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ABSTRACT. Climate change is transforming the winter regime of water bodies-reduced ice cover and
increased thaws and winter floods require a reassessment of the role of the under-ice period in phy-
toplankton life. Floodplain water bodies remain especially poorly studied, as their response to winter
phenological anomalies can be unpredictable. This study analyzes the seasonal dynamics of phytoplank-
ton in the small eutrophic oxbow Lake Lunskoye (Middle Volga basin) in years with different winter
phenology (2023 and 2025-2026). The lake experiences significant anthropogenic pressure and regular
outbreaks of cyanobacterial blooms. Winter is demonstrated to be an active period for phytoplankton
development. During the cold, snowy winter of 2023, an under-ice bloom (biomass up to 11.8 g/m?)
of the non-heterocyst cyanobacteria, Planktothrix agardhii (Gom.) Anagn. et Kom. (up to 86% of total
values) and Limnothrix redekei (Van Goor) Meffert (up to 55%), was recorded, remaining dominant
throughout the summer. These algal blooms occurred both in the under-ice water and within the ice
(especially in the crystalline part), exceeding the growth rates in the under-ice layer by up to twice.
During the abnormally warm “Atlantic” winter of 2025, mixotrophic cryptomonads (Cryptomonas spp.
and Komma caudata (Geitler) D.R.A. Hill) dominated, creating a winter flood biomass peak of up to
21 g/m?, comparable to summer data. In the winter of 2026, which was similar in phenology to 2023,
under-ice phytoplankton was diatom-dominated. Algal development was weak in the ice but more
active in the upper snow fraction, which periodically melted during thaws. A seasonal succession was
revealed in the ice structure: from a heterogeneous “predecessor” community to monodominance of
green algae in white ice, a cryptophyte complex in crystal ice, or complete dominance of diatoms.The
obtained results refute the simplified idea that any warming stimulates cyanobacteria and demonstrate
that the “atlantization” of winter can lead to the replacement of cyanobacteria by cryptophytes.
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1. Introduction

Climate fluctuations are among the most import-
ant factors driving changes in various ecosystems, as
well as in the structural organization of their inhab-
iting communities (Bogatov and Fedorovskiy, 2016;
Golubkov, 2021). Most climate models predict a sig-
nificant increase in temperature, especially in middle
and high latitudes. According to projections, by the

end of the 21 century, sea surface temperature may
rise by 1.1-6.4 °C, and that of large freshwater bod-
ies—by up to 10 °C (Thompson et al., 2005; Huertas et
al., 2011). These events will inevitably entail transfor-
mations in hydrological regimes, water mass stratifica-
tion, and biogeochemical cycles, ultimately leading to
shifts in food web structure and ecosystem productivity
(Salmaso and Cerasino, 2012).

*Corresponding author. E-mail address: vodeneeva@mail.ru (E.L. Vodeneeva)

Received: July 03, 2026;
Accepted after revised: August 24, 2026;
Available online: August 28, 2026

© Author(s) 2026. This work is distributed
under the Creative Commons Attribution- BY NG

NonCommercial 4.0 International License.


https://www.doi.org/10.31951/2658-3518-2026-A-4-632
mailto:vodeneeva@mail.ru

Vodeneeva E.L. et al. / Limnology and Freshwater Biology 2026 (4): 632-658

Algae: Problems of Taxonomy and Ecology,
Use in Monitoring and Biotechnology

Climate change often triggers the development
of anomalous weather events. Sharma et al., (2020)
indicated that lakes in Northern Europe show a trend
towards a shorter icecover period and later ice forma-
tion dates. The number of abnormally warm winters
is increasing, which is associated with the processes
of “Atlantification”-enhanced transport of moist
and warm air masses from the Atlantic (Salmaso and
Cerasino, 2012). Rising winter temperatures and abun-
dant rainfall are reflected in the winterspring dynamics
of surface runoff. Increased surface runoff leads to a
greater input of nutrients into water bodies and the risk
of their further eutrophication (Golubkov, 2021).

Phytoplankton, as a key component of aquatic
food webs and a contributor to about half of global pri-
mary production, can serve as an indicator and “har-
binger” of climate change (Huertas et al., 2011). The
study of phytoplankton’s ability to adapt to projected
warming has become a pressing issue. However, given
the polyphyletic complexity of the phytoplankton com-
munity, different responses and development scenarios
in reaction to climatic anomalies are expected.

Cyanobacterial blooms and earlier timing of their
peak development are among the most anticipated con-
sequences of rising temperatures and shortening ice-
cover periods in lakes (Snitko, 2006; Babanazarova et
al., 2011; Downing et al., 2001; Ho and Michalak, 2017,
Macdrio et al., 2017). The high ecological plasticity of
cyanobacteria, characterized by their morphological
features (such as gas vacuoles and mucous colony for-
mation), and physiological traits (including the use of a
broad light spectrum for photosynthesis, low suscepti-
bility to grazing pressure, toxin production, etc.) (Codd
et al., 2005; Carey et al., 2012) give these phototro-
phic prokaryotes a competitive advantage during warm
periods compared to other phytoplankton counterparts
(Lenard et al., 2019). In colder months in temperate
lakes, the role of cyanobacteria may decline, while
that of diatoms, dinoflagellates, and cryptomonads
increases (NOges et al., 2010). However, recent studies
convincingly demonstrate that this view is oversimpli-
fied. For instance, the review article “Blooms also like
it cold” (Reinl et al., 2023) summarizes data on more
than thirty cases of cyanobacterial blooms at water
temperatures below 15°C. The authors distinguish three
types of such blooms: those initiated and sustained in
cold water; metalimnetic blooms (brought to the sur-
face from deeper layers); and “relic” blooms-those
that started in warm weather and persisted into cold
conditions.

Recently, the role of the winter in shaping lake
phytoplankton communities for the entire subsequent
year has been widely discussed. Summer and winter
environmental conditions differ markedly, especially in
terms of temperature and light, and these differences
are partly reflected in algal parameters (Obertegger et
al., 2022). When comparing summer with the under-
ice period, total phytoplankton biomass and chloro-
phyll-a (chl-a) as a proxy for phytoplankton biomass
are typically lower in winter than in summer, although
exceptions exist (Dokulil, 2014; Hampton et al.,
2017). Furthermore, winter usually favors small algae
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(<100 pm?®) due to less mixing compared to summer
(Dokulil, 2014). However, a largescale analysis of data
from over 100 lakes revealed no common trends in phy-
toplankton community composition from summer to
winter, except for a tendency towards more cyanobac-
teria and fewer chlorophytes in summer than in winter
(Hampton et al., 2017). An analysis of winter climatic
fluctuations (Lenard et al., 2019) revealed that cold or
mild winters affect both abiotic and biotic parameters
of phytoplankton in the studied lakes during the grow-
ing season. Concentrations of dissolved and total nitro-
gen, chlorophyll-a concentration, total phytoplankton
biomass, and biomasses of cyanobacteria and crypto-
phytes were significantly higher in growing seasons fol-
lowing mild winters, whereas dissolved and total phos-
phorus concentrations, and phytoplankton diversity
could be significantly lower in those years. Longterm
observations in a shallow Austrian lake (Dokulil and
Herzig, 2009) indicated that mean winter phytoplank-
ton biomass increased by an order of magnitude over
recent decades, and community composition shifted
substantially towards Cyanobacteria. At the same time,
winter plankton development critically depends on the
duration of ice cover, which in turn is linked to climatic
signals (such as the North Atlantic Oscillation), and on
the biomass accumulated in the preceding autumn.
Thus, climate warming combined with frequent mild
winters may promote massive phytoplankton develop-
ment, which could indirectly affect the biodiversity of
algal communities in temperate lakes.

The formation of ice cover is one of the key fac-
tors regulating phytoplankton development in winter.
Light penetration, an essential factor for phototrophs,
can vary depending on ice quality and quantity, as
described in the lake ice continuum concept (Cavaliere
et al., 2021). Reinl et al. (2023) reported that increased
winter algal biomass was largely associated with either
milder winters, shorter icecover duration, or better light
conditions under transparent ice. On the other hand,
ice is a specific habitat for living organisms—almost
devoid of nutrients, with temperatures below zero and
limited mobility for organisms. The biota of freshwater
ice remains poorly studied. Freshwater ice exists for a
much shorter time than sea ice; it is a monolithic forma-
tion with a poorly developed channel system (Salonen
et al.,, 2009). Therefore, there are only algae frozen
into the ice (anabiocenosis), and they resume active
life only after ice melting (Afonina et al., 2017). The
composition of the phytoplankton from which the ice
was formed primarily determines the composition of
ice algae (Bazhenova and Korzhova, 2014). However,
not all species can withstand the stressful conditions of
prolonged ice residence, so the cryophyton may acquire
specific features (Slastina et al., 2011; Tashlykova,
2012; Bazhenova and Korzhova, 2014). In this regard,
during monitoring activities, alongside phytoplankton
studies, the ice community should also be investigated,
as the processes occurring there may be no less signifi-
cant for the lake’s functioning.

In recent years, the Middle Volga basin has been
characterized by high interannual variability of winter
conditions (Kitaev, 2014), so assessing the effect of win-
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ter type (with pronounced “atlantification” vs. classical
winter) on the seasonal development of phytoplankton
in lakes that experience regular cyanobacterial blooms
remains a highly relevant task. The aim of our study was
to evaluate the seasonal and interannual dynamics of
phytoplankton and ice algae in the floodplain eutrophic
Lake Lunskoe (an oxbow of the Volga River), situated
in an urbanized watershed, during years with differ-
ent winter types—one with pronounced “atlantification”
(anomalously warm with a winter flood in 2024-2025)
and one with a traditional winter regime (2022-2023
and 2025-2026). Understanding the revealed patterns
is necessary for forecasting the risks of water “blooms”,
water resource quality, and ecosystem sustainability
under conditions of climatic instability.

2. Materials and methods

The floodplain Lake Lunskoe is a cutoff mean-
der (oxbow) of the Volga River, situated within the
boundaries of the large metropolis of Nizhny Novgorod
(56°23°23.93”N, 43°47°56.60”E). According to its mor-
phometric characteristics, Lake Lunskoe belongs to the
category of small to very small water bodies. The lake
area is 0.37 km? length-1188 m; maximum width—
438 m; mean depth-2.8 m; and maximum depth-7.0 m.
Bottom sediments are sandysilty. Several streams flow
into the lake, and a channel enclosed in a steel pipe
exits from its eastern end (Startseva et al., 2026). The
lake water belongs to the bicarbonate class, CaNa+K
group of type I; it is oligoalkaline by pH, of predomi-
nantly moderate mineralization, and rich in nutrients
(Gelashvili et al., 2005). The physicochemical parame-
ters of water and the level of phytoplankton quantita-
tive development characterize the water body as highly
eutrophic (Startseva and Okhapkin, 2003; Startseva
et al., 2026). City residents actively use the lake for
recreational purposes. For many years, cyanobacte-
rial “blooms” have been recorded in the lake during
summer.

The studies were conducted in 2023 and 2025-
2026. Integrated phytoplankton samples were collected
from the pelagic part of the lake (stations 1-3) (Fig. 1)
using a 1L Ruttner bottle sampler. In 2023, sampling
was carried out once a month from June to September,
and once in March from underice water and from ice. In
2025-2026, regular monthly surveys were conducted
from January 2025 to March 2026. Ice core samples for
subsequent cryophyton analysis were taken with a ring
ice auger of 150 mm diameter. The ice cores were pre-
liminarily sawn into fractions—snow (white) and trans-
parent (crystal) ice. They were then thawed at room
temperature in tightly closed containers. The volume of
melted water was 0.5-0.8 L.

Algal material was preserved using a 40% iodine-
formalin fixative (plankton 0.5 L samples were fixed in
the field; ice samples—in the laboratory). Simultaneously
with sampling, temperature (T), electrical conductivity
(EC), pH, as well as ice and snow cover thickness, were
measured; during the icefree period, water transpar-
ency (by Secchi disk) was measured. Water samples for
hydrochemical analysis were also collected (except for
the period from June to September 2025).
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Phytoplankton samples were concentrated
by direct filtration through membrane filters of the
“Vladipor” brand with a pore diameter of 1.5-3.0 pum.
Microscopic examination of the samples was carried
out using MeijiTechno 4200L (Japan) and Olympus
(CX31) light microscopes. The following biotic parame-
ters were analyzed: number of species per sample, total
abundance (N, million cells/L) and biomass (B, g/
m?), contribution of the main algal taxa to abundance
(N, %) and biomass (B, %), and the composition of
dominant species. A detailed description of the sample
preparation procedure for microscopy and counting of
algal abundance and biomass is given in our previous
works (Vodeneeva et al., 2020; Okhapkin et al., 2022;
Sharagina et al., 2024), and the most comprehensive list
of identification guides used for species determination
is provided in Vodeneeva and Kulizin (2019). Taxon
names are given in accordance with current nomen-
clatural changes presented on the AlgaeBase website
(Guiry and Guiry, 2026). Phytoplankton species with a
biomass =10% of the total were considered dominant.

In the laboratory, a hydrochemical analysis of
the water was conducted. The following parameters
were determined: total (TP), mineral (TIP), and organic
(TOP) phosphorus; concentrations of nitrites (NO,),
nitrates (NO,), silicon (Si), and major ions (bicarbon-
ates (HCO,"), sulfates (SO,*), calcium (Ca**), magne-
sium (Mg?*)); as well as hardness, turbidity, and color
indices. A detailed description of the procedure for
determining the hydrochemical parameters has been
provided previously (Vodeneeva et al., 2024). The East
Atlantic (EA) oscillation index was used as a character-
istic of weather. EA index data for the study period were
obtained from the website http://seakc.meteoinfo.ru.

To assess the relationships, Spearman’s rank
correlation coefficient (p) was used because of the
abnormal distribution of the data (normality was
tested using the Shapiro-Wilk test). Correlations with
p<0.05 were considered statistically significant. To
assess interannual differences in phytoplankton bio-
mass, the non-parametric Kruskal-Wallis test was used.
Calculations and graphing were performed using Excel
and Python.

Scale 1:3500
(1cm-35m)

Fig.1. Schematic map of Lake Lunskoe showing phyto-
plankton sampling stations.
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3. Results and discussion
3.1. Climatic and abiotic conditions during
the study period

The studies were conducted during years that
differed in winter phenology. The main climatic param-
eters of the winter period in the years of the study are
presented in Table 1.

The winter of 2022-2023 was characterized by
moderately cold temperatures (February average of
-6.4°C against the norm of -8.0°C; deviation +1.6°C),
but abundant precipitation (December-148% of nor-
mal; March-155% of normal), which led to the forma-
tion of a thick snow cover (30 cm) at the end of winter
and thick ice (70 cm). The EA atmospheric circulation
index showed sharp fluctuations: from strongly neg-
ative values in December (-0.99) to positive ones in
February (1.02), which is typical for unstable circula-
tion with intrusions of Arctic air.

In contrast, the winter of 2024-2025 was char-
acterized by milder conditions: ice thickness was
half as much (in March 2025-31-40 cm vs. 70 c¢m in
2023), and snow cover was thin (10 cm). The EA index
remained consistently positive throughout the season
(0.29-0.77), which is characteristic of the “Atlantic”
type of winters with an influx of warm and moist air,
frequent thaws, and rain (Salmaso and Cerasino, 2012;
Golubkov, 2021). In the European part of Russia, the
winter of 2025 was marked by weather anomalies such
as high temperatures, rainfall, and early ice melt (ice
breakup in river ecosystems began in late January, and
on lakes—in midMarch).

The winter of 2025-2026 can be described as
the most severe: the average February temperature
(-10.1°C) was 2.1°C below normal, while January and
February were characterized by extreme precipitation
(251% and 229% of normal, respectively). Ice thickness
reached 33-54 cm, with the proportion of crystal ice
being minimal (6-17 cm), indicating a significant snow
cover that formed a considerable white ice fraction (up
to 30 cm) (Table 1). The EA index fluctuated from pos-
itive values in December (0.65) to nearzero values in
February (0.12), reflecting a less pronounced Atlantic
influence. The main changes in the hydrochemical and

hydrophysical parameters of Lake Lunskoe water are
presented in Table 2.

According to the results of hydrochemical anal-
ysis, the ionic composition of the lake waters showed
relative constancy both spatially (throughout the entire
water area) and interannually, including data from
earlier studies (Startseva, 2002). Following the classi-
fication of natural waters by O.A. Alekin (1946), the
lake belongs predominantly to the class of bicarbon-
ate waters of the calcium group, type III. However, in
autumn, a shift towards type II may occur, mainly due
to an increase in sulphate concentrations. Moreover,
in January 2026, an increase in Mg* ions (by a fac-
tor of 1.5-3 compared to December 2025 values) and
their predominance in the ionic composition of the lake
water were recorded, without a significant change in
total water hardness.

Lake Lunskoe was characterized by weakly
expressed summer thermal stratification. Its waters
warmed uniformly throughout the entire icefree period.
During the icecover period, the highest temperatures
were recorded in the bottom layers (2-4°C), while
the underice layer was 0-1°C. No oxygen limitation
was observed in the lake; oxygen saturation normally
exceeded 100%, which was recorded both in the sur-
face and bottom layers.

The water color of Lake Lunskoe varied within
the range of 3-55°Pt-Co, and for most of the year the
value did not exceed 15-20° Pt-Co, which allows the
water body to be characterized, on the whole, as oli-
gohumic (Kitaev, 1984). More intense water coloration
was observed in certain months: for example, the max-
imum color was recorded in January 2025 (52-55°
Pt-Co), while in July and September it reached 30-35°
Pt-Co.

Total phosphorus concentration in Lake Lunskoe
did not exceed 70-80 pg/L. During the growing sea-
son, phosphorus predominated in organic form (65-
90%) due to active consumption of mineral compounds
and the dieoff of aquatic organisms. Towards winter,
the proportion of mineral phosphorus increased: in
December, it accounted for ~60%, and in February
2026, it reached 90% (Fig. 2).

Table 1. Main climatic parameters of winter during the study period (I-III, XII-months)

2024-2025 winter 2025-2026 winter

Atmospheric Circulation Index EA**

(December/January/February) 1.02 (ID)

Parameters 2022-2023 winter
Temperature, °C -29.8 (I) / +10.2 (II)
min/max
Temperature deviation from normal -0.5 (1) / +3.0 (IID)
min/max
Precipitation 87 (XII)
max, mm
% of the precipitation norm 155 (II1)
(maximum excess)
Ice thickness*, cm (white/crystal) 20 /50
Snow thickness*, cm 30

-0.99 (XI1) / -0.54 (1) /

-16.5 (1) / +17.0 (IIT) -25.4 (ID) / +16.5 (I11)

-2.2 (I / +5.0 (IID) -2.1 (I1) / +4.3 (I1D)

60 (D 125 (D)
120 (I) 251 (I
13/ 20 29 /12
5 Absence of snow
0.73 (XI1) / 0.29 (I) / 0.77 | 0.65 (XII) /-0.04 (I) / 0.12
(I1) an

Note:
* Data are given only for March.

** According to the data from http://seakc.meteoinfo.ru/.
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Table 2. Hydrochemical and hydrophysical parameters of Lake Lunskoe water during the study period (above the line - the
range of average (3 stations) data for the winter period; below the line — during the openwater period)

Parameters 2023 2025 2026*
T, °C 0.8-1.6 0-0.8 0-1.4
(min-max) 16.8-22.1 2.9-24.3
pH 7.9-8.1 7.3—7.7 7.6--7.8
(min-max) 8.2-9.1 7.-8-8.5
0,, % no data 72.8-148 51.1-128.6
(min-max) 78.6-140 37.5-141
EC, uSm/cm 252-264 280-505 451-470
(min-max) 262-415 216-478
TP, ug/L 59 33-64 28-67
(min-max) no data 42-68
NO*", mg/L 2.1 1.9-5.8 3.9-5.7
(min-max) no data 0.8-2.8
Si, mg/L 3.5 1.1-3.1 1.6-2.0
(min-max) no data 0.6-1.2
3042', mg/L 48.3 27.1-67.8 62.9-94.3
(min-max) no data 25.4-57.7
HCO,, mEq/L 1.5 1.5-1.9 1.6-2.2
(min-max) no data 1.1-1.7
Ca%*, mg/L 37.4 22.6-89.7 6.0-27.1
(min-max) no data 3.0-64.3
Mg2*, mg/L 17.2 3.6-31.7 11.4-23.8
(min-max) no data 0.9-26.5
Water hardness, mEq/L 3.3 1.9-6.0 2.1-2.6
(min-max) no data 0.2-4.2
Turbidity, FTU 6.6 6.6-7.9 5.3-7.6
(min-max) no data 6.3-7.6
Water chromaticity, °Pt-Co 4 3-55 1-10
(min-max) no data 6-33

Note: * For 2026, data are given for the period of December 2025 — March 2026

The nitrate concentrations in the upper layers of
the water mass varied from trace amounts of 0.4-0.7
mg/L, mainly in the second half of summer, to 5-7
mg/L in winter (Fig. 3). Significant nitrite concentra-
tions (>300 pg/L) were not detected during the study
period.

The concentration of silicon compounds in the
surface horizon during the entire 2025-2026 study
period ranged from 0.5 mg/L to 2.7 mg/L. The min-
imum concentration of the element in the water was
recorded in April-May and August, which was due to
active phytoplankton development, while concentra-
tion peaks were mainly confined to the winter months.

3.2. Phytoplankton development during
the winter and icefree periods

The number of species and intraspecific taxa in
the phytoplankton communities of Lake Lunskoe varied
from 6 to 56 in winter and from 25 to 105 in the icefree
period. The dynamics of phytoplankton development
were characterized by marked interannual variability
(Fig. 4).

In 2023, phytoplankton development indices in

mg/L

Lake Lunskoe ranged from mesotrophic (2-5 g/m?) to
eutrophichypertrophic (10-31 g/m?®) values. During
the winterspring period of 2023 (March), despite a
thick snow cover and considerable ice thickness, under-
ice “blooming” of cyanobacteria was recorded (Fig. 4).
The abundance of underice phytoplankton across the
lake area varied from 70 to 294 million cells/L, with
biomass ranging from 1.62 to 11.81 g/m?>.
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Fig.2. Concentrations of inorganic (TIP) and organic
(TOP) phosphorus forms in the surface waters of Lake
Lunskoe, January 2025-February 2026.
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Cyanobacterial blooms can be successfully ini-
tiated and maintained at temperatures below 15 °C,
including under the ice, as demonstrated by numerous
studies (Toporowska et al., 2010; Babanazarova et al.,
2013; Wejnerowski et al., 2018). Changes in factors
such as light, thermal structure, and nutrient availabil-
ity determine the impact of climate change on coldwa-
ter cyanobacterial blooms. For example, precipitation
on snowcovered ice was found to cause the formation
of white ice, which reduces light penetration through
the ice and may promote the development of cyanobac-
terial species adapted to low light quantity and quality
(Reuter and Miiller, 1993).

In 2023, nonheterocystous cyanobacteria pre-
dominated in the underice horizon-Planktothrix agard-
hii (47-86% of total values) and Limnothrix redekei (13-
55%) (Fig. 5). According to the functional classification,
this species complex belongs to codon S1 (Padisik et
al., 2009), which prefers turbid, nutrientrich eutrophic
water bodies (like Lake Lunskoe).
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P. agardhii and L. redekei are regarded as com-
mon bloomforming algae in shallow lakes and reser-
voirs, including at low temperatures (Riicker et al.,
1997; Petechata et al., 2006; Wejnerowski et al., 2018).
Several studies demonstrated the physiological adap-
tation of P. agardhii and L. redekei to low light and
temperature (Riicker et al., 1997; Bonilla et al., 2012).
For instance, the ability of P. agardhii to grow under
extremely low light (down to 10 umol photons-m?s™)
was demonstrated experimentally (Weenink et al.,
2015). Furthermore, various morphological features
of P. agardhii (increased filament length and width,
mucous development in winter, and presence of gas
vacuoles) confer resistance of this species to graz-
ing pressure compared to several other cyanobacte-
ria (Wejnerowski et al., 2018). These adaptations not
only ensure the survival of these species in winter but
also facilitate their mass development in the absence
of competition from other organisms. Despite similar
adaptations to winter conditions in both representa-
tives, L. redekei shows reduced development under con-
ditions of significant mixing and nitrogen limitation,
unlike P. agardhii (Riicker et al., 1997). In the under-
ice water, the dominance of P. agardhii and L. redekei
occurred in nearly equal proportions, which may indi-
cate the formation of conditions favorable for both spe-
cies in the lake (absence of pronounced stratification
on the one hand, and absence of nitrogen limitation on
the other).

During the icefree period of 2023 (June to
September), the structure of the phytoplankton commu-
nity of Lake Lunskoe at the level of major taxa changed
little, with cyanobacteria still dominating in the lake
plankton (95-98% of total abundance; 40-83% of bio-
mass). The highest biomass values (over 20 g/m>) were
recorded in August-September (Fig. 4). In early sum-
mer (June), representatives of the underice plankton
(L. redekei and P. agardhii) remained dominant, along
with the diazotrophic cyanobacterium, Raphidiopsis
raciborskii (Woloszynska) Aguilera & al., which is con-
sidered an invasive species (Korneva, 2014). However,
its role in the community was minor, with an average
biomass of 0.41+0.27 g/m> over the study period
(Startseva et al., 2026). In August and September, the
sole dominant became another representative of codon
S1, Limnothrix planctonica (Wotoszyniska) Meffert,
which accounted for 12.8 to 95.0% of total abundance
and 53.3 to 82.7% of total phytoplankton biomass,
with dominance frequencies of 58-65%, respectively.
Permanent components of the summer plankton, play-
ing a subdominant role, were also phytoflagellates from
dinophytes and euglenoids.

Analysis of the longterm phytoplankton succes-
sion in Lake Lunskoe (over a 30year period) (Startseva,
2002; Startseva and Okhapkin, 2003; Startseva et al.,
2026) confirmed the high trophic status of the water
body based on phytoplankton development indicators
but demonstrated a shift in dominant complexes from the
prevalence of codon H1 (Aphanizomenon + Anabaena) to
codon S1 (Planktothrix + Limnothrix), which allows Lake
Lunskoe to be classified as a “Planktothrixtype” lake.

Using the example of eutrophic lakes in Poland,
Lenard et al. (2019) indicated that mild winters con-
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tribute to an increase in total biomass, as well as the
biomass of cyanobacteria and cryptophyte algae,
during the icefree period. However, our expecta-
tion that the winter of 2025, characterized by a pro-
nounced “Atlantic” type, frequent thaws, replacement
of spring floods by strong winter rain floods, and early
ice breakup in water bodies, would promote the active
development of cyanobacteria of the “Planktothrix”
complex in the lake was not confirmed.

In the underice phytoplankton community of
Lake Lunskoe, cyanobacteria were practically absent,
and mixotrophic cryptophyte algae became absolute
dominants (up to 80-97% of biomass) (Fig. 4). The
lowest abundance and biomass values were recorded
in early January (0.89-0.92 million cells/L and 0.05-
0.07 g/m?3, respectively) (Fig. 6). However, after the
January flood and complete snowmelt from the ice sur-
face, optimal light conditions were established, which
stimulated the growth of underice phytoplankton and
led to an early peak. The winter peak of phytoplankton
development was comparable to the summer maximum
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(Fig. 4). Maximum values were recorded in March-up
to 28.17-35.46 million cells/L for abundance and 19.09
and 20.93 g/m? for biomass. Dokulil and Herzig (2009)
revealed that under conditions of winter “atlantifica-
tion”, the classical spring flood may shift or weaken,
giving way to winter rain floods, which alters the
input of nutrients and resuspension of sediments, and
is of critical importance for the early development of
phytoplankton.

Species of the genus Cryptomonas and Komma
caudata determined the basis of the winter dominant
complex. Among cyanobacteria, P. agardhii and spe-
cies of the genera Microcystis and Aphanocapsa were
recorded but did not occupy dominant positions.
Eukaryotic algae are well known to often outcompete
cyanobacteria during winter, but the literature also
reports their co-dominance and coexistence under ice,
especially in eutrophic and hypertrophic waters with
other taxa (Reinl et al., 2023). For example, the simulta-
neous under-ice “bloom” of centric diatoms (Cyclotella)
and non-heterocystous cyanobacteria (P. agardhii and
L. redekei) in eutrophic polish lakes (Toporowska et
al., 2010) was associated with high phosphorus levels
and active water mixing, which first promoted diatom
growth and subsequently that of blue-green algae. On
the other hand, Salmaso and Cerasino (2012) indicated
that warm winter phases of the East Atlantic (EA) atmo-
spheric circulation type can slow down the process of
phosphorus release from the hypolimnion and attenu-
ate eutrophication.

In 2023 and 2025, the total phosphorus concen-
tration in the water was similar, so there was no lim-
itation by this parameter. Among the various adapta-
tions of algae to sub-ice conditions, mixotrophy (which
occurs in diverse algal groups) was reported to be a key
survival strategy under low temperatures and light lim-
itation (Sggaard et al., 2021; Obertegger et al., 2022).
The cryptophyte “bloom” in Lake Lunskoye in March
2025 was likely favored by weak snow cover, optimal
light availability, and the additional nutrient supply
during the flood period. Moreover, the ability of cryp-
tophytes to actively migrate within the water column,
owing to their flagella, gave them a competitive edge
over other taxa.

The subsequent seasonal succession of phyto-
plankton development proceeded as follows. In early
spring, coldwater chrysophytes (up to 16-20% of total
biomass) developed with dominance of species of the
genus Dinobryon, as well as small centric diatoms of the
genus Cyclotella (up to 40%) (Fig. 4). During summer,
the composition of dominant species was richer. In
terms of biomass, coccoid green and charophyte algae
(Oocystis lacustris Chodat, Pediastrum, and Staurastrum
consequently), chrysophytes (Mallomonas), eugle-
noids (Trachelomonas), and dinophytes (Gymnodinium,
Peridinium) stood out. In terms of abundance, cyano-
bacteria of the genera Microcystis and Dolichospermum
were significant. The summer biomass peak (22 g/
m?) was recorded in August. However, throughout the
entire openwater period, cryptophyte algae remained
the main component of phytoplankton. Their contribu-
tion to biomass decreased only in the summer months
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to 20-30%, and increased in autumn to 60-70%.
Species of the genus Cryptomonas and Komma caudata
determined the dominant species complex. At the end
of autumn (November), the role of diatoms and green
volvocalean algae increased. The autumn dominant
complex (Cyclotella sp. and species of the genus Ulnaria
among diatoms; Chlamydomonas among green algae)
subsequently became incorporated into the ice struc-
ture during its formation.

The phytoplankton biomass level (over 5 g/m?)
during ice formation (third decade of January) corre-
sponded to the eutrophic level. In early 2026, underice
phytoplankton was extremely poor (abundance 0.8-4.3
million cells/L; biomass 0.84-2.30 g/m?) (Fig. 6). The
lowest development values were recorded in February,
when a substatial layer of white ice formed in the ice
cover as a result of extremely high precipitation. In
the underice layer, cryptophytes still dominated (up to
79% of biomass). However, in early spring, the active
development of green volvocacean algae formed an
upward trend in biomass, which might later create a
spring bloom peak.

To assess the relationships between hydro-
chemical parameters and phytoplankton development
indicators, Spearman’s correlation analysis was per-
formed. Among the abiotic parameters, strong (p>0.7)
positive correlations with most of the studied groups
were observed for temperature and pH (Fig. 7), which
may indicate more favorable conditions for develop-
ment during summer, a period of maximum warming
of water masses. Negative correlations with tempera-
ture were detected for the proportion of cryptophyte
algae, emphasizing the strong cenosisforming role of
this group in winter. A negative correlation with almost
all phytoplankton groups was demonstrated for nitrates
(the highest correlations (—0.81; —0.77; —0.79; and
p<0.01) were identified for euglenoids), which may be
a sign of nitrogen limitation due to its active consump-
tion. The proportion of cryptophyte algae showed a sta-
tistically significant positive correlation with nitrates,
which, under conditions of low temperatures in winter
and high nitrogen saturation at that time, could use this
resource for active growth.

The influence of silicon proved to be selective,
demonstrating moderate negative correlations (-0.57
to —0.66) with diatoms. The revealed negative correla-
tion between silicon content and diatom development
likely reflects not the limiting role of silicon, but its
active consumption by diatoms (for frustule construc-
tion) during periods of mass development (Fig. 8).
This effect is known as the “silicon paradox” and was
described for many lake ecosystems (Reynolds, 2006).
A negative relationship was also found between dia-
toms and water hardness parameters.

Phosphorus concentrations showed weak correla-
tions with phytoplankton. Most correlation coefficients
were around zero, and none reached high significance,
except for a few values: 0.58 for mineral phosphorus
(p <0.05) with diatoms, and 0.64 for organic phospho-
rus (p<0.05) with cyanobacteria. This may indicate
that phosphorus does not limit phytoplankton in this
lake.
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3.3. Development of ice algae The taxonomic diversity of algae inhabiting the

i i » ice varied from 4 to 62 taxa. In 2023, mass develop-
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ecological niche (Genkal and Komulaynen, 2020). crystalline layer of ice (Table 3), sometimes exceeding
Therefore, in our study, we also investigated the devel- those in the underice layer by 1.5-2 times.

opment of algae in the ice column.
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Table 3. Abundance, biomass, and dominant algal species in different ice fractions of Lake Lunskoe

Parameters March 2023 March 2025 March 2026
Ice fraction white crystal white crystal white crystal
Abundance, mil- 29.96+9.20 166.92+118.76 2.08+0.71 1.03x+0.39 6.05+0.93 1.35*+0.26
lion cells/L
Biomass, g/m? 1.20+£0.4 7.94%+6.59 0.50+0.15 0.26+0.09 3.26x1.1 0.42+0.10
Abundance Planktothrix agard- | Planktothrix agard- | Monoraphidium | Monoraphidium | Chlamydomonas | Monoraphidium
dominants hii, hii, spp., Spp-, spp., Ulnaria sp. Spp-,
Limnothrix redekei | Limnothrix redekei | Chlamydomonas | Chlamydomonas Chlamydomonas
Spp- Spp-, Spp-,
Romeria sp., Aphanothece
clathrata,
Cyclotella sp.,
Ulnaria sp.
Biomass dominants| Planktothrix agard- | Planktothrix agard- | Chlamydomonas| Cryptomonas Ulnaria sp. Ulnaria sp.,
hii, hii, spp., Spp., Cyclotella sp.
Limnothrix redekei, | Limnothrix redekei, | Cryptomonas |Chlamydomonas
Trachelomonas Phacus caudatus spp. Spp.
volvocina

In contrast to the underice layers, where the
Planktothrix agardhii+ Limnothrix redekei complex pre-
vailed, the dominance of P. agardhii in the ice was more
pronounced (80-90% of total values) (Figs. 5, 9). The
thin filaments of L. redekei are characterized by sensi-
tivity to mechanical stress (Riicker et al., 1997), which
may limit the growth of this cyanobacterium under
water crystallization conditions. In addition to cyano-
bacteria, phytoflagellates from the green, euglenoid,
and dinophyte algae were also found in the ice; how-
ever, they rarely achieved dominance.

During the mild winter of 2025, algal develop-
ment in the ice was poor and occurred more actively
in the upper snow (white) fraction, which periodically
melted during thaws. The abundance of ice algae in the
white ice increased sixfold by March (from 0.35 to 2.08
million cells/L), and biomass increased eightfold (from
0.06 to 0.50 g/m?) (Table 3).

Freshwater ice exists for a much shorter time
than sea ice; it is monolithic, its interstices occupy a
small volume, and a developed system of pores and

channels appears only in spring (Salonen et al., 2009).
Apparently, the development of interstices in March, as
well as the winter flood, contributed to algal develop-
ment at the end of the winter period.

Over the three winter months, there was a con-
sistent succession of dominant groups. In January, a
heterogeneous community was formed, represented
by cryptophytes (30-50% of biomass), green algae
(30-40%), and diatoms and chrysophytes (together
20%). In February, in the white ice fraction (after the
flood), members of the genus Chlamydomonas (up to
30-40% of biomass) developed, whereas in the crys-
tal fraction they were inferior to cryptomonads (their
contribution was >40-50%). Together with green vol-
vocalean algae, coccoid and rodshaped algae of the
genus Monoraphidium (up to 60%) developed. Such cell
morphology provides preferences in ice colonization
(Bashenkhaeva et al., 2015). In March, the separation
of algae between ice fractions (snow ice with domi-
nance of Chlamydomonas; crystal ice with Cryptomonas)
became more distinct.

Fig.9. Sampling station on Lake Lunskoe in March 2023 (A), crystalline fraction of the ice core with cyanobacterial inclu-

sions (B), and Planktothrix agardhii in microscopic samples (C).
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Ice formation in 2025-2026 began in midDecem-
ber (thickness of 6 cm), and its separation into frac-
tions started in January. Across the pelagic area, algal
abundance in the ice ranged from 1.06 to 2.31 million
cells/L; biomass—from 0.25 to 0.67 g/m>. The “initial”
ice algal community, as also reported for other water
bodies (Dokulil and Herzig, 2009; Bazhenova and
Korzhova, 2014), was formed by representatives of the
autumn plankton—cryptophytes and diatoms (species of
the genera Cyclotella, Ulnaria).

Low temperatures and the formation of a thick
snow cover due to anomalously high precipitation
limited active algal growth in the winter of 2026. In
January, biomass did not exceed 0.6 g/m?>. At that time,
the basis of the cryophyton was diatoms, whose share
in crystal ice reached 70% of biomass and 80% of abun-
dance, and in white ice-39% and 59%, respectively.
Small centric diatoms Cyclotella sp. and large pennate
diatoms of the genus Ulnaria were the dominant spe-
cies. Under the cold January conditions, diatoms, pos-
sessing high cold tolerance and the ability to efficiently
harvest light at low irradiance, acted as a pioneer com-
munity, forming the basis of the ice algal assemblage,
which is consistent with the literature data (Obertegger
et al., 2022; Zhang et al., 2025). In the white (snow)
ice fraction, where the light regime was most limited,
the community structure proved to be more balanced.
Along with diatoms (39% of biomass), there were vari-
ous groups of phytoflagellates—cryptophytes, primarily
Cryptomonas cf. curvata Ehrenberg (22.5% of biomass),
dinophytes (Gymnodinium simile Skuja-19.0% of bio-
mass), and green algae (Chlamydomonas sp.-10.6% of
biomass).

In the following months, algal biomass increased
to >3 g/m? in the white fraction (Table 4) in March.
The cryophyton became more diverse, with the num-
ber of species per sample increasing to 50-55 taxa. At
the same time, diatoms still determined the dominant
species complex, as well as phytoflagellates—the white
fraction.

The nonparametric Kruskal-Wallis test assessed
interannual differences in cryophyton biomass. There
were significant differences between years for both
white (H=10.74; p=0.005) and crystal ice (H=6.29;
p=0.043). Dunn’s pairwise comparisons (Dunn, 1961)
demonstrated the main difference between 2023 and
2025 (p <0.05 for both ice types), indicating a decrease
in biomass in 2025. Within each year, there were no
differences between crystal and white ice (p > 0.05 in
all cases). However, the vertical discreteness in algal
distribution within the ice column found in our study
was also reported in other freshwater lakes, e.g., urban
lakes of Petrozavodsk, Karelia (Slastina et al., 2011),
with maximum algal densities in both the upper and
lower ice core sections.

4. Conclusions

The conducted studies of phytoplankton in the
floodplain Lake Lunskoye during years with different
winter phenology (2023, 2025, and 2026) demon-
strated the ambiguous responses of algal communities
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to climatic anomalies. Despite the absence of a uni-
versal succession scheme for underice phytoplankton
across all winter regime types, the icecovered period
plays a significant role in the functioning of the lake
ecosystem. Winter phenology is a complex process
depending on a combination of factors: light conditions
determined by ice transparency and snow depth, gas
regime, and nutrient availability. The winter plankton
composition is represented by a complex of species
possessing similar adaptations to extreme conditions
(low temperature and light deficiency), allowing them
to survive under such conditions and, in the absence
of competition, to form bloom outbreaks. In the severe
and snowy winter of 2023, we observed coldwater
cyanobacterial blooms of the S1 complex (Planktothrix
agardhii and Limnothrix redekei). The “atlantification”
of winter (exemplified by 2025, with a positive East
Atlantic atmospheric circulation index and little snow
cover) does not always stimulate cyanobacterial blooms
and may trigger a winter flood peak of mixotrophic
cryptomonads (Cryptomonas spp., Komma caudata),
reaching up to 20 g/m?, comparable in biomass to sum-
mer maxima. In years with stable snow cover and low
light transmittance (2026), the productivity of underice
phytoplankton was minimal.

Ice cover acts not only as a physical barrier but
also as a filter of the light regime and as a specific
ecological niche for algal development. Within the ice
structure, a seasonal succession occurs: from the “pre-
ceding” heterogeneous community of autumn plank-
ton at the beginning of ice cover to the formation of
distinct dominant complexes by the end of winter. Ice
algae are characterized by high interannual variability
and seasonal succession. In mild winters, in contrast
to cold ones, stratification of communities across ice
horizons occurs, which is caused by the appearance of
an aquatic environment in the upper (snow) fractions
during floods, where flagellate forms (green algae of
the genus Chlamydomonas) actively develop.
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PasButue (IWITOIII\avHKTOHa nomvlveuuoro L IMNOLOGY
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B YCAOBHAX pa3HOH PEHOAOrMH 3UMbI BIOLOGY
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AHHOTAIIAA. V3MeHeHue KjuMaTta OpUBOAUT K TpaHcoOpMaluy 3WMHEr0 pexumMa BOLOEeMOB —
COKpallleHHIo JIef0CTaBa, yBeJINYeHNUI0 Yrciia OTTeneell U 3MMHUX IaBOJKOB, YTO TpebyeT IepeoLieHK!
pOJiY IOAJIEAHOTO [Teproa B XKU3HU QUTOITIAHKTOHA. OCOOEHHO MaIoM3yYeHHBIMU OCTAI0TCA IOUMeH-
HBIe BOJI0EMEI, peaKiis KOTOPHIX Ha (peHoIornyecKrie aHOMaIuy 3UMBL MOXeT OBITh HellpeAcka3yeMOou.
B Hacrosmeli paboTe IpoBefieH aHAIN3 Ce30HHON AUHaMUKU (PUTOIIAaHKTOHA MaJIoro 3BTpodHOro o3e-
pa-crapuiisl JIyHckoe (6acceitn Cpenneti Bosru) B rofsl ¢ pasHoii ¢peHosioruel 3umsl (2023, 2025-2026
IT.). BogoeM ucHBITHIBaeT CHUJIBHYIO aHTPOIIOI€HHYI0 Harpy3Ky U peryJisipHble BCIIBIIIKA «IBETEHU»
IuaHobakTepuaAMu. [lokazaHo, 4YTO 3uMa ABJIAETCS aKTUBHBIM IIepuoA B pasBUTHHU (QUTOIJIAHKTOHA. B
XOJIOJHYIO CHEXHYI0 3uMy 2023 r. 3ahHKCHPOBAHO MOJIENHOE «IBeTeHue» (6romacca o 11,8 r/m3),
Oe3reTepoIMCTHHIX InaHobakTepuil Planktothrix agardhii (Gom.) Anagn. et Kom. (1o 86% o6mux 3Have-
Hu) u Limnothrix redekei (Van Goor) Meffert (mo 55%), KOTOpBIE OCTABaJINCh B JOMHUHAHTAX U B JIETHUMN
ce30H. MaccoBoe pa3BuTHe 3TUX BOAOPOCJIel NPOXCXOAMJIO KaK B MOAJIEJHOM BoAe, TaK U B TOJIIIE JIbAA
(ocobeHHO B KpHUCTAJUIMYECKOM YacTH), MPEBHIIIAsl MO0Ka3aTeIu Pa3BUTUA B MOAJIEJHOM TOPU30HTE 10
2 pa3. B aHOMaJIbHO TEIUIYIO «aTJIaHTUYeCKy0» 3uMy 2025 r. JOMUHHUPOBAIN MUKCOTPOGHBIE KPUIITO-
MoHazs! (Cryptomonas spp., Komma caudata (Geitler) D.R.A. Hill, koTopsle co3gaBajii 3UMHHUNA MUK
6romacchl 1o 21 r/m3, comocTaBUMBIN C JAHHBIMU JIETHETO Ce30HA. B cxoXxyo mo ¢eHosoruu ¢ 2023
r. 3umy 2026 r. nmoAjeiHBIN QUTOIJIAHKTOH MMeJI QUAaTOMOBBIM xapakTep. Bo jpay pasButue BOAO-
pocJieli ObUI0 cj1abbiM, KOTOpPOe 0oJjiee aKTUBHO IIJIO B BepXHEHU CHEeroBoil (pakuuy, NepuoguvecKu
TasBIIelr B Ilepuof oTTenesell. B cTpykType Jiba BbIABJIEHA CE30HHAA CYKIECCHA: OT IreTepOreHHOro
«IIpeAecTByI0IIero» coobmecTBa K MOHOAOMUHUPOBAHUIO 3e€JIeHBIX BOAOPOCJEN B HENpO3pavuHOM
JIby WX KpUNTOGUTOBOMY KOMIUIEKCY — B IIPO3PayHOM, JIMOO OJHOMY AJOMUHUPOBAHUIO AUATOMEN.
[NosiyueHHBIE pe3yJIbTaThl ONPOBEPralT YIpolleHHOe MpeAcTaBjeHre O CTUMYJIANNHN I[MaHo0aKTepuil
JIIOOBIM MOTEIJIEHUEM U AeMOHCTPHUPYIOT, YTO «aTJIaHTU3aLKA» 3UMBl MOXET IIPUBOAUTE K 3aMelleHII0
I[aHOOaKTepUuil KpUIITOMOHAJaMH.

Kitioueauie ciioéa: GuTOIIIaHKTOH, BOAOPOCJIH JIbJia, IOJJIe/IHbIe co001[ecTBa, IMaHOOaKTepun, KpUIITOMOHAH,
3uMHAA peHosorus, 6acceiid CpeaHeii Bosru

Jlia nutupoBanusa: Boaeneesa E.JI., llaparuna E.M., Xyposa [[.A., Crapuesa H.A., KynusuH I1.B. PazBuTtne GUTOIIaHKTOHA
IIOMMEHHOT0 BoZloeMa B 3UMHUI 1 6e3J1eJHBII TepHO/Ibl B YCJIOBUAX Pa3HOH (eHosiornu 3uMsl (o3epo JIyHckoe, 6acceitH CpeHei
Bousru, Poccus) // Limnology and Freshwater Biology. 2026. - Ne 4. - C. 632-658. DOI: 10.31951,/2658-3518-2026-A-4-632

1. Beepenue HBIX 3KOCHCTEMaX, a TakXe B CTPYKTYpPHON OpraHu-

3anuu 3acesAamux ux coobmecTtB (I'oyokos, 2021;
Bogatov and Fedorovskiy, 2016). BoJIBIIMHCTBO KJIU-
MaTHU4YEeCKUX MO}Z[eJIefl IMpeaCKa3blBalOT 3HAYUTEJIbHOE

KinmmaTtuueckne koJsiebaHUA OTHOCATCSA K BaXx-
HelmuM ¢paKkTopaMm, BHI3BIBAIOIIMM HM3MeHEHNA B pas-
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BOOOPOCHU.' ﬂpOﬁfleMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

yBeJMUYeHUe TeMIlepaTyphl, OCOOEHHO B CpPeOHUX U
BBICOKUX LIKpoTax. CorjiacHoO nNporHo3am, K KoH1y XXI
BEKa TeMIlepaTrypa IMOBEPXHOCTU MOPS MOXET IOBBI-
cutbeda Ha 1,1-6,4°C, a KpynHBIX IPECHOBOAHBIX BOJO-
eMoB — 710 10°C (Thompson et al., 2005; Huertas et al.,
2011). 3Tu cobbITHA HEM3OEXHO MOBJIEKYT 3a COOOM
TpaHcHoOpMAaIMIo TUAPOJIOTUUECKOTO pexrmMa, CTpaTu-
¢urkanum BOOHBIX MacC U GMOreoXUMHYECKUX I[UKJIOB,
YTO B KOHEYHOM UTOTe IpHuBeAeT K CABUraM B CTPYK-
Type NIUIIEeBhIX CeTeill U NMPOAYKTUBHOCTU 3KOCUCTEM
(Salmaso and Cerasino, 2012).

W3meHeHUe KJIMMaTa 4acTO BHI3BIBAET pa3BUTHE
aHOMAaJIbHBIX MOTOJIHBIX yCJIOBUM. OTMedaeTcs, YTO B
o3epax CeBepHoil EBpombl ujer TeHAEHIUs K COKpa-
meHuio nepuoma JiegocraBa (Sharma et al., 2020) u
6oJiee MO3/THEMY CPOKY CTaHOBJIeHUs JIbAa. Bo3pacraer
YHCJIO aHOMAJIbHO TEIUJIBIX 3UM, UYTO CBS3BIBAIOT C MPO-
[[eccaMu «aTJIAHTU3AIUN» — YCUJIEHUS TIepeHoca BJIax-
HBIX ¥ TEIUIBIX BO3IYIIHBIX Macc ¢ ATJIaHTUKH (Salmaso
and Cerasino, 2012). [ToBbIlIeHNE 3UMHUX TEMIIEPATYP
U OOWJIbHBIE OCAAKU B BUJE AOXIA OTpaxawTcsa Ha
3MMHe-BeCeHHell MHaMUKe ITOBepXHOCTHOI'O CTOKa.
Bo3spacTaHue NoBepXHOCTHOT'O CTOKA IIPUBOJIUT K POCTY
MOCTYIJIEHUs OMOTeHHBIX BEIIeCTB B BOJIOEMBI U PUCKY
ux JasbHelniero spTpoduposanus (I'osyokos, 2021).

OUTOIJIAHKTOH KaK OCHOBOM  KOMIIOHEHT
BOJHBIX IMHIIEBHIX ceTel, 00ecHeuyrBaIoIMNI OKOJIO
TOJIOBUHHI I'JI00aJIbHOM NePBUYHOM NPOAYKIIUU, MOXET
OBITh MHUKATOPOM U “IIpeBECTHUKOM” KJIUMaThye-
ckux nusmeHennil (Huertas et al., 2011). HMccienoBanue
CIIOCOOHOCTH  (PUTOIUIAHKTOHA aJalTUpPOBaTbCA K
MPOrHO3UPYEMOMY TMOTEIJIEHUI0 CTaJI0 aKTyaJIbHOM
npo6seMoii. OQHAKO, VUUTHIBass MOJIUPUIETUYECKYI0
CJIOXKHOCTh cooOIecTBa (PUTOIIAHKTOHA, OXHAIOTCA
pa3jnyHble peakIuy U CclieHapu¥ UX pa3BUTHUSA Ha KJIU-
MaTHUYeCcKre aHOMAaJIUU.

OmHuMu u3 HauboJjiee OXUAAeMBIX TIOCJIe[-
CTBUI TIOBBIIEHUs TeMmepaTypbl U COKpalleHUA
rnepuoja JiefocTaBa B 03epax 4acTO paccMaTpuBaeTcs
nuaHoOakTepuasbHoe «lBeTeHue» (CHUTBHKO, 2006;
Bab6anazapoBa u ap., 2011; Downing et al., 2001; Ho
and Michalak, 2017; Macario et al., 2017) u GoJiee
paHHUe CPOKU NHUKOB €ro pasBUTUA. Bricokas 3Ko0JIO-
ruyeckas IUIaCTUYHOCTb I[MaHoOakTepuii, ux mopdo-
jorudeckue (Hajiuuve Tra30BBIX BakyoJsied, Qopmu-
poBaHUe CJIM3UCTHIX KOJIOHUI) U (U3UOJIOrhuuecKre
0ocobeHHOCTU (MCMOJIb30BaHUE MHIMPOKOTO CBETOBOTO
crekTpa AA GOTOCHUHTEe3a, HMU3KasA BOCIPUHUMYNBOCTD
K macTOUIIHOMY AaBJIeHUI0, IPOAYLUPOBaHNE TOKCHU-
HoB U ap.) (Codd et al., 2005; Carey et al., 2012) marot
3TUM GOTOTPOPHBIM MPOKapUOTaM KOHKYpPEeHTHOe IIpe-
UMYIIECTBO B TeILJIOe BpeMs 110 CPaBHEHUIO C APYTUMU
npeacraButesiaMu  ¢utomtanktoHa (Lenard et al.,
2019). B 6osiee xoJ10JHBIE MeCALBI rOfa B 03epax yMe-
PEeHHO 30HBI POJIb [[HaHOOAKTEepUI MOXeT CHUXKAThCS,
TOorfja Kak IpejcTaBUTesIell AUaTOMOBBIX BOJOpPOCeN,
AVHOPUTOBBIX M KpUNTOMOHAA Bo3pactraTh (Noges
et al.,, 2010). OgHako COBpPEMEHHBIE HCCJIENOBAHUA
ybequTesIbHO JIeMOHCTPUPYIOT, YTO Takas TOYKa 3pe-
HUA ABJIsieTCA yrpolleHHo. Tak, B 0630pHOI1 cTaTbe
«Blooms also like it cold» (Reinl et al., 2023) 060011eHbI
JaHHBIE 0 6oJlee TPUALIATU CIIyYasAX «I[BeTeHUA» IUaHO-
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GakTepuii mpu TeMIiepaTypax BoJbl Hixke 15°C. ABTOpHI
BBIZIEJISIIOT TPU TUIIA TAKUX «IIBETEHU»: MHUIIMUPOBAH-
HBle U COXpaHAIMecs B X0JIo[e; MeTaJuMHHYecKue
(BBIHEeCeHHBIE HA TIOBEPXHOCTDb U3 IJIyOMHHBIX CJIOEB); a
TaKXXe OCTaTOYHble — HauaBllliecsd B TEIUJTyI0 IOroJy u
COXpaHUBILKeCA A0 HaCTyIJIeHUs XO0JI0[I0B.

B nocieqHee BpeMs MIMPOKO 0OCYyXOaeTcsA POJib
3UMHero cesoHa B (GopMUpOBaHUU COOOIIECTB (PUTO-
IIJIAaHKTOHA B oO3epaXx Ha Bech MOCJIeAyIOMUIN TOf.
JleTHUe ¥ 3UMHUe yCJIOBHA OKpYyXalollell cpedsl pas-
JINYHBI, 0COOEHHO B OTHOIIEHUM TeMIlepaTypsl U OCBe-
IIeHHOCTH, W 3TU pa3JIMuMs YaCTUYHO OTpaXKalTcA B
mapameTrpax Bogopocieii (Obertegger et al., 2022).
[Ipu cpaBHeHUM JeTa ¢ NOAJIEAHBIM [IepHOAOM oO0Ias
6uomacca GUTOIUIAHKTOHA U xJjopoduini-a (chl-a) kak
nokasaresisa 6ruomacchl GUTONJIAHKTOHA OOBIYHO HIDKE
3UMOI, YeM JIeTOM, XOTs CYILIeCTBYIOT HCKJII0UYeHU:A
(Dokulil, 2014; Hampton et al., 2017). Kpome ToOTO,
3UMOI OOBIYHO INpeobyafaloT MeJikue BoAopociu (<
100 mxm?) 13-3a MEHBIIIETO IEpEMENTUBAHUSA 10 CpaBHe-
Huto ¢ jetom (Dokulil, 2014). OgHako KkpynHoMacmTad-
HBII aHa/In3 AaHHBIX U3 60Jiee yem 100 o3ep He BBIABUII
obIUX TEHJIeHIMII B cocTaBe coobiecTBa GUTOIIIAH-
KTOHA OT JieTa K 3uMe, 3a UCKJII0UeHHeM TeHJeHIUU K
OoJibllleMy KOJIMYeCTBY LMaHOOAKTepuill U MeHbIeMy
KOJIN4eCTBY 3eJIeHbIX jieToM, 4eM 3umoi (Hampton et
al., 2017). Ananu3 koJieGaHUN KJIMMaTUYECKUX YCJII0-
Bui 3uM nokasas (Lenard et al., 2019), yTO X0JIOAHBIE
WJIN MATKHUE 3UMBI OTpaXarTcs Kak Ha abHOTHYeCKUX
[IOKa3aTeJifAxX Cpelbl, TaK U Ha XapaKTepHUCcTUKax puro-
IIJIAHKTOHA 03ep B Ilepruof ero Bereranuu. CogepxaHue
PpacTBOpUMOro U 00Iero a3oTa, KOHI[eHTpalusa XJI0po-
¢unna a, obmas 6uomacca GUTONIAHKTOHA, buOMacca
[aHoOaKTepuil U KPUNITOPUTOBBIX BOJAOPOCIIel ObLIN
3HAuYMTeJIbHO BHIIlEe B BereTalllOHHBIE IepUOAbl 1ocye
MATKOHN 3MMEI, TOT[a KaK cojiepXaHue pacTBOPHUMOIO
u obmero dochopa, a Takxe 6ropasHooOpazue GUTO-
IIJIAHKTOHA B 3THU TOABl MOIJIM OBITh 3HAYMTEJIBHO
Huxe. MHoroJjieTHHMe HaOJII0JeHUA Ha MeJIKOBOJHOM
o3epe B ABctpuu nmokasanu (Dokulil and Herzig, 2009),
4YTO CpefHAs 3MMHAA Onomacca (PUTOIIAaHKTOHA yBe-
JIMYWIach Ha MOPAMOK 3a MocjleAHue AecATWUIeTusd, a
cocTaB coo0llecTBa CYIeCTBEHHO CIBUHYJICA B CTO-
poHy nuaHob6akrepuii. [Ipu 3ToM pasBuTHe IIJITAHKTOHA
3UMOM KPUTHUYECKH 3aBHUCUT OT IIPOJOJDKUTEIbBHOCTHU
JIeJIoBOrO IOKpOBa, KOTOpas, B CBOI0 OdYepenb, CBi-
3aHa C KJIMMATHU4YeCKMMM CUTHajaMu (TakKuMU Kak
CeBepoaTjiaHTH4eckoe KojiebaHue), U OT OHOMaccH,
HaKOIUUTEHHOUW B mpeApiAyuyto oceHsb (Dokulil and
Herzig, 2009). Takum o6pa3om, moTellJIeHHe KJIMMaTa
B COYETaHHUM C YACTBIMU MATKUMU 3MMaMU MOXeT CIIO-
coOCTBOBaTb MacCOBOMY pa3BUTHIO (PUTOIJIAHKTOHA,
YTO MOXeT KOCBEHHO cKa3aTbCs Ha OuopasHooOpaszuu
aJIbrOIIeHO30B B 03epax yMepeHHOro nosca.

OAHMM U3 KJII0YeBHIX (PaKTOPOB, PeryJINpyIOMUX
pasBuTHe (PUTOIUIAHKTOHA 3UMOH, fABJIAETCA pa3BH-
THe JieJoBoro NnokpoBa. [IpOHMKHOBeHUE CBeTa, BaxX-
Horo mia GotoTpodoB dakTopa, MOXET N3MEHATHCA
B 3aBHMCHMOCTH OT KauyecTBa M KOJIMYECTBA JIbJA, Kak
3TO OIMCAHO B KOHIENINY JIeJOBOr0 KOHTUHYyyMa 03ep
(Cavaliere et al., 2021). IToxa3sano (Reinl et al., 2023),
YTO B 3HAUUTEJIBHOH CTeleHU yBeJudyeHue 3UMHeN
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6uoMaccel BofopocJyel ObUIO cBsA3aHO Jinbo ¢ Gosee
MATKUMM 3UMaMH, JIN6o ¢ 6oj1ee KOPOTKOM MPOJI0JIKI-
TeJIBHOCTBIO JIEJOBOT'0 IOKPOBA, JIUOO C JIyUIIUMHU Y CJIO-
BUsAMU OCBellleHNsA Mo NMpo3payHbIM JbAoM. C Apyroit
CTOPOHBI, JIeJ] — 3T0 ocobas cpena A CylleCTBOBaHUA
)KUBBIX OPraHM3MOB, IMPAKTUYECKU JIMIIeHHas IUTa-
TeJIbHBIX BelIecTB, MMelolllas TeMIepaTrypy HUXe HyJisd
rpajiycoB M OTrpaHMUYMBAIOIIYI0 CIIOCOOHOCTh OpraHu3-
MOB K IepeaBMXeHUI0. BuoTa Jiba IMpPeCHOBOAHBIX
BOJIOEMOB U3yueHa KpaliHe cjiabo. [IpecHOBOOHBIH Jie[
CyllleCcTBYeT 3HaUUTeJIbHO O0jlee KOPOTKOE BpeMs, YeM
MOPCKOH, TipeJicTaBJisieT co00i1 MOHOJIUTHOe 06pa3oBa-
HHe co cjabo pa3BUTOM cHCTeMOH KaHayioB (Salonen
et al., 2009). [ToaToMy BO JIbZy MPUCYTCTBYIOT TOJIBKO
BMep3IIre B Hero Bogopocyu (aHabuoneHo3), KOTopble
BO3BpAalIaloTCA K aKTUBHOM KU3HU JIMIIb [10CJIe TasAHUSA
appa (AdoHuHa u ap., 2017). [TokazaHo, 4TO cOCTaB
BOJIOpOCJIell JibJla OOyCJIOBJIEH IpeXJe BCero cocTa-
BOM (UTOIIAaHKTOHA, U3 KOTOPOTO OH (popMupoBascs
(baxenoBa u KopxoBa, 2014), ofgHako He Bce BUBI
CIIOCOOHBI BBIHECTHU CTPECCOBBIE YCJIOBUSA JIUTEIBHOTO
obuTaHusa BO JIbAY, B CBA3U C YeM KPUOPUTOH MOXKET
npuobpetaTh cnenuduueckue uepTsl (CiiacTuHa U Ap.,
2011; TamisikoBa, 2012; Baxkxenosa u Kopxosa, 2014).
B cBA3U Cc 3TUM INpU NpPOBEJEeHUNU MOHUTOPUHIOBBIX
pabotr Hapsangy c usyueHueM (UTOIJIAHKTOHA HeoOXO-
AUMO HccJiefJoBaHMe coobllecTBa JibJia, T.K. MMPOUCXO-
JAsmye 37ech Mpolecchl MOTryT OBITh HE MeHee Cylile-
CTBEHHBIMHU B XXU3HU BOJOEMOB.

B nocnemuue roawsl Gacceiin Cpenaneii Bosru
XapaKTepusyeTcsi BBICOKOU MeXroJ0BOH H3MeHYU-
BOCTBI0O 3UMHMX ycjoBubl (Kuraes, 2014), mostomy
OIleHKa BJIMAHMA TUNA 3UMBI (C BBIpaX€HHOU «aTJIaH-
TU3aluel» Wi Kjlaccuyeckas) Ha Ce30HHOe pa3BUTHe
(pUTOIIaHKTOHA 03ep, WCHBITHIBAIIIUX peryJsipHoe
HuaHoOaKTepuaJbHOe «I[BeTeHHe», OCTaeTcs KpaliHe
aKTyajpHOH 3a7jaueil. L{esib paboThl — OlleHKa Ce30HHOMN
U MeXroJIoBol JUHaMHKN (UTOIJIAaHKTOHA U BOAOPO-
cJjiell Jpfja B NMOVIMEHHOM 3BTpPodHOM o3epe JIyHckoe
(crapuna p. Bousru), pacnosioxkeHHOM Ha yp6aHU3U-
poBaHHOM Bofjocbope, B TofAbl C Pa3JIMYHBIM TUIIOM
3UMBI — C SPKO BbIpaXXeHHOU «aTJjaHTU3anuell» (aHo-
MaJIbHO TelJlag ¢ 3UMHUM maBogkoM 2024-2025 rr.)
U C TPaAUIMOHHBIM 3UMHUM pexuMoM (2022-2023 u
2025-2026 rr.). [loHNMaHVe BHISIBJIEHHBIX 3aKOHOMED-
HOCTell HeoOXOJUMO MJi NMPOrHO3UPOBAHUS PUCKOB
«IIBeTEHUsl» BOJIbl, KauyecTBa BOJHBIX PECYpCOB U
YCTOMYHUBOCTHU 5KOCHUCTEM B YCJIOBUAX KIUMaTUYECKO
HecTabnJIbHOCTH.

2. MaTepuanbl U MeTOADI

[ToiimeHHoe o3epo JlyHckoe mpefcTaBJiseT
coboi1 oTcoeauHUBIIyIOCs crapully p. Boaru. Osepo
pacnoJioxkeHo B YepTe KPynmHOro Meramnosrica HiuxHero
Hosropoaa (56°23'23,93”N, 43°47’56,60”E). Ilo Mop-
pomeTpuueckuM xapakTepucTukaM o3. JIyHCcKoe OTHO-
CUTCA K KaTeropuu MaJjiblX — OYeHb MaJIbIX BOJOEMOB.
ITomane BogoeMa cocrasiser 0,37 kM2, qiuHa 1188
M, MakcuMaJsibHasA mupuHa 438 M, cpefH:AA rIybuHa
2,8 M, MmakcuMasibHasA — 7,0 M. I'pyHTHL AHA [TlecyaHoO-U-
nucTeie. B 03epo BmagawT HECKOJIBKO PYUYbeB, a OT ero
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BOCTOYHOM OKOHEYHOCTHM OTXOAUT IPOTOKA, 3aKJIIo-
yeHHas B crajibHylo TpybOy (CrapieBa u mp., 2026).
O3epo uMeeT rujipokapboHaTHbIN kj1ace Bog Ca-Na+K
rpynmnel [ tuna, no yposHio pH sABifeTca osurolie-
JIOYHBIM, IpeUMyIIeCTBEHHO CpefHell MHHepau3a-
Uy, 6orato O6uoreHHBIMU 3JleMeHTaMu (I'esamBuian
u ap., 2005). duszuko-xuMUYeckre napamMeTphl BOZbI
1 ypOBeHb KOJIMYECTBEHHOI'O Pa3BUTHUA (UTOIIAH-
KTOHa XapaKTepU3yl0T BOAOEM KaK BBICOKO3BTPOMHBIN
(Crapuena u OxankuH, 2003; CrapieBa u fp., 2026).
BomoeM akTHBHO HCHOJIb3yeTCA XUTeJIAMHU ropoja B
peKpealMoHHbIX HesAXx. Ha nmpoTsxeHUM MHOIHX JieT
B 03epe perucTpupyercs HuaHob6aKkTeprabHOe «I[BeTe-
HMe» BOJBI B JICTHUIN Ce30H.

HccnegoBanua mnposoawauck B 2023, 2025-
2026 roasl. B mepuop OTKpPHITON BOABI MPOOH GUTO-
IIJIAHKTOHA OTOMpaJsy C Mejlaruueckoi 4acTu BojoeMa
(ct. 1-3) (Puc. 1) c nomomipio 6aToMeTpa PyTTHepa
o6beMoM 1 JuTp, BO BpeMs JiefocTaBa — 3auepIiblBa-
HHEeM M3 IIOBEpPXHOCTHBIX IOpU30HTOB. B 2023 roay
0TOOp MpOBOAMJICA OOVH pa3 B MecAl C MIOHA II0 CeH-
TAOpPh U pa3’oBO B MapTe U3 IOJJIeJHONU BOJBI U JIbAA.
B 2025-2026 rr. 1pOBOAUJINCE pEryJIApHBIE exXeMecsd-
Hble cbeMKU ¢ AHBapsa 2025 r. no mapT 2026 r. OT6op
po0 Jiba [ NocJjieAylolllero aHajau3a KpuoduroHa
OCYIIeCTBJIAIN C IOMOIIBIO KOJIBI[eBOro Jiefobypa qua-
metpoM 150 mM. KepHrl jibfja TpeABapUTEJIbHO pacIiu-
JuBaju Ha Gpakuuu — cHeropoil (6eJsibiil) U Impo3pay-
HbIN (Kpuctasumyeckuil). Ilocsie yero orranBaau npu
KOMHATHOMH TeMIlepaType B IIJIOTHO 3aKPHIThIX KOHTEM-
Hepax. O6beM oTTasBIIel BoAwl cocTtassan 0,5-0,8 J.

KoHcepBaiuio ajbrojloruieckoro marepuasa
(mpo6s1 o6vemom 0,5 1) npooauu 40% iiogHO-dop-
MaJIMHOBEIM (ukcatopoM. OAHOBPEeMEHHO CO B3f-
TheM npob IMpoBOAMJIM u3MepeHus TemmepaTypsl (1),
asexkTpornposoaHoctu (EC), pH, TonuHb JiefoBOro u
CHEXHOT'0 ITOKPOBOB, B Oe3jieAHBIN NepruoAd — Ipo3pad-
HocTu Boabl (mo mucky Cexku). [IpoBomuscsa otrbGop
nmpo6 Ha rUAPOXMMHYEcKUil aHaiu3 (KpoMme nepuoia
HUIOHBb-ceHTAOPD 2025 T.).

KonnenTparuio npo6 GpuTONIaHKTOHA OCYyIlecT-
BJIAJIA METOAOM IMpsAMOH (UIbTpalliu Yepe3 MeM-
OpanHbie GuIBTPE Mapku «Vladipor» ¢ guamerpom
nop 1,5-3,0 Mkm. Mukpockonuueckyr o00paboTKy

namoba

M*N

s Macmtaé 1:3500
(B1cm-35m)

Puc.1. Kapra-cxema o3epa JIyHCKOe €O CTaHLUAMU
oT6opa npob6 GUTOIIaHKTOHA.
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nmpo6 TPOBOJAWIM C TMOMOIIBI0 CBETOBBIX MHKPOCKO-
moB MeijiTechno 4200L (fmonus), Olympus (CX31).
AHanmM3UpoOBaINCh TakWe OHOTHYECKUE MapaMeTphl
Kak yaeJibHOe BUJIOBOe 6OraTcTBO (YMCJIO BUIOB B
npobe), obIyie YUCIeHHOCTh (Noﬁm, MJIH KJI./JI) U1 Ouo-
macca (B, r/m®), I0JiA OCHOBHBIX TAKCOHOMMYECKUX
rpynn BofgopocJeii B uncyieHHocTd (N, %) u 6uomacce
(B, %), cocTtaB JOMUHHUpPYOIIMX BUIOB. [ToApoGHOe
omHCcaHUe MPOLEeaypsl MOATOTOBKU MPOO K MUKPOCKO-
MUPOBAHUIO UM TMOJCYETY YMCIEHHOCTA U OHOMACCHI
BOJIOPOCJIEH MPUBOJUTCSA B HALIMX MPEABIAYIINX pabo-
tax (Vodeneeva et al., 2020; Okhapkin et al., 2022;
Sharagina et al., 2024), Hau6oJiee MOJTHBINA MEepeYeHb
PYKOBOJZCTB, WCIOJIb30BAHHBIX TMpU UAeHTU(PUKAIUU
BUJOB — B paboTe BopmeneeBoii u Kymusuna (2019).
Ha3BaHUA TaKCOHOB MPUBEAEHBI C YYETOM COBpPEMEH-
HBIX HOMEHKJIATyPHBIX M3MEHEHUH, MpeACTaBJIEHHBIX
Ha camte Algaebase (Guiry and Guiry, 2026). K gomu-
HUPYIOIIUM OTHOCWJIM BUAB (PUTOIJIAHKTOHA C OHO-
Maccoil = 10% oT cyMMapHbIX 3HaUYeHUI.

B yrabopaTtopuy MPOBOAWIIY TUIPOXUMUYECKUI
aHanu3 Bojbl. OmnpefiesieHbl 06U (Poﬁm), MHHepaJib-
HBIN (PM"H) u opraHudeckuii docdop (Popr), KOHIIEH-
Tpaluu HUTPUTOB (NOZ'), HUTPATOB (NO3‘), KpeMHUs1
(Si), BaxHeMmNUX HMOHOB (TUAPOKapOOHATHI (HC03‘),
cysmbdarnl (SO,*), kanmbumii Ca**, marnmii Mg®*), a
TaKXe IMOKa3aTeJId XKEeCTKOCTH, MYTHOCTH U IIBETHO-
ctu. [MoapoGHOe omucaHue MpOIEeAyphl OMpenesieHUs
TUJIPOXVMHYECKHX T[AapaMeTPOB TPUBEJEHO paHee
(Vodeneeva et al., 2024). B xauecTBe XapaKTePUCTUKHA
MOTOHBIX YCJIOBUHM pacCMaTpUBaJI HWHIEKC aTMOC-
dbepHOM  HUPKYJAUU:  BOCTOYHO-ATJIAHTUYECKOTO
(EA) xosiebanus. JlaHHBIE O 3HaueHUAX uUHAekca EA
B TIEPUOJ MCCJIeIOBaHUA ObLIM B3ATH € caiTa http://
seakc.meteoinfo.ru.

JJ1A OlleHKM CBA3EH HCIOJIb30BaU Koddumm-
eHT paHroBoii koppessAaluu CnupMeHa (p) BBUY HEHOD-
MaJIbHOTO pacrpefesieHUsl AaHHbBIX (MpoBepKa MpPOBO-
aunack mo Ttecty [lanmpo-Yuika). CTaTUCTUYECKU
3HAYMMBIMU CYUTAJIU Koppesanuu npu p < 0,05. dia
OIIEHKU MEXTOJIOBBIX Pa3JIMYUi 6roMacchl GUTOIIIAH-
KTOHa WCIIOJIb30BAJIN HEMapaMeTPUYECKUH KPUTEPUI

Kpackesna—Yosutnca. PacueTs 1 moctpoeHue rpadrukoB
BHINTOJTHEHO B mporpammax Exel, Python.

3. Pe3yabTatbl M 06cy)xpeHue
3.1. KnumaTtnueckue U abuortnueckue
YCAOBHA B NEPHOA UCCAEAOBAHUA

HccienoBaHusa ObUIM BBHIIOJIHEHHl B pasHbIe IO
denosornu 3uMbl roapl. OCHOBHBIE KJIMMaTHUYeCKHe
[IOKa3aTeju 3MMHero Mepuoja B oAbl BBHIIIOJHEHUA
pabort npuBeneHs B Tabauie 1.

3uma 2022-2023 roga xapakTeprsoBajach yMe-
PEHHO XOJIOOHBIMHU TeMIepaTypamu (cpeHsA 3a des-
painp -6,4°C npu HopMe -8,0°C, oTkJioHeHUe +1,6°C),
HO OOWJIBHBIMU oOcafkaMu (Hexabpp — 148% HOPMBI,
MapT — 155% HOpMBI), 4YTO IPUBEJIO K (POPMUPOBAHUIO
MOIITHOT'O CHEXXHOTro nokposa (30 cMm) B KOHIle 3UMBHI U
tosicroro Jjbaa (70 cm). WHpekc aTtMmocdepHOU nup-
kyanuu EA neMoHcTpupoBas peskue KoJsieOGaHHuA: OT
pe3ko oTpullaTesIbHBIX 3HaueHUl B Aekabpe (—0,99)
J10 TIOJIOXKUTEeNIbHBIX B eBpase (1,02), 4To xapakTepHO
JUIA HecTaOMJIbHON IUPKYJIAIUU C BTOPXEHUAMU
apKTHUYecKOro Bo3Ayxa.

Hanportus, 3umuuii nepuon 2024-2025 ropa
oTinuasica OoJiee TeIUIBIMU YCJIOBUAMHU: TOJIIKMHA
JpAa 6pu1a BABOe MeHblle (B MapTe 2025 r. — 31-40
cM npoTuB 70 cM B 2023 T.), CHEXXHBIN MIOKPOB CJIa0BIN
(10 cm). Mupexc EA Bech ce30H ObLT yCTOMYMBO IOJIO-
xutenbHbIM (0,29-0,77), 4TO XapakTepHO AJIA «aTJIaH-
TUYeCKOI0» TUIa 3UM C IIPUTOKOM TEIJIOr0 U BJIAXKHOTO
BO3/yXa, 4aCTBIMM OTTeneAMU U foxaaMu (I'o1yOKoB,
2021; Salmaso and Cerasino, 2012). B eBpormeickoi
yactu Poccun 3uma 2025 roga xapakTepusoBasach
IIOTOAHBIMM AHOMAaJIUAMU B BHJE BBICOKHX TeMIlepa-
Typ, AOXAeH U paHHero TasgHuA JibAa (B peyHBIX KO-
cucTeMax TasHMe JibJjJa HayaJoch B KOHIle AHBaps, Ha
o3epax — B cepeiHe MapTa).

3umHuil nepuop 2025-2026 roga MoOXHO OXa-
pakTepu3oBaTh Kak HauOosiee CypOBBIH: CpeaH:AA
teMmmepaTypa ¢espaisa (-10,1°C) 6bu1a Ha 2,1°C Huxe
HOpMBI, a SHBapb U (peBpasib XapaKTepU30BaJIUCh IKC-

Ta6suna 1. OcHOBHEBIE KJIMMaTHYecKye oKa3aTesr 3UMHI B repuof uccyiegosanus (I-111, XII — mecsisr)

ITapameTpsl

3uma 2022-2023 rr.

3uma 2024-2025 rr.

3uma 2025-2026 rr.

Temnepartypa, oC
/T

mun.~" ~ makc®

OTKJIOHEHUE OT HOPMBI TEMIIEPATYPhL
MUH. /MakKc.

Ocagku (Makc.), MM,

% OT HOPMBI 0CaAKOB (MaKCHUMaJIbHOE
TIpeBHIIIEHNE)

ToJsmuHa Jbga*, cM
(cHeroBo¥1 / mpo3payHbIiL)

TosmuHa cHera*, cM

(Hdexabps / AuBaps / deBpaip)

Hnpexc atMocdhepHO nupKyJanuu EA**

-29,8 (O / +10,2 (IIT)

-0,5 () / +3,0 (IID)

87 (XII)
155 (111)

50 /20
30

-0,99 (XID) / -0,54 (1) /
1,02 (ID

-16,5 (1) / +17,0 (1)

—2,2 (II) / +5,0 (II1)

60 ()
120 (D

13 /20
10

0,73 (XID) / 0,29 (I) /
0,77 (ID

-25,4 (1) / +16,5 (11I)

2,1 (I1) / +4,3 (1)

125 (D
251 (D

29 /12
CHETr OTCYTCTBOBAJI

0,65 (XII) / -0,04 () /
0,12 (IN

IIpumeyanmue:

— JIaHHbIE TIPUBE/IEHBI TOJIBKO 32 MapT
** _ 110 JaHHBIM http://seakc.meteoinfo.ru/
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TpeMaJbHBIM KOJIMYecTBOM ocajkoB (251% u 229%
HOpPMBI COOTBETCTBEHHO). ToJluHa JjbAa AOCTUrasa
0,33-0,54 M, npu 3TOM [0JIA MPO3PAYHOro Jibjia Oblia
muHuUMasbHou (0,06-0,17 M), 4TO yka3blBaeT Ha 3Ha-
YnTeJIbHOEe CHEXHOe IIOKpBITHe, KoTopoe (OpMHUpO-
BaJIO 3aMeTHYI0 Henmpo3pauHyo ¢paknuio apga (mo 30
cm) (Tabmmna 1). Maneke EA kosiebasica OT MOJIOXKHU-
TeJIbHBIX 3HaueHnH B flekabpe (0,65) 10 OKOJIOHYJIEBBIX
B ¢espasie (0,12), yTo oTpaxkaeT MeHee BBIpaXXe€HHOE
aTJIaHTU4YecKoe BIUAHUE.

OcHOBHBIE W3MeHEHUsA TUJPOXHMHUYECKUX U
rupodu3nuecKux nokasaTesell BoAbl o3epa JIyHckoe
B [lepyuoJ1 UccjiefJloBaHusA Npe/cTaBiieHsl B Tabnune 2.

[lo pesysbraTaM THAPOXUMHUYECKOTO aHaIN3a
WOHHBINI COCTaB BOJ O3€pa OTJIMYAJICA OTHOCUTEJIb-
HBIM IIOCTOSHCTBOM KakK B IIPOCTPAHCTBEHHOM (Ha Bcel
aKBaTopuu BOJIOEMA), TaK U B MEXIOJIOBOM acIeKTe,
BKJIIOYasA JaHHble OoJjiee paHHUX HCCJIeJOBAaHUN
(CraprgeBa, 2002). CornacHo KjiaccupUKay Ipupom-
HbIX Boa O. A. AnéxkuHa (1946) 03epo OTHOCUTCS IpPeu-
MyIIeCTBEHHO K KJIacCy r'HApoKapOOHATHBIX BOJ KaJlb-
uueBoii rpynnsl III Tuna. OgHakKo B OCEHHUI Nepuof
MOXeT IIPOHUCXOAUTh cMelleHue B cTopoHy II Tuma,
IJIaBHBIM 00pa3soM, 3a CUET yBeJIM4eHUs KOHLIeHTpalun

cynbdatoB. Takxe B gHBape 2026 r. 3adUKCUPOBAHO
yBeJInueHue cojepxkaHuss noHoB Mg?* (B 1,5-3 pasa
10 CpaBHEHMUIO C MokasaTesiiMu fekadps 2025 r.) u ux
npeoOJiajaHle B MOHHOM COCTaBe BOJ o3epa 0e3 3Ha-
Y1MOTI'0 U3MeHeHH: oO0IIel )KECTKOCTU BOABIL.

Oszepo JlyHCkOe XapaKTepH30BaJIoCh cJjaboi
BhHIpaXX€HHOU TeMIlepaTypHOl cTpatudukanueii. Ero
BOABl XapaKTepU30BaJuCh OBLJIM paBHOMEPHO IIpO-
rpeTel B TeueHUe BCero mnepuoja OTKPHITON BoAbl. B
nepuoj JiefocTaBa HauboJiee BBICOKHE TeMIlepaTyphl
OTMeYaJiich B MPUAOHHHIX cj10siX (2—-4°C), Torga Kak B
nojjieAHOM cjioe oHU coctaBysi 0-1°C. B ozepe He
OTMeuaJioch JIMMUTHPOBaHNE KHCJIOPOJAOM, Hachlmle-
HHe 3TUM ra3oM, Kak npasuJiio, npessimasno 100%, uyto
perucTprupoBaioch Kak B IIOBEPXHOCTHOM, TaK U IpH-
JIOHHOM CJIOSIX.

LiBeTHOCTE BOAB 03. JIyHCKOro BapbUpoOBaja B
npefesax 3-55°, Ha IPOTsKeHUM OoJiblllell yacTy roga
IokasaTesb He mpeBblmaer 15-20° 4TO MNO3BOJIAET
0XapaKTepHU30BaTh BOJOEM, B I1eJIOM, KaK OJIUTOIyMO3-
el (Kurtaes, 1984). Bosiee nHTEHCUBHAasA oKpacka BoJ
OoTMeuaeTcs B OTAesIbHble MecCAIBl: TaK, MaKCUMaJslbHasA
I[BETHOCTh 3adukcrupoBaHa B ssHBape 2025 roma (52—
55°), B utosie u ceHTs16pe gocrurana 30-35°.

Tabsuna 2. T'ugpoxuMuveckre v THApodU3NUecKre MoKa3aTesu BoAbl o3epa JIyHCKoe B Tiepruo/l uccieAoBaHus (Ham yep-
TOM — AMana3oH CpeJHUX 10 CTAaHIUAM 3HAUYeHUIT 3a 3UMHUIT IEPUO/, O[] 1ePTOil — TOXKe B IEPUOA OTKPHITOI BOJIBI)

ITapameTpsl 2023 r. 2025 . 2026 r.*
T, °C 0,8-1,6 0-0,8 0-1,4
(MuH.-MaKc.) 16,8-22,1 2,9-24,3
pH 7,9-8,1 7,3-7,7 7,6-7,8
( MuH. — Makc.) 8,2-9,1 7,8-8,5
02, % HET JaHHBIX 72,8-148 51,1-128,6
(MuH. - Makc.) 78,6-140 37,5-141
EC, MmxCm/cM 252-264 280-505 451-470
(MyH. — makc.) 262-415 216-478
P gy MKI/JT 59 33-64 28-67
(MuH. — makc.) HeT JJaHHBIX 42-68
NO,, mr/n 2,1 1,9-5,8 3,9-5,7
(MuH.— Makc.) HeT JJaHHBIX 0,8-2,8
Si, mr/mn 3,5 1,1-3,1 1,6-2,0
(MuH.— Maxc.) HeT JaHHBIX 0,6-1,2
SO,>, mr/n 48,3 27,1-67,8 62,9-94,3
(MuH.— Make.) HeT JaHHBIX 25,4-57,7
HCO,", Mr-sks/n 1,5 1,5-1,9 1,6-2,2
(MuH.— Makc.) HeT JAaHHBIX 1,1-1,7
Ca2*, mr/n 37,4 22,6-89,7 6,0-27,1
(MuH.— Maxc.) HET JaHHBIX 3,0-64,3
Mg?*+, Mr/n 17,2 3,6-31,7 11,4-23,8
(MuH.— Make.) HeT JaHHBIX 0,9-26,5
JKecTKOCTh, MI-3KB/JI 3,3 1,9-6,0 2,1-2,6
(MuH.— Makc.) HeT JaHHBIX 0,2-4,2
MyTtHOCTH, EM® 6,6 6,6-7,9 5,3-7,6
(MuH. — Maxc.) HeT JaHHBIX 6,3-7,6
I[BeTHOCTH, °Pt-Co 4 3-55 1-10
(MuH.— mMaKc.) HeT JaHHBIX 6-33

IIpumeuanme: * — 3a 2026 r. npuBeieHHl JaHHBIE 3a Nepuo/ fekabps (2025 r.) — mapt (2026 r.)
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Konnenrpanusa obmero ¢ochopa B o3epe
JIyHckoe He npesbimana 70-80 Mkr/J1. B TeueHue Bere-
TanuoHHoro nepuona ¢gocdop npeobsagaa B OpraHu-
yeckoil popme (65-90%) B CBA3U C aKTHUBHBIM IOTpe-
OJleHreM MHHepaJIbHBIX COeJMHEHWH U OTMHpaHueM
rupoOHOHTOB. K 31Me B COOTHOIIEHWU yBeJINYWBa-
eTcs [0Ji MUHepaybHON opmel pocdopa: B nexabpe
OHa cocTasJjisyia okoyio 60%, a B ¢espane 2026 roga
— gocturasna 90% (Puc. 2).

CoJliepxxaHye HUTPATOB B BEPXHUX CJIOAX BOJHOM
Macchl Uu3MeHsAeTcs OT cJefoBbix 3HaueHuii (0,8-
1,1 wmr/m), rnaBHBIM 006pa3oM, BO BTOPOH IOJIOBHHE
JeTa, 10 5-6 Mr/j1— B 3UMHUH ce30H (Puc. 3). 3HaunMEbIe
KOHI[eHTpaluu HUTpuToB (6osee 300 MKr/J1) 3a lepuof
rccjiefloBaHus He OOHapyXXeHHL.

KoHnenTpaiusa coequHeHUI KpeMHUA B [IOBEpX-
HOCTHOM TOPH30HTE 3a Bechb IepHOoJ HCCJIeJOBaHUA
2025-2026 rr. BapbupoBaia ot 0,5 mr/ua fo 2,7 Mr/ .
MuHuMaJsbHOe cofiepXaHue djieMeHTa B BoJie OTMe4eHO
B ampeJie-Mae U aBrycre, YTO 00YCJIOBJIEHO aKTHBHBIM
pasBUTHEM IpyNI (QUTOIUIAHKTOHA, aKTUBHO HCIIOJIb-
3YIOIIUX KPEeMHUH B CBOeH XH3HeAeATeJIbHOCTHU.

3.2. Pa3BuTHe QUTONNAHKTOHA B 3UMHHUHW H
6e3neaHDbIN NEpHOADI

KonnuecTBO BUOBBIX U BHYTPUBUAOBBIX TaKCO-
HOB B coobiecTBax (UTOIIAHKTOHA o3epa JIyHckoe
BapbUpOBaJsIo OT 6 10 56 B 3UMHMHI ce30H, oT 25 0 105
B Oe3sieAHBIN nepuof. JuHaMuKa pa3BUTUA PUTOILIAH-
KTOHA XapaKTepu30Bajlach 3aMEeTHOU BapUaTUBHOCTHIO
Mexay rogamu (Puc. 4).

B 2023 roay nokasaTtenu pas3BuTus (QUTOILIAH-
KTOHa B 03. JI[yHCKOM H3MeHsINCh B Ipelesax OT
Me30TpOdHEIX (2-5 r/M3) A0 3BTpOdHO-TUNEPTPODHBIX
(10-31 r/m®) 3HaueHuil. B 3UMHe-BeCEeHHHI TNEPUOL
2023 ropma (MapT), HECMOTPsS Ha MOIIHBIN CHEXHBIN
MOKPOB U 3HAYUTEJIbHYIO TOJIIUHY JIbJa, ObLJI0 3adUK-
CHpPOBAaHO IOJJIeJHOE «IIBeTeHHe» ILHaHoOaKTepuit
(Puc. 4). YucneHHocTs nopajefHoro (GpUTOMJIAHKTOHA
[0 aKkBaTOpuu o3epa BapbupoBaia oT 70 go 294 MuH
KJI./J1, buomacca — ot 1,62 1o 11,81 r/m®.

B o6o6miaromeii pa6ote “Blooms also like it cold»
(Reinl et al., 2023) 6bUIO MOKa3aHO, YTO «I[BETEHUE»
HraHoO0aKTepuil MOXeT YCIeNIHO WUHUIIMHUPOBAThCA U
MOJilep>XMBaThCsA IPU TeMIlepaTypax Huxe 15°C, B ToMm
YucJie MoA0 JIbJIOM, YTO 1 ObLJIO IPOJAEMOHCTPUPOBAHO
B psane pabot (Toporowska et al., 2010; Babanazarova
et al., 2013; Wejnerowski et al., 2018). ITokazaHo, 4TO
BJIUSHYE U3MEeHeHMs KJIUMaTa Ha «lBeTeHMe» X0JI0THO-
BOJHBIX ITMaHOOAaKTepuil onpefesisieTcss N3MeHeHUAMU
Takux (pakTOpoOB, KaK CBET, TepMUUECKasA CTPYKTypa U
JOCTYIHOCTh MUTATeJIbHBIX BelllecTB. Hanpumep, BbIAB-
JIeHO, YTO OCAJKN Ha 3aCHEXEeHHOM JIbJy BBI3BIBAIOT
o6paszoBaHue 6esIoro JibJia, 3TO IPUBOJUT K CHUXXEHUIO
MPOHUKHOBEHUA CBeTa Yepes Jie[ U MOXeT ClIocOoOCTBO-
BaTh Pa3BUTUIO BUJOB IMaHOOAKTEpHLl, aJalTUPOBaH-
HBIX K HU3KOMY KOJIMUeCcTBY U KadecTBY cBeta (Reuter
and Miiller, 1993).

B 2023 roay B noajieJHOM r'OPU30HTE JOMUHUPO-
BaJTy 6e3reTepoLUCTHBIE IMaHoOakTepun — Planktothrix
agardhii (47-86% oOumux 3HavYeHuUil) u Limnothrix

mr/m 0.1
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Puc.3. Cozmepxanne aurpatoB (NO,) B NOBEPXHOCTHBIX
Bojax osepa JlyHckoe (aHBapb 2025 r. — mapT 2026 1.).

redekei (13-55%) (Puc. 5). CoryiacHO (GpyHKIIMOHAJIbHOM
kiaccuuKay JaHHHIN KOMIUIEKC BHUIOB OTHOCUTCA
k S1 komony (Padisak et al., 2009), npeamouuTaronye
MyTHBle, OoraTele OuoreHaMu 3BTPOGHBIE BOJIOEMEHI,
4TO corjlacyeTcs ¢ TUIOJIOruel o3epa JIyHcKoe.

P. agardhii n L. redekei paccMaTpuBalTCA Kak
OOBIYHbIe BO30OYUTENN «I[BETEHUs» BOJBl B MEJIKOBO-
JHBIX O3epaxX U BOAOXPAaHWIMIAX, B TOM YHCJE IpU
HHU3KUX TeMmnepaTypax (Riicker et al. 1997; Petechata et
al., 2006; Wejnerowski et al., 2018). B psge pa6oT 6bL1a
MmokKasaHa ¢u3snosornueckas ananrtanua P. agardhii
u L. redekei K HU3KOI OCBEI[EHHOCTU U TeMIEpaType
(Riicker et al., 1997; Bonilla et al., 2012). Hanpumep,
B OKCIIEpUMeEHTe IIPOJEeMOHCTPUPOBAHA CIIOCOOHOCTH
P. agardhii pactu npu KpaiiHe HU3KOH OCBeLleHHOCTH,
1o 10 mxmosts doroHosM ¢! (Weenink et al., 2015).
Kpowme Toro, y P. agardhii psig MopdOJIOruYecKux 0co-
6eHHocTell (yBeauueHUe AJUHBL U HIMPUHBL HUTEU,
pa3BuTHe CJIM3U 3UMOW, HaJMyle Ta30BBIX BaKyoJieil)
IpyAaeT YCTOMYMBOCTD 3TOrO BUJA K HACTOUITHOMY
Ipeccy 0 CpaBHEHUIO C PANOM APYIUX HuaHoOaKTe-
puii (Wejnerowski et al., 2018). Yka3aHHble 0COOEHHO-
cTu o0ecreyrBalOT He TOJIBKO BBDKMBAaHME 3THX BHIOB

@ Popr

O Prom
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Puc.4. Ce30HHasA AMHAMMKa 4ncJIeHHOCTH (A, A’ —

yBeJINYeHHO 3a nepuop ¢ sHBapsA 2025 r. no despasps 2026 r.) u 6mo-

maccsl (B) puronsiaHkToHA B 03.JIyHCKOE B TOJBI MCCIIEJOBAHUA.

3UMOH, HO U CIIOCOOCTBYIOT UX MAacCOBOMY Pa3BUTHIO
B OTCYTCTBUM KOHKypeHUUHM Jpyrux. Hecmorpsa Ha
CXOXHe afanTaluy K OOUTaHUI0 B 3UMHUX YCJIOBUAX
y oboux mpeacTtaButesied, niiA L. redekei oTmedaeTcs
CHIKEHUE ero pa3BUTHA B yCJIOBHUAX 3aMETHOTO Iepe-
MeIINBaHUA U JIMMUTHPOBAHUSA a30TOM, B OTJIMYME OT
P. agardhii (Riicker et al., 1997). B noayieqHo# BoAde
novuHupoBanue P. agardhii u L. redekei mpoucxoauio
MPaKTUYECKU B PaBHBIX COOTHOIIEHUAX, YTO MOXeET
CBUJIETEILCTBOBATh O (HOPMUPOBAHUU B 0O3€pe YCJIO-
BUH, GJIaronmpuATHBIX AJiA 000uxX BUAOB (OTCYyTCTBHE
BEIpQXX€HHOU CcTpaTU(UKaIUU, C OJHONU CTOPOHHI, U
OTCYTCTBHE JINMUTUPOBAHUA 110 a30TY, C APYTOH).

B 6e3nemusiii nepuof 2023 r. (¢ UIOHA IO CeH-
TAOpb) CTPYyKTypa coobmiecTBa (PUTOIIAHKTOHA O3.
JIyHCKOe Ha YpOBHe KpYNHBIX TaKCOHOB MeH:JIach
ciabo, B IUIAHKTOHE BoJoOeMa IO-TIPeXHEMY OTMeda-
JI0Ch AOMUHUPOBaHUe IfuaHobakTepuii (95-98% obmieit
yrcjieHHocTH, 40-83% Ouomaccer). Haubosibiiye 3Ha-

yeHUA 6uomaccel (6ostee 20 r/M°) OTMeYaIMCh B aBry-
cre-ceHTAOpe (Puc. 4). B Hauane jera (MIOHb) JOMMU-
HAHTaM{ OCTABAJIMCh TPEJCTABUTENN TOJJIeJHOTO
m1aHkToHa (L. redekei u P. agardhii), a Taxxe mpencra-
BUTEJIb OUA30TPOGHBIX IMaHobakTepuil Raphidiopsis
raciborskii (Woloszynska) Aguilera & al., koTopsiii pac-
cMaTpuBaeTcsa Kak nHBasuliHell Buj (KopHesa, 2014).
OpHako ero poJib B coobmiecTBe ObLIa HEBBICOKOW,
cpenHAA 3a Iepuoj HccJieoBaHMI Ouomacca cocTa-
Buia 0,41 +0,27 r/m® (CrapueBa u gp., 2026). B aBry-
CTe U ceHTsA0pe eIMHCTBEHHBIM JOMHUHAHTOM CTaJI elle
OUH MpeJcTaBUTeNb KogoHa S1, Limnothrix planctonica
(Wotoszyniska) Meffert, koTopsiii cozmaBas ot 12,8 no
95% obmel ynucygeHHocTyu U oT 53,3 g0 82,7 % obmeit
6uomaccel GUTOIUIAHKTOHA C YacTOTON AOMWHUPOBA-
HuA 0o 58-65 % coorBeTcTBeHHO. [IOCTOAHHBIMH KOM-
MOHEHTAMH JIETHErO IJIAHKTOHA ¢ CYyOAOMUHUPYOUIEN
POJIBI0 TakXXe BBICTYNAJM IpeAcTaBUTeNn ¢purodia-
reJUIAT U3 AUHODUTOBBIX U IBIJIEHOBBIX.
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Ananu3 MHOroJieTHel cyKieccuu (PUTOIUIaH-
kToHa o3epa JlyHckoe (3a 30Tu JieTHUI Iepuon)
(CrapueBa, 2002; Crapuea u OxankuH, 2003;
CrapueBa u Ap., 2026) noaTBepAU BBICOKUN Tpodu-
YyecKMl CTaTyC BoJi0eMa IO IOKas3aTejiAM pa3BUTHUSA
(puUTOIIaHKTOHA, OJHAKO MPOAEMOHCTPUPOBAJI CMEHY
JOMUHMPYIOIUX KOMILJIEKCOB IIMaHOOAaKTepHUil OT Ipe-
BaspoBaHusA kogoHa H1 (Aphanizomenon + Anabaena)
Kk kogoHy S1 (Planktothrix + Limnothrix), 4TO T0O3BO-
et kJjaccuduiuposath 03epo JIyHcKoe KaK BOJI0eM
«IJTAHKTOTPUXETOBOTO» TUIA.

Ha mpumepe 3BTpodHBIX 03ep Ilospmu 6bLIO
nokasano (Lenard et al., 2019), uTo MArKKe 3UMBI CIIO-
cOOCTBYIOT MOBHIIIEHNI0 OO0IIell GuoMaccel, a TakKxke
6romMacchl HMaHoOaKTepUil U KPUIITOPUTOBBIX BOAOPO-
ciieii B 6e3neqHbIl nepuod. OiHAKO HaIIM OXUAAHUA,
yTo 3uMa 2025 rofa ¢ ApKO BHIpa’)K€HHBIM «aTJIaHTHU4Ye-
CKUM» THUIIOM, YaCTBIMU OTTEINEeJIIMH, 3aMeHOI BeCeH-
HEro IOJIOBO/IbSI CUJIBHBIM 3UMHUM IMaBOAKOM, OyleT
CIocoOCTBOBAaTh AaKTMBHOMY Pa3BUTUI0 I[HMaHOOaK-
Tepuil IJIaHKTOTPUXETOBOTO KOMILJIeKca B O3epe, He
HAILIO0 NOATBEPXAeHNA.

B 2025 r. B noaneqHoM coobiectBe GUTOIIIAH-
KTOHa o3epa JIyHckoe I[aHOOaKTepUM MMPAKTUYECKU
OTCyTCTBOBaJIY, a a0OCOJIIOTHBIMM JOMHHaHTaMu (J10
80-97% Ouomacchel) CcTajii MHUKCOTPOQHBIE KPUITO-
¢urtossie Bogopocau (Puc. 4). CaMmble HU3KHeE 3Haye-
HUS YHUCJIEHHOCTU M GMoMacchl OTMeuasiiuch B Hauajie
suBapsa (0,89-0,92 wmuH ki./n u 0,05-0,07 r/m®
cootBercTBeHHO) (Puc. 6). OnpHako IMocjie sHBap-
CKOT'0 MaBOAKAa U IMOJIHOT'O TasHMA CHera ¢ MOBepXHO-
CTU JibAa, cGOPMHPOBAINCh ONTHMAaJIbHBIE CBETOBBIE
yCJIOBUSA, KOTOpBIE CTHUMYJIMPOBAJIM BereTaruio MOJ-
JeqHoro (PUTOIUIAHKTOHA U 0Opa3oBaHUE paHHero
nuka. 3UMHHUUA MUK Pa3BUTUA (PUTOIUIAHKTOHA OBLI
CONOCTaBUMBIM C JIeTHUM MakcumymoM (Puc. 4).
MaxkcuMmaJsibHble 3HaUYeHUs OTMeuajilich B MapTe — OO0
28,17-35,46 MJH KJI./J1 yrcjieHHoctd u 19,09-20,93
r/m° 6momaccsl. [Tokazano (Dokulil and Herzig, 2009),
YTO B YCJIOBUSAX «aTJIAHTHU3aLMN» 3UMBI KJIacCUYecKoe
BeceHHee I10JIOBOIbe MOXET CMeIlaThCsA WU ocjabe-
BaTh, yCTyNnasg MeCTO 3WMHUM MJOXJEBBIM IaBOAKaM,
YTO MeHseT MOCTYIIEHWe OMOTeHHBIX BellecTB, B3MY-
YuBaeT OCaJIKU, U UMeeT KPUTUUEeCKOe 3HaueHue MJis
paHHero pa3BuUTUA PUTOIMJIAHKTOHA.

OCHOBY 3UMHero JOMUHUPYIOIIEro KOMILIEKCA B
2025 r. onpenensanu Buasl poaa Cryptomonas u Komma
caudata. Cpeny nMaHOOAKTEPUN OTMeYaJICh, HO He
3aHUMAaJIU JOMUHUPYIOIIMX N03Ului, P. agardhii, BUIBI
poaoB Microcystis u Aphanocapsa. 3BeCTHO, 4TO 3yKa-
puoTHYecKre BOOOPOCJIHM YaCcTO BHITECHSIOT IaHOOAK-
Tepuii 3UMOM, OJIHAKO B JINTepaType TakXe yKa3blBa-
eTcs Ha UX COJIOMHMHMPOBaHNE U COCYI[eCTBOBaHNE B
nepuoj JieocTaBa IMpPeUMYyIIeCTBEHHO B 3BTPO(PHBIX
u runeptpodHbIX BogoeMax (Reinl et al., 2023). Tax,
COBMECTHOE TIOJJTE[JHOE «IIBETeHHEe» I[[€HTPUUYECKUX
anatoMoBbix (Cyclotella) v 6e3reTepoOnMCTHBIX I[UAHO-
6aktepuii (P. agardhii u L. redekei) B 3BTpPOGHBIX 03€-
pax Ioasmu (Toporowska et al., 2010) onpeesisaoch
BBICOKMMU KOHLIeHTpauusaMmu ¢ochopa U aKTHUBHBIM
repeMelnIMBaHreM, YTO BHaUajle CTUMYJIUPOBAJIO POCT
JuaToMell, a MOTOM CHHe3esleHbIX Bogopoceil. C apy-
ro¥ cTopoHH! mokasaHo (Salmaso and Cerasino, 2012),
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Puc.6. [unamuka OuoMacchl MOAJIEAHOrO (UTOIJIAH-
KTOHAa U TOJIIIMHA JIbAa U cHera 3umoi 2025 u 2026 rT.

YTO TeIlJible 3MMHUe (a3bl BOCTOYHO-ATJIAHTUYECKOIO
(EA) Tuma atMocdepHOI IIUPKYIALUM MOTYT 3aMef-
JIATH NPOIeccH NocTyIieHnus ¢ocdopa U3 rurnoJIuMHI-
OHa U ocJ1abJIATh 3BTPOGUKAIHIO.

B 2023 u 2025 rr. conmepxanHue obigero ¢oc-
dopa B Boze o3epa JIyHCkoe OBLIIO CXOXHM, [IO3TOMY
JIUMHUTHPOBaHHe IO 3TOMY IIOKa3aTesl0 OTCYyTCTBO-
Bajo. [lokasaHo, 4TO cpeau pa3JIMYHBIX MPUCIIOCO-
6JileHUIT BoJOpoOCyell K XH3HU MOAO JIbJOM, MMEHHO
CIOCOOHOCTh K MUKCOTpoduM (BCcTpeyaeTcsa cpeau pas-
HBIX Tpynn BOAOPOCJei) sIBJIseTcsi OCHOBHOUM (popMoi
ajanTanyy K BBDKUBAHUIO B CyPOBBIX YCJIOBUAX HU3KUX
TeMIepaTyp U HefjocTaTka cBeta (Sggaard et al., 2021,
Obertegger et al., 2022). BugyumMo, BCIBIIIKA KPUMTODU-
TOBOTO «lIBeTeHUsA» B o3epe JIyHckoe B mapTte 2025 T.
onpeeAiach cJIabbM pasBUTHEM CHErOBOI'O IIOKPOBa,
ONTHUMAaJIbHBIMM CBETOBBIMH YCJIOBUAMHM, MONOJIHU-
TeJIbHBIM I[IOCTYIJIEeHMEM IHUTaTeJIbHBIX BellecTB B
nepuof nasoAka. CocoOHOCTb 3TOM I'PYNIBI K aKTHB-
HOMYy IlepeMelleHUI0 B ToJile BoAbl 6sarogaps Halu-
YUI0 XKT'YTHUKOB ONpeIesINII0 UX KOHKYPEHTHOe IpenMy-
IIecTBO [0 CPaBHEHUIO C APYTMMU IIpeACTaBUTEJIAMHU.

Crammma

TOJIHHA, CM
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IMocnenymwomas ce3oHHas JUHAMUKA (PUTOIIaH-
KTOHa MPOHUCXOJUJIa CJeAyIUM oOpa3oM. B Hauase
BECHBI OTMEYAJIOCh Pa3BUTHUE XOJIOJOJIIOOUBBIX 30JI0-
TUCTHIX Bogopocyel (mo 16-20% obugeii 6Gromacchr)
¢ JOMUHHMpOBaHUEM BUAOB poja Dinobryon, a Takxe
MeJIKUX [eHTpUYeckux guatomedd poma Cyclotella
(mo 40%) (Puc. 4). Jletom cocTaB AOMUHUPYIOMIUX
BUIOB Obl1 Oosiee Oorateiid. Ilo Guomacce BBIEJIA-
JINCh KOKKOHWIHBIE 3eJIEHble M XapoOBhlE BOIOPOCIIU
(Oocystis lacustris Chodat, Pedisatrum w Staurastrum
COOTBETCTBEHHO), 3oJi0TuCThie (Mallomonas), sBrie-
HoBbie (Trachelomonas), nuHOoduUTOBBIE (Gymnodinium,
Peridinium). Ilo 4ucjieHHOCTH 3HAYMMBIMM OBLIN LiMa-
HoGakTepuu u3 poAoB Microcystis u Dolichospermum.
JletHnii muk Guomaccel (22 r/m®) GBUT 3aperucrpu-
poBaH B aprycte. OHAKO B TeYEHHE BCETO IMeprofa
OTKPBITOM BOABI OCHOBHBIM KOMIIOHEHTOM (HUTOIJIAH-
KTOHA OCTaBaJIUCh KpUNTOMUTOBHIE Bomopociu. Wx
BKJIa[l B GMIOMAacCy CHIDKAJICA JIMIIb B JIETHUE MeCALbI
1o 20-30%, u Bo3pacTaj B oceHHUI1 ce30H Ao 60-70%.
Komruiekec TOMUHUPYIOUIUX BUAOB ONMpPENESIAIN BUIbI
pona Cryptomonas u Komma caudata. B koHIle OCeH-
Hero ce3oHa (HOs10pb) BO3pacTajia pojib JUaTOMeN U
3eJIEHBIX BOJIBBOKCOBBIX BOJlOpOcJiedl. OCeHHHI KOM-
wiekc nomuHaHT (Cyclotella sp. u Bumsl poga Ulnaria
u3 gquatomelt, Chlamydomonas u3 3eJIeHbIX) BCTpauBa-
Juch B GOPMUPYIOUIYIOCA CTPYKTYPY JibAa B TIEPUO[
€ro CTaHOBJIEHUA.
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YpoBeHb Ouomaccel ¢uTonsaHkToHa (6osee
5 r/m®) Ha MOMeHT cTaHOBJIeHNA JibJa (TpeThs JeKaaa
SAHBaps) COOTBETCTBOBAJ 3BTPOGHOMY YpOBHIO. B
HayvaJie 2026 r. moqJ1é AHBIN GUTOMIAHKTOH ObLI KpaliHe
6enen (uuciensocts 0,8-4,3 MJIH KIi./J1, 6uomacca
0,84-2,30 r/m>®) (Puc. 6). CamMble HU3KME 3HAYEHUS
pasBUTHA OTMedasauch B (despajie, Korja B Jie[JOBOM
nmokpose chopMHpOBaJICcA 3aMeTHBIHN CJIo 6esioro Jpaa
B pesyJbTare 3KCTpeMasjibHO BBICOKOTO KOJIMYecTBa
BBHINABIINX 0CAJKOB. B no/iyieJTHOM ropU30HTeE MO-NIPeX-
HeMy JOMUHHMPOBaId KpUNTOPUTOBEIE BOAOpOCIU (A0
79% Ouomaccel). OqHAKO B Hayajie BeCEHHEro ce3oHa
aKTHBHOE pa3BUTHeE 3eJIeHBIX BOJIbBOKCOBBIX BOAOPOC-
Jieri chopMUpoBasIo TpeHA nogbeMa 6uomacchl, KOTo-
PBIi IO3Xe MOXeT CO34aTh BECEHHUI UK «I[BeTeHUs».

J1A olleHKHU B3auMOCBA3eN MeXIy T'MAPOXUMU-
YecKUMH MapaMeTpaM{ M IIOKasaTeJIAMU pasBUTUA
¢uronsaHkTOHa OB MNPOBENEH KOPpPeJIALNOHHBIN
ananu3 CnupmeHa. Cpean abMOTHYeCKUX ITapaMeTpoB
cusbHble (p cBhile 0,7) NOJOXUTEIbHbIE CBA3U € 6OJIb-
MIMHCTBOM MCCJIEJOBAHHBIX TIpyNn ObBUIM OTMeYeHBI
nasa temmepatypsl U pH (Puc. 7), 4To MOXeT yKa3bl-
BaTb Ha OoJiee O6JaronpuATHBIE YCJIOBHAS pasBUTUA
MMEHHO B JIETHUH Ce30H, B MepuoJ MaKCHUMAaJbHOIO
Iporpesa BOAHBIX Macc. OTpuljaTesbHbIE CBA3U C TEM-
nepaTypoil ObLJIN MOKa3aHbl JJI AOJIU KPUITODUTOBBIX
BOZOPOCJIEH, YTO MOAUYEepKUBAaET CUJIbHYIO IleH03000pa-
3YIOILIYI0 POJib MpPeACTaBUTEsIe 3TOM I'PYIIb 3UMO.
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Puc.7. Koppensanuu CrnupmeHa Mexay abroThueckuMu (akTopamMu U mokasaressaMu GUTOIUIAHKTOHA B o3epe JIyHckoe
(TenoBas kaprta). [Ipumeuanue: Chloro, Crypto, Cyano, Bacill, Euglen — 3eneHbie, KpunTodUTOBbIE, CHHE3EJIEHBIE, TUATOMOBBIE

Y 3BIJIEHOBBIE BOOAOPOCJIM COOTBETCTBEHHO.
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OTpunaresibHasd CBA3b IOYTH CO BCEMHU TIpyIIaMHu
duTomaHKTOHA IIPOJAEMOHCTPHPOBaHA AJiA HUTPATOB
(naubonee Bricokas (0,81, 0,77, 0,79, p<0,01) noka-
3aHa [AJ1A 3BIJIEHOBBIX), YTO MOXeT OBITh NPHU3HAKOM
JIMMUTHPOBAHUA a30TOM B BUAY €ro akTUBHOIO MOTpe-
6neHus. CraTUCTHUYeCKHd 3HayuMas II0JIOXKUTesIbHAasA
KoppeJiAluA HUTPATOB IOKasaHa A AOJU KPHUIITO-
$uTOBEIX BOAOpOCJE, KOTOpPEEe B YCJIOBUAX HU3KUX
TeMmnepaTyp 3MMOM U BBICOKOHM HacCBIIEHHOCTH B 3TO
BpeMsA a30TOM, MOTJIM MCIOJIb30BaTh 3TOT pecypc AJiA
aKTHBHOIO POCTA.

W3bupaTeJbHBIM O0OKas3aJloCh BJIMAHME KpeM-
HUA, KOTOpHIY IPOAEMOHCTPHPOBAJI yMepeHHbIe
oTpunlatenpHele csa3u (0,57...0,66) c nuatoMmesmu.
OOHapyxeHHas oTpullaTesibHasA KOPpeJAlus MexXxAy
cofepXaHUeM KpeMHHUA W pa3BUTHEM OUAaTOMOBBIX
BOJIOPOCJIel], BEpOATHO, OTpaxaeT He JIMMUTHUPYIOIIYIO
pOJib KpeMHUsA, a ero akTUBHOe NoTpelJieHue AuaTo-
MesAMHU (IJ1A MOCTpOoeHus NaHIupeli) B Mepuojbl Mac-
coBoro passurtusa (Puc. 8). JlanHsli 3pdeKT n3BecTeH
KaK ‘apajoKc KpeMHUA U ONMCaH AJA MHOTUX O03€p-
HbIX 3kocucTeM (Reynolds, 2006). A OUaTOMOBBIX
BOJIOPOCJIell Takxe OTMedajach OTpUIlaTesIbHaA CBA3b
C TIOKa3aTeJsIsIMU XXeCTKOCTU BOBIL.

Copepxanue docdopa cyiabo KOppesrpoBaio
¢ GUTOILIaHKTOHOM. BoybmMHCTBO K03GGUIEHTOB
okoJ1o 0, HY OJWH He JOCTHUraeT BEICOKOH 3HAUUMOCTH,
KpoMe equHUYHBIX 0,58 1A MuHepasibHOro gocdopa
(p<0,05) ¢ guatomoBeIMU BomopociaaMmu u 0,64 nis
opraHudeckoro ¢ocdopa (p <0,05) u unaHodakTepuii.
JTO MOXeT yKasbelBaTh Ha TO, 4TO pochop He ITUMUTHU-
pyeT GUTOIUIaHKTOH B JAHHOM O3epe.

3.3. Pa3BuTHEe BOAOPOCAEH AbAA

Jlen siByisieTCA BaXKHBIM CIIEUGUYECKUM CTPYK-
TYPHBIM KOMIIOHEHTOM OHocdepbl, KOTOPHIN peryJiu-
PY€ET YCJIOBUA B TOJIIIE BOABI U ABJIAETCS XOPOILO 3alU-
IEeHHON AUHAaMMWYHOU 3KoJiorndyeckor Huieln (I'eHkast
u KomynatineH, 2020). Ilostomy B cBoeil paGoTe MbI
TaKXe M3y4yasid pa3BUTHE BOJIOPOCJIEH B TOJIIIIE JIbAA.

TakcoHOoMMYeckoe pa3HooOpasue BOJOpOCel,
3aceJIAIIIMX Jie[ BapbupoBajio OT 4 10 62 TaKkCOHOB.
B 2023 romy maccoBoe pasBuTHe LHaHOOAKTepui
OTMEeYajoch Kak B IOMAJIEJHON Boe, TaK M B TOJIIIE
JbAa, IpU 3TOM MaKCUMaJlbHbIE KOHILIEHTpaluu yarie
OTMEeYaJINCh B HIDKHEM KPHCTAJIJINYECKOM CJIoe JIbAa
(Tabnuna 3), MHOra MpeBHIIIas TaKOBbIE MOLJIEJHOTO
ropusoHTa B 1,5-2 pasa.

B oTsudue ot noAsieAHBIX TOPU3OHTOB, TJe Ipe-
obsrafgan komiuteke P. agardhii + L. redekei, Bo jbAy
noMmuHUpoBanue P. agardhii okasasiochk GoJiee BbIpa-
xeHHbIM (80-90% cymMmapHBIxX Mokazareneit) (Puc. 5,
9). Toukue HUTH L. redekei xapaKTepu3yeTcs 4yBCTBU-
TEJIBHOCTBI0 K MexaHuuyeckoMy ctpeccy (Riicker et al.,
1997), yTO MOXeT OrpaHUYUBATh POCT JAHHOUN I[UAHO-
fOakTepuu B YCJIOBUAX KpHUCTaIU3anuu Bojbl. Kpome
1[uaHoOaKTepuil BO JIbAY TakKe BCTpedasiCh MpeJicTa-
BuTeau ¢uTtodiaresUIAT U3 OTEIOB 3eJIeHbIX, SBIJle-
HOBBIX U JUHOQUTOBBIX BOJIOPOCJIEi, OJHAKO JOMUHU-
PYIOIINX MO3ULUN OHU 3aHUMAJId PeaKo.

Bo Bpems msrkoii 3umsl 2025 rosia Bo b4y pas-
BUTHE BoOAOpoOcJel ObUIO cjabbiM U Gojiee aKTUBHO
IIJI0 B BepxHell cHeroBoll (Hempo3pauHoil) (pakmuu,
MepuoANYecKy TasBIIel B Mepuof oTTemneseil. Bpuio
OTMEYeHO, 4YTO YHCJIEHHOCTh BOJOpPOCJElN JibAa B
HeIpo3pavyHoM JIbJIy Bo3pacraja B 6 pa3 K Maprty (c
0,35 mo 2,08 muH kJ1./71), 6uomacca — B 8 pas (c 0,06
1o 0,50 r/m3) (Tabauna 3).

[TpecHOBOMHBIN Jied cCyllecTByeT 3HAYUTEJIbHO
6oJiee KOPOTKOe BpeMsl, YeM MOPCKOI, OH MOHOJIUTEH,
ero MHTepCTUIMaIb 3aHMMaeT MaJiblii 06beM, a pa3Bu-
Tas cucTeMa Mop M KaHaJIOB BO3HUKaeT TOJIbKO BECHOMN
(Salonen et al., 2009). ITo-BUgUMOMY, UMEHHO pa3BU-
TUe UHTEePCTUI[HAJId B MapTe, a TakXe 3MMHUU MaBo-
JIOK CIIOCOOCTBOBaJIM Pa3BUTHIO BOJOPOCTEN B KOHIlE
3MMHero nepuo/a.

3a Tpu 3UMHUX Mecslla OTMeuasach Iocje/10Ba-
TeJbHAasA CyKIeccus JOMUHUPYIOMUX rpynn. B sHBape
¢popmupoBasioch reTeporeHHOe COOOIIECTBO, Mpen-
craByieHHOoe KpuntodurtoBbiMu (30-50% O6uomaccsr),
3esieHBIMH  Bogopocsmu  (30-40%), AMaTOMOBBIMU

Si, mg/L Si B, gm’
® B diatom 4.0
25 B chryso
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Puc.8. lunamuka comepxaHus Kpemuus (Si, mr/mn) u 6uomacca (B, r/m®) auatomoBbix (Bacill) u 3osotucteix (Chryso)

BoJIOpOCIIeil B 03epe JIyHCKOe.
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Ta6smna 3. [Tokasaresnu passutus (M + m) ¥ JOMUHUPYIOIIKE BB BOAOPOCIEi B pa3HbIx Gpakiisx Jbga B ozepe JIyHCKoe

ITapameTpsl Mapt 2023 r. Mapt 2025 r. Mapt 2026 r.
®pakuusa paa GesbIit KpHCTaJIL. GebIit KpHUCTaJL. Geblit KpHCTaJI.
YuciaeHHOCTh, MJIH. | 29,96 £9,20 |166,92+118,76 2,08+0,71 1,03+0,39 6,05+0,93 1,35+0,26
KJIL./JI
Buomacca, r/m® 1,20+0,42 7,94+6,59 0,50%0,15 0,26 +0,09 3,26+1,11 0,42+0,10
JIOMUHAHTBI 10 Planktothrix Planktothrix | Monoraphidium | Monoraphidium | Chlamydomonas | Monoraphidium
YHCJIEHHOCTU agardhii, agardhii, Spp-, spp., spp., Ulnaria sp. Spp-,
Limnothrix Limnothrix Chlamydomonas | Chlamydomonas Chlamydomonas
redekei redekei Spp- spp., Spp-,
Romeria sp., Aphanothece
clathrata,
Cyclotella sp.,
Ulnaria sp.
JIOMUHaHTBHI 110 Planktothrix Planktothrix | Chlamydomonas | Chlamydomonas Ulnaria sp. Ulnaria sp.,
6romacce agardhii, agardhii, Spp., spp., Cyclotella sp.
Limnothrix Limnothrix Cryptomonas Cryptomonas
redekei, redekei, Phacus Spp.- spp-
Trachelomonas caudatus
volvocina

U 30JIOTUCTHIMU BoAopocaMU (coBokynmHO 20%).
B ¢eBpasie B Hempo3pauyHoil (ppakuum Jipa (mocie
MaBOJKa) OTMEYAJIOCh Pa3BUTHE MPeACTaBUTENIEN poia
Chlamydomonas (o 30-40% 6uomaccsl), Torga Kak B
Npo3pavyHo Gpakmuy OHU yCTyNaJiu KpUNTOMOHaAaM
(ux Bkiam Obl1 Gostee 40-50%). CoBMeECTHO C 3ejie-
HBIMK BOJIBBOKCOBBIMM pPa3BHBAJIMCh IAJIOYKOBHIHBIC
BojJiopocsi poaa Monoraphidium (mo 60%), mogo6Has
Mop@dosiorus KJjIeTKu naet npedepeHU B KOJIOHN3A-
nuu Jbaa (Bashenkhaeva et al., 2015). B mapre pas-
OejleHre BOJOpOCyel Mo (GpakuuaM JibAa (CHEXHBIN
Jnen ¢ gomuHupoBanueMm Chlamydomonas, mpo3payvHbIil
— Cryptomonas) ctajio 60jiee YeTKUM.

CranosJieHue jbga B 2025-2026 rr. Hauaioch B
cepenuHe fekabps (TOJIIMHA COCTaBJIs/Ia 6 CM), a ero
pasfesieHne Ha (pakuuu — ¢ sHBapsA. [Io akBaTopuu
meJlarviajii YrMcJIeHHOCTh BOAOPOCEl BO JIbAY Bapbu-
posaa ot 1,06 no 2,31 muH ki1./J1, buomacca — ot 0,25
no 0,67 r/m3. «HUIMAIbHOE» COODIECTBO BOLOPOC-
Jleli JibJla, KaK 3TO yKasbiBaeTcs W AJIA JPYTUX Bomoe-
MoB (BaxxeHoBa u Kopxosa, 2014; Dokulil and Herzig,

2009), 6pU10 cHOPMUPOBAHO NpeLICTABUTEIAMU OCEH-
Hero IUIaHKTOHAa - KpunroduroBeiMu (Cryptomonas
spp.) u quaTomesmMu (Buabl pogos Cyclotella, Ulnaria).

Huskue Temnepartypsl, GOpMHUpOBaHKE MOITHOTO
CHEXHOT'0 IMOKPOBa BCJIE[CTBUE aHOMAJIBHO BBICOKOTO
KoJIn4yeCTBa OCaJKOB JIMMUTHPOBA/IM aKTHUBHYIO BEre-
TaIUI0 BOAOPOCJIel B 3uMHMM nepuof 2026 r. B suBape
6uomacca He npesbimaia 0,6 r/m°. B 3TOT CpOK OCHOBY
KpUOGUTOHA COCTABJLAJIM [UATOMOBBIE BOLOPOCIIH,
[0JIA KOTOPBIX B MPO3payHOM JibAy pocturaia 70%
6uomaccel 1 80% 4YKMCIEHHOCTH, a B HENpO3pavyHOM
— 39% u 59% coOTBETCTBEHHO. JOMHHUPYIOIIMMHA
BUJaMH ABJIAJINCb MEJIKME LEHTPHUYECKHE OraTOMeEUn
Cyclotella sp. v kpynHbIe NEHHATHbIE AUATOMEU U3 poAa
Ulnaria. B ycJI0BUAX XOJIOJHOTO SHBAaps UMEHHO Aua-
TOMOBBIE BOJIOPOC/IU, 0OJIafalrie BEICOKOM X0JI040Y-
CTOMYMBOCTBIO U CIIOCOOHOCTHIO K 3(pPeKTUBHOMY CBe-
TOCOOMPAHUIO NMPU HU3KON OCBEIIeHHOCTHU, BBICTYIAIOT
B POJIM NHMOHEPHOTO cooO0IecTBa, (OPMUPYSI OCHOBY
JIe[JOBOTO aJIbrolieH03a, YTO corjlacyeTcsA ¢ AaHHBIMU
surepatypbl (Obertegger et al.,, 2022; Zhang et al.,

Puc.9. Cranuus or6opa npob Ha o3epe JIlyHckoe B Mapte 2023 r. (A), KpucTasUinyeckas GpakLys KepHa JbAa ¢ BKparJieHu-
samu nquaHobakrepuii (B) u Planktothrix agardhii B MuKpockomnuyeckux mpobax (B).
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2025). B nHempospauHoil (cHerosoii) ¢pakiuu apaa,
rfe CBeTOBON pexuM OblI HauboJiee JIMMUTHPOBAH,
CTPYKTypa coo0llecTBa okasajach OoJiee cOamaHCU-
poBaHHoIl. Hapsany c auatomesmu (39% OGuomacch)
37echb MPUCYTCTBOBAJIM pasHble rpynmnsl Gurodia-
rejUIAT — KpUNTO(PUTOBBIE BOJOPOCJH, MpeXAe BCero
Cryptomonas cf. curvata Ehrenberg (22,5% 6Guomaccsr),
auHoduTtoBele (Gymnodinium simile Skuja — 19% 6uo-
Macchl) U 3ejieHbie Bogopocs (Chlamydomonas sp. —
10,6% 6romacchr).

B nociieayromire MecAIs! IPOMCXOANIIO yBeJIye-
Hue GuoMacchl BogopocJieii o 6osee 3 r/m® B Henpo-
3pauHol ¢pakuuu spaa (Tabnuma 3) B MapTe Mecslle.
KproduTtoH ctaHoBUIICA GoJjiee pa3HOOOpa3HbIM, YK CJIO
BUJIOB B IIpo0Oe Bo3pacTasio g0 50-55 takcoHOB. IIpu
3TOM KOMILJIEKC JOMUHUPYIOIMX BUAOB IO-IpeXHEMY
onpeesAica AUaTOMOBEIMU BOAOPOCIIAMH, a B CHEro-
BOH 4acTH — TaKXe IIpeAcTaBUTeIAMU puTodIaresiar.

Jl714 oLleHKU MEeXIrOJOBBIX pas3jnyuil 61oMacchl
KpUOoQHUTOHA NCIOJb30BAJIM  HelapaMeTpUYecKHuil
kputepuil Kpackena-Yosumica. YcTaHOBJIEHBl 3Ha4M-
MBle pas3jnyuA MeXAy rojgaMy Kak AJjid Helpo3pau-
Horo (H=10,74, p=0,005), Tak U A7A NpO3pavyHOro
mppa (H=6,29, p=0,043). [lonapHble cpaBHeHUs IO
JanHy (Dunn, 1961) noka3sanau, YTO OCHOBHOe pa3Jjiu-
yre Habmwogamocs Mexay 2023 u 2025 rr. (p<0,05
J11 o00OMX THUIIOB JIbJA), YTO yKa3blBaeT Ha CHIDKEHe
6uomMaccel B 2025 r. BHyTpu Kaxaoro roja pasjinuus
MeXIy IpOo3payHbBIM U HENpO3payuHbIM JIbJOM OKasa-
nuch He3HaunMbiMU (p>0,05 Bo Bcex ciyyasx). Tem
He MeHee, BBIABJIEHHAs HaMM BepTUKaJIbHasA JUCKpeT-
HOCTb B paclipefieJIleHUHd BOAOPOCJIeil B TOJIle JIbAa
TakXke oTMedasjach W B JPYTUX IIPeCHOBOAHBIX O3e-
pax, HampuMep, B ropojckux osepax [leTposaBopacka
(Kapenus) (Cnactuna u gp., 2011), npu 3TOM Makcu-
MaJibHble KOHILIEHTpalluyd BOAOPOCJeN MOrJiu HalJiio-
JaThCA KaK BEPXHUX, TaK M HIXXHUX CJIOAX JIbJA.

4. 3aknioueHue

[IpoBenénHble HcciiefoBaHuA (QUTOIIAHKTOHA
NIOMIMeHHOro0 03epa JIyHCKoe B TOJ(bI C pa3JINYHOM (eHo-
norueit 3umsl (2023, 2025 u 2026 rr.) NPpOAEeMOHCTPU-
pOBaJIl HEOQHO3HAYHOCTb OTBETHBIX PeakUUil ajbro-
1[eHO30B Ha KJMMaTuieckre aHomaauu. HecmoTps Ha
OTCYTCTBHE YHMBEpCAJIbHOM CXeMBl CYKIIeCCMU IoA-
JéaHoro (UTOIJIAHKTOHA [JiA BCeX TUIIOB 3UMHEro
pexuMa, MOXHO KOHCTAaTHpOBaTh 3HAUYUMYI0 POJIb
neproja jieocTaBa B @yHKIIMOHNPOBAaHUY 3KOCUCTEMBI
BofoéMma. deHoJIOrMA 3UMBI NIpeficTaBjIAeT COOOM KOM-
IIJIEKCHBI ITpollecc, 3aBUCAIINN OT COBOKYITHOCTU (ak-
TOPOB: CBETOBBHIX YCJIOBUMH, OIpeAesAeMbIX IPO3pavyHo-
CTBI0 JIEZIOBOT'O IIOKPOBA U MOIIHOCTBIO CHEra, ra30BOro
peXuMa 1 JOCTYITHOCTH OMOTeHHBIX 3J1eMeHTOB. CocTaB
3MMHero IJIaHKTOHA IIpeicTaBjieH KOMILJIEKCOM BUOB,
o0JiafaolUx CXOXHUMH afanTallAMU K SKCTpeMaJib-
HBIM ycCJIOBUAM (HU3KOH TeMIeparype U OedULUTY
cBeTa), O3BOJIAIIINI BEDKUBATh B TaKUX YCJIOBUAX, U
B OTCYTCTBHM KOHKypeHIUH (OpPMHUPOBATh BCIIBIIIKA
«1[BeTeHU». B cypoByI0 U CHexHYy0 3uMy 2023 r. HaMu
0TMeuaJioCh «IiBeTeHle» XOJIOJHOBOAHBIX InaHoOaKTe-
puii kxomrutekca S1 (Planktothrix agardhii v Limnothrix
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redekei). «ATnantuzanusa» 3uMsl (Ha npumepe 2025 T.,
C TIOJIOXKHUTEJIbHBIM HHAEKCOM aTMoc(epHOIl LUPKY-
asaiquu EA u ciiabeiM CHEXHBIM MOKPOBOM) He Bcerja
CTUMYyJIUpOBaJia IMaHOOaKTepHabHOE «I[BEeTeHUEe»,
U MOrJia IPOBOIMPOBAaTh 3UMHHI MaBOIKOBBI IHK
pasButuA (10 20 r/M*) MUKCOTPOPHBIX KPUITOMOHA/
(Cryptomonas spp., Komma caudata), cCOOCTaBUMBII 1O
6uoMacce c JIETHUMU MaKCUMyMaMmu. B rofisl ¢ ycToii-
YUBBIM CHEXHBIM IIOKPOBOM U HU3KOI1 CBETOIIPOHUIIae-
MocThio (2026 r.) IPOAYKTUBHOCTD NOAJIENHOTO PUTO-
TJIAHKTOHA OblJTa MUHMMAJIbHOM.

JleoBHIIT TIOKPOB BHICTYNAaeT He TOJIBKO Kak
¢usnuecknii H6aprep, HO U Kak (QUIBTP CBETOBOTO
pexuma, a Takxe Kak crnenuduueckas s3KoJioruyeckas
HUIIa JUIs pa3BUTUA BoJiopociieil. B cTpykType Jbaa
MPOMCXOAUT Ce30HHAsA CYyKIecCUs: OT «IIpeLIlecTBY-
IOIIero» reTeporeHHOro cooobiecTBa OCEHHero IUIaH-
KTOHa B Hauajie JjiefjocTaBa g0 (GOpMUPOBaHUs BhIpa-
XKEHHBIX KOMILJIEKCOB JJOMUHAHTOB K KOHIY 3UMBL. {71
BOJIOpOCJIell JipJla XapaKTepHa BBICOKas MeXroJioBas
BaprabebHOCTh M Ce30HHas CyKleccusa. B wsArkue
3UMBI B OTJIMYME OT XOJIOOHBIX, IPOMCXOAUT paccjoe-
HUe cOO0IIEeCTB 10 TOPU30HTaM JibJla, YTO 00y CJIOBJIEHO
MmosiBJIeHeM BOIHOU cpefbl B BepXHUX (CHErOBBIX)
($pakiuax Bo BpeMs NaBOJIKOB, I'le aKTUBHO pa3BHBa-
I0TCS XI'yTUKOBBle (OpPMBI (3e1€HBIE BOAOPOCJM pojia
Chlamydomonas).
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