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ABSTRACT. Safeguarding the ecological integrity of aquatic ecosystems is a national priority. Lake
Kotokel, one of the largest lakes in the Baikal region, is hydrologically connected to Lake Baikal through
a system of channels and holds considerable socio-economic significance. This study presents the first
detailed seasonal analysis of dissolved heavy metal (HM) concentrations in the lake. Their relative
abundance followed the order: Fe > Mn > Zn > Ni > Cr > Cu > Pb > Cd. Clear patterns of seasonal
dynamics and spatial distribution were identified. The highest concentrations of manganese, zinc, and
copper occurred during the under-ice period, driven by mobilization from silty bottom sediments and
groundwater. In contrast, during the open-water period, elevated concentrations of iron, chromium,
and nickel were associated with meltwater and rainfall inputs, which transport weathering products of
rocks and soil organic matter from the watershed into the lake. To investigate the relationships between
HM concentrations and water parameters—including physicochemical characteristics, nutrient levels,
chlorophyll-a (chl-a), and total organic carbon (TOC)—Spearman correlation and principal component
analyses (PCA) were applied. The results demonstrated that seasonal variations in physicochemical
conditions and the intensity of biological processes exert a decisive influence on HM dynamics. For the
first time, HM pollution and the associated ecological risk were assessed for Lake Kotokel. The pollution
indices—Heavy Metal Evaluation Index (HEI), Nemerov Pollution Index (NPI), as well as Ecological
Risk Index (ERI) indicated that HM pollution originates primarily from natural sources, with iron and
manganese as the dominant contributors. However, the detection of cadmium in isolated samples near
settlements elevated the potential ecological risk for aquatic organisms, underscoring the need for con-
tinuous monitoring of local pollution sources.
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1. Introduction

Freshwater ecosystems are increasingly threat-
ened by anthropogenic pressures. The input and accu-
mulation of diverse pollutants, compounded by climate
change, pose significant risks to human health and
aquatic biota (Salehi, 2022). Among these pollutants,
HMs are of particular concern due to their toxicity, per-
sistence, and capacity for bioaccumulation (Zamora-
Ledezma et al., 2021). The extent of HM pollution in
aquatic systems is shaped by regional, geographic, and
climatic conditions. However, these factors collectively
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generate comparable risks across regions, rendering HM
pollution a global issue (Das, 2024; Wang et al., 2023;
Sener et al., 2023; Dippong et al., 2024). Consequently,
considerable research efforts have focused on eval-
uating HM pollution levels, tracing their sources and
accumulation pathways in aquatic environments, and
assessing the ecological consequences for ecosystems
as well as potential health risks for humans (Botle et
al., 2023; Hedayatzadeh et al., 2024; Jolaosho et al.,
2024; Naz et al., 2022; Zhou et al., 2020; Yakovlev et
al., 2023; Zhang et al., 2024; Argun, 2025 Bazarzhapov
et al., 2023).

© Author(s) 2025. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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Freshwater lakes, as integral components of sur-
face water ecosystems, provide a wide range of essen-
tial services, including water supply, fisheries, flood
regulation, and recreational opportunities. They also
play a critical role in global biogeochemical cycles,
particularly in regulating water, carbon, and nutrient
dynamics (Fluet-Chouinard et al., 2017; Tanjung et al.,
2024). Lake ecosystems are generally characterized by
slow water exchange and lowland topographic settings,
conditions that make them especially susceptible to
pollutant accumulation (Bhateria and Jain, 2016). This
vulnerability also heightens their sensitivity to environ-
mental change and may pose significant risks to both
biota and human health (Prasad et al., 2024; Ozdemir
et al., 2024). The study of water quality in the aquatic
systems of the Lake Baikal basin, together with the
assessment of their ecological status under anthropo-
genic pressure and global climate change, is of partic-
ular importance. This is primarily due to Lake Baikal’s
designation as a UNESCO World Natural Heritage site
and its status as a freshwater resource of global sig-
nificance (Brown et al., 2021; Radnaeva et al., 2022;
Pellinen et al., 2021).

Lake Kotokel (also referred to in the literature as
Kotokelskoye, and less frequently as Katakel) is the larg-
est lake on the eastern shore of Lake Baikal and the third
largest water body in the Baikal basin (68.9 km?), fol-
lowing Lake Khubsugul (Mongolia) and Lake Gusinoye
(Buryatia) (Fig. 1). The lake is located 2 km from Lake
Baikal and is connected to it through a river system.
The lake’s water resources and chemical composition
are strongly influenced by its location within the Baikal
Rift Zone, a series of tectonically formed depressions
characterized by fault waters discharging along fault
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lines (Peryazeva et al., 2016). A sharp increase in rec-
reational pressure during the 1980s and 1990s, com-
bined with adverse natural conditions, led to a decline
in its fisheries significance and ultimately caused an
ecological crisis (Shagzhiev et al., 2017; Zengina and
Bedrinova, 2015). Between 2008 and 2009, the lake
experienced an outbreak of Haff disease, resulting in
its closure to recreational, drinking, and domestic use
from June 2009 to May 2017 (The State..., 2022).

To investigate the causes of the Haff disease out-
break in 2008-2009, the first comprehensive ecobio-
logical studies of Lake Kotokel were conducted (Pronin
and Ubugunov, 2013). Subsequent studies, however,
were often fragmentary, short-term, and narrowly
focused (Vorobyevskaya et al., 2021; Zengina and
Bedrinova, 2015; Vorobyova et al., 2018; Bazarsadueva
et al., 2023). Hydrogeochemical analyses of the lake
revealed pronounced spatial variability in dissolved
trace element concentrations, particularly in areas
influenced by fault water discharge along the north-
east fault zones (Angakhaeva et al.,, 2021). Previous
studies have indicated that a combination of unfavor-
able factors—including substantial fluctuations in lake
level, prolonged high temperatures during the growing
season, and discharge from fault zones—can sharply
degrade water quality and elevate the lake’s trophic
status (Shiretorova et al., 2025). Seasonal variations in
water quality are particularly influenced by the concen-
trations of dissolved iron, manganese, zinc, and copper.

The present study aims to investigate the sea-
sonal dynamics and spatial distribution of dissolved
HMs in the surface waters of Lake Kotokel, and to
evaluate the extent of HM pollution and the associated
environmental risks.
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water area.

1063



Shiretorova V.G. et al. / Limnology and Freshwater Biology 2025 (4): 1062-1082

SI: “The VIII-th Vereshchagin Baikal Conference”

2. Materials and methods
2.1. Study Area

The characteristics of Lake Kotokel, along with
the geological features of the surrounding area and
bottom sediments, have been described in detail in our
previous work (Shiretorova et al., 2025).

The regional climate is continental, with cold
winters and moderately warm summers. Mean January
temperatures reach approximately —20 °C, while July
temperatures average around + 16 °C. Annual precipi-
tation is about 400 mm. Predominantly northwesterly
winds over Lake Kotokel promote active water mixing,
which results in substantial sediment deposition in the
southern part of the lake (Pronin and Ubugunov, 2013).

Four settlements are located along the shore-
line of Lake Kotokel—Yartsy, Istok, Kotokel, and
Cheryomushka—with populations ranging from 70 to
145 residents. The main economic activities include
tourism, fishing, and logging. The lake is also widely
used for recreation. However, neither the settlements
nor the tourist facilities are equipped with organized
wastewater disposal systems.

2.2. Data Sources

This study used precipitation and mean monthly
air temperature data from the Goryachinsk meteorolog-
ical station (52.9842N, 108.3044E; 491 m a.s.l.), the
closest station to the study area. The data are publicly
available at: https://www.pogodaiklimat.ru (accessed
on 02 July 2025).

2.3. Field Studies

Field studies were carried out from May 2024
to March 2025 to analyze the hydrochemical param-
eters of Lake Kotokel. Water samples were collected
at sites of varying depth and near potential pollu-
tion sources, such as settlements and tourist facilities
(Shiretorova et al., 2025). Sampling locations, marked
on the bathymetric map (Bathymetry...), are shown in
Fig. 1B. Samples were taken four times per year accord-
ing to the season: under ice cover (late February—early
March), spring (May), summer (July), and autumn (late
September—early October). Surface water samples were
collected throughout the lake at a depth of 0.2-0.5 m.
In total, 86 samples were obtained.

The sampling procedure is described in detail
in our previous work (Radnaeva et al., 2022). Briefly,
water samples were collected in pre-rinsed polypropyl-
ene bottles and filtered through membrane filters with
a pore size of 0.45 um. For HM analysis, the filtered
samples were preserved with ultrapure HNO, to adjust
the pH to 2. Selected physicochemical parameters and
components were analyzed directly in the field. Samples
were transported to the institute’s laboratory in refrig-
erated containers at 1-3 °C and analyzed within two
days.

2.4. Laboratory Analyses

The methods of chemical analysis were described
in detail in (Radnaeva et al., 2022; Shiretorova et
al.,, 2025) and were performed at the Laboratory of
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Chemistry of Natural Systems of BINM SB RAS accord-
ing to standard procedures (GOST 57162-2016; GOST
17.1.3.07-82; GOST 17.1.4.02-90; Guidelines..., 2009).

Temperature, turbidity, pH value, dissolved oxy-
gen (DO), electrical conductivity (Ec), and the content
of phosphates, ammonium, nitrites, nitrates were mea-
sured in a field laboratory using additional equipment
(pH tester, Hanna portable instruments (HI 991300, HI
98703, Hanna instruments, Judetul Salaj, Romania),
photoelectric colorimeter (PE-5400 UV, Ecroskhim,
Saint-Petersburg, Russia) on the day of sampling.

Water pH was measured by the potentiometric
method, DO content by the Winkler test with an error
0.3%. Chl-a and biogenic elements concentrations were
measured using spectrophotometric methods, with an
error margin of 2-5%. Nitrite concentration was deter-
mined using the Griess reagent, nitrate—using the sal-
icylic acid method, ammonium ions—by indophenol
method, phosphates—by the Denige-Atkins method
with tin chloride as a reducing agent. Total phospho-
rus (TP) content was determined after high tempera-
ture persulfate oxidation. TOC was determined using
a TOC-L CSN analyzer (Shimadzu, Japan). Chl-a was
extracted from phytoplankton cells using a 90% acetone
prior to photometric determination. The concentrations
of HMs (Fe, Mn, Zn, Ni, Cd, Cr, Cu, and Pb) were deter-
mined using an atomic absorption spectrometer (Solaar
M6, Thermo Electron Corporation, USA) coupled with
a electrothermal and flame atomizer, with an error of
5-10%.

2.5. Pollution and Ecological Risk
Assessment

In this study, both pollution indices and indices
for a preliminary assessment of ecological risk were
calculated.

HEI assesses the concentration of HMs in water,
reflects their cumulative impact, and evaluates water
quality. It is defined as follows (Edet and Offiong,
2002):

HEI=)" G
=T MAC,
where C, and MAC, are the measured concentration
and the maximum allowable concentration of the i-th
metal, respectively. Water quality is classified based on
the HEI values as low (<10), medium (10-20), or high
(>20) pollution.

NPI is another metric for assessing water quality.
It accounts for both the maximum and mean concentra-
tions of each element and can indicate the contribution
of major pollutants (Shetaia et al., 2023). The NPI is
calculated as follows:

NPI=/(PL,, +PI2,)/2,
PI=C,/MAC,
where C, is the measured concentration of HM in water,
MAC, is the maximum allowable concentration of
the i-th metal. Based on NPI values, water quality is
classified into five categories: unpolluted (NPI<0.7),
slightly polluted (0.7<NPI<1), moderately pol-
luted (1 <NP<2), heavily polluted (2<NP<=3), and
extremely polluted (NP >3) (Liu et al., 2021).
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ERI is the overall ecological risk index for water
based on HQ;

ERI=)""(HQ,xT)/Y'T,,
HQ, =C, / PNEC,

where C, is the measured concentration of the i-th HM
in water, PNEC, is the predicted no-effect concentration
to i-th metal. The PNEC values for Zn, Cr, Cu, Ni, Pb
and Cd were calculated as described in (Shetaia et al.,
2023), based on Criterion Continuous Concentration
(CCC)—the maximum concentration of each sub-

stance in water to which aquatic organisms can be
exposed indefinitely without adverse effects. CCC val-
ues for freshwater are available the U.S. Environmental
Protection Agency (https://www.epa.gov/wqc
national-recommended-water-quality-criteria-tables).

As CCC values are not available for Fe and Mn,
these elements were excluded from the ERI calculation.
T, is the toxic response factor of i-th metal, assigned as
1 for Zn, 2 for Cr, 5 for Cu, Ni, and Pb, and 30 for Cd
(Shetaia et al., 2023).

ERI values are classified as follows: <1 (“no
risk”), 1-5 (“low risk”), 5-10 (“moderate risk”), 10-15
(“considerable risk”), and >15 (“high risk”) (Kumar et
al., 2020).

2.6. Data Analysis and Visualization

Data on water component concentrations were
analyzed using OriginPro software ver. 9.9 (OriginLab
Corporation, Northampton, MA, USA) and PAST ver.
4.16.

3. Results and Discussion
3.1. Water quality parameters

A distinctive feature of natural climate variations
is the cyclicity of processes, with dry periods alternat-
ing with humid periods, and phases of high biological
productivity followed by periods of decline. Lakes, par-
ticularly those with low water exchange or endorheic
systems, can serve as sensitive indicators of regional
climate change. The climate conditions during the
study period, including mean monthly air tempera-
tures (T) and precipitation (P) around Lake Kotokel,
are presented in comparison with 25-year averages
(Tavg and Pavg) from 2000 to 2024 (Fig. 2). In 2024, air
temperatures in July and August were 2.8-2.9 °C above
long-term averages, while precipitation was twice the
long-term average in June and approximately 25%
below the average in July. These summer conditions
enhanced nutrient input from the watershed at the
start of the growing season and promoted warming of
the lake water, resulting in a phytoplankton bloom in
July and August 2024 and associated changes in water
quality parameters. In contrast, higher-than-average air
temperatures from November 2024 to January 2025
had minimal impact on water parameters due to the
presence of an established ice cover.

To examine the relationship between dissolved
HMs concentrations, water physicochemical character-
istics, and the intensity of biological processes, a com-
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Fig.2. Air temperature (T) and precipitation (P) accord-
ing to data from the meteorological station in Goryachinsk
settlement.

prehensive analysis of water quality parameters was
performed. The results of the chemical analysis of Lake
Kotokel water (86 samples) are presented in Table 1.

The seasonal dynamics of physicochemical
parameters of water and nutrient concentrations in
Lake Kotokel, derived from long-term monitoring, have
been described in detail previously (Shiretorova et al.,
2025).

Notably, summer conditions in 2024 were partic-
ularly favorable for a phytoplankton bloom. Lake water
temperatures in July reached 26.5-27.4 °C, stimulat-
ing high biological activity. The bloom outbreak was
accompanied by increased turbidity (95-120 NTU), pH
(8.5-10.8), DO concentrations (10.6-16.4 mg/L), and
chl-a levels (38-186 pg/L, with isolated sites reaching
311-586 ug/L).

Exceedances of MACs for fishery water bodies
(Table 1) were most frequent for pH during the bloom
period (59.5% of samples), less frequent for TP in the
autumn period (2.4% of samples), and for ammonium
nitrogen in May, associated with inflow of contam-
inated meltwater from surrounding areas (1.2% of
samples). DO fell below the normative threshold of
4 mg/L in 1.2% of samples during the under-ice period.
Regarding turbidity, only 12% of samples—exclu-
sively from the under-ice period—complied with WHO
standards.

3.2. Spatiotemporal distribution of HMs in
the lake water

According to the data obtained (Table 1), the
concentrations of dissolved HMs in Lake Kotokel during
the study period can be ranked in descending order as
follows: Fe > Mn > Zn > Ni > Cr > Cu > Pb > Cd.
Spatial distributions of HM concentrations across differ-
ent seasons are shown in Fig. 3. High spatial variation
was observed throughout the lake. During the under-
ice period, the greatest variability occurred for manga-
nese and zinc. In the open-water period, the variability
persisted despite active wind-induced mixing. Elevated
iron concentrations were consistently observed in the
southern part of the lake (sampling points 1-4, 19, 22),
and manganese concentrations were particularly high
in winter (points 1, 4). Previous studies have reported
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Table 1. Water characteristics of Lake Kotokel.

Parameters! Min Max Mean | Median Std. WHO Russian % of
Deviation | Standard, | National Samples
20172 Standard | Exceeding
(MAC)? MAC
T 0.1 27.4 14 14.6 9.1 4 - -
Turbidity 1.94 120 28.89 26.65 22.5 5 - -
pH 5.9 10.8 7.9 7.3 1.5 6.5-8.5 6.5-8.5 59.5
Ec 53 85.8 66 66 7.4 < 1500 - -
DO 3.0 16.4 10.4 10.6 2.4 =5.0 =4-6 1.2
NO,-N 0.001 0.006 0.002 0.002 0.001 - 0.02
NO;-N 0.04 0.73 0.20 0.11 0.19 50 9.1
NHZ-N nd® 0.49 0.06 0.03 0.09 1.5 0.4 1.2
POi'-P nd 0.03 0.007 0.004 0.006 - 0.2 0
TP 0.02 0.36 0.08 0.08 0.05 - 0.2 2.4
TOC 2.9 11.3 7.3 6.8 2 - - -
Chl-a 1.6 587 71 34 89 - - -
Fe 20 224 81 68 44 300 100 26.2
Mn 0.2 177 10.0 2.0 22.1 100 10 21.4
Zn nd 11.81 3.26 2.37 2.66 3000 10 2.4
Cu nd 1.69 0.48 0.43 0.30 2000 1 4.8
Ni nd 23.98 0.66 < 0.01 3.21 70 5 2.4
Cr nd 14.15 0.53 0.31 1.53 50 70 0
Pb nd 0.42 0.01 < 0.02 0.05 10 10 -
cd nd 0.16 0.01 < 0.005 0.03 3 6 0

Note: ! T in °C, turbidity in NTU, Ec in uS/cm, other components—in mg/L, Chl-a and metals - in pg/L; 2 (World..., 2017);
3 maximum allowable concentration (Order..., 2016); 4 «—» indicates that a standard was not established; °nd — below detection
limit (detection limit, pg/L: Cr, Pb = 0.02, Ni = 0.01, Zn, Cd =0.005).

strong sediment transport in this area due to prevail-
ing northwesterly winds (Pronin and Ubugunov, 2013),
leading to the accumulation of organic matter and sub-
sequent mobilization of metals into the water column.

A pronounced local increase in copper, chromium,
and nickel concentrations was observed in July at sam-
pling point 14, located in the deepest part of the lake,
likely associated with input from fracture-vein waters.
The locations of the presumed northeast-trending fault
zones were previously mapped in (Angakhaeva et al.
2021). Near these zones, fluctuations in metal concen-
trations of varying intensity were more frequent during
the study period, occasionally reaching 1-2 orders of
magnitude. Lead and cadmium were detected in iso-
lated samples (3.5% and 8.1% of samples, respectively)
in coastal areas near settlements and recreational facil-
ities, at concentrations well below MAC standards.
Exceedances of MACs were most frequent for Fe and
Mn (26% and 21% of samples, respectively), while Zn,
Cu, and Ni exceeded standards less frequently (2.4-
4.8% of samples). The maximum degree of exceedance
was highest for Mn (17.7 times the standard), followed
by Ni (4.4), Fe (2.2), Cu (1.7), and Zn (1.2).

The seasonal dynamics of metal concentrations in
Lake Kotokel are presented in Figure 4. A pronounced
increase during the under-ice period was observed for
Mn (several-fold), Zn, and Cu. This winter rise is likely
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related to changes in physicochemical conditions—spe-
cifically, decreased pH and DO—which promote mobi-
lization of these metals from sediments and groundwa-
ter. Similar seasonal patterns have been reported for
lakes in the Selenga River delta (Chebykin et al., 2012).
Dissolved iron exhibited two annual peaks—in spring
and autumn—Ilikely reflecting inputs with organic mat-
ter from upper soil horizons via meltwater or rainfall.
Chromium concentrations peaked in spring, declined
thereafter, and rose slightly in autumn. Nickel was pri-
marily detected in summer, while in other seasons its
concentrations generally remained below the detection
limit. The lowest concentrations of iron, chromium,
and nickel occurred during the ice-covered period,
likely reflecting their predominant input from bedrock
weathering and surface soil horizons in the watershed.

Radar charts were constructed based on correla-
tion analysis of water composition data to illustrate sta-
tistically significant relationships (p < 0.05) between
individual metals and physicochemical parameters, as
well as nutrient concentrations (Fig. 5). Lead and cad-
mium were excluded from the analysis because their
concentrations were below the detection limit in most
samples. Moderate positive correlations were observed
for Mn-Zn (0.61), Mn—-Cu (0.53), and Zn—Cu (0.46),
whereas Mn-Cr exhibited a moderate negative correla-
tion (—0.41). The generally low correlation coefficients
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may reflect the influence of different sources (natural/
anthropogenic) and diverse pathways of metal input in
Lake Kotokel, including surface runoff from surround-
ing areas, groundwater inflow, and mobilization from
sediments.

Stronger positive correlations of certain metals
with physicochemical parameters and nutrients were
also observed. In particular, iron exhibited correla-
tions with TP (0.60), turbidity (0.44), and ammonium
nitrogen (0.43), suggesting inputs from surround-
ing areas along with organic matter via runoff from
meltwater and rainfall. Manganese concentrations,
which increased during the winter period, consistently
showed negative correlations with pH (—0.40), tem-
perature (—0.48), and DO (—0.46), and positive cor-
relations with Ec (0.48) and nutrients—nitrate nitrogen
(0.47) and phosphate phosphorus (0.49)—reflecting its
release during organic matter decomposition under ice
cover.

Zinc exhibited a behavior similar to manganese,
showing comparable correlations with environmental
parameters and nutrients, along with negative correla-
tions with total suspended solids (—0.42) and chl-a
(—0.50). Nickel was positively correlated with tem-
perature (0.55), turbidity (0.46), pH (0.59), and chl-a
(0.49), consistent with its highest concentrations occur-
ring in summer when these parameters reach their
maxima.

Figure 6 presents PCA plots for the first three
components. The PCA identified three main compo-
nents with eigenvalues greater than 1, which together
explained 63.01 % of the total variance. Sample group-
ing occurred primarily by season rather than by sam-
pling location, indicating that seasonal variations in
physicochemical conditions and the intensity of bio-
logical processes strongly influence the input, accumu-
lation, and potential adsorption or desorption of dis-
solved HMs in lake water.
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The first principal component PC1 (38.56 %)
exhibited the highest loadings on water physicochem-
ical parameters (excluding Ec), TP, and chl-a, separat-
ing under-ice (winter) and open-water (summer and
autumn) periods. Electrical conductivity, Mn, Zn, and
Cu—highest in winter samples—were negatively cor-
related with temperature, turbidity, pH, TP, chl-a, and
Fe, which increased during the open-water period. PC2
(15.50 %) highlighted a cluster of spring samples with
elevated TOC, ammonium nitrogen, and Cr and Ni con-
centrations. PC3 (8.56 %), with the highest loadings on
Fe and TP, distinguished summer and autumn samples.

3.3. Pollution and ecological risk
assessment

The level of metal pollution in Lake Kotokel and
its potential impact on aquatic flora and fauna were
assessed using HEI, NPI, and ERI indices.

HEI values ranged from 0.71 to 20.97, with a
mean of 2.54. Water samples from nearly all sampling
points were classified as “low pollution”. The only
exception was a sample collected during the under-ice
period near the “Geser” tourist base (sampling point 4),
which was classified as “moderate pollution” primarily
due to elevated Mn concentrations. Seasonally, higher
HEI values were observed during the winter period
(Table 2).

Unlike HEI, NPI index exhibited greater grada-
tion in pollution levels, as it accounts for both the max-
imum and average concentrations of individual metals,
thereby highlighting the contribution of major pollut-
ants (Li et al., 2022). During the spring and summer
periods, lake water was generally classified as “unpol-
luted” in open-water areas and “slightly polluted” in
coastal zones. In autumn, pollution levels ranged from
“slightly polluted” to “moderately polluted,” primarily
due to elevated Fe concentrations. NPI values, similar
to HEIL, peaked during the under-ice period; according
to the classification criteria, water during this period
was predominantly “moderately polluted” to “heavily
polluted”. Notably, during the open-water period, Fe
contributed most to the NPI value, likely entering the
lake through runoff and precipitation from surrounding
areas. During the ice-covered period, the contribution
of Mn increased sharply, reflecting its release from silty
bottom sediments.

ERI values were generally below 1, with a mean
of 0.34, indicating no significant risk to aquatic organ-
isms in almost all seasons. Only six samples (five col-
lected in spring and one in winter) fell into the “low

Table 2. Water evaluation indices in different seasons.

risk” category due to the presence of Cd near settle-
ments and tourist bases, with ERI values not exceeding
3.43.

Overall, the results of HEI, NPI, and ERI calcu-
lations indicate that pollution of Lake Kotokel waters
by the studied HMs is predominantly of natural origin.
Nevertheless, occasionally elevated ERI values under-
score the need for continuous monitoring of local pol-
lution sources.

4. Conclusions

The first detailed investigation of dissolved HMs
in Lake Kotokel revealed distinct features of their sea-
sonal dynamics and spatial distribution. High variabil-
ity in metal concentrations was observed across the
lake, more pronounced during the under-ice period
for Mn and Zn, and largely season-independent for
Fe, Cu, Cr, and Ni. Localized peaks in metal concen-
trations, in some cases exceeding background levels by
1-2 orders of magnitude, were likely driven by fracture
water discharge. Seasonally, the highest concentra-
tions of Mn, Zn, and Cu occurred during the under-ice
period, whereas Fe, Cr and Ni were more abundant in
the open-water season. These patterns likely reflect dif-
ferences in geochemical behavior and sources of input:
the former group is primarily mobilized in winter from
bottom sediments (under reduced DO conditions) and
from groundwater, while the latter group is introduced
during the open-water period via meltwater and rain-
fall transporting weathering products of rocks and soil
organic matter from the watershed. Correlation and
PCA analyses revealed that seasonal changes in phys-
icochemical conditions and the intensity of biological
processes exert a decisive influence on HM concentra-
tions. The relatively low correlation coefficients may
indirectly reflect the presence of multiple sources (nat-
ural or anthropogenic) and pathways of input—includ-
ing surface runoff, groundwater inflow, and mobiliza-
tion from bottom sediments—of dissolved HMs in Lake
Kotokel.

For the first time, the current level of HM pol-
lution and the associated ecological risk in Lake
Kotokel were assessed. The pollution levels increased
progressively from spring (classified as “unpolluted”
in open-water areas and “slightly polluted” in coastal
zones) to autumn (“moderately polluted”) and winter
(“heavily polluted”). During the open-water period,
Fe contributed most to the pollution indices, whereas
in the under-ice period, Mn played a dominant role.
In most cases, ERI values indicated no risk to aquatic

Seasons HEI NPI ERI
min max X min max X min max X
Spring 0.71 3.77 1.58 0.40 1.61 0.66 0.00 3.43 0.62
Summer 0.91 8.26 1.89 0.26 3.47 0.63 0.05 0.89 0.17
Autumn 1.47 5.30 2.32 0.63 2.50 0.94 0.09 0.32 0.19
Winter 1.86 20.97 4.55 0.45 12.69 1.94 0.11 1.97 0.39
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organisms across all seasons. Overall, the pollution and
ecological risk assessment suggest that HM pollution in
Lake Kotokel is primarily of natural origin. However,
isolated cases where ERI values increased from “no
risk” to “low risk” underscore the need for continuous
monitoring of local pollution sources.

The collected data provide new insights into the
mechanisms of metal input and accumulation under the
combined influence of natural and anthropogenic fac-
tors in the context of climate change. These findings are
also relevant for water quality management in compa-
rable hydrological systems and for developing strate-
gies to mitigate the transfer of metals into Lake Baikal.
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PoccuA): oueHKa YPOBHA 3arpAsHeHuaA u
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[Iupetoposa B.I'.'*, Hukutuna E.I1.!, Bazapcaayesa C.B.!, HumoyeBa H.B.1,
BynmaeBa O./].!, Tapackun B.B.!, Ilunrtaesa E.Il.!, Pagnaena JI.J[.}?, 'apmaeB E.X.!

! Batikateckutl uHcmumym npupoodonosb3ogarus Cubupckoeo omoesieHua Poccutickoti akademu Hayk, yi1. CaxvAaHoBol, 6, YiaH-Y03,
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AHHOTAILIUS. CoxpaHeHue 5KOJIOTMYECKOr0 OJIaromojyuus BOAHBIX 3KOCHCTEM SABJIAETCS MPUOPU-
TeTHOU 3adavel rocymapcrsa. O3epo KoTokess - o4HO M3 KpymHeHIMX o3ep balikajibcKoro pervuoHa,
cBsi3aHHOe c 03. balikas yepe3 cucteMy MPOTOK, U UMelollee 60JIbIIIoe COIfaIbHO-3KOHOMUYECKOe 3Ha-
yeHue. BriepBbie poBefieH AeTabHbIN aHaJIUN3 COJiep>KaHNs PaCTBOPEHHBIX TsIKEJIbIX MEeTaslJIOB, 3HaUe-
HHS KOTOPBIX MOTYT OBITh PaHXXUPOBaHHI B ciieAytoiieM nopsake: Fe > Mn > Zn > Ni > Cr > Cu >
Pb > Cd, ycraHOBEHB 0COOEHHOCTH UX CE30HHOW JUHAMUKHU M MTPOCTPAHCTBEHHOTO paclpeiesieHus.
Jluia maprasia, I[uHKa U Meau HauOoJIbIINe COAepXXaHUs ObLIM XapaKTepHHBI B IOJJIENHBIN IEepPUO/I,
YTO OOYCJIOBJIEHO UX MOOMIM3AIMel U3 UJINCTHIX OTJIOXKEHUM U MOJI3eMHBIX BoJ. B meprop OTKpHITOMI
BOJIBI BO3pacTajid CofepXaHUA Kejle3a, XpoMa U HUKeJid, BCJIE[CTBHE UX MOCTYIUJIEHUs C TaJIbIMU U
JOXIeBBIMU BOJAMU, HECYIIUMU B BOJIOEM IPOAYKTHl BBIBETPHMBAHUA FOPHBIX IIOPOJ U OpraHUYecKoe
BeIlleCTBO IMOYB C BogocOopa. A BbIABJIEHUs B3aUMOCBSA3€M MeXAy coAepKaHUeM TsDKeJIbIX MeTall-
JIOB M TaKUMU MapamMeTpaMu BOMBI, Kak (PU3MKO-XUMUYECKUE MOoKa3aTelsil, coAepXaHue OUOTeHHBIX
Bell[eCTB, OOIIero opraHnYeckoro yriepoja u xjaopoduiiia-a, ObLTud BEIIOJIHEHB KOPPEJIAIMOHHBIN aHa-
a3 CnupMeHa U aHaJIU3 METOOM IJIaBHBIX KOMIOHEHT. [loka3aHo omnpejesisoliee BIUsSHUE CE30HHBIX
U3MeHeHUN (PU3UKO-XMMUYECKUX YCJIOBUM U MHTEHCUBHOCTU Pa3BUTHUs OMOJIOTUYECKUX MPOIeCCOB Ha
coflepXXaHUe TsKeJIbIX MeTaslIoB. BriepBoie A1 03. KoTokens mpoBe/ieHa OlleHKa CTelleH! 3arpsA3HeHns
BO/JIbI TsDKEJIBIMU MeTaJJIaMU U CBA3aHHOT'O 9KOJIOTMYECKOro pyucka. 3HaueHUs UHJEeKCOB 3arps3HeHHO-
ctu (HEI and NPI) u skostorudeckoro prucka (ERI) cBUAETETBCTBYIOT O MIPUPOAHBIX NUCTOYHUKAX 3arps3-
HEHUs TsKeJIbIMU MeTaJIaMM, IPEUMYI[eCTBEHHO eJjie30M U MapratijeM. OHako oOHapy>KeHHBIN B
eIMHUYHBIX MPo6ax BOZbI BOIM3U MOCeJeHUI KaIMUI MOBHIIIAI YPOBEHD MOTEHI[UAJIBHOTO 3KOJIOrhye-
CKOT'0 pHcKa JiIsi BOOHBIX OPTaHU3MOB, YTO YKa3blBaeT Ha HEOOXOJUMOCTD MOCTOSHHOTO KOHTPOJIA 3a
JIOKaJIbHBIMU MCTOYHUKAMU 3arpsI3HEHUA.

Kiioueauvie citoga: o3epo KoTokesib, pacTBOPEHHBIE TSDKEJIBIE METAJLIbI, IPOCTPAHCTBEHHO-BpEMEHHOE
pacmpefesieHNe, CTelleHb 3arpsA3HeHNs, SKOJIOTHYEeCKHE PUCK

Jna nqutupoBanus: Illupertoposa B.I'., Hukutuna E.II., Basapcagyesa C.B., HumOyesa H.B., Bymaesa O.Jl., Tapackun B.B.,
IMunraesa E.I., Pagnaesa JI.[1., Tapmaes E.JK. PacTBopeHHBIE TsIKesIble MeTasLIbl B Bofe 03. KoTokess (BoctouHoe IIpubatikasbe,
Poccus): oljeHKa ypOBHSA 3arps3HEHUs U dKOJIornueckoro pucka // Limnology and Freshwater Biology. 2025. - No 4. - C. 1062-
1082. DOI: 10.31951/2658-3518-2025-A-4-1062

1. Beepenne HOCTH, CTOMKOCTH U CIIOCOOHOCTU K GHMOaKKyMYJIAIIUN

OTHOCATCsI K IPUOPUTETHBIM 3arpsi3HUTEJISIM BOIHBIX
skocucreM (Zamora-Ledezma et al., 2021). Ha 3arpss-
HeHVe BOJHBIX OOBEKTOB TAXKEJBIMH MeTaJUIaMHU OKa-
3bIBAIOT BJIMSHNE pervuoHajbHble, reorpaduyeckue u

[IpecHOBOJHbIE JKOCUCTEMBI CTAJIKMBAIOTCA C
Cepbe3HBIMU 3KOJIOTUYECKVMHU YIPO3aMU U3-3a pacTy-
Iero aHTPONOTEHHOro Bo3AedcTBusA. IlocTymieHue u

HaKOIUJIEHWE B BOJIOEMAaX Pa3jIMYHBIX MOJUTIOTAHTOB B
YCJIOBUAX U3MEHEHUs KJIMMaTa CO3qal0T OMaCHOCTh JJIs
3IOPOBbsI YeyioBeKa u Osiaromostyuus Ouotsl (Salehi,
2022). Tsxénble MeTaJlIbl BCJIECTBHUE CBOEM TOKCHY-
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KIuMaTtudeckue GpakTopsl, 4YTO, TEM He MeHee, CO3qaeT
aHaJIOTUYHbIE PUCKU U ABJIsAETCA rJIobasbHON mpobJie-
moi (Das, 2024; Wang et al., 2023; Erhan Sener et al.,
2023; Thomas Dippong et al., 2024). HUcciienoBaTeiaMu
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BCEro MUpa yaessercs 6oJibllioe BHUMAHUE U3yYEeHUI0
cTereHu 3arpssHeHusa TM, ompenesieHUI0 HCTOYHU-
KOB UX TOCTYIJIEHUS W OCOOEHHOCTEN HAKOIUIEHUA B
BOJIHBIX O0bEKTaX, a TaKKe OIleHKe CBA3aHHOI'O 3KO0JIO-
TUYECKOTO PUCKA IJIA BOAHBIX YKOCUCTEM U PUCKA IJIA
300poBbsA yesioBeka (Botle et al., 2023; Hedayatzadeh
et al., 2024; Jolaosho et al., 2024; Naz et al., 2022;
Qiaoqiao Zhou et al., 2020; Yakovlev et al., 2023; Zhang
et al., 2024; Argun, 2025 Bazarzhapov et al., 2023).

[IpecHble 03€pa, ABJIASACH HEOTHEMIIEMOU COCTAB-
JIAIOIIEl pecypCcoB MOBEPXHOCTHBIX BOJI, 006eCIeYyrBa0T
IIMPOKUI CIIEKTP XU3HEHHO BaXHBIX YCJIYT, BKJIIO-
yag BoJOCHAaOXeHHEe, PBIOOJIOBCTBO, PpETryJIMPOBa-
HUE MaBOAKOB M PeKpealnroHHbE BO3MOXHOCTU. OHU
TaKkXXe WUrpalT BaXXHEUIIyI0 pOJib B rJI00aJibHBIX OHO-
reOXMMHYECKUX I[MKJIaX, B YaCTHOCTU, B PETyJIMPOBa-
HUU [UKJIOB BOMHBI, YIJIEPOJIA U MUTATEJBHBIX BEIECTB
(Fluet-Chouinard et al., 2017; Tanjung et al., 2024).
O3epHble DKOCHCTEMBI, KaK IMPaBUJIO, XapaKTepU3y-
I0TCA 3aMeJIEHHBIM BOAOOOMEHOM U PACIOJIOKEHUEM
B TMOHWXEHUAX pejbeda, YTO JeaeT UX OCOOEHHO
BOCIIPUMMYMBBIMU K HAKOIUIEHUIO 3arpA3HAIIINX
pemiectB (Bhateria and Jain, 2016). DTo MoOBHIIAET UX
YYBCTBUTEJIBHOCTD K U3MEHEHUSAM OKPY’KaloIlel cpeibl
1 MOXET TMpPeCTaBJIATh 3HAYUTEBHBIA PUCK KaK IJIA
OWOTHI, TaK U IJIA 3[40POBhA vesoBeka (Prasad et al.,
2024; Ozdemir et al., 2024). HccienoBaHue kavecTsa
BOJBI B BOOHBIX oObekTax GacceiiHa ozepa balikain, a
TaKXe OLIEHKA WX JKOJIOTMYECKOTO COCTOSHUA B YCJIO-
BUSX AHTPOIOT€HHOTO BO3JENUCTBUA U TJI00AJIBHBIX
U3MeHeHUH KJMMaTa, ABJAETCA O0COOEHHO BaXXHBIM,
MMOCKOJIbKY Baiikan sBjiAeTcsi o0beKTOM BceMupHOro
MPUPOAHOTO HACJeOUs U WCTOYHUKOM IPECHOH BOIBI
MupoBoro 3HaueHus (Brown et al., 2021; Radnaeva et
al., 2022; Pellinen et al., 2021).

105°

108° 111°
L

14°
L

Ozepo Kotokens (B suteparype Kotokenbckoe,
pexe KaTtakesp) — caMoe KpyIHOe U3 03ep BOCTOYHOI'O
nobepexbsa 03. Balikan u Tperbe o ITomaau (Ijo-
maap moBepxHocTH 68,9 kM%) mocyie o3zep XyGCyrys
(Monromnus) u I'ycunoe (Bypsarus) B GacceiiHe 03.
bBatikan (Puc. 1). O3epo pacIojiokeHO B 2 KM OT 03.
bBaiikan 1 umeeT cBA3b C HUM uepe3 cucteMy pek. Ha
dopmMupoBaHUe pecypcoB U XUMHUYECKOIO cOcCTaBa
03epHBIX BOJ| 3HAUMTeJIbHOe BJIMSAHNE OKa3blBaeT ero
pacnonoxeHue B Balikaynbckoii pu@TOBOIl 30HEe - B
I[[e[I0YKe KOTJIOBMH TEKTOHMYECKOI'O MPOMCXOXIEHUS,
COMpPOBOXJaolleecss pasrpy3Koi TpPel[UHHO-XUJIbHBIX
BOJ II0 pa3pbiBHBIM HapyumeHusM (IlepsaseBa u np.,
2016). Pe3ko Bo3pocmas B 80-90-x rr. XX B. pekpea-
I[IOHHAas Harpys3ka Ha BOAOeM B coueTaHuU ¢ HeOJa-
TFONPUATHBIMU NPUPOAHBIMU (pakTOpamMu NpUBEIUd K
oTepe pbIOOXO3ANCTBEHHOIO 3HA4YeHMsA, a 3aTeM U K
sKoJsiorudeckoi karactpode (IlarxueB u ap., 2017;
3enruna u Benpunosa, 2015). B 2008-2009 rr. o3epo
nepexuio Benbmky I'adpdekoit 6ome3nu. C utorsa 2009
r. no maii 2017 r. Ha o3epe JelicTBOBAJI 3allpeT Ha ero
HCIIOJIb30BaHue B peKpealliOHHBIX, IMTheBhIX U X035AM-
CTBEHHO-OBITOBBIX I1eJisaxX (I'ocymapcTBeHHBIH. .., 2022).

C 1nesnpl0 BBIACHEHHWS IPUYMH [OABJIEHUA
lapdckoit 6oneznu B 2008-2009 rr. 6N IpOBe-
JleHbl [lepBble KOMILJIEKCHBIe 3KOJIOro-0uoJiornyeckue
uccnegoBanuss osepa (IlponuH u Y6yryHos, 2013).
[IpoBoguBIIecs B NOCJeAyloliie TOABl HCCJIeJOoBa-
HUA Hocuiau (parMeHTapHBIY, KpaTKOBPEMEHHBI U
4acToO y3KOHampaBjieHHBIN xapakTtep (BopobneBckas u
ap., 2021; 3enruna u Benpunosa, 2015; BopobbeBa u
Ip., 2018; Bazarsadueva et al., 2023). HUccienoBanue
rUpOreoXuMuyYecknux ocobeHHocTell o3epa KoTokesb
[I0KA3aJI0 BHICOKYI0 HEOAHOPOJHOCTh COJiepXaHus pac-
TBOPEHHBIX MUKPO3JIEMEHTOB B 30HaX pasrpys3Kd Tpe-
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L[MHHO-XXWJIbHBIX BOJ B IIpe/ieiaX pa3phIBHBIX Hapyllle-
HUII CeBepO-BOCTOYHOr0 NHpocTHpaHus (AHraxaepa u
ap., 2021). PaHee HaMu Ha OCHOBe aHaJIN3a MHOTOJIET-
HUX JaHHBIX C HUCHoJb3oBaHUeM poccutickux (YKU3B,
I[TAH6) u wmexnayHapoaHbix (NSF-WQI, CCME-WQI)
MHEKCOB KOMILJIEKCHOM OLIEHKM KadecTBa BOJBI OBLIIO
1okas3aHo, YTO cOoueTaHHe HeOJIaroNnpUATHBIX (aKTO-
pOB, TakKuX KaK 3HauuTeJIbHble (JIyKTyanuu ypOBHA
o3epa, AJIUTesJbHBIe BBICOKHME TeMIlepaTyphl B Berera-
LIMOHHBIH Nepro/, a TaKXe pa3rpy3Ka TpeluMHHO-XUJIb-
HBIX BOJ IPUBOAAT K PE3KOMY CHIXEHHI0 KadecTBa
BOJIbI M MOBHIIIEHUI0 TPodHOCTH o3epa (Shiretorova et
al., 2025). Bbu1 OTMeYeH BKJIaJ] paCTBOPEHHBIX XeJe3a,
Maprasiia, IJMHKa 1 MeJu B CHIDKeHMe ollero kauve-
CTBa BOJIbI B OT/ieJIbHbIE CE30HBI.

Lens uccieqoBaHuA — aHAM3 OCOOEHHOCTEN
Ce30HHOU JUHAMUKHU U NMPOCTPAHCTBEHHOI'O paclpeje-
JeHus pacTBopeHHbIX GopM TM B MOBEPXHOCTHOM BoAe
03. KoTokesib Ha OCHOBe [eTaJIbHbIX CE30HHBIX HCCJIe-
JOBaHUH, OlleHKa CcTeleHU 3arps3HeHHocTU Bog TM u
CBAI3aHHOT'O 3KOJIOTMYECKOr0 pUcKa.

2. MaTepuanbl U MeTOADI
2.1. OnucanMe palioHa UCCAEAOBaAHUSA

XapakTepucTUKa o3epa, reoJjiormueckas Xapak-
TepUCTUKA palioHa U JOHHBIX OTJIOKEHWN OBLIN MOJ-
po6HO ommcaHbl HaMu paHee B pabore (Shiretorova et
al., 2025).

KnumaTr Tepputopum KOHTHHEHTAJBHBIN C
XOJIOJHOM 3UMOU U YMePeHHO TeIlIbIM JieToM. CpeiH:AA
TeMIiepaTypa sHBaps okosio —20 °C, B uioje BO3AYX
nporpeBaetca Ao +16 °C. CymMmapHOe rogoBoe KoJu-
YecTBO OCAJIKOB cocTaBjsAeT mpubausurenbHo 400
MM. Ha o3. KoTokesb npeo6siafaioT BeTpH ceBepo-3a-
MaJHOr0 HalpaBjleHus, BCJIEACTBUE 4Yero B I0XKHOM
yacTH O3epa CUJIbHBI HaHOCHble sBjieHuA (IIpoHUH u
Y6yryHos, 2013).

Ha noGepexbe 03. KoTokenb pacrnosioxeHb 4
nocestenusa: Apnel, HUctok, Kotokens u Yepemymika,
YNCJIEHHOCTh HaceJIeHus B KOTOPBIX cocTasjsAeT oT 70
00 145 yenoBek. OCHOBHBIE BB A€ATEJIbHOCTU: PHIOO-
JIOBCTBO, TypuU3M U Jieco3arotoBka. Oszepo Koroxesb
IIMPOKO MCHOJIb3yeTCA B PEKpeallMOHHBIX LeJIAX.
OpraHu3oBaHHOe BOJOOTBeJleHe B HaceJIeHHBIX IIyH-
KTax 1 Ha 0a3ax OoTAbIXa OTCyTCTBYeT.

2.2. UCTOYHMKM AQHHDBIX

B paboTe ucnosbpb3oBaHBl AaHHbBlE IO KOJIMYe-
CTBY OCaJIKOB U CpeJlHEMeCAYHBIM TeMIlepaTypaM BO3-
ayxa, u3MepeHHble Oypkaliiieil K palioHy HccjiefoBa-
HUA MeTeocTaHUMell B noc. l'opsAaunHck (52.9842 c..,
108.3044 B.n., BeicOTAa Haja ypoBHeM Mops 491 wm),
HaxoAdAmuecsa B CBOOOJHOM [OCTylle Ha OHJaWH-pe-
cypce: https://www.pogodaiklimat.ru (moctym ot 02
uroiia 2025).

2.3. OT60p NpPO6

[ToneBble wucciiefoBaHUA NPOBOAMJINCH C Mas
2024 roga no mapt 2025 roga A aHanau3a TUApOXU-
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MHYecKux napaMmerpoB o3epa Kortokesb. [IpoObl BOABI
OTOMpaInCch Ha ydyacTKaxX C pasjIM4HOMN TJIyOUHOHN U
BOJIM3M IOTEHIMAJbHBIX MCTOYHUKOB 3arpA3HeHUs,
TaKWX Kak HaceJIéHHble IYHKTHI U TYpUCTUYECKHe
o6bekThl (Shiretorova et al.,, 2025). Touku ot6opa
npo6, obOo3HaueHHble Ha OaTUMeTPUYECKOU KapTe
(batumerpus...), mpefcraByieHbl Ha Puc. 1B. IIpo6wi
oTOMpasMch YeThlpe pas3a B 3aBHUCHMOCTU OT Ce30Ha: B
nepuof Jenocrasa (koHel (eBpasig — Hauajo MapTa),
BecHOM (Maii), JjeToM (HMI0JIb) M OCEeHbIO (KOHEI| CeHT-
6psA — Hayaso OKTAOps). [IpoGbl MOBEPXHOCTHBIX BOJ
oTOUpasuch MO BCell akBaTOpPUM O3epa Ha TJIyOuHe
0,2-0,5 M. Bcero 6s110 0TOGpaHo 86 npoo.

[Tpouenypa orbopa npobd mogpobHO omucaHa B
Haled mpensigymei pabore (Radnaeva et al., 2022).
Bkparite, npo6sl BoAbl cOOHMpasli B IpeBapuUTEeJIbHO
IIPOMBITEIE IIOJIMIIPONUJIEHOBBIE OyTBUIIKM U (PUIIBTPO-
BajM 4yepe3 MeMOpaHHBle (QUIIBTPH C pa3MepoM IOp
0,45 MxM. [Ina a”HanuW3a Ha cofepXaHue TXKEIbIX
MeTaJUIOB OTQMJIBTPOBAHHBIE MPOOBI KOHCEPBHUPO-
Banu [JobGasneHueMm ceepxuucroir HNO, no pH=<2.
Hexoropsle Gu3nKo-xuMudyeckye napamMeTpbl U KOM-
IIOHEHTHl aHAJIN3UPOBAJIM HENOCPEe[ACTBEHHO Ha MecTe
oT6opa. IIpo6bl focTaBaAnud B J1abopaTOpUI0 MHCTU-
TyTa B XOJIOAUJIbHOM KOHTelHepe ¢ TeMnepaTypoi 1-3
°C ¥ aHaJIM3UPOBAJIM B TeueHUe ABYX AHEH.

2.4. XumuUueckKuu aHanus

MeToapl XMMMYECKOr'0 aHasIr3a ObIN NOAPOOHO
onwvcaHbl B paborax (Radnaeva et al., 2022; Shiretorova
et al., 2025). AHanu3 BHIOJHsAJICA B JlabopaTopuu
xumuu npupofHeix cucteM BUIT CO PAH o crangapt-
HbBIM MeToaukaM (I'OCT 57162-2016; 'OCT 17.1.3.07-
82; TOCT 17.1.4.02-90; PykoBoacTBo..., 2009).
Temneparypa (T), MyTHOCTB, 3HaUeHUe pH, pacTBOpeH-
HbIli kucyopof (PK), snexkrponpoBoanocTs (Ec), a Takxke
coaepxaHue ¢ochaToB, aMMOHUA, HUTPUTOB, HUTpA-
TOB HM3MepAINCh B IOJIEBOM J1abopaTopyUU C HCIHOJIb-
30BaHHeM crenuaJbHoro obopynosaHus (pH-tectep,
nopTtaTtuBHble Npubopel Hanna (HI 991300, HI 98703,
Hanna instruments, Judetul Salaj, Pymbiaus), $hoToa-
Jnexktpudeckuii kosopuMetp (I19-5400 UV, Dxpocxum,
Cankrt-IleTepOypr, Poccusi) B feHp or6opa npoo.

3HaueHusa pH Boapl n3Mepsuiu NOTEHIMOMeTpU-
4ecKUM MeToJoM, cofepxkaHue PK — mo Bunkiepy c
norpemHocTei0 0,3%. KoHueHnTpanyo xjiopodusia-a
(Chl-a) 1 6uoreHHBIX 3JIEMEHTOB ONPEAEIAIU CIIEKTPO-
doToMeTprUeCKNM METOAOM C IOTPEIIHOCTbI0 2-5%.
ConepxaHue HUTPUTOB OIpefesisyIdi C I[IOMOIIbI0
peakTuBa I'pucca, HUTPATOB — C CAJIUI[AJIOBOKUCIIBIM
HaTpueM, aMMOHUHHOIO asoTa — HHA0(EHOJbHBIM
metoaoM, ¢ochatoB — Meronom JleHmxke-ATKHHCA
C XJIODUCTHIM OJIOBOM B KayecTBe BOCCTAaHOBHUTEJIA.
Conepxanue obmero ¢ocdopa (P ) omnpenesnsin
1ocJjie BEICOKOTEeMIIepaTypHOIo nepcysib(aTHOIO OKKC-
Jenusd. CogeprkaHue oOIIero OpraHu4eckoro yrjaepoja
(O0Y) ompepenanu ¢ MUCHOJIb30BAaHHEM aHajIM3aTopa
TOC-L CSN (Shimadzu, fAmonus). Xiopodusi-a 3Kc-
TparupoBajii U3 KJeTOK ¢uromnaaHkToHa 90%-HbIM
pacTBopoM aljeToHa Iepef] (GOTOMETPUYECKUM OIlpe-
neseHreM. KoHlleHTpauuy TSKEIbIX MeTaJLIOB B BOJie
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(Fe, Mn, Zn, Ni, Cd, Cr, Cu u Pb) onpezesaiu ¢ UCIOJIb-
30BaHHEeM aTOMHO-abCOpPOLMOHHOIO CIeKTpoMeTpa
(Solaar M6, CIIIA), OCHAIIEHHOTO 3JEKTPOTEpMUYE-
CKUM U IJTaMEeHHBIM aTOMH3aTOpaMH, C IOTPeIHOCTbI0
5-10%.

2.5. OueHKa cTeneHy 3arpAsHeHuA u
3KONOTMYECKOro pUCKa

B wucciemoBaHuM OBUTM  pacCYMTaHBl  Kak
WHJIEKCHI 3arpsA3HeHusA, TaK U UHAEKCH MTpeqBapUTeIh-
HOI1 OLIEHKH 3KOJIOTMYECKOro pHcKa.

WHIOeKC OLIEHKU COIepXKaHus TsKeJIbIX MeTall-
joB (Heavy metal evaluation index (HEI)) oreHuBaet
conepxatnrie TM B Bojle, OTpaxkaeT KyMyJIATUBHOE BO3-
netictBue TM U KaueCTBO BOJIbI, U ONpeJEesisAeTcs Ciie-
ayiomumM oopasom (Edet and Offiong, 2002):

C

HEI=) —L—,
FTMAC,

i
rae G, u MAC, — KOHTpoOJIMpyeMOe 3HaYeHue U Ipe-
OeJIbHO JOIMyCcTUMas KOHIIEHTpalus i-To MeTajljia CoOOT-
BeTCcTBeHHO. KauecTBO BOJbI B COOTBETCTBUM CO 3Haue-
HUAMM HMHJIEKca oljeHnBaerca kak Huskoro (HEI<10),
cpeaHero (HEI ot 10 go 20) u BBICOKOT'O yPOBHA 3arpss-
Henusa (HEI > 20).

WHpexc 3arpsasHeHua Hemepora (Nemerow
pollution index (NPI)) Takxe MpyUMeHsAETCSA IJIS OL[eHKU
KadecTBa BoAbl. OH yUUTHIBaeT MaKCHUMaJIbHbIE U CpeJ-
HHUe 3HaueHHUs KaXXJOoro 3JieMeHTa M MOXeT YKa3hIBaTh
Ha BKJIaJ] OCHOBHBIX 3aTrpA3HAIIINX BellecTB (Shetaia et
al., 2023). NPI paccuuThIBaeTCs CJIEAYIOMMNM 00pa3oM:

NPI= /(P2 +PI2,)/2,

PI=C,/MAC,

rae C, — comepxanve Metajuia B Bode, MAC, - mpe-
OeJIbHO OOIMyCTUMAas KOHIleHTpauusa. B cooTBeTcTBUM
co 3HaueHreM NPI Boga xiaccuuipyercs 1no nAatu
KiaccaM: HesarpsasHéHHasa (NPI<O0,7), ciabozarpss-
HéuHasa (0,7<NPI<1), yMepeHHO 3arps3HEHHas
(1 <NP<2), cupHO 3arpss3HéHHasn (2 <NP < 3), upes-
BBIYaliHO 3arpssHénHas (NP > 3) (Liu et al., 2021).
Ouenka skosiorudeckoro prcka (Ecological risk
assessment (ERI)) ocHOBaHa Ha pacueTre CyMMapHOTO
WHJIEKCa JKOJIOTUYECKOTO PUCKA JJIA BOJIbI, YUUTHIBA-

0I[ero K03 GUIUEHThl OMACHOCTH KaXJIOTO METALIap

(HQ):
ERI=)""(HQ,xT)/Y'T,,
HQ, =C, /PNEC,

rae C, — conmepxanve Mmerasia B Boge, PNEC, — mpo-
rHosupyeMas Oe3omacHas KOHLEHTpanus nAjd i-ro
merayuia. PNEC mia Zn, Cr, Cu, Ni, Pb u Cd Geuin
paccumTaHsl Kak omucaHo B (Shetaia et al.,, 2023)
C HCIOJIb30BaHMEM 3HAuYeHWH MaKCHUMaJIbHON KOH-
LIeHTpaluu BellecTBa B BOJE, BO3/IEHCTBUI0 KOTOPOI
BOJIHbIE OpPraHU3MBbl MOTYT IIOJIBEpraThCs HEOTPaHHU-
yeHHO Jojaro 6e3 BpeaHbix nocjefctsuil (Criterion
continuous concentration (CCC)) [y nmpecHON BOIBI
(https://www.epa.gov/wqc/national-recommended-
water-quality-criteria-tables). 3uauenuss CCC Hemo-
crynHel A Fe u Mn, mosToMy OHU UCKJIIOYEHH U3
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pacueta ERL T, — pakTop TOKCMYECKOr0 OTKJIMKA i-r0
MeTaJlia, KOTOPhIH OB pUHAT 3a 1 anA Zn, 2 g Cr,
5 msa Cu, Ni u Pb u 30 gnsa Cd (Shetaia et al., 2023).
3nauenus ERI B mHTepBanax <1, 1-5, 5-10, 10-15
u Gomee 15 xyraccupUUUPYIOTCA, COOTBETCTBEHHO,
KaK «pUCK OTCYTCTBYyeT», «HU3KUI PUCK», «yMepeH-
HBI PUCK», «3HAUYUTEJIBHBI PUCK» U «BBICOKUI PHUCK»
(Kumar et al., 2020).

2.6. AHaAM3 M BU3yaAu3aUMA AAHHBIX

Jna cratuctudeckodl o0paboTKH, aHaIu3a U
BU3yaJIN3alliy MOJIyYeHHBIX JaHHBIX ObLIM MCIOJIb30-
BaHBI MakeThl mporpamMm OriginPro software ver. 9.9
(OriginLab Corporation, Northampton, MA, USA) u
PAST 4.16.

3. Pe3yAabTathbl M 06Ccy)xpeHue
3.1. NapameTpbl KauecTBa BOAbI

XapakTepHOI1 UepToil ecTeCTBeHHBIX N3MeHeHU!
KJIMMaTa BBICTyNaeT LUKJIWYHOCTD IIPOLIECCOB: 3acCyll-
JIUBBIE IEPUOJIbI YepeayI0TCs C YBJIaXXKHEeHHBIMY, a (a3bl
MHTEHCHUBHOI'0 pocTa OMONPOAYKTUBHOCTHA CMEHAITCA
nepuofaMu eé€ cHuxeHuA. Ilpyu aToM 03épa, 0cOOGEHHO
Te, 4YTO MMeIOT cjabyl0 NMPOTOYHOCTb WJIN ABJIAIOTCA
6ecCTOYHBIMY, CIIOCOOHBI BHICTYIIATh B pOJIM HMHAMKA-
TOPOB KJIMMaTHU4YeCKUX U3MeHEeHUH B peroHax CBOEro
PpacIoJIoXeHU.

XapakTepucTUKa KJIMMaTH4YeCKUX YCJIOBUHM B
Iepyuoj HCCJIeJOBaHWsA, BKJIIOYAlOlas cpeJHeMecAd-
Hble TeMrniepaTypsl Bo3ayxa (T) B patioHe 03. KoTokens
1 Kosm4ecTBO ocaakoB (P), B cpaBHeHHU CO CpeHUMU
3HaYeHUAMU (Tavg and Pavg) 3a nocsieguue 25 et (2000-
2024 rr.) npencrasyieHa Ha Puc. 2. MOXHO OTMeTHUTb,
YTO TeMmIlepaTypa Bo3AyXa B uiojie U asrycre 2024 r.
6bU1a Ha 2.8-2.9 °C BhIllle cpeTHMX 3HAUeHUI, a KOJIU-
4ecTBO OCaAKOB OBLIO B ABa pa3a 0OoJibllle CpeJHero B
HIOHEe Y Ha 4YeTBepTh HIDKe B HioJjie. Takue morogHble
yCJIOBUA B JIETHUM IepuoJl CIocoOCTBOBAX IIOCTY-
IIJIGHUI0 NIUTaTeJIbHBIX BellleCcTB ¢ Bogocbopa B Hayaje
BereTalIOHHOI0 leproAa U NocJjieAyIoleMy XOpoIlleMy
IIpOrpeBy 03€PHOH BOJBI, YTO IIPMBEJIO K BCIIBIIIKE Mac-
COBOr0 pasBUTUA (UTOIJIAHKTOHA, HabiloAaBlIerica
B MI0JIe U aBI'yCTe, U COOTBETCTBYIOIINM HM3MeHeHUAM
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Puc.2. Temneparypa Bo3gyxa (T) u komgecTBO 0caKoB
(P) no maHHBIM MeTeOCTaHI[UU B IOC. 'OpAYMHCK.
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rnapaMeTpoB KauecTBa BOAbL. boJiee BEICOKME B CpaBHe-
HUU CO CpeJHEMHOIr0JIeTHUMU TeMIlepaTyphl BO3yXa B
nepuof ¢ HosA6ps 2024 r. o sitHBapb 2025 r. BCJIe[ICTBUE
yCTaHOBUBIIETOCs JIeAsSHOr0 MMOKPOBa yXe Takoro 3Ha-
YHMMOTO BJIMAHUSA Ha TapaMeTpsl BOJIbI He OKa3aJIu.

JIsia  BBIABJIEHUS B3aUMOCBS3U  COJiepKaHUsA
pactBopeHHBIXx TM ¢ (PU3UKO-XMMHUYECKUMU XapaKTe-
pUCTHUKaMU BOABl U WHTEHCHUBHOCTBIO OMJIOTHYECKUX
npoifeccoB ObLT BHINOJIHEH KOMILJIEKCHBIN aHaJIU3 Mapa-
MeTpOB KauecTBa BOABL. Pe3yIbTaThl XUMUYECKOTO aHa-
nu3a BoAsl 03. Kotokesns (86 06pas3noB) npeacTaBiieHbl
B Tabsuiie 1.

Ce30HHas AWHAMUKA MO JAaHHBIM MHOTOJIETHUX
nccieJoBaHul GU3NKO-XUMUYECKUX ITapaMeTPOB BOJIbI
¥ OMOTeHHBIX BelllecTB B Bofe 03. KoTokeJib ObLjIa MoA-
pobHo omrcaHa Hamu paHee (Shiretorova et al., 2025).
MOXHO OTMETUTb, YTO NOTOJHBIE YCJIOBUA B JIETHUIL
nepuop 2024 r. 6p1M HanbosIee GJIAroNpUATHBIMU JJI
MaccoBOro pasBuTUsA (UTOIJIAHKTOHa. Temmeparypa
03epHOI BOABl B WUI0oje Jocturaia 26,5-27,4°C, dro
00y CJIOBUJIO BBICOKYI0 MHTEHCUBHOCTh OMOJIOTMYECKUX
npoifeccoB. Bempllka MaccoBoro LBeTeHUs COIMPOBO-
’KJasach MoBBIIeHreM MyTHoOCTU o 95-120 NTU, pH
— 1o 8,5-10,8, comepxaHuA paCTBOPEHHOI'0 KMCJI0pOoAa
— 1o 10,6-16,4 mr/mn, xnopopuina-a — 1o 38-186 Mkr/n
(1a orpesnpHBIX yuacTkax 311-586 mkr/mn).

[TpeBbinienus IIJJK pasa  pei60X03siCTBEHHBIX
BogoeMoB (Tabnuna 1) o mapaMmeTrpaM KadecTBa BOZBI
HauboJiee yacTo Habroaaauch i pH B nepuoAd macco-
BOro LBeTeHus Bojjoema (59,5% obpasuos), pexe — A
obigero dhocdopa B oceHHuil nepuon (2,4% obpasuos),
JUIA aMMOHHMIHOIO a30Ta — B Mae NpU NOCTYIJIEHU!U
3arpA3HEeHHBIX TaJIBIX BOJ C IPUJIETaloNINX TepPUTOPUN
(1,2% o6pa31oB). ComepxkaHue pacTBOPEHHOI'O KUCJIO-
poAda magasio A0 3HaueHuI HuXe HOpMaTuBa 4 MI/Jj B
nofJieAHBIN nepuoa B 1,2% obpaszuos. [To nokazaTesto
MYTHOCTHU Juib 12% o6pasioB, IpUYeM TOJIbKO B IO
Jie[JHBIN [IepUOJ], COOTBETCTBOBAIU cTaHaapTaM BO3.

3.2. MpocTpaHCTBEHHO-BPEMEeHHoe
pacnpeaeneHHe TAXXeAbIX MeTaANOB B BOAE

CorjlacHO mnoJjiyyeHHBIM nAaHHbBIM (Tabnuma 1)
KOHIIeHTpaluu pacTBopeHHBIX TM B 03. KoTokesb B
[epyuoj HccjiefoBaHUA B NMOpsAJKe yOBIBAHUA MOXHO
pacnosioXuTh ciaefymomuM obpasom: Fe > Mn > Zn
> Ni > Cr > Cu > Pb > Cd. Ha Puc. 3 mpefcraB-
JIeHO IIPpOCTPAHCTBEHHOE paclpefiejieHre cojepxa-
Huii TM B 03epHOI1 Bofle B pa3JjinuHble ce30Hb. MOXHO
OTMETUTh BBICOKYI0 HEPaBHOMEpPHOCTb COAepKaHUI
MeTaJUIOB II0 aKkBaTOpPHU. B mopasieqHbIN nepuop Hau-
6ospIINI pa3bpoc KOHIleHTpaluil ObLI XapaKTepeH

Ta6smmua 1. Pe3ysibTaThl XMMHUYECKOTO aHajM3a Bobl 03. KoTokesb

IMapamerp! | Mun. | Makc. | Cpenuee | Meauana | CrangaptHoe | Crapgapr | IIOK® % o06pa3nos,
OTKJIOHEHHE BO3, IIpEeBHIIAIOIINX
20172 IAK
T 0,1 27,4 14 14,6 9,1 -4 - -
MyTHOCTB 1,94 120 28,89 26,65 22,5 5 - -
pH 5,9 10,8 7,9 7,3 1,5 6,5-8,5 6,5-8,5 59,5
Ec 53 85,8 66 66 7,4 < 1500 - -
PK 3,0 16,4 10,4 10,6 2,4 =5,0 =4-6 1,2
NO,-N 0,001 | 0,006 0,002 0,002 0,001 - 0,02 0
NO;-N 0,04 0,73 0,20 0,11 0,19 50 9,1 0
NH;-N H.0.% 0,49 0,06 0,03 0,09 1,5 0,4 1,2
POi'-P H.O. 0,03 0,007 0,004 0,006 - 0,2 0
Po6y 0,02 0,36 0,08 0,08 0,05 - 0,2 2,4
ooy 2,9 11,3 7,3 6,8 2 - - -
Chl-a 1,6 587 71 34 89 - - -
Fe 20 224 81 68 44 300 100 26,2
Mn 0,2 177 10,0 2,0 22,1 100 10 21,4
Zn H.O. 11,81 3,26 2,37 2,66 3000 10 2,4
Cu H.O. 1,69 0,48 0,43 0,30 2000 4,8
Ni H.O. 23,98 0,66 < 0,01 3,21 70 5 2,4
Cr H.O. 14,15 0,53 0,31 1,53 50 50 0
Pb H.O. 0,42 0,01 < 0,02 0,05 10 10 -
Cd H.O. 0,16 0,01 < 0,005 0,03 3 6 0

IIpumeuanue: ! T B °C, myTHOCTh - B NTU, Ec — B uS/cm, gpyrue KoMOHeHTHl — B mr/Jj, Chl-a u meTasuibl — B MKT/JI;
2 (World..., 2017); ® npenesibHO AOMyCTUMAasA KOHLEHTPALYA JI BOJHBIX OObEKTOB PhIOOX03s1HicTBEHHOTO 3HaveHus ([Ipukas...,
2016); * «—» He yCTaHOBJIEHO; ° H.0. — HIXe Tpefesa oOHapyxeHus (npenes obHapyxeHus, Mkr/i: Cr, Pb = 0,02; Ni = 0,01,

Zn, Cd =0,005).

1076



Llupemoposa B.I" u dp. / Limnology and Freshwater Biology 2025 (4): 1062-1082

Cneu. sbinyck: «VIII-s5 MexdyHapooHasi
BepewazuHckas balikanbckasi KoHgbepeHyusi»

250

A —=—BecHa 156 i b B —=— BecHa l
—e— neto
200 —*— OCeHb
b 8- —v— 3uma
S S
< <
s S 40+
o 1504 :
S S
3 3
3 S 30+
T T
& 100 %
g g
z T 20
= =
50 -
10 |
e D = J
o-4+—ttt————F—F—F—F—F—F—1—1 0 e T T e e e
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Touku ot6opa npob Toukn oT60pa Npob
15 20
B —=— BecHa r —=— BecHa
—e— neto [=4==IneTo
—4— oceHb
12 1,64
< =
x =
s s
= o o 12
s S
= =
© ©
Q Q
T T
T 6 5 0.8
= 3 =3
I I
o o
-4 -4
3 04
PR (1 4 . 4

P MR
0 A————1—

—————t—t———t——1 1
1.2 3 4 5 6 7 8 9

10 11 12 13 14 15 16 17 18 19 20 21 22

Touyku oTGopa npo6

0,0

— 11—
10 11 12 13 14 15 16 17 18 19 20 21 22

|
T
3 4 5 6 7 8 9

Touku oT6opa Npob

Ji}

I

——#%— BeCcHa
—e—neto

—4— 0CeHb

141 E 1t

—=— BecHa|
—e— neTo ‘

—¥— 3uma

KoHUeHTpaums, MKr/n

+ P b A/l

KoHUeHTpaums, MKr/n

—A— OCEHb|

o
1

N
!

o
©
L

o
rS
L

y T—t & °t Ittt 11t
9 10 11 12 13 14 15 16 17 18 19 20 21 22

Touyku oTGopa npo6

T & &t F %

0,0 ——F—F——+ U
1 10 11 12 13 14 15 16 17 18 19 20 21 22

Touku oT6opa Npob

Puc.3. [IpocTpaHCTBEHHO-BpEMEHHAs TUHAMUKA coAepxkaHusA B Boje 03. Kotokess Fe (A), Mn (B), Zn (B), Cu (T), Ni (1) and

Cr (E). Hymepanusa Touek oT6opa npuBejieHa corjiacHo puc. 1B.

AJA MapraHiia U UHKa [0 Bcell akBaTopuu. B nepuof
OTKPBITOM BOMBl, HECMOTPSI Ha aKTHBHOE BETPOBOE
nepeMeniMBaHrie, HEOAHOPOAHOCTh coAepxaHuii TM
coxpaHsiach. [Jig IOKHOU 4YacTH o3epa B TeueHUe
BCEro roja HaOJII0[jajIiCh IOBBIIIEHHbIE KOHI[eHTpa-
uum xenesa (touku 1-4, 19, 22), 3uMoil — MapraHia
(trouku 1, 4). PaHee oTMeYasoch, YTO OJIsI OTON YacTU
o3epa BcJe[CTBUe IMpeoOJiafjlaHus BeTPOB CeBepo-3a-
MaJHOTO HalpaBjeHUsA CUJIbHBI HAHOCHBIE SBJIEHUS
(ITponuH u Y6yrysnos, 2013), 4ToO NpUBOOUT K CKOILIE-
HMIO 3[]eCh OpraHNYecKoro BelecTBa U Mocjenyomeii
MOOWIM3alK MeTaslJIOB B BOJHYI0 ToJjIly. MoXHO
OTMETHUTH JIOKAJIbHOE pe3Koe MOBHIIIeHNe CofepXKaHuN
MeJu, XpoMa U HUKeJid B Uiojie B Touke 14, HaxoAas-
melicsa B palioHe MaKCUMaJIbHBIX I'TyOUH o3epa, 4TO
MOXeT OBITh CBSI3aHO C MOCTYIUIEHHEM 3THUX MeTaJlJIOB
C TpeUMHHO-XUJIbHBIMU BoAaMu. PacnosioxeHue npen-
roJiaraeMbIX Pa3phIBHBIX HapylleHHIl ceBepo-BOCTOY-
HOr0 NPOCTHpaHUA paHee OBUJIO NOKa3zaHO B paborte
(Anraxaepa u fip., 2021). B6;113u 3THX 30H B NEPUOL
vccaeoBaHUA ualle HabJojanrch KojebaHUs KOH-
LleHTpauuil MeTaJlJIOB Pa3jIMYHON CTelleHU BhIpaXKeH-
HOCTH, JocTurampiue uHoraa 1-2 nopsaakos. CBUHeI

1 KaaMUM 6bUIM OOHapyXeHbl B eJUHUYHBIX oOpasnax
(B 3,5% u 8,1% o0pasioB, COOTBETCTBEHHO) B INpU-
OpeXXHBIX 30HaX BOJIM3U HaceJIeHHbIX NMyHKTOB U 0a3
OT[bIXa B KOJIMYeCTBax 3HAYUTEJIbHO MeHbllle HOPM
[MAK. IIpeBnimienue HopMaTupoB IIJIK Habmiomasioch
Haubosiee yacto AiA Fe u Mn (B 26 u 21% o6pa3uos,
COOTBETCTBEeHHO), AJia Zn, Cu u Ni pexe — B 2,4-4,8%
npo6. IIpu 3ToM MakcuMasbHasA KpaTHOCTh IpeBHIIIe-
HHA HOpMaTHBa OblIa [J1a Haubosbien i Mn — 17,7
pas, /1 oCTaIbHBIX MeTaJjioB Huxe: Ni - 4,4, Fe — 2,2,
Cu-1,7,7Zn-1,2.

Ananu3 Ce30HHOM [AUHAMUKU COJepXaHUA
MeTaJLIoB B Bofe 03. KoTokesnb npeacrasyeH Ha Puc. 4.
BripaxkeHHOe TMOBbIIlIeHNE KOHIIEHTpAIUil B MOJJIefd-
HBII [lepuo/[] XapaKTepHO AJIA MapraHia (B HeCKOJIbKO
pas), uHKa 1 MeAu. PocT KoHIleHTpaIuii 3TUX MeTtall-
JIOB 3UMOM MOXeT OBITh CBSI3aH C M3MeHeHHeM (pu3u-
KO-XMMMYeCKUX ycJIOBUI — cHuxeHuem pH u copmep-
XaHUsA PacTBOPEHHOr0 KUCJIOPOAa, YTO CIHOCOOCTBYeT
UX MOOMJIM3AIUN U3 WJIMCTHIX OTJIOXEHUH U MOoI3eM-
HBIX BOJ. AHaAJIOrMYHasA AMHAMMKA JIaHHBIX DJIeMEHTOB
paHee Oblna oTMeueHa [Jia o3ep AesbThl p. CejleHru
(YebnikuH u ap., 2012). B cogepxaHuy pacTBOPEHHOTO
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Puc.4. Ce3onHas quHamuka cofepxanuil Fe (A), Mn (B), Zn (B), Cu (I') u Cr (1) B BoAe 03.

JKejle3a B TeyeHue roga HabJroasoch ABa MakCUMyMa
— BECHOU U OCEHbI0, UYTO BEPOSITHO, OOYCJIOBJIEHO €ro
[IOCTYILJIEHHEM C OpPraHWYecKHUM BellecTBOM BepXHUX
[IOYBEHHBIX TOPU30HTOB C TaJBIMU WJIN [OXJEBHIMU
Bojamu. Jlja xpoma ObUIO XapaKTepHO MaKCHUMaJlb-
HOe cojlepXaHue B 03epHOH BOJIE BECHOI, 3aTeM OHO
CHIXAJIOCh U HEe3HAUYUTEJIbHO IOBHIIAJIOCh OCEHBIO.
Huxkens o6HapyxuBascsa B Boje 03. KoTokens npeumy-
IIeCTBEHHO B JIeTHee BpeMs, B OCTaJIbHble Ce30HBL ero
cofepxaHue OBUJIO Yallle BCero Huxe npefgesa ooHapy-
)eHusa. MuHHUMaJsIbHble KOHIIEHTpaluy xeje3a, Xpoma
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KoTtokesb.

U HUKess1 HAOIOOAJMCh B MOJIENHBIN MEepUod, 4T,
BEPOSITHO, MOXEeT OBITh CBA3aHO C MPENMYIeCTBEHHBIM
UX MOCTYIIEHWEM IIPU BHIBETPUBAHUY I'OPHBIX OPOJT U
13 MOBEPXHOCTHBIX TOPU30HTOB MOYB BogocOopa.

[To pe3ysbTaTamM KOPEJUTALMOHHOIO aHaIM3a
JaHHBIX COCTaBa BOJABI OBUIM TOCTPOEHBI KPYTOBbIE
JuarpaMMebl, OTPaXalwle CTATUCTUYECKU 3HAYUMBbIE
cesa3u (p < 0,05) Mexnay OTHeIbHBIMU MeTaslslaMd U
PU3UKO-XUMUYECKUMHU TOKAa3aTe MU U COAepKaHUeEM
6uoreHoB (Puc. 5). I3 aHasm3a ObLJIM MCKJIIOYEHBI CBU-
Hell ¥ KaJMUH, TaK KaK B OOJIBIINHCTBE MPob UX cofep-

Mn Zn
T
T . 08
MyTHocTs Cr 8 g MyTHOCTB
pH e 02 PH
0
Ec i 0.4 Be
- Fe PK
NO3 Xir-a NO3
Po6m NH4
NH4 PO4
PO4
Cr
T
MyTHOCTH
Zn NO2
pH
Ec Mn PO4
PK

Po6m

Puc.5. JlemectkoBas auarpaMMa 3HauyMMBIX KOppeJIALNOHHBIX cBs3ell (koaddunmeHT koppessinuu CnupMmeHa, p > 0,05)
MeXAy KOHIIeHTpaluAMU MeTaJlJIoB B Bojie o3epa KoTokesb 1 PU3NKO-XUMUUECKUMHU IIoKa3aTesAMHU, cofiepxkaHreM O1OoreHHBIX

BEIIECTB.
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K2 (15,60 %)

’kaHue OBLIO HMXKe Ipefesia oOHapyXeHUA. YMepeHHO
MOJIOXUTEIbHYI0 B3aUMOCBs3b OTMeUeHa B Iapax
Mn-Zn (0,61), Mn-Cu (0,53) u Zn-Cu (0,46), ymepeHHO
oTpunatespHass — B mapax Mn-Cr (-0,41). Huskue
k03GPUINEHTH KOppesAlur KOCBEHHO MOTYT CBUe-
TeJIbCTBOBAaTh O Pa3HbIX HCTOYHHKaX (ecTecTBeHHBIE/
aHTPONOTeHHbIe), a TaKXe MyTAX MOCTYIIeHUs (CMBIB
C TIpUJIEranlUX TEPPUTOPUL, OCTYIJIEHNE C M0/I3eM-
HBIMM BOJaMH, MOOMJIM3AIUA U3 UJINCTHIX OTJIOXKEHHI)
uccnenqyeMmelx TM B Boae 03. Kortokenb. [Ipu sTom
HabmofaTcs 6oJiee BBICOKME MOJIOXKUTEJIbHBIE KOppe-
JIALUU HEKOTOPHIX METAJLIIOB € (PU3UKO-XMMHUYECKUMU
rnapaMeTpamMu U GHMOTreHHBIMU BelllecTBamMu. B dacTHO-
ctu - Fe ¢ oM docdopowm (0,60), mytHOCTBIO (0,44)
U aMMOHUMHBIM a30ToM (0,43), 4TO MOXeT yKa3bIBaTh
Ha NOCTyIUIeHHe NAaHHOTO MeTajlyla C NPUJIeramiuumx
TEPPUTOPUII C OPraHUYeCKUM Bell[eCTBOM B pe3yJibTaTe
CMBIBA TaJBIMU U JOXAEBHIMU Bofgamu. KoHLleHTpauuu
Mn, noBbIllIeHre KOTOPhIX OTMeYeHO B 3UMHUI ITepuo,
3aKOHOMEPHO [JIEMOHCTPUPOBAJIM  OTpHULIATEJIbHYIO
cBsa3b ¢ pH (-0,40), remmnepaTtypoii (-0,48) u DO (-0,46),
u nojsioxurensHylo ¢ Ec (0,48) a takxe 6uoreHamu -
HuTpaTHeM a3otoM (0,47), ¢ochdaTtHEIM Gochopom
(0,49), BbIcBOOOXIEHNEe KOTOPHIX HabJjrogaeTcs Opu
pacnajie OpraHHYecKOoro BellecTBa B MOJJIeJHBIN
nepuof. CxoxuM ¢ Mn nmoBeieHreM XapaKTepu30BaJics
Zn, NeMOHCTPUPOBABIINI aHAJIOTUYHbBIE CBSA3U C MOKa-
3aTesAMU Cpedbl U HYTpUEHTaMU, IIPU 3TOM Ui Zn
JOTOJIHUTEIPHO OTMeuaiCh OTpHUIlaTeJIbHble CBA3U
¢ TP (-0,42) u Chl-a (-0,50). Jyia Ni oTmeueHa mOJI0-
KUTeJIbHasA CBA3b ¢ TeMmepaTypoil (0,55), MyTHOCTBIO
(0,46), pH (0,59) u Chl-a (0,49), uTo 06yCJIOBJIEHO HAU-
OOJIBIIMMU €r0o coflepXXKaHUsAMU B BOJIe B JIeTHee BpeMs,
KOrjla 3HauUeHMs dTUX MoKa3aTesiell MaKCHUMAaJIbHBI.

Ha Puc. 6 mpencraBjeHbl rpaduky Ha OCHOBe
aHaJiM3a MeToJIoM TIJaBHbIX KommnoHeHT (MI'K) mo
TpeM IepBbIM KoMnoHeHTaM. MI'K-aHanu3 BBIABUII TpU
OCHOBHBIE KOMIIOHEHTHI C COOCTBEHHBIMU 3HAUEeHUAMU
6osblle 1, KOTOpBIE B COBOKYITHOCTU 00BsACHANMM 63,01
% obmieii qucnepcuu. I'pynnupoBka o6pa3noB HabJIO-
Jajiach B MEPBYI0 oyepe/ib [0 Ce30HaM, a He M0 MeCTy
oTbopa Mmpob. DTO CBUAETEJbCTBYET O TOM, YTO Ha
MOCTYIJIEHNE U HaKoIJIeHre pacTBOpeHHBIX popm TM
B 03epHOI BOJle, a TaKXe HX MOTEHIUAJIbHYI0 aJicop-
O1ui0 MiIKn AecopOuuio OOJIbIIOe BJIMSHUE OKAa3bIBAIOT
Cce30HHbIe U3MeHeHUs (PU3UKO-XMMHNYECKUX YCJIOBUU U

WHTEHCUBHOCTU PAa3BUTHUA OGHMOJIOTUYECKUX MPOLIECCOB.
[To I'K-1 (38,56 %) c HauboJiblIel1 Harpy3koi Ha Gpusu-
KO-XMMHYeCKUe napameTpsl BoAsl (kpome Ec), P . n
Chl-a maGmomasochk paszaeneHye Mpo6 HA MOJJIeTHBIN
(3uMHUIT) U Mepuo[ OTKPHITOM BOZBL (JIETHUI U OCeH-
Huth). IIpu stom Ec, conepxanue Mn, Zn u Cu (Haubo-
Jiee BBHICOKHME B 3UMHMX Mpo6ax) ObUIM OTPHUIATEHHO
CBA3aHBI C TEMIIEPATYPOM, MyTHOCTBI0, pH U cofepxa-
Huem P Chl-a u Fe (koTOpbIe MOBHIMIAIOTCA B IEPUO/]
OTKpBITON Bofbl). ITo BTOpO#t komnoHeHTe 'K-2 (15,50
%) BBIOEJIAJICA KjacTep MpoO BeCeHHEro mepuoma ¢
Gosibmum copepxanuem OOY, N-NH, u Cr ¢ Ni. Tpetbs
xommoHeHTa I'K-3 (8,56 %) ¢ HaubobIIell HAarpy3Koi

Ha Feu Poﬁm pasaesniia J€eTHUE U OCEHHUE O6paBI_IbI.

3.3. OueHkKa YpOBHA 3arpA3HEHUA U
3KONOTMUYECKOro pUCKa

YpoBeHb 3arps3HeHUs BOJbI MeTaJlJlaMU B 03epe
KoTokens u Bo3zelicTBue Ha BoAHYI0 GJopy u dhayHy
OIleHMBAJIMCh C HMCIIOJIb30BaHUEM IokKa3zaTesieli Heavy
metal evaluation index (HEI), Nemerow pollution index
(NPI) u Ecological risk assessment (ERI).

3uauenus HEI BapbupoBanu ot 0,71 pgo 20,97
npu cpeaHeM 3HadeHuu 2,54 (Tabnuna 2). IIpoGwi
BOJIbI C IpaKTHUYeCcKHu BceX TOoueK oTObopa OTHOCUJIHCH
K KJIaccy «HU3KOoe 3arps3HeHue». VckiioueHneM Obliia
ofHa rnpoba, oToOpaHHas B IOIJIeJHBIN Nepro BOIM3U
Typ6assl «I'acap» (Touka oTbopa 4), KoTopas ObLia
OTHeCceHa K KJIacCy «CpefHee 3arpsi3HeHUe», B OCHOB-
HOM 3a CUeT NOBBIIIEHHOro coepxxaHus Mn. B ce30H-
HOM acrieKkTe 0oJiee BhICOKHe 3HaueHUsA uHpaekca HEI
Hab6JTI0aIuch B 3MMHUI IEPUO/I.

3Hauenus NPI, B orimume ot HEI, nmokazanu
OoJbllle Trpajjalliii ypOBHA 3arpsA3HeHUs. JTO CBA3aHO
¢ TteMm, 4To NPI yunThiBaeT MakcuMaJbHbBIE U CpeqHIE
3HaueHNs OT/IeJIbHBIX MEeTaJIJIOB M MOXET OJYePKHYTh
posb cepbe3Hbix 3arpssHurenei (Li et al., 2022). B
BeCEHHUN U JIeTHUI Nepuoji BOAa B 03epe B OCHOB-
HOM COOTBETCTBOBaJla KaTeropusM «He3arps3HeHHasi»
B aKBaTopum U «cjabo3arps3HeHHas» B IMPUOPEeXHBIX
Toukax. OCceHbI0 CTeleHb 3arpsi3HeHNs BappupoBaja oT
«cjabo3arpsA3HeHHas» [0 «yMepeHHO 3arps3HeHHas»
B OCHOBHOM 3a CUeT yBeJIMueHUs KoHIleHTpauuu Fe.
MaxkcumasbpHbix 3HadeHunn NPI, kak u HEI, mocturan
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Ta6suna 2. 3HaueHUsA UHAEKCOB 3arpsAasHeHHocTUu BoAs! 03. Kotokesns (HEI u NPI) u skostoruueckoro pricka (ERI) B pa3Hbie
ce30HH! (MUHMMAaJIbHOe (min), MakcuMaibHOe (max) u cpeaHee (X) 3HaUeHUA).

Ce3oH HEI NPI ERI
min max X min max X min max X
Becna 0,71 3,77 1,58 0,40 1,61 0,66 0,00 3,43 0,62
Jleto 0,91 8,26 1,89 0,26 3,47 0,63 0,05 0,89 0,17
OceHb 1,47 5,30 2,32 0,63 2,50 0,94 0,09 0,32 0,19
3uma 1,86 20,97 4,55 0,45 12,69 1,94 0,11 1,97 0,39

B 3UMHHU MEPUOJ, U, COTJIACHO KPUTEPUAM PaHXUPO-
BaHUsA, BOJA B 3TOT IIepUOJ MPEeuMYIeCTBEHHO COOT-
BeTCTBOBaJIa KaTerOpusAM «yMePeHHO 3arps3HeHHas» U
«CUJIBHO 3arps3HeHHas». HeoOXOAMMO OTMETUTh, YTO
HauOOJIBIINI BKJIA[] B 3HaUeHMe uHekca NPI B nepuoj
OTKPBITON BOAB BHOCWJIO Fe, B MOJIeHBIN TEPUO/T
PE3KO MOBHIIAIACH PoJib Mn.

3Hauenusa ERI B OoJbIIMHCTBE CJjiydyaeB ObLIU
HIDXe eUHUIBI, cocTaBsiid B cpegHeM 0,34, 4To cooT-
BETCTBOBAJIO KaTerOpUuM «OTCYTCTBHUE PHCKa» MPaKTU-
YecKr BO BCe Ce30HBI rojja. Jlump 6 npob (5 BecHOU
u 1 3uMoO¥1) cOOTBeTCTBOBaIM KaTeropuu «low risk» 3a
cueT IPUCYTCTBUA KaJAMUA B BoJe BOJIM3U HaceJIeHHBIX
MyHKTOB U 6a3 OTAbIXa, Ipu 3ToM 3HaueHuA ERI He mpe-
BhImaau 3,43.

PesysibraTel pacuera uHgexkcoB HEI, NPI u ERI
O MOJIy4eHHBIM JAaHHBIM CBHUJETEJIbCTBYIOT O TOM,
4YTO 3arpA3HEHHOCTb uccjaefoBaHHBIMU TM BoAbl
03. KoTokesib HOCUT IpeuMyIleCTBEHHO IPUPOIHBII
xapakTtep. OJHAKO HaJIM4Me CJIyvyaeB MOBBHIMIEHUA 3HA-
uyeHuil ERI yka3piBaeT Ha HeO6XOAUMOCTH IIOCTOSIHHOT'O
KOHTPOJIA 3a JIOKAJIbHBIMU HCTOYHUKAMM 3arps3HeHU .

4. 3aknioueHue

BeimosiHeHHOe BIEpBBIE JeTaJIbHOE HCCJIeLO-
BaHMe cojepXxaHusa pacTBopeHHbXx Gopm TM B 03.
KoTokesp 10O3BOJIMJIO BBIABUTH HEKOTOPBEIE OCOOEHHO-
CTU WX CE30HHOU AVWHAMUK{ M IMPOCTPAHCTBEHHOTO
pacnpepesieHnsa. OTMedeHa BBICOKas HEOJHOPOJHOCTH
colepXaHUIl MeTa/JIOB B akBaTOpuu o3epa OoJee
BhIpaXXeHHasA B IOJJIEAHBIN Iepuoj i MapraHna u
[[MHKA, U, He 3aBucsAIIas OT ce30Ha, AJIA xKeJjle3a, Mequ,
XpoMa U HuKesd. Pasrpyska TpemuHHO-KUJIBHBIX BOJ
Oblsla BepOATHON IPUYMHOM JIOKAJIBHBIX IOBBIMIEHUHN
KOHI[eHTpaluil MEeTAaJIJIOB, HaOJI0aBIINXCSa BOJIU3U
30H pas3JIOMOB U JOCTUraBmMX 1-2 nopAakos. B ce3on-
HOM acneKkTe B IMOAJIEJHBIN Iepuof ObUIM OTMeuyeHH
HauOoJibllle coJiepXaHus Maprasiia, IMHKa 1 Meu U
HauMeHbIlIe — XeJjle3a, XpoMa 1 HHUKeJid. DTO MOXeT
OBITH CBAI3AHO C UX Pa3/IMYHBIM reOXUMHUYECKUM IIOBe-
JeHueM U WCTOYHHWKaMH NoCTyIUleHUsA. [[yig mepBoi
IPYIOBl BEpOSTHA MOOMJIM3alUA 3UMOM U3 WJIMCTHIX
OTJIOXKEHUH U TOJ3EMHBIX BOJ, AJIA BTOPOM — IOCTY-
[IJIeHVe B IEpHOJ OTKPHITON BOABI C TAJIBIMU U JOXIe-
BEIMU BOJAaMU, HeCyL[MMM B BOAOeM IIPOAYKTHI BhIBe-
TPUBAHUA TOPHBIX IIOPOL U OpraHHUYecKoe BellecTBO
noyB ¢ Bomocbopa. Koppessarnuonnsii 1 MI'K anamms
JaHHBIX TOKa3aJy olpejeJisiollee BIUAHNE Ce30HHBIX
U3MeHeHUH (U3NKO-XMMUYeCKUX YCJIOBUNM U HHTEH-
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CHBHOCTU Pas3BUTHA OHOJIOTMYECKUX IPOIECCOB HAa
comepxanue TM. HeBwicokue k03dGUIMEHTH KOppe-
JIAIAY KOCBEHHO MOT'YT CBUAETEJIbCTBOBATh O Pa3sHBIX
HUCTOYHMKAX (ecTeCTBEHHbIE/aHTPOIIOTEHHEIE), & TaKXe
HOyTAX NOCTYIUIEHHUs (CMBIB C NPUJIETAMINX TEPPUTO-
puii, NoCTyIJleHHe ¢ TOA3eMHBIMU Bo4aMu, MOOUIN3a-
IV U3 WINCTHIX OTJIOXKeHul) uccienyeMsx TM B Bofie
03. KoTokess.

BrnepBele OblIa IIpOBeJieHA OI[€HKA TEKYIIero
COCTOSAAHMsA CTEeNeHM 3arpsA3HEeHHOCTH BOJ  03epa
KoTokesnp pactBopeHHBIMH TM M CBA3aHHOTO 3KOJIO-
TAYECKOro pucka. PocT 3arpsA3HEHHOCTH O3€pHBIX BOJ
BO3pacTaeT OT BeCHHl (KaTeropuw «He3arps3HeHHas»
B aKBaTOpUU U «CJIab0 3arpsA3HeHHasA» B IPUOPEXHBIX
30Hax) K oceHu (“yMepeHHO 3arps3HeHHas”) U 3UMe
(“cusipHO 3arpsizHeHHasn”). Haubospmmii BKJ1aJ] B 3HA-
YeHUs WHJEKCOB 3arpsA3HeHUs B Iepuoj OTKPHITOMN
BOJBI BHOCWUJIO XeJie30, B IOJJIe[IHBIN Iepuof] pe3Ko
MOBHIIIAJIACh POJIb MapraHna. 3HaueHus MHJEeKCa KO-
noruveckoro puicka (ERI) B OOJIBIIMHCTBE CJIy4aeB
yKasblBaJId Ha OTCYTCTBHE PHCKa JJIA T'MAPOOHMOHTOB
BO BCE Ce€30HBl roja. Pe3ysbTaThl OLIEHKU CTENeHU
3arpA3HEHHOCTU M DKOJIOTMYECKOI'O PUCKa CBUAETEJIb-
CTBYIOT O TOM, YTO 3arps3HEHHOCTb HCCJIEJOBAHHBIMU
TM Bogas! 03. KoTokes1b HOCUT IPENMYIeCTBeHHO IIPU-
pOOHEBIN xapakTep. OJHAKO HaJM4ue eAUHUYHBIX CJIy-
yaeB noBbieHus: 3HauveHnin ERI ot kareropum «puick
OTCYTCTBYyeT» 10 «HU3KUI PUCK» yKa3blBaeT Ha HeoO-
XOAUMOCTh IOCTOAHHOIO KOHTPOJIA 3a JIOKAJIbHBIMU
HWCTOYHUKAMMU 3arpsA3HEeHUs.

CoOpaHHBIEI MaTepuaJ IOMOXeT YJIy4IINTb
MIOHMMAaHNEe IIPOIeCCOB MOCTYIUIEHUs M HaKOIJICHUA
MeTaJJIOB C y4YeTOM MPUPOAHBIX W AHTPONOTE€HHBIX
(akTOpoB B yCJIOBHAX KJIMMaTUYeCKHUX U3MeHEeHUI B
O3€epHBIX KOCHUCTeMax, a Takke OyAeT MOJIE3HBIM AJIA
yIIpaBJeHUsA KauyeCTBOM BOJABI B aHAJIOTMYHBIX TUPO-
JIOTUYECKHUX CHUCTeMax U Ipu pa3paboTKe COOTBETCTBY-
IOIIUX Mep N0 CMATYEHUI0 pACIPOCTPAaHEHU MeTaJIJIOB
B o3epo batikai.

BbAaaropapHoCTH

HcciienoBaHue BHIIIOJIHEHO 3a CYeT CpeJCTB
rpanta Poccutickoro HayuHoro ®onpa 24-17-00333,
https://rscf.ru/project/24-17-00333

KoHPpAMKT unTepecos

ABTOpPHI 3adABJAIOT 00 OTCYTCTBUU KOHQJIMKTA
MHTEPECOB.


https://rscf.ru/project/24-17-00333/

Llupemoposa B.I" u dp. / Limnology and Freshwater Biology 2025 (4): 1062-1082

Cneu. sbinyck: «VIII-s5 MexdyHapooHasi
BepewazuHckas balikanbckasi KoHgbepeHyusi»

CnucokK AuTeparypbl

Awnraxaesa H.A., [lmocaun A.M., Ykpaunnes A.B. u ap.
2021. T'mgporeoxumuyeckre ocobeHHOCTH o3epa KoTokesb.
Hayku o 3emiie u Hegpormnoss3oBaHue 44(2): 106-115. DOI:
10.21285/2686-9993-2021-44-2-106-115

BaTumeTpus ectecTBeHHbIX 03ep Poccun. [D1eKTpOHHBIN
pecypc]. URL.. URL: http://lakemaps.org/ru/atlas maps.
asp?name = Buryatia&geotype =rp&local = Pecny6Jmka%20
Bypsarus (gata obpamenus 02.11.2024).

BopoObeBa W.b., BenosepueBa M.A., BnacoBa H.B. u
ap. 2018. CoBpeMeHHOe COCTOsIHHE BOLOTOKOB B YCThEBBIX
o6iacTAX BOCTOYHOrO Mobepexbs o3epa baiikan. Ycmexu
COBpeMEHHOro ecrecTBo3HaHusa 1: 86-92. DOI: 10.17513/
use.36656

BopoObeBckaa E.JI., CegoBa H.B., UeBenr K.A. u 1p.
2021. buoreHHble 3J1eMeHTHI 1 KaueCTBO BObI 03. KoTokesb u
HEKOTOPBIX coceAHUX BojjoeMoB. C6opHuk Ecological Studies,
Hazards, Solutions. Tom 27: 54-62.

I'OCT 17.1.4.02-90. 1999. Bopma. Mertoaguka cHek-
TpodOTOMETPUYECKOI'0  ompefesieHUsaA xjaopobwmia  a.
MexrocyaapcTtBeHHbId ctaHgapt. URL: https://docs.cntd.ru/
document/1200009756

roct 17.1.3.07-82. 1982. OxpaHa OpuUpOAHL
I'mapocdepa. IIpaBusia KOHTPOJIA KayecTBa BOALI BOJOEMOB 1
BOZOTOKOB. MexrocynapctBeHHbiii crangapt. URL: https://
docs.cntd.ru/document/1200012472

I'OCT 57162-2016. 2016. Boga. OmpeneneHue conep-
XKaHUS ~ 3JIEMEHTOB  METOJOM  aTOMHO-abcopOLMOHHON
CIIEKTPOMETPUM C 3JIEKTPOTEPMHUYECKON aToMU3alUel.
Hanuonasnpeuseiii crangapt Poccuiickoit ®epepannu. URL:
https://docs.cntd.ru/document/1200140389

TocymapcerBenHsiil goknan «O cocrossHuM o3epa batikan
U Mepax 0o ero oxpasHe». 2022. MuHHUCTEPCTBO MNpU-
POOHBIX pecypcoB u 3KoJiormu Poccuiickoii ®enepanuu:
MockBa, Poccua. URL: https://www.mnr.gov.ru/docs/
gosudarstvennye doklady/o sostoyanii ozera baykal i
merakh po ego okhrane

3enruHa T.10., Benpunosa [1.C. 2015. M3y4yeHue kauecTBa
IIOBEPXHOCTHBIX BOJI B peKpeallloOHHOI 30He o3epa KoTokesb
(Pecniy6siuka BypsaTusa). BectHuk Benopycckoro rocyznap-
cTBeHHOro yHuBepcutera. Cepusa 2: XumwuA. bBuosorus.
l'eorpadus 2: 63-69.

IlepszeBa E.I., IlmocuuH A.M., T'apmaeBa C.3. u
ap. 2016. OcobGeHHOCcTH (OPMUPOBAHUA XUMHUYECKOTO
cocTaBa BOJ| 03€p BOCTOYHOro noGepexbss o3epa balikai.
l'eorpadus u npupogHsie pecypchl 5: 49-59. DOI: 10.21782/
GIPR0206-1619-2016-5(49-59)

[Ipuka3 MuHncesnbxo3a Poccuu ot 13.12.2016 N 552
(pexn. ot 12.10.2018). 2016. O6 yTBepXXOeHUN HOPMAaTHUBOB
KayecTBa BOIBI BOAHBIX 0OBEKTOB PHIOOX03AHCTBEHHOI'O 3HA-
YeHHUsA, B TOM YHCJIe HOPMAaTUBOB IIpe/ieJIbHO JIONYCTUMBIX
KOHIIeHTpalil BpeHbIX BelllecTB B BOJIaX BOAHBIX OOBEKTOB
peiboxo3siictBeHHoro 3HaueHus. URL: https://docs.cntd.ru/
document/420389120

[Tponun H.M., Y6yrysnos JI.JI. 2013. O3epo KoTokesnbckoe:
NpUpOAHbIE yCJIOBUA, OMOTa, 5KoJorua. YinaH-Yas: U3g-Bo
BHIT CO PAH.

PykoBOoJCTBO 1O XMMHUYECKOMY aHajau3y IOBepx-
HOCTHBIX Boja cymu. Yacte I. 2009. Pocros-Ha-[loHY:
Hayxka-O6pasoBanue-KyabsTypa.

Yeb6wikuH E.I1., CopokoBukosa JI.M., Tom6epr U.B. u np.
2012. CoBpemeHHOe cocTossHUe BoA p. CejieHrHn Ha Teppu-
Topum Poccuu no riiaBHBIM KOMIIOHEHTaM U CJIeJOBBIM 3Je-
MeHTaM. XuMUs B UHTepecax ycroiumBoro passutua 20(5):
613-631.

Mlarxues K.II., babukoB B.A., XXurmutosa C.B. u ap.
2017.BocrouHoe nobepexbe 03. Baiikai kak 30Ha IPUTKEHU
TYPHCTOB 13 CTpaH BHyTpeHHel A3un. [Ipupoaa BHyTpeHHel
Asznn 1(2): 54-76. DOI: 10.18101/2542-0623-2017-1-54-76

1081

Argun Y.A. 2025. Examination of heavy metal concen-
trations and their interaction with anthropogenic sources
in Ermenek Dam Lake (Turquoise Lake). Environmental
Geochemistry and Health 47: 58. DOILI 10.1007/
§10653-025-02367-2

Bazarsadueva S.V., Taraskin V.V., Budaeva O.D. et al.
2023. First Data on PAE levels in Surface Water in Lakes
of the Eastern Coast of Baikal. International Journal of
Environmental Research and Public Health 20(2): 1173. DOI:
10.3390/ijerph20021173

Bazarzhapov T.Z., Shiretorova V.G., Radnaeva L.D. et al.
2023. Distribution of heavy metals in water and bottom sed-
iments in the basin of lake Gusinoe (Russia): Ecological risk
assessment. Water 15(19): 3385. DOI: 10.3390/w15193385

Bhateria R., Jain D. 2016. Water Quality Assessment
of Lake Water: a Review. Sustainable Water Resources
Management 2: 161-173. DOI: 10.1007/s40899-015-0014-7

Botle A., Salgaonkar S., Tiwari R. et al. 2023. Brief sta-
tus of contamination in surface water of rivers of India by
heavy metals: a review with pollution indices and health risk
assessment. Environmental Geochemistry and Health 45(6):
2779-2801. DOI: 10.10017/510653-022-01463-x

Brown K.P., Gerber A., Bedulina D. et al. 2021. Human
impact and ecosystemic health at Lake Baikal. WIREs Water
8(4): e1528. DOI: 10.1002/wat2.1528

Das S. 2024. Assessment of the ecotoxicity of heavy
metal contaminants on aquatic organisms: A reviewon the
impact of Lead, Chromium, Cadmium, Zinc and Mercury.
African Journal of Biological Sciences 6(5): 8871-8883. DOI:
10.48047/AFJBS.6.5.2024.8871-8883

Dippong T., Senila M., Cadar O. et al. 2024. Assessment
of the heavy metal pollution degree and potential health risk
implications in lakes and fish from northern Romania. Journal
of Environmental Chemical Engineering 12(2): 112217. DOL
10.1016/j.jece.2024.112217

Edet A.E., Offiong O.E. 2002. Evaluation of water quality
pollution indices for heavy metal contamination monitoring.
A study case from Akpabuyo-Odukpani area, Lower Cross
River Basin (southeastern Nigeria). GeoJournal 57(4): 295-
304. DOIL: 10.1023/B:GEJO.0000007250.92458.de

Fluet-Chouinard E., Messager M.L., Lehner B. et al. 2017.
Freshwater Lakes and Reservoirs. In: Finlayson C., Milton G.,
Prentice R. et al. (Eds.), The Wetland Book II: Distribution,
description, and conservation. Springer, pp. 125-142. DOL
10.1007/978-94-007-6173-5 201-2

Hedayatzadeh F., Ildoromi A., Hassanzadeh N. et al.
2024. Comprehensive monitoring of contamination and eco-
logical-health risk assessment of potentially harmful elements
in surface water of Maroon—-Jarahi sub-basin of the Persian
Gulf, Iran. Environmental Geochemistry and Health 46(10):
411. DOI: 10.1007/s10653-024-02181-2

Jolaosho T.L., Elegbede 1.0., Ndimele P.E. et al. 2024.
Occurrence, distribution, source apportionment, ecologi-
cal and health risk assessment of heavy metals in water,
sediment, fish and prawn from Ojo River in Lagos, Nigeria.
Environmental Monitoring and Assessment 196(2): 109. DOI:
10.1007/510661-023-12148-y

Kumar S.B, Padhi R.K, Mohanty A.K. et al. 2020.
Distribution and ecological- and health-risk assessment of
heavy metals in the seawater of the southeast coast of India.
Marine Pollution Bulletin 161(Pt A):111712. DOIL: 10.1016/j.
marpolbul.2020.111712

Li L., Wu J., Lu J. et al. 2022. Water quality evaluation
and ecological-health risk assessment on trace elements in
surface water of the northeastern Qinghai-Tibet Plateau.
Ecotoxicology and Environmental Safety 241: 113775. DOI:
10.1016/j.ecoenv.2022.113775

Liu X., Chen S., Yan X. et al. 2021. Evaluation of poten-
tial ecological risks in potential toxic elements contam-



https://doi.org/10.21285/2686-9993-2021-44-2-106-115
http://lakemaps.org/ru/atlas_maps.asp?name=Buryatia&geotype=rp&local=Республика%20Бурятия
http://lakemaps.org/ru/atlas_maps.asp?name=Buryatia&geotype=rp&local=Республика%20Бурятия
http://lakemaps.org/ru/atlas_maps.asp?name=Buryatia&geotype=rp&local=Республика%20Бурятия
https://doi.org/10.17513/use.36656
https://doi.org/10.17513/use.36656
https://docs.cntd.ru/document/1200009756
https://docs.cntd.ru/document/1200009756
https://docs.cntd.ru/document/1200012472
https://docs.cntd.ru/document/1200012472
https://docs.cntd.ru/document/1200140389
https://www.mnr.gov.ru/docs/gosudarstvennye_doklady/o_sostoyanii_ozera_baykal_i_merakh_po_ego_okhrane
https://www.mnr.gov.ru/docs/gosudarstvennye_doklady/o_sostoyanii_ozera_baykal_i_merakh_po_ego_okhrane
https://www.mnr.gov.ru/docs/gosudarstvennye_doklady/o_sostoyanii_ozera_baykal_i_merakh_po_ego_okhrane
https://doi.org/10.21782/GIPR0206-1619-2016-5(49-59)
https://doi.org/10.21782/GIPR0206-1619-2016-5(49-59)
https://docs.cntd.ru/document/420389120
https://docs.cntd.ru/document/420389120
https://doi.org/10.18101/2542-0623-2017-1-54-76
https://doi.org/10.1007/s10653-025-02367-2
https://doi.org/10.1007/s10653-025-02367-2
https://doi.org/10.3390/ijerph20021173
https://doi.org/10.3390/w15193385
https://doi.org/10.1007/s40899-015-0014-7
https://doi.org/10.10017/s10653-022-01463-x
https://doi.org/10.1002/wat2.1528
https://doi.org/10.48047/AFJBS.6.5.2024.8871-8883
https://doi.org/10.1016/j.jece.2024.112217
https://doi.org/10.1023/B:GEJO.0000007250.92458.de
https://doi.org/10.1007/978-94-007-6173-5_201-2
https://doi.org/10.1007/s10653-024-02181-2
https://doi.org/10.1007/s10661-023-12148-y
https://doi.org/10.1016/j.marpolbul.2020.111712
https://doi.org/10.1016/j.marpolbul.2020.111712
https://doi.org/10.1016/j.ecoenv.2022.113775

Llupemoposa B.I" u dp. / Limnology and Freshwater Biology 2025 (4): 1062-1082

Cneu. sbinyck: «VIII-s5 MexdyHapooHasi
BepewazuHckas balikanbckasi KoHgbepeHyusi»

inated agricultural soils: Correlations between soil con-
tamination and polymetallic mining activity. Journal of
Environmental Management 300: 113679. DOIL: 10.1016/j.
jenvman.2021.113679

NazS., Mansouri B., Chatha A.M. et al. 2022. Water quality
and health risk assessment of trace elements in surface water
at Punjnad Headworks, Punjab, Pakistan. Environmental
Science and Pollution Research 29(40): 61457-61469. DOI:
10.1007/511356-022-20210-4

Ozdemir K., Ciner M.N., Ozcan H.K. et al. 2024.
Evaluation of Water and Sediment Quality in Lake Mogan,
Tiirkiye. Water 16(11): 1546. DOI: 10.3390/w16111546

Pellinen V., Cherkashina T., Gustaytis M. 2021.
Assessment of metal pollution and subsequent ecological
risk in the coastal zone of the Olkhon Island, Lake Baikal,
Russia. Science of The Total Environment 786: 147441. DOL:
10.1016/j.scitotenv.2021.147441

Prasad S., Wei Y., Chaminda T. et al. 2024. Spatiotemporal
Assessment of Water Pollution for Beira Lake, Sri Lanka.
Water 16(11): 1616. DOI: 10.3390/w16111616

Radnaeva L.D., Bazarzhapov T.Z., Shiretorova V.G. et al.
2022. Ecological State of Lake Gusinoe-A Cooling Pond of
the Gusinoozersk GRES. Water 14(1): 4. DOI: 10.3390/
w14010004

Salehi M. 2022. Global water shortage and pota-
ble water safety; Today’s concern and tomorrow’s crisis.
Environmental International 158: 106936. DOIL: 10.1016/j.

Shiretorova V.G., Nikitina E.P., Bazarsadueva S.V. et al.
2025. Current State of Lake Kotokel (Eastern Cisbaikalia,
Russia): Hydrochemical Characteristics, Water Quality, and
Trophic Status. Water 17(4): 545. DOI: 10.3390/w17040545

Tanjung R.H.R., Indrayani E., Agamawan L.P.I. et al.
2024. Water quality assessment to determine the trophic
state and suitability of Lake Sentani (Indonesia) for various
utilisation purposes. Water Cycle 5: 99-108. DOL: 10.1016/j.
watcyc.2024.02.006

Wang C., Wang K., Zhou W. et al. 2023. Occurrence,
Risk, and Source of Heavy Metals in Lake Water Columns
and Sediment Cores in Jianghan Plain, Central China.
International Journal of Environmental Research and Public
Health 20(4): 3676. DOI: 10.3390/ijerph20043676

World Health Organization (WHO). 2017. Guidelines for
Drinking Water Quality 4th edition, incorporating the 1st
addendum; WHO: Geneva, Switzerland.

Yakovlev E., Druzhinin S., Druzhinina A. et al. 2023.
Trace metals in surface water of the Pechora River and its
tributaries: Content, water quality and risks assessment
(Arctic Ocean basin). Marine Pollution Bulletin 194(Pt B):
115317. DOI: 10.1016/j.marpolbul.2023.115317

Zamora-Ledezma C., Negrete-Bolagay D., Figueroa F.
et al. 2021. Heavy metal water pollution: A fresh look about
hazards, novel and conventional remediation methods.
Environmental Technology & Innovation 22: 101504. DOI:
10.1016/j.eti.2021.101504

envint.2021.106936

Sener E., Sener S., Bulut C. 2023. Assessment of heavy
metal pollution and quality in lake water and sediment by
various index methods and GIS: A case study in Beysehir
Lake, Turkey. Marine Pollution Bulletin 192(1-2): 115101.
DOI: 10.1016/j.marpolbul.2023.115101

Shetaia S.A., Nasr R.A., Lasheen E.S.R. et al. 2023.
Assessment of heavy metals contamination of sediments and
surface waters of Bitter lake, Suez Canal, Egypt: Ecological
risks and human health. Marine Pollution Bulletin 192:
115096. DOI: 10.1016/j.marpolbul.2023.115096

1082

Zhang Z., Lou S., Liu S. et al. 2024. Potential risk assess-
ment and occurrence characteristic of heavy metals based
on artificial neural network model along the Yangtze River
Estuary, China. Environmental Science and Pollution Research
31(22): 32091-32110. DOI: 10.1007/511356-024-33400-z

Zhou Q., Yang N., Li Y. et al. 2020. Total concentrations
and sources of heavy metal pollution in global river and
lake water bodies from 1972 to 2017. Global Ecology and
Conservation 22: e00925. DOI: 10.1016/j.gecco0.2020.e00925



https://doi.org/10.1016/j.jenvman.2021.113679
https://doi.org/10.1016/j.jenvman.2021.113679
https://doi.org/10.1007/s11356-022-20210-4
https://doi.org/10.3390/w16111546
https://doi.org/10.1016/j.scitotenv.2021.147441
https://doi.org/10.3390/w16111616
https://doi.org/10.3390/w14010004
https://doi.org/10.3390/w14010004
https://doi.org/10.1016/j.envint.2021.106936
https://doi.org/10.1016/j.envint.2021.106936
https://doi.org/10.1016/j.marpolbul.2023.115101
https://doi.org/10.1016/j.marpolbul.2023.115096
https://doi.org/10.3390/w17040545
https://doi.org/10.1016/j.watcyc.2024.02.006
https://doi.org/10.1016/j.watcyc.2024.02.006
https://doi.org/10.3390/ijerph20043676
https://doi.org/10.1016/j.marpolbul.2023.115317
https://doi.org/10.1016/j.eti.2021.101504
https://doi.org/10.1007/s11356-024-33400-z
https://doi.org/10.1016/j.gecco.2020.e00925

	Assessment of Dissolved Heavy Metal Pollution and Ecological Risk in the Waters of Lake Kotokel (Eastern Cisbaikalia, Russia
	1. Introduction

	2. Materials and methods

	2.1. Study Area

	2.2. Data Sources

	2.3. Field Studies

	2.4. Laboratory Analyses

	2.5. Pollution and Ecological Risk Assessment

	2.6. Data Analysis and Visualization


	3. Results and Discussion

	3.1. Water quality parameters

	3.2. Spatiotemporal distribution of HMs in the lake water

	3.3. Pollution and ecological risk assessment


	4. Conclusions

	Acknowledgements

	Conflict of interest

	References


	Растворенные тяжелые металлы в воде оз. Котокель (Восточное Прибайкалье, Россия): оценка уровня загрязнения и экологического риск
	1. Введение

	2. Материалы и методы

	2.1. Описание района исследования

	2.2. Источники данных

	2.3. Отбор проб

	2.4. Химический анализ

	2.5. Оценка степени загрязнения и экологического риска

	2.6. Анализ и визуализация данных


	3. Результаты и обсуждение

	3.1. Параметры качества воды

	3.2. Пространственно-временное распределение тяжелых металлов в воде

	3.3. Оценка уровня загрязнения и экологического риска


	4. Заключение

	Благодарности

	Конфликт интересов

	Список литературы



