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ABSTRACT. Studies of changes in the chemical composition of lake water due to climate variability and human impact 
are highly relevant for Karelia, which has more than 60,000 lakes. Lake Vendyurskoe, a typical small lake in Karelia, has been 
used for growing rainbow trout since 2009. In the 1970–90s, drainage and logging were practiced in the catchment of 
this lake. A change in the composition of major ions in the lake’s water and an increase in the labile component of organic 
matter were observed between 1971 and 2023. In 2021–2023, the concentration of sulfate ions decreased fourfold compared 
to 1971–1985, which may be due to both the cessation of drainage operations and a reduction in the concentration of sulfates 
in precipitation. Chloride ion concentrations were reduced by half. The 50-year decrease in bicarbonate concentrations was likely 
associated with increased precipitation. Total phosphorus concentrations in the lake water showed an upward trend over the 50 
years (in both surface and bottom layers), indicating increased anthropogenic impact on the lake. During the summer stratification 
period, hypoxia develops in the deep-water parts of the lake and near trout cages, and phosphate concentrations in the bottom 
layers are quite high (up to 36 μg/L). The mobilization of phosphorus from bottom sediments under anoxic conditions creates a 
secondary phosphorus load, which may be the reason for the increased bioproductivity. A direct correlation was found between 
the duration of near-bottom hypoxia in summer and the average air temperature over the three summer months (R2 = 0.51), 
suggesting deteriorating oxygen conditions in the lake during the open-water period as regional climate warming continues. The 
greatest oxygen depletion in the lake occurs in winters with early freeze-up and late ice-breaking. The inverse correlation of the 
duration of winter hypoxia with the November air temperature of the previous year (R2 = 0.39) and the May air temperature of the 
current year (R2 = 0.41), which influence the timing of ice formation and breakup, suggests the oxygen conditions in the lake during 
the winter have improved, with a shorter freeze-up period due to warming in the fall and spring. The observed changes in the water 
chemical composition provide reasoning for reducing the trout farming volumes. 
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INTRODUCTION

	 Lakes are vulnerable to anthropogenic impacts and climate 
change (Adrian et al. 2009; Maberly et al. 2020; Saros et al. 2023; 
Woolway et al. 2025). Shifts in water temperature (O’Reilly et 
al. 2015), ice phenology (Sharma et al. 2019), oxygen content 
(Jansen et al. 2024), mixing patterns (Woolway and Merchant 
2019), and biogeochemical cycles (Hobbie et al. 1999; Bush et 
al. 2017; Joung et al. 2017; Quinlan et al. 2021; Wu et al. 2022; 
Zhu et al. 2025) have been detected in lakes around the world 

in response to global warming and growing nutrient loading. 
In small lakes, due to their small volume, changes occur very 
quickly (Wik et al. 2016; Wu et al. 2022), which raises the 
relevance of studying changes in the chemical composition of 
such lakes under the influence of climate change and human 
impact.
	 There are more than 60 thousand lakes in Karelia, most of 
which are small (Lakes… 2013). In recent decades, Karelia has 
experienced a steady increase in air temperature (the rate of 
increase in average annual air temperature was +0.5–0.6 °C/
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Fig. 1. (a) Location of Lake Vendyurskoe (blue circle). (b) Lake Vendyurskoe in the Suna River catchment area. (с) 
Measurement stations (1) and trout cages (2) 

decade (Nazarova et al. 2022) in 1976–2021) and a change in 
precipitation (20–70 mm surplus in annual precipitation relative 
to the 1961–1990 baseline (Nazarova 2015)). Coupled with 
intensive economic use of the catchments, this contributes 
to changes in the input of organic matter (OM) and nutrients 
to lakes (Sabylina et al. 2010). The impact of trout farms on 
lake ecosystems (Galakhina and Zobkov 2022) is the most 
acute problem for Karelia, since fish production volumes are 
constantly growing. 
	 Lake Vendyurskoe is a small lake in southern Karelia, located 
50–100 km away from large industrial areas but affected by 
fish farming since 2009. There are no farmlands in the Lake 
Vendyurskoe catchment. Logging and drainage between 
1971 and 1986 have significantly altered the landscape in the 
catchment. Drainage caused lake water enrichment with OM, 
inorganic substances, and nutrients, but the operations ceased 
after 1991. 
	 Previously, the chemical composition of the lake water was 
studied in the summers of 1971, 1972, 1978, 1983, 1986, 1991, 
1992 and seasonally in 1979–1990 (excluding 1982, 1983, 1986). 
Lake Vendyurskoe was a model for studying the acidifying 
effect of polluted precipitation in 1981–1986 (Kharkevich and 
Kryukova 1981; Freindling and Kharkevich 1982; Martynova 
1982). After 1992, the sampling frequency was sharply reduced 
for a number of reasons (lack of funding, change in the 
Institute’s research topics), and hydrochemical studies were 
carried out at intervals of 9–10 years in 2001, 2011/2012 and 
2021–2023. The chemical composition of water in tributaries to 
Lake Vendyurskoe was studied in 1976–1985 and 2001.

	 The purpose of this study is to assess changes in the 
chemical composition of Lake Vendyurskoe water over 50 
years, which occurred as a result of the economic activities in 
its catchment area, fish farming inside the lake, and regional 
climate variability.

MATERIALS AND METHODS

	 Lake Vendyurskoe is located in southern Karelia (62°10´–
62°20´ N, 33°10´–33°20 E) and belongs to the basin of the 
Suna River, a tributary of Lake Onego (Fig. 1a, b). The lake is of 
glacial origin, with an area of 10.1 km2 and water volume of 
0.0609 km3 (Lakes… 2013). The catchment is ~15% paludal. 
The Rindozerka River and several streams empty into the lake, 
while the Kulapdegi River originates from it. The total average 
annual runoff into the lake (according to V.A. Freindling and N.S. 
Kharkevich, archival records of the Northern Water Problems 
Institute) is 22.2×106 m3, with the Rindozerka River accounting 
for about 43%. Atmospheric precipitation over the lake surface 
is 6.5×106 m3 (Lakes… 2013). The lake is ice-covered for 5–6 
months, from November or the first half of December to late 
April–early May. In the summer, the surface water layers warm 
up to 20–25°C and the bottom layers to 15–17°C. During the 
open water period, the lake becomes completely mixed 3–7 
times (Smirnov et al. 2024), and so it classifies as polymictic.
	 Water sampling in Lake Vendyurskoe was carried out in 
the summers of 1971, 1972, 1978 and seasonally in 1979–1980, 
1983–1985, 1987, 1990-1992, 2001, 2011–2012, 2021–2023 at 
the same stations (Fig. 1c). 
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	 Water sampling in tributaries to Lake Vendyurskoe was 
carried out in 1976–1985 and 2021–2023 on Kodisyarger and 
Skyustanoya Brooks and in 1971–1991, 2001, and 2021–2023 
on the Rindozerka River. Water samples were collected by 
Niskin bottles from the surface and bottom layers. The samples 
for total phosphorus and iron (250 mL) were acidified with 
H2SO4 solution immediately after sampling. Water from the 
lake and its tributaries was tested for total dissolved solids 
(TDS) and concentrations of major ions and nutrients 
(nitrogen, phosphorus, iron, silicium). Also, pH, OM proxies 
(color, permanganate (CODMn) and bichromate (CODCr) 
chemical oxygen demand, five-day biological oxygen 
demand BOD5, ratio of CODMn to CODCr), and concentrations 
of oxygen and carbon dioxide were determined in the 
lake water. Chemical analyses were performed in the 
Laboratory of Hydrochemistry and Hydrogeology of the 
Northern Water Problems Institute using equipment of the 
Core Facility of the Karelian Research Centre RAS. Standard 
laboratory analysis methods were used throughout the 
study period (Lozovik 1994; Analytical… 2017). It should 
be noted that iron (Fetot) determination methods varied 
during the 50-year period. In the 1970s, iron determination 
was performed with ammonium rhodanide; in the 1980s 
– with ortho-phenanthroline; and lately – by atomic 
absorption spectrometry. The results obtained by the last 
two methods showed good convergence (Lozovik et al. 
2006).
	 The exogenous load of total phosphorus (Lp) on the 
lake is calculated from the weighted average concentration 
of total phosphorus (Ppr) using the Eq. (1) (Gusakov 1987):

	 where  is the average depth, m; S is the residence 
time, year –1; the values for Lake Vendyurskoe are  = 5.3 m 
and S = 0.44 year –1.
	 To identify changes in the chemical composition 
of water in Lake Vendyurskoe and its tributaries over a 
long time period, we employed the following approach. 
Taking into account the heterogeneity of the data series 
(changes in the sampling frequency, large gaps in the data 
series), it was decided to compare two base periods that 
corresponded to the “past” (1971–1992 for the lake and 
1979–1985 for the tributaries) and “current” (2021–2023 
both for the lake and the tributaries) conditions. 
	 Sofa Statistics 1.4.6 software was used for statistical data 
processing. The chemical analysis data (Ptot, Pmin) followed a 
normal distribution. The number of samples analyzed was 
n = 28 (1971–2001 and 2021–2023). Spearman’s test was 
used to determine statistically significant differences in the 
content of Ptot and Pmin between the survey periods. The 
paired t-test was used to identify statistically significant 
differences in the studied components (CODCr, CODMn, pH, 
BOD5, HCO3

– , Cl–, SO4
2–, CO2) in different periods (1971–

1990 and 2021–2023).
	 Additional valuable information about the oxygen 
regime of the lake was obtained by analyzing records 
from an autonomous measurement station – a chain with 
temperature and dissolved oxygen (DO) sensors (RBR 
Ltd., Canada), which was deployed in the central deep-
water part of Lake Vendyurskoe (St. 4–9, see Fig. 1b) in July 
2007 and has been operating year-round since then. This 
article summarizes the data from 2007 to 2023. Records 
were collected from 10-15 temperature sensors (0.002 ºC 
accuracy) and 4–5 DO sensors (0–150% oxygen range, 1% 
accuracy) distributed evenly throughout the water column, 
taking measurements at one-minute intervals. The oxygen 
sensor located at 0.5–0.7 m above the bottom was used to 

determine hypoxia periods (DO below 2 mg/L).
	 Data on the weather conditions were taken from the 
Petrozavodsk Weather Station (Bulygina et al. 2025). The air 
temperature and precipitation were analyzed for each year, 
and the precipitation volumes were calculated per decade 
(1970–1979, 1980–1989, etc.). The average precipitation 
amounts from November of the previous year to July of the 
current year were calculated to determine the effect of lake 
water volume fluctuations across years on the concentration 
of bicarbonates in the lake water. The relationship between 
the duration of hypoxia (< 2 mg/L) at the bottom of the 
central basin of the lake and the average air temperature 
of the three summer months was analyzed. For the winter 
period, we analyzed the relationships between hypoxia 
duration and air temperatures in November and May as 
factors that can determine the ice-on and ice-off dates 
and, consequently, the duration of the winter hypoxia.

RESULTS and discussion

Chemical composition of water in the lake’s tributaries

	 Over the long-term period, the annual average TDS in 
the Rindozerka River and the brooks decreased, presumably 
due to regional climate change and alteration of the 
landscape structure in the catchment area (deforestation 
and drainage). According to seasonal data for 1979–
1985 and for 2021–2023, the annual average TDS in the 
Rindozerka River, Kodisyarger, and Skyustanoya Brooks was 
19.4, 24.2, and 30.2 mg/L, and 13.7, 16.4, and 20.3 mg/L, 
respectively.
	 From 1975 to 1983, hydrological engineering was 
implemented in the northern and northeastern parts 
of Lake Vendyurskoe catchment (79.8 km2) to reclaim 
wetlands, which covered ~15% of the area. Forest drainage 
was the most intensive in the catchment of Lake Rindozero 
(32.9 km2), which is within Lake Vendyurskoe catchment. 
The proportion of drained land in its northern and north-
eastern parts amounted to 20% of Lake Vendyurskoe 
catchment area. Monthly hydrochemical observations 
were carried out from October 1978 to June 1981 in two 
main canals draining fens and transitional mires with peat 
deposits up to 2 m thick (Kharkevich et al. 1982). The TDS 
content of water in the drains was closely correlated with 
the water regime: the average values during low-water 
periods were 47.5 mg/L (in summer) and 66.3 mg/L (in 
winter). The water was of the calcium-rich hydrocarbonate 
type. Sulfate ion concentrations in summer and winter 
were 4.6 and 5.9 mg/L, respectively. During the high-water 
period, TDS decreased to 24.3 mg/L, the value during 
freshets being 36.5 mg/L. During this time, the water 
class changed from the bicarbonate to the sulfate type. 
The sulfate content during the flood period rose to 12.9–
13.9 mg/L (8.6 on average). The average concentration 
of inorganic phosphorus (Pmin) in the canal water was at 
maximum (42 μg/L) in 1979 and decreased to 10–15 μg/L 
by 1981. In the summer of 1979, there was also an elevated 
content of ammonium nitrogen, up to 0.81 mg/L (average 
annual 0.28 mg/L). In 1981, the average annual content of 
ammonium nitrogen dropped to 0.20 mg/L. The average 
annual concentration of nitrate nitrogen was an order of 
magnitude lower. 
	 Drainage-induced ecosystem transformation in the 
taiga zone of northern European Russia is most intensive 
during the first 3–4 years and ends after 10 years. The 
anthropogenic load of total nitrogen and phosphorus from 
forestry areas in the catchments of southern Karelia in the 
first years after drainage accounts for 11% and 10% of river 
flow, respectively (Karpechko 2004). In subsequent years, 

(1)
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the effect of forest drainage on the flow of chemicals from 
drained land to the stream is insignificant. After that, the 
formation of the hydrological and chemical runoff in the 
drained wetlands is the same as in the rest of the forest 
area.
	 The current reduction in water mineralization in 
the tributaries is primarily due to a decrease in the 
concentrations of sulfate and chloride ions. In 1979–1985, 
the average annual content of sulfate and chloride ions 
was 4.6 and 1.2 mg/L, respectively. In 2021–2023, the 
concentration of sulfate ions dropped 4.5-fold and that of 
chloride ions 1.7-fold. In the past, the increased content 
of sulfate and chloride ions in the lake was due to the 
influx of water from drained lands and precipitation. In 
the early 1990s, ameliorative operations in Lake Rindozero 
catchment were terminated. The average annual 
concentration of sulfate ions in atmospheric precipitation 
in Lake Vendyurskoe catchment in 1981–1984 was 2.1 
mg/L (Kharkevich and Kryukova 1981; Kharkevich et al. 
1982; Sabylina and Basov 2003) and in 2021–2023 it was 
0.9 mg/L. 
	 Nutrients in the water of the tributaries have exhibited 
little change. For example, the average annual concentration 
of total phosphorus in the water of the Rindozerka River 
and the Kodisyarger Brook in the early 1980s was 22 and 
39 μg/L, respectively, while by 2021–2023 it had increased 
1.3-fold. The weighted average concentration of total 
phosphorus in the lake’s tributaries in 2021–2023 was 30 
μg/L; the exogenous load of total phosphorus (Lp) on 
the lake was 0.07 g/(m2∙year). These levels correspond to 
oligotrophic conditions (Dillon and Rigler 1974).
	 The average annual concentration of ammonium and 
nitrate nitrogen in the water of the Rindozerka River in 
the past (0.04 mg/L) was close to the current level (0.05 
mg/L). Within-year fluctuations also remained the same: 
ammonium nitrogen is the highest in the spring (0.11 
mg/L) and nitrate in the winter (0.08 mg/L). Organic 
nitrogen (0.35 mg/L) contributes 54% to the total nitrogen. 
The average annual concentration of total nitrogen in the 
tributaries is 0.67 mg/L. The current exogenous load of 
total nitrogen is low and amounts to 1.6 g/(m2∙year), which 
corresponds to an oligotrophic state.
	 The average annual silicon content in the Rindozerka 
River during earlier studies was 2.9 mg/L, and the current 
content is close to that level – 2.6 mg/L.
	 The total iron concentration in the water of the 
Rindozerka River and the Kodisyarger Brook has changed 
little over time, being 0.80 and 3.0 mg/L, respectively.
	 OM proxy indicators in the tributary water varied 
widely in 2021–2023: color from 28 to 194 degrees, and 
CODMn from 7.1 to 23.4 mgO/L. The values were the lowest 
for the Rindozerka River.
	 The water pH in the tributaries is low (6.33–6.85), with 
little variation over time.

Chemical composition of Lake Vendyurskoe water

	 The chemical composition of water in Lake Vendyurskoe 
is mainly shaped by the river runoff – Rindozerka River, 

Kodisyarger, and Skyustanoya Brooks, as well as by 
precipitation, baseflow, and anthropogenic impact.
	 Due to the natural characteristics of the catchment 
area, especially the fluvioglacial genesis and edaphic 
conditions, the content of total dissolved solids in Lake 
Vendyurskoe water is low (TDS < 50 mg/L). The average 
annual TDS currently is 15.7 mg/L, while in 1971–1992 it 
was up to 21.1 mg/L (Table 1). Studies show (Tables 1 and 2) 
that there have been no noticeable changes in the cationic 
composition of the water. In the anionic composition, the 
content of bicarbonates, sulfate and chloride ions has 
changed over the 50 years. The concentration of chloride 
ions has dropped by half from the 1970s to the present 
(Table 1). A statistically significant difference in chloride 
content (p << 0.001 (1.852 e–6)) and bicarbonates (p << 
0.001 (3.656 e–5)) was confirmed for the two study periods 
(1971–1992 and 2021–2023) using a paired t-test. In the 
summer seasons of 1971–1984, the proportion of sulfates 
in the anion composition remained quite constant (4.86 
mg/L on average) (Table 3), but starting from 1985, their 
concentration has been declining, with a 4-fold reduction 
by 2021–2023 (paired t-test; p << 0.001 (3.265 e–20)) (see 
Tables 1 and 3, Fig. 2a). The decrease in the concentration 
of sulfates in lake water is a consequence of their 
reduction in atmospheric precipitation due to a decrease 
in economic activity in the region and in the catchment 
area (Lozovik and Potapova 2006). Lake acidification was 
observed throughout Northern Europe and North America 
in the mid-20th century, resulting from the precipitation of 
sulfates from atmospheric emissions. However, regulatory 
measures adopted in the 1980s (Grennfelt et al. 2020) led 
to a general decline in sulfate concentrations in lakes. A 
large-scale study of changes in the chemical composition 
of Finnish (Forsius et al. 2003) and Canadian (Mazoyer 
and Houle 2025) lakes found that sulfate concentrations 
decreased in recent decades, indicating a clear response to 
reduced sulfate emissions.
	 The proportion of hydrocarbonates in the anion 
composition throughout the research period varied from 
8.3 to 15.2 mg/L (Table 3, Fig. 2). Based on the available 
measurement data for different years, an inverse correlation 
was found between the hydrocarbonate concentration 
and the precipitation amount from November of the 
previous year to July of the current year (Fig. 2b), with the 
determination coefficient R2 = 0.36 (excluding the data for 
1983 with the maximum HCO3

– value). It is unclear what 
caused the extremely high hydrocarbonate concentration 
in the summer of 1983 (15.2 mg/L), given the rather high 
precipitation amount from November to July (428 mm). A 
significant increase in precipitation (by 65–80 mm between 
November to July over the past 50 years (Fig. 2a)) may be 
one of the reasons for the decrease in the lake’s HCO3

– in 
summer at present versus 1971–1987.
	 During the low-water periods of 2021–2023, TDS in the 
lake exhibited minor vertical heterogeneity. The maximum 
was observed at the bottom in late March and early August, 
with an increased role of groundwater recharge (the TDS 
gradient between the surface and bottom layers during 
these periods was 2–3 mg/L) (see Table 2).

Table 1. Average annual content of total dissolved solids (TDS) (mg/L) and concentrations of major ions (mg/L) in Lake 
Vendyurskoe water in 1971–1990 and 2021–2023

Years Ca2+ Mg2+ K+ Na+ HCO3
– SO4

2– Cl– TDS

1971–1990 2.3 0.9 0.5 1.3 11.6 3.2 1.3 21.1

2021–2023 1.9 0.7 0.6 1.5 9.1 1.0 0.7 15.6
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Table 2. Total dissolved solids (TDS) and concentrations of major ions in the surface and bottom layers of Lake 
Vendyurskoe water in 2021–2023 (above the line – mg/L, below the line – %-eq.)

Season Layer Ca2+ Mg2+ K+ Na+ HCO3
– SO4

2– Cl– TDS

Winter
surface 1.8/41.7 0.6/22.8 0.6/7.2 1.4/28.3 8.5/78.4 0.9/10.5 0.7/11.1 14.5

near-bottom 1.8/41.7 0.6/22.8 0.6/7.2 1.4/28.3 8.5/74.9 1.3/14.6 0.7/10.6 14.9

Spring
surface 1.8/38.7 0.7/24.7 0.6/6.6 1.6/30.0 9.5/80.2 0.9/9.6 0.7/10.1 15.8

near-bottom 1.9/39.3 0.7/23.8 0.6/6.4 1.7/30.6 10.3/80.3 0.9/8.9 0.8/10.8 16.9

Summer
surface 2.0/42.6 0.6/21.0 0.6/6.6 1.6/29.7 8.8/76.0 1.1/12.1 0.8/11.9 15.5

near-bottom 2.0/43.5 0.6/21.4 0.6/6.7 1.5/28.4 9.3/79.0 1.0/10.8 0.7/10.2 15.7

Autumn
surface 1.9/39.5 0.7/23.9 0.7/7.5 1.6/29.0 8.3/78.0 0.9/10.7 0.7/11.3 14.9

near-bottom 2.2/43.5 0.7/22.8 0.6/6.1 1.6/27.6 9.6/78.4 1.0/10.4 0.8/11.3 16.4

Table 3. Average hydrocarbonate and sulfate ion levels in Lake Vendyurskoe in summer in different years

Year HCO3
–, mg/L SO4

2–, mg/L

1971 9.8 4.7

1972 13.3 4.0

1978 9.8 4.7

1979 13.6 4.7

1980 9.1 4.2

1983 15.2 4.9

1984 11.0 4.5

1985 12.8 3.2

1987 10.8 3.4

1990 9.6 2.7

1991 10.3 2.6

2001 10.1 2.3

2011 9.3 1.3

2012 9.0 1.5

2021 9.7 1.3

2022 8.9 1.2

2023 8.3 1.3



46

GEOGRAPHY, ENVIRONMENT, SUSTAINABILITY	 2026

	 Thus, according to the classification of Alekin (1970), 
water in Lake Vendyurskoe belongs to the calcium group 
of the hydrocarbonate class. 
	 In 2021–2023, pH fluctuated slightly within a year: 
the minimum in winter was 6.20–6.40, the maximum 
in summer was 6.60–7.03 (surface layer), and the annual 
average was 6.64. The pH gradient in the water column 
was also small: pH in the bottom water layers was lower 
than in the surface layers by only 0.3–0.7 units. In 1971–
1992, pH varied from 6.0 to 7.4 (6.76 on average). Thus, no 
significant decrease in pH was observed between the two 
study periods (р > 0.001(0.015)).
	 Organic matter (OM). Large-scale studies of OM 
dynamics in the lake in 1971–1992 showed that the water 
color varied from 15 to 55 mg Pt-Co/L (40 mg Pt-Co/L on 
average), CODMn – from 4.6 to 8.9 mgO/L (7.4 mgO/L on 
average), and CODCr – from 9.3 to 20.5 mgO/L (16.8 mgO/L 
on average) (Table 4). Fluctuations of these indicators 
across the lake area and between the upper and bottom 
water layers were insignificant, with a slight rise in the area 
influenced by humus-rich water of the Rindozerka River 
(Freindling and Kharkevich 1982; Sabylina and Basov 2003). 
	 A statistically significant difference in the content of 
CODMn (paired t-test; p << 0.001 (1.383 e–  3)) and CODCr 
(paired t-test; p << 0.001 (2.125 e–8)) for the two study 

periods was confirmed. According to the test, the content 
of OM (CODCr and CODMn) is now 1.2 times higher. For 
BOD5, no statistically significant difference between the 
two study periods was detected (p > 0.001 (0.6778)).
	 During both study periods, BOD5 values in the lake 
were the highest in the autumn and the lowest in the 
winter (Table 4). As reported by Slastina et al. (2022), the 
bulk of the lake’s phytoplankton biomass in the autumn is 
formed by diatoms, both in the central part of the lake (83–
99%) and near the trout farm (96–99%). The contribution 
of other algal groups is insignificant. The concentration 
of labile OM in the summer, characterized by the ratio of 
BOD5 to CODCr, has been the same in the past and in the 
current period (6-7%), but with a rise to 12% around trout 
cages.
	 The main driver of bioproductivity in Lake Vendyurskoe 
is trout farming, as there are no other significant sources 
of nutrients: there is no farmland in the catchment area, 
and the village on the shore has only a few houses and 
is populated only in the summer. Meanwhile, studies 
conducted on other lakes with operating trout farms in 
Karelia prove the facilities release nutrients into water 
(Mikhailenko and Sterligova 2021; Galakhina and Zobkov 
2022). 

Fig. 2. (a) Concentrations of HCO
3

– (1) and SO
4

2– (2) in Lake Vendyurskoe water in summer in different years; HCO
3

– in the 
summer of 1983 (3); ΣP

Nov-Jul
 – total precipitation from November of the previous year to July of the current year (4); 

ΣP
Nov-Jul

 averaged per decade (5). (b) Relationship between HCO
3

– and ΣP
Nov-Jul
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	 Gas conditions and the hydrogen index. In 1971–1992, 
the oxygen concentration in the surface layers of Lake 
Vendyurskoe varied within the range of 6.7–12.0 mg/L. 
Currently, it remains close to this level, at 6.9–11.8 mg/L. 
	 Data for 2007–2023 from the autonomous 
measurement station indicate that the bottom layers of 
the central, deep-water basin developed hypoxia (oxygen 
concentration below 2 mg/L) every winter and summer, 
with increased stratification. During the open-water period, 
hypoxia duration varies across years from 1–2 weeks to 
46 days (18 days on average). A direct correlation was 
found between the average air temperature of the three 
summer months and the duration of oxygen deficiency 
(2007–2023), with the determination coefficient R2 = 0.51 
(Fig. 3a). Hypoxia lasted the longest in the warm summer 
seasons of 2010, 2013, 2016, 2021, and 2022, when the 
average air temperature of the three summer months was 
16-17 ºС (with a baseline of 14.5 ºС), stratification of the 
water column was more pronounced and persisted longer 
(Smirnov et al. 2024). In the cooler summers of 2007, 2012, 
2015, 2017, 2019, and 2020, with an average air temperature 
of the three summer months close to or slightly above the 
baseline (14.4–15.6 ºС), the water column of the lake was 
periodically mixed, the bottom layers were aerated, and 
hypoxia time was shorter. The duration of hypoxia in winter 
was 47–167 days in different years (96 on average). The 
poorest oxygen conditions were observed in the winters of 
2007/08, 2016/17, 2021/22, which were characterized by a 
cold pre-freeze period (November temperature –3–4 ºС, i.e. 
0.5–1.5 ºС below the baseline) and early ice-on and a cool 
spring period (May temperature +º5+7 ºС, i.e. 1.5–3.5 ºС 
below the baseline) with late ice-off. An inverse correlation 

was found between the duration of hypoxia in winter 
and the air temperature in November of the previous 
year and May of the current year, with the determination 
coefficients R2 = 0.39 (Fig. 3b) and R2 = 0.41 (Fig. 3c). The 
series of observations at the autonomous station is too 
short (15 years) to identify a statistically significant trend 
in the duration of bottom hypoxia. However, judging by 
the revealed correlations, the ongoing regional warming 
(increase in air temperature in the summer months) will 
negatively affect the oxygen conditions in the lake in 
summer. At the same time, an increase in air temperature 
in autumn and spring will result in a later ice-on and an 
earlier ice-melt, so the period of bottom-layer hypoxia in 
winter will be reduced.
	 The spring overturn occurs at low water temperatures 
(4-10°C). The oxygen saturation of the water mass is fairly 
uniform – 89% on average. By the time the summer 
stratification is established, the lake has a good supply of 
oxygen. The oxygen content in the surface layers of water 
in summer does not exceed 90–95%, which indicates a 
low activity of phytoplanktic photosynthesis. The oxygen 
content in the bottom layer of the lake’s deep-water parts 
does not exceed 10–20%, and the concentration of carbon 
dioxide increases to 4.9–5.3 mg/L versus 2.2–2.8 mg/L 
in the surface layer. The water pH values decrease from 
6.94–7.01 in the surface layers to 6.69–6.89 in the bottom 
layers of water. The oxygen conditions around trout cages 
(the southern part of the lake) at the beginning of the 
summer of 2022 were the following: the oxygen content 
was 8.8 mg/L (84% saturation) in the surface layer and 
5.4 mg/L (48% saturation) in the bottom layer. During the 
autumn overturn, the deep water layers are involved in the 

Table 4. Average content of OM proxies in the water of Lake Vendyurskoe in 1971–1992 (I) and 2021–2023 (II)

Period Season Layer Color, mg Pt-Co/L CODMn,  mgО/L CODCr, mgО/L BOD5, mgО2/L CODMn/CODCr, %

I

Winter
surface 46 8.0 18.2 1.2 44

near-bottom 51 7.8 17.0 1.3 46

Spring
surface 50 8.4 17.7 1.5 47

near-bottom 51 7.8 17.1 1.2 46

Summer
surface 33 7.4 16.9 1.2 44

near-bottom 34 6.7 16.6 1.1 40

Autumn
surface 28 6.6 15.6 1.3 42

near-bottom 27 6.8 15.8 1.3 43

II

Winter
surface 35 6.8 16.8 0.8 39

near-bottom 46 8.0 18.4 0.6 43

Spring
surface 49 8.1 21.6 1.1 37

near-bottom 50 7.5 20.5 0.8 36

Summer
surface 27 8.0 24.8 1.5 37

near-bottom 39 6.9 20.9 1.2 33

Autumn
surface 30 8.2 22.1 1.6 37

near-bottom 31 6.9 19.0 1.4 36
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convection, and the entire water column is enriched with 
oxygen. Its average concentration in the lake is 10.5 mg/L.
	 The content of carbon dioxide in the surface and 
bottom layers of water in Lake Vendyurskoe varied in 2021–
2023 from 2.1 to 2.9 and from 1.8 to 6.9 mg/L, respectively. 
The highest concentrations of CO2 were noted in winter 
and the lowest – in spring and autumn. No statistically 
significant difference in the content of CO2 in the two 
study periods (1971–1992 and 2021–2023) was detected 
(paired t-test; p > 0.001 (0.7603)). The mean CO2 value in 
the past was 4.27, while at present it is 4.06 mg/L. Thus, the 
carbon dioxide content in the lake water has not changed 
significantly over the 50-year period.
	 Nutrients. To assess the current trophic status of the lake 
and to identify long-term trends, it is important to have 
information about the content and patterns of nutrients, first 
of all phosphorus. In Lake Vendyurskoe, measurements of 
inorganic (Pmin) and total phosphorus (Ptot) began in 1971. The 
Pmin concentration in 1971–1991 and 2001 varied from 3 to 
8 μg/L, with an annual average of 3 μg/L. Season-wise, their 
concentrations were the highest in winter. In summer, the 
concentration of Pmin did not exceed 3 μg/L, with the highest 
concentrations in October and November – 5–8 μg/L. The 
Ptot content varied within 13–25 μg/L (18 μg/L on average). 
The seasonal variation of Ptot concentrations was similar to 
that of Pmin (Freindling and Kharkevich 1982; Sabylina and 
Basov 2003). The influx of inorganic and total phosphorus 
into Lake Vendyurskoe from the catchment area exhibited 
a minor change over the study period. At the same time, 
the direct input increased due to trout farming.
	 The wintertime concentration of Pmin in the near-
bottom water layers averaged 7–8 μg/L in the earlier years, 
while in 2021-2023 it increased to 11 μg/L in the central, 
deep-water part of the lake and to 17 μg/L near the trout 
cages (Tables 5, 6).
	 At the current stage, vertical differentiation of Pmin has 
become clearly expressed in the deep-water area (st. 4–9) 
during the summer stratification. The difference between 
its concentration in the surface and near-bottom layers 
of water is up to 9 μg/L. In summer, the consumption of 
Pmin by phytoplankton in the surface layers leads to below-
detection levels throughout the lake.
	 The concentration of phosphates during the summer 
stratification averages 8 μg/L in the hypolimnion of the deep-

water region of the lake (at 5 and 10 m depths) and near trout 
cages (5 m). This is due to the fact that the environmental 
conditions (pH, Eh) now forming in the hypolimnion induce 
a mobilization of P-PO4 from bottom sediments into the 
water. Let us consider this process through the case study 
of a station located in the pelagic area of the lake and near 
the trout farm (Table 7). The water in the lake is enriched 
with humic substances (water color 40–56 mg Pt-Co/L, 
CODMn – 7–8 mgO/L) and total iron (summer concentration 
0.34–0.45 mg/L), and is very soft (average water hardness is 
0.41 mg-mol/L). Due to this, P-PO4 is mobilized from bottom 
sediments into the water. Sorption of P-PO4 on humates 
occurs by their binding with iron. Oxygen depletion in 
the bottom layers of water (to 48–52%) triggers reduction 
processes (Table 7). The concentration of ammonium ions in 
the near-bottom layers is 2 times higher than in the surface 
layers. Ammonification processes prevail at the bottom. 
Ammonium concentration rises to 49–114 μg/L. As Fe3+ is 
reduced to Fe2+, the sorbed P-PO4 is released into the water. 
The concentration of phosphates in the bottom layers 
increases to 9–36 μg/L. The content of ferrous iron increases 
by 1.5 times. The processes of phosphorus mobilization 
under reducing conditions in oxygen-depleted near-bottom 
water have been described for a number of lakes (Nürnberg 
et al. 2013; Joung et al. 2017).
	 Thus, during the summer stratification, phosphorus 
in the deep-water area of the lake and near the trout 
cages is mobilized from sediments, creating additional 
(endogenous) phosphorus load. This could stimulate further 
growth of phytoplankton in the lake, regardless of the 
amount of phosphorus coming from the catchment area, 
and contribute to the transition of the lake to a mesotrophic 
state. In autumn, due to active mixing and a decrease 
in phosphate consumption by algae, the phosphate 
concentration is equalized across the water area and depth 
(see Tables 5, 6). In 2021–2023, Ptot concentration in the lake 
varied from 11 to 68 μg/L. Its average annual concentration 
was 23 μg/L. Average annual Pmin was 16% of the total, and 
its share in winter was 50–90%. 
	 Total phosphorus content showed an upward trend 
over the 50-year period in both the surface (p = 2.665 e–4, 
R = 0.65) and near-bottom (p = 1.367e–5, R = 0.73) layers 
(Spearman test; p << 0.05; number of samples (n) = 28). The 
increase in Pmin content in the near-bottom layer has been 

Fig. 3. Duration of hypoxia in Lake Vendyurskoe in 2007–2023 in summer (a) and winter (b, c) depending on the average 
air temperature in the summer months (a), in November of the previous year (b), and in May of the current year (c)
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Table 5. Average content of nutrients in the water of Lake Vendyurskoe (excluding the station near the trout farm) in 
2021–2023

Table 6. Nutrients around trout cages (St. 17) in Lake Vendyurskoe in 2021–2023

Season Layer
N, mg/L P, μg/L

Fetot, mg/L Si, mg/L
NH4

+ NO3
– Norg TN Pmin Ptot

Winter
surface 0.05 0.05 0.28 0.38 5 13 0.18 0.8

near-bottom 0.05 0.11 0.23 0.39 11 16 0.37 1.5

Spring
surface 0.06 0.04 0.22 0.32 3 19 0.42 1.6

near-bottom 0.10 0.04 0.27 0.41 4 19 0.47 1.6

Summer
surface 0.06 <0.01 0.51 0.58 1 28 0.34 1.8

near-bottom 0.10 <0.01 0.46 0.57 4 30 0.49 1.9

Autumn
surface 0.06 <0.01 0.32 0.39 4 25 0.25 0.1

near-bottom 0.06 <0.01 0.26 0.32 4 26 0.30 0.1

Season Layer
N, mg/L P, μg/L

Fetot, mg/L Si, mg/L
NH4

+ NO3
– Norg TN Pmin Ptot

Winter
surface 0.04 0.06 0.28 0.38 7 17 0.18 0.8

near-bottom 0.02 0.10 0.30 0.42 17 28 0.35 1.3

Spring
surface 0.11 0.03 0.27 0.41 4 22 0.42 1.6

near-bottom 0.09 0.04 0.27 0.39 3 24 0.43 1.6

Summer
surface 0.09 <0.01 0.35 0.44 1 25 0.34 1.8

near-bottom 0.03 <0.01 0.36 0.39 8 47 0.52 1.7

Autumn
surface 0.07 <0.01 0.37 0.44 31 0.24 0.1

near-bottom 0.09 0.01 0.28 0.37 4 27 0.26 0.1

Table 7. The content of some components of the chemical composition of water in Lake Vendyurskoe at the early summer 
(June 22, 2022)

Station Depth, m pH Eh, mV (O2,mg/l)/(% ) Pmin, μg/L NH4–N, μg/L
Fe, mg/L

Fe2+ Fe3+

St. 4-9
0.5 7.01 220 8.9/88 1 54 0.028 0.35

11.0 6.45 215 5.6/52 9 61 0.034 0.55

St. 17
0.5 7.10 235 8.8/84 2 49 0.032 0.34

8.0 6.42 225 5.4/48 36 114 0.048 0.71
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minor (p < 0.05, R = 0.327), and no statistically significant 
difference was found in the surface layer over a long-term 
period.
	 The second component affecting primary productivity 
is nitrogen. Nitrate nitrogen enters the lake with river 
runoff, atmospheric precipitation, and as a result of 
bacterial transformation of nitrogen compounds during 
the destruction and mineralization of autochthonous and 
allochthonous OM.
	 The concentration of NO3–N in 1971–1992 and 2001 
varied from < 0.01 to 0.17 mg/L, with an average annual 
value of 0.10 mg/L. Maximum concentrations of 0.05–0.17 
mg/L were observed in winter, when nitrification processes 
prevail, and minimum – in the spring-summer period of 
phytoplankton development: < 0.01–0.09 mg/L in spring 
(0.05 mg/L on average) and < 0.01–0.05 mg/L in summer 
(0.02 mg/L on average).
	 The concentration of NO3–N in 2021–2023 varied from 
< 0.01 to 0.19 mg/L. Its assimilation by phytoplankton now 
increased in the summer-autumn period, while previously 
it tended to rise in the spring-summer period. In winter, 
the NO3–N concentration reached its highest values of 
the year – up to 0.19 mg/L, with an average of 0.11 mg/L, 
because during this time of the year, nitrification processes 
prevail throughout the water column. The exception is 
the bottom layers of water near trout cages, where in the 
winter of 2021 low concentrations of nitrates (0.02 mg/L), 
elevated concentrations of nitrites (< 0.01 mg/L), hypoxia 
(40%) and an increase in phosphate concentrations to 17 
μg/L were observed.
	 In spring, nitrate ions begin to be actively assimilated 
by growing phytoplankton, and their concentration 
decreases to the lake’s average value of 0.04 mg/L.
	 During the summer stratification, the NO3–N content 
decreased to < 0.01. NH4–N was constantly present in the 
water at 0.06–0.10 mg/L (see Tables 5, 6). This means that 
where the oxygen saturation in the water column is 90–
102%, a decrease in NO3–N concentration to zero does not 
indicate its total disappearance, but only a lag in the rate of 
nitrification from the rate of its assimilation by plankton.
	 Surveys in the relatively warm autumn of 2021 also 
recorded an absence of NO3–N in the lake water, with the 
exception of the area around trout cages (see Tables 5, 6). 
The concentration of NH4–N in the lake in 1971–1992 and 
2001 varied from 0.01 to 0.13 mg/L (0.05 mg/L on average). 
	 In winter, ammonium ions did not accumulate in the 
lake because of active ammonium nitrogen oxidation 
by nitrifying bacteria taking place in parallel with the 
ammonification process. The environmental conditions 
(O2 content 9–11 mg/L, pH ≈ 7) promoted the oxidation of 
ammonium ions to nitrites. During the growing season, the 
level of ammonium ions in the lake was mainly controlled 
by the ratio of several processes: ammonification, 
assimilation, nitrification, and denitrification. In spring, the 
river and stream mouth areas and areas around trout cages 
were richer in NH4+ ions (up to 0.12 mg/L) than the central 
lake areas, where they were actively consumed by the 
growing spring phytoplankton.
	 During the summer, ammonification processes 
predominated in the lake. Ammonium nitrogen was 
formed as a result of the destruction and mineralization 
of autochthonous OM. Its maximum in summer was up to 
0.10 mg/L.
	 The distribution of ammonium ions by depth in 
summer and winter was uneven. Their maximum was 
found near the bottom in the deep-water parts of the 
lake, where hypoxia was detected, and their diffusion from 
bottom sediments was underway.

	 The predominant form of nitrogen in Lake Vendyurskoe 
throughout the year is organic nitrogen (see Table 5). Its 
concentration in water in 2021–2023 fluctuated within 
0.12–0.51 mg/L (0.29 mg/L on average). Organic nitrogen 
during the periods of spring and autumn overturn was 
67 and 80%, in the winter and summer – 65 and 87% of 
the total nitrogen. During the phytoplankton bloom, the 
surface layers of water got enriched with organic nitrogen 
(up to 0.5 mg/L). The average annual concentration of Norg 
in the lake water was 0.42 mg/L.
	 The features of the intra-annual circulation of 
nitrogen compounds (NH4

+ïNO2
–ïNO3

–ïNorg) in Lake 
Vendyurskoe are consistent with the patterns established 
for the water bodies of Northwest Russia. In particular, the 
reported turnover time for nitrogen compounds in the 
summer in lakes of Karelia is 1.8 days (Ryzhakov et al. 2010; 
Ryzhakov 2020).
	 Iron enters the lake with river runoff, mainly in the form 
of organo-mineral compounds, and with groundwater 
discharge. In 1971–1992 and 2001, the average 
concentration of total iron in water was 0.15–0.17 mg/L, 
rising to 0.36–0.38 mg/L during freshets. In the recent study 
period, total iron content in the lake water varied from 
0.11–0.45 mg/L (0.34 mg/L on average). A slight increase 
in the concentration of iron in the lake water may be due 
to the different methods of Fe (III) analysis as well as to an 
increase in the nutrient load on the lake.
	 The main source of dissolved silicon for the lake is river 
runoff. The content of dissolved silicon in the lake water 
in 1971–1992 and 2001 ranged from 1.5 to 2.3 mg/L (an 
average of 2.0 mg/L) (Kharkevich and Kryukova 1981; 
Ryzhakov et al. 2010). In 2021–2023, the concentration 
of dissolved silicon varied within 0.1–1.9 mg/L, with its 
highest level found in the mouth of the Rindozerka River. 
Its average annual content in 2021–2023 was 1.2 mg/L, 
and the autumn average was 0.1 mg/L, which is 10 times 
lower than in the past. Field and experimental studies have 
demonstrated that silicon consumption by algae depends 
on the supply of phosphorus compounds in the water body 
(Dillon and Rigler 1974; Raspletina and Susareva 2002). 
In autumn, when silicon in Lake Vendyurskoe is actively 
consumed by diatoms and removed from the cycle, the 
river runoff cannot replenish the reserves. The decrease 
in silicon concentration in the lake water over the 50-year 
period has been due not to a decrease in exogenous input, 
but to the intensification of biological processes in the lake. 
The trophic status of the lake based on the phytoplankton 
development criterion has changed from oligotrophic 
in 1973–1984 to mesotrophic in 2007–2020 (Sabylina 
and Basov 2003; Ilmast et al. 2008; Slastina et al. 2022). 
Consequently, the decrease in silicon content in the lake 
water can be considered as one of the consequences of 
eutrophication. 

CONCLUSIONS 

	 The ecosystem of Lake Vendyurskoe, formed as a 
result of the interaction of multiple natural processes 
in the aquatic environment and in the catchment area 
(forest drainage in 1971–1986), is currently impacted 
by trout farming and changes in the regional climate of 
Karelia. The lake water exhibits low mineralization (15.6 
mg/L on average). Noticeable changes over the 50-year 
period have occurred in the ionic composition of the 
water: in 2021–2023, the content of sulfate ions dropped 
by 4 times compared to 1971–1985, which may be due 
both to cessation of amelioration and a reduction in 
the concentration of sulfates in precipitation. Chloride 
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ions have decreased by half. An inverse correlation was 
revealed between the concentration of bicarbonates in 
the lake water in summer and the amount of atmospheric 
precipitation in the preceding winter-spring period. In 
the past 50 years, the amount of precipitation in southern 
Karelia has increased (by 65-80 mm from November of 
the previous year to July of the current year), creating 
the preconditions for a reduction in the concentration of 
bicarbonates in the lake water in the summer.
	 The lake water contains significant amounts of organic 
matter. The water color is 40 mg Pt-Co/L. The CODMn value 
is high (7.5 mgO/L on average).
	 The seasonal dynamics of nutrients in the lake have 
changed significantly, which is an indicator of an increased 
anthropogenic impact on the lake. A tendency towards an 
increase in the total phosphorus content in the lake’s water 
over the 50 years (both in the surface and bottom layers) 
was revealed. During the summer stratification in the deep-
water parts of the lake and near trout cages, inorganic 
phosphorus is mobilized from bottom sediments into 
the water under hypoxia conditions, and an endogenous 
phosphorus load builds up. This can stimulate an increase 
in biological productivity regardless of the amount of 
mineral phosphorus arriving from the catchment area.

	 The effect of air temperature on the duration of 
hypoxia at the bottom was revealed. The longest periods 
of hypoxia typically occurred in hot summer months (up 
to 30–46 days) and long winters (110–167 days) with 
early ice-on and late ice-off. The correlation between 
the duration of hypoxia in summer and air temperature 
in summer months suggests that the ongoing warming 
of the regional climate will deteriorate the oxygen 
conditions in the lake in summer. Longer hypoxia 
will be a factor for increased mobilization of mineral 
phosphorus and elevation of the phosphorus load. A 
rise in air temperature in autumn and spring, on the 
contrary, will help improve the oxygen conditions, as 
the period of hypoxia in winter will be reduced due to 
later ice-on and earlier ice-off. 
	 The observed climatic variability and constant 
exposure to anthropogenic impact may affect the 
quality of the lake water in the near future. Having 
identified changes in the water’s chemical composition, 
we managed to identify the zones of greatest risk in the 
lake (trout farm, deep-water areas). The findings can 
serve as reasoning for reducing trout farming volumes.
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