change in diatom water quality
indices in the studied lakes occurred at the nineteenth
and twentieth century. Diatom indices decreased,
and planktonic diatom abundances increased in the
lakes subjected to intensive land use and greater
human-induced nutrient loads. In Lake Ufimskoe,
without this factor, but with high loads of PTEs, the

@ Springer

indices increased and the abundance of planktonic
diatoms was reduced, despite the climate warming.
For comparison, the number of planktonic species
does not generally decrease in Lake Serebry, which is
located only 4 km from the Karabash copper smelter
and is even more contaminated by PTEs than Lake
Ufimskoe. This phenomenon is likely related to the
impact of artificial changes in the hydrological regime
(dam construction) of Lake Serebry (Maslennikova,
2019).

In contrast to the studied lakes of the Northern
Urals (Solovieva et al., 2005, 2008), which were not
affected by local pollution and with low atmospheric
pollution sources, changes in the lakes of the
Southern and Middle Urals do not reflect the impact
of climate warming independent of the human impact.
As with lakes of the Polar Urals (Palagushkina et al.,
2019), a substantial shift in diatom assemblages and
an increase in planktonic species were observed in
the studied lakes of the Southern and Middle Urals
from the nineteenth century to the twentieth century.
However, the increases in planktonic species,
including small cyclotelloid and colonial diatoms,
as well as variations in the diatom quality indices
in the studied Ural lakes, are primarily related to
the human land use activity with warming playing
a secondary role. This conclusion is supported by
the fact that, during the period under consideration,
covering not only the Little Ice Age, but also the
Medieval Warming, there were no changes in
diatom assemblages similar to those observed in the
beginning and in the second half of the twentieth
century. Our conclusions about the dominant
influence of human land use on lake ecosystems
contradict those of Rogozin et al. (2017), who argued
that changes in diatom assemblages over the past
40 years in Lake Bol’shoe Miassovo (Southern Urals)
were related to climate warming. However, during
the same period as the observed changes, the lake
was a reservoir with a regulated flow connected with
the pond system of a fish farm in the Upper Karasi
Settlement (Rogozin & Tkachev, 2000). This factor,
rather than the climate warming since the 1970s,
could explain the main changes in the lake ecosystem,
which resulted in a greater abundance of species
such as Fragilaria crotonensis and Stephanodiscus
hantzschii recorded in the sediments (Rogozin et al.,
2017).
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Conclusion

Based on the analysis of water and sediments, we
conclude that the human-induced loading of PTEs
is currently the main factor affecting PTEs in lakes
of the Urals mining and metallurgical region. Rock
composition in the catchment and other natural
factors play a secondary role. The developmental
stage of the studied lakes, in particular their trophic
state and concentrations of nutrients, are related
to their morphometry, type and degree of human
impact. The shallow and mesotrophic Lake Ufimskoe
located at 7 km from the Karabash copper smelter
is established to be the most polluted by PTEs. The
highest trophic state and nutrient concentrations
were found in lakes Syrytkul and Tavatui, which are
subjected to flow regulation and more prone, in terms
of morphometric parameters, to eutrophication than
Lake Turgoyak.

In contrast to the Northern and Polar Urals lakes,
changes in the lakes of the Southern and Middle
Urals do not reflect the impact of climate warming
independent of the human impact. Increases in
planktonic species, including small cyclotelloid and
colonial pennate diatoms, as well as variations in the
diatom indices in the studied Ural lakes, are primarily
related to the human land use activity with warming
playing only a secondary role.

The paleolimnological reconstructions of all
lakes under consideration suggest that diatom
assemblages, planktonic species abundances, and
diatom indices underwent dramatic changes in the
nineteenth and twentieth century. An increase in the
role of planktonic diatoms and a decrease in diatom
indices despite loading of PTEs were noted in the
three lakes subjected to intensive human-induced
nutrient loading and (or) flow regulation. Based on
the results of our complex study, it is possible that
in the absence of damming, intensive recreation
activity, and human-induced nutrient fluxes, the
industrial impact, including the supply of PTEs and
acidification, can mask the lake’s response to climate
warming, limit natural eutrophication, and even lead
to oligotrophication, as in Lake Ufimskoe. If the land
use is active, then the impact of metallurgical industry
on lake trophic status is moderated, even at high PTE
levels in water and sediments, as in Lake Syrytkul.
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