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ABSTRACT. The article analyzes the results of water temperature and dissolved oxygen content mea-
surements taken at a mooring in a small lake in southern Karelia from October 2022 to October 2024
and compares them with records from the previous 15-year period (2007-2022). The measurements
were carried out using RBR Ltd. temperature and dissolved oxygen sensors at 14 depths with 1 min res-
olution over an annual cycle. The study aims to identify changes in the thermal, oxygen, and the mixing
regimes of a small lake in southern Karelia under regional climatic variability. The fall and winter sea-
sons of 2022/23 and 2023/24 were characterized by contrasting weather conditions — the former was
warmer than the baseline and the latter was colder and snowier (precipitation in some months exceeded
the baseline by 2-3 times). The open water period of 2024 was noticeably warmer than the baseline,
and the precipitation amounts in individual months were 2-4 times lower than the baseline. During
both cold seasons, anoxic conditions in the bottom layers of the lake lasted for about four months (from
mid-January until ice breakup in early May), and during the open water periods of 2023 and 2024 their
duration was about three weeks and 1.5 months, respectively. Stratification (the period with a more
than 1 °C temperature difference in the water column) in 2024 lasted 119 days, which is 20-60 days
more than in previous years of measurements. Due to the calm and warm weather in the summer and
early fall, the lake mixing regime in 2024 was dimictic, while in previous years the polymictic regime
prevailed (excluding 2022). The biological summer (the period with water temperature above 10 °C)
lasted more than 140 days in 2023 and 2024. Based on the 2008-2024 data, we determined the relation-
ship between the duration of the biological summer and the mean monthly air temperatures in May and
September, with September temperatures making a greater contribution. The identified changes in the
thermal, oxygen and mixing regimes may have an adverse effect on the lake ecosystem, necessitating
continuing monitoring.
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1. Introduction 2021; Piccioni et al., 2021). In recent decades, global
. o . warming has caused a rise in summertime surface water

Climate variability causes changes in thermal, temperatures in temperate zone lakes relative to long-
oxygen, ice and lake; mixing r.egimes iI} many regions term averages (O’Reilly et al., 2015; Pilla et al., 2020;
of the world. Specifically, an increase in the tempera- Desgué-Itier et al., 2023). As a result, stratification of
ture of the surface layer of lakes, a reduction in the the water column in lakes increases (Piccioni et al.,
ice Pe}‘iod duration, and a deterioration in oxygen 2021; R4man Vinn4 et al., 2021; Woolway et al., 2021),
conditions have been established (North et al., 2014; affecting multiple aspects of aquatic ecosystem func-
Zhang et al., 2015; Magee and Wu, 2017; Woolway and tioning (North et al., 2014; Desgué-Itier et al., 2023). In

Merchant, 2019; Piccolroaz et al., 2020; Jane et al, particular, higher stability of the water column limits
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the vertical transport of substances through the water
column and contributes to the deterioration of oxygen
conditions (Robertson and Imberger, 1994; Gavrilenko
et al., 2018; Jane et al., 2021). Modeling results demon-
strate that the observed changes may gain pace in the
next several decades (Kirillin, 2010; Shatwell et al.,
2019). Changes in the duration of the annual thermal
cycle stages and ice phenology can lead to a shift in the
seasonal peaks of phyto- and zooplankton development
and in fish spawning periods; deteriorating oxygen con-
ditions may cause fish kills; water temperature rise can
provoke mass algal blooms. All these changes pose a
threat to aquatic ecosystems. Understanding how habi-
tat conditions in lakes are changing due to climate vari-
ability is necessary for the conservation and wise use of
water resources.

The Republic of Karelia is one of the most lake-
rich regions of Russia (more than 60 000 lakes), so
the protection and sustainable management of water
resources is of high relevance. A manifestation of the
regional climate change in southern Karelia is a con-
sistent air temperature rise in all months of the year.
According to the Petrozavodsk weather station, the
average rate of air temperature increase in the period
1950-2020 was 0.04-0.05 °C/year in December-
March and May, 0.03 °C/year in July, September and
November, 0.02 °C/year in April and August, 0.01 °C/
year in June and October (Palshin et al., 2022). The pre-
cipitation regime is also changing: annual precipitation
in the period 1991-2017 increased by 12-60 mm versus
the baseline of 1961-1990, with an increase occurring
in the warm as well as the cold seasons (Filatov et al.,
2019). Thus, we are facing a significant risk of alter-
ations in ice phenology and the thermal, oxygen and
mixing regimes of lakes under regional climate change.

Human activities, along with climate change,
have a significant negative impact on lake ecosystems.
Mining, manufacturing, agriculture, tourism — all these
economic activities in the catchment and water areas
of Karelian lakes affect the sensitive aquatic ecosystems
of northern lakes.

Cage farming of rainbow trout Parasalmo mykiss
is among the economic activities that cause the great-
est harm to lake ecosystems. This type of aquaculture
has been actively developing in recent years in Karelia,
which has become Russia’s leader in the production
of this valuable fish (Sterligova and Ilmast, 2023).
Nutrients, feed residues, fish metabolic waste prod-
ucts are discharged into the water (Michailenko and
Sterligova, 2021; Galakhina and Zobkov, 2022), affect-
ing water quality, increasing the frequency of algal
blooms, elevating water turbidity, augmenting sus-
pended organic matter content, reducing oxygen con-
tent, and altering the trophic status of the lake ecosys-
tems (Kuchko and Savosin, 2020; Savosin et al., 2023;
Sterligova et al., 2023; Tekanova et al., 2024). To con-
trol these risks, monitoring observations need to be set
up in lakes where trout farms are located.

Lake Vendyurskoe is a small lake in southern
Karelia used for aquaculture. A trout farm has oper-
ated there since 2011. This small lake of glacial ori-
gin is typical for Karelia (Terzhevik et al., 2010). It is
one of the best-studied small lakes in Karelia. In 1994-
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2006, annual integrated hydrophysical studies were
conducted there, including deployment of moorings
and seasonal spatial measurements of water tempera-
ture, currents, solar radiation fluxes, and dissolved
oxygen content, with the main focus on the ice-cov-
ered period (Petrov et al., 2006; Terzhevik et al., 2009;
2010; Leppéaranta et al., 2010). From July 2007 until
present, measurements have been carried out through
an annual cycle (Palshin et al., 2022; Smirnov et al.,
2024; Zdorovennova et al., 2024). The resultant long-
term dataset provides information on the features of
the ice, thermal, hydrodynamic, and oxygen regimes of
this lake. Based on water temperature measurements
in 2007-2020, an empirical model of the thermal struc-
ture for the ice-free period has been developed (Palshin
et al., 2022). In cool windy weather the lake is com-
pletely mixed several times during the ice-free period.
In hot weather conditions, however, stratification may
last more than three months, causing the lake to shift
to a dimictic regime (Efremova et al., 2015; Smirnov
et al., 2024). Changes have been identified in the ice
regime of the lake under regional climate warming —
a decrease in ice thickness and a change in its struc-
ture due to an increase in the proportion of white ice
(Zdorovennova et al., 2025). A deterioration of winter-
time oxygen conditions has occurred since the launch-
ing of the trout farm (Zdorovennova et al., 2024), but
no significant increase in the concentration of chloro-
phyll “a” in the lake was detected in the first 10 years
of the farm’s operation (Zdorovennov et al.,, 2021).
The identified changes in the ice, thermal and oxygen
regimes of Lake Vendyurskoe under regional climate
change and human impact raise the demand for moni-
toring measurements at this lake.

This paper analyzed how the water temperature
and dissolved oxygen content in Lake Vendyurskoe
have changed from October 2022 to October 2024
and draws comparisons with data from previous years
of measurements (2007-2022). The aim is to identify
changes in the thermal and oxygen regimes and the
mixing regime of a small lake in southern Karelia under
the ongoing change in the regional climate.

2. Materials and methods

Lake Vendyurskoe (62°10- 62°20" N, 33°10-
33°20’ E) is located in the catchment area of the Suna
River, which empties into Lake Onega. It is of glacial
origin and has the size, basin morphology and tro-
phic status quite typical for the territory of Karelia
(Terzhevik et al., 2010). The surface area of the lake
is 10.4 km?, the water volume is 0.06 km? (Lakes...,
2013). Maximum depth is 12.6 m, average depth is 5.3
m. The lake remains ice-covered from mid-November
or early December until late April or early May (ice
cover persists for 146-192 days depending on year)
(Zdorovennov et al., 2013; Zdorovennova et al., 2021).
During the ice-covered period and increased stratifica-
tion in the summer, anoxic conditions develop in the
bottom layers of the deep-water basin (Terzhevik et al.,
2009; Zdorovennova et al., 2016). Trout farm cages are
located near the southern shore of the lake and in a
separate bay (Fig. 1).
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Fig.1. Bathymetric map of Lake Vendyurskoe and the location of the measurement station (1) and trout cages (2). The num-
ber of cages in the water area and in the bay is shown schematically; in reality, there are 15-20 in the open lake and 10-15 in the
bay. In winter, the cages are moved from the open lake to the bay.

A thermistor chain equipped with temperature
and dissolved oxygen sensors RBR Ltd (temperature
accuracy 0.001 °C, oxygen range 0-150%, accuracy
1%) has been moored in the deepest central region of
the lake since July 2007 until now. The measurement
station depth is 11.3 m. The measurement resolution is
one minute; the vertical distance between the sensors is
0.25-2.0 m with a smaller distance in the bottom layer.
Measurements are carried out year-round. In the early
summer and fall, the chain is removed from the lake
to collect data, calibrate the sensors and replace the
batteries, then returned to its original location. In the
period from October 2013 to October 2014, measure-
ments were paused for technical reasons.

This paper analyzes the measurement data from
October 2022 to October 2024. During this period, tem-
perature sensors on the chain were located at depths
from 1.65 to 7.65 m with one meter spacing, then at
depths of 8.15, 9.15, 9.65, 10.35, 10.60, 10.90, and
11.20 m; oxygen sensors - at depths of 1.65, 3.65, 5.65,
7.65, 9.65, and 10.60 m. In June-October 2024, oxygen
sensors at depths of 5.65 and 9.65 m were removed
from the chain for technical reasons. Based on the data
from the chain, the dates of the beginning and duration
of stages in the annual thermal cycle, periods of strati-
fication and mixing, periods of oxygen deficiency, and
the duration of the biological summer (the period with
water temperatures above 10 °C) were determined.

The ice-on date and the bottom water tempera-
ture at the end of the winter season were considered
as the factors influencing the rate of dissolved oxygen
consumption in the lake during the winter. The oxy-
gen content in the water column was calculated for the
first C, and each subsequent C, day of the ice-covered
period. The C /C ratio was then calculated for each day
(Zdorovennova et al., 2016). The C/C, ratio declined
during the winter, reflecting the overall oxygen con-
sumption of the lake. The minimum value of this ratio
for the 2022/23 and 2023/24 winter seasons was ana-
lyzed together with the previously obtained estimates
based on 2008-2021 data (Zdorovennova et al., 2021).

Water column stability parameters (Schmidt sta-
bility, Lake number, Wedderburn number) were esti-
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mated using LakeAnalyzer 2.0 software (Read et al.,
2011). A comparative analysis was conducted with
data from previous years of measurements on the chain
(2007-2022) (Smirnov et al., 2024).

Information on the weather conditions in the
study area are provided by the Petrozavodsk weather
station (Reliable..., 2025). The weather conditions
during the measurement period were compared against
the baselines of 1961-1990 and 1991-2020.

3. Results
3.1. Specific weather conditions during
the measurement period

The weather conditions in the study area differed
significantly between the two consecutive years of mea-
surements. The fall-winter period of 2022/23 was sig-
nificantly warmer than the baseline, while in 2023/24
it was noticeably colder (Fig. 2, a). The beginning and
middle of the summer were colder than the baseline
in 2023, but noticeably warmer in 2024. The August
and September of both years were abnormally warm,
featuring 3.0-6.5 °C above the baseline.

The precipitation regime was characterized by
heterogeneity and significant deviations from the base-
line in all seasons of the two years (Fig. 2, b). The great-
est positive deviations were noted in July, October and
November 2023 and March-April 2024. Percentage-
wise, precipitation in some months exceeded the base-
line by 200-360%. A severe precipitation deficit was
observed in May and June of both years, as well as in
August and September 2024. The precipitation defi-
cit was the most pronounced in May and August 2024
(three and four times below the baseline, respectively).

In the fall-winter period of both years, the wind
impact was significantly higher (average daily wind
speed up to 5-8 m/s, gusts up to 17 m/s) than during
the open water period (average daily wind speed no
more than 3-5 m/s, gusts up to 12 m/s). The summer of
2024 saw a long period of low-wind weather, starting
from the second ten-day period of July to the beginning
of the third ten-day period of August: the average wind
speed in this period was 1.9 m/s.
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Fig.2. Average monthly air temperature (a) and precipitation (b) in 1961-1990 (1), 1991-2020 (2) and in the period from
October 2022 to October 2024 (3) according to data from the Petrozavodsk weather station.

3.2. Water temperature in the fall-winter
period

During the pre-ice period of 2022 and 2023, the
water column of the lake cooled down in a homother-
mal manner. The water temperature dropped to 4 °C on
November 3, 2022 and October 25, 2023, and further
cooling until freeze-up occurred in a completely mixed
state of the water column, which is an indicator of a
significant wind impact on the lake.

In the first winter, the lake froze up on November
24, 2022, at a water temperature of 0.22 °C in the upper
water layer and 0.79 °C in the bottom layer (0.37 °C
water-column average), breakup occurred on May 3,
2023, and the duration of the ice-covered period was
160 days (Fig. 3, a). In the second winter, ice formed on
November 17, 2023, at a water temperature of 0.38 °C
in the upper layer and 0.65 °C in the bottom layer (0.56
°C water-column average). The breakup date was May
8, 2024, after 174 days under ice (Fig. 3, c).
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Fig.3. Water temperature, °C (a, ¢) and dissolved oxygen concentration, mg/!1 (b, d) in the central deep-water part of Lake

Vendyurskoe from October 2022 to October 2023 (a, b) and from October 2023 to October 2024 (c, d). Vertical white stripes on
the graphs indicate a pause in measurements. Horizontal blue stripes indicate the ice-covered period.
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After ice had formed, the water temperature
in the bottom layer increased due to heat exchange
between the water mass and sediments, and reached
5.1 °C by the end of the first winter and 5.3 °C by the
end of the second one. The radiative under-ice heating
of water and convection started on March 24, 2023 and
April 8, 2024. One of the presumed reasons for the later
onset of convection in the spring 2024 was the weather
conditions of the 2023/24 winter season, which
induced the formation of a thick layer of white (snowy)
ice on lakes of southern Karelia. In the winter 2024,
with the total ice thickness on Lake Vendyurskoe being
55 cm, the thickness of black ice was only 20 cm (36%),
and the layers of white ice and wet snow between the
ice layers were 35 cm thick (64%) (Zdorovennova et
al., 2025). In 2023, the total ice thickness was slightly
larger (59 cm) and the white ice thickness was slightly
smaller (33 cm or 55% of the total ice thickness), and
there was no snow. White ice and snow effectively
attenuate solar radiation (Petrov et al.,, 2005). The
large thickness of white ice with layers of snow in 2024
hindered the penetration of solar radiation under the
ice and delayed the onset of the convection period.

Convective mixing continued in both years until
ice breakup, reaching to a depth of 8-9 m. The tempera-
ture of the convective layer reached 3.70 °C by the end
of the ice-covered period in 2023 and 3.95 °C in 2024.
The mixing of the lake water column after ice breakup
was completed within a few hours, and the temperature
dropped throughout the water column to 2.8 °C in 2023
and to 3.3 °C in 2024.

3.3. Dissolved oxygen in the fall-winter
period

In the pre-freeze period in both years, the water
column of the lake was well saturated with oxygen (11-
12 mg/1) (Fig. 3, b, d). The decrease in the oxygen con-
centration upon freeze-up occurred the most rapidly in
the bottom water layer. By the beginning of the second
ten-day period of January in both years, the oxygen
content dropped to 2 mg/1 (saturation less than 20%)
in the meter-thick bottom layer. In the first winter, the
anoxic zone at the bottom reached a thickness of 1.5
m by the beginning of April, and in the second win-
ter — already by mid-February. Since spring convection
did not reach the bottom in either the first or the sec-
ond winter, the bottom anoxic zone persisted until the
end of the ice-covered period, i.e., for more than 3.5
months in both years. By the end of ice-covered period,
the oxygen content at a depth of 5-6 m fell to 6-7 mg/I
in the first winter and to 5-6 mg/1 in the second. In the
upper layer of the lake, the oxygen content decreased
slightly during both winters, with occasional fluctua-
tions within 10-12 mg/l. During the spring under-ice
convection period, the oxygen content in the convec-
tive layer declined as the underlying oxygen-depleted
water layers were involved in mixing. After the ice
breakup in both years, the lake’s water column was
completely mixed, and the bottom water layers were
saturated with oxygen. The oxygen content in the first
days after the breakup was 10-11 mg/1 across the water
column in both years.

534

3.4. Water temperature during the open-
water period

2023. After the ice breakup on May 3, 2023, the
water column of the lake remained mixed until May 10,
i.e., for 7 days; during this time, the water temperature
increased to 4.5 °C (Fig. 3, a, Fig. 4, a). On May 10,
2023, there formed stratification (more than 1 °C tem-
perature difference across the water column), which
persisted, with fluctuating intensity, until the beginning
of July. The weather in June and July 2023 was cool
(air temperature 0.3-1.6 °C below the 1991-2020 base-
line) and windy (wind speed up to 5-7 m/s, gusts up to
14 m/s), causing a weakening of stratification. At the
end of June, the water temperature in the upper layer
of the lake reached 21.3 °C, after which it dropped to
17.9 °C over the course of a week. Complete mixing
of the water column occurred on July 6-7, with the
water temperature of the bottom layer rising abruptly
by more than 3 °C and reaching 17.1 °C. The weather
being cool and windy, the water column remained in a
weakly stratified or mixed state throughout July 2023,
with the temperature in the water column ranging from
15.6 to 19.3 °C. In August, stratification intensified, and
on August 14, the temperature in the upper water layer
reached its annual maximum of 21.5 °C. The fall cool-
ing stage began after August 17, when the heat content
of the water column rose to the annual maximum. The
temperature of the upper layer declined at an average
rate of 0.3 °C/day until August 29, when the water col-
umn became completely mixed. The annual maximum
bottom water temperature of 17.8 °C was reached on
September 5, 2023. Due to warm weather conditions
in the first half of September 2023, the water column
entered a state of weak stratification on September
1-5 and 8-15. Starting from mid-September, the water
column was cooling down in a completely mixed state
until ice formed. The rate of water temperature decline
in October was up to 0.4 °C/day. The duration of the
period with more than 1 °C temperature difference
across the water column was 94 days, and with more
than 2 °C difference — 71 days. The fall cooling period
(from August 17 until the water temperature fell below
4 °C on October 25) lasted 79 days. The biological sum-
mer in 2023 lasted from May 15 to October 8, i.e., 146
days.

2024. After the ice breakup on May 8, 2024, the
water column remained mixed for 8 days. Stratification
formed on May 16, fluctuating from stronger during
hot weather to weaker during the passage of cyclones,
and lasted until the end of the second ten-day period
of September (Fig. 3, c, Fig. 4, a). The duration of the
period with more than 1 °C temperature difference
across the water column in 2024 was 119 days, and
with more than 2 °C — 108 days. The temperature of
the upper water layer from late May to the end of the
second ten-day period of September exceeded 17-18 °C,
and the annual maximums of the upper layer tempera-
ture (24.7 °C) and the heat content of the water column
were attained on July 28. Within a week after that, the
water temperature in the upper layer dropped sharply
to 19.4 °C, with further decline to 18.3 °C by the end
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Fig.4. Water temperature (a) and dissolved oxygen concentration (b) in the upper (1, 3) and bottom (2, 4) layers of Lake

Vendyurskoe in 2023 (1, 2) and 2024 (3, 4).

of August. However, as the weather in September was
abnormally warm (exceeding the 1961-1990 baseline
by 6.5 °C), the decrease in the temperature of the upper
water layer slowed down, varying within the range of
17.3-19.2 °C until the end of the second ten-day period
of September. The temperature of the bottom water
layer in the deep-water region rose to 10 °C by the
end of May, to 12 °C by mid-July, and to 13 °C by late
August. At the end of August, the temperature of the
bottom water layer suddenly increased to 16-17 °C and
remained at this level until the end of the second ten-
day period of September, when the annual maximum of
18.1 °C was reached. Starting September 20, the water
column of the lake began to cool down rapidly in a
completely mixed state, and the average rate of water
temperature decline in the period up to October 17,
2024 (the last day of the analyzed period) was 0.36 °C/
day. The biological summer in 2024 lasted from May
19 to October 8, i.e., 142 days.

3.5. Dissolved oxygen during the open-
water period

In the first days after ice breakup, the oxygen
concentration increased gradually to reach a maximum
in mid-May in both years (11-12.5 mg/l in the upper
water layer) (Fig. 3, b, d, Fig. 4, b).

2023. In the spring of 2023, the oxygen con-
centration in the bottom layer declined starting from
May 10, going down to 5 mg/]1 by the end of June.
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However, after the water column mixing in early July,
the oxygen conditions in the lake improved, with only
short-term reductions in oxygen to 4-5 mg/1 in the bot-
tom layer observed on July 9-11, 19-21 and 27. The
increase in stratification throughout August 2023 trig-
gered a rapid decline in the oxygen concentration in
the bottom layer, so that by August 10 it dropped to 2
mg/l. The anoxic zone reached a thickness of 1.5 m by
August 20, 2023. After a complete mixing of the lake at
the end of August, the oxygen concentration in the bot-
tom layer rose sharply to 8 mg/1. As weak stratification
formed in September, oxygen content in the bottom
layer declined to 4-6 mg/l. During the fall cooling in
September and October 2023, the oxygen concentra-
tion increased gradually to 10 mg/1.

2024. During the open water period of 2024,
oxygen depletion in the bottom layer of the central
basin of the lake began in late May (Fig. 3, d, Fig. 4,
b). The thickness of the bottom anoxic zone with an
oxygen concentration of less than 2 mg/1 reached one
meter by mid-July, and 3 m by the beginning of August.
The bottom anoxic zone persisted for about 1.5 months
until destruction at the end of August (Fig. 3, d, 4, b).
In September, the oxygen content in the bottom layer
of the central basin was 4-6 mg/l, in October — 8-10
mg/l. In the upper layer, the oxygen content in mid-
May reached 12-12.5 mg/], presumably due to active
development of phytoplankton, in June-September it
varied within 7-10 mg/1, and in October it increased
to 11-12 mg/1.
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3.6. Lake water column stability
parameters in 2023 and 2024

The stability of the water column of Lake
Vendyurskoe during the open-water period differed
significantly between 2023 and 2024. In 2023, Schmidt
stability (St) was at a maximum of 40-70 J/m? in the
third ten-day period of June, and stayed within 35 J/
m? at the end of May, June and August (Fig. 5, a).The
decrease in St to near-zero values in the first ten days
of May, early June, July and starting from mid-Septem-
ber corresponds to periods of complete mixing of the
water column. This index was significantly higher in
2024 than in 2023, exceeding 40 J/m? from late May to
early August. St values of more than 60-100 J/m? corre-
sponded to periods of strong stratification in June and
the last third of July 2024. In August and September,
the St values for the two years were comparable.

The characteristic values of the lake number
(Ln) in 2023 varied within 2-4 with maxima of up to
6-10, while the values in 2024 reached 10-16 in late
July - early August (Fig. 5, b). The Wedderburn number
(W) in the period from June to the second ten days of
September reached 10-40 in both years, and exceeded
50-70 on some days in 2024 (Fig. 5, c).

4. Discussion
4.1. Ice phenology of Lake Vendyurskoe

The freeze-up and breakup dates, as well as the
duration of the ice-covered period on the small lake
Vendyurskoe in southern Karelia in the winter seasons

of 2022/23 and 2023/24 fell within the long-term
ranges observed in 1994-2021 (Fig. 6).

Despite the warming of the regional climate
(increase in the average annual air temperature in
1976-2023 by +0.56-0.61 °C/10 years, from November
to April by +0.7 °C/10 years, and from May to October
by +0.43 °C/10 years (Efremova et al., 2024; Smirnov
et al., 2024; Zdorovennova et al., 2025)), changes in ice
phenology on Lake Vendyurskoe over a 30-year period
have been statistically insignificant. This may be due to
the insufficiently long observation series for this lake,
since statistically significant changes in ice phenology
have been revealed for several different types of lakes in
Karelia, where measurements have been underway for
longer periods of time. In particular, it was shown that
in 1950-2021 in large lakes of Karelia Onega, Segozero,
Topozero, Vygozero, as well as in medium-sized lakes
Syamozero, Vodlozero, Vedlozero (area 60-320 km?)
and the small Rugozero and Tulmozero (smaller than
15 km?), the ice-on timing has been moving to later
dates by 1.3-4.1 days/10 years, and the ice breakup
timing to earlier dates by 1.1-2.0 days/10 years. As a
result, the duration of the ice-covered period on these
lakes is now 18-30 days shorter than the long-term
average (Efremova et al., 2024).

Previously, significant correlations between the
freeze-up and breakup dates on Lake Vendyurskoe and
the air temperature in October-November and April
were detected for the period 1994-2020 (Zdorovennova
et al., 2022). According to the Petrozavodsk weather
station records for the period from 1994 to 2024, the
April air temperature remained virtually unchanged
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19-Jul
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Fig.5. Schmidt stability St (a), lake number Ln (b),
(1) and 2024 (2).
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Fig.6. Dates of the beginning (1), end (2) and duration of the ice-covered period (3) at Lake Vendyurskoe in 1994-2024.

(growth rate of 0.03 °C/10 years), a slight increase was
observed for October (growth rate of 0.1 °C/10 years),
and a significant increase for November (growth rate
of 1 °C/10 years). If the existing trends in air tempera-
ture in October, November and April persist, one can
expect a reduction in the ice-cover duration on Lake
Vendyurskoe, mainly due to a later freeze-up.

4.2. Water column stratification and the
mixing regime

Stratification of the water column in Lake
Vendyurskoe usually forms in mid- to late May (Smirnov
et al., 2024). In summer, however, cyclones often pass
over the territory of Karelia (Nazarova, 2021), accom-
panied by increased wind speed and a 5-10 °C air
temperature reduction for several days. Such weather
conditions contribute to convective and wind mixing,
which can lead to weakening of stratification and com-
plete mixing of the water column (Mammarella et al.,
2018). According to measured data from 2008-2021,
the water mass of Lake Vendyurskoe was completely
mixed several times during the open-water phase, i.e.,
the lake mixing regime was polymictic (Gavrilenko et
al., 2018; Palshin et al., 2022). Even in the abnormally
warm weather conditions of July and August 2010
(Efremova et al., 2015; Smirnov et al., 2024) with air
temperatures exceeding the 1961-1990 baseline by 3-6
°C, the stratification formed in May was destroyed in
June because of a prolonged cold snap, i.e., the lake
mixing regime was not dimictic. In 2022, for the first
time during the period of observations at the mooring,
the mixing regime of Lake Vendyurskoe was charac-
terized by only two periods of complete mixing of the
water column - after ice melting in spring (from 10 to
26 May) and in the fall (from September 1 until ice-on),
i.e., the regime was dimictic (Smirnov et al., 2024).
Similarly to 2022, the lake mixing regime during
the open-water period of 2024 was also dimictic.
Stratification was formed on May 16 and was destroyed
only in the second ten-day period of September. The
reason for this was the fairly warm weather conditions
in all months from May to September (the average
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monthly air temperature in these months exceeded the
1961-1990 baseline by 0.9-6.5 °C) and a lower wind
impact. These factors supported the stability of the
water column of Lake Vendyurskoe and prevented its
complete mixing. It can be assumed that if the warm-
ing in southern Karelia continues, the mixing regime of
Lake Vendyurskoe will become increasingly dimictic,
which is consistent with the results of model calcula-
tions predicting such a change in the mixing regime
of lakes in the temperate zone under global warming
(Kirillin, 2010). Obviously, such a change in the mixing
regime will pose a threat to the lake ecosystem, primar-
ily due to a deterioration of oxygen conditions.

Owing to the warm and calm weather in the
open-water period of 2024, the water column of Lake
Vendyurskoe exhibited a stronger stability than in the
previous years (Fig. 7). The number of days with the
lake number Ln> 1, Wedderburn number W> 3 and
> 10, Schmidt stability St> 5-30 J/m? in 2024 was
greater than in the previous years and comparable
with the warmest summer seasons (2010, 2013, 2016,
and 2022). The period with the temperature gradient
in the water column > 1 ° C in Lake Vendyurskoe in
2024 lasted 119 days, from mid-May to late September,
which was much longer than in the previous years (63-
98 days) (Fig. 7, c). The period with a >2 °C tempera-
ture difference across the water column in 2024 lasted
108 days versus 38 to 96 days in the previous years.

Over 15 years of water temperature mea-
surements at a mooring in the central part of Lake
Vendyurskoe revealed no significant increase in the
duration of the biological summer (Fig. 7, c¢). During the
years of measurements, the biological summer lasted
from 119 to 146 days, meaning the range of its interan-
nual variability was almost a month. The earliest onset
date of this period was May 14, 2016 and the latest was
June 6, 2017. The earliest end date of the biological
summer was September 24, 2019 and the latest was
October 15, 2020. Analysis of the relationship between
the biological summer duration and air temperature in
May and September (determination coefficients of 0.34
and 0.52, respectively) showed a stronger correlation
with the September air temperature.
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4.3. Oxygen regime

Large-scale studies of temperate lakes have
revealed a deterioration in their oxygen regime over
the past 60 years in connection with an extension of
the summer stratification as a result of global warm-
ing (Jane et al., 2021; Jansen et al., 2024). The results
of model calculations confirm this finding: the oxygen
content in lakes is predicted to decline with a rise in
water temperature and an increase in the water column
stratification, which hinders the aeration of the bottom
layers (Golosov et al., 2012).

Long-term stratification in the summer of 2024
provoked an abnormally long period of hypoxia (oxy-
gen concentration less than 2 mg/1) in the bottom layer
of the central basin of Lake Vendyurskoe, which per-
sisted for almost 1.5 months, from July 14 to August
26. There were no such prolonged periods of oxygen
deficiency in summer in the previous years, with the
exception of 2010 and 2022; bottom hypoxia used to
last no more than 2-3 weeks (Efremova et al., 2015;
Zdorovennova et al., 2016). In 2010 and 2022, when
the weather was hot and windless, bottom hypoxia also
lasted from mid-July to late August (Efremova et al.,
2015).
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In the future, if regional warming continues at
the same rate, we can expect the oxygen conditions in
Lake Vendyurskoe to deteriorate with an increase in
the stratification period.

The oxygen regime of the lake during the ice-cov-
ered period in 2022/23 and 2023/24 was characterized
by a long — more than four months - existence of a bot-
tom anoxic zone in the central basin of the lake. Data
from 2007-2020 shows that the most unfavorable oxy-
gen conditions develop in Lake Vendyurskoe in winters
with early ice-on and high bottom water temperatures
at the end of the winter (Zdorovennova et al., 2021).
The C/C, values for the 2022/23 and 2023/24 win-
ter seasons were analyzed together with the 2007-2021
data (Fig. 8). The linear correlation of the minimum C/
C, values at the end of the winter with the ice onset date
(Fig. 8, a) and the maximum bottom water temperature
during the winter (Fig. 8, b) according to the 2007-
2024 data is characterized by fairly high values of the
determination coefficient (0.36 and 0.53, respectively).
If we assume that ice formation on Lake Vendyurskoe
will shift to later dates, then wintertime oxygen condi-
tions can be expected to improve.
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5. Conclusions

Analysis of the dataset from a measurement sta-
tion in the small Lake Vendyurskoe in southern Karelia
revealed the features of the temperature, oxygen, and
mixing regimes during the period from October 2022
to October 2024. The weather conditions of the study
period caused changes in both the duration of stratifi-
cation and hypoxia in the summer and in the lake mix-
ing regime in 2024.

During the ice-free period of 2024, as earlier in
2022, the mixing regime of Lake Vendyurskoe was of
the dimictic type (with two periods of complete mixing
of the water column after ice melting in the spring and
in the fall). In other years of measurements, the lake
mixing regime was polymictic (several episodes of mix-
ing during the ice-free period). If the current trends of
the regional climate change persist (growing tempera-
tures in the summer months), there is a risk that Lake
Vendyurskoe will remain stratified for longer periods
of time, and its mixing regime will become increasingly
dimictic. Combined with the trout farm impact, this
may severely affect the oxygen conditions in the future,
so it is necessary to continue monitoring measurements
of temperature and dissolved oxygen in this lake.

Oxygen depletion in the lake is greater in winters
with earlier ice-on and higher bottom water tempera-
tures. Given the dependence of ice-on dates on the lake
on the November air temperature, it can be assumed
that with continuing warming in the fall period, the
onset of the ice-covered period at Lake Vendyurskoe
will shift to later dates, and oxygen conditions in the
lake will improve in winter.
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OpuruHanbHan craTbf

LIMNOLOGY

TemnepaTtypa BOAbl U COAEpP)XaHUe

PacTBOPEHHOro KUCAOpPOoAA B ManoOM FRESEIWATER
o3epe Kapenun B ronooBoOM LHUKAE Ha BIOLOGY
doHe perHoHaAbHOW KAMMaTHYeCKOMH - —
H3MEeHYUBOCTH

3mopoBeHHoBa I'.0.*", 3mopoBeHHoB P.D.", HoBukosa }0.C.", bormanos C.P.",
[Manpmnu H.U.", Edpemosa T.B.", CmupHos C.H.

Hrcmumym 8o0HbLx npobstem Cegepa Kapestbckoeo HayuHozo yeHmpa Poccutickoti akademuu Hayk, np. A. Heackoeo, 50,
Ilempo3zasodck, 185030, Poccus

AHHOTAILIHUS. [IpoaHanu3upoBaHbl JaHHbIE U3MEpPeHU TeMIepaTypbl BOAbl U COJlepXKaHUs PacTBO-
PEHHOT0 KUCJI0pOoJa Ha aBTOHOMHOM CTaHLUM B MajioM o3epe [0xHON Kapesnuu B mepuoj c OKTAOps
2022 r. o okTAOps 2024 T. U NpOBEJIeHO CpaBHEHUE C AaHHBIMU MpenbiAyliero 15-jieTHero mepu-
oma (2007-2022). MamepeHus MPOBOAWINCH JAaTYUMKAMU TeMIIEpaTyphl M PaCTBOPEHHOI'0 KHCJIOpOJa
dupmer RBR Ltd. Ha 14 rirybuHax ¢ JUCKPETHOCTHIO B OOHY MUHYTY B TOOOBOM IuKJe. Llep nccieno-
BaHNA — BbIABJIEHNE U3MEHEeHUH B TepPMUYECKOM U KHCJIOPOAHOM peXnMax U pexrmMe IepeMelBaHuA
MaJioro o3z