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ABSTRACT. The Nile tilapia (Oreochromis niloticus) was introduced into the Al Massira Dam Lake with
the aim of developing profitable fisheries, as a commercially significant species for local populations.
However, the stocks of this species have declined in this reservoir due to overfishing pressure, ecological
variations, and the effect of other invasive fish species. An assessment of the population dynamics of
this species is necessary to develop appropriate fisheries management. This research aimed to determine
the state of Nile tilapia stock applying length-based data-limited methods. The von Bertalanffy growth
model served to evaluate the sustainability of fisheries. The annual total mortality (Z) and natural
mortality (M) rates were determined as respectively 1.79 year! and 0.67 year!. The calculated fishing
mortality rate (F = 1.12 year™) exceeds of the maximum sustainable yield (F, = 1.06 year"), repre-
senting the fishing mortality rate ensuring maximum production of equilibrium recruits. Additionally,
the current exploitation rate is 0.63, above the reference level (E > 0.5), implying that the Nile tilapia
stock in the Al Massira Dam Lake is subject to fishing pressure. Therefore, the stock is overexploited,
exceeding optimal levels, and is currently in decline. The findings of this study provide valuable new
information about the Oreochromis niloticus stock, enabling better management efforts. To ensure sus-
tainable exploitation of this species, considered vulnerable in Al Massira Reservoir, it is imperative to
reduce unregulated fishing and more effectively control overfishing practices.
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1. Introduction (Louizi et al., 2019). Currently, O. niloticus has spread

to various reservoirs in Morocco, notably Al Kansra,

o Tilapias, belongil.lg to the cichlid farpily, are .ﬁSh Sidi Mohamed Ben Abdellah, El Hansali and Al Massira
originally from the Middle East and Africa. Various reservoirs (Ainou et al., 2021).

tilapia species were successfully introduced into over As an invasive species, O. niloticus causes social,
90 countries for aquaculture purposes (Casal, 2006). economic, and environmental impacts (Vicente and
Among them, the Nile tilapia is in the top ten farmed Fonseca-Alves, 2013). However, the introduction of
aquatic fish species globally, accounting for over 70% Nile tilapia has been beneficial in several pays, pro-
of total tilapia production (Casal, 2006). This species viding protein, improving the living conditions of local
is particularly valued by fish farmers due to its ease of populations, and contributing to job creation in rural
cultivation, r.apic! gr(?wth, and high-quality flesh. areas. Nevertheless, it is essential to establish rigorous

The Nile tilapia (Oreochromis niloticus) has been management of this species’ stocks to prevent long-
brought to Morocco by the northern-based company term negative consequences. Poor management of fish-
‘Pisciculture du Nord’ located in Tangier as part of an ini- ery resources, particularly commercially important spe-
tiative to promote national aquaculture. Subsequently, cies, can lead to stock collapses, thereby jeopardizing

the species was released into I_latural h?bitats’ lea{ﬁng food security and fishing activities (Worm et al., 2006).
to the establishment of sustainable wild populations Implementing reliable stock assessments provides cru-
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cial information for diagnosing population status and
developing sustainable management strategies (Ecoutin
et al., 2005). Traditional stock assessment approaches
rely on data relating to catch and fishing effort.

These approaches require a large amount of data
(Shi and Chen, 2019), often including time series of
catches, information on length-weight relationships,
age structure, relative or absolute population density,
gonadal maturity, and detailed life cycle data (Methot
and Wetzel, 2013). Due to this data requirement, in
recent decades, length-based approaches have been
developed as alternatives for assessing the status of
stocks of data-limited fisheries (Costello et al., 2012).
In many cases, these approaches have proved to be
more effective than certain models based on captures
(Pons et al., 2019) and have been effectively used in
data-limited fisheries across the globe (Cope et al.,
2023). They offer dependable estimates (Pons et al.,
2019; Santos et al., 2023) and assist in improving effec-
tive management practices. The application of length-
based methods is a valuable asset for the sustainable
development of data-limited fisheries (Dowling et al.,
2016), thereby aiding in the adoption of precautionary
measures grounded in well-informed decisions. This
method provides a practical solution for enhancing the
management and preservation of fisheries.

This research aimed to supply updated scientific
data on the dynamics of population and stock status
of O. niloticus in the Al Massira Reservoir. It contrib-
utes to the sustainable fisheries development and the
conservation of aquatic biodiversity in this region. In
the absence of prior data in this field, this is the initial
attempt of analysing the state of O. niloticus population
in Morocco using length-based data-limited methods,
especially in Al Massira Reservoir. The findings will
serve as a robust foundation for evaluating the current
state of fish stocks and setting appropriate catch limits.

2. Material and methods
2.1. Study Area

This survey was performed in Al Massira Dam
Lake in Morocco (32° 28’ 32” North and 7° 32’ 15”
West) (Alaoui et al., 2000). Having a storage capacity of
2,800 million m?3, the Al Massira Reservoir ranks as the
second-largest reservoir in Morocco. It is built on the
mid-section of the Ouadi Oum Er-Rbia, the country’s
second-longest permanent river (Bounif et al., 2023).
Table 1 (Alaoui et al., 2000) summarizes the principal
features of the Al Massira Dam Lake.

2.2. Data collection

Fish samples from the Al Massira Reservoir were
captured by professional fishermen using stretched-
mesh gill nets (25-65 mm). During the sampling peri-
ods, 975 O. niloticus specimens were randomly sam-
pled monthly in commercial fisheries over January to
December 2021. Each individual fish was weighed in
the laboratory with an electronical balance accurate to
0.1 g to determine its total weight (TW), and its total
length (TL) was recorded with a graduated ichthyome-
ter, accurate to 0.1 cm.
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Table 1. Principal characteritics of Al Massira Reservoir

Parameter Value
Watershed area 28500 Km?
Maximum depth 40 m
Maximum width 10 Km

Length 30 Km
Normal elevation 285 NGM
Maximum elevation 287,5 NGM
Volume at normal level 2800 10° m?®

Note: (*) i.e. + 10m above the bottom of the Lake
(230 NGM).

2.3. Growth, mortality parameters and
exploitation rate

The analysis was conducted on length-frequency
monthly data of Nile tilapia obtained through commer-
cial landings. The ‘TropFishR’ package (Mildenberger et
al., 2017) applied the seasonal von Bertalanffy growth
formula to estimate the growth parameters by using
ELEFAN_GA algorithm (Schwamborn et al., 2019):

Lt = Loo{] — ¢ KUSOS@I 1)
where Lt represents the fish length at time t, Loo denotes
the asymptotic length (cm), K is the growth coefficient
(years™'), and t, refers to the theoretical age when the
length is equal to zero. Seasonal growth was disre-
garded in this research to simplify the analysis. Thus,
“+ S(t) — S(t,))” in the previous formula was consid-
ered equal to 0. In ‘TropFishR’, the parameter t, is
substituted with t_, , indicating the moment in the
year when a cohort’s growth curve crosses zero length
(Taylor and Mildenberger, 2017).

The maximum fish length (Lmax) was deter-
mined as the average length of the largest 1% of the
sample fish. Subsequently, a first estimate for Lo was
obtained by the following equation (Pauly, 1984):

Loo=Lmax/0.95. 2)

The growth performance index (0’) was calcu-
lated for comparing the various estimates of growth
parameters according the equation below (Pauly and
Munro, 1984)

@'=log,, K+2log, Lo, 3

To establish mortality parameters, a linearised
length-converted capture curve was generated based
on length-frequency data and earlier calculated growth
parameters. Thus, the mortality rate (Z) has been
derived by the slope of the catch curve’s descending
section (Pauly, 1983). In view of the significance and
complexity of accurately estimating natural mortality
rate (M) (Jgrgensen and Holt, 2013), an up-to-date ver-
sion of Pauly’s (1980) method, based on a meta-analy-
sis of growth data from several fish species, was applied
(Then et al., 2015)

M =4.118xK"” x Lo, (CY)]

The fishing mortality rate (F) is expressed by the
formula F = Z - M, and the current exploitation rate
(E) was estimated using the F/Z function.
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2.4. Yield per recruit model

Biological reference levels have been generated
using Thompson and Bell (1934) relative yield-per-re-
cruit (YPR) analysis to determine the optimal yield.
These reference points included F, __and E__ (fishing
mortality and exploitation levels representing the opti-
mum Yyield per recruit), F,, and E, (the points where
spawning biomass is halved relative to an unfished
population), and F, and E , (representing 10% of the
YPR curve’s initial slope).

2.5. Length-weight relationship

The length-weight relationship was evaluated
through linear regression analysis. It was determined
according to the equation described by Le Cren (1951)
to establish if the pattern of growth of the individuals
was allometric (b = 3) or isometric (b = 3).

TW =aTL, (5)
the intercept and b = the slope of regres-

where a
sion line.

The log-transformed relationship (TW = aTL") is
expressed by the regression formula:, which defines the
a and b coefficients (Zar, 1999).

2.6. Statistical analysis

The ‘TropFishR’ package (Mildenberger et al.,
2017) was applied to determine the stock state of O.
niloticus. The isometric growth hypothesis (Ricker,
1975) was checked by Student’s t-test (p < 0.05). The
software R-Studio version 4.2.2 was utilised to perform
all statistical analysis.

3. Results

In the present study, a total of 975 specimens of
the two sexes of O. niloticus were sampled and exam-
ined between January and December 2021. The total
length of the individuals was from 10.5 to 49.0 cm. The
total weight varied between 50 to 1005 g. The mean
length was estimated at 25.11 cm (+ 8.80), and the
calculated mean weight was 395.07 g (= 273.03).

The a and b parameters of the LWR were esti-
mated from data on length (TL) and weight (TW) by
applying equation (5). The established relationship was
TW = -0.94 TL?>% (R? = 0.94). The value of b demon-
strated a notable deviation from isometric growth
(t-test, p < 0.05), suggesting that O. niloticus displays
an allometric negative growth (Table 2).

The growth parameters for O. niloticus in the Al
Massira Reservoir were Lo 5392 cm, K = 0.24
year! et t = 0.65. Additionally, the performance

anchor

Table 2. Length-weight relationships (LWR) of O. niloticus

index was equal to @’ = 2.85, with a high level of
model estimation quality (Rn = 0.53).

The total mortality (Z) obtained by converting
catch curve into catch length (Fig. 1) was calculated to
be 1.79 year?, and the natural mortality (M) was equal
to 0.67 year!. Thus, the fishing mortality was deter-
mined to be 1.12 year! yielding a current exploita-
tion ratio (E) of 0.63. The length at first capture (Lc),
derived by the retroprojection of the declining part of
the capture curve, was estimated at 13.04 cm. This
means that fish in this length class have a 50% chance
of being vulnerable to capture under the current gear
selectivity scheme.

The graphical visualisation of the YPR model is
presented in Fig. 2. The model results indicate that the
optimal values for maximizing yield are a maximum
fishing mortality (F ) of 1.0 year' and a maximum
exploitation rate (E ) of 0.59. A yield corresponding
to 50% of the biomass of the stock could be attained at a
rate of F,, = 0.39 year' and E; = 0.22. Furthermore,
to achieve the biologically optimal yield, the recom-
mended values are F,, = 10.58 year" and E, = 0.32.
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Fig.1. Catch curve based on length data illustrating total
mortality rate (Z).
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Fig.2. Yield and biomass curve per recruit according to
different fishing mortality rates in O. niloticus.
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R? t-value p-value

975 -0.94 2.40

0.94 36.10 < 2.2e-16%**

Note: ***p < 0.001
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4. Discussion

In Morocco, reservoir fisheries play a major role
in the rural economy, providing an accessible source
of animal protein for local populations at affordable
prices. However, despite their socio-economic impor-
tance, these fisheries remain understudied in terms of
resource management. This work constitutes the first
tentative to assess the population dynamics of O. niloti-
cus in Moroccan inland waters, particularly in the Al
Massira Reservoir, using methods adapted to limited
length-frequency data. These data serve as a basis for
assessing stock status and developing sustainable man-
agement measures designed to preserve the resource
and to guarantee the viability of this essential fishery
for rural communities over the long term.

The allometric coefficient b of LWR is frequently
used to indicate fish growth patterns (Chu et al., 2012).
The b coefficient for O. niloticus in our study was sig-
nificantly less than 3 (p < 0.001), suggesting a neg-
ative growth pattern. This indicates that the size of
this species increases at a faster rate than its weight.
Research carried out by Naeem et al. (2010) in the
Indus River (Pakistan), Novaes and Carvalho (2012)
in Barra Bonita Reservoir (Brazil), Outa et al. (2014)
in Lake Naivasha (Kenya), Abdalla et al. (2020) in
Khashm El-Girba Reservoir (Sudan), El-Bokhty and
Fetouh (2023) in El-Salam Canal (Egypt), Iyiola et al.
(2024) in the Osun River (Nigeria), and Mabika et al.
(2024) in Tugwi-Mukosi Reservoir (Zimbabwe) have
highlighted negative allometric growth patterns, thus
aligning with the findings of our study. However, other
studies have highlighted a positive allometric type of
growth of O. niloticus species in different aquatic zones
across various countries (Ojuok et al., 2000; Karrar
et al., 2016; Asmamaw et al., 2019; Cuadrado et al.,
2019; Mohamed and Al-Wan, 2020; Mabika et al.,

2024; Shija, 2024). Additionally, research conducted
by El-Bokhty (2006) in Egypt, Kembenya et al. (2014),
and Yongo et al. (2018) in Kenya, as well as Reis (2020)
in Turkey, revealed isometric allometry for O. niloticus.
The existence of differences in the values of parame-
ter b between various regions may result from several
factors, including fish physiology, sexual maturity, sex,
temperature, season, growth phase, size range, and
sample size, as well as habitat, diet, stomach fullness,
and health status (Le Cren, 1951; Froese, 2006; Froese
et al., 2011; Mondol et al., 2017).

The estimates of the performance index @’ have
revealed considerable variation in growth parameters
for the population of O. niloticus from one geograph-
ical area to another (Table 3). QOuattara et al. (2009)
in Ivory Coast, Mahmoud et al. (2013) in Egypt, and
Amponsah et al. (2020) in Ghana antiquated @’ val-
ues lower than those obtained in our study. In contrast,
other researchers found @’ values higher in Bangladesh,
Pakistan, and Ethiopia (Ahmed et al., 2003, Mehak et
al., 2017; Shija, 2024). Various factors can explain the
variations in growth parameters, such as the level of
exploitation as well as ecological and environmental
differences between regions, including food availability,
mortality, and temperature (Torcu-Koc et al., 2004). e
fish growth is determined by three factors, namely the
biotic environment, the restrictive abiotic environment
it experiences, and its genetic composition (Martino et
al., 2019). Length-based growth parameters can also be
considerably affected by the ecosystem’s productivity
(Gulland, 1971; Ault et al., 2008) and the selectivity of
fisheries (Herr6n et al., 2018).

The estimated total and fishing mortality ratios
for O. niloticus in this study (1.79 year® and 1.12 year™,
respectively) were less than those found by Mehanna
et al. (2020) in an earlier study on Lake Manzala (Z
= 2.02 year?, F = 1.20 year'), as well as lower than

Table 3. Von Bertalanffy growth parameters of O. Niloticus in diverse geographical regions

Study area L_(cm) K (Year?) o’ Author/s
Kaptai Reservoir, Bangladesh 55.59 0.39 3.08 (Ahmed et al., 2003)
Nyanza Gulf of Lake Victoria, Kenya 58.78 0.59 3.31 (Njiru et al., 2007)
Ayamé Reservoir, Ivory Coast 30.7 0.22 2.32 (Ouattara et al., 2009)
Nozha Hydrodrome, Egypt 38.06 0.21 2.49 (Mahmoud et al., 2013)
El-Bahr El-Faraouny Canal, Egypt 37.27 0.29 2.61 (El-Kasheif et al., 2015)
Lac Toho, Benin 41.5 0.30 2.71 (Montcho et al., 2015)
Chashma Reservoir, Pakistan 22.78 0.07 3.56 (Mehak et al., 2017)
Lake Tana, Ethiopia 44.1 0.44 2.93 (Assefa et al., 2019)
Lake Naivasha, Kenya 42 0.21 2.57 (Waithaka et al., 2020)
Halali Reservoir, India 46.73 0.63 3.14 (Johnson et al., 2020)
Garmat Ali River, Iraq 30.49 0.45 2.62 (Salman and Mohamed, 2020)
lagoon Sakumo II, Ghana 19.4 0.54 2.31 (Amponsah et al., 2020)
NamTheun 2 Reservoir, Laos 55.6 0.14 2.63 (Beaune et al., 2021)
Lake Langeno, Ethiopia 35.70 0.32 2.61 (Tesfaye et al., 2022)
Lake Abaya, Ethiopia 49.35 0.36 3.0 (Shija, 2024)
Al Massira Reservoir, Morocco 53.92 0.24 2.85 Present study
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the estimates provided by Degsera et al. (2021) in
Lake Tana (Z = 1.10 year!, F = 0.49 year') and by
Mubhtadi et al. (2022) for O. niloticus from Coastal Lake
(Z = 3.20 year’, F = 1.93 year™). In contrast, the val-
ues obtained for the same species in Lakes Koka and
Naivasha (Z = 0.65 year?, F = 0.26 year! and Z =
1.47 year', F = 0.80 year™; respectively) are lower than
those obtained for O. niloticus in Al Massira Reservoir,
according to Tesfaye and Wolff (2015) and Waithaka
et al. (2020). The inclusion of smaller and larger sam-
ples sizes impacts the assessment of growth parame-
ters, which may also affect the calculations of mortality
rates. This could, in part, explain the disparities regis-
tered in our study and other research (Degsera et al.,
2021). Furthermore, the methods used to estimate mor-
tality parameters could also be determining factors for
these differences (Tesfaye, 2006; Degsera et al., 2021).
Natural and fishing mortality can indicate an overfish-
ing status (Pauly, 1983). The fishing mortality reported
in the current research (F = 1.12 year™) exceeds that
of natural mortality (M = 0.67 year™). This high value
of fishing mortality appears to be the result of intensive
fishing pressure practised in the Al Massira Reservoir.
Moreover, The Z/K report obtained in this research also
highlighted a high mortality rate among the popula-
tion (Z/K > 1), reinforcing the idea that the O. niloticus
population is subject to excessive fishing pressure. This
is further supported by an exploitation rate exceeding
the threshold of Eopt = 0.5 (E = 0.63), indicated a high
level of exploitation. Comparative evaluation of cur-
rent and predicted levels of both fishing mortality and
exploitation is required for developing a long-term sus-
tainability strategy of a harvested fishery (Alam et al.,
2021). The prediction model (YPR) reveals that the cur-
rent rate of fishing mortality (F = 1.12 year™) exceeds
the recommended maximum mortality level (F__
1.06 year?). Similarly, the current exploitation rate
(E = 0.63) surpasses the desired level (E _ = 0.59),
thereby confirming that the O. niloticus population
stock is experiencing overexploitation in the Al Massira
Reservoir. The calculated value of length at first capture
(Lc = 13.04 cm) of Nile tilapia found in our research is
below its length at first maturity (Lm), which has been
shown in various studies in several different areas. The
observed values are 24.6 cm in Ethiopia (Tesfaye and
Wolff, 2015), 26.18 cm in Kenya (Njiru et al., 2007),
and 47.4 cm in Sri Lanka (Amarasinghe et al., 2017).
This suggests that high proportions of juvenile fish are
being captured using gillnets. Indeed, fishermen com-
monly use non-selective, highly destructive, and ille-
gal monofilament gillnets (mesh sizes of 25 to 65 mm),
which leads to the capture of much smaller individuals
in Al Massira Dam Lake.

The data indicate that the O. niloticus population
in the Al Massira Reservoir clearly exceeds sustainable
limits. Thus, it is essential to develop strategies for
reducing fishing pressure in order to protect this pop-
ulation and therefore guarantee the sustainable viabil-
ity of the fishery in the long term. The findings of this
survey show that gillnet fishing for O. niloticus in the Al
Massira Dam Lake exerts intensive pressure on the pop-
ulation. Therefore, management actions must aim to
increase the size of the first capture (Lc). This objective
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This could be achievable through the implementation
of mesh size regulations, which would help improve
the rehabilitation of the population by permitting the
escape of juvenile fish. Restrictions on gear size, by
banning the use of monofilament gillnets, should also
be applied urgently and strictly. It is also recommended
to close the fishery during breeding seasons to promote
the adult reproduction as well as the rebuilding of the
population. It is also essential to increase the aware-
ness of the various stakeholders in order to ensure the
effective monitoring and implementation of fisheries
legislation.

5. Conclusion

It is essential to understand fish population
dynamics in order to make informed management
decisions and implement successful strategies. In this
research, we evaluated for the first one the stock sta-
tus of O. niloticus in Al Massira Reservoir in Morocco.
Our results show that the exploitation level of this fish
species exceeds the recommended threshold, suggest-
ing that the fish stock is overexploited. To ensure the
sustainability of these resources in this Dam Lake, it is
imperative to establish management strategies aimed
at reducing fishing pressure. This This could be carried
out by fixing catch quotas, defining appropriate mini-
mum catch sizes, and encouraging fishers to adopt sus-
tainable and responsible fishing practices.
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ABSTRACT. Freshwater snails play a major role in the transmission of some waterborne parasites as
well as in understanding ecosystem health. Freshwater snails of a rural river were assessed in relation to
some physicochemical parameters. The study was carried out between January and June 2022 in three
stations. The water samples were collected and analysed using standard methods while the snails were
collected by sweeping the sediments and aquatic macrophytes with a hand net and picking snails off the
sediments and macrophytes with hand. One-way Analysis of Variance was used to ascertain significant
differences in the physicochemical parameters among the stations while correlation analysis was used
to relate the snails’ abundance to the physicochemical parameters. 531 snails of medical and veteri-
nary importance from three species were recorded. The order of abundance was Melanoides tuberculata
> Lanistes varicus > Lymnaea natalensis. Most of the snails were recorded in station 3 despite the inten-
sity of human activities and between March and April 2022. The composition, abundance, and distri-
bution of the freshwater snails were influenced by a combination of environmental and anthropogenic
factors which in turn were influenced by season. This study showed that Ikwu River is a potential flash-
point for a myriad of water-borne diseases. Knowledge of the distribution of freshwater snails and the
factors regulating them will help in their control and the water-borne parasites associated with them.

Keywords: health implication, human activities, season, snails, water quality
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1. Introduction Freshwater snails are of the class Gastropoda;
o ) ) found virtually in all continents except the Antarctic

Water quality is determined by comparing the and Artic waterbodies (Strong et al., 2011; Pyron and
physical, chemical and biological parameters of water Brown, 2015). Nwoko et al. (2022) reported that 57
with set acceptable limits and used for the determina- freshwater snail species have gone into extinct glob-
tion of the suitability of water for human use Or ecosys- ally out of about 4000 species. Freshwater snails are
tem health (Anyanwu, 2012; Khatri and Tyagi, 2014). of public and veterinary health significance since they
Degradation of river water quality can result from var- are intermediate hosts of some water-borne parasites

ious anthropogenic activities carried out in and around (Madsen and Hung, 2015). Lanistes varicus is not a
a river (Shultapa and Khan, 2022; Zhou et al.', 2022). vector of schistosomes but is a predator and potential
Consequently, it can change the physical, chemical, and biocontrol agent for Biomphalaria pfeifferi and Bulinus
biological components of a river. Evaluation of physico- truncatus (Anto and Bimi, 2017). Anorue et al. (2021)

chemical parameters has been used in the assessment of

‘ observed that La. varicus act as repository and interme-
water quality (Anyanwu et al., 2023). However, assess-

diate hosts for some parasitic nematodes and trematodes

ing water quality in relation to aquatic biota helps to while Melanoides species is the intermediate host for a
identify impacts that are not captured by physicochem- number of parasitic humans and rodents diseases (Emil
ical assessment (Abdelkarim, 2020). Studies on fresh- and Soffa, 2012). On the other hand, Lymnaea natalen-
water snails in relation to water quality are becoming sis is the obligatory intermediate host for Fasciola par-
an important area of research interest (Oloyede et al., asites (Brown, 1994) and is the Lymnaeid snail with

2017).
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the widest spread in Africa particularly in sub-Saharan
Africa (Shettima et al., 2020). The global distribution
of the diseases is associated with the distribution of
freshwater snails (Dejon Agobé et al., 2022), which is
also influenced by the physicochemical characteristics
of the waterbody (Nwoko et al., 2023). Previous studies
have shown that certain biotic and abiotic conditions
affect the distribution and habitat requirement of fresh-
water snails in Africa (Gouvras et al., 2017; Oloyede
et al., 2017; Yigezu et al., 2018; Rabone et al., 2019;
Chimbari et al., 2020).

In each aquatic ecosystem, prevailing local
environmental and biotic conditions influence the
composition and abundance of freshwater snails due
to environmental variability in different ecological
zones (Abdulkadir et al., 2017; Oso and Odaibo, 2021;
Dogara et al., 2022). Freshwater snail control has been
identified to be the most efficient means of minimiz-
ing the incidence of schistosomiasis (Sokolow et al.,
2016). Knowledge about the composition, abundance
and distribution of freshwater snails is therefore neces-
sary for a proper understanding of the disease epidemi-
ology (Rabone et al., 2019; Dejon Agobé et al., 2022).
Anyanwu and Jerry (2017) had previously reported the
abundance of freshwater snails in Ikwu River.

Therefore, this study was aimed at assessing the
composition, abundance and distribution of freshwater
snails in Ikwu River, Umuahia, Nigeria in relation to
some physicochemical parameters.

2. Materials and Methods
2.1. Study area and sampling stations

The study was carried out in Ikwu River, which
is located in Umuire Community along Umuahia -
Uzoakoli Road, Umuahia, South-east Nigeria within
5°34’11.988” - 5°3448.000”N and 7°28’44.400”
7°28’52.764”E (Fig. 1). Ikwu River went through
Umuire and Umuegwu Okpula communities and dis-
charge into the Imo River Basin. The three stations
were selected based on accessibility and observed
anthropogenic activities. Station 1 was the reference
site, located upstream on the right along Umuahia -

Uzoakoli Road. The shoreline was covered by rich
assemblage of aquatic macrophytes while the sediment
was muddy. Signs of periodic watering of cattle were
the only activities observed around the station during
the study. Station 2, located on the left side of Umuahia
— Uzoakoli Road was about 350 meters downstream of
Station 1. The aquatic macrophytes on the shoreline
were scanty while the sediment was sandy. A number
of activities were observed some distances upstream of
Station 2 - bathing, washing of cars, motorcycles and
tricycles, washing of fruits and vegetables, children
swimming, extraction of drinking water and later sand
mining from the onset of rains. Station 3, located within
Umuire community is a major source of water for most
domestic activities. It is about 430 meters downstream
of Station 2. There are rich assemblages of aquatic mac-
rophytes on the banks and the sediment was a mixture
of mud, coarse stones and gravels. Observed human
activities were extraction of drinking water, washing
of clothes, bathing, swimming and sand mining as the
rains increased. Heaps of solid wastes were dumped on
the bank of Ikwu River while stormwater from Umuire
community also discharges into this station after rain-
fall events. Open defection was also very common
around this station even though it is their major source
of water for most activities.

2.2. Samples collection and analyses

Ikwu River was sampled monthly for physi-
cochemical parameters and freshwater snails from
January to June 2022.

Water Samples

Samples were collected with a 1 litre water
sampler, stored in pre-cleaned 1litre plastic bottle and
transported in ice chests to the laboratory for analysis.
Water temperature, flow velocity, depth, pH, electri-
cal conductivity and total dissolved solids were deter-
mined in-situ while dissolved oxygen, chemical oxygen
demand, phosphate, nitrate, sulphate and calcium were
determined in the laboratory. The parameters were ana-
lyzed using standard methods described by American
Public Health Association (APHA) (2017).
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Fig.1. Sampling stations of Ikwu River, Umuahia, Nigeria.
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Aquatic Snail Samples

Samples of aquatic snails were collected from the
three selected stations. Sampling was carried out along
the shoreline and bottom sediment at each site. Snails
were collected by passing a dip net (30 cm X 40 c¢m) five
times through the upper surface of sediment, water and
vegetation at a depth of 20 cm. The snails attached to
the macrophytes and on top of the sediments were care-
fully removed by hand. All collected snails were kept
in pre-labelled plastic containers and preserved with
10% formalin. In the laboratory, the snails were sorted,
counted and identified according to Brown (1994) and
Ibrahim et al. (1999). The number, types, and sizes in
relation to stations and months were recorded.

2.3. Statistical Analysis

The physicochemical results were summarized
using the Descriptive Statistic Package of Microsoft
Excel. One-way ANOVA was used to test for signifi-
cant differences in the physicochemical parameters and
freshwater snails among the stations and Tukey pair-
wise comparisons test was performed to determine the
location of significant difference (P <0.05). Correlation
analysis was used to evaluate the relationship between
the physicochemical parameters and the freshwater
snails.

3. Results
3.1. Water Quality

The summary of the physicochemical parameters
recorded in Tkwu River is presented in Table 1. One-
way ANOVA showed that there were no significant
differences (p > 0.05) in all the parameters evaluated
except flow velocity.

The water temperatures ranged between 19.50°C
and 25.9°C. The highest temperature was recorded in
station 3 (March 2022) while the lowest was recorded
in station 1 (May 2022).

The flow velocity was moderate; ranging from
0.12 - 0.48m/s. The highest flow velocity was recorded
in station 3 (January 2022) while the lowest was in sta-
tion 2 (February 2022). Station 3 had values that were
significantly (p < 0.05) higher than the other stations.

The depth ranged between 15.30 and 90.00cm.
Station 2 had the highest depth in May 2022 while sta-
tion 3 had the least in January 2022. Station 2 gener-
ally had higher values though not significant.

The pH values ranged between 6.1 and 8.7. The
highest pH values were recorded in stations 1 (May
2022) and 2 (June 2022) while the lowest were also
recorded in stations 1 (January 2022) and 2 (March
2022). Some of the values were within the acceptable
limit (6.5 — 8.5) set by Federal Ministry of Environment
(FMEnv.) (2011).

Table 1. Summary of some physico-chemical parameters of Ikwu River, Umuahia, Nigeria

Parameters STN 1 STN 2 STN 3 P- value FMEnv
Mean + SEM Mean + SEM Mean + SEM 2011
Water Temperature (°C) 22.22+0.10 22.50*1.03 23.33+0.97 F =0.33 -
(19.5 - 25.0) (19.7 - 25.7) (20.0 - 25.9) P > 0.05
Flow Velocity (m/s) 0.25+0.03? 0.20+0.032 0.38+0.04° F = 8.06 -
(0.18 - 0.37) (0.12 - 0.35) (0.26 - 0.48) P < 0.05
Depth (cm) 34.57+10.55 42.73+x10.77 38.12x10.66 F =0.14 -
(18.5-85.0) (25.6 - 90.0) (15.3 - 84.0) P > 0.05
pH 7.07 £0.52 7.13£0.48 7.10x0.48 F = 0.004 6.6-8.5
(6.1-8.7) (6.1-8.7) (6.2 -8.6) p >0.05
Electrical Conductivity (EC) (uS/ 102.0+9.37 98.33+6.30 96.33+7.96 F =0.13 -
cm) (66.0 - 130.0) (76.0 - 118.0) (66.0 - 119.0) p > 0.05
Total Dissolved Solids (TDS) 50.4+5.69 48.2+3.71 47.2+4.69 F = 0.01 -
(mg/1) (33.0 - 65.0) (38.0 - 59.0) (33.0 - 59.0) p >0.05
Dissolved Oxygen (mg/1) 5.45+0.72 4.43+0.77 4.30+0.69 F = 0.75 6
(3.0-7.8) 2.7-7.49) (2.0-7.0) p > 0.05
Biochemical Oxygen 2.08+0.27 2.12+0.16 2.5+0.26 F = 0.98 3
Demand (mg/1) (1.2 -3.0) (1.5-2.7) (1.7 - 3.3) p > 0.05
Chemical Oxygen 19.88+1.17 20.63+4.39 17.58 +1.92 F =0.31 30
Demand (mg/1) (16.3 -23.2) (10.4 - 40.8) (10.4 - 23.2) p > 0.05
Phosphate (mg/1) 0.40x+0.12 0.26 +0.07 0.26 +0.05 F = 0.88 3.5
(0.10 - 0.83) (0.11 - 0.53) (0.11 - 0.47) p > 0.05
Nitrate (mg/1) 1.12+0.45 1.10+0.41 0.99+0.31 F = 0.06 9.1
(0.48 - 3.36) (0.15 - 2.98) (0.27 - 2.37) p > 0.05
Sulphate (mg/1) 0.33+0.13 0.34+0.14 0.29+0.10 F = 0.06 100
(0.03 -0.77) (0.05 - 0.77) (0.06 - 0.62) p > 0.05
Calcium (mg/1) 3.21+0.28 3.02+0.21 3.08+0.32 F =0.13 180
(2.05 - 4.01) (2.22 - 3.65) (1.87 - 4.17) p > 0.05

Note: a, b = Means with different superscripts across the rows are significantly different at p<0.05; SEM = Standard Error

of Mean; FMEnv. (2011) - National Environmental (Surface and Groundwater Quality Control) Regulations
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The electrical conductivity (EC) values ranged
between 66 and 130 uS/cm. The highest EC value was
recorded in station 1 (February 2022) while the lowest
were recorded in stations 1 and 3 in May 2022. The val-
ues were generally higher in the dry months (January
to April 2022).

The TDS values ranged between 33.0 and
65.0mg/1. TDS followed the same trend as electrical
conductivity. The highest value was recorded in station
1 (February 2022) while the lowest were recorded in
stations 1 and 3 (May 2022). The values were generally
higher in the dry months (January to April 2022).

The DO values ranged between 2.0 and 7.8 mg/1.
The highest DO was recorded in station 1 (April 2022)
while the lowest was recorded in station 3 (May 2022).
Relatively higher values were recorded in station 1 and
in the dry months (January to April 2022). Most of the
values were lower than the acceptable limit (6 mg/I)
set by FMEnv. (2011).

The Biochemical Oxgyen Demand (BOD) val-
ues ranged from 1.2 to 3.3 mg/l. The highest was
recorded in station 3 (January 2022) while the low-
est was recorded in station 1 (March 2022). The values
decreased between January and March 2022 while all
the values were within acceptable limit (3mg/l) set by
FMEnv (2011) except in station 3 (January 2022).

The Chemical Oxgyen Demand (COD) values
ranged between 10.4 and 40.8 mg/1. The highest value
was recorded in station 2 (May 2022) while the low-
est were recorded in stations 2 and 3 (March 2022).
The values were generally lower between January and
March 2022 and within the acceptable limit (30 mg/I)
set by FMEnv (2011) except in station 2 (May 2022).

Phosphate values ranged between 0.10 and
0.83 mg/l. The highest value was recorded in station
1 (January 2022) while the lowest was recorded in
station 1 (April 2022). The values generally decreased
from January to March 2022 and increased again with
the onset of the rains. All the values were within the
acceptable limit (3.5 mg/1) set by FMEnv (2011).

The nitrate values ranged between 0.15 and
3.36mg/1l. The highest value was recorded in station
1 (January 2022) as in phosphate while the lowest
was recorded in station 2 (February 2022). All the val-
ues were within the acceptable limit (9.1 mg/1) set by
FMEnv (2011).

The sulphate values ranged between 0.03 and
0.77mg/1. The highest value was recorded in station 2
(May 2022) while the lowest was recorded in station
1 (April 2022). The values decreased from January to
April 2022 and increased from the onset of rains in May
2022. All the values were within the acceptable limit
(100 mg/1) set by FMEnv (2011).

The calcium values ranged between 2.05 and
4.17 mg/l. The highest value was recorded in station
3 (April 2022) while the lowest was also recorded in
station 3 (May 2022). The dry months (January to April
2022) were relatively higher. All the values recorded
were within the acceptable limit (180 mg/1) set by
FMEnv (2011).

3.2. Composition, abundance and
distribution of freshwater snail species

The spatial composition, abundance, and dis-
tribution of freshwater snails collected from the Tkwu
River are presented in Table 2. A total of 531 fresh-
water snails were collected from three families. The
composition was made up of three species - Lanistes
varicus (4.0 - 38.0 mm), Melanoides tuberculata (6.0 —
29.0 mm) and Lymnaea natalensis (13mm). The most
abundant species was M. tuberculata with 476 individ-
uals, contributing 89.64% of the freshwater snails. La.
varicus was the next with 54 individuals (10.17%) and
L. natalensis (1, 0.19%). La. varicus recorded the highest
number of individuals in station 3 and the lowest in sta-
tion 1, M. tuberculata also recorded the highest number
of individuals in station 3 and the lowest in station 2.
On the other hand, L. natalensis recorded only 1 species
in station 3.

The monthly composition, abundance, and dis-
tribution of the snails are presented in Table 3. The
highest abundance was recorded in March 2022 (190,
35.78%) while the lowest was recorded in May 2022
(27, 5.08%). La. varicus recorded the highest number
of individuals in April 2022 and none were recorded in
May and June 2022. M. tuberculata recorded the high-
est number of individuals in March 2022 and the lowest
in May 2022. On the other hand, L. natalensis was only
recorded in April 2022.

3.3. Relationship between
physicochemical parameters and
freshwater snails

Correlation coefficient analysis showed that some
physicochemical parameters influenced the abundance
and distribution of the freshwater snails in the different
stations. The freshwater snails had a positive and sig-
nificant correlation (p < 0.05) with sulphate (0.581)
in station 1. In station 2, the positive significant (p <
0.05) correlations were with electrical conductivity
(0.874), total dissolved solids (0.878), dissolved oxy-
gen (0.826), nitrate (0.661), and calcium (0.849). The
negative significant correlations were with pH (-0.847),
chemical oxygen demand (-0.573), sulphate (-0.869),

Table 2. Spatial composition, abundance, and distribution of freshwater snails

Family Taxa Station 1 Station 2 Station 3 Total | RA (%)
Ampullariidae La. varicus 5 22 27 54 10.17
Thiaridae M. tuberculata 188 100 188 476 89.64
Lymnaeidae L. natalensis 0 0 1 1 0.19
Total 193 122 216 531 100

Note: RA = Relative Abundance
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Table 3. Monthly composition, abundance, and distribution of Freshwater snails

Taxa/Month La. varicus M. tuberculata | L. natalensis Total | RA (%)
January 2022 6 63 0 69 13.00
February 2022 3 47 0 50 9.42
March 2022 21 169 0 190 35.78
April 2022 24 84 1 109 20.53
May 2022 27 0 27 5.08
June 2022 86 0 86 16.2
Total 54 476 1 531 100.0

Note: RA = Relative Abundance.

and depth (-0.778). Then in station 3, the freshwa-
ter snails correlated positively and significantly with
water temperature and negatively and significantly (p
< 0.05) with chemical oxygen demand (-0.618), phos-
phate (-0.685), and flow velocity (-0.636). The mag-
nitude of the correlation coefficient determines the
strength of the association.

4. Discussion

The abundance of freshwater snails is influenced
by the physico chemistry of the snail habitats (Usman et
al., 2017) and in combination with other environmen-
tal factors (Urude et al., 2021). The water temperature
values were attributed to season. The lowest value in
station 1 (May 2022) was due to a heavy rainfall event
during sampling and the highest in station 3 (March
2022) was due to little or no rain and high tempera-
tures during the dry season. Air temperatures have been
reported to influence water temperatures (Park et al.,
2016).The water temperature had a moderate positive
and significant correlation with the snails in station 1.
Water temperature influences the survival, fecundity,
and reproduction rate of freshwater snails (Walz et al.,
2015). Snails tolerate a wide range of ambient tempera-
tures but the most favourable range is between 14 and
32°C (McCreesh and Booth, 2014). The values recorded
in this study were within the range.

The flow velocity values were moderate. The
flow velocity in station 3 was significantly higher than
in stations 1 and 2. Freshwater snails thrive within a
narrow flow velocity tolerance range. Flow velocity
had moderate negative correlation with the freshwater
snails in station 3. This suggested that they may be dis-
lodged and washed away by high velocity observed in
station 3 (Perez et al., 2011; Maes et al., 2021; Min et
al., 2022; Daniel et al., 2024). Perez et al. (2011) also
reported that increased stream velocity reduced the
shell length. Shorter mean shell lengths were recorded
in station 3 among La. varicus and M. tuberculata in
most of the sampling months.

The depth was also influenced by season. The
highest in station 2 (May 2022) was due to a heavy
rainfall event during sampling while the least in station
3 (January 2022) was due to little or no rain in the dry
season. Station 2 generally had higher values though
not significant. Water depth was highly and negatively
correlated with snail abundance in station 2. Water
depth regulates freshwater snails’ distribution because
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they usually occur in shallow water near the shores in
relation to food, shelter and light (Min et al., 2022);
occurring rarely at depths higher than 1.5-2.0 m (Walz
et al., 2015).

The pH was slightly acidic to slightly alkaline and
influenced by season. The lowest values recorded in sta-
tions 1 (January and March 2022) and 2 (March 2022)
may be attributed to dry season and human activities
while the highest recorded in stations 1 (May and June
2022) and 2 (June 2022) were due to allochthonous
input as a result of the onset of the rains. This trend was
also previously observed in Ikwu River by Anyanwu et
al. (2023). Some of the values were within the accept-
able limit. pH had a high negative and significant cor-
relation with the snails in station 2; though Amawulu
and Akpoebiere (2022) recorded positive correlations
with Bu. globosus and M. tuberculata and negative cor-
relation with L. natalensis. pH influences the presence
and distribution of freshwater snails; though not con-
sidered a limiting factor since the snails can adapt to
a wide range of pH (Ntonifor and Ajayi, 2007). The
slightly alkaline mean values favoured the occurrence
of freshwater snails (Ntonifor and Ajayi, 2007; Dogara
et al., 2020).

The electrical conductivity (EC) and total dis-
solved solids (TDS) were moderate and followed the
same trend. The values were generally higher in the
dry months as observed by Anyanwu et al. (2023). EC
and TDS had high positive correlations with the fresh-
water snails in station 2. Conductivity is a factor that
may limit the distribution of snail species and different
species of snails live in habitats with wide conductiv-
ity differences (Oso and Odaibo, 2021; Amawulu and
Akpoebiere, 2022).

Dissolved oxygen is one of the critical parame-
ters that regulate freshwater snails’ abundance and dis-
tribution (Usman et al., 2017; Abdoulaye Ndione et al.,
2020; Manyangadze et al., 2021). Few of the recorded
DO values were within the acceptable limit. The lowest
DO value recorded in station 3 (May 2022) was due
rainfall event on the sampling day while the highest
value recorded in station 1 (April 2022) could be due
to increased photosynthesis before the onset of rains.
Station 1 recorded relatively higher values throughout
the study probably due to minimal human activities.
Dissolved oxygen had a moderate positive correlation
with the snails in station 2, which was in line with
Abdoulaye Ndione et al. (2020) and Manyangadze et
al. (2021).
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Biochemical oxygen demand is another param-
eter that regulates freshwater snails’ abundance and
distribution (Abdulkadir et al., 2017). The lowest value
recorded in station 1 (March 2022) could be due to
minimal human activities while the highest recorded
in station 3 (January 2022) could be due to intense
human activities around Ikwu River in the station.
Station 3 was within Umuire community and witnessed
high human activities, especially during the dry season.
All the values were within the acceptable limit except
for one.

The chemical oxygen demand values were low
indicating low organic pollution (Li et al., 2018) and
within acceptable limit except one. The lowest values
recorded in stations 2 and 3 (March 2022) could be
due to low input from the environment during the dry
season and the highest in station 2 (May 2022) could
be due to allochthonous input from rainfall event on
that sampling day. Cars, motorcycles, and tricycles are
washed upstream of station 2 and car wash effluent
usually contains high levels of COD (Odeyemi et al.,
2018; Rai et al., 2020; Anyanwu et al., 2022). COD had
negative and moderate correlations with the snails in
stations 2 and 3 which were different from the trend
observed by Olkeba et al. (2020).

Nutrients (phosphate and nitrate) in combina-
tion with other parameters influence the abundance
and distribution of freshwater snails (El-Khayat et al.,
2009; Olkeba et al., 2020). Phosphate values were low,
within limit, and also influenced by season. The high-
est value in station 1 (January 2022) could be due to
allochthonous input from the previous wet season and
exacerbated by the dry season while the lowest in sta-
tion 1 (April 2022) could be due to low environmental
input. The values generally decreased from January to
March 2022 and increased again with the onset of the
rains. Phosphate had moderate, negative, and signifi-
cant correlation with the freshwater snails in station 3
probably due to low concentrations. Mohamed-Assem
et al. (2015) recorded very high, positive, and signifi-
cant correlations with some freshwater snails at higher
phosphate concentrations in some streams in Egypt.

Nitrate values were moderate, within accept-
able limit, and influenced by season. The highest value
recorded in station 1 (January 2022) could be due to
allochthonous input from the previous wet season and
exacerbated by the dry season. On the other hand, the
lowest in station 2 (February 2022) could due to low
environmental input. Nitrate had a moderate, positive
and significant correlation with the freshwater snails in
station 2. Mohamed-Assem et al. (2015) also recorded
a positive and significant correlation with some fresh-
waters snails in some streams in Egypt. Moderate val-
ues contribute to the nutrients required to support the
freshwater snails but excess nitrate concentrations neg-
atively affect aquatic biota (Dodds and Smith, 2016).

The sulphate values were low, within limit and
influenced by season. The highest value recorded in sta-
tion 2 was attributed to rainfall event during sampling
in May 2022 while the lowest in station 1 (April 2022)
could be due to low environmenatal input. The values
decreased from January to April 2022 and increased
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from onset of the rains in May 2022. Sulphate had mod-
erate positive and significant correlations with freshwa-
ter snails in station 1 and high negative correlation in
station 3. Mohamed-Assem et al. (2015) reported that
under natural circumstances, a number of environmen-
tal factors can work together to influence the abun-
dance and distribution of freshwater snails.

Calcium values were low, within limit and also
influenced by season. The highest value recorded in
station 3 (April 2022) could be due to concentration as
a result of the dry season while the lowest also in sta-
tion 3 (May 2022) could be due to dilution from rainfall
event on that sampling day. The dry months (January
to April 2022) were relatively higher. Calcium had high
positive correlation with freshwater snails in station 2
but contrary to Dogara et al. (2020). Freshwater snails
usually thrive in calcium-rich environment because it
is an important parameter necessary for their shell for-
mation (Brodersen and Madsen, 2003, Abdulkadir et
al., 2013).

The three freshwater snails recorded were of
medical and public health importance. The snails were
intermediate hosts of some water-borne parasites. La.
varicus act as repository and intermediate hosts for
some parasitic nematodes and trematodes (Anorue et
al., 2021), M. tuberculata is the intermediate host for a
number of parasitic humans and rodents’ diseases (Emil
and Sofia, 2012) and L. natalensis is the obligatory inter-
mediate host for Fasciola parasites (Brown, 1994). The
most abundant species was M. tuberculata, followed by
La. varicus and L. natalensis being the least. However,
a recent study in a freshwater canal in a nearby city
(Okigwe, Imo State) reported the dominance of Bulinus
spp out of the two species recorded (Enwereji et al.,
2023). The dominance of M. tuberculata in relation to
the other species was very remarkable in that the pre-
viously dominant species (Bu. globosus) was absent.
Anyanwu and Jerry (2017) previously reported the
dominance of Bu. globosus in Ikwu River. The complete
absence of Bu. globosus could be due to presence of La.
Varicus, a known biocontrol agent for some Bulinus spp
(Dida et al., 2014; Anto and Bimi, 2017). This change of
dominance was also reported by Dogara et al. (2020) in
Warwade dam, Warwade Village, Jigawa State, Nigeria.
Melanoides spp. is an invasive snail that suppresses the
population of other snails around them (Rader et al.,
2003; Giovanelli et al., 2005; Jihad and Makawi, 2022).
Their success as invaders was attributed to possession
of hard protective shell that enables them withstand
difficult ecological conditions and predators (Supian
and Ikhwannuddin, 2002; Sharma et al., 2013) and
parthenogenetic mode of reproduction and fast growth
rate (Jihad and Makawi, 2022).

Spatially, station 3 had the highest number of
species and abundance despite the high flow veloc-
ity. This could be due to abundance of aquatic mac-
rophytes. Abundant macrophytes provide food, spawn-
ing ground and refuge for the snails (Min et al., 2022).
The sediment type in the station also contributed to the
abundance. Muddy sediment mixed stones and gravels
in station 3 support large number of species and snails
(Anyanwu and Jerry, 2017; Min et al., 2022). Human
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presence and activities were also factors. Human activ-
ities in the station were high due to its proximity to the
community; open defecation and wastes dumped by the
bank around the station provide a lot of organic matter
and nutrient to support the growth of algae that the
snails feed on (Min et al., 2022). Station 2 on the other
hand, had sparse aquatic macrophytes and sandy bot-
tom sediment which could have affected the abundance
apart from higher depth and human activities upstream
of the sampling point.

Monthly, the highest abundance and lowest
recorded in March 2022 and May 2022 respectively
could be attributed to season. Rainfall and tempera-
ture were the major climatic conditions that regulate
the distribution of freshwater snails (Stensgaard et al.,
2013; Manyangadze et al., 2016). Snails need water for
survival but too much of it has negative effects on the
population (Simoonga et al., 2009). Freshwater snails
usually go into aestivation during dry season or harsh
conditions (Jiang et al., 2023; Mahalila et al., 2025) and
onset of rains allows population build up from snails
coming out from aestivation (Aliyu et al., 2018). Hence,
La. varicus had the highest abundance after early rains
in April 2022 and none as the rains increased in May
and June 2022. M. tuberculata had the highest abun-
dance during late dry season in March 2022 and least
in during the wet season in May 2022. Lymnaea sp. was
recorded after early rains in April 2022. There was a
heavy rainfall event on the sampling day of May 2022
which affected the population of snails in that month.
Generally, rainfalls negatively affect the populations of
aquatic snails (Nwoko et al., 2023; Anorue et al., 2024;
Gong et al., 2025). In recent related studies within the
region, Anorue et al. (2021) recorded the highest num-
ber of aquatic snails between March and April before
the onset of rains while Enwereji et al. (2023) recorded
a decline in the abundance of the snails from onset of
rains in May (619 individuals) to the one of the peaks of
wet season in July (369 individuals). Walz et al. (2015)
observed that rainfall alters the environmental condi-
tions of freshwater snails in a number of ways. Heavy
rainfall events can wash away the snails as a result of
high current (Perez et al.,, 2011; Strong et al., 2011;
Daniel et al., 2024). As the rains continue, temporal
habitats can be established for the snails that survived
desiccation or the ones that were transported into the
new habitats by runoffs (Walz et al., 2015).

5. Conclusion

Three freshwater snails of medical importance
were recorded in this study, which is an indication
that Tkwu River is potential flashpoint for a myriad of
water-borne diseases. The most abundant species was
M. tuberculata, followed by La. varicus and L. natalen-
sis being the least. Most of the snails were recorded in
station 3 despite the intensity of human activities and
between March and April, before the onset of the rains.
The composition, abundance and distribution of the
freshwater snails were influenced by a combination of
environmental and anthropogenic factors which in turn
was influenced by season. Knowledge of the distribu-
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tion of freshwater snails and factors regulating them
will help in their control and water-borne parasites
associated with them.
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ABSTRACT. The tank goby (Glossogobius giuris) is the most abundant and economically important fish
species in Lake Danao, Ormoc City, Philippines. However, it is an introduced, non-native species in the
lake. Despite its economic and ecological importance, there has been a lack of studies on its biology and
population parameters in the lake. This study aimed to provide baseline information on the population
biology of G. giuris by analyzing 867 individuals collected bi-monthly from March 2021 to February
2022. Using the von Bertalanffy growth model, the estimated asymptotic length (L_), growth coefficient
(K), longevity (t, ), and growth performance (@) were found to be 25.31 c¢m, 1.30 yr', 2.31 years, and
2.91, respectively. Due to its high growth rates, the species has become abundant, potentially adversely
impacting native fish populations. On the other hand, the fishing (F), natural (M), and total mortalities
(Z) were 3.56 yrl, 2.15 yr!, and 5.71 yr!, respectively. The exploitation rate (E) was 0.62, which is
above the optimal rate of 0.5. Recruitment peaks occurred in September and October, with high values
for relative yield-per-recruit and biomass-per-recruit: E, =0.421, E,,=0.355, and E ,=0.278. The
high fishing mortality and exploitation rate indicate overfishing of the species, which could benefit
native species in the lake. However, caution is still needed as continuous intensive subsistence fishing
practices may deplete the fish stock in the lake and negatively affect the local fishing community.

Keywords: exploitation rate, length-weight analysis, mortality, protected lake, tank goby
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1. Introduction 2014). Among the introduced species is Glossogobius

giuris (Hamilton, 1822), a benthopelagic amphidro-
mous species that inhabits marine, brackish, and fresh-
water environments across Asia (Azad et al., 2018).
In freshwater environments, this carnivorous species
thrives in a wide range of habitats, including canals,
ditches, and ponds with rocky, gravelly, or sandy bot-
toms (Hossain et al., 2009). Its diet consists of crusta-
ceans, small insects, fish larvae, and small fishes (Bejer,
2015). Moreover, G. giuris has the potential to become
invasive and threaten the survival of native species. For
instance, in Lake Lanao in Mindanao, Philippines, the
introduction of G. giuris led to the disappearance of 15
endemic fish species (Juliano et al., 1989).

In the Philippines, G. giuris has been documented
in several freshwater ecosystems, including the Mount
Makiling Forest Reserve’s watershed in Batangas and
Laguna (Paller et al.,, 2011), Lake Taal, Batangas

Globally, fish account for over half of all iden-
tified vertebrate species. Fish has long been a signif-
icant part of the human diet and a major contributor
to national economies. Henderson and Tocher (1987)
emphasized that approximately 39% of all fish spe-
cies are freshwater fishes, primarily found in tropical
regions. These fishes exhibit a wide range of diet prefer-
ences, from strictly herbivorous to entirely carnivorous.
Freshwater fishes are considered to be the most threat-
ened vertebrate taxon as they serve as direct indicators
of the planet’s environmental health. Recognizing their
ecological role and economic importance, enhancing
the protection and conservation of freshwater species is
crucial (McGregor Reid, 2013).

The Philippines is home to 348 freshwater fish
species, of which 195 (56%) are native, 96 (28%) are
endemic, and 57 (16%) are introduced (Guerrero,
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(Masagca and Ordofiez, 2003), Lake Buluan, Sultan
Kudarat (Dorado et al., 2012), Lake Lanao, Lanao del
Sur (Mahilum et al., 2013), and Lake Mainit, Surigao
del Norte (Joseph et al., 2016). This species has also
been observed in Lake Danao, Ormoc City, Philippines
(Weliange et al., 2007). Locally known as ‘bul-a,” this
species was reportedly accidentally introduced to
the lake during the construction of a nearby bridge
(Romero et al., 2023). Since its introduction, fishers
have attributed the decline of other freshwater fish
commodities to G. giuris’ predation of eggs of other
fishes, making them the most dominant fish species in
Lake Danao (Romero et al., 2023). Since only a small
number of fishers harvest G. giuris in Lake Danao, pri-
marily for household consumption, it has become one
of the most frequently caught fish and now serves as a
major source of alternative food for the local commu-
nity (Romero et al., 2023).

Despite its abundance in Lake Danao, the biology
and ecology of G. giuris remain insufficiently studied.
The prevalence of this invasive species poses a sig-
nificant threat to valuable native species in the lake,
such as the giant mottled eel (Anguilla marmorata) and
the walking catfish (Clarias batrachus) (Romero et al.,
2023). Thus, baseline information on the biology and
population dynamics of G. giuris is essential for devel-
oping effective management strategies to conserve and
enhance local fisheries and biodiversity, considering
that Lake Danao is a protected area. To address these
gaps, this study examines key biology and population
parameters of G. giuris, particularly length- weight rela-
tionships, growth, mortality, and exploitation rates.

2. Materials and methods
2.1. Study site

This study was conducted in Lake Danao, Ormoc
City, Philippines (11°04'14.9” N, 124°41’43.1” E)
(Fig. 1). The 139.8-hectare guitar-shaped lake is capa-
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<
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124.691° E

124.691° E

ble of storing more than 56,000,000 m?® of water, mak-
ing it an integral part of nearby communities that bene-
fit from its ecosystem services such as tourism, fishing,
farming, and source of water for drinking and utility
(Romero et al., 2023; de la Cruz et al., 2024). Situated
600 m above sea level, Lake Danao is part of the LDNP,
a protected area in Eastern Visayas. Under Republic Act
11038 or the Expanded National Integrated Protected
Areas System (E-NIPAS) Act of 2018, protected areas
are defined as “portions of land and water set aside by
reason of their unique physical and biological signif-
icance, managed to enhance biological diversity and
protected against destructive human exploitation”.
Prior to the data collection, a gratuitous permit was
secured from the LDNP Protected Areas Management
Board (Romero et al., 2023).

2.2. Fish sample collection

The collection of the G. giuris (Fig. 2) was
done bi-monthly from March 2021 to February 2022.
Samples were obtained from the landed catch of local
subsistence fishers who used simple handlines and size
8 mesh (approximately 3 mm) fishing nets. The col-
lected G. giuris were stored in an ice-cooled box and
were transported to the laboratory for analysis. The
samples were then separated based on their sex using
the external morphology of urogenital papilla shape
(oval in a female and triangle in a male) adapted from
available guides (Cabuga et al., 2016; Dinh et al., 2017,
Yeasmine et al., 2021). Only fish specimens with intact
body parts were included in the study, while those with
missing or damaged sections were excluded.

2.3. Fish measurements

Total lengths were measured using a ruler to the
nearest 0.1 cm, while total body weight was measured
with an accuracy of 0.01 g.

124.697° E 124.703° E

..\\

124.697° E 124.703° E

Fig.1. Map showing Lake Danao in Ormoc City, Leyte, Philippines.
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Fig.2. Photograph of G. giuris from Lake Danao, Ormoc City courtesy of Romero et al. (2023).

2.3.1. Length-weight relationship

The length-weight relationship of G. giuris was
analyzed for both sexes using the equation of Le Cren
(1951):

W=al’,
where

W — weight of fish in g

L - total length of fish in cm

a - scaling coefficient

b - allometry coefficient.

The parameters a and b, commonly referred to as
length-weight parameters, are determined using avail-
able length-weight data. Each fish species has a dis-
tinct length-weight relationship or specific parameters,
which can vary between sexes, stocks, or geographical
regions. The parameter a serves as a scaling coefficient
for the weight (W) at a given length (L), while b rep-
resents a shape factor reflecting the body form of the
species. (Kuriakose, 2014). The ideal value of b is 3,
which indicates isometric growth (Ricker and Carter,
1958). Values not equal to 3 may be recorded due to
various environmental factors or the condition of the
fish themselves. If b < 3, fish become leaner as they
grow in length, indicating negative allometric growth.
Conversely, if b > 3, fish become heavier, demonstrat-
ing positive allometric growth and suggesting optimal
growth conditions.

2.3.2. Growth parameters

Length frequency data was firstly grouped over
2.5 cm intervals and was used to assess the biologi-
cal parameters of the fish population. The Electronic
Length-Frequency Analysis (ELEFAN I) procedure from
the FAO-ICLARM Stock Assessment Tools II (FiSAT-II)
software (Gayanilo Jr et al.,, 2005) was performed
to determine the asymptotic length L_ (cm) and the
growth parameter K. The growth performance index
(9) was then computed using @ =log, (K) +2 log,,(L_)
(Pauly, 1984).

2.3.3. Mortality and exploitation rates

The length-converted capture curve method in
ELEFAN I was applied to estimate the total mortality
rate (Z) using estimates of L _ and K (Beverton and Holt,
1979; Pauly, 1983). To estimate the natural mortality
rate (M), Pauly’s M empirical equation (Pauly, 1980)
was utilized:
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log,, M= —0.006—0.279 log,, L _ +0.6543 log,, K+ 0.4634 log,, T,
where:

L_ — asymptotic length

K — growth parameter

T — mean habitat temperature (°C)

The longevity (¢, ) of G. giuris was calculated as:

t =3/K

Fishing mortality (F) can be calculated by sub-
tracting the natural mortality rate (M) from the total
mortality rate (Z):

F=Z—-M.

Exploitation rate (E) is the ratio between fishing
mortality (F) and total mortality (Z) (Ricker, 1975), and
can be written as:

E=F/Z.

2.3.4. Length at first capture and length at
first maturity

The ascending left arm of the length-converted
catch curve incorporated in FiSAT II tool was used to
estimate the probability of length at first capture (L)
(Pauly, 1987). The length at first maturity was esti-
mated using the expression:

L =(2XL_)/3

2.3.5. Relative yield per recruit and
relative biomass per recruit

Analysis of relative yield per recruit (Y/R) and
relative biomass per recruit (B/R) were performed using
the knife selection method (Beverton and Holt, 1966).
This analysis helps determine whether populations are
overexploited by calculating E__ (the exploitation rate
with maximum yield) and E,, (the exploitation rate
that retains 50% of the biomass).

3. Results
3.1. Length-weight relationship

A total of 867 samples were processed and ana-
lyzed in this study, composed of 527 females and 340
males. The total length of female G. giuris ranged from
4.10-18.50 cm with a mean length of 12.30+10.9 cm,
while the weight ranged from 2.16-106.00 g with
a mean weight of 9.21+8.85 g. Meanwhile, male
G. giuris had a total length that ranged from 7.2-25.7
cm with a mean total length of 11.10 +2.46 and weight
ranging from 2.81-134.00 g with a mean weight of
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12.30+10.90 g. Table 1 outlines the descriptive sta-
tistics of the recorded length and weight of the sam-
ples. Female G. giuris yielded a length-weight equation
of W=0.0178L%% (r=0.97), while male G. giuris had
W=0.0141L%7 (r=0.97). While female G. giuris had a
lower b value, both groups showed negative allometry
(b<3). Fig. 3 shows the graphs for the length-weight
relationship of male and female G. giuris specimens col-
lected from Lake Danao.

3.2. Growth parameters

Table 2 shows the summary of fish samples
according to their length groups. Samples from the
length group of 9.2 cm — 11.7 cm (n=354) were the
most abundant, while the 24.8 cm - 27.3 cm length
group had the least number of samples (n=1). The
length-frequency analysis of the collected G. giuris
showed that there were five fish size groups, repre-
sented by blue lines (growth curves) (Fig. 4). The esti-
mated length L_ (cm), the growth parameter K, and the
growth performance index (@) were 25.31, 1.30, and
2.91, respectively.

3.3. Mortality rates and exploitation rates

The total mortality (Z), natural mortality (M),
and fishing mortality (F) rates were 5.71, 2.15, and
3.56, respectively based on the length-converted catch
curve analysis (Fig. 5A). Meanwhile, the exploitation
rate (E) of 0.62 indicates high exploitative activity
of catching this species. Two recruitment peaks were
observed in September and October (Fig. 5B).

3.4. Length at the first capture and length
at the first maturity

Based on the estimate from the capture probabil-
ity analysis (Fig. 6), the length at the first capture (L)
for G. giuris was 3.69 c¢cm (TL). Most specimens caught
were between 6.6 cm — 9.1 cm at 5.7 year! fishing rate.
The highest peak of the fishing rate fell between 9.2 cm
— 11.7 cm length intervals. Meanwhile, the length at
first maturity (L) was 6.87 cm (TL).
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Fig.3. Length-weight relationship of female (top) and
male (bottom) G. giuris collected from Lake Danao, Ormoc
City.

3.5. Relative yield per recruit and relative
biomass per recruit

The analyses of the yield-per-recruit and bio-
mass-per-recruit of G. giuris showed that the optimum
yield E,,=0.355, the yield at the stock reduction of
50% E,,=0.27, and the maximum sustainable yield
E _=0.42 (Fig. 7A). The ratio of the length at first
capture and the asymptotic length (e.g., the yield iso-

pleths, Fig. 7B) of this fish was 0.05. Its growth per-

Table 1. Descriptive statistics of the recorded length and weight of G. giuris collected from Lake Danao, Ormoc City.

Month N No. of | No. of Total Length (cm) Total Weight (g)
Grmele | ikl Min Max Mean = SD Min Max Mean *= SD
March 2021 60 26 34 7.50 19.50 11.70 = 2.90 4.00 61.00 15.40 = 12.30
April 2021 89 51 38 6.20 19.40 10.90 = 2.55 2.28 55.00 11.50 = 9.73
May 2021 70 31 39 5.00 18.50 11.00 + 2.89 3.00 57.00 12.80 = 10.60
June 2021 29 17 12 7.00 14.70 10.00 = 1.73 3.32 24.40 8.74 + 4.44
July 2021 80 41 39 6.80 25.70 10.10 = 2.55 2.29 134.00 | 10.00 = 14.90
August 2021 127 95 32 6.50 17.30 10.60 + 2.23 2.27 106.00 11.80 = 12.10
September 2021 | 236 180 56 4.10 17.30 9.94 + 211 2.16 45.50 9.17 + 6.29
December 2021 17 10 7 7.10 9.60 8.44 + 0.834 3.00 7.00 4.98 + 1.17
January 2022 121 60 61 6.60 14.00 9.38 + 1.84 2.72 20.80 7.62 + 4.39
February 2022 38 16 22 6.80 20.50 10.60 = 3.21 3.05 68.30 12.40 = 12.80
Total 867 | 527 340
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Fig.4. Length-frequency distribution and growth curves of G. giuris (n=863). The black bars show the highest monthly
frequencies of fish length, while the white bars show the lowest frequencies recorded. The blue lines represent growth curves,
illustrating the estimated growth trends over time based on length-frequency data.

formance was 2.91, and its longevity was 2.31. A 100F
Table 3 summarizes the population parameters of
G. giuris collected from Lake Danao. 80 | o
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o &

4. Discussion 60 L ©

4.1. Length-weight relationship

In(N/dt)
®
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This study provides initial insights into
the wild population of G. giuris in Lake Danao. 20 |
The results of the length-weight analysis indicate
that female G. giuris exhibited a higher mean 0.0 n
total length and weight than males. On the other 0.0 10
hand, the calculated allometric coefficient (b) Relative age (years-t0)
was higher in males (b=2.76) than in females B 20
(b=2.66). A similar trend has been observed
in G. giuris populations from Mithamoin Haor, //'\\

Kissorgonj, Bangladesh (Hossain and Sultana,
2014), Manchar Lake, Sindh, Pakistan (Qambrani
etal., 2016), and Lapompakka Lake and Sidenreng
Lake, South Sulawesi (Kudsiah et al., 2022;
Suwarni et al., 2022). Differences in total length,
weight, and allometry coefficient between male
and female G. giuris can be attributed to several
factors, including habitat, gonad maturity, fat
accumulation, and metabolic activity (Tesch,
1971; Hossain and Sultana, 2014). The observed
variations in growth patterns suggest that envi-

Recruitment (%)
S
T

0
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Fig.5. The (A) length-converted catch curve and (B) estimated

recruitment pattern of G. giuris in Lake Danao, Ormoc City. The

ronm(‘ental'factors in Lak.e ]?anao may bet Shapi‘ng regression line in the length-converted catch curve was determined
the biological characteristics of G. giuris, which using the black circles. The yellow circles represented excluded
warrants further investigation. points, while the white circles were extrapolated points.

Table 2. Number of G. giuris samples according to length groups (with 2.5 cm interval).

Month Length Class (cm) TOTAL
4.0-6.5 | 6.6-9.1 |9.2-11.7 (11.8-14.3|14.4-16.9|17.0-19.5|19.6-22.1|22.2-24.7(24.8-27.3

March 2021 13 17 20 6 3 1 60
April 2021 1 21 40 19 4 2 2 89
May 2021 1 21 24 13 8 3 70
June 2021 10 14 4 1 29
July 2021 28 41 8 1 1 1 80
August 2021 1 37 51 31 7 127
September 2021 3 87 106 30 8 2 236
December 2021 13 4 17
January 2022 56 45 20 121
February 2022 15 12 6 3 2 38
Total 6 301 354 151 38 11 5 0 1 867
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4.2. Growth parameters

The analysis of the length-frequency distribution
showed that the most frequently caught G. giuris was
between 9.1 and 11.5 cm. The availability of food may
have positively influenced the growth in terms of size
of G. giuris in Lake Danao. G. giuris primarily preys on
crustaceans, small insects, and small fishes (Achakzai et
al., 2015), which are present and abundant in the lake
(Weliange et al., 2007; Romero et al., 2023). Moreover,
cannibalism has been observed for G. giuris in Lake
Danao, along with predation on the eggs of other fish
species, such as Nile tilapia (Oreochromis niloticus) and
common carp (Cyprinus carpio) (Romero et al., 2023).

Meanwhile, the estimated asymptotic length
(L_=25.31 cm) of G. giuris in this study exceeds those
reported in previous studies from the Mekong Delta,
Vietnam (L_=20.53 cm) (Dinh et al., 2017), Titas
River, Brahmanbaria District, Bangladesh (L_=19.6
cm) (Ahmed and Latifa, 2012), and Rabnabad Channel,
Southern Bangladesh (L_=25 cm) (Ahamed et al,,
2023). The growth coefficient (K =1.30) was also higher
than those reported for G. giuris from the Mekong Delta,
Vietnam (K=0.56) and Rabnabad Channel, Southern
Bangladesh (K=1.10) but lower compared to the
Titas River, Brahmanbaria District sample population
(K=1.36) (Ahmed and Latifa, 2012; Dinh et al., 2017;
Ahamed et al.,, 2023). In addition, the growth per-
formance index (@=2.91) and longevity (t =2.31)
observed in this study suggest a relatively fast growing
and short-lived population of G. giuris in Lake Danao
compared to those from the Mekong Delta, Vietnam
(©=2.37,t  =5.36) and Rabnabad Channel, Southern
Bangladesh (@=2.84,t =2.70). These variations can
be attributed with certain factors, such as gear selectiv-
ity, sampling methods, and environmental differences
across habitats (Ahamed et al., 2023).

Despite its rapid growth and high reproductive
potential, the impact of G. giuris on Lake Danao’s native
fish community remains a concern that warrants urgent
attention. However, given that its harvest is limited to
subsistence fishing by a small number of fishers, the
pressure on the population is relatively low. This sce-

A 100 0.11
> 2 0.09
B 075k =
H 2 007}
& &
2 050 3 0.06___,_r.-
g 5
@ 2 0.04 | |
E g
E 025 F I~ l '
= 0.02 | |
0.00 0.00 L . !
00 02 04 06 08

Exploitation ratio (E)

1.0

“ N
\ \\
1.00
N \
\\ ".\\
NN
0.75 \ N \
> N
E S N
< NN
€ 050
[-» 2 N
0.25 \
: NN
'\f: N\
N N\
A NN

1.60 4.10 6.60 9.10
Length Classes (cm)

11.60

Fig.6. The probability of capture of G. giuris (L,,=3.09,
L,=3.69, and L =4.29 cm, estimated from the logistic
transform curve (red line).

nario suggests that while G. giuris may pose a compet-
itive threat to other species, its population is not cur-
rently being heavily exploited for economic gain. As
such, continued monitoring is necessary to assess its
long-term impact on the aquatic biodiversity and water
quality of Lake Danao.

4.3. Mortality rates and exploitation rates

The estimated values for natural mortality (M),
fishing mortality (F), total mortality (Z), and exploita-
tion rate (E) were all higher than those reported for
G. giuris in the Mekong Delta, Vietnam (Dinh et al.,
2017) and Rabnabad Channel, Bangladesh (Ahamed et
al., 2023). Notably, the fishing mortality (F=3.56) was
higher than the natural mortality (M=2.15), which
implies overfishing on the population of G. giuris in
Lake Danao. Studies show that fishing mortality can
be influenced by fishing effort, fishing gear, and the
economic value of the fish (Etim et al., 2002; Dinh et
al., 2017), while natural mortality is driven by natural
causes such as predation, diseases, and aging (Bjornsson
et al., 2022).
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Fig.7. The relative yield-per-recruit and relative (A) biomass-per-recruit and (E__ =0.421, E , =0.355 and E ,=0.278), and
the yield isopleths (B) for G. giuris. In (A), the yellow dashed line represents the maximum yield per recruit. On the other hand,
the green and red dashed lines represent the exploitation that retains 10% and 50% of the biomass, respectively. In (B), the iso-
pleths illustrate how changes in exploitation rate and the ratio of length at first capture to asymptotic length can affect the overall
yield. Warmer colors (orange/red) indicate higher values. The highest yield isopleth is in the upper-left quadrant (Quadrant A),

which suggests overexploitation.
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Table 3. Growth and mortality parameters of G. giuris collected from Lake Danao, Ormoc City compared to other studies.

Population parameter Value for this | Dinh et al. | Ahamed et
study (2017) al. (2023)
Asymptotic length (L_) 25.31 20.53 25.0
Growth parameter (K) 1.30 0.56 1.10
Longevity (t_ ) 2.31 5.36 2.70
Total mortality (Z) 5.17 3.17 2.24
Natural mortality (M) 2.15 1.40 2.00
Fishing mortality (F) 3.56 1.77 0.42
Growth performance index (®) 2.91 2.37 2.84
Length at first capture (L, cm) 3.69 7.41 -
Length at first maturity (L_, cm) 16.87 - -
Annual exploitation rate (E) 0.62 0.56 0.17
Exploitation at maximum economic yield (E ) 0.35 0.515 0.24
Exploitation that retains 50% of the biomass (E,) 0.27 0.323 0.31
Exploitation rate with maximum sustainable yield (E_ ) 0.42 0.633 0.37

Although the results suggest overfishing, it is
important to contextualize this within the local fishing
practices. In Lake Danao, most fishers go out fishing at
least once a day and spend 1 - 4 hours per fishing oper-
ation, depending on the type of gear. Local fishers inti-
mated that the G. giuris they catch were typically about
the size of a human thumb, and the volume of catch
is just enough to satisfy their daily needs. At the same
time, some fishers use smaller G. giuris as bait to catch
other larger fish, such as the giant mottled eel (Romero
et al., 2023). Larger gobies are rarely caught as they
tend to inhabit the deeper parts of the lake. Since only a
small number of fishers harvest G. giuris in Lake Danao,
primarily for household consumption (Romero et al.,
2023), the overall exploitation remains limited com-
pared to commercial fisheries. Even in the absence of
direct commercial exploitation and under low fishing
pressure, a higher fishing mortality rate (F) than nat-
ural mortality (M) in a fish population indicates over-
fishing. This means the population is being harvested
faster than it can replenish itself, leading to a decline
in fish stocks, an important indicator of unsustainable
fishing practices among local fishers. Therefore, con-
tinued subsistence fishing without appropriate manage-
ment interventions could result in gradual stock deple-
tion, threatening both ecological balance and local food
security

4.4. Length at first capture and length at
first maturity

The length at the first maturity (L,_=16.87 cm)
was relatively higher than the length at the first cap-
ture (L,=3.69 cm), suggesting that the G. giuris is har-
vested before reaching reproductive maturity, a key
characteristic of growth overfishing. The L _ recorded
in this study was higher compared to those reported for
G. giuris in the Mekong Delta, Vietnam (L,_=4.8-6.1 cm)
and Rabnabad Channel, Southern Bangladesh (L_=8.5
cm) (Dinh et al., 2017; Ahamed et al., 2023). Length at
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first maturity can be influenced by environmental fac-
tors such as climate, trophic state, and hydrodynamics
(Sinov¢i¢ and Zorica, 2006). Kuparinen et al. (2011)
observed that fish in warmer environments tend to
reach maturity sooner at smaller body sizes compared
to those in cooler environments. Furthermore, the Lc,
L_ ratio (0.14) from the study suggests that the har-
vested catch mostly comprises small-sized G. giuris.
This observation supports the earlier claim that growth
overfishing exists within the fishery of G. giuris in
Lake Danao. Although early harvesting is evident, the
non-commercial nature of G. giuris fishing suggests that
its intensity is not as severe as in large-scale fisheries.
However, the unsustainable practices observed, indi-
cated by F exceeding M, could still impair the popu-
lation. Therefore, implementing regulations such as
size limits and seasonal or gear restrictions would help
sustain the G. giuris population while preserving it as a
viable alternative food source for nearby communities.
Meanwhile, the G. giuris in Lake Danao were
observed to have two spawning peaks, in September
and October. Similar spawning periods have been doc-
umented for G. giuris populations in Mithamoin Haor,
Kissorgonj, Bangladesh (Hossain, 2014), Can Tho
City, Vietnam (Pham and Tran, 2013), Payra River,
Patuakhali, Bangladesh (Roy et al., 2014), Mekong
Delta, Vietnam, (Dinh et al., 2017) and Rabnabad
Channel, Bangladesh (Ahamed et al., 2023). While
spawning periods vary by location, G. giuris generally
reproduces during the wet or rainy season (Pham and
Tran, 2013; Ahamed et al., 2023). The observed spawn-
ing pattern suggests that environmental factors, such
as seasonal rainfall and water temperature, may play
a crucial role in regulating the reproductive cycle of
G. giuris in Lake Danao. Understanding these seasonal
spawning trends is essential for developing manage-
ment strategies, such as seasonal fishing restrictions, to
prevent excessive harvesting during peak reproductive
periods and ensure the sustainability of the species.



Gaut M.N.P.C. et al. / Limnology and Freshwater Biology 2025 (5): 1119-1128

4.5. Relative yield per recruit and relative
biomass per recruit

The calculated exploitation rate (E=0.62) in
Lake Danao was higher compared to those reported
for G. giuris in the Mekong Delta (E=0.56) (Dinh
et al., 2017) and Rabnabad Channel, Bangladesh
(E=0.17) (Ahamed et al., 2023). Moreover, the esti-
mated exploitation rate also exceeded the sustainable
threshold values, particularly the exploitation rate for
maintaining 50% of the biomass (E,,=0.27) and the
exploitation rate corresponding to the maximum sus-
tainable yield (E _=0.42), providing further evidence
of G. giuris overfishing. Furthermore, a combination of
yield isopleths (L /L_) and exploitation rate (E) analysis
revealed that this gobiid species falls in the overfish-
ing quadrant (D), as described by Pauly and Soriano
(1986). The goby’s short length at the time of capture
corroborates this finding.

Despite indications of overfishing, it is essential
to consider the subsistence nature of fishing in LDNP
(Romero et al., 2023). The limited number of fishers in
the area suggests that the primary concern is not com-
mercial overexploitation but rather the long-term sus-
tainability of local fishing practices. If left unmanaged,
even small-scale subsistence fishing could alter the pop-
ulation dynamics of G. giuris, potentially affecting both
its abundance and its ecological interactions within the
lake. Meanwhile, the reduction of G. giuris through fish-
ing may benefit native fish species by decreasing com-
petition for resources, thereby promoting biodiversity.
However, caution is necessary, as persistent overfishing
could diminish recruitment potential and disrupt the
lake’s ecological balance. To ensure sustainable fishery
management, measures such as implementing a closed
season during peak spawning periods and regulating
the harvest of immature fish should be considered.
These strategies would help balance the ecological
impact of G. giuris with its role as a vital food source for
local communities.

5. Conclusion

The study provides a preliminary assessment
of the growth, mortality, exploitation, and popula-
tion dynamics of G. giuris in Lake Danao, Ormoc City.
Findings indicate that this introduced species is being
overfished, primarily due to subsistence fishing rather
than commercial exploitation. While reducing G. giuris
populations may alleviate competition for resources
and potentially benefit native fish species, continued
overfishing could disrupt the lake’s ecological balance
and threaten its role as a food source for local com-
munities. The high exploitation rate and the capture
of juvenile individuals suggest the presence of growth
overfishing, which may hinder the long-term sustain-
ability of the subsistence fishery. Moreover, as sub-
sistence fishing is the primary means of harvesting
G. giuris, any decline in its population could negatively
affect the food security and economic stability of fami-
lies that rely on it. Thus, a balanced approach is neces-
sary to manage G. giuris effectively, mitigating its eco-
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logical impact while ensuring its sustainable utilization
by local fishers.

Future research should focus on conducting long-
term monitoring of G. giuris and other fish populations
in Lake Danao to better understand population trends,
reproductive patterns, and ecological interactions.
Studies on the diet composition of G. giuris could pro-
vide further insights into its impact on native species
and help refine conservation strategies. Moreover, con-
servation initiatives should include regulating fishing
gear and mesh sizes to prevent the capture of immature
individuals, implementing closed fishing seasons during
peak spawning periods, and promoting alternative live-
lihood programs for local fishers to reduce dependency
on the species. Since subsistence fishers rely on G. giuris
as one of the primary sources of alternative food, man-
agement strategies should also incorporate communi-
ty-based fisheries management approaches to ensure
that conservation efforts do not adversely impact the
livelihoods of local fishing families. These measures
will contribute to a more comprehensive and adaptive
fisheries management approach, balancing ecological
sustainability with the socio-economic needs of the
community. Local authorities, researchers, and other
scholars can use the findings of this study as a guide
for developing evidence-based regulations and research
initiatives for the sustainable utilization and manage-
ment of G. giuris and the protection and conservation
of the aquatic biodiversity in Lake Danao Natural Park
(LDNP).
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ABSTRACT. The health status of aquatic ecosystem is depended on the physicochemical and biological
characteristics of water which provides significant information about the available resources for sup-
porting life. This study aims to assess spatiotemporal variation of water quality parameters in selected
young reservoirs in Tigray. Depth-integrated water samples (surface, middle, and just above bottom)
were collected bimonthly (two times during the wet, dry-cold and dry-hot seasons) at each sampling
sites with a heart-valve sampler. Variation between the wet, dry-cold and dry-hot seasons was examined
using one-way ANOVA but variation between littoral and pelagic sites were analyzed with the indepen-
dent t-test. We showed a significant (p <0.05) seasonal variation in temperature, pH and transparency
in all the reservoirs investigated. Kalema reservoir was recorded with highest mean value of tempera-
ture, chlorophyll-a and conductivity. Mean value of pH has a spatially significant difference (p <0.05)
in all the study reservoirs except Kalema. None of the physicochemical water quality parameters in
Kalema reservoir exhibited spatially significant (p > 0.05) variations. Dissolved oxygen and pH showed
spatially significant variation (p<0.05) in Mihtsab-Azmati and Seisa reservoirs. A significant correla-
tion (p <0.01) was recorded between temperature with turbidity, chlorophyll-a, transparency and con-
ductivity. The physicochemical parameters of the reservoirs showed distinct temporal and spatial varia-
tions. The result obtained in this study is very important as baseline information to know the ecology of
reservoirs for future reservoir management. Further detailed studies that include total phosphorus, total
nitrogen, etc., are needed to suggest the trophic conditions of the reservoirs.
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1. Introduction water may be described in terms of the concentration

of the organic and inorganic material present in the
water, together with certain physical characteristics of
the water (Sheela et al., 2012).

Limnology is the study of the structural and func-
tional interrelationship of organisms of inland waters as

Water is vital to the existence of all living organ-
isms, but this valued resource is increasingly being
threatened as human populations grow and demand
more water of high quality for domestic purposes and

economic activities. Water quality assessment is the
overall process of evaluating the physical, chemical
and biological variables of water in relation to natural
quality, human effects and intended uses of different
substances, particularly uses that many affect human
health and the health of aquatic species in general
(Chapman, 1996). Water quality is affected by a wide
range of natural and human influences. The quality of

*Corresponding author.

their dynamic physical, chemical, and biotic environ-
ments affect them. It covers the attributes of all inland
waters, both running as in rivers (lotic ecosystems) and
standing as in lakes (lentic ecosystems) (Trenberth et
al., 2007). Generally, water quality is connected with
physical, chemical and biological (including bacterio-
logical) characteristics (Nancy, 2009) and these char-
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acteristics determine the healthy status of any aquatic
ecosystem (Venkatesharaju et al., 2010). Therefore,
assessing the quality of water in any ecosystem provides
significant information about the available resources
for supporting life in that ecosystem.

Water is the major limiting factors for agricul-
ture in Tigray, northern Ethiopia. To mitigate the water
shortage and support subsistence agriculture of the
dense population in north Ethiopia, several small res-
ervoirs have been constructed in the past three decades
for the purpose of irrigation and watering of cattle
(Haregeweyn et al., 2006; Dejenie et al., 2008). This
region is characterized by a tropical semi-arid climate
with an extended dry period and a maximum effective
rainy season of about two months, July-August (Nyssen
et al., 2005). To alleviate these water shortage related
problems, the regional state of Tigray decided to con-
struct a large number of small man-made reservoirs
(Haregeweyn et al., 2006).

Reservoirs are described as artificial lakes and
separated from natural lakes with some of their char-
acteristics, such as high water flow velocity, solid mat-
ter presence in influent suspend and short-term water
exchange (Harper, 1999). Reservoirs may exhibit partic-
ularly variable nutrient and light availability, both tem-
porally and spatially. Nevertheless, a closer relationship
between the catchment area and the aquatic system is
a particular characteristic of reservoirs. Furthermore,
these artificial ecosystems have a higher potential for
eutrophication because of the release of nutrients from
decomposing organic matter driven from flooded land
(Kalff, 2002). Reservoirs are constructed for the main
purpose of storing water and other uses, such as water
supply for agriculture, urban activity, flood control,
power generation, irrigation, recreational use and fish
farming (Haregeweyn et al., 2006).

Water must be tested for different physicochem-
ical parameters. The selection of parameters for testing
water depends upon the intended use. Physical param-
eters for which samples are tested include temperature,
pH, turbidity, water transparency (secchi depth), total
suspended solid (TSS), etc., while chemical tests are
often performed for inorganic nutrients, dissolved oxy-
gen, alkalinity, salinity (or conductivity), hardness and
total dissolved solids (TDS) (Patil et al., 2012).

The water quality of freshwater habitats pro-
vides substantial information about existing resources,
which depends on the influences of physicochemical
parameters and biological features. Life in aquatic
environments is largely governed by different physico-
chemical water quality characteristics and their stabil-
ity. These characteristics have enabled biota to develop
many adaptations that improve sustained productivity
and regulate reservoir metabolism. The role of various
factors, such as temperature, transparency, turbidity,
water color, carbon dioxide, pH, alkalinity, hardness,
ammonia, nitrite, primary productivity, biochemical
oxygen demand (BOD), plankton population, etc., can’t
be overlooked for maintaining a healthy aquatic envi-
ronment and for the production of sufficient fish food
organisms in reservoirs for increasing fish production
(Genevieve et al., 2008).
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The quality of water resources is declining due
to both natural (change in precipitation, erosion) and
anthropogenic (industrial and agricultural activities)
factors (Sheela et al., 2012). In addition, all reservoirs
are subjected to periodic fluctuations in water levels
due to rain, hydrological regimes that are influenced
by irrigation of agricultural lands and temperature
changes (Duncan and Kubecka, 1995). Moreover, the
clearance of catchment land use and water extraction
modifies the natural flow and associated water quality
characteristics. The availability of water and its phys-
ical, chemical, and biological quality and quantity are
altered, organisms are often adversely affected and eco-
system services may be lost (Reynolds, 2006).

Previous studies were conducted on the ecology
and related aspects of many manmade semiarid and
arid reservoirs in Tigray (Asmelash et al., 2007; Dejenie
et al.,, 2008; Teferi et al.,, 2014; Zebib and Teame,
2017). However, there are no scientific data on spa-
tiotemporal water quality parameters for the selected
young reservoirs. Therefore, the novelity of the present
study is to generate scientific data on spatiotemporal
water quality parameters, which have never been stud-
ied yet. We hypothesized that during the cold-dry and
hot-dry seasons when the input of water is low, most
water quality parameters would have higher concen-
trations (as compared to the wet season) for different
reasons, such as re-suspension, absence of dilution, and
increased evaporation.

2. Methodology

Description of the study site

This study was conducted in four selected man-
made young reservoirs: Seisa, Mihtsab-Azmati, Mai-
Dimu and Kalema. The study reservoirs are located
in Tigray national regional state of Ethiopia. Tigray is
found in northern Ethiopia with a rugged terrain rang-
ing between 400 to almost 4000 masl, having a total
surface area of 53,000 km? and lies between latitudes
12°15’ and 14°57’N and longitudes 36°27’ to 39°59’E
(CSA, 2006). It is bounded in the north by Eritrea, to
the west by the Sudan and to the east and south by
the Afar and Amhara regions of Ethiopia, respectively
(Fig. 1).

Seisa reservoir is found in Laelay Legomti Tabia
(Tabia is the lowest administrative level in the Tigray
national regional state of Ethiopia), Geter Adwa woreda
(district) of central zone of Tigray. This site is found 27
km east of Adwa town. Seisa reservoir was constructed
in 2014 with a capacity of 12 Mm?®.

Mihtsab-Azmati reservoir is found in Baekel
Tabia, Mereb Leak woreda, central zone of Tigray,
which is found 9 km east of Rama town. This reservoir
was constructed in 2014 with an actual water capacity
of 34Mm?. Both reservoirs were constructed mainly for
irrigation purposes.

Mai-Dimu reservoir is found in Mai-Dimu Tabia,
Tahtay-Koraro woreda, northwestern zone of Tigray
which is located 15 km west of Shire Endaselassie town.
This reservoir was constructed in 2010, with 18Mm? of
water. The dam was mainly constructed for drinking
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Fig.1. Map of Ethiopia (top left) and Tigray with districts (center). Inset map of the study sites: A=Seisa, B= Mihtsab

Azmati, C= May Dimu and D = Kalema reservoirs.

purpose for the community of Shire Endaselassie town.

Kalema reservoir is found in Kalema Tabia,
Wolkait woreda, located in western zone of Tigray,
approximately 11 km west of Mai-Gaba town. The
reservoir is constructed in Kalema River in 2013 for
irrigation purpose for Wolkait sugar cane project. The
Kalema reservoir is with a capacity to hold as much as
11Mm? of water. Currently, the reservoir is irrigating
over 3,000 hectares of land (Tigray Water Resources,
Mines and Energy Bureau, 2017). Though these reser-
voirs were recently constructed to harvest water for irri-
gation and livestock and human drinking they may also
have potential for fish production to provide additional
sources of animal protein to the local community.

Sampling design and methodology

To select sampling sites characteristics of each
reservoir were observed. Mihtsab-Azmati and Mai-
Dimu reservoirs are relatively protected from direct
human and animal contact. The waste from domestic
animals and household disposals and other related
agricultural byproducts may not easily reach the center
of the reservoir, especially in the dry season when no
flood carries waste matter from the watershed.

Kalema reservoirs situated on the Kalema river
(a tributary of the Tekeze river) having a continuous
year-round water flow but with low human and animal
interference. Seisa reservoir was surrounded by agricul-
tural land and human settlements. Hence, the site has a
relatively high anthropogenic impact.

Water samples were collected bimonthly from
October 2018 — September 2019 (two times in the dry-
cold season (November/2018 and January/2019); two
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times in the dry-hot season: (March and May/2019 and
two times in the wet season (July and September/2019).
Taking the surface area of the study reservoirs in to
consideration, three littoral and two pelagic from Seisa,
four littoral and two pelagic from Mihtsab Azmati, two
littoral and two pelagic from Mai-Dimu and two littoral
and two pelagic from Kalema reservoirs were selected.
Spatial variables include geographical coordinates (alti-
tude, latitude and longitude) and average depth was
taken. A boat was used to take depth-integrated water
samples (surface, middle, and just above bottom) at
each site with a heart-valve sampler (volume: 3 L con-
tent). Temperature, dissolved oxygen, conductivity and
pH of the water were measured in situ at three different
depths (surface, middle, near-bottom) with a portable
meter WTW Multi 340 I electrodes. We used calibrated
fluorometer readings (Turner Aquafluor; an average
of three measurements) on the pooled water sample
to measure turbidity and chlorophyll-a concentration
(as a proxy of phytoplankton biomass). Water trans-
parency was measured using both a cylindrical Snell’s
tube (length: 0.6 m; diameter: 60 mm; disc diameter:
55 mm) and a secchi-disc (diameter: 30 ¢cm). In shal-
low systems, the measurement of Snell’s depth is often
the preferable method to quantify water transparency
because it avoids missing data in cases when reservoir
sediments are visible.

Data analysis

Except pH, all variables were log transformed
prior to statistical analysis. We studied patterns of asso-
ciation between the investigated variable with principal
component analysis (PCA). Differences for each water
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quality variables among the wet, cold-dry and hot-dry
seasons were examined using one-way ANOVA but the
independent t-test was used to analzed the littoral and
pelagic variations at a significance level of p < 0.05.
The degree of association between the water qualities
parameters were analyzed using the Pearson correla-
tion coefficient r. The significance of these coefficients
was tested at different probability levels (p <0.05* and
p<0.05**) (Beguin, 1979). The reservoir water quality
variables were also subjected to multivariate statistical
techniques using principal component analysis (PCA),
which is one of the most commonly used multivariate
statistical techniques (Quinn and Keough, 2002).

3. Resulit

Physicochemical characteristics

Average water quality parameters is presented
in (Table 1). The highest and lowest pH mean values
were recorded in the Seisa and Mai-Dimu reservoirs,
respectively. The highest mean values of temperature
(27.66=0.15), chlorophyll a (108.81 =6.55) and con-
ductivity (369.72+10.2) were recorded in Kalema res-
ervoir. However, lowest mean turbidity (4.07 =0.28)
and secchi disc transparency (cm) (193.55+ 3.53) were
recorded in Seisa and Mihtsab-Azmati reservoirs during
the study period. Mai-Dimu and Kalema reservoirs had
the highest and lowest mean dissolved oxygen contents
(6.23+0.09 mg/1 and 5.82+0.13 mg/1), respectively.

Spatial variation in water quality parameters

Spatial variations in water quality parameters
are presented in (Table 2). Overall littoral regions of
the reservoirs showed statistically significant different
values for pH, dissolved oxygen (mg/1) and transpar-
ency (cm) (Table 2). However, the values for most of
the other water quality parameters did not show sig-
nificant difference in spatial variation during the study
period. The littoral and pelagic habitats of Mihtsab-
Azmati reservoir had the highest (6.53 mg/1) and
lowest (5.52 mg/1) mean values of dissolved oxygen,
respectively, compared with the other selected reser-
voirs during the study period (Table 2). The highest
and the lowest water temperatures were recorded in
the pelagic habitat of Kalema and Seisa reservoirs,
respectively. Only the mean values of pH and dissolved
oxygen (mg/1) were significantly different (p <0.05) in
Mihtsab-Azmati and Seisa reservoirs. Furthermore, the

mean value of pH has a spatially significant difference
(p<0.05) in Mai-Dimu reservoir. None of the physico-
chemical water quality parameters in Kalema reservoir
exhibited spatially significant (p>0.05) variations.
Similarly, other water quality parameters such as tem-
perature, chlorophyll a, turbidity, secchi disc transpar-
ency and conductivity in all the four study reservoirs
were also not significant (p>0.05) spatially.

Seasonal variation in water
parameters

Seasonal variation in water quality parameters
is described in (Table 3). In Mihtsab-Azmati reservoir,
highest values pH mean value (8.51), dissolved oxy-
gen (6.69 mg/1), chlrophyll a (45.87 ug 1) and tur-
bidity (3.66 NTU) were recorded during the wet sea-
son. However, highest values of temperature (26.38
°C) and transparency (207.5 cm) were recorded during
the dry-hot season. All the water quality variables were
seasonally (among wet, dry-cold and dry-hot) signifi-
cant (p<0.05) (Table 3). Highest values of dissolved
oxygen (6.73 mg/1), chlorophyll-a (62.13 pg '), trans-
parency (127.50 cm) and conductivity (80.19 pS/cm)
were measured during the dry-cold season in Mai-Dimu
reservoir. Whereas, pH (7.88) and transparency (92.61
cm) were measured with lowest values during the wet
season. Except turbidity all the water quality variables
were shown significant variation seasonally (p <0.05).
In Seisa reservoir highest values of pH (8.36), dissolved
oxygen (6.16 mg/1), chlorophyll-a (77.71 pg 11) and
turbidity (4.60 NTU) during the wet season but tem-
perature (23.48 °C) and conductivity (211.47 pS/cm)
were measured during the dry-hot season. Among the
water quality parameters only chlorophyll-a, tempera-
ture and conductivity showed significant variation
(p<0.05) seasonally. In Kalema reservoir temperature
(28.25 °C), conductivity (463.10 uS/cm) and chloro-
phyll-a (130.34 pg 1) were recorded with the highest
value during the dry-hot season (Table 3).

Correlation analysis between physicochemi-
cal water quality parameters

The degree of association between any two
of the water quality parameters as measured by the
simple correlation coefficient (r) is presented in
(Table 4). Accordingly, pH has a significant negative
correlation with chlorophyll-a (ng/1) and conductiv-
ity (uS/cm), with correlation values of r=-0.195 and
r=-0.100, respectively, with significance at p<0.01

quality

Table 1. Annual average water quality parameters (mean =+ SE) of the four study reservoirs

= ~ = S |
= |E |E 9 & Z = 8~ z
s |E |sg 9 g £ o g = 3§ 2F
B |5 [B |= 5= 50 2 E T 33
g |= |8 | = 29 8< o 5 -y )
8 g a 2 5% g o= = ©w e )
- B 3 A2 5} = = @ 0 3]
— H .- U
< < (@) (@) g o
MA [1512] 21.5 | 8.22+0.02 | 6.19+1.10 | 24.78+0.15 | 38.88+1.17 | 2.43+0.19 |193.55+3.53 | 182.73+5.64
MD [1642| 17 | 7.97%0.03 | 6.23+0.09 | 22.77+0.17 | 50.85*1.77 | 3.10+0.80 |113.87x2.55| 67.95*+2.38
SE |1941| 17 | 8.23+0.04 | 6.10x1.10 | 22.29+1.14 | 67.16x2.16 | 4.07*x0.28 | 93.06+2.74 | 159.96+4.88
KA | 827 | 10.5| 7.98+0.06 | 5.82+0.13 | 27.66*+0.15 [108.81 £6.55| 1.69*+0.13 | 103.65+5.94 | 369.72+10.2

Note: MA — Mihtsab Azmati, MD — Mai-Dimu, SE - Seisa and KA - Kalema reservoirs
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Table 2. Spatial variation in physicochemical parameters with in the reservoirs (mean during the study period)

DO (mg/1) 6.53 5.52 0.00 6.37 6.22
Temp (°C) 25.01 | 24.49 | 0.13 22.72 | 22.82
Chla (ugl') | 40.24 | 36.18 | 0.10 | 50.98 | 50.73
Turb (NTU) 2.54 2.88 0.65 3.61 2.59
Trans (cm) 193.451193.75| 0.97 |112.08 | 115.66
Cond (uScm™) | 184.35 [ 179.49 | 0.68 | 69.66 | 66.25

Physico- Reservoirs
chemical Mihtsab Azmati Mai-Dimu Seisa Kalema
parameters
= () =1 (] =] () = (]
g B |2 g B |2 g B |2 g B |2
g |z 5 g |3 5 g | & 5 g | & 2
= [3) > B ) > = [3) > =} ) >
| A~ ~ i A~ -9 | (-9 ~ i A~ (-9
pH 8.27 8.12 0.00 7.89 8.06 0.00 8.34 8.06 0.00 8.10 7.87 0.07

0.44 6.36 5.70 0.00 5.72 5.93 0.45
0.79 22.46 | 22.02 | 0.13 | 27.48 | 27.85 0.22
0.94 | 70.04 | 62.84 | 0.10 |115.75]101.86| 0.29
0.53 3.84 4.41 0.32 1.53 1.85 0.22
0.48 | 87.88 |100.83 | 0.02 |101.40 |105.90| 0.70
0.47 |161.59 [ 157.51 | 0.68 | 359.04 | 380.39 | 0.29

Note: p < 0.05 (significant) and p > 0.05 (not significant)

and p <0.05, respectively. However, a positive correla-
tion was observed between pH and secchi disc trans-
parency (cm), pH and turbidity (NTU), pH and water
temperature (°C) and pH and dissolved oxygen (mg/1),
with correlation values of r=0.135, r=0.007, r=0.07
and r=0.267, respectively, with significance at p<
0.05,p < 0.05, p > 0.05 and p < 0.01, respectively.
Dissolved oxygen (mg/1) was positively correlated with
turbidity (r = 0.080), but it was negatively correlated
with secchi disc transparency, water temperature (°C),
chlorophyll-a (pg/1) and conductivity (uS/cm), with
correlation values of r = 0.049, r = -0.095%, -0.088
and -0.136**, respectively. A highly significant neg-
ative correlation (r=-0.212, p < 0.01) was recorded
between water temperature (°C) and turbidity (NTU),
but a highly significant positive correlation (r=0.260,

p < 0.01), (r=0.187, p < 0.01) (r=0.472, p< 0.01)
was observed between water temperature (°C) and
chlorophyll-a (ug/1), water temperature (°C) and secchi
disc transparency (cm) and water temperature (°C) and
conductivity (uS/cm). The value of chlorophyll-a (ng/1)
was negatively correlated and highly significantly neg-
atively correlated with turbidity (NTU) and secchi disc
transparency (cm)(r=-0.59, p > 0.05and r=-0.300,
p< 0.01) but highly positively correlated with con-
ductivity (uS/cm) (r=0.506, p< 0.01). Significant
negative correlation analysis values (r= -0.143 p <
0.01), (r=-0.123, p< 0.05) and (r=-0.006, p< 0.05)
were recorded between turbidity (NTU) and secchi disc
transparency (cm), turbidity (NTU) and conductivity
(uS/cm) and between secchi disc transparency (cm)
and conductivity (uS/cm), respectively.

Table 3. Seasonal water quality parameters of four reservoirs 2018/19

Reservoirs Spatio:t(:fnporal § ,":%: -‘2 E = ° %; EG = o 2 ’é 2; E g g

variations %é 8“’ o QE ﬁv 61:2 aa ;;38 83

Mihtsab- | Season Wet 1512 | 15.20 | 8.51 6.69 | 2550 | 45.87 | 3.66 | 193.17 | 119.10
Azmati Dry-cold 1146 | 812 | 6.08 | 2251 | 39.96 | 1.91 | 180.25 | 267.29
Dry-hot 729 | 810 | 575 | 26.38 | 30.84 | 1.61 | 207.25 | 160.60

p-value 0.00 | 0.00 | 000 [ 0.00 | 0.00 [ 0.02 | 0.00

Mai-Dimu | Season Wet 1642 | 1696 | 817 | 560 | 23.84 | 4894 | 5.03 | 9261 | 62.42
Dry-cold 1313 | 7.88 | 6.73 | 21.08 | 62.13 | 279 | 127.50 | 80.19

Dry-hot 775 | 796 | 6.43 | 23.39 | 41.14 | 1.66 |122.88 | 59.35

p-value 0.00 | 0.00 [ 0.00 | 0.00 | 0.23 | 0.00 | 0.00
Seisa Season Wet 1941 | 1445 | 836 | 6.16 | 23.06 | 77.71 | 460 | 8550 | 126.27
Dry-cold 978 | 820 | 586 | 2033 | 6508 | 429 | 96.90 | 140.71

Dry-hot 590 | 823 | 613 | 2348 | 5871 | 3.32 | 96.80 | 211.47

p-value 0.28 | 063 | 0.00 | 0.00 | 0.16 | 0.24 | 0.00
Kalema Season Wet 827 450 | 840 | 537 | 2755 | 43.93 | 211 | 174.39 | 207.13
Dry-cold 875 | 778 | 6.14 | 2692 |119.72 | 206 | 69.88 | 335.70
Dry-hot 5.81 797 | 555 | 2825 | 130.34 | 1.37 | 155.75 | 463.10

p-value 0.00 | 017 | 0.00 | 0.00 | 0.10 | 0.00 | 0.00

Note: p < 0.05 (significant difference) and p > 0.05 (no significant difference)
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Table 4. Correlation matrix between different physicochemical water quality parameters of the selected reservoirs. All

parameters were analyzed using Pearson correlation

pH DO Temp Chl a Turb Transp Condu
pH 1
DO 0.267** 1
Temp 0.007 -0.095* 1
Chl a -0.196** -0.088 0.260** 1
Turb 0.135* 0.080 -0.183** -0.59 1
Transp 0.007 -0.049 0.187+** -0.300** -0.143** 1
Condu -0.100* -0.136** 0.472** 0.506** -0.123* -0.006 1
Note: + = Positive Correlation, - = Negative Correlation, * = Correlation is significant at p<0.05 level, ** = Correlation is

significant at p<0.01 level

Data are the mean value of bimonthly collected
samples; 1. pH 2. DO-Dissolved Oxygen (mg/1) 3.
Temp-Water temperature (°C) 4. Chl a- chlorophyll-a
a (ug 1) 5. Turb-Turbidity (NTU) 6. Transp-Secchi disc
transparency (cm) 7. Condu-Conductivity (uS/cm)

Principal component analysis

More than 77% of the variation in environmen-
tal variables of the reservoirs is explained by two PCA
axes, and axis 1 is highly loaded by chlorophyll-a, con-
ductivity, temprature and transparency. The Principal
Component Analysis (PCA) showed that the first prin-
cipal components (Axis 1) represented approximately
50.9% of the total variation in the entire data set.
However, Axis 2 contains pH, turbidity and dissolved
oxygen. This graph showed that turbidity and trans-
parency had negatively coorelated. Dissolved oxygen
and pH were also showed strong positive correlation
with the littoral site. Temperature also showed reverse
coorelation with alititude. The principal components
(PCs) helped to classify the water quality factor load-
ings as strong, moderate, or weak in correspondence

with their absolute loading strengths of >0.75, 0.75-
0.50, and 0.50-0.30, respectively (Fig. 2).

4. Discussion

We have detected seasonal variation among the
measured water quality parameters, with values for
chlorophyll-a, pH and turbididty being higher during
the wet season in most resrvoirs while the values for
water temperature was higher during the dry-hot sea-
son. During the study period a narrow spatial variation
of mean pH value was recorded among the reservoirs,
with minimum value (7.78) in Kalema and maximum
value (8.51) in Mihtsab Azmati. The mean pH values
of young reservoirs studied here indicate that the res-
ervoirs are relatively alkaline system. The pH range of
these young reservoirs fall within the pH value accepted
as good water quality (6.5 to 8.5) for drainage basins
across the globe (Carr and Neary, 2008). The pH val-
ues reported here are similar to other young reservoirs
previously reported by other researchers (Teferi et al.,
2013; Tadesse et al., 2015).

2 Littoral
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v ! /
s i /
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3 | Altitu \ ®
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L
[
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Fig.2. Biplot of Principal Component Analysis (PCA), results showimg the association between water quality variables of the
four study reservoirs. Seisa reservoir (4*), Mihtsab-Azmati reservoir (@), Mai-Dimu reservoir (&) and Kalema reservoir (4).
The abbreviations in the PCA graph is: Altitud = altitude, Temp = temperature, cond = electrical conductivity, Turbidit, Turbidity,
DO = dissolved oxygen, Chla= chlorophyll-a, Transp= water transparency).
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A previous study in Funil reservoir by Francisco
et al. (2011) reported higher mean values of pH during
the wet season (8.6) and lower mean values during the
dry season (7.2), with no significant seasonal differ-
ences, which agrees with the current finding. Shallow
tropical reservoirs critically exhibit longitudinal gradi-
ents in turbidity, nutrient concentration, mixing depth,
euphotic depth, with sufficient light for photosynthesis,
flushing rates, chlorophyll concentration, plankton pro-
ductivity, fish standing stocks, macrophytes abundance,
benthic community structure and other limnological
and biological variables. The highest pH was due to
having much increased photosynyhesis activity by phy-
toplankton than the respiratory activity (Atobatele and
Ugwumba, 2008; Meesukko et al., 2007) and presence
of high turbulence. However, low pH was recorded
due to reduced photosynthetic activity (Rafique et al.,
2002); the absence of rain (Atobatele and Ugwumba,
2008) and the decomposition of organic matter by
microbial activity which was enhanced by high tem-
perature, casing excessive production of carbon dioxide
and reduced pH (Moundiotiya et al., 2004). According
to Gupta and Gupta (2006), accumulation of free car-
bon dioxide due to little photosynthetic activities of
phytoplankton (during rainy season) will lower pH
values of waterbody while intense photosynthesis by
phytoplankton (during dry season) will increase pH
values. pH is a very important factor of water body for
the fish culture as it controls the amount of soluble ions
in the water. An acidic pH of water reduces the growth
rate, metabolic rate and other physiological activities
of fishes (Mollah et al., 2015), thus suggested that pH
values varying from 6.5 to 9.0 as suitable for the nor-
mal growth of fishes.

Dissolved oxygen is one of the most important
water quality parameters, and its correlation with
water bodies provides direct and indirect information,
e.g., bacterial activity, photosynthesis, availability of
nutrients, and stratification (Premlata, 2009). A similar
study by Thirupathaiah et al. (2012) and Hussain et
al. (2013) reported minimum and maximum values of
dissolved oxygen (5.60 to 8.395 mg/l and 5.0 to 9.46
mg/1, respectively), which is a narrow range but higher
value compared with the present finding. The varia-
tion in dissolved oxygen in different reservoirs may be
due to the high metabolic rate of organisms and low
atmospheric temperature. The mean dissolved oxy-
gen in all reservoirs of the current finding was higher
than previous finding (Zebib and Teame, 2017)) with
mean dissolved oxygen value (4.77 and 4.85 mg/1) but
lower than Tadesse et al. (2015) reported higher aver-
age dissolved oxygen value 7.03 mg/1 from five tropi-
cal small dams (Korrir, Laelay Wukro, Mai Nigus, Mai
Sessea and Mai Seye dams) and Berihun and Dejenie
(2012) reported 7.19 mg/]1 average dissolved oxygen
value for Korrir and Laelay Wukro dams. Sources of
dissolved oxygen in the aquatic environment include
the atmosphere and photosynthesis. This depends on its
solubility, while a loss of oxygen includes respiration,
decay by aerobic bacteria and decomposition of dead
decaying sediments (Gupta and Gupta, 2006).

In the present study, higher mean values of
dissolved oxygen (5.37 mg/l and 6.73 mg/l1) were
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recorded in Kalema and Mai-Dimu reservoirs in the wet
and dry-cold seasons, which is in agreement with pre-
vious findings by Francisco et al. (2011) in the Funil
Reservoir. This may be due to the addition of variet-
ies of biodegradable pollutants from domestic sewage,
municipal wastes, run-off from agricultural land, etc,
that stimulate the growth of microorganisms that con-
sume dissolved oxygen from decomposition Long days
and intense sunlight seems to accelerate photosynthe-
sis by phytoplankton, utilizing carbon dioxide and giv-
ing off oxygen, possibly for greater qualities of oxygen
recorded during the dry season (Krishnamurthy, 1990).
The dissolved oxygen concentration in the aquatic
ecosystem is regulated by the process of diffusion of
oxygen from the atmosphere, photosynthetic activity,
respiration and decomposition of aquatic organisms
(Mollah et al., 2015).

The mean water temperature of the study sites
has showed spatial variation with 22.51 to 26.38 °C in
Mihtsab Azmati, 21.08 to 23.84 °C in Mai-Dimu, 20.33
to 23.48 °C in Seisa and 26.92 to 28.25 °C in Kalema
reservoirs, which is supported by Thirupathaiah et al.
(2012). The water temperature of the lower Manair
reservoir of the Karimnagar district ranged from 24.75
°C to 28.5 °C in different seasons. The fluctuation in
water temperature was high, which may be due to the
low water level, high air temperature and clean atmo-
sphere. The present finding was showed higher val-
ues compared to previous study by Zebib and Teame
(2017) in Korrir (20.07 °C) and Laelay Wukro (21.98
°C) reservoirs. Berihun and Dejenie (2012) also found
an 18.88 °C average temperature value for Korrir and
Laelay Wukro reservoirs for one year of data, which is
lower than the present finding. The variation in water
temperature among the reservoirs might be depend on
altitude because as altitude increases, water tempera-
ture decreases. Water temperature affects the activity,
growth and reproduction of all organisms, including
fish (Wetzel, 1983). In the present study, we found
that there was a distinct seasonal pattern in water tem-
perature, which was higher in the dry-hot season in
most of the investigated reservoirs. The current finding
was in diagreed with (Francisco et al., 2011). Senthil
and Prabaharan (2012) reported that higher average
temperatures were recorded during the wet season.
However, in line with the present finding, Woldeab et
al. (2018) reported higher water temperatures (22.49 to
25 °C) in the dry season from the Gilgel Gibe reservoir.
Similar findings in the Eleyele reservoir (Olanrewaju
et al., 2017), Ado-Ekiti reservoir (Idowu et al., 2013),
Oyun reservoir (Mustapha, 2009) and Ero reservoir
(Oso and Fagbuaro, 2008) also reported higher tem-
peratures during the dry season. The low temperature
observed during the rains could be due to high humid-
ity and moderate or less sunlight in this period of the
year.

Secchi disc depth is a good indicator of environ-
mental health and ecological productivity. In the pres-
ent study, spatiotemporal variation of secchi disc-wa-
ter transparency was observed among reservoirs with
higher mean value during the dry season. Zebib and
Teame (2017) reported higher mean value of secchi
disc-water transparency (29.55cm) in Laelay Wukro
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reservoir. Secchi disc-water transparency in Gereb
Awso reservoir (0.15m), in Tsinkanet reservoir (0.7m)
and in Mai Gassa I reservoir (0.3m) were also reported
by Teferi et al. (2013). In 32 resrvoirs found in Tigray
also reported a mean value of secchi disc-water trans-
parency (0.46m) by Dejenie et al. (2008). However, all
these previous findings were lower than the current
finding with 69.88 ¢cm and 207.25 cm mean value of
secchi disc-water transparency in Kalema and Mihtsab-
Azmati reservoirs, respectively. Therefore, these values
reflect that the depth of light penetration is good in
the present finding, which is worthy of a shallow res-
ervoir as plankton grow, thus making food available
to fish. The present finding agrees with similar previ-
ous findings of Syarifah et al. (2018) in the Sembrong
reservoir, Olanrewaju et al. (2017) in the Eleyele res-
ervoir, Francisco et al. (2011) in the Funil reservoir
and Thirupathaiah et al. (2012) in the lower Manair
reservoir. This seasonal variation was due to erosion
from the upper catchment that created a sediment
load on reservoirs because most of the catchment of
the reservoirs was not well protected. The main rea-
son for lower Secchi disc-water transparency in the wet
season may be due to high concentrations of dissolved
and particulate substances (eroded soils and nutrients)
that were transported from the surrounding catchment
into the reservoir after rainfall reduced light transmis-
sion and water clarity. On the other hand, Khan and
Chowdhury (1994) reported that higher water trans-
parency occurred during the dry season, which may be
due to the absence of rain, runoff and flood water as
well as the gradual settling of suspended particles.

We found that there was a distinct seasonal pat-
tern with a higher mean value of electrical conductivity
in the dry-cold and dry-hot seasons. This difference may
be due to the difference in geological characteristics of
these watersheds. Similar findings were also reported
by Woldeab et al. (2018) in the Gilgel Gibe reservoir,
Fasil et al. (2011) in Koka reservoir but highly lower
than the previous finding of Tessema et al. (2014)
(569 uS/cm) in the Tendaho. During the dry season,
the increased concentration of electrical conductivity
may be associated with evaporation and the absence
of a dilution effect, while the lower values during the
wet season are hypothesized to be due to the effect of
dilution arising from the tributaries. The higher con-
ductivity values measured during the dry season in the
sampling period, indicating the apparent correlation
between conductivity and water level.

Turbidity is a measure of how particles sus-
pended in water affect water clarity. Turbidity results in
a decrease in the intensity of light that passes through
cloudiness or turbidity water due to light, absorption,
and reflection of light, it also increases sharply during
and after rainfall, which causes sediment to be carried
into the water body (Higham et al., 2015). In the pres-
ent finding, higher values of turbidity were recorded
during the wet season and pelagic habitat in the stud-
ied reservoirs, and Mai-Dimu reservoir had the highest
mean turbidity value of 5.03 NTU compared with the
others. This finding is in line with previous research
reports in Ajiwa reservoir Usman et al. (2017), Tono
reservoir Akongyuure and Alhassan (2021), Gilgel Gibe
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reservoir Woldeab et al. (2018). This might be because
the watershed of the reservoirs is surrounded by agri-
cultural farmlands and eroded silt particles by floods.
Similar findings by Dagaonkar and Saksena (1992),
Thirupathaiah et al. (2012) and Garg et al. (2006b)
have also reported that high turbidity during the rainy
season may be due to higher incoming flows or run-
offs which cause re-suspension of dissolved materials.
During the rainy season, silt, clay and other suspended
particles contribute to the turbidity values, while during
the dry season, the settlement of silt and clay results
in low turbidity. Turbidity is also able to increase the
water temperature because the particles in the water
to the surface absorb more heat. These factors lead to
the reduction of dissolved oxygen (Léziart et al., 2019).
Turbidity measurement is an important test when try-
ing to determine water quality.

Chlorophyll is a measure of the number of algae
growing in a water body and is also used to classify
the trophic condition of a water body. During the study
period temporal variation in chlorophyll-a concentra-
tion was observed among the reservoirs with highest
mean value (130.34 pg/1) recorded in Kalema reser-
voir. Teferi et al. (2013) also reported highest mean
value of chlorophyll-a (65.64 pg/1) in Tsinkanet reser-
voir which is lower than the current finding. Dejenie et
al. (2008) also reported similar finding in the 32 reser-
voirs in Tigray. Largest concentrations of chlorophyll-a
in the transition zone can be due to the theoretical rela-
tionship between light and phosphorous, with a higher
concentration in this area, increasing the primary pro-
ductivity. In this relationship, the possibility of resus-
pension of forms of phosphorus trapped in the sediment
that, associated with light availability, may cause ele-
vated concentrations of chlorophyll-a and phytoplank-
ton in the shoreline of reservoirs.

Moreover, the present study also analyzed the
correlation coefficient (r) between every water quality
parameter pair computed by taking the average values
of the studied sites. Accordingly, pH with water tem-
perature, turbidity, Secchi disc-water transparency
and dissolved oxygen has been found to show positive
correlations. The present finding disagrees with simi-
lar previous findings by Thirupathaiah et al. (2012);
Atique and Kwang-Guk (2019) also reported a negative
correlation between pH and dissolved oxygen, which
is different from the present finding. However, a posi-
tive correlation of pH with electrical conductivity, pH
with chlorophyll-a and dissolved oxygen with chloro-
phyll-a was also reported, which disagrees with the
present finding. As indicated, the negative correlation
of dissolved oxygen with numerous other water qual-
ity parameters (water temperature, electrical conduc-
tivity and chlorophyll-a) in the present study revealed
the persistence of organic pollution in reservoirs, which
can be reflected as one of the main roots of chemical,
ecological, and environmental degradation. The present
finding reported a highly significant positive relation-
ship between water temperature and Secchi disc-water
transparency and was in line with previous findings
from the Awab reservoir by Anago et al. (2013). This
could be possible because light heats the surface of the
water before penetrating into other depths.
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Negative correlation between turbidity and chlo-
rophyll-a was observed during the present finding. This
is agreed with the finding of Bacroume et al. (2015)
studied in the Mansour Eddahbi reservoir, Morocco.
This might be due to high water depth because in pres-
ent finding the minimum average depth of the reser-
voirs is above ten meter. This means the fish species
found in the reservoirs is less impact of increase tur-
bidity by re-suspended the bottom layer. The reser-
voirs were newly established and less effect of agricul-
tural activity so they are not affected by algal bloom.
Alternatively, the turbidity has a negative effect on algal
photosynthesis. It influences the degree of light pene-
tration in the water column; also the turbidity adsorbs
phosphates (nutrient) by silt (Zhang et al., 2010). This
may explain the interaction of the turbidity and chlo-
rophyll-a. However, Dejenie et al. (2008) reported pos-
itive correlation between chlorophyll-a and turbidity
which was conducted in 32 manmade tropical highland
reservoirs.

The maximum depths of the reservoirs were 11
meter which much shallow compared with the pres-
ently studied reservoirs. Often, water quality in such
reservoirs is poor and is characterized by high nutri-
ent levels, high turbidity and phytoplankton blooms.
In addition the dominance Garra in the reservoirs
can potentially have an impact on important ecosys-
tem characteristics of the reservoirs (water transpar-
ency, nutrient availability, phytoplankton primary
productivity).

5. Conclusion and Recommendations

This study persuasively contributes to assess-
ing spatiotemporal water quality dynamics to provide
valuable insight into the general health status of the
selected young reservoirs. The physicochemical param-
eters of Mihtsab Azmati, Mai-Dimu, Seisa and Kalema
reservoirs showed distinct temporal and spatial varia-
tions throughout the study period. Most physicochem-
ical water quality variables (pH, dissolved oxygen,
electrical conductivity and chlorophyll-a were also spa-
tially higher in the littoral site. pH was significantly
positively correlated with water transparency, turbidity
and temperature. However, dissolved oxygen showed
a negative correlation with transparency, turbidity,
temperature, chlorophyll-a and electrical conductivity.
Turbidity also had a significantly negative correlation
with water transparency and temperature. In this study,
we tried to analyze some physicochemical water qual-
ity variables, but further detailed studies that include
total phosphorus, total nitrogen, etc., are needed to
suggest the trophic conditions of the reservoirs.
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ABSTRACT. The Curonian Lagoon is a waterbody with intensive development of freshwater phytoplank-
ton and zooplankton species. The article considers the features of long-term dynamics of chlorophyll,
phytoplankton production, structure, abundance, biomass, and ration of zooplankton. Cyanobacteria
and diatoms dominate in phytoplankton, while crustaceans (Cladocera by biomass) predominate in
zooplankton, among which filter feeders predominate (80-90%). Since 2019, there has been no “hyper-
blooming” of water, the abundance (chlorophyll) and primary production of phytoplankton have sig-
nificantly decreased, as a result of which the trophic status of the lagoon has lessen to the eutrophic
level. The amount of organic matter formed by phytoplankton was ~1000 kcal/(m?*year). The cessation
of water “hyperbloom” and a sharp decrease in phytoplankton abundance led to a comparable decrease
in the biomass and ration of zooplankton in 2019. In subsequent years (2020-2022), an increase in
the biomass and ration of zooplankton was observed, which may have been the result of adaptation to
changes in the structure and productivity of phytoplankton and zooplankton. A significant increase in
ration, along with the intensive development of large-sized cladocerans, characterizes the effective use
of phytoplankton production (up to 60-90%) after cessation of water “hyperblooms”.
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1. Introduction The Curonian Lagoon is a large, shallow lagoon

(area 1584 km?, volume 6.2 km3, depth 3.8 m), which

Primary production is the basis for subsequent is separated from the sea by a narrow sandy spit

stages of bioproductivity, and phytoplankton makes the
greatest contribution to it, especially in highly eutro-
phic water bodies. Quantitative studies of the intensity
of production processes, primarily the primary pro-
duction of plankton, served as the “main axis” around
which the modern system of the trophic typology of
the water bodies began to be built. Zooplankton is the
most important consumer of organic matter produced
by phytoplankton, the role of which can vary depend-
ing on the trophic level of the water body and the com-
position of the plankton. A decrease in the external
and internal nutrient load can determine the level of
primary production of phytoplankton and subsequent
changes in the food web, which makes it relevant to
study the functioning of zooplankton during the period
of deeutrophication of waters.
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(Curonian Spit). Due to the significant runoff of the
Neman River and a small influx of brackish waters
from the Baltic Sea, the water in most of the water area
is fresh (~0.2%o), and only at the sea strait does the
salinity reach 2-3%o, so the lagoon can be classified as
a freshwater body. The catchment area is located in
densely populated areas, mainly Belarus and Lithuania,
and for a long period, large volumes of nutrients
entered the lagoon annually (Vybernaite-Lubiene et al.,
2018), which led to significant eutrophication of the
waters. As a result, highly productive freshwater com-
munities of planktonic and benthic organisms, charac-
teristic of eutrophic waters, were formed in the lagoon
ecosystem (Olenina, 1998; Naumenko, 2009; Dmitrieva
and Semenova, 2011). The consequence of water eutro-
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phication over the past decades was the summer-au-
tumn (from June-July to September-October) intensive
development of Cyanobacteria, reaching the level of
“hyperblooming” of water (Aleksandrov and Smirnova,
2023; Dmitrieva et al., 2024; Vaiciite et al., 2021). The
abundance (biomass and chlorophyll a) and primary
production of phytoplankton in the Curonian Lagoon
corresponded to the hypertrophic status (Aleksandrov
and Gorbunova, 2012; Aleksandrov and Kudryavtseva,
2023). A decrease in external nutrient load occurred
in the 1990s-2010s, primarily for phosphorus
(Vybernaite-Lubiene et al., 2018). Assessments of the
productivity and trophic status of the Curonian Lagoon
cover the period up to 2015, but studies in recent years
have shown that after 2018 there was a sharp decrease
in the abundance of phytoplankton and water blooms
as a result of changes in hydrochemical conditions in
the Curonian Lagoon (Aleksandrov, 2025; Dmitrieva et
al., 2024). This may result in a decrease in the biolog-
ical productivity of waters and changes in the trophic
web of the lagoon ecosystem.

The aim of the work was to obtain modern
characteristics of the abundance (chlorophyll) and
production of phytoplankton simultaneously with the
structure, abundance and ration of zooplankton for
comprehensive assessment of the production of organic
matter and the efficiency of its use in the plankton of
the Curonian Lagoon.

2. Materials and methods

The studies were carried out in open area at 6-10
standard stations located in the southern and on the
border with the northern part of the Curonian Lagoon
within the Russian waters (Fig. 1). Samples were col-
lected from March/April to October/November. During
the period 2020-2022, 5-9 surveys were carried out
annually, covering all seasons. In 2019, only 2 full
surveys were carried out (July, August), therefore, for
other seasons (March-November), data from 7 observa-
tions at 1 station near the Curonian Spit were addition-
ally used.

Primary production of phytoplankton were mea-
sured using the oxygen modification of the light-and-
dark bottle technique at 4 horizons of the photic zone,
according to (Aleksandrov, 2010; Methods..., 2024).
The data obtained by the oxygen method were con-
verted to carbon units using the coefficient 3.15 mg
0,/mg C (Methodological..., 1981). For conversion to
energy units, 1g of phytoplankton carbon was accepted
equal to 10.7 kcal (Boulion, 1994).

Water samples for chlorophyll a were collected
at 3 horizons (surface, boundary of the photic zone,
bottom (~3.5-4.5 m) and determined by the extraction
spectrophotometric method based on the standard tech-
nique and equations (Jeffrey and Humphrey, 1975).

Zooplankton samples were collected with Niskin
bathometer (volume 5 1) at 3 horizons (surface, middle,
bottom) and washed onto a sieve gas no. 70 (68 um) to
obtain an integral sample for each station. Zooplankton
biomass was calculated based on the size structure
and abundance, the ration - as the sum of produc-
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Fig.1. Map of sampling stations in the Curonian Lagoon.

tion, expenditure on metabolism and undigested food
for each size group (Monakov, 1998; Semenova and
Aleksandrov, 2009). According to the type of feeding,
zooplankton was divided into filter feeders, predators
and species with mixed nutrition. The feeding of spe-
cies with mixed type of feeding was distributed equally
between filter feeders and predators. It was assumed
that assimilation efficiency for herbivorous zooplank-
ton was 60%, for predatory zooplankton - 80%, half
of the ration of omnivorous copepod species at stages
IV-VI was supplied by plant food, and the other half by
animal food, the ration of nauplius and I-III copepodite
stages consisted only of plant food. When calculating
the production for Cladocera K,=0.68, for Copepoda
K,=0.25, Rotifera K,=0.45. When calculating the
metabolic rate, an oxycaloric coefficient of 4.86 cal/
mlO was used (Methodological..., 1984; Methods...,
2024; Ivanova, 1985; Monakov, 1998; Semenova and
Aleksandrov, 2009).

Taking into account the shallow depth of the
Curonian Lagoon (average 3.8 m) and the mixing of
water with plankton to the bottom, the averaged data
for the water column (in m?®) on chlorophyll a and zoo-
plankton were used. The averaged values for each sur-
vey of the studied indicators were applied for the anal-
ysis, taking into account the location of the stations in
the southern part of the Curonian Lagoon, with weakly
spatial differences in environmental conditions.

Primary production during the ice-free period
was estimated by the numerical integration method
and taken as annual, since under-ice photosynthesis
is almost absent. The average annual values of chlo-
rophyll and primary production, abundance, biomass
and ration of zooplankton were calculated taking
into account the duration of the ice-free period in the
Curonian Lagoon (250-365 days in different years).

SI: “The VIII-th Vereshchagin Baikal Conference”
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3. Results and discussion

3.1. Abundance (chlorophyll) and
production of phytoplankton and trophic
state of waters

The Curonian Lagoon is a closed-type lagoon
and is one of the most highly eutrophic water bodies
in temperate latitudes, where intensive water blooms
were observed over a long period of research (from the
1980s to the 2010s). The maximum development of
phytoplankton, corresponding to the highest concentra-
tions of chlorophyll a, occurs in the summer and autumn
(July-October), when freshwater species of cyanobacte-
ria dominate (Aphanizomenon flos-aquae Ralfs ex Bornet
& Flahault, Planktothrix agardhii (Gomont) Anagnostidis
& Komarek, Microcystis aeruginosa (Kutzing) Kutzing,
Limnothrix redekei (Goor) Meffert and other species),
as well as diatoms (Olenina, 1998; Pilkaityté and
Razinkovas, 2006; Aleksandrov and Dmitrieva, 2006;
Dmitrieva and Semenova, 2011; Dmitrieva et al., 2024).

“Hyperbloom” of waters (chlorophyll a >
100 mg/m?®) was observed during the summer (July-
September) almost every year in the 1990s - 2010s
(Aleksandrovetal., 2018; Aleksandrov and Kudryavtseva,
2023;). The last “hyperbloom” of water was observed
in 2018 (Vaicitté et al., 2021). A consequence of such
intensive development of phytoplankton was very high
primary production, which varied from 373 to 668 g
C/(m*year) according to published data for the period
2001-2015. There was a trend towards an increase in
primary production from 487 to 555 gC/(m?*year) on
average for 2001-2005 and 2011-2015 (Aleksandrov
and Kudryavtseva, 2023). Primary production, as well
as the abundance of phytoplankton (chlorophyll a) cor-
responded to the maximum values in aquatic ecosystems
and characterized the Curonian Lagoon as hypertrophic
water body.

Significant changes in phytoplankton abundance
and algae bloom intensity occurred in 2019-2022,
when hyperblooms ceased to be observed in summer
and autumn (chlorophyll a < 50-70 mg/m?). The aver-
age chlorophyll a values for the ice-free period sharply
decreased to 25-37 mg/m? (Table 1; Fig. 2). There are
no published data on phytoplankton in the open waters
of the lagoon for this period, although observations in
the coastal zone show that the intensity of cyanobac-
teria development decreased significantly in 2019-2021
(Dmitrieva et al., 2024). The decrease in phytoplankton
abundance was due to a significant change in hydro-
chemical conditions in summer (decrease in phosphorus
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Fig.2. Primary production (1) and chlorophyll a (2)
(average for the ice-free period and the range of variability
for individual months of observations).

concentrations by 2-3 times, N:P from <16 to ~30-50),
which were no optimal for cyanobacteria (Aleksandrov,
2025). Such changes were probably the result of a multi-
ple decrease in the external nutrient load of phosphorus
in the 1990s-2010s (Vybernaite-Lubiene et al., 2018).
As a result, the concentration of chlorophyll a during
the ice-free period in 2019-2022 (34 mg/m?®) decreased
almost twice compared to the previous period (59 mg/m?
in 2015-2018). The observed values were borderline
between the eutrophic and hypertrophic states (condi-
tional boundary of 25-35 mg/m? on average during the
ice-free period, 75-100 mg/m® maximum) (Hakanson
and Boulion, 2001; OECD, 1982).

After the cessation of the “hyperbloom” of waters,
the primary production of phytoplankton in 2019-2020
was initially quite high (~400 gC/(m%*year)), which
corresponded to the minimum level observed previ-
ously (2000-2015) (Aleksandrov and Gorbunova, 2012;
Aleksandrov and Kudryavtseva, 2023). It significantly
decreased by 20-30% (to ~300 gC/(m?year)) in the fol-
lowing years (2021-2022) (Table 1; Fig. 2). According
to the classifications of lakes, lagoons and estuaries
(Hakanson and Boulion, 2001; Wasmund et al., 2001),
the primary production of phytoplankton in 2019-2020
decreased to the borderline level between the eutrophic
and hypertrophic state (conditional boundary ~400-
450 gC/(m*year)), and in recent years (2021-2022)
corresponded to the eutrophic state. Such a signifi-
cant decrease in primary production and phytoplank-
ton abundance (chlorophyll a) can be characterized as
de-eutrophication of the waters of the Curonian Lagoon
ecosystem.

Table 1. Indicators of phytoplankton and zooplankton development in the Curonian Lagoon during the ice-free period

SI: “The VIII-th Vereshchagin Baikal Conference”

Indicator Year of research

2019 2020 2021 2022

Primary production, gC/(m?*year) 420 410 329 280

Primary production, kcal/( m*year) 1183 1154 926 788

Chlorophyll a, mg/m? 41 30 26 37

Abundance of zooplankton, thousand ind./m? 375 314 189 356
Biomass of zooplankton, g/m? 1,14 2,31 5,10 5,87

Ration of zooplankton filter feeders, kcal/(m*year) 132 311 588 732
Ration of zooplankton filter feeders, kcal/(m?*day) 0,43 0,85 2,15 2,13
Primary production / ration of zooplankton filter feeders, % 11,2 26,9 63,5 92,9
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The consequence of such changes was a signifi-
cant decrease in the amount of organic matter produced
by phytoplankton that could enter the food web of the
lagoon ecosystem. An average of ~1200 kcal/(m*year)
was produced per unit volume (m?®) of the Curonian
Lagoon (taking into account the average depth of 3.8
m) in 2019-2020 and it significantly decreased to ~800-
900 kcal/(m3year) in 2021-2022 (Table 1; Fig. 2).

3.2. Abundance and biomass of
zooplankton

Hydrological conditions and the high bioproduc-
tivity of the lagoon ecosystem determine the species
composition and the main structural and functional char-
acteristics of the zooplankton in the Curonian Lagoon,
which are typical for freshwater eutrophic water bod-
ies (Naumenko, 2009; Dmitrieva and Semenova, 2011;
Dmitrieva et al., 2024). Freshwater species dominate
in the Curonian Lagoon. Zooplankton consisted of 58
species, half of which were Rotifera, and Cladocera and
Copepoda were approximately in equal proportions (15
and 17 species) in the period 2019-2022. Twelve spe-
cies dominated by biomass in different months, includ-
ing 5 species of Cladocera and 4 species of Copepoda
(Table 2). Among them, Daphnia galeata, Eudiaptomus
graciloides and Mesocyclops leuckarti could be present
in the complex of dominant species in all months from
April to October. Other species of Cladocera (Bosmina
coregoni thersites, Chydorus sphaericus, Diaphanosoma
mongolianum, Leptodora kindtii) developed intensively
in the warm period (July-September), while rotifers
and the copepod Cyclops kolensis could form a large
share of the biomass in spring and autumn. In the sea-
sonal dynamics of zooplankton development, Rotifera
formed the basis of the abundance in spring and
autumn, while Cladocera and Copepoda dominated in
summer. The biomass was mainly formed by Cladocera

(Daphnia galeata, Chydorus sphaericus, Diaphanosoma
mongolianum and others) typical of eutrophic water
bodies, which make up 70-90% of the zooplankton bio-
mass in summer and autumn, and Copepoda (Cyclops
kolensis, Mesocyclops leuckarti) dominated only at the
beginning of spring (March-April).

There is interannual variability in the complex
of dominant species in terms of abundance and bio-
mass. In 2019, the largest proportion of the abundance
(33%) was made up of rotifers Keratella cochlearis, the
proportion of which decreased in subsequent years, to
minimum in 2022 (8%). The dominant rotifer species
accounted for ~60% of the average annual abundance
of zooplankton in 2019-2020, while in 2021-2022 this
value decreased to ~30%. On the contrary, the propor-
tion of copepods Mesocyclops leuckarti increased signifi-
cantly (from 8-10 to 17%) in 2021 and Cyclops kolensis
(from 1-4 to 13%) in 2022 (Fig. 3a).

The most significant change in the zooplank-
ton community structure was a sharp decrease in the
abundance of the cladocera Daphnia galeata in 2019,
which usually dominates the Curonian Lagoon. Daphnia
was abundant only in May 2019, and was practically
absent from June to October 2019 (0-4% of biomass),
whereas in 2020-2022 it could form up to 70-90% of
the zooplankton biomass during these months. Its bio-
mass on average for 2019 amounted to only 0.13 g/m?
or 8% of the zooplankton biomass, in 2020 it increased
by an order of magnitude (1.62 g/m? and 49%), reach-
ing maximum in 2022 (4.76 g/m® or 44%). With low
biomass of Daphnia galeata and Cladocera in general in
2019, a significant share of the zooplankton biomass
in 2019 was formed by copepods Eudiaptomus gracil-
oides (25%) and Mesocyclops leuckarti (18%), the pro-
portion of which decreased by 2-3 times in subsequent
years (Fig. 3b). In 2022, along with Daphnia galeata,
the abundance of other cladocerans increased signifi-
cantly - Bosmina coregoni thersites (from 0.01-0.18 g/m3,

Table 2. The dominant zooplankton species (by biomass) in the Curonian Lagoon in 2019-2022.

Taxonomic group / species

Month

1A%

VI VII VIII IX

Cladocera
Bosmina coregoni thersites Baird, 1857
Chydorus sphaericus O.F. Miiller, 1776
Daphnia galeata Sars, 1863
Diaphanosoma mongolianum Ueno, 1938
Leptodora kindtii Focke, 1844
Copepoda
Acanthocyclops sp. Kiefer, 1927
Cyclops kolensis Lilljeborg, 1901
Eudiaptomus graciloides Lilljeborg, 1888
Mesocyclops leuckarti Claus, 1857
Rotifera
Asplanchna herricki de Guerne, 1888
Keratella quadrata Miiller, 1786
Polyarthra vulgaris Carlin, 1943

+ + + + o+
+ + + + o+
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development of zooplankton reached maximum (356
thousand ind./m?® and 5.87 g/m3), which was observed
during the previous period of water “hyperblooming”
(Fig. 2, 5). Such high values abundance and biomass
of the zooplankton were determined by the intensive
development Cladocera (large-sized Daphnia galeata
and others species), the biomass and abundance of
which reached a maximum.

The inverse relationship was observed between
the annual primary production and the average zoo-
plankton biomass (correlation coefficient r - 0.98),
while there was no such relationship with the zoo-
plankton abundance (r = 0.24) in 2019-2022. On the
contrary, direct relationship was observed between the
average for year values of the chlorophyll a and zoo-
plankton abundance (r = 0.92) and was absent for the
biomass (r = - 0.30). Such dependencies were obtained
for a short period (4 years), but reflect the close rela-
tionship between phytoplankton and zooplankton in
the Curonian Lagoon during this period.

Such abrupt changes in the structure, abundance
and biomass of zooplankton in recent years may have
been the result of its adaptation to changes in the abun-
dance and productivity of phytoplankton, including
changes in the composition and abundance of algae
species available to filter-feeding species.

3.3. Consumption of primary production
by zooplankton

According to the available data for the period
of “hyperbloom” of waters (2001-2002), the average
values of zooplankton ration and its consumption of
primary production during the ice-free period were
(1.1-1.3 kcal/(m*day) and 17-21%) (Semenova and
Aleksandrov, 2009). During the period of «<hyperblooms
of water in the Curonian Lagoon and other hypertro-
phic water bodies, zooplankton may not consume a sig-
nificant part of the phytoplankton due to the predom-
inance of large filamentous cyanobacteria inaccessible
to filtering (in particular Aphanizomenon flos-aquae),
which could make up to 40-90% of the phytoplankton
biomass (Bernardi and Giussani, 1990; Semenova and
Aleksandrov, 2009).

There was no “hyperbloom” of waters in 2019 and
the abundance of phytoplankton significantly decreased,
but large filamentous cyanobacteria Aphanizomenon
flos-aquae, Planktothrix agardhii, Limnothrix redekei con-
tinued to be dominant in phytoplankton (Aleksandrov,
2025; Dmitrieva et al., 2024). At the same time, there
was a multiple decrease in zooplankton biomass (by
3 times) and comparable decrease in the ration of fil-
ter-feeding species compared to that observed in previ-
ous years of the “hyperbloom” (on average 420 kcal/
(m3year) or 1.5 kcal/(m*day) in 2015-2018) (Table 1,
Fig. 6). The decrease in the biomass and ration of zoo-
plankton was due to the extremely weak development
of the main dominant filter-feeding species, the cladoc-
era Daphnia galeata. No direct influence of factors asso-
ciated with water eutrophication or other environmen-
tal conditions on such sharp decrease in the abundance
of this species in 2019 was established and interannual
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Fig.6. Primary production (1), ration of filter-feeding
species of zooplankton (2) and their ratio (3) in the Curonian
Lagoon.

dynamics may be taking place. However, the predomi-
nance of smaller organisms in zooplankton (rotifers of
the genus Keratella, cladoceran Diaphanosoma mongo-
lianum, copepods Eudiaptomus graciloides, etc.) instead
of Daphnia galeata led to the fact that the part of con-
sumed primary production was also minimal (11%).
Communities with a predominance of large cladocer-
ans Daphnia galeata are characterized by a significantly
wider size range of feeding algae and the rate of their
consumption (Cyr and Curtis, 1999). Significant part
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of phytoplankton organisms (primarily cyanobacteria),
which form the bulk of the primary production, was
not used in 2019, so the ratio of ration to primary pro-
duction was even lower than the average in the years
“hyperblooming” of the Curonian Lagoon.

In subsequent years (2020-2022), the biomass of
zooplankton increased significantly, including Daphnia,
and the ration of filter-feeding zooplankton species
increased sharply, as a result of change in the structure
of dominant species in phytoplankton and zooplank-
ton. According to published data on phytoplankton
(Dmitrieva et al., 2024), along with a decrease in the
abundance of cyanobacteria in 2020, there was change
in the dominant species, in particular, the largest colo-
nial organisms of cyanobacteria Aphanizomenon flos-
aquae were practically absent, which previously formed
extensive “blooming spots”. At the same time, large cla-
docerans Daphnia galeata dominated (~40-50% of bio-
mass) in zooplankton in 2020-2022, having the ability
to filter wider range of phytoplankton.

As a result, in 2020, primary production
remained the same as in 2019 (~400 gC/(m*year),
but the zooplankton ration more than doubled (311
kcal/(m*year), 0.85 kcal/(m>day). The proportion of
consumed primary production also increased to 27%,
although it remained at the level observed in hypertro-
phic water bodies (Table 1; Fig. 6).

In 2021-2022, with a significant decrease in pri-
mary production (20% and 33%), zooplankton biomass
doubled. It is possible that a decrease in water “hyper-
blooming”, including potentially toxic cyanobacteria,
created favorable conditions for the development of
zooplankton, as evidenced by its maximum biomass in
2021-2022 (>5 g/m?® on average during the ice-free
period). The average ration of filter-feeders during the
ice-free period in 2021 and 2022 doubled to 2.1 kcal/
(m*day). The annual ration increased to 588 kcal/
(m3*year) in 2021, accounting for 64% of phytoplank-
ton production. In 2022, the ice-free period was sig-
nificantly longer (ice only in December), which created
conditions for long-term active development of zoo-
plankton, and the annual ration of filter-feeding spe-
cies in 2022 reached its maximum value (> 700 kcal/
(m3year). This value was almost twice the average level
of zooplankton ration, which was observed in the previ-
ous period of maximum primary production during the
years of “hyperblooming”. Due to a significant decrease
in phytoplankton productivity in 2022, zooplankton
used more than 90% of the primary production, which
may indicate the possible emergence of intense com-
petitive relations in zooplankton, as well as with other
groups (benthos, juvenile fish) in the Curonian Lagoon.

The decrease in the abundance (chlorophyll) and
production of phytoplankton in the Curonian Lagoon,
along with the intensive development of Cladocera,
led to very effective use of primary production by
zooplankton. Zooplankton can consume =10-20% of
phytoplankton production in hypertrophic water bod-
ies, while in water bodies not subject to eutrophication
40-90% (Gutelmakher, 1986). In the Curonian Lagoon
in 2019-2020, primary production remained at high
level between the hypertrophic and eutrophic states of
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the water bodies, and zooplankton consumed ~20% of
the primary production, with a minimum during the
period of low abundance of large cladocerans. This led
to the utilization of most of the phytoplankton produc-
tion through the microbial trophic web (or microbial
loop) and also the accumulation of portion of the phy-
toplankton organic matter in bottom sediments. The
role of the microbial loop increases with an increase in
the trophic status of the water bodies and is inversely
related to the biomass of cladocerans (Kopylov et al.,
2007). The cessation of water “hyperbloom” and the
decrease in primary production in 2021-2022 to the
eutrophic level, along with the intensive development
of cladocerans and increase ration of zooplankton, led
to very efficient use phytoplankton production (60-
90%). Perhaps this indicates the formation of new
structural and functional characteristics in the plankton
of the Curonian Lagoon in the conditions of the begin-
ning of de-eutrophication of the waters of the lagoon
ecosystem.

4. Conclusions

The Curonian Lagoon is a closed-type lagoon
in which the hydrological conditions and the level of
water eutrophication have created conditions for the
intensive development of freshwater species of phyto-
plankton and zooplankton. Cyanobacteria and diatoms
dominate in phytoplankton, while zooplankton is dom-
inated by cladocerans and copepods, typical of eutro-
phic water bodies (Daphnia galeata and others), among
which filter feeders predominate (80-90%). Long
period of research (since the 1980s), frequent “hyper-
blooming” of water was noted in the Curonian Lagoon,
which has not been observed since 2019. There was
a significant decrease in the abundance (chlorophyll)
and primary production of phytoplankton in the period
2019-2022, as a result of which the trophic status of the
lagoon decreased from hypertrophic to eutrophic level.
The amount of organic matter formed by phytoplank-
ton that can enter the food web decreased to 800-1200
kcal/(m®*year).

The cessation of water “hyperblooms” and a
sharp decrease in phytoplankton abundance led to a
comparable decrease (by 3 times) biomass and ration
of zooplankton in 2019. The decrease in the biomass
and ration of zooplankton was due to the weak devel-
opment of the main dominant species - the filter-feeder
cladoceran Daphnia galeata. In subsequent years
(2020-2022), an increase in zooplankton biomass was
observed, simultaneously with an increase in the ration
of filter-feeding zooplankton species and the proportion
of used primary production. Such changes were prob-
ably the result of zooplankton adaptation to changes
in the structure, abundance and productivity of phy-
toplankton. Large cladocerans Daphnia galeata dom-
inated (—~40-50% of biomass) in zooplankton, having
the ability to filter wider range of phytoplankton. In
2022, despite the minimum level of primary production
corresponding to eutrophic waters, the quantitative
development of zooplankton and its ration reached a
maximum. Significant increase in ration, along with the
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intensive development of cladocerans, characterizes
the effective use of the phytoplankton production (up
to 60-90%) after the cessation of water “hyperbloom”.
The changes that have occurred may possibly indicate
the formation of new structural and functional charac-
teristics in the plankton of the Curonian Lagoon in the
conditions of the beginning of de-eutrophication of the
waters.
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OpuruHanbHan craTbf

NepBHuHaA NPOAYKUMA U NOoTPpebAeHune [ IMNOLOGY
OpPraHUYecKoro BewecTBa 300NAAHKTOHOM  p oL TWATER
B Kypuickom 3aAMBe B NEepPHOA BIOLOGY

Ae3BTpoduUpoBaHUA BOA -

Anekcauapos C.B.!, CemeHnoBa A.C.%%*

T Hncmumym okearnostoeuu umeHu IT.I1. IlTupwosda PAH, Haxumosckuii np., 36, Mockaa, 117997, Poccua

2 Amutanmuyeckuti ¢puruan THI] PO OT'BHY «BHHUPO», yn. im. [oHckoeo, 0. 5, KauHuHepad, 239029, Poccua

3 HHcmumym 6uostocuu 6HympeHHux 600 um. H. J]. ITanavuHa PAH, fpocitadckan o6.t., Hekoy3ckuii p-H, noc. Bopok, 109, 152742,
Poccua

AHHOTAILIHW . Kypuickuii 3a1B — JlaryHa, B KOTOPOM MHTEHCUBHO Pa3BUBAIOTCA MPECHOBOAHBIE BUBI
(duTomIaHKTOHA U 300IUIaHKTOHA. PaccMOTpeHB! 0COOEHHOCTH MHOTOJIeTHEH AUHAMUKU XJI0poduiLia,
IpOAYyKIUM GUTOIIAHKTOHA, CTPYKTYPHI, YMCJIEHHOCTH, 0OMAacchl, palllioHa 300ILIaHKTOHA. B duTo-
IIJIAHKTOHE JOMMHUPYIOT [IMaHOOAKTepuu U AUaTOMOBBIE BOAOPOC/IH, B 300ILJIAHKTOHE — pakoobpas-
Hble (1o Oromacce KJIafOIepHl), Cpefii KOTOPHIX npeobiafanT uibTpaTtopsl (80-90%). C 2019 r. He
HabJII0JaeTcA «rurneplBeTeHre» BO/Ibl, IPOU30IILIO 3HAUYUTEJIbHOE YMeHbllleHre o0uins (xyiopodusuia)
1 IpoAyKIUM (UTOIIAHKTOHA, B pe3yJibTaTe TPO(PUUECKUil cTaTyC JaryHbl CHU3WJICA A0 3BTPOGHOIO
ypoBHs. KoJIMuecTBO OpraHUYecKoro BellecTBa oOpa3yeMoro (pUTOIIAHKTOHOM, cocTaBjsio ~1000
kkas/(m>ron). [IpekpalieHue «runepIBeTeHNA» BOJ U Pe3KOe CHIDKEHHE 00MTHsA GUTOIIAHKTOHA MPU-
BeJIO K COIIOCTaBMMOMY yYMeHbIIIeHNI0 OMOMAacChl U paluoHa 300I1aHKToHa B 2019 r. B nmociexnyromniye
roasl (2020-2022 rr.) HaOJIOAIOCh YBeJIMYeHre O1oMacChl U palroHa 300IJIaHKTOHA, KOTOPhIE BO3-
MOXHO OBLIIM pe3y/IbTaTOM aJaNnTaluy K NU3MeHEeHUAM B CTPYKType U IPOAyKTUBHOCTH (GUTOIIAHKTOHA
1 300IUIaHKTOHA. 3HAUMWTeJbHOe yBeJIMYeHUe pallOoHAa, HapsAy C MAacCOBHIM pa3BUTHEM KpyIHOpas-
MEpPHBIX BETBUCTOYCHIX PaKOOOpa3HbIX, CBUAETEIbCTBYEeT O 60siee 3 GEeKTUBHOM HCII0Ib30BAHUU IIPO-
aykiuu puroriaHkToHa (go 60-90%) mociie npekpalleHus «runepiBeTeHnA» BOIbIL.

Kitiouegsie ctoga: nepBrUYHasA MPOAYKIUA, XJIOPOPUILI, «IIBeTe€HNe» BOAbI, 300ILJIaHKTOH, PallioH, TpopruuecKuit
crartyc

Jia mutupoBanusa: AsnekcaHapoB C.B., CemenoBa A.C. [lepBuuyHas NpoAyKIus U NOTpeOJieHHE OPraHMYecKoro BellecTBa
300IJTAHKTOHOM B Kyprickom 3anvBe B nepuo fe3BTpodupoBanusa Bof // Limnology and Freshwater Biology. 2025. - Ne 5.
- C. 1140-1157. DOI: 10.31951/2658-3518-2025-A-5-1140

1. Beepenue BUYHOH NMPOAYKIMU (UTOIIAHKTOHA U NOCJIeyole

HU3MeHeHUs B TpopUUeCKO ceTH, YTO JeslaeT aKTyaslb-
HBIM U3ydeHHe (PYHKIMOHHPOBAaHHUA 300ILIAaHKTOHA B
nepuop Ae3BTPoGHUPOBAaHNA BOJ.

Kypuickuii 3ajuB mpejcraBjser coboil KpyI-
HYI0, MEJIKOBOAHYIO JIaryHy (rutomaab 1584 km?, o6beM
6,2 xm3, rioybuHa 3,8 M), KOTOpas OTAeJIeHa OT MOps
y3Koll TmecuyaHoil mnepechinbio (Kypiickoit Kocori).
W3-3a 3HauMTEJIBHOTO CcTOKa p. HemaHn u HebOJbIIOTO
IIOCTYILJIGHUA COJIOHOBATOBOJHBIX BOJ basrtuiickoro
Mopsa Ha OoJipllell 4acTHM akKBaTOPUM BoJa IIpecHas
(~0,2%0) 1 TOJIBKO y MOPCKOI'O IPOJIMBAa COJIEHOCTH
pocturaetr 2-3%o, MO3TOMY JIaryHy MOXHO OTHECTHU
K IIpecHOBOAHBIM BojoeMaM. BogocGopHas Teppu-
TOpPUA paclojioXeHa B TIyCTOHAceJIeHHBIX palioHax,
npenMmylinecTBeHHoO besapycu u JIMTBB, U JJIATEJIb-

[lepBuynas HmpoAyKuuA, HauOOJBIINMI BKJIaA B
KOTOpPYI0 BHOCUT (UTOILIAHKTOH, COCTaBJIsIET OCHOBY
MOCJIeAYIOUIMX 3TAnoB OMOMPOAYKTUBHOCTU, OCOOEHHO
B BBICOKO3BTPOHBIX BogoeMax. KosnuecTBeHHEbIE
HccjieJoBaHNs MHTEHCUBHOCTH NMPOAYKIMOHHBIX IIPO-
1[ecCOB, B IepBYI0 oOuYepellb, IEPBUYHOI NPOAYKIUU
[JIAHKTOHA, [TOCJIYXWUJIU «IJIAaBHOM OChI0», BOKPYT KOTO-
POl cTajia CTPOUTHCA COBpPeMeHHas CHcTeMa TUIIOJIO-
MU BOAOEMOB. 30O0IUJIAHKTOH BaXXHeHMUI NnoTpedu-
TeJlb co3faBaeMoro (pUTOIJIAHKTOHOM OpraHWYecKOro
Bell[eCTBa, POJIb KOTOPOI'0 MOXeT BapbUpOBaTh B 3aBU-
CHUMOCTU OT YpPOBHA TPOGHOCTH BOJOEMa M CcOcCTaBa
ITaHKTOHa. CHIDXeHUe BHeIIHell M BHyTpeHHell Guo-
reHHOM Harpy3kKd MOXeT OIpeJiesiATh ypOBeHb Iep-
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Anpec e-mail: hydrobio@mail.ru (C.B. Aynekcanapos)
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HBIM IepuoJ B JIaryHy eXerofJHO MocTynaau GoJibline
o6beMbl OHOTeHHBIX 3JieMeHTOB (Vybernaite-Lubiene
et al.,, 2018), yTo MpUBEO K 3HAYMTEJILBHOMY 3BTPO-
dupoBaHuio BoA. B pesysbraTe 3TOro B JIAaryHHOH
sKocucTteMe cGOPMUPOBAINCH BBHICOKONPOAYKTHBHBIE
[IPeCHOBOAHBIE COOOILIecTBa IIJIAHKTOHHBIX U OeH-
TOCHBIX OpraHM3MOB, XapaKTepHble AJiA 3BTPO(MHBIX
Bop (Olenina, 1998; Naumenko, 2009; Dmitrieva and
Semenova, 2011). CineacrBueM 3BTpodUPOBaHUA BOJ
Ha IPOTSXEHUHU IMOCJeqHUX HeCATUIeTHUil ObUIo JieT-
He-oceHHee (C UIOHA-UIOJIA M0 CEHTAOPb-OKTAOPH) Mac-
COBO€ pa3BUTHE IIMaHOOAKTepuii, JOCTUTaBIllee yPOBHA
«rumnepuBeteHus» Bomsl (Aleksandrov and Smirnova,
2023; Dmitrieva et al., 2024; Vaiciaté et al., 2021).
BenuuuHel o6mnua (6roMacca U XJIOpOQUILT «a») U
IIepBUYHOM NPOAYKINUK (PuTOIIaHKTOHA B KypuickoM
3ajiiBe COOTBETCTBOBAJIM TUIEPTPOPHOMY CTaTycCy
(Anexcangpos u T'op6yHoBa, 2012; Aleksandrov and
Kudryavtseva, 2023). B 1990-2010-x IT. IPOUCXOIUIO
CHIXeHUe BHeIlIHell OHOreHHOI Harpysku, Ipexiae
Bcero mo ¢ocdopy (Vybernaite-Lubiene et al., 2018).
OueHkM NPOAYKTUBHOCTHM U Tpoduueckoro craryca
Kypuickoro 3anuBa oxBaThiBalOT nepuop go 2015 r.,
O[HAKO KakK IoKasajiyd HCCJIe[oBaHUA B IIOCJIeHHe
rofpl, nmocsie 2018 r. mpou3oUIO pe3Koe CHUXEHUe
06mns (PUTOIUIAHKTOHA M «I[BETEHUs» BOJBI, Kak
pe3yJibTaT M3MeHeHUA TMAPOXUMUYECKUX YCJIOBUII B
Kypmickom 3amuBe (Aleksandrov, 2025; Dmitrieva et
al., 2024). CiencTBUeM 3TOTO MOXET OBITh YMEHbIIe-
HUe OMOJIOTUYecKOy MPOAYKTHUBHOCTU BOA U HU3MeHe-
HUA B TpPOPUUECKOH CeTH JIaryHHO! 3KOCHCTEMHEL.

Llenplo paboTHl OBUIO IOJIydyeHHE COBpeMeH-
HBIX XapaKTepUCTUK obuaud (xJIopoduyuI) U NPOAYK-
Uy GUTOIIAHKTOHA OAHOBPEMEHHO CO CTPYKTYpOH,
o0wreM M palMoOHOM 300IIaHKTOHA [AJIA KOMILJIeKC-
HOM OLIeHKHU MPOAYKIMHU OpraHN4ecKoro BellecTBa
1 3)GeKTUBHOCTU €ro HCIOJIb30BaHUSA B IJIAHKTOHE
Kypuickoro 3anuBa.

2. MaTepuanbl U MeTOADI

HccrienoBaHusa  BBHINOJIHSJIMCD B OTKPBHITOH
akBatopuu Ha 6-10 cTaHmapTHBIX CTaHLUUAX, pac-
MIOJIOKEHHBIX B IOXXKHONM M Ha TIpaHulle C CeBepHOH
yacTeio Kypuickoro 3anuBa B mpefejaX POCCUHCKOMN
30HHI (Puc. 1). [Ipo6s1 oTOupanu ¢ MapTa/amnpesis 1o
OKTAOpPb/HOAOPE. B oThenbHBble roAnl B nepuon 2020-
2022 rr. BHIIOJHAJIOCH 5-7 CHhEeMOK, OXBaThIBAIOIIMX
Bce ce30HBl, B 2019 r. npoBegeHO TOJIBKO 2 MOJIHBIE
CcbeMKH (M10J1b, aBryCT), IO3TOMY AJIA APYTUX CE30HOB
(MapT-HOAOpPH) [ONOJIHUTEJBHO MCIOJIb30BaHbl AaH-
Hble 7 HaOsogeHuit Ha 1 ctadnuu y Kypnickoi KOcCHI.

[lepBuYHYI0 NPOAYKLWI0O M AeCTPYKIUI0 (GUTO-
IUIAaHKTOHA M3MepsId KUCJIOPOAHOH MoAudukaruei
CKJITHOYHOI'O MeToja Ha 4 ropu3oHTax (OTUYECKOH
30HBI, corjlacHo (AnekcaHzpos, 2010; Meropasl...,
2024). [aHHBlE KUCJIOPOJHOTO MeTOJia NepeBOoANIIU B
yrjepoj C Hcnojb3oBaHueM KosdduiueHra 3,15 mr
O,/mr C (Metonuueckue..., 1981). Ilpu mnepecuete
B DHepreThyeckue eJUHUIIBI IPUHHAMAJIOCh, 4To 1 T
yrinepona duronyankToHa paeeH 10,7 kkan (BysiboH,
1994).
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Puc.1. Kapra-cxema craniuii ot6opa npob B Kypmickom
3ajuBe.

[TpoGbI BoAel Ha XJIOPOGUILT «a» OTOHUpAd Ha
3 ropusoHTax (IIOBEpXHOCTh, TpaHUNA (OTUYECKON
30HBI, AHO (~3,5-4,5 M) U onpeessAIN 3KCTPAKINOH-
HBIM CIEeKTpPOo(OTOMeTpHUYecKM MeTOOM Ha OCHOBe
CTAaHJApTHOM MeToguku u ypasHeHuil (Jeffrey and
Humphrey, 1975).

[TpoObI 300IJIAaHKTOHA OTOUpaii GaTOMETPOM
Huckuna (o6bvem 5 j1) Ha 3 ropu3oHTax (MIOBEPXHOCTb,
CpeJHU, THO) U MPOIeXUBAIN Yepe3 cayok u3 rasa No
70 (pa3mep Auen 68 MKM) C IOJyuyeHHeM HHTerpaib-
HOU MpoO6HI A1 KaXI0u cTaHuu. bromMaccy 300ILU1aH-
KTOHa pacCYMThIBAJIN 110 pa3MepHOU CTPYKType U 4uC-
JICHHOCTH, PallOH - KaK CyMMY IPOAYKIMY, TpaT Ha
0oOMeH M HeyCBOEHHOU MUINU AJIA KaXJOH pa3MepHOn
rpymnmnel. K JOMUHUPYIOIIUMM OTHOCHJIN BUABL, GopMu-
pywomue >5% Ouomaccsl. [1o Tuny nuTaHusA 300ILIaH-
KTOH pasjesiaiyu Ha GuiIbTpaTopoB, XUITHUKOB U BUJIbI
€O CMelIaHHBIM NMHUTaHHeM. PallioH BHUJIOB CO CMelllaH-
HBIM IIMTaHNEM B paBHOM COOTHOIIIEHUH Pa3HOCUJIU IO
rpynmnaM GuiabTpaTopoB U XWIIHUKOB. IIprHMMAanocs,
YTO yCBOSEMOCTD IHUINYU JJI PacTUTEJIbHOSAAHOTO 300-
IUIAaHKTOHA cocTaBjisieT 60%, giisa xumHoro — 80%,
[IOJIOBMHA pallOHA BCeAAHBIX BHJOB KOIemnoj Ha
craauax IV-VI yposiieTBopsieTcsa 3a CUeT pacTUTEIb-
HOU THIM, a Apyras — 3a CYeT XWBOTHOM, pallioH
HaymiuasibHbX U [-I11 KomenoguTHBIX CTaAui COCTOUT
TOJIBKO U3 pacTuTesibHON numy. [Ipu pacueTte npoAyk-
nuu aa Cladocera K, = 0,68, nia Copepoda K,=0,25,
Rotifera K, =0,45. [Ipy BblYMCJIEHMH TpaT Ha OOMeH
WCIIOJIb30BAJIN  OKCUKAJIOPDUUHBIE  KO3pPUILUEHT
4,86 kxan/min0O (Meroguueckue..., 1984; MeTosl...,
2024; WBanoBa, 1985; MonakoB, 1998; Semenova and
Aleksandrov, 2009).

YuureiBasg HeOoJsbiiylo riIyouny Kypiickoro
3aymBa (B cpeaHeM 3,8 M) U IepeMelIMBaHUeE BOJ C
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IJIAHKTOHOM [10 AHA, OBUIM MCIOJIB30BAaHBI OCpeqHeH-
Hble 171 cToJI6a BoAH (B M®) JaHHBIE O XJIOPODUILLY
«a» 1 300IUIaHKTOHY. JIJIs aHayin3a ObUIM NpUMeHeHB
oCpeJHEeHHBIe [ KaX 101 ChbeMKU BeJINYMHEL hCCIIey-
eMBIX [ToKa3aTesiell ¢ YYeTOM pacHoJIOKeHUs CTAHIMHI
B I0XHOH yactu Kypuickoro 3anuBa, co cjabo BBIpa-
KEHHBIMU IPOCTPAHCTBEHHBIMU PA3JINYUAMU yCJIOBU
cpesblL.

[TepBUYHYI0 MPOOYKIHIO 32 Oe3JieHBIN Iepruon
OlLleHUBAJI METOJIOM YMCJIEHHOT'O UHTErpHUpOBAHUA U
MIPUHYMAJIM 3a TOAOBYIO, IIOCKOJIBKY MTO/JIeTHBIN POoTO-
CUHTe3 IOYTU OTCYTCTBYeT. CpeJiHUE 32 I'0f] BEJINYUHBI
xyjopodusia U MEPBUYHON MNPOAYKIMH, YHCIIEHHO-
cTH, 6roMaccH M palyioHa 300IJIAHKTOHA PacCYUTHI-
BaJIM C yYETOM JJINTEJIbHOCTU 6e3jieqHOro mepuoj B
Kypuickom 3anuse (250-365 nHell B pa3Hble ToOfbl).

3. Pe3ynabTaTtbl M 06Ccy)xpeHue

3.1. 06uamne (XAOpOPHUAA) U NPOAYKUUA
duTonnankToHa U TpoPuuecKoe COCToOAHUEe
BOA

Kypuickuii 3ayuB npefcTaBiisieT coboll JiaryHy
3aKpPHITOrO THUIA U OTHOCUTCA K CaMbIM BBICOKO-
3BTPOdHBIM BOJ0EMaM YMepeHHBIX LIMPOT, IJe [JIu-
TeJIbHBIN nepuof ucciaenosaHuil (¢ 1980-x o 2010-x
IT.) HabIOOAIoch WHTEHCHUBHOE «I[BeTeHLe» BOJIBL
MakcumasibHOe pas3BUTHE (DUTOIIAHKTOHA, COOT-
BeTCTBYyIOIllee HaAMOOJIBIIMM KOHIIEHTpAIUsAM XJIOPO-
duia «a», IPOUCXOOUT B JIETHUH U OCEHHUH ITepHoIbI
(u10J1b-OKTAOPH), KOrjja JOMMHUPYIOT IPEeCHOBOJIHBIE
BUAB naHoGakTepuil (Aphanizomenon flos-aquae Ralfs
ex Bornet & Flahault, Planktothrix agardhii (Gomont)
Anagnostidis & Komarek, Microcystis aeruginosa
(Kutzing) Kutzing, Limnothrix redekei (Goor) Meffert
U Apyryhe BUIB), a TaKXe AUATOMOBHIE BOJIOPOCIIU
(Olenina, 1998; Pilkaityté and Razinkovas, 2006;
Aleksandrov and Dmitrieva, 2006; Dmitrieva and
Semenova, 2011; Dmitrieva et al., 2024).

B 1990-e — 2010-e rr. mpakTHhYecKue exXerogHo
B JIETHUH T'UpOJIorndeckuil nepuoy (MioJb-CEHTAOPD)
HaObJII01aJI0Ch «TUIepl[BeTeHNe» BOJ (XJI0pOodUILI «a»
> 100 mr/m®) (Aleksandrov et al., 2018; Aleksandrov
and Kudryavtseva, 2023). IlocjienHee «TUIepLBe-

eve—

CJjieicTBMEM TakKOro HWHTEHCHUBHOI'O pa3BUTHA (I)I/ITO-

IIJIAHKTOHA OBLJIa OYeHb BHICOKAsA IepBHYHas MPOAYK-
111, KOTOpasi COrJIaCHO ONyOJIMKOBAaHHBIM JaHHBIM 3a
nepuon 2001-2015 rr. nsmensanacs ot 373 go 668 rC/
(m%*rox). Haburofjasicss TpeH] Ha yBeJIUYEHUE TTEPBUY-
Hou mpoaykiuu ot 487 po 555 rC/(m*roxm) B cpen-
HeM 3a 2001-2005 u 2011-2015 rr. (Aleksandrov and
Kudryavtseva, 2023). IlepBuuHasA NpOAYKIHA U OOUIIHE
duTtonnaHkTOHa (XJIOPOQUILI «a») COOTBETCTBOBAIU
MaKCUMaJIbHBIM B BOJHBIX 5KOCHCTeMax BeJIMYMHAM U
xapakTepusoBaiu Kypuickuil 3ajvB Kak runeprpod-
HBIA BOJIOEM.

3HauuTeJbHBIE U3MEeHeHUA B 00uInu PpuToniaH-
KTOHa Y UHTEHCUBHOCTH «IIBETE€HU» BOJ IIPOU30IILIN B
2019-2022 rr., xorga B KypiickoMm 3ajuBe mepecTtasio
OTMeuaThCAd «TUIEepIBETEHNE» BOJ JIETOM U OCEHbBI0
(x;mopodmiut «a» < 50-70 mr/m®). CpeqHue 3a 6e3sef-
HBII NIepuoj BeJINYMHBI XJIOpoPuiLIa «a» pe3Ko yMeHb-
mch go 26-37 mr/m® (Tabauia 1; Puc. 2). s
3TOro0 Nepuojia OTCYTCTBYIOT OIyOJIMKOBaHHbIE JaHHBIE
110 GUTOIIAHKTOHY B OTKPBHITON akBaTOPUM JIaryHH,
X0TA HaOJIoAeH!s B IPUOPEXHOI 30He IOKa3bBaIOT,
yTo B 2019-2021 rr. MHTEHCUBHOCTb Pa3BUTHUA L[AHO-
OakTepuil 3HAUUTEJIbHO yMeHbInuiIach (Dmitrieva et
al., 2024). CHwxeHue oOMIMA GQUTOIJIAHKTOHA OBLIO
00yCJIOBJIEHO 3HAuyuTeJIbHBIM K3MeHeHWeM THJpo-
XUMUYECKUX YCJIOBUH JieToM (yMeHblIeHue KOHIIeH-
Tpauuii ¢pocdopa B 2-3 pasa, N:P ¢ <16 go ~30-50),
KOTOpBIe NlepecTayii ObITh ONTUMAJIBHBI AJIA [HaHOOaK-
tepuii (Aleksandrov, 2025). Takue U3MeHeHUs, BEpPO-
ATHO, CTaJId CJIe[ICTBEM MHOTOKPAaTHOTO CHMXeHUA
BHelllHell OvoreHHON Harpy3ku mo ¢ocdopy B 1990-
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Puc.2. INepBuuHas nponyknusa (1) u BeIUYMHBL XJIOPO-
dusta «a» (2) (cpennue 3a 6e3yieHBIN MTepHUO] U JUaNa30H
M3MEHYMBOCTHU JJIS1 OTAEJIbHBIX MeCsAIeB HaOJII0qeHNI).

Ta6suna 1. KosuecTBeHHBIe NToKa3zaTesiv GUTOILIAaHKTOHA U 300IUIaHKTOHa KypiickoM 3aiuBe 3a 6e3eqHbIN nepuos

ITokxasaTesnnb T'ox HaGJurioqeHuit

2019 2020 2021 2022

[MepBuuHas npoaykuus, r C/(M>Tomn) 420 410 329 280

[epBuuHas IpoAyKuus, Kkaa/(m>rom) 1183 1154 926 788

Xsopoduiut «a», Mr/m? 41 30 26 37

YucIeHHOCTh 300IIJIAHKTOHA, ThIC.9K3./M> 375 314 189 356
BuomMacca 300IJIaHKTOHA, I'/M3 1,14 2,31 5,10 5,87

PanyoH 300IUIAaHKTOHHBIX PUIBTPATOPOB, KKa1/(M>T0x) 132 311 588 732
PanyoH 300IIaHKTOHHBIX (PUIIBTPATOPOB, KKajl/(M3cyT) 0,43 0,85 2,15 2,13
IlepBuuHas npoaykuus / panyoH GUIbTPaTOPOB B 300ILIaHKTOHE, % 11,2 26,9 63,5 92,9




AnekcaHdpos C.B., CemeHosa A.C. / Limnology and Freshwater Biology 2025 (5): 1140-1157

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

2010-x rr. (Vybernaite-Lubiene et al., 2018). B pe3yJib-
TaTe cpedHsAs KOHLEHTpalusa xjopodusia «a» 3a 6es-
nenusiii mepuon B 2019-2022 r. (34 Mr/m®) cHA3WIIACh
MOYTHU BABOE 10 CPABHEHMIO C MpebIAYIIMM IepHoIoM
(59 mr/m® B 2015-2018 rr.). Ha6sroqaeMble BeJTMYMHbI
OBLJIM MOTPAHUYHBIMU MeXy 3BTPOMHBIM U TMIEPTPO-
duaBIM cocTossHUEM (yCJIOBHAsA rpaHuna 25-35 mr/m® B
cpemgHeM, 75-100 mr/m® makcumassHo) (Hakanson and
Boulion, 2001; OECD, 1982).

[Tocne mpekpaleHus «TUNeplBeTeHUs» BOJ,
nepBUYHasA Npoaykiua ¢uroriaHkToHa B 2019 u 2020
IT. BHayajie ObLjla JOCTATOYHO BBICOKOHN (~400 rC/
(M?T01), UTO COOTBETCTBOBAJIO HAMMEHBIINM BEJINYU-
HaM Jinarna3oHa, HabsoaeMoro paHee (2000-2015 rr.)
(Anexcangpos u T'op6yHoBa, 2012; Aleksandrov and
Kudryavtseva, 2023). B mociepytomue romsr (2021-
2022 rr.), OHa cyulecTBeHHO cHu3mjach Ha 20-30%
(mo ~300 rC/(m?*ron)) (Tabauna 1; Puc. 2). CorjiacHo
kJiaccudukayaM o3ep, JiaryH u acryapues (Hakanson
and Boulion, 2001; Wasmund et al., 2001) nepBuyHas
npoaykuusa ¢uroriaHkToHa B 2019-2020 rr. cooTBeT-
CTBOBaJIa MOTrPAaHNYHOMY YPOBHIO MeXAy 3BTPOQHBIM
U runepTpodHBIM cocTtosHUeM (yCJIOBHas TrpaHuLa
~400-450 rC/(m?*rom)), a B mociequue roasl (2021-
2022 r.) cHu3uiIack Ao 3BTpodHOMY cocTossHuIo. Takoe
3HAYUTeJIbHOe YMeHbIleHe MEPBUYHON NPOAYyKIUU
U obunua GUTONJIAHKTOHA (XJiopoduiia «a») MOXHO
XapaKTepu3oBaTh Kak [1e3BTpodrpoBaHue BOJ JIaryH-
HOI 3KocucTteMsl Kypiiickoro 3aiuBa.

CiieicTBEM TaKUX H3MEHEHMH CTajo 3Hauu-
TeJIbHOEe YMeHbllleHre KOJMYecTBa OpraHu4ecKoro
BelllecTBa, oOpa3yeMoro (UTOIJIAHKTOHOM, KOTOpOe
MOXeT TMOCTYNUTh B TPOPUYECKYI0 CeTh JIaryHHOM
sxocucteMbl. B 2019-2020 rr. B equHuile oobema (M%)
Kypuickoro 3anuBa (¢ yueToM cpefHeii riryouHsl 3,8 M)
o6pa3oBsIBajIoCh B cpeaHeM ~1200 kkasn/(m*>ron), a B
2021-2022 rr. aTa BeJMYMHA 3HAYMTEJbHO CHU3WUJIACh
1o ~800-900 kkan/(m3>ron) (Tabauna 1; Puc. 2).

3.2. YucnenHoctb u 6Momacca
300MNNAaHKTOHA

T'uaposnoruveckuie yCJIOBUsS U BBICOKUI YPOBEHB
IPOAYKTUBHOCTH JIATYHHOIN 3KOCHCTEMBI OIpelesieT
BUJIOBOM COCTaB M OCHOBHBIE CTPYKTYPHO-GYHKIIHO-
HaJIbHBIE XapaKTepUCTUKU 300IUIaHKTOHA KypIickoro
3aJIMBa, KOTOPBIE TUITNYHEI 1151 IPECHOBOIHBIX 3BTPO®-
Heix BomoemoB (Naumenko, 2009; Dmitrieva and
Semenova, 2011; Dmitrieva et al., 2024). B Hem goMu-
HUPYIOT IPECHOBOHBIE BUbL. 3a nepuoA 2019-2022 rr.
B 300IJIAHKTOHE OBLJIIO BCTpEeUYeHO 58 BHUOB, NOJIOBUHY
13 KOTOPHIX COCTABJLLIN KOJIOBPATKY, a KJIAAOLEPH U
KOIleno/ibl OBLIM NMPHMEPHO B PABHOM COOTHOLIEHUU
(15 u 17 BupoB). B otaesibHBIE MeCAILbl JOMUHUPOBAIN
rmo 6uomacce 12 BHUIOB, B TOM uKcJie 5 BHUIOB KJaJlo-
1ep u 4 Buga xorenof (Tabnura 2). Cpeay HUX BO Bce
MeCsIIEBI C arpeJis IO OKTAOPh B KOMILIEKCe JOMUHUPY-
IOIIUX BUIOB MOTJIM MPUCYTCTBOBAaTh Daphnia galeata,
Eudiaptomus graciloides i Mesocyclops leuckarti. Jipyrue
BUAB kjagorep (Bosmina coregoni thersites, Chydorus
sphaericus, Diaphanosoma mongolianum, Leptodora
kindtii) YHTEHCUBHO pa3BUBAJIMCh B TEILUIBIH TEPUO.
(uroJib-ceHTAOPH), TOTAA KaK KOJIOBPATKH U Kolernoja
Cyclops kolensis moriu ¢opMupoBaTh GOJIBIIYIO AOJIIO
ouomacchl BECHOM M OCEHBbIO. B IeJIoM B CE30HHOU
JIUHAMUKe Pa3BUTHA 300IUIAHKTOHA OCHOBY YHCJIEHHO-
CTU BECHOH U OCEHBIO COCTABJISUIN KOJIOBPATKH, JIETOM
JOMUHHPOBAJI BETBUCTOYChle U BECJIOHOTHE paKo-
obpasnele. Bruomaccy mpeumymiecTBeHHO (opmupo-
Basn kiagouepsl (Daphnia galeata, Chydorus sphaericus,
Diaphanosoma mongolianum wu [pyrue) XapaKTepHbIE
UL 3BTPOGMHBIX BOLOEMOB, KOTOPHE JIETOM-OCe-
HbI0 cocTaByAu 70-90% Ouomacchl 300IJIAHKTOHA U
TOJIBKO B HavyaJie BeCHbI (MapT-arnpeJib) JOMUHUPOBAIIU
korenofiel (Cyclops kolensis, Mesocyclops leuckarti).

Hab6urogaeTcss MeXrogoBasi U3MEeHYNMBOCTb KOM-
IJIeKca JOMUHUPYIOIIUX BHUAOB IO YUCJIEHHOCTH U

Ta6suna 2. JJoMuHUpYOIKe BUAB 300IUIaHKTOHA (110 6momacce) B Kypmickowm 3asuse B 2019-2022 rr.

TakcoHOMHYEecKas rpynna / BUI

Mecsig

IV

VI VII VIII IX

Cladocera
Bosmina coregoni thersites Baird, 1857
Chydorus sphaericus O.F. Miiller, 1776
Daphnia galeata Sars, 1863
Diaphanosoma mongolianum Ueno, 1938
Leptodora kindtii Focke, 1844
Copepoda
Acanthocyclops sp. Kiefer, 1927
Cyclops kolensis Lilljeborg, 1901
Eudiaptomus graciloides Lilljeborg, 1888
Mesocyclops leuckarti Claus, 1857
Rotifera
Asplanchna herricki de Guerne, 1888
Keratella quadrata Miiller, 1786
Polyarthra vulgaris Carlin, 1943

+ + + 4+ o+
+ + + + o+
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6uomacce. B 2019 r. mo yncjeHHOCTH GOJIBIIYIO TOJII0
(33%) cocraBmsyin KosoBpatku Keratella cochlearis,
JI0JI KOTOPBIX CHHXajach B IOCJeAyloliye TOAbl, A0
MmuHUMyMa B 2022 r. (8%). MaccoBsle BUIBI KOJIOBpa-
TOK cocTaBasyin ~60% cpegHeroqoBON YHMCJIEHHOCTU
3oormtaHkToHa B 2019-2020 rr., Toraa kak B 2021-2022
r. 3TOT MoOKasaTresab cHuswica Ao ~30%. Hamportus,
3HAUMTEJIBHO yBeJIM4Yuiach oy komenon Mesocyclops
leuckarti (c 8-10 mo 17%), B 2021 r. u Cyclops kolensis (¢
1-4 no 13%) B 2022 1. (Puc. 3a).

HawnbGosee 3HaUMMBIM HM3MEHEHHEM B CTPYKType
coofIecTBa 300ILIAHKTOHA OBIJIO pe3Koe YMeHbIlIeHNe
B 2019 r. o6wtuA kiagouepsl Daphnia galeata, kotopas
o6eriHO JoMuHUpYyeT B Kypiickom 3amuse. B 2019 1.
AadHUA 06UIBHO BCTpeyasiach TOJIBKO B Mae, a C UIOHA
10 OKTAOpH IMpakTuiecku oTcyTcTBoBaja (0-4% 6uo-
Macchl), Torga kak B 2020-2022 rr. B 3TH MecCAIbl OHa
MorJyia ¢dopmupoBath A0 70-90% 6Guomacchl 300ILJIaH-
kroHa. Ee 6uomacca B cpegHem 3a 2019 r. coctaBuiia
Bcero 0,13 r/m® uiu 8% GuomMacchl 300IJIaHKTOHA, B
2020r. oHa yBeTMuYmMJIach Ha mopsAok (1,62 r/m3 u 49%),
JOCTUTHYB MakcuMmyMa B 2022 1. (4,76 r/m° nu 44%).
[Ipu Hu3KOI Ouomacce madHUI U B I[eJIOM KJajolep
B 2019 r., 3HAYUTEJIbHYIO [I0JII0 OMOMAaccChl 300ILJIaH-
kToHa B 2019 r. dopmupoBam konenonsl Eudiaptomus
graciloides (25%) u Mesocyclops leuckarti (18%), moJis
KOTOpPHIX B MOCJIeyIolie roabl CHU3WIach B 2-3 pasa
(Puc. 36). B 2022 r. Hapsaay ¢ nadbHUAMU 3HaYUTEIBHO
BO3pOCJia YHCJIEHHOCTh APYyrux kjagonep - Bosmina
coregoni thersites (c 0,01-0,18 r/m3, 1-5% B 2019-2021
r mo 0,96 r/m® u 10%) u Diaphanosoma mongolianum
(c 0,09-0,22 r/m*u 3-8% B 2019-2021 r 0 0,99 r/Mm®
u 10%). Kpome TOro, oTMe4eHO MaccoBOe pa3BUTHE
KpymHOH KoJtoBpatku Asplanchna herricki (1,07 r/m® u
unu 11%), koTopas B mpeAblAyliNe roAsl MPaKTUYecKU
oTcyTcTBoBajsla. Takum obpas3oM, B HCCIefOBaHHBIN
nepyoj HaOJIIoAaINCh 3HAYMTe/IbHBIe OTJIMYUA MeXAy
2019 r., xorga B 300IJIAaHKTOHE II0 YMCJIEHHOCTU IIpe-
obJyiagany KOJIOBpPATKM, a Mo OuoMacce — KOIENOMH,
n 2022 r. XapakTepusyoIlUMCs YMeHbIIeHUueM [0JIU
KOJIOBPATOK I10 YMCJIEHHOCTH M 3HAYMTEJIbHBIM YBeJIU-
yeHHeM OoOMJINA KJIajolep.

Bups! ¢ GuibTpaniOHHEIM THUIIOM NUTAaHUA Ipe-
obJiagany 1o YKMCJIEHHOCTH U 6uomacce, COCTaBjAd B
cpenHeM 3a 2019-2022 rr. (90% uncyiieHHocTu U 78%
6uomaccel 300ILUIaHKTOHA). K OCHOBHBIM MacCOBHIM
BUAaM C¢ QUJIbTPALMOHHBIM TUIIOM NUTAaHUA OTHOCH-
auchk kiamouepsl Daphnia galeata, a takxe Chydorus
shaericus, Diaphanosoma mongolianum ¥ KOTENOIbI
Eudiaptomus graciloides. BTopoii 0 3HAYUMOCTHU TPYTI-
noy ObLIM BUOBL CO cMeIlaHHBIM nutaHueM (9 u 19%
B cpeaHeM 3a 2019-2022 rr.), a XUIHUKU COCTABJIAIIN
< 1% o uncsieHHOCTU U 3% 110 61oMacce. CpeZiv BU0B
CO CMelIaHHBIM NUTaHWeM npeobsiamanu Mesocyclops
leuckarti. CamMBIM MacCOBBIM XUIHBIM BHJIOM ObLIa
Leptodora kindtii. B 2019 r. xorga obuine HOMHWHU-
pylomero Buma-guiasTpaTopa Daphnia galeata pesko
CHU3UJIOCH, B 300IJITAaHKTOHE BO3pOcCja J0JiA BUAOB CO
cMelIlaHHBIM mUTaHueM (Ao 36% mo 6uomacce), mpe-
JK7e BCero 3a cueT KpymHoro Buga Mesocyclops leuckarti,
KoTopeIfl Torga dopmupoBan 18% 6Guomacch. Taxxke
ObL7Ia BBIIE AOJISA XUIMHUKOB Leptodora kindtii (4% mo
6uomacce). B mocienyromue roas (2020-2022 r.) gonu
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Puc.3. CocTaB JOMUHUPYIOUIMX BUIOB 300IJIAHKTOHA 110
yucJsieHHocTH (a) u 6uomacce (6) B 2019-2022 rr.

6romacchl BUJOB CO CMelIaHHBIM MUTaHUEM U XUIHU-
KOB CHU3MJIUCH B 2-3 pa3a (Puc. 4)

[Tpu pe3koM CHIXKeHUM 00MInsA GUTOIJIAHKTOHA
(xopopuin «a» B 2 pasa) B 2019 r. B Kypuickom
3ayBe HaOJII0JaJIoCh CONOCTaBUMOE CHIDKeHHe OHO-
Macchl 300IUIaHKTOHA (g0 3 pa3), Mo CpaBHEHUIO C
HabyoaeMbIM B IpeAblAylIyie ToAbl «IBeTeHuA» (B
cpequeM 270 Thic.9k3./M° u 3,1 r/m° B 2015-2018 1T.).
CToJIb 3HauWTeJIbHOE yMeHbllleHre OHoMacchl ObLIO
00yCJI0BJIeHO OYeHb cJIabblM pa3BUTHEM B 3TOM TOAY
OCHOBHOIO JOMUHMPYIOIIEro BHJA 300IUIaHKTOHA
Daphnia galeata (B cpeiHeM 3a anpeJib-okTa6ps 2019 1.
0,13 r/m®), 6uomacca koroporo B 2015-2018 rr. 6pu1a
2,2 r/m® (Puc. 3, 5). B mocienyomue rogst (2020-2022
rr.) 6uomacca 300IUIaHKTOHA YBeJIMYMBaIach, IIpe-
XJe BCero, 3a cyeT MHTEHCUBHOI'O pa3BuUTHsA AadHUI,
a Takxe Jpyrux kiagornep (Bosmina coregoni thersites,
Diaphanosoma mongolianum) u KpyIHOH KOJIOBPaTKU
Asplanchna herricki.

YuicsieHHOCTh 300IJIAaHKTOHA, HeCMOTpPA Ha CHU-
xeHue 6uomMaccel B 2019 r., HanpoTus, B 2019, 2020,
2022 rr. ocTajach Ha BEICOKOM ypoBHe (314-375 ThIC.
9K3./M3) CONOCTAaBUMOM C THPeNbIyLIIMMU TOJaMHU.
Takas BbICOKasA YMCJIEHHOCTh 00ycCJIaBIMBaiach OOUJIb-
HBIM pa3BUTHEM MeJIKUX KoJioBpaTok (p. Keratella B
2019-2020 rr., Polyarthra vulgaris 8 2020, 2022 rT.),
kiagonep Chydorus sphaericus B 2022 r. BoJiee Hus-
KasA uncjieHHocTh Obia B 2021 r. xorga 3THU BHBI
cyabo pa3BUBaIMCh, IpU OOJIBIIOM 00MINHK HadHUN
(Puc. 3, 5).
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B 2022 r. HecMOTpsi HA MMHUMAJIbHBIN YPOBEHD
nepBuyHON mpoaykuuu (280 rC/(m*rom) wim 788
kKkasn/(M>ron)), COOTBETCTBYIOIIUE 3BTPOGHBIM BOAAM,
KOJIMYeCTBEHHOe pa3BUTHE 300ILIaHKTOHA, HaobopoT,
JocTurjio Makcumyma (356 Teic.ok3./M° u 5,87 r/m°),
KOTOPBIA OTMeuasici B MpeNbAYLIUI Tepuop «IiBe-
TeHUus1» Boja (Puc. 2, 5). CToJb BBICOKHE IOKa3aTeJn
obuJIisA 300IJIaHKTOHA ONpefesisijiiCh MHTEHCUBHBIM
pasBUTHEM KpYMHOpa3MepHbIX Kjamouep Daphnia
galeata n npyrux, 6uomMacca U YMCJIEHHOCTh KOTOPHIX
JOCTUTJIA MaKCUMyMa.

B 2019-2022 rr. ormeueHa obpaTHas 3aBUCU-
MOCTb MeX[y NepBUYHOM NpOAYKIMel 3a rod U cpef-
Hel 3a roa 6uomaccoii 30o0m1aHKkToHa (k03dduureHT
koppessinuu r = - 0,98), Torga Kak ¢ YKWCJIEHHOCTHIO
300ILTAHKTOHA Takas 3aBHCUMOCTb OTCyTcTBOBaja (r
= 0,24). [Ina cpeqHUX 3a rof BeJIMUUH XJIOpodUsIIa
«a», HalmpoTuB, HabyroAasach mpsAMas 3aBUCUMOCThb C
YHCJIEHHOCTBIO 300IJIaHKTOHA (r = 0,92) u oTcyTCTBUE
¢ 6uomaccoii (r = - 0,30). Takue 3aBUCMMOCTH TOJIY-
yeHbl AJ1A HeboJsiplioro nepuoja (4 ropa), HO oTpa-
’KalT TECHYIO CBsA3b (PUTOIIAHKTOHA M 300IJIAaHKTOHA
B KypiickoMm 3ajvBe B 3TOT epUO/I.

Takue pe3kue M3MeHeHUs CTPYKTYpDBI, YHCJIEH-
HOCTH ¥ OGMoMacchl 300IJIAHKTOHA B MOCJIeHUE T'OJIbI,
BO3MOXHO, OBLJIM pe3yJIbTaTOM ero ajfjainTalnuu K u3me-
HEHUSAM B OOUJIMU U TPOAYKTUBHOCTU PUTOIJIAaHKTOHA,
B TOM 4HCJIe U3MEHEHHI0 CcOCTaBa M OOWJIMA BHIOB
BOJIOpPOCJIeH, OCTYIHBIX [JIs BUAOB-(PUIBTPATOPOB.

3.3. NMoTpebreHne nepBHYHON NPOAYKUUH
300NAAHKTOHOM

CorsiacHO oIy0JINKOBaHHBIM AAHHBIM 1A [Iepu-
ofa «rumnepupeTeHus» oA (2001-2002 r.) cpegHue 3a
6e3JieAHBIN IepHOA BeJIMYMHBI palllioHa 300IJIJaHKTOHA
U noTrpebJyieHHsA MM NEepBUYHOM NPOAYKIMU COCTaB-
asma (1,1-1,3 kkan/(m*cyT) i 17-21%) (Semenova
and Aleksandrov, 2009). B mepuoj «rureprBeTeHMsI»
BoAbl B KypmickoMm 3anuBe W APYIHMX TUNepTpodHBIX
BOJi0eMax 300IUIAHKTOH MOXeT He NMOTpeOsIATh 3Ha4u-
TeJIbHYIO0 YacTh (PUTOIIAHKTOHA M3-3a NpeobiajaHuA
KPYIIHBIX HeAOCTYNHBIX AJA (UiIbTpald HUTYATHIX
nuaHobakrepuil (B wactHoctu Aphanizomenon flos-
aquae), KOTOpble MorJjiu cocTabiATh A0 40-90% 6uo-
Macchl putomtankToHa (Bernardi and Giussani, 1990;
Semenova and Aleksandrov, 2009).

B 2019 r. oTcyTcTBOBaJIO «TUIepLBETEHME»
BOJ U obunne (QUTOIIAHKTOHA 3HAYMTEJIbHO CHU3M-
JIoCch, HO B (PUTOIIAHKTOHE B COCTaBe JOMHMHAHTOB
npoAoJKaayd OBITh KpyNHBIE HUTYaThe IMaHoOaKTe-
pun Aphanizomenon flos-aquae, Planktothrix agardhii,
Limnothrix redekei (Aleksandrov, 2025; Dmitrieva et al.,
2024). OgHOBpeMeHHO C 3TUM MIPOU30IILII0 MHOT'OKpAT-
HOe yMeHbllleHne 61omacchl 300IJIaHKTOHa (B 3 pasa)
Y COIIOCTaBUMOe CHIDKeHHe pallioHa BUAOB-QUIIbTPa-
TOPOB II0 CpaBHEHHIO ¢ HabJyoJaeMbIM B Ipelblay-
e ToAbl «IBeTeHUs» (B cpeqHeM 420 kkai/(M>Tom)
wm 1,5 kkasn/(m>cyt) B 2015-2018 rr.) (Tabsuma 1;
Puc. 6). CHuxeHne OvoOMacchl M palfOHa 300ILIaH-
KTOHa ObLJIN 00y CJIOBJIEHH KpaliHe cJIabbIM pa3BUTHEM
OCHOBHOI'0 JOMMHUpYyOIIero Buja-guiabTpaTopa Kia-
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nonepsl Daphnia galeata. TlpssMoro BiusiHUA GaKkTOpOB,
CBA3AHHBIX € 3BTPOo¢HpOBaHNEM BOJ WJIN JPYTUX YCIIO-
BUII cpefibl, Ha CTOJIb pe3Koe CHIXXeHNe OOMJINA 3TOro
Byuaa B 2019 r. He yCTaHOBJIEHO U BO3MOXHO HMeeT
MecTO MexXrojosas AuHamuka. OpHako, IpeoObJada-
Hue BMecto Daphnia galeata Gojiee MeJIKMX OpraHu3-
MOB B 300ILUIaHKTOHE (KoJIoBpaToK p. Keratella, xiamo-
uep Diaphanosoma mongolianum, konenon Eudiaptomus
graciloides v ip.) MpUBEJIO K TOMY, UTO JI0JIA HOTpebieH-
HOU NepBUYHOM MPOAYKLINU TakXe ObljIa MUHUMAaJIbHOM
(11%). CoobuectBa ¢ npeobiiafjlaHNeM KPYIHBIX KJia-
nonep Daphnia galeata xapakTepU3yoOTCA 3HAYUTETIBHO
6oJiee MMPOKKUM pa3MepHBIM AUANa3oHOM IoefqaeMbIX
BOJIOPOCJIEH M CKOpOCThIO mx moTpebisieHusa (Cyr and
Curtis, 1999). B 2019 r. 3HauuTesibHas 4acTb OpraHu3-
MOB QUTOIIAHKTOHA (TIpeXx/ie Bcero NuaHobaKTepuii),
dopMupyromux OObIIYI0 YacThb MEepBUYHON IMPOAYK-
11y, He Oblsla noTpebJieHa 300IJIAHKTOHOM, [TO3TOMY
OTHOIIIEHNUe pallioHa K MEepBUYHON MPOAYKIUHU ObLIN
Jaxe HUXe, yeM B Cpe[JHEM B IOJbl «TUIepIBeTeHU»
Kypuickoro 3anusa.

B mocrnenyromue roxaet (2020-2022 rr.) 6m0-
Macca 300IIJIaHKTOHA 3HAYWTEJIbHO YBeJIM4YWsIach, B
TOM uucijie AadHUl, U palyoH BUO0B-GUIBTPATOPOB
300IJTAaHKTOHA Pe3KO BO3POC, KakK CjaefCTBHe HM3MeHe-
HUA CTPYKTYpPhl JOMUHMPYIOIIUX BUJOB B (UTOILIAH-
KTOHe U 300IIJIaHKTOHe. [To ony6IMKoBaHHEIM JaHHBIM
mo ¢uronnanktoHy (Dmitrieva et al., 2024) B 2020
r. HapAAy C yMeHblleHrueM o6uinus HuaHoOaKTepui,
Ipou3olula CMeHa JOMUHUPYIOIUX Cpeay HUX BUJIOB,
B YaCTHOCTU IIPaKTUYeCKH OTCYyTCTBOBAJIM caMble
KpYyIIHble KOJIOHHaJIbHble OpraHu3MBbl IIMaHoOaKTepuil
Aphanizomenon flos-aquae, xoTopble paHee 06pa30BHI-
BaJId OOLIVMpHBIE «IIATHA I[BeTeHUdA». OOHOBpPEMEHHO
C 3TUM B 300ILIaHKTOHe B 2020-2022 rT. BHOBH JOMU-
HUPOBAJIM KpymHbIe Kaaouepsl Daphnia galeata (~40-
50% 6uomaccsl), MMelolIre BO3MOXHOCTh GUIbTpalU
6oJiblero cruekTpa GUTOIIaHKTOHA.

B pesynbprate B 2020 r. pu COXpaHEHUU TOTO
ke YpOBHS MepBUYHON mpoAykiuu kak B 2019 r.
(~400 rC/(m?rom), palMoOH 300IUIAHKTOHA YBEJIU-
ypsca 6osiee, uem Basoe (311 kkan/(m3ronm), 0,85
kkan/(m*cyT). HoJis moTpebJIeHHOM MEePBUYHON IPO-
AYKIUHU Takxe Bo3pocisa J0 27%, XOTA U ocTaBaJach
Ha ypoBHe, Ha0J10jJaeMOM B runepTpo¢HHIX BoJgoeMaM
(Tabauna 1; Puc. 6).

B 2021-2022 rr. npy 3HAYUTEJIBHOM CHUXEHUU
nepBuyHON npoaykiuu (20% u 33%), 6uomacca 300-
IJIAaHKTOHA yBeJINYMBajlach BBOe. BO3MOXHO CHIKe-
HUe «IBeTeHWUA» BOJ, B TOM 4HcCJIe IIOTeHIMaJIbHO-TOK-
CHUYHBIX LMaHOOaKTepul, co3faBajio OJaronpuATHBIE
yCJI0OBUA JJIA Pa3BUTHA 300IJIAHKTOHA, O YeM CBHe-
TEeJIbCTBYIOT €ro MakcuMaJibHble Ouomaccel B 2021-
2022 r. (>5 r/m® B cpeiHeM 3a Ge3JIeHBIN TEPUO/T).
CpenHulil 3a Ge3sleHBIN Nepuol paluoH GUIbTPaTo-
poB B 2021 u 2022 rr. pe3ko yBeJn4uicsa BAsoe 10 2,1
kkan/(m*cyT). B 2021 r. rogoBo# panyoH BO3pOC A0
588 kkai/(Mm*TOf), coctaBuB 64% mpoaykKuuu GuTo-
1aHkToHa. B 2022 r. 6e3yieqHbIi nepuof ObLIT 3HAYN-
TeJIbHO JJIMHHee (Jie[] TOJIbKO B Jekabpe), 4yTo co3ja-
BaJIO YCJIOBUSA AJIA AJIATEJIbHOTO aKTUBHOI'O Pa3BUTHUA
300IJIaHKTOHA U TOJIOBOM paliOH BHUOB-QUIbTPATO-
poB B 2022 r. jocTUr MakCUMaJibHOU BesinuuHH (> 700
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Puc.6. Ileppuunas npoayknus (1), pauroH BUAOB-OUIb-
TpaTOpOB 300IJIaHKTOHA (2) 1 X oTHouleHue (3) B Kypmickom
3aJiMBe.

kkas/(M3>rom). OTa BeJIMUMHA MOYTH BJIBOE MPEBHICHIIA
cpelHUIl YpOBeHb pallMOHa 300IJIAHKTOHA, KOTOPHIN
HabJTofjaicsa B NpeAbAyIIUN Nepruo]] MaKCUMaJIbHOMN
[IepBUYHON NPOAYKIWU B Mepuoj «lBeTeHW:d». M3-3a
3HAUMTEJIbHOI'O CHIXKEeHHA MNPOAYKTUBHOCTH (UTO-
IUIaHKTOHa B 2022 T., 300IUIAaHKTOH HCIIOJIb30BaJI
6os1ee 90% mnepBUYHON NMPOAYKLUMHU, YTO MOXET IMOKa-
3BIBaTh O BO3MOXXHOM BO3HUKHOBEHUHU HaNpPSKeHHBIX
KOHKYPEHTHBIX OTHOILIEHHH B 300IJIAHKTOHE, a TaKxe
¢ apyrumu rpynnamu (6eHTOCOM, MOJIOAbI0 PBHIO) B
Kypuickom 3anuBe.

CHuxeHre obunusa (xyopoduiiia) u NpoayKuuu
¢utonnankToHa B Kypiickom 3aimBe, HapsAAy C Mac-
COBBIM pa3BUTHEM BeTBUCTOYCHIX PaKoOOpa3HBIX, IpU-
BeJIO K 04eHb 3(PHEeKTUBHOMY HCIOJIb30BAHUIO [TIEPBUY-
HOM IPOJAYKLHM 300ILJIAHKTOHOM. B BBICOKOTPOGdHBIX
BOJ0OEMAxX 300IUIAHKTOH MOXeT MOTpebJIATh JIeTOM
<10-20% npoaykuuu (GUTOIIAHKTOHA, B TO BpeMA
Kak B BoJioeMax He NOABEPXKEHHBIX 3BTPO(GHPOBaHUIO
40-90% (I'yrenpmaxep, 1986). B KypiickoMm 3asuBe
B 2019-2020 rr. mpu CcOXpaHEHUU BBICOKOI IepBUY-
HOM IPOAYKLIMHM Ha YPOBHE MeXAYy I'MIepTpO(HBIM U
3BTPOGHBIM COCTOSSHMEM BOJ 300IUIAaHKTOH IOTpe-
65111 ~20% nepBUYHOM MPOAYKLUM, C MUHUMYMOM B
neproj HU3KOro o0MINA KPYIHBIX Kjafouep. OTO BeJlo
K yTuauzanuu 6oJibliieil ee 4acTU yepe3 MHUKpoOOHaJib-
HYI0 Tpopurueckyio ceTh (M1 MUKPOOUAJIbHYIO MIETJII0)
1 Takxe HaKOIUJIEHUIO YacTU OpraHWYecKoro BellecTBa
duTonsIaHKTOHA B AOHHBIX oOcajkax. Poib MuUKpPOOG-
HOM MeTJIM BO3pacTaeT C MOBHIIeHHeM TPpohHUUecKoro
craryca BojoeMa U CBf3aHA OOpaTHON 3aBHUCUMO-
cThio ¢ 6uomaccoi knanorep (Komeuio u ap., 2007).
[Ipekparmienus «rumeplBeTeHusA» BOABl U CHUXeHHe
nepBuYHON mnpoayknuu B 2021-2022 rr. Ao 3BTpod-
HOI'O YPOBHsA, HapsAAy C MacCOBBIM pa3BUTHEM KJIaJo-
1[ep 1 yBeJIM4eHHeM pallioHa 300ILIaHKTOHA, IIPUBEJIO
K o4eHb 3(PHEeKTUBHOMY HCIIOJIb30BAHUIO MPOAYKLIUU
¢urortankroHa (60-90%). Bo3aMoXHO, 3TO CBUETEb-
cTByeT 0 ¢GOpMHUPOBAHNUU HOBBIX CTPYKTYPHO-(PYHKIU-
OHAJIbHBIX XapaKTepUCTUK B IUIaHKTOHe Kypiickoro
3aJiBa B YCJIOBUAX HayaBlIerocs Ae3BTpopUpoBaHUA
BOJI JIaTYHOM 3KOCHCTEMBL.
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4. 3aknioueHue

Kypiuickuii 3amuB — JjiaryHa, B KOTOPOM THIPO-
Jloru4ecKre ycJIOBUA U YPOBeHb 3BTPO(PUPOBaHUSA BOJ
CO3JjaJIN yCJIOBUA AJIA MHTEHCUBHOI'O pa3BUTHA IIpec-
HOBOJHBIX BUJOB (UTOILUIAHKTOHA K 300ILJIaHKTOHA.
B ¢duromnnaHKTOHe OOMUHUDPYHOT LHUAHOOAKTEpUH U
JuaToOMOBbIe BOAOPOCJIY, B 300ILJIAHKTOHE — BETBUCTO-
yChle 1 BecJIOHOrMe pakooOpasHble, XapaKTepHble OJif
3BTpOGHBIX BoJ0eMOB (Daphnia galeata u papyrue),
cpeou KOTOphIX MpeobsiagaioT ¢uibTpaTopbl (80-
90%). JnuTenpHBIN Nepuon uccaenoBanuil (¢ 1980-x
IT.) B BOJOeMe OTMeuaJioch 4acToe «TUIleplBeTeHe»
BOABI, KOTOpoe He HabOmopaerca ¢ 2019 r. B nepuop
2019-2022 rr. NpOU301LJIO 3HAUUTEJIbHOE YMEHbIIIeHNe
obuinus (xJiopoduIuT) U NPOAyKUUU (DUTOIIAHKTOHA,
B pe3yJjbTaTe yero Tpoduueckuii craTyc JiaryHbl CHU-
3WiIcA € runeprpo@HoOro A0 3BTPOYHOrO YPOBHA.
KonruecTBO OpraHM4eckoro BellecTBa, oO0pa3yeMoro
duTONIIAHKTOHOM, KOTOpOE MOXeT IOCTYIUTb B TPO-
(¢uueckyro cetb, yMeHbmmiock no 800-1200 kkain/
(m3rom).

[Ipekpalmienue «IBeTeHUA» BOJ U pe3Koe CHU-
KeHre o0uansA (QUTOIIAHKTOHA NMPHUBEJIO K COIMOCTa-
BUMOMY yMeHbIlleHUI0 (B 3 pa3a) OuoMaccel U paru-
OHa 300IUIaHKTOHA B 2019 r. CHmXeHne 6MoMacch U
paroHa 300ILUIaHKTOHA OBLIM OOYCJIOBJIEHBI CJIaOBIM
pa3BUTHEM OCHOBHOI'O JOMUHUpYIOIIEro Buja - Gub-
TpaTtopa kJagouepsl Daphnia galeata. B mocyenyio-
e rofel (2020-2022 rr.) HabJI0JAI0Ch YBEJIMUeHHe
6uomacchl 300IJIaHKTOHA, OJHOBPEMEHHO C pPOCTOM
BEeJIMYMHBl palioHa BUAOB-GUIBTPATOPOB U [J0JIU
KCIOJIb30BaHHON MMM MEPBUYHOM IpoAyKiuu. Takue
W3MeHeHUs, BepOoATHO, ObUIN pe3yJIbTaTOM aJjanTalun
300IJIAaHKTOHA K U3MEHEeHUAM B CTPYKType, OOMJINU U
MIPOAYKTUBHOCTH (GUTOIUIAaHKTOHA. B 300IJIaHKTOHE
BHOBb JOMHHHPOBIN KpYIHBIE KJamonepsl Daphnia
galeata (~40-50% Gromaccsl), UMeIIIe BO3MOXHOCTb
¢unpTpanuu GoJibiero crnekrpa (UTONJIAHKTOHA. B
2022 r. HecMOTps Ha MMHUMAJIBHBII ypOBeHb IIep-
BUYHON NPOAYKIMY, COOTBETCTBYIOIIUN 3BTPOMHBIM
BOJIaM, KOJINUYeCTBeHHOe pa3BUTHE 300IJIaHKTOHA U ero
palMoH, JOCTUIJIM MaKcuMyMa. 3HauuTesIbHOe YBeJIu-
yeHUe palyoHa, HapsAy ¢ MacCOBHIM pa3BUTHEM KJla-
gonep xapaktepusyeT 3G(GeKTHBHOE HCIOJIb30BaHNeE
nponykuuu durtonnaHkToHa (o 60-90%) mocre mpe-
KpallleHus1 «TUIMepIBEeTeHNs» BOABL. [Ipousorienmive
W3MeHeHHs, BO3MOXHO, MOI'YT CBUAETeJIbCTBOBATh O
dbopMUpOBaHNUU HOBBIX CTPYKTYPHO-(QYHKIIMOHAJIBHBIX
XapaKTepuCTHMK B IJIaHKTOHe Kypiickoro 3anuBa B
yCJIOBUAX HavaBllerocsa Ae3BTpodHUpoBaHusA BOJ Jary-
HOI 9KOCHUCTEMBIL.
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Modelling of melt using simple and
enhanced temperature-index models:
testing for the Sygyktinsky Glacier, the
Kodar Range (northern Transbhaikalia,
Russia)
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ABSTRACT. Modelling snow and ice melt in drainage basins can significantly improve the forecasting of
hydrological processes at local and regional scales. Melt rates on the surface of the Sygyktinsky Glacier
were measured using an ultrasonic ranger and calculated by the physically based surface energy-balance
(SEB) model with a 30-minute resolution for the period from 7 July to 23 August 2021. Two tempera-
ture-index models, simple (TM) and enhanced (ETM), were tested to calculate melt rates. All models
used 30-minute meteorological data from automatic weather station installed in the central part of the
glacier at the mean equilibrium line altitude (2561 m a.s.l.). The performance of the temperature-index
models was assessed by comparing 30-minute melt rates with the physically based SEB model. The
TM model used air temperature as a predictor, explaining up to 30% of the variability of melt rates.
Meanwhile, the ETM model, taking into account incoming shortwave radiation and albedo besides air
temperature, demonstrated significantly better performance. The model explained up to 90% of vari-
ance in the 30-minute melt rates. The advantages of the enhanced model can be used for future studies
of spatial variability of melt rates on the Kodar glaciers.

Keywords: Kodar Range, Sygyktinsky Glacier, melt, surface energy balance, T-index model, shortwave radiation,
albedo
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-P. 1158-1177. DOI: 10.31951/2658-3518-2025-A-5-1158

1. Introduction and Osipov, 2023). To understand the physical pro-

cesses controlling the melting rates on the Sygyktinsky
Glacier, one of the largest Kodar glaciers, the surface
energy balance was computed using data collected by
the automatic weather station with high temporal reso-
lution (30 min) during the 2019 and 2020 melt seasons
(Osipov et al., 2021; Osipov and Osipova, 2021). These
studies showed that the largest contribution to ice melt

The glaciers of the Kodar Range (northern
Transbaikalia) located in a remote area of northern
Eurasia are highly sensitive to modern climate change.
Remote sensing studies have shown that these glaciers
had higher rates of shrinkage than elsewhere in Eastern
Siberia (Osipov and Osipova, 2014). Since the end of

the Little Ice Age (mid-19th century) to 2011, the Kodar
glaciers have shrunk by an average of 62%. Moreover,
as has been established by various studies, the highest
rates of ice reduction were observed in the late 20th
and early 21st centuries (Stokes et al., 2013; Osipov
and Osipova, 2015). Accelerated glacier melt is mainly
associated with increasing summer temperatures in
the region (Stokes et al., 2013) and changes in syn-
optic conditions (Osipova and Osipov, 2022; Osipova

*Corresponding author.
E-mail address: eduard@lin.irk.ru (E.Yu. Osipov)

Received: August 20, 2025; Accepted: October 03, 2025;
Avadilable online: October 31, 2025

1158

comes from net radiation (86-95%), mainly due to net
shortwave radiation (Osipov and Osipova, 2021; Osipov
and Osipova, 2024). The energy balance model most
accurately describes melt changes with high resolution
and can be considered as a reference when performing
other model assessments.

However, when extrapolating melt rates from the
point to the glacier-wide scale or neighboring glaciers,
it is inevitable to use simplified modelling approaches

© Author(s) 2025. This work is distributed
under the Creative Commons Attribution-
NonCommercial 4.0 International License.
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based on parameterization. The simplest models link
melt to air temperature based on a linear relationship
between these quantities (temperature-index or T-index
models). They are widely used for assessment of glacier
summer balances in various regions (Braithwaite, 1981;
Hock, 2003). Testing of the simple T-index model for
the Sygyktinsky Glacier showed that it well reproduce
the mean and total seasonal ablation, but daily vari-
ability is modelled with a significant error (Osipov and
Osipova, 2024). At the same time, the use of empirical
melt coefficients calibrated separately for snow and ice
improves the model accuracy. This indicates the influ-
ence of solar radiation gained by the glacier surface on
the accuracy of temperature-index models (via albedo).
Solar (shortwave) radiation is the main energy balance
component of melting for most glaciers (Osipov and
Osipova, 2021) and therefore it is used to improve sim-
ple temperature models (Hock, 1999; Pellicciotti et al.,
2005).

The main objective of this study was to compare
the performance of two temperature-index models for
estimating ablation on the Sygyktinsky Glacier (Kodar
Range). The first model uses only air temperature
as input (simple model), while the second uses tem-
perature and solar radiation as additional parameters
(enhanced model). Both models were compared with
melt rates computed by the physically based surface
energy balance (SEB) model which used direct mete-
orological measurements on the Sygyktinsky glacier.
High-resolution (30-minute) data were collected during
the melt season (July-August) of 2021 using the auto-
matic weather station.

2. Study area

Sygyktinsky Glacier is one of the largest glaciers
in the Kodar Range (Fig. 1). It is the only transection
glacier located in two river basins, Levaya Sygykta
and Syulban. Accordingly, the glacier consists of two
branches, southern and eastern. The area of the glacier
is 0.83 km?, the length is 2.1 km. The glacier ranges in
elevation from 2300 to 2800 m above sea level (a.s.l.).
The long-term average equilibrium line altitude of the
glacier is 2510 m a.s.l. (Osipov and Osipova, 2019).
Since July 2019, annual glaciological and meteorologi-
cal observations were carried out on the glacier (Osipov
et al., 2021).

3. Measurements on the glacier
3.1. Meteorological measurements

High-resolution meteorological data were used
to calculate the surface energy balance and evaluate
the T-index model parameters. In early July 2021,
two automatic weather stations, WS1 and WS2, were
installed 20 meters apart in the middle part of the
glacier at an elevation of 2561 m a.s.l. (near the long-
term average equilibrium line) (Fig. 1). WS1 measured
air temperature and relative humidity, incoming and
reflected shortwave radiation, and lowering of the gla-
cier surface with using an ultrasonic ranger). The sen-
sors were mounted on a vertical mast drilled into the
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ice. WS2 was installed on a tripod, which was lowered
simultaneously with melting glacier surface. It mea-
sured the following parameters: air temperature and
relative humidity (at levels 0.5 and 2.0 m), wind speed
and direction (at levels 1.0 and 2.0 m), and ice tem-
perature in upper part of the glacier (using a thermis-
tor cable with a distance between sensors of 10 cm).
The gradient measurements of meteorological param-
eters at WS2 were used to calculate turbulent fluxes
in the boundary air-glacier layer. A permanent auto-
matic weather station (WSO) installed on the terminal
moraine near the glacier (2529 m a.s.l.) measured air
temperature, relative humidity, incoming and reflected
shortwave radiation (using two different sensors),
incoming and outgoing longwave radiation, wind speed
and direction, atmospheric pressure, and liquid precip-
itation. The measurement errors for air temperature
and shortwave/longwave radiation were +0.3 °C and
+ 5%, respectively (Osipov et al., 2021). Measurements
at all stations were performed synchronously at a fre-
quency of 30 minutes and archived using autonomous
recorders.

To characterize the reflectivity of glacier surface,
the accumulative albedo was calculated as the ratio of
the sums of reflected and incoming shortwave radia-
tion over a 24-hour time window (van den Broeke et
al., 2004). Using accumulative albedo instead of the
traditional one makes it possible to neutralize poten-
tial errors associated with the incoming shortwave
radiation measurements. Cloud cover analysis was per-
formed using data from the Chara meteorological sta-
tion, the closest to the glacier, located 50 km east of the
glacier (8 measurements per day).

117°24'30"E

117°25'0"E

117°25'30"E

56°51'0"N

56°50'30"N

Fig.1. Location of the Sygyktinsky Glacier (Kodar Range,
northern Transbaikalia) and three automatic weather stations
(WS1, WS2 installed on the glacier itself and base station WSO
on its terminal moraine).
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3.2. Measuring of ablation

At WS1, the glacier surface lowering was mea-
sured continuously (every 30 minutes) from 6 July to
20 August 2021 using an ultrasonic ranger mounted
on a mast. Additionally, several ablation stakes were
installed near the weather station. Measurements were
taken several times per season. The stakes were period-
ically reinstalled due to thawing out. Since the weather
station was located at the long-term mean equilibrium
line the glacier surface was snow cover until 7 August
and exposed ice after that date. Melt was calculated
in water equivalent (w.e.) using the density measure-
ments. Snow density was measured in early July in the
snow pit near the weather station.

4. Surface energy balance model

The energy available for melt (Q_) was calcu-
lated for 30-minute intervals based on meteorological
measurements (calculation method was described in
detail in (Osipov and Osipova, 2021)) as:

Q,=S,+S,, tL, +L  +H+LE+Q +Q, (1)
where S, and S_ are incoming and reflected shortwave
radiation fluxes, L, and L_ are incoming and outgoing
longwave radiation fluxes, H and LE are the turbulent
fluxes of sensible and latent heat, Q,is heat supplied by
rain, and Q_is ground heat flux (into the snow cover
and ice). Afl terms of the equation were taken to be
positive if the heat fluxes were directed toward the sur-
face and negative if directed away from it. All fluxes are
expressed in W m~

The fluxes of incoming and reflected shortwave
radiation, as well as incoming longwave radiation,
were measured directly at the weather stations. The
longwave radiation emitted by the glacier surface was
taken as constant and equal to 315.6 W m2, based on
the assumption that the melting surface has a tempera-
ture of 0 °C and emits as a black body. The fluxes of
sensible and latent heat were calculated from gradi-
ent measurements in the boundary air-glacier layer at
WS2 (air temperature, relative humidity, wind speed,
and atmospheric pressure) using the bulk aerodynamic
approach based on the Monin-Obukhov similarity the-

ory (Wagnon et al., 2003; Molg and Hardy, 2004; Sun
et al.,, 2012; Osipov and Osipova, 2021). Heat input
with liquid precipitation (Q) was calculated according
to (Hock and Holmgren, 2005). To calculate heat loss
due to heat exchange with the glacier (Q,), data from
temperature measurements in a borehole using the
thermistor cable were used.

Melt values calculated by using the energy bal-
ance model are in good agreement with the measure-
ments by ultrasonic ranger and ablation stakes (Fig. 2).
The exception is a short period from 18 to 25 July,
when the melt measured by ultrasonic ranger exceeded
that calculated from the energy balance. However, total
melt values are similar (discrepancy is 92 mm w.e.).
The greatest deviations are observed when the glacier
is covered with snow. This suggests the influence of
snow metamorphism on the change in rate of the gla-
cier surface lowering. Taking into account the errors
associated with measurements of glacier ablation by
using stakes and ultrasonic ranger during short periods
(Miiller and Keeler, 1969; Munro, 1990; Osipov and
Osipova, 2024) the surface energy balance (SEB) was
used to calibrate the temperature-index models.

5. Temperature-index models
5.1. Simple temperature-index model

In the simple (“classical”) temperature-index
model (TM) the melt (M, ) is calculated using the equa-
tion (Pellicciotti et al., 2005):

xT T>Z}

M D D ]:.;now/ice
™ — T < 7;
where DDF_ . is the degree-day factor (coefficient

0

of proportionality between air temperature and melt
rate), different for snow and ice surfaces (mm w.e.
°C! per 30 min time-step), T is the air temperature of
each time-step at the screen level of 2 m (°C), T, is the
threshold temperature above which melt begins (here
T, is 1.0 °C). The DDF values were calibrated separately
for snow (7 July — 7 August) and ice (8-20 August)
time periods. The optimum DDF value is 0.1042 mm
30 min! °C!for and 0.1457 mm 30 min °C! for ice.

(2)
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Fig.2. Comparison of cumulative daily ablation (mm w.e.) measured using ultrasonic ranger, ablation stakes, and calculated
by the surface energy balance (SEB). The dotted line indicates the boundary between snow and ice surfaces.
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5.2. Enhanced temperature-index model

In the enhanced temperature-index model (ETM),
the melt (M) was calculated as the sum of two com-
ponents, temperature and radiation (Pellicciotti et al.,

2005):
TFxT+SRF(1-a)xG T>T,
My :{ 0 T<T}’ 3

where a is albedo, G is incoming shortwave radiation
(W m™), TF is temperature coefficient (mm 30 min™
°C1), SRF is shortwave radiation coefficient (m? mm
W30 min?), T is air temperature at the 2 m screen
level (°C), T, is threshold of temperature equal to 1.0 °C.

Since the model uses two variables, all possible
combinations of them were tested and the one that
shows the greatest efficiency of the model was selected
(see below). It was found that the optimum value of
the TF is 0.016 mm 30 min™ °C™, and of the SRF is
0.0067 m? mm W30 min.

5.3. Evaluation of temperature-index
models

The performance of both temperature-index
models was assessed by calculating the efficiency crite-
rion R? (Nash and Sutcliffe, 1970):

n 2
R2 :1_ Zf:I(M”' _Mml)

> -1,
where M is the reference melt rate (according to the
energy balance), M_is the modelled melt rate (accord-
ing to the temperature-index model), M_is the mean
value of the reference melt rate, and n is the number of
time-steps (here each time-step is 30 minutes).

(4)

6. Results
6.1. Melt and its links to albedo,
temperature, and energy fluxes

Figure 3 shows 30 min melt rates calculated
using the energy balance over the period from 7 July to
23 August, as well as albedo and air temperature. Melt
rates range from O to 6.6 mm (at 11:00 on 7 August)
with mean value of 0.67 mm. In July, the daytime (max-
imum) melt rates increased from 3.7 mm to 4.7 mm,
while in August they decreased from 6.6 mm to 1.7
mm. Periods of lower rates (<2 mm) lasted 2-3 days
were observed in July (23-25) and August (1-3, 8-10,
and 19-20). Increased melt rates (>4 mm) occurred in
July (26-27 and 29-30), as well as on 11-15 August.

Over the observation period, albedo varied from
0.03 to 0.97 with mean value of 0.47 =0.22. Two dif-
ferent albedo regimes, associated with the change of
physical conditions on the surface at the weather sta-
tion site (from snow to ice), were observed. From 7 July
to 7 August (snow surface) the albedo was high and less
variable (mean value is 0.57, coefficient of variation
is 0.29), while 8-23 August (ice surface) it was lower
and more variable (mean value is 0.21, coefficient of
variation is 0.52). Strong variability of albedo is caused
by the influence of snow metamorphism and its gradual
contamination with detrital material coming from the
surrounding slopes during the melt season (see decreas-
ing trend of albedo with slope of —0.13 per 10 days
in Fig. 3a), as well as by summer snowfalls (see pro-
nounced peaks of albedo in Fig. 3a).

Air temperature clearly reflects both diurnal and
synoptic (5-10 days) variability (Fig. 3b). In general,
melt rates increase with decreasing albedo and increas-
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Fig.3. 30-minute melt rates calculated by the energy balance for the period 7 July — 23 August 2021 compared with values

of albedo (a) and air temperature (b).
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ing air temperature. However, the relationship between
30 min melt values and air temperature is rather
weak, but statistically significant (R?=0.25, n=2304,
p<0.001).

Figure 4 shows the diurnal cycle of melt rates
computed from the energy balance and averaged for
the observation period, compared with incoming short-
wave radiation and air temperature. The melt rate
increases sharply from 5 a.m. to 11 a.m. (maximum
of daily melt is 1.9 mm 30 min?), and then decreases
sharply to 6 p.m. In the evening and at night, melt does
not exceed 0.2 mm 30 min!, despite air temperatures
above 4 ° C. It is obvious that the diurnal cycle of melt
is more consistent with shortwave (solar) radiation (a
more pronounced daytime peak) than with air tempera-
ture, the diurnal cycle of which is smoother.

The mean values of energy fluxes, their con-
tribution to snow/ice melt and correlations with air
temperature are presented in Table 1. The net short-
wave radiation is the primary source of melting energy
(93%). The net longwave radiation of the glacier sur-
face is negative, therefore the net radiation, on aver-
age, provides up to 87% of energy for melt. Sensible
and latent turbulent heat fluxes are minor and together
account for 12%. Heat coming from liquid precipitation
accounted for less than 2%. The relationships between
air temperature and most of energy sources are statis-
tically significant, but not very strong (Table 1). The
closest relationship is observed between air tempera-
ture and incoming and reflected shortwave radiation
(R2=0.36-0.38). However, the relationship of tempera-
ture with longwave radiation and turbulent fluxes is
very weak. The relationship between air temperature
and melt energy is quite moderate (R?2=0.22).

6.2. Evaluation of performance of
temperature-index models

The performance characteristics of two tempera-
ture-index models compared to the reference melt rates
calculated by the physically based surface energy bal-
ance (SEB) are listed in Table 2 and shown graphically
in Figure 5. The simple model (TM) rather roughly char-
acterizes the glacier ablation. At the same time, the use
of shortwave radiation in the enhanced model (ETM)
significantly improves the accuracy of melt modelling
(the root mean square error is three times smaller). The
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TM model slightly overestimates the mean and total
melt and poorly reproduces its diurnal variations. At
the same time, the ETM model slightly underestimates
the mean melt rate and total ablation, but reproduces
diurnal variations of melt very well.

Both temperature-index models best simulate
the melting of the glacier’s ice surface (Table 3). This
is especially true for the ETM model, which takes into
account the radiation factor more accurately. The TM
model using different DDF for snow and ice accounts
for shortwave radiation rather roughly (through the dif-
ferent albedo values for snow and ice), while the ETM
model directly includes solar radiation factor. Overall,
the ETM model explains approximately 90% of the melt
rate variations calculated by the energy balance, while
the performance of the TM model does not exceed 30%.
The high efficiency of the ETM model makes it well
suited for use in the ablation zone of Kodar glaciers.
The average ice melt rate, compared to snow, was 10%
and 6% higher in the TM and ETM models, respectively.
However, at the weather station site, the total snow
melt exceeded the ice melt by 1.8-1.9 times due to the
longer period of snow cover compared to exposed ice
(32 and 13 days, respectively).

Figure 6 shows diurnal cycles of melt rates cal-
culated by two T-index models in comparison with the
reference melt values. It is clear that the TM model esti-
mates well the daily average melt, but poorly repro-
duces the diurnal cycle. On average, it underestimates
daytime melt (by 48% of the reference values) and
significantly overestimates nighttime melt (by 460%).
This is due to the temporal variability of melt rates,
which is not accounted for by the model. In contrast to
the TM, the ETM model reproduces the diurnal cycle
of melt very well, although the maximum melt is also
slightly underestimated (90% of the reference value).

Melt rates are influenced by the cloudiness.
Figure 7 shows the 30-minute melting rates under dif-
ferent cloud cover conditions. For example, 23-24 July
occurred overcast conditions (daytime cloud cover was
100%), while July 26-27 were sunny (0-25% cloud
cover). It is evident that under cloudy conditions, the
ETM model underestimates ablation (30% of the refer-
ence value), while the TM model slightly overestimates
it (111%). Conversely, under clear-sky conditions, the
ETM model slightly overestimates ablation (107%),
while the TM greatly underestimates it (64%). In gen-

—— Air temperature —— Melt

20 — 10.0
16 — — 80 _
| L Q
12 —| 60 S
®
g i 3
0.8 — — 4.0 €
5}
0.4 — o0 <
0.0 T T 0.0
0 6 12 18 24
Time (local)

Fig.4. Diurnal cycle of melt rate calculated by the energy balance compared with incoming shortwave radiation S, (a) and
air temperature (b). Data averaged for the period 7 July — 23 August 2021.
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Fig.5. Comparison of 30-min melt rates (mm w.e.) calculated by the energy balance (SEB), simple (TM) and enhanced (ETM)

temperature-index models.

eral, with increasing of cloud cover (above 65%) the
TM model tends to overestimate ablation, while the
ETM, conversely, to underestimate it.

6.3. Sensitivity of model parameters

To assess the sensitivity of parameters, we
changed DDF, TF, and SRF relative to the optimum
value in 10% increments. One of the parameters was
varied (DDF snow or DDF ice, TF or SRF), while the
other remained at its optimum value. Figure 8a shows
the effect of DDF parameter on the TM model perfor-
mance. It is evident that the model is approximately
equally sensitive to DDF of snow and ice, although the
sensitivity is slightly higher for DDF ice. Total seasonal
melt is most sensitive to changes in DDF snow (Fig. 8b).
This is explained by the longer duration of snow cover
compared to exposed ice.

The sensitivity of the ETM model is shown in
Figure 9. It can be seen that the radiation parameter
SRF is most sensitive.
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Fig.6. Comparison of averaged diurnal cycles of 30-min
melt rate (mm w.e.) calculated by the energy balance (SEB),
simple (TM), and enhanced (ETM) temperature-index models.
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Table 1. Mean values of 30-minute energy fluxes* on the glacier surface, their contribution to melt and relationship with air
temperature for the period from 7 July to 20 August 2021 (n=2304)

Parameter Value (W m2) | Contribution to melt (%) | Relationship with temperature
(R?)
Incoming shortwave radiation (S, ) 143.5 177. 8 0.38
Reflected shortwave radiation (S_ ) -68.1 -84.4 0.36
Incoming longwave radiation (L, ) 310.3 384.5 0.09
Outgoing longwave radiation (L) -315.6 -391.1 -
Net shortwave radiation (S__) 75.4 93.4 0.28
Net longwave radiation (L) -5.3 -6.6 0.09
Net radiation (R ) 70.0 86.7 0.22
Sensible-heat flux (H) 5.1 6.3 0.01
Latent-heat flux (LE) 4.5 5.6 0.00
Turbulent heat fluxes (H+LE) 9.6 11.9 0.00
Energy supplied by rain (Q ) 1.3 1.6 0.01
Ground heat flux (Qg) -0.34 -0.4 -
Energy available for melt (Q_) -80.7 -100.0 0.22

Note: * Energy fluxes directed toward the surface have positive values, while those away from the surface negative.
Statistically significant relationships (p <0.05) are highlighted in bold.

1163



Osipov E.Yu., Osipova O.P. / Limnology and Freshwater Biology 2025 (5): 1158-1177

5 — — 100
G4 — — 80 &
2 ©
= N N g
£3 —— SEB —— ETM i — =
2 7 — ™ Cloud - =

[
£ 2 — — 40 3
£ - N o
£ 1 T 20 %
3 o

’ [T [ F [ v e ’
21/07 23/07 25/07 27/07 29/07
Date

Fig.7. Comparison of 30-min melt rates (mm w.e.) calculated by the energy balance (SEB), simple (TM), and enhanced
(ETM) temperature-index models under different cloud conditions for the period 20-30 July 2021. Total cloud cover (%) data are

from the nearest meteorological station Chara.

7. Discussion

The study conducted on the Sygyktinsky Glacier
found a significant but moderate positive relationship
between 30-minute values of air temperature and melt
rates (R2=0.25). This is consistent with the previous
results obtained from the daily average data (Osipov
and Osipova, 2024). This finding significantly limits
the use of simple temperature-index models for simu-
lations of melt on the Kodar glaciers. A possible expla-
nation for relatively weak relationship between air
temperature and melt is the low contribution of main
energy fluxes to air temperature, which is expressed
by rather weak correlations between these parameters.
Temperature is most closely related to shortwave radi-
ation, however, the radiation factor explains no more
than 40% of temperature variability. It is believed that
longwave radiation, together with the sensible heat flux
(% of the total melt energy), strongly depend on the air
temperature above the glacier and determine the phys-
ical mechanism for the relationship between melt and
air temperature (Ohmura, 2001). However, our stud-
ies on the Sygyktinsky Glacier shown no relationship
between high-resolution air temperature and longwave
radiation (R?=0.09) and turbulent fluxes (R>=0.01).
The weakening of the link between temperature and
longwave radiation may be due to the influence of the
moisture content of the glacier-air layer on the relative
emissivity of the atmosphere (Ebrahimi and Marshall,
2015). On the other hand, turbulent heat exchange on
the glacier is largely controlled not by temperature, but
by wind speed (Osipov and Osipova, 2021). The sum-
mer period here is characterized by extremely low wind
speeds, due to the predominance of low-gradient baric
fields (Osipova and Osipov, 2022).
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Fig.8. Sensitivity of the TM model to degree-day factors
(DDF) for snow and ice expressed as efficiency criterion R?
(a) and relative change of total seasonal melt (b). The DDF
change step is 10%.

Table 2. Performance characteristics of temperature-index models TM and ETM compared to the energy balance model

(SEB) calculated for the period 7 July — 23 August 2021.

Model Total melt Mean melt Standard deviation RMSE R?
(mm w.e.) (mm w.e. 30 min™) (mm w.e. 30 min™)
SEB 1533 0.67 0.96 - -
™ 1646 0.71 0.42 0.82 0.26
ETM 1423 0.62 0.96 0.27 0.92
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Table 3. Melt parameters and efficiency criterion (R?) of two temperature-index models (in comparison with the energy
balance model) calculated separately for snow and ice at the weather station site.

Model Mean melt Total melt R?
(mm w.e. 30 min™) (mm w.e.)
snow ice snow ice snow ice
SEB 0.65 0.69 1001 532 - -
™ 0.69 0.76 1062 584 0.25 0.28
ETM 0.61 0.64 930 494 0.92 0.92

Approximately 90% of the melt energy of the
glacier comes from the net radiation, primarily its
shortwave component. Therefore, the introduction of
radiation parameters into temperature-index models
can significantly improve their accuracy. The enhanced
model presented in this paper, in addition to tempera-
ture, also takes into account incoming shortwave radia-
tion and albedo and explains up to 90% of the melt rate
variability, which is three times better than the effi-
ciency of simple (“classical”) T-index model (not more
than 30%). The obtained estimates are in good agree-
ment with data from other glaciated regions. For exam-
ple, on the d’Arolla Glacier (Switzerland), the enhanced
temperature-index model with two additional param-
eters (shortwave radiation and albedo) explained up
to 95% of the melt rate variability (Pellicciotti et al.,
2005).

The simple T-index model provides a good esti-
mate of the daily average melt, but it poorly reproduces
the diurnal melt cycle. This is because the model does
not take into account the temporal variability of the
DDF. For example, studies on the Storglacidren gla-
cier (Sweden) shown that these coefficients are sub-
ject to distinct diurnal cycles, with values fluctuating
between 0 and 15 mm day! °C! (Hock, 1999). With
a constant DDF, the melting rate is overestimated at
night and underestimated during the daytime, that is,
the diurnal amplitudes of the melt rate are significantly
underestimated (Fig. 6). Unlike the simple T-index
models (Ohmura, 2001; Hock, 2003), the ETM model
allows simulating melt changes with a much better
temporal resolution (on the diurnal scale). In addition,
this model much more accurately takes into account
changes in surface albedo, which is an important melt-
ing factor that requires consideration in temperature
models (Lang and Braun, 1990). The simple T-index

model accounts for albedo rather crudely using the
melting coefficients calculated separately for snow and
ice (Osipov and Osipova, 2024). However, the model
completely ignores albedo changes associated with
snow metamorphism and summer snowfalls, as well as
contamination of the glacier surface by material trans-
ported from mountain slopes. Our study on the glacier
showed that such albedo variability occurs during the
summer season.

In addition to the shortwave radiation compo-
nent, air temperature variability also has an advective
origin. For example, this study confirmed the previ-
ous finding that the air temperature changes on the
Sygyktinsky Glacier show a periodicity of 3 to 12 days
(Osipov et al., 2021). These changes are obviously
caused by multi-scale atmospheric (mainly synop-
tic) variability in the lower troposphere. Accordingly,
changes in weather types should influence the rela-
tive contribution of different energy sources to snow/
ice melt and the variability of DDF (Lang and Braun,
1990). Therefore, the use of additional synoptic param-
eters in temperature-index models should contribute
to improving the efficiency of melt modelling of Kodar
glaciers.

8. Conclusion

A comparative analysis of two temperature-in-
dex models was conducted for the 2021 melt season
on the Sygyktinsky Glacier (Kodar Range, northern
Transbaikalia). The models were calibrated and tested
using the 30-minute melt rates calculated for a sin-
gle glacier point by using the physically based energy
balance from meteorological data. The measurements
were conducted using three automatic weather stations
installed on the glacier (2561 m a.s.l.) and terminal

1.000 — a 1000 — b

0.980 —
| 0.900 —

0.960 — 7

i 7 fr 0.800 —

0.940 — i
] 0.700 —

0.920 — — o,

000 1 T 1 v 1 ] 0O T 1 T T ]
0.004 0.008 0.012 0.016 0.020 0.024 0.002 0.004 0.006 0.008 0.010 0.012

TF SRF

Fig.9. Sensitivity of the ETM model (efficiency criterion R?) to TF (a) and SRF (b) values. The change step of both parameters is 10%.
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moraine (2529 a.s.l.). In addition, ablation was mea-
sured at the weather station site by using the ultrasonic
ranger with a 30-minute resolution and ablation stakes.
A comparison of the measured melt values with those
calculated using the energy balance showed good agree-
ment. An assessment of the energy balance components
during the ablation period revealed that the net short-
wave radiation makes the largest energy contribution
to melt (93%). Correlation analysis revealed a statisti-
cally significant but weak relationship between air tem-
perature and melt rates (R2=0.25), which is explained
by the insignificant contribution of energy fluxes to air
temperature variability (up to 40%). The simple (“clas-
sical”) temperature-index model (TM), using air tem-
perature as a parameter, explains no more than 30% of
the 30 min melt variability. Moreover, the model tends
to overestimate nighttime and underestimate daytime
melt. The enhanced temperature-index model (ETM),
which takes into account air temperature, incoming
shortwave radiation, and albedo, demonstrated the best
performance in calculating the melt rates and explained
approximately 90% of their variability. Unlike the TM,
the ETM model reproduces the diurnal cycle of melting
well. Inclusion of additional temperature-independent
parameters (shortwave radiation and albedo) in the
model significantly improves its efficiency and tempo-
ral resolution. The enhanced model can be used for spa-
tial modelling of melt on the Kodar glaciers, as well as
on other inland glaciers with a significant contribution
of shortwave radiation to melt.
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MoaenupoBaHue TafAHUA C
MCNOAb30OBaHHEM NMPOCTOU U YAYULUEHHOM
TeMmnepaTtypHoO-UHAEKCHbIX MOAEAEH:
TecTupoBaHue Anf CbIrbIKTHHCKOro
AepAHMKa, XxpebeTt Koaap (3abaMkanbe,
Poccun)

Ocurmos 2.10.1*", Ocumnosa O.I1.12
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AHHOTAILIUS. MogenuipoBaHue TasgHUsA CHera U Jib[ja B PeYHbIX OacceiiHax MO3BOJIsET CYIIECTBEHHO
YJIyYIIUTh IPOTHO3MPOBaHKe r'ApOJIOTHYeCKUX IIPOL[eCcCOB B JIOKAJIbHOM U perHOoHaJIbHOM MaciTabax.
CKkopocCTh TasgHUs Ha moBepXHOCTH CHITBIKTUHCKOro JieqHuka (xpebet Komap, ceBepHoe 3abaiikaibe)
ObLIa M3MepeHa yJIbTPa3ByKOBBIM JAaTUYMKOM, a TakXe paccurMTaHa Ha OCHOBe (pr3nyecKd 000CHOBAaHHOM
MoJeJii IOBEPXHOCTHOI0 3HepreTuyeckoro 6ananca (SEB) ¢ 30-MUHYTHBIM pa3pelieHreM 3a Mepuoj ¢
7 utons no 23 aBrycra 2021 r. [y pacyeTa TasHUA ObUIM IPOTECTUPOBaHHI JiBe T-MHIeKCHbIE MOJAEIH,
npoctasi (TM) u ycoBepieHcTBoBaHHas (ETM). Bce moaesnu ncnoJib3oBaiu JaHHble 30-MUHYTHBIX MeTe-
OPOJIOTUYECKUX M3MEPEeHUN C MOMOIIbI0 aBTOMAaTUYeCKON MeTeOCTaHI[UM, YCTAaHOBJIEHHON B cpedHeil
YacTH JIe[JHMKA Ha BBICOTE MHOTOJIETHel rpaHulbl nutanus (2561 m). SddekTuBHOCTh T-UHAEKCHBIX
MozeJieli Obljla OolleHeHa C MOMOIIbI0 cpaBHeHUA 30-MUHYTHBIX CKOPOCTEN TasHUA ¢ pU3niecku 060CHO-
BaHHOU Mogesbio SEB. Mogens TM ucnosib3yeT B KauecTBe IpeJUKTOpa TeMIepaTypy Bo3ayxa o0bsc-
HAeT 10 30% n3MeHYMBOCTU TasgHUA. B To ke BpeMsa mogeab ETM, yunTeiBaolias KpoMe TeMIepaTypel
TakXe NpUXOAANyI0 KODOTKOBOJIHOBYIO pafualyio U ajab0eno, moKasaaa HaMHOIO JIy4yiyo 3 GeKTrB-
HOCTb 1 00bsAcHUIA A0 90% W3MEeHYMBOCTH B 3TAJIOHHON CKOPOCTH TasAHWA JefHUKa. [IpenMyniecTBa
yCOBepIIEHCTBOBAaHHOI MOZEJIN [T03BOJIAIOT KUCIOJIb30BaTh ee B AaJIbHeHIeM NpU IIPOCTPaHCTBEHHOM
MOJieJIMPOBaHNU TasgHUA JeAHUKoB Kogapa.

Kitiouegsie ciioga: xpebet Konap, CHITBIKTUHCKUMH JIEJHUK, TasgHUe, IOBEPXHOCTHBIN dHepreTUYecKuii OajaHc,
T-uHIEeKCHAs MoJesTb, KOPOTKOBOJTHOBAs pajivialus, ajab0eo

Ja nutupoBanua: Ocunos 2.10., Ocunosa O.I1. MoaenupoBaHue TasHUA € UCIOJIb30BaHNEM NPOCTOHN U YJIy4IIeHHOU TeMIle-
PaTypHO-UHIEKCHBIX MOZeJIeil: TecTupoBaHue A1 ChIrBIKTUHCKOrO JieJHUKa, xpebet Komap (3abaiikasse, Poccus) // Limnology
and Freshwater Biology. 2025. - Ne 5. - C. 1158-1177. DOI: 10.31951/2658-3518-2025-A-5-1158

1. BBeAeH“e AMU HauOOJIbIIE CKOpPOCTH COKpall€HUA OJIeJEHEHUA

Habmogaanch B KoHie XX u Havaste XXI B. (Stokes et al.,

Jlenrmky xpe6ra Kozap (ceseproe 3abatikasibe) 2013; Osipov and Osipova, 2015). YckopeHue TasHUA

pacrojio)keHHble B TPYIHOJOCTYIIHOM palioHe ceBep-
Holl EBpasun ABJIAIOTCA OYeHb YyBCTBUTEJIbHBIMU
K COBpPeMEeHHBHIM KJIMMaTHYeCKUM K3MeHEeHUIM.
JlucTannyonHele uccjeOBaHUA IOKasajy, 4TO 3THU
JleAHVKU nUMesiy 60Jiee BBICOKHE CKOPOCTH COKpallleHus
[I0 CpaBHEHHUIO C APYIUMH JlefHUKaMu B BocTouHOI
Cubupu (Osipov and Osipova, 2014). C KOHI]a MaJIoro
JnenHuKoBoro nepuoja (cepeauna XIX seka) qo 2011 r.
neqHuxu Kogapa cokpatuiuch B cpegHeM Ha 62%. ITpu
3TOM, Kak ObLJIO YCTAHOBJIEHO Pa3HBIMH HCCJIeOBaHU-

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: eduard@lin.irk.ru (9.10. Ocunos)

INocmynuwna: 20 asrycra 2025; IIpunama: 03 okta6ps 2025;
Ony6tukoadana online: 31 okta6psa 2025
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JIEJHUKOB, B OCHOBHOM, CBS3bIBA€TCS C ITOBBIIIEHHEM
JIETHEW TeMrepaTyphl B perrioHe (Stokes et al., 2013),
U3MeHeHHeM CHHomTHYeckux ycioBuii (Osipova and
Osipov, 2022; Ocunosa u Ocunos, 2023). [{yis noHU-
MaHUS (U3NYECKUX MPOIECCOB, KOHTPOJIUPYIOIINX
CKOPOCTh TasHUA Ha OJJHOM M3 KPYMHEHNIINX JIeJHUKOB
Kopapa (CeIrBIKTUHCKOM) B TeUeHUEe ABYX JIETHUX Ce30-
HOB 2019-2020 IT. ¢ IOMOIIBI0 aBTOMAaTHUYECKOI MeTe-
OCTaHUUM OBLTM TPOBEEHBI WCCIENOBAaHUS TOBEPX-
HOCTHOT'O TeIUIOBOro OajiaHca JieJHWKAa C BBICOKHUM

© Asrop(s1) 2025. DTa pabora pacnpocTpaHs-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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(30 MuHyT) BpeMeHHBIM pa3pelieHueM (Ocunos u Jp.,
2021; Osipov and Osipova, 2021). OTu uccaeqoBaHUA
IoKa3aJjii, YTO HauOoJIbIINI BKJIa[ B TasgHUe JieJHUKa
(86-95%) BHOCUT pagUallMOHHBIN OajiaHC, TJIABHBIM
06pa3oM 3a cueT KOPOTKOBOJIHOBOM pajguanuu (Osipov
and Osipova, 2021; Ocumnos u Ocumnoa, 2024). MojeJb
TelIoBOro 6ajaHca JieAHUKOBOM ITOBEPXHOCTH Haubo-
Jlee TOYHO OIHKCHIBaeT M3MEHEeHUs TasHUA C BBICOKUM
paspellleHHeM U MOXeT paccMaTpUBaTbCA B KayecTBe
STQJIOHHOM IIPU BHINOJIHEHUU JAPYTUX MOJIeJIbHBIX
OIIEHOK.

OpaHako Ipu dKCTPANoOJIANUN TasgHUA U3 OJHOU
TOYKH JIeJHUKA Ha BCIO €ro IOBepXHOCTb UJIU COCeqHIe
JleAHVKHN Hen30eXHO NMPUXOAUTCA UCNOJIb30BaTh yIIPO-
IeHHble MOJiesIbHble NMOAXOABl Ha OCHOBE IlapaMeTpH-
3anuu. HauboJsiee npocThle MOAEIN CBA3BIBAIOT TasgHUeE
¢ TeMIlepaTypol BO3Ayxa Ha OCHOBe JINHEWHOH 3aBHUCH-
MOCTU MeXAy 3TUMU BeJIMYMHaMu (TeMrepaTypHO-UH-
JekcHble wau T-mHAaekcHble mopenu). OHU MIKMPOKO
HCINOJIb3YIOTCA NpU OlLleHKe JIeTHero OasjiaHca JieJHU-
KOB B pa3jinyHbIX pernoHax (Braithwaite, 1981; Hock,
2003). TectupoBaHue mpocThix T-MHAEKCHBIX MOJiesiel
Ha CBITBIKTUHCKOM JIeJHUKe [TI0Ka3aJIo, YTO 3TU MOAesIn
XOPpOIIO BOCIIPOU3BOAAT CPEIHIO U CyMMapHYlo abJis-
L0, OJJHAKO MeXCYyTOUYHble KoJieOaHHsA BOCIIPOH3BO-
IATCSA cO 3HAUUTEJIbHOM omnbkon (Ocumnos u OcUmosa,
2024). IIpu >TOoM wuCHOJIb30BaHUE KO3(PODUIHEHTOB
TasHWA pa3jIMyYHBIX AJIA CHera W JibJa yJIydlllaeT TOY-
HOCTb MOJeJId. DTO FOBOPUT O BJIMAHUM N3MEHUYHBO-
CTH IOTJIOIIEeHNA/0TpaXxeH!s COJTHeYHOH pagualnuy Ha
MIOBEPXHOCTH JieAHUKa (depe3 anbbe0) HA TOYHOCTb
TeMmnepaTypHeix Mogeseil. KopoTkoBosHoBas (coJ-
HeyHas) paAuauus ABJAeTCA IJIaBHOM BSHepreTuye-
CKOH cocTaBJiAoniell TasHUA OOJIBIIMHCTBA JIeJHUKOB
(Osipov and Osipova, 2021) 1 MO3TOMY UCIOJIb3YETCs
JUIA yJIydllleHus IPOCThIX TeMIepaTypHBIX Mofesei
(Hock, 1999; Pellicciotti et al., 2005).

OCHOBHOI I1eJ1bi0 AJaHHOI paboThHl OBLJT CpaBHU-
TeJIbHBIN aHaIu3 3(pGeKTUBHOCTU ABYX TUIIOB TeMIlepa-
TYPHBIX MoJieJiel A1 OlleHKU ab1Any ChIrBIKTUHCKOIO
nepquuka (xpeber Kopap). IlepBelii TuUnm Mopesei
HCIOJIb3yeT B KaueCTBe UCXOAHBIX JaHHBIX TOJIBKO TeM-
nepaTypy Bosayxa (mpocras MofeJb), a BTOPOH — TeM-
neparypy U COJIHEUHYI0 pajHaliio KaK AONOJIHUTEJIb-
HBIM1 mapaMeTp (yJjyulleHHas Mojessb). Obe mopdenu
CPaBHMBAJINCh C TasgHNEM, PaCCYMTAHHBIM C IOMOIIBIO
(usnyeckn 0OOCHOBAHHON MOJeJM IOBEPXHOCTHOI'O
SHepreTHyeckoro OajiaHca, UCIOJIb3YIOllell Hermocpen-
CTBEHHBIE MeTeOopoJIorMiyeckre Hu3MepeHUs Ha Jied-
Huke. ®dakTuyeckude OaHHbBle BbICOKOro (30-MHHYT-
HOro) paspellleHNsA ObLIN NoIy4eHbl Ha CBIIBIKTUHCKOM
JeJHUKe B ce30H abisanuu (uroab-asrycr) 2021 r. ¢
IIOMOILbI0 aBTOMAaTUYeCKOM MeTeOCTaHIINU.

2. PailoH uccAepOBaHUM

CBITBIKTUHCKUH JIeTHUK — OAUH U3 KPyIHeMNInX
nexuukos xpebta Kogap (Puc. 1). 3To eqUHCTBEHHBIN
JIeTHUK [epeMETHOro THUIla, PacloJIOKeHHBIN cpa3y B
ABYX peuHbIx OacceliHax — JleBoii ChITbIKTH U CioibbaHa.
CoOTBETCTBEHHO, JIEQHUK COCTOUT U3 [BYX BeTBel,
I0XKHOM M BocTouHOM. Ilnomans jgenHuka 0.83 kM2,
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anuHa 2,1 kM. JlegHuk pacrosioxkeH Ha BoicoTe 2300-
2800 M Hang ypoBHeM MopsA. CpegHsAs MHOTOJIETHAA
BBEICOTA TpaHMUIbl MUTAHUA JieqHUKa cocTasyAeT 2510
M Haja ypoBHeM Mops (Osipov and Osipova, 2019). C
niosia 2019 r. Ha JeAHUKe MNPOBOAATCA peryJiapHbIe
IJIALKMOJIOTYecKre U MeTeopoJjiornueckue HaOJiofe-
Hud (Ocunos u Ap., 2021).

3. UamepeHua Ha AeAHUKe
3.1. MeTteoponoruueckKkue UaMmepeHus

JnA  oleHKuM [OapaMeTpoB TeMmIepaTypHOU
MoJesy, a Takxe JIA MOJeJNpOBaHUA dHepreruue-
ckoro OaJjiaHca JieJHMKA MCII0JIb30BajICh METeopOoJIo-
ruyeckre JaHHble BBICOKOrO paspelleHus. B Hauase
nrois1 2021 r. B cpefHel yacTu JJeJHIKa Ha BeicoTe 2560
M (cpenHsAsA MHOTrOJIETHAA BBICOTA I'PAHULBI NUTAHUA)
Ha pacctogHuu 20 M ApyT OT Apyra ObLIA yCTaHOBJIEHB
IIBe aBTOMaTudeckue MereoctaHiuu — WS1 u WS2
(Puc. 1). WS1 uamepssa: TeMnepaTypy U OTHOCUTEJIb-
HYIO BJIQXXHOCTh BO3JyXa, IPUXOJAILIYI0 U OTPaXeHHYI0
KOPOTKOBOJIHOBYI0 pajJuallvio, a TakXke BBICOTY Jief-
HUKOBOU TOBEPXHOCTU (YJIbTPAa3BYKOBBIM HATUUKOM).
JlaTunku ObUIM yCTaHOBJIEHB Ha BEPTUKAJIbHON MauTe,
3abypeHHoO!1 B Jjien. WS2 Oblia ycTaHOBJIEeHa Ha Tpe-
HoOre, KOTopas OIlycKaJlach CUHXPOHHO C IIOHIXeHHeM
[IOBEPXHOCTH JIeJHHUKA B mpoljecce TaaHUA. OHa U3Me-
psiia ciefyole apaMeTpsl: TeMIepaTypy U OTHOCH-
TeJIbHYIO BJIAXKHOCTb Bo3ayxa (Ha ypoBHsx 0.5 u 2.0 m),
CKOPOCTh 1 HamnpasJieHue Betpa (Ha ypoBHsax 1.0 u 2.0
M), TeMIepaTypy BepxHell yacTu JieJHMKa (TEPMOKOCO
C paccTosHUAMHU MexAy AaTtumkamu 10 cm). JlaHHBIE
rpaJieHTHBIX M3MepeHuil MeTeonapaMeTpoB Ha WS2
HCIIOJIb30BaJIMCh AJIA pacyeTa TypOyJIeHTHBIX IIOTOKOB
B [IpUJIEJHUKOBOM cJioe. Ha koHe4HoI1 MopeHe BOIM3U
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Puc.1. Pacnosnoxennie CHIBIKTUHCKOTO JleqHUKA (XxpebeT
Kopap, ceBepHoe 3abaiikajbe) 1 Tpex aBTOMaTUYeCKUX MeTe-
ocraniui (WS1, WS2 Ha seguuke u 6a3oBoi craHiuu WSO
Ha KOHEYHOU MOpeHe).
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Kpas JiegHUKa paboTasia nocrosiHHas (6a3oBas) aBTO-
MaTtuueckasa Mereoctannua (WS0), kotopasa nsmepsna:
TeMnepaTypy ¥ OTHOCUTEJIbHYIO BJIQKHOCTb BO3JyXa,
MIPUXOJANIYI0 U OTPaXXeHHYI0 KOPOTKOBOJIHOBYIO paau-
auuoo (OByMs pasHBIMU JaTYMKaMH), IPUXOAALIYI0 U
U3JIy4aeMyIo JJIMHHOBOJHOBYIO paAualnio, CKOPOCTb U
HaIlpaBJieHHe BeTpa, aTMochepHOe NaBJieHHe U XKUIK1e
ocanku. IlorpemHocTy U3MepeHUs TeMmnepaTyphl BO3-
JyXa, KOPOTKOBOJIHOBOII/JJINHHOBOJIHOBOY paauanuu
COCTaBUJIM, cOOTBeTcTBeHHO, *0,3°C u *5% (Ocurmos
u ap., 2021). ViaMepeHus: Ha BCeX CTAHIMAX BBHINOJIHA-
JIMCh CHHXPOHHO € YacToToi 30 MUHYT U apXUBHUpOBa-
JICH C TIOMOIIbI0 aBTOHOMHBIX PErCTPaTOPOB.

J7A xapaKTepuCTHUKU OTpaxaroliell CI0COOHO-
CTHU JIEAHUKOBOY IIOBEPXHOCTH HCIIOJIb30BaJIOCh aKKy-
MyJIATUBHOe ajib0efo, pacCiuTaHHOe KaK OTHOIIeHHe
CyMM OTpak€eHHOM U MOCTyHaloIlell KOpOTKOBOJIHOBOM
paguanuyu B 24-4acOBOM BpeMeHHOM OKHe (van den
Broeke et al., 2004). Hcnosib30BaHNE AKKyMYJIATHUB-
HoOro ajapbe0 BMeCTO TPagyLIMOHHOIO NT03BOJIAeT Hell-
TpaJIM30BaTh BO3MOXHEIE OMINOKH, CBA3aHHbIE C U3Me-
peHreM KOpOTKOBOJIHOBOM paauanuu. Ilpyu ananuse
o61a4HOCTU OBLIM WCHOJIb30BaHbl JaHHBIE OJrpKanen
K JIeIHUKY MeTeocTaHI[uu Yapa, pacnosioxxeHHoi B 50
KM K BOCTOKY OT JieHUKA (8 1M3MepeHUil B CyTKHU).

3.2. UamepeHue abrauum

Ha cranuun WS1 noHmxeHve IOBEPXHOCTH Jiel-
HUKa HU3Mepsloch HelpephiBHO (dacTtoTta 30 MUHYT)
C TOMOIIbI0 YJIbTPA3BYKOBOTO [JaT4YMKa, YCTaHOB-
JIeHHOro Ha MauTe ¢ 6 umwouA no 20 aerycra 2021 r.
JlomosTHUTENIBHO PSAZIOM C MeTeOoCTaHIMell ycTaHaB-
JMBasiUCch abJIAIMOHHBIE peliKu. M3MepeHus mo pemi-
KaM MpOBOJAWUIMCH HECKOJbKO pa3 3a ce30H. M3-3a
BBITAMBAHUSA pelku MepuoguyuecKy NepeycTaHaBJIHUBa-
nuck. MeTeocTaHI[UsA HaXoAWJIach Ha YPOBHe cpefHel
MHOTOJIETHEN TpaHULIBl MUTaHUsA, [O3TOMY IOBEpPX-
HOCTh JIeHHUKA OblJIa CHEXHOM [0 7 aBrycra u Jieds-
HOM mocJie 5TOM JAaThl. AGJAIUA paccUUThIBajach Kak
BOJHBIM SKBHUBaJIeHT (B.3.) TasAHUA CHera W JbJa C
MOMOII[BI0 JaHHBIX U3MepeHus IUIOTHOCTU. [1710THOCTh
CHera usMepsijiach B Iypde psaoM ¢ MeTeoCTaHI1el B
HavaJjie UIoJis.

4. Moaenb 3HepreTuueckoro 6ananca
NOBEPXHOCTH

DHepreTU4eCcKuil SKBUBaJIeHT TasHuA (Q ) pac-
cunThiBasicsa Ay 30-MUHYTHBIX UHTEpPBAJIOB IO JaH-
HBIM METEOPOJIOTUYECKHUX u3MepeHUul (rmogpobHas
MeTOJuKa pacuéra npuBefeHa B pabore (Osipov and
Osipova, 2021) xak:

Q,=8, S, + L, tL, TH+LE+Q +Q, (1)
rge S, U S — TOTOKM NMPUXOJANIEN W OTPaXEeHHOMN
KOPOTKOBOJIHOBOM pajguauuy, L, v L - IOTOKM Tpu-
xXofsAmed W U3JlydaeMOl NOBEpPXHOCTbIO JJIMHHOBOJI-
HoBou pamuauuu, H u LE — TypOyJjieHTHblE TOTOKU
ABHOTO U CKPBITOTO TeIa, Q. — TerIo, mocTymnawiuee
C XHUAKUMH OcajKaMu, Q, — IO/OBEPXHOCTHBII IIOTOK
TeIlJla. Bce 4ieHB ypaBHeHUA NPUHUMAJINCh IIOJIOXKU-
TeJIbHBIMU, eCJIY TeIJIOBble MOTOKU ObLIM HallpaBJjieHbl
K [IOBEPXHOCTU U OTpULIATeJIbHBIMU eCJI HalpaBJieHbl
OT Hee. Bce MOTOKM BhIpakeHbI B BT/M?.

[ToToku mpuxoAAlIell U OTPaXEHHOU KOPOTKO-
BOJIHOBOHM pajuialny, a TakXke MPUXOZAMEeHN AJTUHHO-
BOJIHOBON pajualuy H3MepsIuch HelocpeACTBEHHO
Ha MeTeocTaHUUAX. M3syyaemas jieJHUKOBON IOBEpPX-
HOCTbI0 [AJIMHHOBOJIHOBaA pajuanusa Obljla NpHUHATA
IOCTOSIHHOM M paBHOH 315,6 BT/M2, ncxods ux mpep-
[IOJIOXKEHUS O TOM, YTO Talollass NOBEPXHOCTb HMMeeT
TemnepaTtypy 0 °C u u3jydyaeT Kak aOCOJIIOTHO YepHoOe
Tesio. [IoTokM SIBHOTO M CKpPHITOrO TeIlla OBUIM pac-
CUMTaHbI 10 JaHHBIM I'PaIUEHTHBIX U3MepeHull B Ipu-
JIeAHUKOBOM cJjioe Bo3fyxa Ha WS2 (temnepartypa u
OTHOCHTeJIbHAsA BJIAXHOCTb BO3[yXa, CKOPOCThb BETpa,
armocdepHoe AaBJieHHe) C KUCIOJIb30BaHWEM a’poju-
HaMHU4YeCcKoro IoJgx0/ja, OCHOBAaHHOI'0 Ha TEOpUU I0JI0-
6us Monuna-O6yxoBa (Wagnon et al., 2003; Molg and
Hardy, 2004; Sun et al., 2012; Osipov and Osipova,
2021). TocTynuienue Temia ¢ XuAKuMu ocaaxkamu (Q,)
paccuuTsiBanocsk corsiacHo (Hock and Holmgren, 2005).
JnAa pacuera norepu Telsia Ha TeIJIOOOMeH C JieJHU-
koM (Q,) GbLIM KICTIO/Ib30BAHBI JAHHBIE TeMIIEPATyPHBIX
“3MepeHUH B CKBaXHHe (C MTOMOIIBI0 TEPMOKOCHI).

3HaueHUA TasfHUSA, pacCUYMTaHHBle IO MOZEsH
SHepreTHU4ecKoro 6ajaHca XOpoIo COrJIacyloTcsA ¢ JaH-
HBIMU yJIbTPa3ByKOBOr'0O AaT4YuKa U abJIAMIOHHBIX peeK
(Puc. 2). UckiroueHre COCTABJIAET KOPOTKUU MEPUOL
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Puc.2. CpaBHeHUe KyMYJIATUBHOU CyTOYHOU abAnuy (MM B.3.), U3MePeHHOI ¢ IIOMOIIbI0 YIbTPa3ByKOBOI'O AaTuyuKa, abJisi-
LIIOHHBIX PeeK U pacCYMTaHHOTOo M0 MoJesiu 3HepreTudeckoro 6aiaHca (SEB). ITyHKTHpHON JIHUeH IToKa3aHa rpaHulla Mexay

CHEeXHOMU U JieJTHO! NTOBEPXHOCTAMHU.
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18-25 urons, Korga TasgHUe U3MepeHHOoe yJIbTPa3BYyKo-
BBIM [aTYMKOM IIpEeBHIIAJIO TasHUEe pacCYuTaHHOEe II0
sHepreTuyeckoMy Oasiancy. OHaKo cyMMapHbIe 3Ha-
yeHUsA TasHUA OJIM3KU MeXxJy coboil (pacxoxieHue
92 MM B.3.). HauboJipIiie OTKJIOHeHHA HaOJII0qaloTCs
B TO BpeMs Korja JIeJHUK IOKPHIT CHeroM. JTO Ipef-
noJsiaraeT BJMsAHNEe MeTaMop(du3Ma CHEXXHOI'O [TIOKpOBa
Ha K3MeHeHHe CKOPOCTH IOHMXeHHUsA IOBEepXHOCTHU
JleqHVKa. YUUTHIBAA NIOIPElIHOCTU CBA3AHHEIE C HU3Me-
peHueM abJiAnMM JIeJHUKA C MCIO0JIb30BaHHEM peeK U
yJIbTPa3ByKOBOI'O JAajibHOMepa B TeuyeHHe KOPOTKUX
nepuogoB (Miiller and Keeler, 1969; Munro, 1990;
OcurmnoB u Ocunosa, 2024) s KaJIuOpPOBKU TeMIlepa-
TYPHBIX MojieJieli ObljIa UCIOJIb30BaHa MOAeJsIb II0BepX-
HOCTHOTO 3HepreTuyeckoro 6anaHca (SEB).

5. TemnepartypHblie MOAEAU
5.1. Mpocraa TemneparypHasa MOAEAb

B mpocroit («kiyiaccuueckoii») T-uUHOEKCHOMN
mogenu (TM) tasHMe (MTM) BBIYMCJIAETCSA C IOMOIIBIO
ypaBHeHus (Pellicciotti et al., 2005):

DDF, xT T>T

_ snowlice
™ ?
0 T<T

rae DDF, . — TeMmnepaTypHbiil KO3bQUINEeHT TasHNA
cHera u jbaa (Mm/ °C 30 muH), T — TemnepaTypa BO3-
nyxa Ha yposHe 2 M (°C), T, — moporosas Temneparypa
BO3/lyXa, MPU KOTOPOI HauMHaeTcs TasgHue (B JaHHOM
pa6ote T, pasHo 1,0 °C). Koappuuuents: DDF Gblin
OTKaJIMOpPOBaHHI OTHEJIbHO AJ1A cHera (7 uiosiA — 7 aBry-
cra) u spaa (8-20 aerycra). Haubonee ontumMasibHble
sHauenuss DDF gis cuera 0.1042 mM/°C 30 MuH, Ajs
apaa 0.1457 mm/°C 30 MUH.

(2)

5.2. YAyuwieHHana TemnepatypHas MoAeAb

B ynyumeHnHoi1 TemmnepaTypHoii mofenu (ETM)
tasare (M) PacCuMThIBAJIOCh KaK CyMMa JBYX
KOMIIOHEHTOB — TeMIlepaTypHOTO U PpaJUalliOHHOTO
(Pellicciotti et al., 2005):

TFxT+SRF(1-a)xG T>T

0 T<T

rae a — anpbeno, G — npuxoaAias KOPOTKOBOJIHOBAA
paguarua (Br/m?), TF — TemmnepatypHbiii ko3¢ duriu-
edt (Mm/°C 30 muH), SRF — xo3dduieHT KOPOTKO-
BOJIHOBOTO u3iiyueHusa (M? MM /Bt 30 muH), T — Tem-
neparypa Boszyxa Ha yposHe 2 M (°C), T, — moporosoe
3HauyeHUe TeMmeparypsl paBHoe 1,0 °C.

[TockoyIbKy MOJeJsib MCIOJIb3YeT ABe IepeMeH-
Hble, ObLJIM NPOBEpPEHbl BCe BO3MOXHBIE MX KOMOWHa-
Uy ¥ BeIOpaHa Takas, KoTopas AaeT HauOOJIbILYIO
adpdexTuBHOCTh Mofenu (cM. Huxke). Belsio HalifjeHo,
YTO ONTHMMaJlbHOe 3HaueHue napaMmerpa TF paBHO
0.016 mm/°C 30 muH, a napamerpa SRF 0.0067 M? MM
/BTt 30 MuH.

My = (3

5.3. OueHka TemnepaTtypHbIX MOAEAeH

[1pon3BOOUTEIBHOCTh OOOMX TeMIlepaTypHbBIX
MozeJiell olleHMBajach MyTeM pacyeTa KpPUTEpUs
abdextuBHOocTU R? (Nash and Sutcliffe, 1970):
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R2=1- z:lzl(M"i _‘A{mi)z ,
2 (M =M,y

rae M, STajIoHHOe TasgHue ([0 JHepreTuye-
ckomy OamaHcy), M - mofnenupyemoe TasHue (110
T-UHIEKCHON MOJesN), Mﬂ— cpenHee 3HaveHUe 3Ta-
JIOHHOTO TasHUA, N — YUCJIO BpEMEeHHBIX Maros (31ech
KaXIpIl1 BpeMeHHOM mar paBeH 30 MUHyTaM).

(4

6. Pesyabrarbl
6.1. TanHMue M ero cBA3M ¢ anbbepo,
TemMmneparypou U NoToKamMu 3Hepruv

Ha PucyHke 3 mokasaHbl 3HauyeHUs CKOPOCTU
TasgHWS, paCCUYMTAHHBIE C IIOMOIIBI0 SHEPreTUYecKoro
6asiaHca 3a 30-MUHYTHbIe UHTepPBaJIbI 3a nepuoy c 7.07
mo 23.08, a Takxe anpbeqo U TeMrmeparypa Bo3qyXa.
Tasnue Bappuposasio ot 0 go 6.6 mm (B 11:00 7 aBry-
cra) co cpenHuM 3HavyeHueM 0.67 Mm. B urose ckopo-
CTU OHEeBHOro (MakCUMAaJjbHOI0) TasHUA YBeJIN4NBa-
Jauchk ¢ 3.7 MM A0 4.7 MM, a B aBryCTe YMEHBIIAINCh C
6.6 MM 0 1.7 mM. Ileprofisl HU3KOM CKOPOCTU TasAHUA
(<2 MM) DpoAOIKUTESIBHOCTBIO 2-3 NHA HabJonda-
auchk 23-25 oA, 1-3, 8-10 u 19-20 asrycra. Ilepuogast
BBICOKON cKopocTu TasgHus (>4 mMm) Obutn 26-27 u
29-30 uronid, a Takxke 11-15 aBrycra.

3a mnepuop HaOiofeHUil anasbeqo BapbUpPO-
BaJjio ot 0.03 o 0.97 (cpenHee 3HaueHue 0.47 +0.22).
Ha6momanmocy ABa pexuma anbbelo CBA3aHHBIX CO
CMEHO! CHEXHOU NMOBEPXHOCTU Ha JIe[sHYI0 B palioHe
MeTeoctaHuuu. C 7 uioJis 1o 7 aerycra (cHer) anpbeno
OBLJIO BBIIIIE 1 MeHee U3MeHYUBHIM (cpefHee 3HaUeHNe
0.57, xoadppunuent Bapuaruu 0.29), a ¢ 8 no 23 aBry-
cra (J1en) anbbeio 6bUIO HIKe U Gosiee BapuabesIbHBIM
(cpenuee 3Hauenuwe 0.21, ko03dPuULUMEHT Bapualuu
0.52). CunpHaA HU3MEHUYUBOCTH ajibOeqo Ha JieqHHKE
o0ycjioBjieHa BjiMAHNEM MeTaMopdusMa cHera U ero
IIOCTEeNIeHHBIM 3arps3HeHueM O00JIOMOYHBIM MaTepua-
JIOM NOCTYyNaloUM C OKPYXAaloUIUX TOPHBIX CKJIOHOB
B TeueHUe JjieTa (CM. TpeHJ yMeHbIeHUs ajibbeso C
rpaauenTom —0.13/10 aneit Ha Puc. 3a), a Takxe jerT-
HUMM CcHeromnajamu (CM. BbIpaXeHHBbIe MUKW aabbeno
Ha Puc. 3a).

TemnepaTypa Bo3fyxa OTYETJIMBO OTpaxaeT Kak
CyTOYHYI0, TaK U cuUHoOITU4YecKyto (5-10 gHeit) usMeHn-
ynBocTh (Puc. 36). B niesiom, ¢ ymeHbIleHreM ayibbeo
1 TOBBIIEHWEM TeMIlepaTyphl Bo3Ayxa Habsromaercsa
yBeJInueHUe CKOpocTU TasgHuA. [Ipu 3ToM cBA3b MexAy
30-MMHYTHBIMU 3HAUYeHUAMM TasgHUA U TeMIlepaTyphl
BO3[yXa JOBOJIbHO cjabas, HO CTaTUCTUYEeCKHU 3HA4U-
mas (R2=0.25, n=2304, p<0.001).

Ha PucyHke 4 noka3zaH ocpeJHEHHBIU CyTOYHBIN
I[VKJI TaAHUA 110 S9Hepro6asaHCOBO MOAeJsIy 3a Nepruoj
Ha6JTI0JleHnii B CpaBHEHUH C IPUXOLsAIIel KOPOTKOBOJI-
HOBOU pajualideil U TeMneparypou Bo3ayxa. B cyTou-
HOM I[YIKJIe CKOPOCTb TasHUA Pe3KO YBeJIWYHBAETCH C
5 mo 11 yacoB (MakCUMyM CpeJHETO CyTOYHOTrO Tasi-
Hua 1,9 Mm), a 3aTeM pe3Ko cHUXkaetcs 10 18 yacos.
B BeuepHee 1 HOYHOe BpeMsA TasHHEe He IIPeBHIIIAeT
0.2 mM/30MuH, X0TA TeMrepaTrypa Bo3ayxa Beiiie 4°C.
CyTOYHBIN HUKJ TasgHUA B OOJIBIIEN CTeleHu corJia-
cyeTcs ¢ COJIHEUHOM paauanueil (6osiee BrIpaKeHHBIN
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Puc.3. 30-MuHyTHBIE 3HaYeHUsA CKOPOCTH TasHUA paccYMTaHHbIe C IOMOIIbI0 SHepreTuyeckoro 6asnaHca (3B) 3a nepuon 7
niosiAg — 23 aBrycra 2021 r. B cpaBHeHUHU €O 3HaYeHUAMHU ajibbesio (a) u TeMrepaTypsl Bo3ayxa (6).

JHEBHOHM MWK), YeM C TeMIepaTypoi, CyTOYHBIA XOJ
KOTOPOM 6oJiee criiaxeH.

CpenHue 3HaueHUA IIOTOKOB 3HEPruy, BKJIAJ
Pa3HbIX KCTOYHHUKOB TeIla B TasHHE U CBA3b C
TeMIlepaTypoil Bo3ayxa IMpuBefleHsl B Tabmaune 1.
KopoTkoBOJIHOBBIH GajlaHC SBJIAETCS OCHOBHBIM UCTOY-
HUKOM O3Hepruu TasHusa (93%). J[JIMHHOBOJIHOBBIN
faJiaHC JIeJHUKOBOI IOBEPXHOCTH OBLJI OTpUIlATEh-
HBIM, I[IO3TOMY paJUallOHHBIN OajlaHc, B cpedHeM,
dHepreTuyeckn obecneyuBan 87% TtasHusA. fIBHoe u

CKpbITOe TypOyJIeHTHOE TEeILIO ABJIAITCA BTOPOCTeleH-
HBIMU HCTOYHHKAMU SHepruu TasHUsA U BMecTe COCTaB-
a1 12%. Ha Tensio, nocTynaiee ¢ XKUAKAMU aTMOC-
depHBIMI OCajiKkaMu, IPUXOAUIIOCh MeHee 2%. CBA3U
TeMIepaTyphbl Bo3Ayxa ¢ OOJIBIIMHCTBOM >HepreTuye-
CKUX KUCTOYHUKOB TasgHUSA CTAaTUCTHUeCKU 3HaulMBble,
HO He oueHb cubHBIe (Tabsuma 1). Haubosiee TecHas
CBA3b HaOJIIofaeTcs MeXxy TeMnepaTypoi U IOTOKaMu
MPUXOAAIIEN U OTPaKeHHOU KOPOTKOBOJIHOBOU pajiui-
auu (R?=0.36-0.38). OgHako CBS3b TeMIIEPATYPHl C

Ta6suna 1. CpegHue 3HaueHusA 30-MUHYTHBIX 3HAaYEHUI IOTOKOB SHEPTUU* Ha JIEJHUKOBOM MOBEPXHOCTH, UX BKJIAJ B Tasi-
HUe U CBSI3b C TEMIIepaTypol Bo3ayxa 3a mepuof 7.07-20.08.2021 r. (n=2304)

IMTapameTp 3uauenue (Br/m?) | Briiag B Tasauue (%) |Cesa3s ¢ Temneparypoii (R?)

I[IpuxopAmas KOPOTKOBOJIHOBAsA paauanus (S, ) 143.5 177.8 0.38

OTpaxeHHas KOPOTKOBOJIHOBaA paauanus (S ) —68.1 -84.4 0.36

[puxonAmas AIMHHOBOIHOBasA paauanysA (L, ) 310.3 384.5 0.09
Hcxopsimas JIMHHOBOIHOBaA paquanus (L, ) —315.6 -391.1 -

KopoTkoBosiHOBHI# GaaHc (S, ) 75.4 93.4 0.28

JnvHHOBOJIHOBBIN Ganawc (L) —-5.3 -6.6 0.09

Paguanyonnsiit 6ananc (R ) 70.0 86.7 0.22

ABHoe Temno (H) 5.1 6.3 0.01

Ckpeitoe Teruio (LE) 4.5 5.6 0.00

TypOysienTHbIe noToku Teria (H+LE) 9.6 11.9 0.00

Terwio, NpUHOCUMOE XKUAKUMU OCaKaMU (Qr) 1.3 1.6 0.01
Temnsi006MeH ¢ Jie THUKOM (Qg) —0.34 -0.4 -

TensoBoli sKBUBAJIEHT TasgHus (Q ) —80.7 -100.0 0.22

IIpumeuanue: * [IoTOKY, IPUHOCAIINE TEIJIO K JIEJHUKOBOH [TOBEPXHOCTH, UMEIOT IOJIOKUTEJIbHbIe 3HaUYeHUs, a OTBOJA-
II11e TeIJIo OT Hee — oTpuljaTtesbHble. CTaTucTHYecKu 3HaurMble cBA3U (p < 0.05) BbiAesIeHbl XXUPHBIM.
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Puc.4. CyTOYHBIN IUKJI CKOPOCTU TasgHUA PACCUUTAHHOIO C IIOMOIIBI0 SHEpreThyeckoro H6ajgaHca B CpPaBHEHUHN C IPUXOJis-
el KOPOTKOBOJIHOBOM pafuanuei S, (a) u TemnepaTypor Boayxa (6). JlaHHbIE OCPEAHEHHbIE 3a IEPUOZ, 7 nioJiA — 23 aBrycra

2021 r.

JJIMHHOBOJIHOBOH paAuanyen u TypOyjIeHTHBIMHU II0TO-
KaMy O4eHb cj1abo BblpaxkeHa. CBA3b TeMmIepaTyphl C
SHepreTMyeckUM OajlaHCOM IIOBEPXHOCTU JieAHHKa
TaKXe JOBOJIbHO yMepeHHas (R2=0.22).

6.2. OueHKa NPOU3BOAUTEABHOCTH
T-UHAEKCHBIX MOAEAeN

B Tabnune 2 nmokasaHbl XapaKTepUCTUKU 3P dek-
TUBHOCTU ABYX T-MHJEKCHBIX MoJiesiell B CpaBHEHUU C
ATAJIOHHOU 3HepreTuveckoil Monesbio TasgHus (SEB).
I'padpuueckn 510 mnokaszaHo Ha Pucynke 5. IIpoctas
T-ungekcHas mogesnb (TM) moBoJsibHO rpybo XapakTe-
pU3yeT CKOpoCThb abyAnuu jefHuUKa. B To ke Bpems
HCIIOJIb30BaHe KOPOTKOBOJIHOBOI pagualuu B yJIyd-
meHHON T-uHpekcHoui mopenu (ETM) cymecTBeHHO
MIOBBINIAET TOYHOCTh MOJIe/IMPOBaHUA TaAHUA (cpeaHAA
KBagpaTuveckas omwubka MeHblle B 3 pa3a). Mozesb
TM HeMHOI'0 3aBHIIIAET CPEOHIOI U CyMMapHYI
abJALMI0 U IJIOXO BOCIPOM3BOAUT CyTOYHEIE KoJieba-
HUA cKopocTy TasHuA. B To xe Bpemsa mopens ETM
HEMHOT'0 3aHIXXaeT CPeJHIOI0 CKOPOCThb TasHUA U CyM-
MapHYyI0 a0JALNI0, OAHAKO 0YeHb XOPOIIO BOCIIPOH3BO-
JUT CyTOYHBIe KoyiebaHusA TagHUA.

HamnyuymuMm o6pazom obe TeMilepaTypHble
MOJIeJI¥ BOCIIPOU3BOJAT TasgHUe JeAHON T0BEPXHOCTU
nexuuka (Tabnuma 3). OcobeHHO 3TO XapaKTepHO JJis
mopenu ETM, yuuteiBamwoeil paguanuoHHbN hakTop
6oJiee TouHO. Hcnosib3oBaHue KO3DOUITNEHTOB TasAHUA
Pa3JIMYHBIX AJIA CHera U Jibaa B mogenu TM y4uTh-

BaeT paJualMoHHbIN dakTop (uepe3 ajibbesi0 cHera u
JpAa) JoBoJIbHO rpy6o, a B moAenu ETM cosHeuHas
paguanyisa HemoCpeACTBEHHO BKJIIOYEHA B MofeJb. B
niesiom Mozesib ETM o0bsicHsAeT 0k0J10 90% n3MeHeHUH
CKOPOCTU TasHUsA, PACCYUTAHHOIO MO 30-MHUHYTHBHIM
WHTEpBajlaM C IOMOIIBI0 MOJEJIM 3HepreTUu4ecKoro
basaHca, B TO BpeMA Kak Mofesb TM oObACHAeT JIUIIb
okoJyi0 30%. Crtosp BbICOKasA 3G(EKTUBHOCTh MOJEIU
ETM pesaeT ee mpakTU4eCcKd UAeaJIbHOMN JJIS UCIOJIb-
30BaHUA B 30He absAnuu jeaHukoB Kopapa. Cpennsas
CKOPOCTb TasHHA JibJa N[O CPaBHEHUIO CO CHEroM B
mozenu TM 6b11a Ha 10% Ooubiie, a B Moaenu ETM Ha
6% OoJibiie. OAHAKO B TOYKE M3MEPEHUsA CyMMapHOe
TasHUe CHera IpeBhlaio TasHue JjbAa B 1.8-1.9 pas
3a cueT OoJiee MPOJI0JIKUTEIFHOIO MEPUOA 3aIeTaHusA
CHEXHOI'0 IOKPOBa IO CPaBHEHUI) C OTKPHITBIM JIbIOM
(32 u 13 gHeli, COOTBETCTBEHHO).

Ha PucyHke 6 mokasaHO CpaBHEHHE CYTOYHBIX
I[UKJIOB TeMIIEPAaTyPHBIX MOJiesieil C 3TaJIOHHBIM Tasi-
HueM. BupHo, uto Mozesnib TM XOpOIIO OLIEHUBAET
cpegHee CyTOYHOe TasHWE, HO IJIOXO BOCIPOU3BOAUT
CyTOYHBI ITMKJI TasgHUs. B cpenHem, oHa HefooIle-
HUBaeT AHeBHoe TasHHe (Ha 48% OT 3TaJIOHHOIrO) U
CUJIBHO TiepeorieHuBaeT HouHoe (Ha 460%). OueBuIHO
3TO CBS3aHO C BPEMEHHOU U3MeHYUBOCThI0 K03hdUIIM-
€HTOB TasAHU:A, KOTOpasA COBCEM He YUUTHIBAeTCA MoJe-
Jb10. B otiauune ot mozenn TM mopgens ETM oueHb
XOPOIIIO BOCIPOU3BOAUT CYTOYHBIN XOJ TasHUS, XOTs
MaKcHMaJIbHOe TasHNe TaKXe HEMHOI'0 HeOOIleHMBa-
etcs (90% OT 3TaJIOHHOTO).
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Puc.5. CpaBHeHue 30-MUHYTHBIX CKOpPOCTell TasgHUA (MM B.3.) paCcCUMTAHHBIX C IIOMOIIbI0 SHepreTuyeckoro 6aaanca (3b),

npoctoii (TM) u ynyumenHott (ETM) T-uHaeKCHBIX MoAesIei.
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Ta6suna 2. Xapakrepuctuku ddpdexrusHoctu T-uHAekcHbx Moaesnelt TM u ETM B cpaBHeHUM ¢ MOJEJIbI0 SHepreTHuieckoro
6asatca (SEB) paccunranHsle 3a nepuoj 7 utoJis — 23 asrycra 2021 r.

Mogens | CymmapHoe TasHue |CpenHee 3HaueHUe TasHUs | CraHaapTHOe OTKJIOHeHMe | Cpenusaa kBaapatu- | R?
(MM B.3.) (MM B.3./30 MUH) (MM B.3./30 MUH) yeckas omubka
SEB 1533 0.67 0.96 - -
™ 1646 0.71 0.42 0.82 0.26
ETM 1423 0.62 0.96 0.27 0.92

Ha uvHTeHCUBHOCTH TasgHUA BJIUsET Takou (ak-
TOp Kak obisiayHocTh. Ha PucyHke 7 mokasaHBl 3Ha-
yeHusa 30-MUHYTHOTO TasHUSA NPU Pa3HBIX YCJIOBUAX
obueii obsauHoctu. Hanpumep, 23-24 wutosia Obuiu
nacMypHbIMU JHAMHU (06J1a4YHOCTh B JHEBHOE BpeMs
cocraBasana 100%), a 26-27 U0 COJHEYHBIMU
(obsmaunocTe 0-25%). BugHo, 4TO B 06JIaYHBIX YCJIO-
Busix Mojiennb ETM 3anmxkaet a6ssanuio (30% oT aHep-
reTU4ecKor Mojesu), a Mojesib TM HeMHOro 3aBhI-
maet ee (111%). B 6e3061auHBIX yCIOBUSAX, HA00OPOT,
mojesib ETM HeMHoro 3aBbimaeT abssmnuio (107%), a
momenb TM cuiabHO 3aHmXkaeT ee (64%). B menoM, ¢
yBemueHUeM 00611eil o6s1auHOoCTH (BhIlIE 65%) MOeJIb
TM nMeeT TeHEHIMIO 3aBHINIATh AOJIAIMIO, a MOAEIb
ETM, Hao60pOT, 3aHNXATh ee.

6.3. OueHKa YYBCTBUTEAbLHOCTH
napameTpoB T-HHAEKCHbIX MoAenen

JIUIA OLeHKHM 4YyBCTBHUTEJIBHOCTU MBI MEHAINU
napametpbl DDF, TF u SRF oTHOCUTEJIbHO ONTUMaJIb-
HOro 3HauyeHus c warom 10%. [Ipu 5ToM 0MH U3 napa-
MeTpoB uamenssics (DDF cuera unu DDF npga, TF viu
SRF), a fgpyroii coxpaHsy CBOe ONTUMAaJbHOE 3Haye-
Hue. Ha Pucynke 8a mokazaHo BiMsHUe HU3MeHEHUIl
napamerpa DDF Ha npousBoauTesibHOCTh Moaenu TM.
BuaHO, 4yTO MOAEsb NMPUMEPHO OAWHAKOBO 4YyBCTBU-
TeJibHA K 3HaueHusAM DDF cHera u sipaa, xoTs ajis DDF
JIbJ]Ja 4yBCTBUTEJIBHOCTb HEMHOro Bbillle. CyMMapHoOe
TasgHMe HauboJiee YyBCTBUTEJBHO K u3MeHeHHi0 DDF
cHera (Puc. 86). OTo oObsAcHseTcs Gojiee MPOLOIIKU-

TeJIbHBIM II€pHOJIOM 3ajleraHus CHEXHOro IOKpoBa IO
CPaBHEHMIO C OTKPBITHIM JIbAOM.

UyscTBUTEIBHOCTE MoAean ETM mokazaHa Ha
Pucynke 9. BujHo, uro HauboJiee UyBCTBUTEJIbHBIM
IlapamMeTpoM HaHHOU MoAesu sBJAeTCA pagualnyoH-
Hbill mapameTtp SRF.
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Puc.6. CpaBHeHHE OCpDEJHEHHBIX CYTOYHBIX ILIMKJIOB
30-MHHYTHOI CKOpPOCTU TasHUA (MM B.3.) PacCUMTAHHBIX C
ToMoIIbi0 3HepreTudeckoro GanaHca (3B), mpoctoii (TM) u
yayumerHHol (ETM) TeMrniepaTypHbIX MofeJiei.
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Puc.7. CpaBHeHue 30-MUHYTHBIX CKOpPOCTel TasgHUA (MM B.3.) paCcCUMTAHHBIX C IIOMOIIbI0 SHepreTuyeckoro 6aaanca (3b),
npoctoii (TM) u yiyumenHoi (ETM) T-unaekcHBIX MofieJieil MpU pa3HbIX yCJI0BUAX obJ1auHocTU 3a nepuof 20-30 urosia 2021 r.
Jlannsle 1o obmieit obauHocTy (%) Ha Girpkarimell MeTeoctaHnuu Yapa.
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Ta6smna 3. [MapameTpsl TasHUA U kputepuil s3¢dextuBHocTH (R?) TeMnepaTypHBIX MojeJieil (B CpaBHEHHH C MO/IEJIbIO
SHepreTHyeckoro 6ajiaHca) pacCUUTaHHBIE OTJEJIBHO AJIA CHera U JIbJ]a B TOUKE METEOCTaHIIUU.

Moaeiinb

CpeaHee 3HaYeHUE TasgHUA

(MM/30 MuH)

CymMMapHoe TasHue (MM)

dddexTuBHOCTH R?

CHer

Jen

CHEer

Jen

CHer

Jen

SEB
™
ETM

0.65
0.69
0.61

0.69
0.76
0.64

1001
1062
930

532
584
494

0.25
0.92

0.28
0.92

7. 06¢cy)xpeHue pe3ynLTaToB

HccneqoBanuA npoBeeHHble HA CBITBIKTUHCKOM
JIeTHUKE TIOKA3hIBAIOT HAJMYMe YMEPEeHHOW CTaTu-
CTUYECKU 3HAYMMOHN TOJIOKUTEIIBHOU CBS3U MEXAY
30-MUHYTHBIMH 3HAUYEHUSMU TeMIepaTyphl BO3IyXa U
CKOPOCThIO TasiHUsA cHera u Jibja (R2=0.25), uTo corJia-
CyeTcs ¢ pe3yJibTaTaMH MOJTyYeHHBIMU PaHee Ha OCHOBE
CpeJIHUX CYyTOYHBIX JaHHbX (Ocumno u Ocunosa, 2024).
OTO CyIIeCTBEHHO OTPAHUYMBAET HMCIOJIb30BAHUE IPO-
CTHIX TEeMIIepAaTyPHBIX MOJEJIeH NP MOJeIMPOBaHUU
TasgHua JegHuKoB Kogapa. Bo3MOXHBIM OOBbsACHEHUEM
OTHOCUTEJIBHO ¢JIaboll CBA3M MeXAy TeMIlepaTypoi
BO3/lyXa U TasgHUEM SBJIAETCA B II€JIOM HEBBICOKUU
BKJIAJ] OCHOBHBIX JHEPreTHYECKUX TMOTOKOB TasHUS B
TeMIIepaTypy BO3yXa, YTO BBIPAXAETCSA JIOBOJIBHO CJIa-
OBIMM KOPPEJANUAMU MeXAy STHMH IapaMeTpaMu.
HauGoJsiee TecHO TeMneparypa CBsi3aHa C KOPOTKOBOJI-
HOBOM pajauanueil, OJHAaKO paaualuoOHHBIN (akTop
o0bscHseT He 6Gosiee 40% TeMIlepaTypHON HU3MeHYU-
BocTtu. CUMTaeTcsA, YTO AJIMHHOBOJIHOBOE W3JTyvYeHUe
BMeCTe C sIBHBIM TeIlJIOBHIM ITOTOKOM (% Bcell sHepruu
TasgHWA) CHUJIBHO 3aBUCAT OT TeMIEepaTyphl BO3yXa
HaJl JIEAHUKOM W ONpPeNeJiIioT (PU3nYecKuii mexa-
HU3M CBS3U MEXy TasHUEM C TeMIIepaTypou Bo3qyXa
(Ohmura, 2001). OgHaKo HaIIM MCCJIEJOBAHUSA IIOKa-
3aJI1 OTCYTCTBUE CBSI3U MEX]Y TeMIlIepaTypoi BO3ayxa
U IJIMHHOBOJIHOBOU paauarueil (R2=0.09) u TypOy-
neHTHBIMU moTokamu (R?=0.01) Ha CHIIBIKTHCKOM
nepuuke. OcnablieHne CBA3W MeXAy TeMIepaTrypod u
JJMHHOBOJIHOBOM paauanueldl MOXeT ObITh 00yCJIOB-
JIEHO BJIMSHUEM BJIArOCOAEPXKAHUS TMPUJIEHUKOBOTO
CJIOA BO3JyXa Ha OTHOCUTEJIbHYIO U3JTyYaTeJIbHYIO
coco6HocTh atmocdepnl (Ebrahimi and Marshall,
2015). C ppyroii cTOpOHB TypOyJE€HTHBII TeIlJIo0-
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Puc.8. YyscTBUTEBHOCT MOJeau TM K Temmeparyp-
HBIM K03 dunuentam Tasguus (DDF) cHera u jipa BEIpaXXeH-
Hasd B Bujie Kpurtepus sa¢dextusHocTy R? (a) 1 oTHOCHTEJIB-
HOTO M3MEHEHUs CYMMAapHOIO ce30HHOro TasHusa (6). Illar
n3MeHeHus DDF 10%.
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Puc.9. UysctBurensHocTh Mogeu ETM (kputepuii abdextrBHocTH R?) K 3HaueHusM TF (a) u SRF (6). Illar nameHeHus

oboux napametpos 10%.
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O6MeH Ha CHIIBIKTUHCKOM JiefHHKe B 3HA4YUTeJIbHOH
Mepe KOHTPOJIMpyeTcs He TeMIlepaTypoll, a CKOPOCThIO
Betpa (Osipov and Osipova, 2021). JleTHUil mepuon
Ha JIe[JHUKe XapaKTepusyeTcs He3HauuTeJIbHBIMU CKO-
poCTAMM BeTpa, 4YTO OOBbsACHAeTcA IpeobsagaHueM
MaJjiorpagueHTHoro 6apudeckoro mossa (Osipova and
Osipov, 2022).

Okosio 90% sHepruu TasgHUA CBHITBIKTUHCKOTO
JleAHVKA NPUXOAUTCA Ha paJUalVOHHBIN OajlaHc U
IJIaBHBIM 00pa3oM, KOPOTKOBOJIHOBYIO paAualHIo.
ITosToMy BBeJieHHe pagualliOHHBIX TapaMeTPOB B TeM-
neparypHble MOZesId TasgHUA CYILIeCTBeHHO yJIydllaeT
WX TOYHOCTh. YJIydllleHHasA MoJeJsib NpefcTaBjieHHasA
B JJaHHOK paboTe NOMHMO TeMIlepaTyphl yUWTHIBaeT
TakXke IPUXOIAILIYI0 KOPOTKOBOJIHOBYIO pajuarus
u anpbeno m oO0bAcCHAET 0K0JI0 90% H3MEHUYMBOCTU
CKOPOCTH TasHUsA, YTO B 3 pas3a MpeBblllaeT 3HaUYeHU:A
3ddeKTUBHOCTU Kjaccuyeckol T-mHOeKCHOH MopeIn
(oxosio 30%). IlosyueHHBle oueHKU 3h(PeKTUBHO-
ctu yayuimieHHoit mofenu (ETM) xopomio corniacy-
I0TCA C JaHHBIMU U3 JPYTUX JIeAHUKOBBIX PaliOHOB.
Hanpuwmep, Ha sieqnuke a’Aposuia (LIBefinapus) yayd-
meHHasa T-uHAaekcHas MoAesb C ABYMs AONOJIHUTEJIb-
HBIMU IlapaMeTpaMu (KOPOTKOBOJIHOBAs paauaius u
anpbeno) obbsacHUIA 10 95% N3MEeHUYUBOCTHA CKOPOCTHU
tasguua (Pellicciotti et al., 2005).

ITpocrasa T-uHAexkcHasA Mojejb XOPOIIO OIleHU-
BaeT cpeAHee CyTOYHOe TasfHMe, OJHAKO OHa IJIOXO
BOCIIPOU3BOJUT CYTOYHBII I[UKJI TAAHUSA. OTO OOBACHA-
eTca TeM, YTO MpocTas MoAesb He YUMThIBaeT M3MeH-
YHMBOCTh TeMIlepaTypHOro koaddunueHta TasgHUA
BO BpeMeHM. Hampumep, ncciieioBaHusa Ha Jie[JHUKe
CropraacuapeH (IIIBerus) mokasasnu, 4To 3TU Ko3pdu-
LMeHTHl IOABePXXeHb! OTYETJIMBBIM CYTOYHBIM IIMKJIaM,
IIpY 3TOM B TedeHHe CYTOK WX 3HaueHMA MOTyT KoJe-
6atbcsa ot 0 mo 15 mm/cytku °C (Hock, 1999). Ipu
IIOCTOSAHHOM KO3} @uIieHTe CKOPOCTh TasHWA 3aBHI-
maeTcs B HOYHOe BpeMs U 3aHWXaeTcsA B JHEBHOe, TO
eCTh CyTOYHBIe aMIUIMTYAbl CKOPOCTH TasHUA cylle-
CcTBeHHO 3aHmxaiTca (Puc. 6). B oTimune oT NpoCTHIX
T-uHaexkcHbx Mogesneii (Ohmura, 2001; Hock, 2003)
monens ETM mnosBoJigdeT MoAerpoBaTh U3MEHEHUs
TasgHUA ¢ ropaszio 0ojiee BBLICOKMM BpeMeHHBIM paspe-
meHueM (B Macmtabe cyTouHoro nuksa). Kpome toro,
3Ta MoJesb HaAaMHOIO TOYHee YUYUThIBaeT U3MeHeHU:
anb0ej0 JIeHUKOBOI IIOBEPXHOCTH, KOTOPOEe SBJIA-
eTcd BaXHBIM (akTopoM TasgHUA TpeOymoIUM ydeTa
B TemnepaTypHbiXx Mojesiax (Lang and Braun, 1990).
IIpoctas T-uHAOeKkcHasas Mojesb Y4YUThIBaeT ajbbedo
JIOBOJIBHO I'py00 € MOMOIIBI0 KO3hUIEeHTOB TasgHUA
paccuuThiBaeMbIX OTJeJIbHO 1A cHera U jibAa (Ocumnos
u Ocunosa, 2024). [Ipu 5TOM B IPOCTOI MO/IeId COBep-
IIeHHO He YYWTHIBAlOTCA U3MeHeHUs ajbOelo CBA3aH-
Hble ¢ MeTaMOpdU3MOM CHera M JIETHUMU CHerorna-
JaMH, a TaKxe 3arpsA3HeHHeM CHEeXHOU MOBepXHOCTHU
MaTepHajIoM IIOCTYNAIOIMUM € TOPHBIX CKJIOHOB Ha Jief-
HuK. Hamuy ucciefqoBaHus Ha JleqHUKe MOKa3aid, 9TO
Takas M3MEHUYMBOCTh ajib0e/l0 MMeeT MeCTO B JIeTHUH
Nepuo.

M3MeHYMBOCTL TeMIlepaTyphl BO3[lyXa KpoMe
paanaIioHHON COCTaBJIAIIIEN NMeeT TakKe U aJBeK-
TUBHYI0 KOMIIOHeHTy. Hampumep, AaHHOe uccjeAoBa-
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HHe TOATBEPANJIO BBIBOJ O TOM, YTO Ha CBITBIKTUHCKOM
JIeJHUKEe OTYETJIUBO MPOCJIeXUBAIOTCA U3MEHEeHUs TeM-
mepaTyphl BO3/IyXa C MepruoANYHOCThIO OT 3 f10 12 nHel
(OcumoB u Ap., 2021). DT U3MeHeHUs, OYEBUIHO,
obycJioBlIeHb pa3HOMacHITaOHBIMU aTMochepHBIMU
nponeccaMud (CMHONTUYECKUMM) B HIKHEH Tporoc-
(¢epe. CoOTBETCTBEHHO, U3MEHYUBOCTb TUIIOB IOTOJbI
JIOJDKHA BJIVIATH HAa OTHOCUTEJIBHBIN BKJIa] pa3HbIX KOM-
MIOHEHTOB dHepreTHUyYeckoro 6ajaHca B TasHUE U Bapu-
abeJlbHOCTh TeMIepaTrypHbiX Koadouiuentos (Lang
and Braun, 1990). [ToaToMy, MCTIOJIb30BAHUE JOMOJTHU-
TeJIbHbIX CUHONTHYECKUX MapaMeTpoB B T-MHAEKCHBIX
MoJeJifAX JJOJDKHO CIIOCOOCTBOBATh yiiyuilieHNnio s dex-
TUBHOCTU MO/JIeJTUPOBAHUSA TasAHUSA JIeJHUKA.

8. 3akniouenue

Bell mpoBefleH CpaBHUTEJIBHBIA aHaJU3 JBYX
TeMIlepaTypHBIX MoJiejleli TasHUA CHera W JipAa Ha
ChITBIKTUHCKOM JieqHuke (xpeber Komap) 3a ce3oH
absamuu 2021 r. Mopenu ObUIM OTKaJIMOpPOBaHBI U
MpOTECTUPOBAaHbl € Mnomouiplo 30-MUHYTHOrO Tas-
HHfA, PacCUMTAHHOIO MAJA ONHON TOYKU JIeJHUKA C
nmoMoInbpio ¢pusnvecku 0O60CHOBAHHON MOJesN 3Hep-
retuyeckoro OajiaHca Ha OCHOBe IIPAMBIX MeTeopo-
Jlornyeckux usMepeHuil. MamepeHus MpOBOOUIINCH C
MOMOIIbI0 3-X aBTOMAaTUYeCKUX MeTeOCTaHIUil ycTa-
HOBJIEHHBIX Ha JieJHMKe U KOHe4YHOU MopeHe. Kpome
TOro, abJIAIUA U3Mepsaach C IMOMOIIBI0 YJIbTPa3By-
KOBOTr'0 JaTyvKa IMOHWXEHUs MIOBEPXHOCTU JIeJHUKA C
30-MUHYTHBIM paspelieHreM. CpaBHeHUE U3MePEeHHBIX
3HaueHN! abJIALMY C pAaCCYMTAaHHBIMU 10 MO/JIeJT SHep-
reTuueckoro GajiaHca Mokas3ajo UX XOPOIIYI corJja-
coBaHHOCTb. OIjeHKa KOMIIOHEHTOB 3HepreTh4eckoro
faJjiaHca JieHUKa B Iepuoj abJAluu NoKasaja, 4To
HauOOJIBIINII BKJIA[ B TasgHHE BHOCUT OajiaHC KOpOT-
KOBOJIHOBOM paguanuu (93%). KoppensaiuoHHBIN
aHaJIM3 T0Ka3aJl HaJu4he CTAaTUCTUYECKH 3HA4YMMOM,
HO cj1abol CBsA3U MeXIy TeMIepaTypoyll U TasHUeM
(R2=0.25), uTo 00BACHAETCA HE3HAUUTEJIbHBIM BKJIa-
JIOM COCTaBJIAKIINX 3HEepreTUyeckKoro dajgaHca B TeM-
nepaTypHy uaMeHUUBOCTh (o 40%). Kiaccuueckas
TeMmiepaTypHas Monens (TM), ucnoss3ylomas TeMie-
paTypy Bo3ZlyXa B KauecTBe IapaMeTpa OObACHSAET He
6osee 30% u3mMeHunBOCTU abuAuu. IIpu 3TOM Mozesb
vMeeT TeHIEHIMI0 IIepeolleHMBaTh HOYHOE TasHUe
W HeJOoOLIeHUBATh [JHEBHOe TasgHWe. YJIyullleHHas
T-ungexcHas mogesnb (ETM), yuuThiBatomias TeMnepa-
Typy, IPUXOZAAIIYI0 KOPOTKOBOJIHOBYIO pagvalyiio U
anpbeno mokaszaja HawiIydmyio 3G@eKTUBHOCTb IMpU
pacdeTe CKOpPOCTU TasHUA U 00bscHUIa oKoJio 90%
ero u3MeHuYuBOCTU. B oTinuue ot moaenu TM mozaesb
ETM xopomio BOCIPOWU3BOJUT CYTOUYHBIN XOJI TasgHUA.
BrutoueHue B T-UHAEKCHYI0 MOZEJib JONOJIHUTEJIbHBIX
napaMeTpoOB He 3aBUCALIUX OT TeMrepaTypsl (KOPOTKO-
BOJIHOBas paauauusa U anpbef0) Cyl[eCTBEHHO YJIyu-
maer ee 3(pPEeKTUBHOCTL M BpeMEHHOE pa3pelleHue.
YydimeHHas MOJieJIb MOXeT ObITh HCIIOJIb30BaHA IJIs
MPOCTPAHCTBEHHOI'0 MO/JIeTMPOBaHUsA abiaALUM JeJHU-
koB Kopapa, a Takxe Apyrux JieQHUKOB pacCIOJIOKEeH-
HBIX BHYTPU KOHTUHEHTA CO 3HAYUTEJIbHBIM BKJIa[OM
KOPOTKOBOJIHOBOI pagualyu B TasgHUe.
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ABSTRACT. The assessment of phytoplankton diversity in freshwater bodies strongly depends on the
methods used for taxonomic identification. Araphid diatoms of the genera Ulnaria (Kiitzing) Compére
and Fragilaria Kiitzing are often dominate the phytoplankton composition of freshwater ecosystems. To
use of an integrated approach, including metabarcoding using analysis of fragments of the V3-V4 region
of 18S rRNA, light and scanning electron microscopy, made it possible to assess the differences of these
species. It was shown that in 2017, a gradual change of the studied species occurred in the Southern
and Middle parts of Lake Baikal, which is due to the fact that the high development of Fragilaria radians
is early then ones of Ulnaria acus. Thus, during the hydrological spring in the pelagic zone of the lake
in these areas, and in the Chivyrkuisky and Barguzinsky Bays, U. acus dominated among diatoms. The
population development in the Northern part of the lake did not correspond to the revealed trends,
according to which a high number of both species should be expected here in the late spring, but it
did not exceed 3% of the total number. In the summer, the number of U. acus decreased significantly
and reached its minimum in the autumn. Ulnaria danica was present in the phytoplankton of large bays
throughout the entire study period.

Keywords: Metabarcoding, Microscopy, Diatoms, 18S rRNA, Lake Baikal
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1. Introduction regulate the structure of phytoplankton communities

provides insight into the potential consequences of
environmental change and its impact on higher trophic
levels.

Lake Baikal is the deepest and largest oligotro-
phic lake in the world. The lake’s phytoplankton is
characterized by a heterogeneous spatial distribution
throughout the lake water area. Continuous long-term
studies have shown that pelagic phytoplankton is char-

Phytoplankton is the main player in the cre-
ation of organic matter for aquatic ecosystems, pro-
viding half of the global primary production (Field et
al.,, 1998; Kise and Geuer, 2018; Naselli-Flores and
Padisak, 2023). Its variability determines the devel-
opment and dynamics of all subsequent trophic levels,
directly affecting the nutrition, growth, reproduction

and survival of various organisms (Smetacek, 1985; acterized by sharp interannual and seasonal fluctua-

Smetacek, 1998; Héllfors .and Uusitalo, 2.0‘13)' It is tions in abundance and biomass (Popovskaya, 1977;
known that changes in environmental conditions affect Popovskaya et al, 2015; Bondarenko et al., 2019;

the development of phytoplankton (Irwin et al., 2006),

R . Usoltseva et al., 2023). The sub-ice period (February
and as a consequence, the entire biogeochemical cycle

c A g — April) for Lake Baikal is characterized by the mass
in water bodies (Behrenfeld et al., 2006). Analysis of development of diatoms and dinoflagellates at the

phytoplankton abundance and biomass, together with ice-water interface (Obolkina et al., 2000; Popovskaya,
physical parameters such as upwelling and mixing, sug- 2000; Bondarenko et al., 2006; Annenkova et al., 2015;
gests the possibility Of d.ividing the ocean into maj(?r Bashenkhaeva et al., 2025). The mass development of
biomes and then predicting how they will change in diatoms continues until July (Mikhailov et al., 2022),

response to climate warming (Sarmiento et a‘l., 2004; while in the summer period (July and August) the main
Boyd, 2002). Thus, understanding the mechanisms that production depends on cyanoprokaryotes of the gen-
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era Synechocystis and Synechococcus (Popovskaya and
Belykh, 2003; Belykh et al., 2007), as well as on dino-
flagellates, green and chrysophyte algae (Mikhailov et
al., 2022). In September — October, a second peak in the
overall diversity of diatoms is observed (Popovskaya,
2000; Mikhailov et al., 2022; Bashenkhaeva et al.,
2023; Grachev et al., 2021).

Pennate araphid diatoms are among the main
producers of Lake Baikal, they play an important role
in the spring bloom of phytoplankton. Previously,
the dominant diatom species included Synedra acus
subsp. radians (Kiitzing) Skabitchevsky (Popovskaya,
2000; Popovskaya et al., 2015; Bondarenko et al.,
2019; Usoltseva et al., 2023), Synedra ulna (Nitzsch)
Ehrenberg (Popovskaya, 2000; Shishlyannikov et al.,
2018) and Synedra acus Kiitzing (Popovskaya et al.,
2015; Rusanovskaya et al., 2020). The genus Synedra
was considered widespread in various types of terres-
trial water bodies, but no type species was selected
when describing the genus (Ehrenberg, 1830). Later, D.
Williams and F. Round revised the genera Fragilaria and
Synedra based on electron microscopy data (Williams,
1986; Williams and Round, 1987; Round et al., 1990).
This led to some species being transferred to the
genus Fragilaria, in particular the freshwater species
S. acus subsp. radians, which became Fragilaria radians
(Kiitzing) D.M.Williams & Round (Williams and Round,
1987). In 2001, P. Compere elevated the name Synedra
subgen. ulnaria Kiitzing to generic rank and selected the
species Synedra ulna as the type species, which led to
the emergence of the genus Ulnaria (Kiitzing) Compére
(Compere, 2001). As a result of the taxonomic revi-
sion, the genus Ulnaria is formed by freshwater pen-
nate seamless species. Synedra acus is currently known
as Ulnaria acus (Kiitzing) Aboal (Lange-Bertalot and
Ulrich, 2014), and Synedra ulna is Ulnaria ulna (Nitzsch)
Compére (Williams, 2011). However, it is believed that
the Western part of the Eurasian continent is inhabited
by U. ulna, the Eastern part by Ulnaria danica (Kiitzing)
Compére & Bukhtiyarova (Bukhtiyarova and Compére,
2006). Populations of U. ulna are capable of interspe-
cific hybridization with populations of U. danica located
in the West Siberian Lowland and to the east of it up
to Lake Baikal. Baikal (Podunay et al., 2021; Podunay,
2022). According to previously obtained data, only
U. danica was found in Lake Baikal (Zakharova et al.,
2023).

The separation of species within the genera
Fragilaria and Ulnaria is difficult. According to var-
ious authors, this is partly due to the morphological
descriptions of the species, which are not always made
in sufficient detail and unambiguously, which has led
to the fact that in some cases there is an overlap of
morphological features (Kahlert et al., 2019; Zakharova
et al., 2023). Traditionally, phytoplankton taxa have
been identified using light microscopy (LM). However,
using only this method for the correct identification
of Fragilaria and Ulnaria species in the phytoplankton
structure turns out to be clearly insufficient and leads to
data merging and underestimation of the abundance of
U. acus and F. radians species in the Baikal phytoplank-
ton due to their morphological similarity. Thus, a more
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labor-intensive method is required - scanning electron
microscopy (SEM) (Zakharova et al., 2023). In recent
years, the use of metabarcoding with marker gene
amplification in the study of freshwater phytoplankton
has opened up great prospects for studying diversity,
including for Lake Baikal. At the same time, the choice
of primers and markers, as well as their specificity for
influencing specific groups of algae, is an important
step, which strictly depends on the research goals and
the availability of relevant databases (Hadziavdic et al.,
2014; Latz et al., 2022; Bukin et al., 2023). Previously,
we also showed that the use of metabarcoding based
on the analysis of the variable fragment V3-V4 of 18S
rRNA allows reliable identification and qualitative
comparisons between these two species in natural pop-
ulations (Zakharova et al., 2023; Morozov et al., 2023).

Thus, the aim of this work was to estimate
the relative abundance of the species Ulnaria danica,
Ulnaria acus and Fragilaria radians at different stations
of Lake Baikal. Baikal during three seasons (hydrologi-
cal spring, summer and autumn) based on the analysis
of metabarcoding and microscopy data.

2. Materials and methods
2.1. Sampling

Sampling was carried out from the research
vessels “G.Yu. Vereshchagin” and “Akademik V.A.
Koptyug” (Center for Comprehensive Ship Research of
Baikal LIN SB RAS) at 7 stations of Lake Baikal during
the period of spring mixing (May, June), direct strati-
fication in summer (July) and autumn (September) of
2017 (Table 1, Fig. 1) using an SBE 32 Carousel water
sampler (Sea-Bird Electronics, USA). Equal volumes of
water were collected from depths of 0, 5, 10, 15, 20, 25
m and used for further analysis.

2.2. Phytoplankton analysis

Phytoplankton analysis was performed for com-
plex water samples (200 ml of water from different lay-
ers). For quantitative determination and identification
of phytoplankton using light microscopy, 1.2 1 of each
combined sample was fixed with Lugol’s solution (final
concentration of KI - 0.66%, L- 0.33%) (Guseva, 1959).
Samples were concentrated by settling and subsequent
siphoning. Microalgae were counted using an Axiostar
Plus light microscope (Zeiss, Germany) at a magnifi-
cation of X200 in two replicates. The abundance was
calculated using the method of G.V. Kuzmin (Kuzmin,
1975), biomass - using the “true volume” method of
cells (Makarova and Pichkily, 1970; Belykh et al.,
2011). For electron microscopy analysis, 20 ml of the
sample were filtered through 1 pm polycarbonate fil-
ters (Whatman, USA) and then passed through the filter
with 20 ml of 70% ethanol for dehydration. The filter
was dried at room temperature, attached to a scanning
electron microscope (SEM) stage, sputtered with gold
in an SDC 004 vacuum setup (Balzers, Liechtenstein)
and analyzed using a FEI Quanta 200 scanning electron
microscope (FEL, USA) at the shared-use instrument cen-
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ter for physicochemical ultramicroanalysis of the LIN
SB RAS (Ultramicroanalysis Shared-Use Center). The
valves of U. acus, F. radians and U. danica were counted
twice among 100 randomly encountered valves.

2.3. DNA extraction, amplification and
sequencing

To isolate DNA, integral water samples with a
total volume of 20 L (equal sample volumes from dif-
ferent depths) were collected. The samples were pre-fil-
tered using a 27 um prefilter and then through polycar-
bonate filters with a 0.2 pm pore diameter (Whatman,
USA). The biomass from the membrane was washed into
sterile TE buffer (10 mM Tris—HCl, 1 mM EDTA, pH8.0)
and stored at -80°C. Before DNA extraction, the sam-
ples were thawed at 4°C. The biomass from the TE buf-
fer was concentrated by centrifugation at 16,100 rpm,
4°C for 30 min. DNA from the cell pellet was isolated
as described previously (Bukin et al., 2023). Amplicon
libraries of fragments of the V3-V4 region of 18S
rRNA were obtained using primers TAReuk454FWD1

L 1 1
106°E 108°E 110°E

1
104°E

Fig.1. Phytoplankton sampling scheme.

5”-CCAGCASCYGCGGTAATTCC-3" and TAReukREV3
5-ACTTTCGTTCTTGAT-3" (Stoeck et al., 2010). The
libraries were sequenced on an Illumina Miseq using
the MiSeq® v3 reagent kit (2x300 bp). The study was
carried out using the equipment of the resource center
“Genomic Technologies, Proteomics and Cell Biology”
of ARRIAM (Saint-Petersburg, Russia).

2.4. Metabarcoding data analysis

The 18S rRNA amplicon libraries were ana-
lyzed in mothur 1.44.11 (Schloss, 2020). The sequenc-
ing data for obtaining 97% identical ASVs (Amplicon
Sequence Variant) were analyzed in Usearch 11.0.667.
In this case, R1 and R2 reads were combined, flank-
ing primer sequences were trimmed and filtered by the
expected error level of less than one per fragment, and
ASVs were generated using the Unoise 3 algorithm.
ASVs were generated with a cutoff of 4 substitutions.
An ASV occurrence table by samples was generated by
mapping the raw data to the obtained ASVs with a 99%
identity level. Taxonomic classification was performed

Table 1. Stations and calendar of sampling in Lake Baikal in 2017.

Location Stations Coordinates Sampling dates
Latitude | Longitude Spring Summer Autumn
The South | The central station of the Maritui | 51 38.710 | 104 13.715 | 26.05.2017 | 18.07.2017 | 26.09.2017
pelagic basin |[settlement —Solzan settlement trans-
zone of verse section (SMS)
the lake Middle The central station of the Cape 52 20.722 | 106 03.870 | 29.05.2017 | 20.07.2017 | 29.09.2017
basin | Krasny Yar - the channel Kharauz
transverse section (MKKh)
North The central station of the Cape 54 27.052 | 109 04.164 | 01.06.2017 | 22.07.2017 | 01.09.2017
basin [ Elokhin — Davsha settlement trans-
verse section (NED)
The central station of the 5519.487 | 109 28.707 | 02.06.2017 | 23.07.2017 | 02.09.2017
Baikalskoye settlement — Cape
Turali transverse section (NBT)
Bays and strait Barguzinsky Bay (BB) 53 27.245 | 108 44.387 | 31.05.2017 | 25.07.2017 | 31.09.2017
Chivirkuisky Bay" (ChB) 53 42.564 | 109 06.384 | 04.06.2017 | 25.07.2017 | 04.09.2017
Maloe More Strait (MS) 53 14.500 | 107 15.416 | 05.06.2017 | 21.07.2017 | 05.09.2017

Note: ‘At ChB samples were collected from 0 m and 8 m depths.

1180




Petrova D.P. et al. / Limnology and Freshwater Biology 2025 (5): 1178-1195

for the obtained ASVs using the mothur program and
the SILVA v.138 database. Since this database does not
offer a taxonomic definition below the genus, all ASVs
assigned to the genera Ulnaria and Fragilaria were
compared with 18S rRNA sequences sequenced from
monoclonal strains of the Baikal diatoms U. acus, U.
danica and F. radians (Zakharova et al., 2023) using
blastn 2.2.31 + (Camacho et al., 2009). The blast anal-
ysis results (matches with an identity level of >98.5%)
and ASV abundances were used to calculate the relative
occurrence of U. acus, U. danica and F. radians in the
analyzed communities.

3. Results
3.1. Species composition of
phytoplankton

Using light microscopy (LM), the species struc-
ture, quantitative indicators and spatial distribution
of phytoplankton were determined at seven stations
of Lake Baikal during the hydrological spring (May -
June), summer and autumn of 2017 (Table 1; Fig. 1).
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It was revealed that the spring phytoplankton of 2017
was mainly represented by diatoms, chrysophytes and
green algae (Fig. 2A). The total abundance of phyto-
plankton at the studied stations during this period
varied in a wide range from 193.5 thousand cells/1 in
the North of the lake (NBT) to 1027 thousand cells/]
in Barguzinsky Bay (BB) (Fig. 2B). The main abun-
dance at stations SMS in South Baikal and MKKh in the
Middle Basin was made up of diatoms U. acus and F.
radians, which are considered together in the LM analy-
sis due to similar morphological features. These species
accounted for 90% and 78% of the total phytoplankton
at these stations. In the Northern part of the lake, at sta-
tions NEB and NBT, as well as in the bays and Maloye
More Strait (stations ChB, BB and MS), the abundance
of these species was low and did not exceed 3%. The
dominant species was the chrysophyte Dinobryon cylin-
dricum Imhof., which accounted for 59% and 63%,
respectively, of the total phytoplankton at stations NBT
and BB. The codominant complex of algae was green
algae of the genus Monoraphidium (Fig. 2A). Among
the diatoms, the species Nitzschia graciliformis Lange-
Bertalot & Simonsen was the most abundant.
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B Ulnaria danica
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B Stephanodiscus meyerii
B Staurastrum sp.
Sphaerocystis planctonica
Scenedesmus quadricauda
Rhodomonas pusilla
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Nitzschia graciliformis
Monoraphidium griffithii
W Monoraphidium contortum
B Monoraphidium arcuatum
B Microcystis pulverea
W Koliella sp.
B Gymnodinium sp.
B Gymnodinium helveticum

Summer
Glemnodinium apiculatum
| Fragilaria crotonensis

Elakatothrix genevensis
Dolichospermum scheremetieviae
Dolichospermum flosaquae

¥ Dinobryon divergens

B Dinobryon cylindricum

B Dinobryon bavaricum

B Gymnodinium baical. B Dictyosphaerium pulchell
- | | [ l
SMS MKKh NED NBT BB ChB

Summer

m Ulnaria acus / Fragilaria radians w Ulnaria danica

Autumn
B Cyclotella minuta
B Cyclotella baicalensis
B Cryptomonas reflexa
B Cryptomonas ovata
¥ Chrysochromulina parva
Ceratium hirundinella
% Aulacoseira islandica
¥ Aulacoseira baicalensis
B Asterionella formosa

I_ I l 1 8 .
MS SMS MKKh NED NBT BB
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Fig.2. Dynamics of phytoplankton abundance in Lake Baikal in 2017. A - Distribution of individual taxa in the phytoplank-
ton structure; B — Total abundance and abundance of representatives of the genera Ulnaria and Fragilaria.
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In summer, the total abundance of phytoplankton
at the stations studied decreased. The maximum of this
indicator of 424 thousand cells/1 was recorded at the
SMS station in South Baikal (Fig. 2B), where the green
alga Monoraphidium griffithii (Berkeley) Komarkova-
Legnerova dominated, accounting for up to 97% of the
total phytoplankton. In the Middle and Northern parts
of the lake, chrysophyte algae of the genus Dinobryon
and green algae of the genus Monoraphidium domi-
nated (Fig. 2A). At the same time, the minimum val-
ues of the total abundance were recorded at the NEB
station of 15 thousand cells/L (Fig. 2B). At the NBT
station, the diatom alga Lindavia baicalensis (Skvortsov
& K.I.Meyer) Nakov, Guillory, M.L.Julius, E.C.Theriot
& A.J.Alverson was recorded, accounting for 30% of
the total number. In the bays and strait, the abundance
of U. acus and F. radians increased slightly compared to
the spring period. At the ChB station, the proportion of
these species increased to 33% of the total abundance
(Fig. 2A).

Quantitative indices of autumn phytoplankton in
the Baikal pelagic zone varied in a small range from 27
to 83 thousand cells/l. Whereas in the bays this range
was significantly greater from 27 thousand cells/L in
BB to 329 thousand cells/1 in ChB (Fig. 2B). A heteroge-
neous structure was observed at all stations, with repre-
sentatives of chrysophyte and green algae dominating
(Fig. 2A). U. acus and F. radians were absent or only
single cells were observed. The species U. danica was
noted by LM at stations ChB and BB in spring, and at
station ChB in summer (Fig. 2), however, its numbers
did not exceed 0.8% of the total numbers. In autumn,
the species was not recorded by the LM method at any
of the stations.

Since the morphology of F. radians and U. acus is
almost identical and therefore cannot be reliably iden-
tified without electron microscopy and marker gene
sequencing data (Zakharova et al., 2023), an SEM anal-
ysis of the species content was performed. It was found
that U. acus dominated in the samples at all stations in
spring (Fig. 3). F. radians was presented in the Southern
(SMS) and Middle Baikal (MKKh), as well as in the bays

100%
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70%
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50%
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20%
10%

0%
SMSMKKhNED NBT BB ChB MS

Spring

B F. radians

SMSMKKh NED NBT BB ChB MS

Summer

B U.acus

(ChB, BB) and the Maloye More Strait (MS), whereas
this species was absent from the Northern stations NED
and NBT. The highest abundance of F. radians accord-
ing to SEM data was in Chivyrkuisky Bay (ChB) and
accounted for 29% of the total number of analyzed
cells (Fig. 3). In summer, F. radians was found only at
three stations, with its proportion decreasing at SMS
and MKKh stations, but increasing almost threefold at
MS station compared to spring. In autumn, the species
was found only at SMS and MKKh in quantities com-
parable to summer. It should be noted that U. danica
valves were detected in samples from all three seasons
using the SEM method. The maximum quantity of U.
danica in all seasons was noted for samples collected in
Chivyrkuisky and Barguzinsky Bays (ChB, BB), where
it reached 76% and 80%, respectively (Fig. 3). In the
Northern Basin and Maloye More Strait, the species
appeared in summer and increased its proportion in the
phytoplankton structure in autumn (Fig. 3). In autumn,
a small quantity (up to 1%) was noted in Southern and
Middle Baikal, where the species was completely absent
in the spring-summer periods.

Since F. radians and U. acus share some similar
morphological features, they cannot be reliably iden-
tified by LM alone without electron microscopy data
and marker gene sequencing (Zakharova et al., 2023).
An analysis of the abundance of the studied species
was conducted using SEM. As a result, it was found
that U. acus dominated in the samples at all stations in
spring (Fig. 3). The presence of F. radians was noted in
Southern (SMS) and Middle Baikal (MKKh), as well as
in the bays (ChB, BB) and the Maloye More Strait (MS),
whereas this species was absent from the Northern sta-
tions NED and NBT. The highest abundance of F. radi-
ans, according to SEM data, was in Chivyrkuisky Bay
(ChB) and accounted for 29% of the total number of
analyzed valves (Fig. 3). During the summer, F. radi-
ans was detected at only three stations. Its proportion
decreases at SMS and MKKh stations, and increases
almost threefold at MS station compared to spring. In
autumn, the species was found only at SMS and MKKh,
in numbers comparable to summer.

SMSMKKhNED NBT BB ChB MS

Autumn
B U. danica

Fig.3. The ratio of U. acus, F. radians and U. danica species in the phytoplankton of Lake Baikal in 2017 according to SEM data.
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Using the SEM method, U. danica valves were
detected in samples from all three seasons. The max-
imum abundance of U. danica in all seasons was
observed in samples collected in Chivyrkuisky and
Barguzinsky Bays (ChB, BB), where it reached 76%
and 80%, respectively (Fig. 3). In the Northern Basin
and the Maloye More Strait, the species appeared in
summer and increased its share in the phytoplankton
structure in autumn (Fig. 3). In autumn, small quanti-
ties (up to 1%) were recorded in Southern and Middle
Baikal, where the species was completely absent during
the spring and summer periods.

3.2. Sequencing data analysis

The data on the number of reads in the analyzed
communities are presented in Table 2. ASVs with an
identity level of more than 98.5% with the 18S rRNA
sequences of U. acus, U. danica and F. radians were used
to calculate the relative abundance of these species.
Based on the data obtained, it can be concluded that
U. acus dominated at all sampling stations in the spring
and summer. A small number of F. radians ASVs were
present in the spring samples from Southern and Middle
Baikal, as well as in Chivyrkuisky Bay (SMS, MKKh and
ChB) (Fig. 4). In summer, ASV of this species is recorded
in South Baikal (SMS) in trace amounts, while in the
Northern part of the lake at the NED station and in the
Maloye More Strait (MS) it reaches 13.3% and 6.6%,
respectively, of the total number of reads attributed to
the studied species. In autumn, ASV attributed to the
species U. acus, U. danica and F. radians were recorded
only at four stations out of seven. At the same time, in
Middle Baikal (MKKh) and Maloye More (MS), U. acus
dominated, while in the bays (BB and ChB), ASV of U.
danica dominated, which was present in the samples of
these stations in spring and summer in smaller propor-
tions. In the spring, ASV U. danica was detected in SMS
and MKKh samples, but their number did not exceed
0.5% of the total number of ASV of the Ulnaria and
Fragilaria genera (Fig. 4).

N

Relative abundance ASV

N
X

4. Discussion

Modern ecological research aims to understand
the structure of communities and their seasonal vari-
ability (community succession), as these factors influ-
ence the subsequent food chain. In aquatic ecosystems,
the characteristics of the phytoplankton community
also have important biogeochemical consequences
(Hallfors and Uusitalo, 2013; Behrenfeld et al., 2006).
Phytoplankton studies have focused mainly on interan-
nual changes, ¢t that time, changes during the year are
rarely taken into account.

According to the data obtained, high phyto-
plankton concentrations were recorded at the studied
stations in spring 2017 (Fig. 2), which, according to the
previously adopted classification (Popovskaya, 1977),
characterizes this year as highly-moderately produc-
tive. According to the LM analysis, the phytoplankton
of 2017 was mainly represented by diatoms, chryso-
phytes and green algae. Among diatoms, the domi-
nance of diatoms of the two-species complex U. acus
and F. radians was noted in the spring (the population
counts were conducted for both species together), but
their population declined in the summer. In the fall, U.
acus and F. radians were recorded at only two stations
out of seven (Fig. 2). This seasonal change coincides
with that described earlier for S. acus subsp. radians
(renamed F. radians): blooming in the spring, followed
by a gradual decrease in population during the summer
and an almost complete absence in the fall. However,
the LM method, which is widely used to analyze the
species composition of phytoplankton, failed to obtain
data on the population of each species separately
due to their morphological similarity, and U. danica
was recorded only in the bays. The SEM method and
metabarcoding data analysis allowed us to make sig-
nificant data adjustments, since in the spring of 2017
U. acus dominates, while F. radians is present in small
quantities at all stations, except for the Northern part of
the lake (Fig. 3). The seasonal dynamics of the develop-
ment of species of the Ulnaria and Fragilaria genera, as
well as other representatives of phytoplankton, occurs
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SMSMKKhNED NBT BB ChB MS |SMSMKKhNED NBT BB ChB MS SMSMKKhNED NBT BB ChB MS
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m F. radians
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Autumn

U. acus m U. danica

Fig.4. Relative abundance of ASVs assigned to the species U. acus, U. danica and F. radians.
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depending on physicochemical factors and the biology
of the species. Earlier, when analyzing metabarcoding
data, we found that the peaks in the abundance of both
species are located close to the period of ice release
from the lake. At the same time, the development of
the U. acus population lags behind F. radians by about a
month (Morozov et al., 2023). According to the analysis
of data obtained during the analysis of the seasonal suc-
cession of microeukaryotes and bacteria for the central
station of the Listvyanka - Tankhoy settlement section
of the Southern Basin of Lake Baikal, the abundance
of both species in the Ulnaria and Fragilaria genera is
approximately 1.5 times higher than that of F. radians.
In the period from March to September 2017 in Lake
Baikal (Mikhailov et al., 2022), it was found that the
peak of F. radians development this year in Southern
Baikal occurred in mid-April, while the maximum abun-
dance of U. acus shifted to May (Morozov et al., 2023).
We assume that it is this fact that led to the fact that
in the samples of the hydrological spring of 2017 (late
May, early June) we observe the dominance of U. acus,
which still maintains a high abundance in Southern
and Middle Baikal, while F. radians ends its vegetation
and its proportion is much lower. Nevertheless, the
obtained data cannot explain the observed distribu-
tion in the northern part of the lake. If we assume that
the water warms up later in the northern basin, which
should delay the change of species, then the propor-
tion of F. radians in the NED and NBT samples should
be quite high, however, in the phytoplankton structure
of the northern stations, according to the data of two
methods, only U. acus was noted. At the same time,
its abundance was almost 1000 times lower than the
abundance in South and Middle Baikal, as well as in
the bays. The summer population of the pelagic stations
includes both species U. acus and F. radians. Since the
species complete blooming around July (Fig. 2), their
abundance is low and they do not dominate the phyto-
plankton composition. In autumn, when the abundance
is still decreasing, the SEM method in the pelagic zone
notes the reappearance of F. radians, but this does not
compare with the metabarcoding data, where only U.
acus ASVs are recorded for the MKKh station. Despite
the fact that the diatom bloom in Lake Baikal occurs at
an earlier period, a similar situation was noted in July
2019, when the authors recorded a fairly high abun-
dance of F. radians. According to their data, it was sug-
gested that this phenomenon is a result of upwelling
(Grachev et al., 2021). F. radians cells that have com-
pleted their vegetation period sink much more slowly
than large-celled diatom species. This phenomenon is
the reason why the shells of this species can be observed
in the water column throughout the year (Bondarenko
et al., 2019). This explains well the fact that we see F.
radians valves in the SEM analysis, but do not detect
ASV F. radians in the metabarcoding data analysis.
Interestingly, the SEM and metabarcoding meth-
ods note the presence of U. danica in the samples from
Chivyrkuisky (ChB) and Barguzinsky Bays (BB) in all
three seasons (Fig. 3), with a gradual increase in its
share relative to U. acus and F. radians. Despite the
obvious differences in the morphology of this species,
it was not identified in autumn samples by the SM
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Table 2. Read count statistics. Legend: EC — read count
after error correction; Tax — reads assigned to Fragilaria/
Ulnaria taxa.

Samples Season Read count
EC Tax
SMS Spring 26378 2872
MKKh 26600 2958
NED 26413 4
NBT 31285 2
BB 25820 218
ChB 33968 66
MS 30803 8
SMS Summer 70070 524
MKKh 60515 21
NED 26345 2
NBT 22635 0
BB N/D N/D
ChB 23157 3
MS 23753 15
SMS Autumn 24625 0
MKKh 58273 14
NED 17154 0
NBT 19669 0
BB 14892 221
ChB 24471 2
MS 24580 1

method (Fig. 2), which suggests that using only the LM
method distorts the recorded species diversity, espe-
cially in seasons with low phytoplankton abundance.

5. Conclusion

The use of molecular methods in combination
with scanning electron microscopy data allowed us to
reveal the presence of hidden diversity in the structure
of phytoplankton in Lake Baikal using diatoms of the
genera Ulnaria and Flagilaria as an example. It is shown
that U. acus and F. radians demonstrate time period
differences in distribution. We assume that during the
ice-covered period the population is a mixture of these
species, but the abundance of F. radians decreases by
the beginning of the hydrological spring period, while
U. acus is still at its peak. In the following summer and
autumn periods, the abundance of U. acus gradually
decreases. The reappearance of F. radians valves in the
Southern and Central parts of the lake in July is not
associated with a bloom or active growth of this spe-
cies. We only note the presence of valves, but do not
detect their ASVs in the metabarcoding data. The pop-
ulation of the Northern part of the lake does not follow
the identified pattern of replacement of these species
and requires additional research with sampling, includ-
ing during the ice period. U. danica is present in the
phytoplankton of the bays throughout the open water
period, unlike pelagic stations. Its abundance peaks in
the autumn.
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lNMpocTpancTBEHHbIE U BpeMEHHbIe
pa3annuma B pa3sutum BupoB Ulnaria
danica, Ulnaria acus u Fragilaria radians B
o3epe baukan

[Terpora J.I1.*", T'anaubsaui F0.I1.", ®upcosa A.Jl.

JlumHostoeuyeckuti uHcmumym Cubupckoeo omdesteHus Poccutickotli akademuu Hayk, yJ1. YiaH-Bamopckas, 3, e. Hpkymck, 664033,
Poccua

AHHOTAIIHAA. OneHka pazHooOpasys (GUTOIIAHKTOHA B MPECHOBOAHBIX BOAOEMAax CUJIBHO 3aBUCUT
OT MEeTOAOB, UCIOJIb3yeMBIX IIPH TaKCOHOMHYECKOHN uAeHTUGUKanuy. beclioBHble JUaTOMOBBIE BOAO-
pocau u3 pomoB Ulnaria (Kiitzing) Compére u Fragilaria Kiitzing JTOMUHUPYIOT B cocTaBe (pUTOIIAH-
KTOHa B NPECHOBOAHBIX dKocucTeMmax. [IpuMeHeHHe KOMILIEKCHOTO NOAXOJa, BKJIIOYAIOIIEro MeTa-
OapkoAMpOBaHUE C HCIOJIb30BaHWEM aHanu3a ¢parmeHToB V3-V4 peruona 18S pPHK, cBeToBoil u
CKaHUpYyOIIel 3JIeKTPOHHOM MUKPOCKOIINY, TI03BOJIMJIO IPOBECTH OL[eHKY pa3jInyuii B paclpeesieHun
3TUX BUJIOB B 03. Batikaj. [TokasaHo, uto B 2017 roxy HOxHoii u CpefHeli yacTu 03. Baiikas mpoucxogut
IIOCTelleHHas CMeHa HcceAyeMBIX BHUOB, 9YTO 00YCJIOBJIEHO TeM, 4TO MUK pa3Butus Fragilaria radians
onepexaet Ulnaria acus. B mepuoJ ruipoIorun4eckoi BeCHHI IeJlarnyeckoi 30He 03epa B 3THX palioHaX,
B UuBBIpKyIiCKOM 1 Bapry3uHckoM 3ajmBax cpefu AuaTtoMel noMmuHuposaia U. acus. Pa3BuTue nomy-
Jianuy B CeBepHOM 4acTU 03epa He COOTBETCTBOBAJIO BHIABJIEHHBIM TEHAEHIHAM, COIJIaCHO KOTOPHIM B
KOHIIe BECHBI 3[1eCh CJIe[0BaJI0 OXUAATh BBICOKYI0 YMCJIEHHOCTh 000MX BUAOB, OOHAKO OHA He IIPEeBHI-
mana 3% oT ob1ieli yrcaeHHOCTU. B jieTHUI nepuof yncjieHHOCTh U. acus 3HaYMTeIbHO CHUXAaslach U
JIoCTUraja CBoero MUHUMYyMa oceHblo. Ulnaria danica npefictapyieHa B GUTOIUIAHKTOHE KPYITHBIX 3aJIH-
BOB B T€UEHMU BCEro rnepuoja 1uccjaeJoBaHUA.

Kitiouegsie cioga: MetabapkoqUHT, MUKPOCKOTIUA, IaTOMOBBIe Bogopocau, 18S pPHK, o3epo Baiikan

Jia nutuposanus: Iletposa [I.II., I'amaubann FO.I1., @upcosa A.Jl. IIpocTpaHCTBEHHBIE U BpEMEHHBIE PA3JINUUA B Pa3sBUTUU
BunoB Ulnaria danica, Ulnaria acus u Fragilaria radians B o3epe Baiikan // Limnology and Freshwater Biology. 2025. - Ne 5.
- C. 1178-1195. DOI: 10.31951/2658-3518-2025-A-5-1178

1. BBeAeH"e Jlara€T BO3MOXHOCTbD pa3ieJIEHUA OKeaHa Ha OCHOBHbIE

6I/IOMIJI, a 3aTe€M CIPOTHO3MPOBAThb HNX HN3MEHEHUA B

OUTOIUIAHKTOH SABJIAETCA OCHOBHBIM yYacT-
HUKOM B CO3[JaHUM OPraHUYeCKOro BellecTBa MJiA
BOAHBIX 3KOCHCTEM, obecrneyrBas MNOJOBUHY I100asib-
Hoii mepBuyHoi mpoaykuuu (Field et al., 1998; Kise
and Geuer, 2018; Naselli-Flores and Padisak, 2023), a
€ro M3MEHYHBOCTD OTpeJieJisieT Pa3BUTHE U AUHAMUKY
BCEX MOCJEAYIOINX TPODUYECKUX YPOBHEH, OKa3bl-
Basg HEMOCPEICTBEHHOE BJIMAHME HA MHUTAaHUE, POCT,
Pa3MHOXeHHE U BBDKMBAaHHME PpA3JIMYHBIX OpraHu3-
MmoB (Smetacek, 1985; Smetacek, 1998; Hillfors and
Uusitalo, 2013). W3BecTHO, YTO M3MEHEHUS YCJIOBUI
OKpY>XaloIlleil Cpefibl, BIMAIOT Ha pa3BuTHe GUTOIJIAH-
kroHa (Irwin et al., 2006), a Kak cjencTBUE U Ha Bech
ororeoxumMuuecknil nukjg B Bogoemax (Behrenfeld et
al., 2006). AHayiM3 YMCIIEHHOCTU W Guomacchl GuTo-
IJIAHKTOHA COBMECTHO C TaKUMM (HU3NYECKUMU Mapa-
MeTpaMH, KaK arBeJUTMHT U TepeMelIMBaHue, MPe/o-

* ABTOP [JIsl IEPEIUCKHY.
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OTBET Ha IIOTeIJIeHue KjnMaTa (Sarmiento et al., 2004;
Boyd, 2002). TakuMm o6pa3oMm, NOHUMAaHUE MeXaHU3-
MOB, PEeryJUpYIOUMX CTPYKTYPY GUTOIIAHKTOHHBIX
coo0I1ecTs, aeT NpejCcTaBjieHHe O TNOTeHI[UaJIbHBIX
MOCJIEICTBUAX U3MeHEeHUHN OKpyXalollell cpedbl U UX
BJIMAHUU Ha GoJiee BHICOKHE Tpoduieckrie ypOBHU.
Ozepo batikan - camoe riy6okoe U KpyIIHOe
oyurotpodHoe o3epo B Mupe. DUTONJIAHKTOH O3epa
XapakTepusyeTcsi HEOTHOPOOHBIM IPOCTPAHCTBEH-
HBIM paclipefieJleHleM IO Bcell aKBaTOpUU oO3epa.
HermnpepbiBHBIE MHOTOJIETHUE HCCJIENOBAHNS TTOKa3ay,
YTO (PUTOIIAHKTOH Iejlaruajiyu XapaKTepusyercs pes-
KUMM MEeXTOJOBBIMU U CE30HHBIMM KOJIEOaHUAMM YLC-
JeHHocTH U 6uomacchel (ITomoBckas, 1977; ITomoBckas
u 1p., 2015; Bondarenko et al., 2019; Usoltseva et
al., 2023). Tlognemueiii mepuof (deBpasib-anpeinb)
Iy o3epa bBaiikan xapakTepusyeTcsi MacCOBBIM pas-
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BUTHEM JUATOMOBBIX BOLOpOCJIell M AUHOGJIIAresuIsAT
Ha rpaHuile paszeiia (a3 «ien — Boga» (OGoJKUHA U
ap., 2000; Popovskaya, 2000; Bondarenko et al., 2006;
Annenkova et al., 2015; Bashenkhaeva et al., 2025).
MaccoBoe pa3BuTHe OUaTOMelN IPOIOJIKAETCS BIUIOTh
no moia (Mikhailov et al.,, 2022), Torga kak B JIeT-
HUl nepuof (MIOJIb U aBI'YyCT) OCHOBHAas NPOAYKIMsA
3aBUCUT OT LHMAHONPOKapUOT podoB Synechocystis u
Synechococcus (Popovskaya and Belykh, 2003; Belykh
et al.,, 2007), a Takke OT AUHODUTOBHIX, 3€JIEHBIX U
xpusoduToBrx Bogopociiei (Mikhailov et al., 2022). B
ceHTAOpe—oKTs0pe HabyiofaeTcsi BTOPOM MUK OOIero
pasHoobpa3usa AuaToMOBHIX Bogopoceli (Popovskaya,
2000; Mikhailov et al., 2022; Bashenkhaeva et al.,
2023; Grachev et al., 2021).

[TlenHaTHble OecIIOBHBIE AUATOMEN — OJNHU U3
OCHOBHBIX IIPOAYIIEHTOB 03. Baiikaj, OHU UrparT Bax-
HYI0 pOJIb B BeCeHHeM I[BeTeHHU (GUTOIUIaHKTOHA.
PaHee B uncile JOMUHUPYIOUINX BUAOB AUATOMEN OBLI
oT™MeueH BuUA Synedra acus subsp. radians (Kiitzing)
Skabitchevsky (Popovskaya, 2000; ITonoBckas u [p.,
2015; Bondarenko et al., 2019; Usoltseva et al., 2023),
Synedra ulna (Nitzsch) Ehrenberg (Popovskaya, 2000;
Shishlyannikov et al., 2018) u Synedra acus Kiitzing
(TTonoBckas u Ap., 2015; Rusanovskaya et al., 2020).
Pon Synedra cumrajyicAi MMPOKO pacIpOCTPaHEHHBIM
B HaseMHBIX BOJ0eMaX pa3JIMYHOro0 TUIA, OOHAKO
IIpU ONKCAaHUM POJa He OBLI BEIOpAH TUIIOBOH BHU[
(Ehrenberg, 1830). IMo3guHee MO. Buibamcom u .
PaynaoMm GbLIH IPOBeleHBl peBU3UM pofoB Fragilaria u
Synedra, ocHOBaHHBIe Ha JAHHBIX 3JIEKTPOHHOI MUKPO-
ckonuu (Williams, 1986; Williams and Round, 1987;
Round et al., 1990). 3To mpuBey0 K TOMYy, TO HEKO-
TOpble U3 BUIOB OBUIN IlepeHeceHH B pof Fragilaria, B
YaCTHOCTU NPECHOBOIHHIN BUA S. acus subsp. radians,
craBmuii Fragilaria radians (Kiitzing) D.M.Williams &
Round (Williams and Round, 1987). B 2001 II. Kommpe
ITOBBICUB IO POJIOBOTO paHra HaszpaHue Synedra subgen.
ulnaria Kiitzing v BeIOpaB Bup Synedra ulna B KauecTBe
TUIIOBOr'O, YTO IpUBeso K mosBieHuto poxa Ulnaria
(Kiitzing) Compere (Compére, 2001). B pesyibrare
TaKkCcOHOMHYeckoll peusuu pof Ulnaria cdopmu-
pOBaH IPECHOBOAHBIMU I€HHATHBIMU OeCIIOBHBEIMU
BuAaMu. Synedra acus B HACTOALIMI MOMEHT HU3BeCTHA
kak Ulnaria acus (Kiitzing) Aboal (Lange-Bertalot and
Ulrich, 2014), a Synedra ulna — Ulnaria ulna (Nitzsch)
Compére (Williams, 2011). OgHako, CYMTAETCH, YTO
3anmagnasa yacth EBpa3uiickoro KOHTHMHEHTA 3acejieHa
U. ulna, Boctounas — Ulnaria danica (Kiitzing) Compére
& Bukhtiyarova (Bukhtiyarova and Compére, 2006).
Honysauum U. ulna ciocoGHBI K MEXBUIOBON TUOpPU-
ausanuu ¢ nomyssmuaMu U. danica, HaXoOAIMMUCS
B patioHe 3anagHo CHOHUPCKON HU3MEHHOCTH U K BOC-
TOKY OT Hee BIUIOTh fl0 03. Baiikan ([Togynait u ap.,
2021; Mopynaii, 2022.). CorjiacHO paHee MOJIyYeHHBIM
JaHHBIM B 03epe Balikan o6HapyxeHa ToJsibko U. danica
(Zakharova et al., 2023).

Pasnenenue BUOOB BHYTpU ponoB Fragilaria u
Ulnaria 3atpynHeHo. OT4acTH, N0 MHEHUIO Pa3HBIX
aBTOPOB, 3TO CBA3aHO ¢ MOP(}OJIOrHYecKUMU OIHca-
HUSMU BUJIOB, KOTOpble He BO BCeX CJIyYasX CHesIaHBI
JIOCTAaTOYHO NMOAPOOHO U OJHO3HAYHO, YTO NPUBEJIO K

1188

TOMY, 4TO B psifle CJIy4aeB MMeeT MeCTO HaJIoXeHUe
MopdoJsiornueckux mnpusHakoB (Kahlert et al., 2019;
Zakharova et al., 2023). TpaAUIMOHHO TAaKCOHBI PUTO-
IUIAHKTOHA WJIeHTUGUIMPOBAINICh C IIOMOIIBIO CBe-
ToBOM Mukpockonuu (CM). OpHako UCIOJIb30BaHUE
TOJIBKO 3TOrO MeTOJa JJisi IPaBUJIBHON HIeHTHU(dUKa-
uu BufoB Fragilaria u Ulnaria B coctaBe GUTOIJIAH-
KTOHA OKa3bIBAETCsI ABHO HEJJOCTATOYHBIM U IPUBOAUTH
K 00beUHEHUI0 JaHHBIX U HeIOydYeTy YHCJIEHHOCTHU
BunoB U. acus u F. radians B cTpykType 6aiiKasibCKOTO
duTOoIIIAHKTOHA N0 NpUYNHE UX MOPGOJIOIMYECKOTo
cxonctBa. Takum obpasoM, TpebyeTcs NpUMeHEHUs
6oJlee TPyJOEMKOrO MeTOJa — CKaHUPYIOUIEH 3JIek-
TpOoHHOI MuKpockonuu (COM) (Zakharova et al., 2023).
B mocienHue rofwl HCHOJIb30BaHME MeTabapKOIUHIa
¢ ammmbukanuell MapKepHBIX I'eHOB IIpU HCCIIEO-
BaHUM [IPECHOBOAHOIO (UTOIUIAHKTOHA OTKPBLIO
60JIbIlIie TEepCHEeKTHBH II0 U3yYeHUIo pa3Hoobpasus,
B TOM umcje u JjiA o3epa Barikan. Ilpu 3ToM BEIGOP
npaiiMepoB U MapKepoB, a TaKxXe UX CHenudUIHOCTh
I BO3/IeHICTBYSA Ha KOHKPETHbIE I'PYIIIEL BOJOPOCIIEH,
SIBJIAETCA BaXXKHBIM 3TAIlOM, KOTOPHIM CTPOro 3aBUCUT
OT LieJIeli uccaeJOBaHUI U HaJINYMs COOTBETCTBYIOMINX
6a3 ganubix (Hadziavdic et al., 2014; Latz et al., 2022;
Bukin et al., 2023). PaHee HaMM TakXe [I0Ka3aHO, YTO
HCIOJIb30BaHUE MeTaGapKOAUPOBAHUS, OCHOBAHHOTO
Ha aHaju3e BapuabenpHoro ¢parmeHra V3-V4 18S
rRNA, mo3BoJsifeT HOCTOBEpHO WAeHTUGUIMPOBATH U
IIPOBOAUTH KaueCTBEHHBIE CPaBHEHUS MeXIY 3TUMU
JIByMsA BUJAaMU B IPUPOIHBIX nomyJAnusax (Zakharova
et al., 2023; Morozov et al., 2023).

TakuMm obpa3om, Liespl0 JaHHOU paboThl ObLIa
IIPOBECTH OLIEHKY OTHOCHUTEJIBHON YKCJIEHHOCTU BHJIOB
Ulnaria danica, Ulnaria acus u Fragilaria radians Ha pas-
HBIX CTaHIUAX 03. Bafikay B TeueHUU Tpex CE30HOB
(rupmpoJioruyeckass BecHa, JIETO M OCeHb) Ha OCHOBe
IpUMeHeHHs KOMIUJIEKCHOTO IMOAXOJa: aHaau3a [aH-
HBIX MeTabapKoAVMPOBaHUA U MUKPOCKOIIUU.

2. MaTepuanbl 1 MEeTOADI
2.1. OT60p Npo6

OT60p npob6 npoBoAusics ¢ 60pTa Hay4HO-HCCIIe-
JoBaTenbckux cyaoB «[.}0. Bepemarun» u «AxkageMuk
B.A. Komrior» (LIKII «lleHTp KOMILIEKCHBIX CYJO-
BhIX ucciiefoBaHull bBalikana») Ha 7 CcTaHIUAX O3epa
bBatikan, B mepuoj BeceHHero IepememninBaHus (Mati,
WIOHBb), HpsAMOHN crpaTtudukanuu JeroMm (Hionb) u
oceHbi0 (ceHTsA6pB) 2017 roma (Ta6suna 1, Puc. 1) c
nmomoIeio npobooréopuuka SBE 32 Carousel water
sampler (Sea-Bird Electronics, CIIIA). PaBHbie 0GbEMBI
BOJIbI OBLIIN coOpaHsI ¢ riyousnsl 0, 5, 10, 15, 20, 25 M
Y WCMOJIb30BaHHI [IJIA AaJIbHENIero aHaausa.

2.2. AHanu3 QUTONAAHKTOHA

Anpanu3 GUTOIUIAaHKTOHA MNPOBOAWIICA A
KOMILIEKCHBIX Tpo6 Bofbl (200 MJ1 BOABI M3 pa3HBIX
cjioeB). 1A KOJIMYeCTBEHHOr'0 OIpefeseHHsa U WUJeH-
TUUKaUU (PUTOIUIAHKTOHA C IIOMOIIbI0 CBETOBOM
MUKpockonuu 1,2 1 kaxaoi oO0beJUuHEeHHOI IpoOHI,
3adukcupoBaHHON pacTtBopoM Jliorona (koHedHas
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koHnenTpanusaA KI — 0,66%, I, — 0,33%) (I'ycesa, 1959).
KoHnenTprpoBaHue npob NpoBOAWINA METOAOM OTCTa-
UBaHUA U nociefylomero cudoHuposaHusa. Iloacuer
MHKPOBOAOPOCJIEN MPOBOAUIN Ha CBETOBOM MUKPO-
ckome AxiostarPlus («Zeiss», ['epMaHusA) mpu yBeJyiu-
yeHnu B X200 B [ByX IOBTOPHOCTAX. UMCIIEHHOCTH
paccumutbiBasu 1o Meroguke I'.B. Ky3pmuHa (Ky3pMuH,
1975), 6uomaccy — mo MeToay «HMCTUHHOTI'0 OoObeMa»
kiretok (MakapoBa u ITuukuibel, 1970; Bensix u ap.,
2011). Ona aHamm3a MeTOAOM 3JIEKTPOHHOI MUKPO-
cxkonuu 20 MJI Ipo6s PUIBTPOBAIM Yepe3 MoJIUKapoo-
HaTHble GuabTpHl 1 MkM (Whatman, USA) u 3aTtem npo-
nyckanu yepe3 ¢uiabTp 20 Mu1 70% 3TaHOJIA C LEJIBI0
o6e3BoxxrBaHVA. PUIBTP BHICYIINBAJIN IPU KOMHATHON
TeMIlepaType, IPUKPeIUIAIN Ha CTOJIMK JJI CKaHUPY-
IOITETO 3JIEKTPOHHOTO MUKpockorna (COM), HambLIAIN
30JI0TOM B BakyymMHOM yctaHoBke SDC 004 (Balzers,
JIUXTEHIITENH) U aHAJIM3UPOBAJIM C [TOMOIIBI0 CKaHU-
pytomero asiekTpoHHOro mMukpockona FEI Quanta 200
(FEI, USA) B npu6OpHOM I[eHTpe KOJUIEKTUBHOTO T10JIb-
30BaHUA (PU3UKO-XMMHYECKOr0 YJIbTPaMHKpOaHaIn3a

JIMH CO PAH (IIKII «YnpTpaMukpoaHainus»). [Togcuet
ctBopok U. acus, F. radians v U. danica npon3BOIUIICA
B ABaxAnl cpequ 100 ciaydaliHO BCTpeueHHBIX CTBOPOK.

2.3. Bbipenenune AHK, amnanpuxkauma v
CeKBeHUpPOBaHUA

C nensio BeigesieHua JHK 6b15111 0TOOpaHbl MHTe-
rpajibHbie TpOOHI BOBI 0OIIM 06bemMoM 20 J1 (paBHbIE
06beMbI TPpo0 ¢ pa3HbIX I1yOuH). ITIpo6sl OpLIM Ipe/Ba-
puUTesibHO NPO(PUIBTPOBAHEI C MCIIOJIb30BAHUEM IIpef-
¢uasTpa ¢ auamMerpoM mnop 27 MKM, a 3aTeM 4Yepe3
nosvkapOoHaTHble GUIBTPH ¢ Auamerpom mop 0,2
MKM (Whatman, CIIA). Buomaccy ¢ MeMOpaHBI CMBI-
Basu B crepuibHbIE TE 6ydep (10 mM Tris-HCI, 1 mM
EDTA, pH8.0) u xpanwnu npu -80°C. Ilepen Bwizesie-
HueM JTHK oOpasiibsl pasMopaxyBasiu IpU TeMIlepaType
4°C. Buomaccy u3 TE-Oydepa KOHIIEHTPUPOBAIN METO-
oM 1eHTpudyrupoanusa npu 16 100 o6/muH, 4°C B
teuenre 30 muH. JJHK 13 ocagka Kj1eTOK BbIAEJIAIN 10
onrcaHHoMy paHee metony (Bukin et al., 2023).

Ta6suna 1. Crannuu u kajgeHaapb or6opa npob B o3epe Baiikan B 2017 r.

MecTomnoJjioxxeHue CraHIuu KoopauHatsl JlaTel oT60pa mpo6
IIupoTta Hoiarora BecHa Jleto OceHb
[Nenaruueckas | lOxHasa LenTpasbHasa craHIUA 51 38.710 | 104 13.715 | 26.05.2017 | 18.07.2017 | 26.09.2017
30Ha 03epa |KOTJIOBMHA | pa3pe3a nocesjiok Mapuryii —
nocesiok Cosizad (SMS)
CpenHsasa LenTpasibHasA craHLUA 52 20.722 | 106 03.870 | 29.05.2017 | 20.07.2017 | 29.09.2017
KOTJIOBMHA | pa3pe3a Mbic KpacHsit fp —
nporoka Xapay3 (MKKh)
CeBepHas | lleHTpasnbHas craHuus pas- | 54 27.052 | 109 04.164 | 01.06.2017 | 22.07.2017 | 01.09.2017
KOTJIOBMHA | pe3a MbIc EJIOXHH — nocesiok
Jagsma (NED)
LenTpaspHas craHuuA pa3- | 55 19.487 | 109 28.707 | 02.06.2017 | 23.07.2017 | 02.09.2017
pe3a noceJiok baiikaibckoe —
Mmeic Typanu (NBT)
3aJsIBBL U IIPOJIVBBI Baprysunckuti 3anus (BB) 53 27.245 | 108 44.387 | 31.05.2017 | 25.07.2017 | 31.09.2017
Yussipkyiickuii 3B’ (ChB) [ 53 42.564 | 109 06.384 | 04.06.2017 | 25.07.2017 | 04.09.2017
ITposmme Masioe Mope (MS) | 53 14.500 | 107 15.416 | 05.06.2017 | 21.07.2017 | 05.09.2017

IIpumeuanue: * B ChB mpo6sl 6611 0TOGpaHs! ¢ Tyryounsl 0 M and 8 M.
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AMITMKOHHEIE 6UOIOTEKN dparmen-
TtoB V3-V4 peruona 18S pPHK O6puin  mnosy-
YyeHbl ¢ TmoMoInblo mpaiiMepoB TAReuk454FWD1

5’-CCAGCASCYGCGGTAATTCC-3° u TAReukREV3
5-ACTTTCGTTCTTGAT-3" (Stoeck et al., 2010).
Bubsinoteku 6pLTM cekBeHUpoBaHB Ha Illumina Miseq
C ucrosb3oBaHueM Habopa peareHToB MiSeq® v3
(2x300 n.1.). PaboTta npoBoausack ¢ HUCIOJIb30BAHNEM
obopynoBanus L[KII «['eHOMHBIE TEXHOJIOTUM, IIPOTEO-
MUKa U KjaeToyHas 6uosorusa» G®I'BHY BHUUCXM.

2.4. AHanM3 AAHHbBIX
MmeTabapkoaupoBanusa

bubnuoreku amruiikoHoB 18S pPHK 6biiu npo-
a”asu3vpoBanel B mothur 1.44.11 (Schloss, 2020).
JlaHHBIe cekBeHUpOBaHUA AJiA NHoJiydeHua 97% uneH-
TUYHBIX ASV (BapuaHT IocJie[oBaTeJIbHOCTH aMILIM-
KoHa - amplicon sequence variant) 6bUTH POAHAIU3U-
poBasnbl B Usearch 11.0.667. Ilpu 3Tom mpouTteHus R1
u R2 obbeauHaANM, NocjiefoBaTeIbHOCTU (QJIaHKUPYIO-
IUX [paliMepoB oTpe3aiu U GUIbTPOBAJIX 110 YPOBHIO
OXMJJaeMBIX OIIMOOK MeHee OJHON Ha QparmMeHT U
reHepupoBanu ASV no anroputMmy Unoise 3. ASV 6b111
CreHepHpOBaHbl IpyU OTcedeHUU 4 3ameH. Tabsaumy
BcTpeuaeMocTu ASV 1mo ofpasuamM reHepupoBasd
IyTeM KapTHPOBAaHUA CHIPHIX JAaHHBIX Ha IOJy4eHHbIE
ASV ¢ ypoBHeM uaeHTU4YHOCTH 99%. [liA moJiydeH-
HBIX ASV ¢ ucnosib3oBaHueM nporpaMmsl mothur u
6a3pl gaHHbIX SILVA v.138 GpUIa IpoBeieHa TaKCOHO-
Muyeckas kiaccudukanuda. ITockosbky sTa 6asa gaH-
HBIX He IpejjlaraeT TaKCOHOMHUYECKOI'O OIlpejiesIeHuA
HUXe popa, Bce ASV, oTHeceHHBIe K poaam Ulnaria u
Fragilaria, OpUIM COIOCTABJIEHH C IOCJIENOBATEIBHO-
ctamu 18S pPHK, cexkBeHMpOBaHHBIMM U3 MOHOKJIO-
HaJIbHBIX MITaMMOB 0aliKaIbCKUX JUaTOMOBBIX BOAOPO-
cneit U. acus, U. danica u F. radians (Zakharova et al.,
2023), ¢ ucnoJb3oBaHueM blastn 2.2.31 + (Camacho et
al., 2009). Pesymnbrarhl blast-ananmza (coBnageHus ¢
YPOBHEM HJeHTUYHOCTU 6osiee 98.5%) 1 YUCIIEHHOCTh
ASV ObLIN UCNIOJIB30BAHHI [JIA pacyeTa OTHOCUTEJIbHOMN
BcTpeuaemoctd BuoB U. acus, U. danica u F. radians B
aHaJIM3MpyeMBIX COOOIIecTBax.

3. Pe3ynbTarthbl
3.1. BupoBom cocTtaB PUTONAAHKTOHA

C nomo1bio cBeToBO Mukpockomnuu (CM) onpe-
JeJieHsl BUZOBasA CTPYKTypa, KOJMUeCcTBeHHbIe IT0Ka3a-
TeJId U MPOCTPAHCTBEHHOe pacipefiesieHre PUTOILIaH-
KTOHA Ha CceMU CTaHIMAX o3epa bBaiikajm B TeueHUU
TUAPOJIOrnYeckoi BecHBI (Mall — HIOHB), JIeTa U OCEHU
2017 r. (Tabauna 1, Puc. 1). BeisiBjIeHO, YTO BeCeHHUH
¢utonankToH 2017 r., B OCHOBHOM, OBLI MpencTaB-
JleH OUaTOMOBBIMM, XPU30MDUTOBBIMU U 3eJIeHBIMU
Bogopociamu (Puc. 2A). O6mias 4uciaeHHOCTh PuTo-
IUTAaHKTOHA Ha HCcIefyeMbIX CTaHI[USAX B 3TOT Mepuoj
BapbUpoOBajla B IIMPOKOM [AuamnasoHe 193,5 ToicC.
kJ1./71. Ha CeBepe o3epa (NBT) go 1027 ThiC. KJ1./J1. B
Baprysunckowm 3asnuse (BB) (Puc. 2B). OcHOBY uuncieH-
HocTH Ha craHiuAax SMS B I0xHoMm Batikame nu MKKh
B CpefiHell KOTJIOBUHE COCTAaBJIsJIM AUATOMOBBIE BOJIO-
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pocau U. acus u F. radians KOTOpble U3-3a CXOXUX MOP-
¢onoruveckux NPU3HAKOB YUYUTHIBAIOTCS COBMECTHO
npu a”anuze Metogqom CM. Ha fosio 3TUX BUIOB NpU-
xoausiock 90% u 78% ot obiero kojguyectsa puro-
IUTAaHKTOHA Ha JaHHBIX cTaHNuaxX. B CeBepHoil YacTu
osepa Ha craHuuax NEB u NBT, a takxke B 3ajmBax u
nposimBe Majioe Mope (cranuum ChB, BB u MS) umc-
JIEHHOCTh JAHHBIX BUIOB OblJla HU3KOU U He IpPEBHI-
masna 3%. JoMUHUPYIOIMUM BHUAOM OblLia XpHU30duTo-
Basi BogopocJiib Dinobryon cylindricum Imhof., Ha goJto,
xoTopoii Ha craHuuu NBT u BB npuxomunock 59% u
63%, COOTBETCTBEHHO, OT OOIIero Kojuyectsa GuTo-
IIaHKTOHA. COOMUHUPYIOMINM KOMILJIEKCOM BOJIOPO-
cieitt 6bUTM 3esieHble poma Monoraphidium (Puc. 2A).
Cpemqu OUATOMOBBIX IO YHCJIEHHOCTU 3J1eChb JOMMU-
HupoBas Bujp Nitzschia graciliformis Lange-Bertalot &
Simonsen.

B nerHuil mepuop oOmias 4YuUCIEHHOCTb UTO-
IUTAaHKTOHA Ha HCCJIeQyeMbIX CTaHIMAX CHU3UJIACH.
MakcumyM 3TOro mnokasatesiai 424 TeiC. KJI./J1. OBLI
oTMedeH Ha ctaHiuu SMS B IOxHoM batikamne (Puc. 2b),
rae JOMUHHPOBAJIa 3eJieHas BoJopocsib Monoraphidium
griffithii (Berkeley) Komarkova-Legnerova, Ha [0JII0
KOTOPOM MPUXOANJIOCh A0 97% OT 0611ero KojimiecTsa
¢urtortankroHa. B Cpenneit u CeBepHOI 4acTu o3epa
JIOMUHMPOBaJIN XpU30(QHUTOBBIE BOJOPOCIU U3 poja
Dinobryon u 3esyenbie poga Monoraphidium (Puc. 2A).
[Tpu 3TOM MUHUMAaJIbHbIE 3HAUEHUs OOIIel YMCJIeHHO-
cTu O6bJIN oTMeueHHI Ha ctaHiuu NEB — 15 Thic. KJI1./J1.
(Puc. 2B). Ha craniuu NBT 6511a 3adukcupoBaHa qua-
TOMOBasi Bojopocyb Lindavia baicalensis (Skvortsov &
K.I.Meyer) Nakov, Guillory, M.L.Julius, E.C.Theriot &
A.J.Alverson, Ha JJOJTI0 KOTOPOH IO YMCJIEHHOCTU TIPU-
xogunoch 30 %. B 3asmmBax U mpoJsivBe YMCJIEHHOCTH
BuzoB U. acus u F. radians o CpaBHEHUIO C BECEHHUM
MepuoioM He3HAYUTEJbHO yBeaudmiack. Ha crannuu
ChB mons 3Tux BUIOB BhIpocia A0 33% oT obIen unc-
seHHoctu (Puc. 2A).

KonmuuecTBeHHBIE TMOKa3aTead oceHHero GuUTo-
IUTaHKTOHA TNesjlarnanu balikana BapbupoBaili B
HeOoJIbIIIOM Auana3oHe 27 mo 83 Thic. ki1./71. Torma Kkak
B 3aJIMBaxX 3TOT Auana3oH ObLI CyIIeCcTBEHHO 6oJibllle
ot 27 ThiC. KI1./71. B BB mo 329 Teic. KiI./i1. B ChB
(Puc. 2B). Ha Bcex cTaHIMAX OTMevaiach pa3HOpOAHAsA
CTPYKTYypa, IIpXU 3TOM JOMHUHHPOBAIN NpPeACTaBUTEU
xpu30dUTOBLIX U 3esieHbIX Bogopocieit (Puc. 2A). U.
acus v F. radians oTCyTCTBOBAJIM WJIM OTMEYAJIUCh €[IU-
HUYHBEe KiIeTKU. Bupg U. danica mo JaHHBIM CBETOBOI
MHKPOCKOITUU ObT oTMedyeH Ha crtaHuusx ChB u BB
BECHOM, a Takxke Ha craHuum ChB B sieTHUIT mepuof
(Puc. 2), ogHako, YMCJIEHHOCTh ero He Ipesbimaia 1%
oT obmen yncjaeHHocTu. OceHpo meTogqom CM Buf He
OBLJI 3apETUCTPUPOBAH He Ha OQHOM U3 CTaHITUIA.

IMockosbky F. radians v U. acus uMelOT 4YacTb
MepeKphIBalOIMIXCS MOP(OIOTUUYeCKUX IPU3HAKOB, 3TO
MPUBOAUT K TOMY, UTO UX HeJIb351 HaZleXXHO UAeHTUudu-
I[UPOBaTh TOJIBKO MO JaHHbBIM CM 06e3 JaHHBIX 3JIeK-
TPOHHOM MUKPOCKOIIUY U CEKBEHUPOBAHUA MapKePHBIX
reHoB (Zakharova et al., 2023). Beu1 poBeeH aHAJIN3
YHCJIEHHOCTU MCCJIeyeMBIX BHJIOB C HCIIOJIb30BaHUEM
COM. B pesysbTaTe yCcTaHOBJIEHO, YTO BECHOU B 06pas-
I[ax Ha Bcex CTaHIuAX JoMuHuposasa U. acus (Puc. 3).
B HOxHOM (SMS) u Cpeanem Batikane (MKKh), a Takxe
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Puc.2. Ce30HHasA AMHAMUKA YMCJIEHHOCTU (PUTOIIAHKTOHA B 03. Batikan B 2017 r. A — PacnipeiesieHUs OT/I€JIbHBIX TAKCOHOB
B CTPYKType GUTOIIaHKTOHA; B — O6LIas YricIeHHOCTh U YKCJIEHHOCTY NpeJicTaBuTesieil pogos Ulnaria u Fragilaria.

3ayimBax (ChB, BB) u nposiuee Majioe mope (MS) otme-
yajiock nnpucytcraue F. radians, Torjja Kak Ha ceBepHBIX
crannuax NED u NBT stot Bup orcyrcrBoBasl. Camoe
OoJIbiioe KosndecTBo F. radians o qaHHsiM COM GBLIIO
B YusnipkytickoM 3asuBe (ChB) u cocrasysamo 29% ot
obmiero 4ucia aHaausupyeMsix kietok (Puc. 3). B sert-
Huil nepuof F. radians oGHapyXeHa TOJIBKO Ha TpeX
CTaHLMAX, IIPU 3TOM €€ [0JiA CHIPKaeTCs Ha CTaHLUAX
SMS u MKKh, ogHako, yBeJIWYMBAETCA MOYTH B TPHU
pasa Ha ctaHiuu MS no cpaBHeHUIO ¢ BecHON. OceHblo
BUA o6HapyXxeH ToJibko Ha SMS 1 MKKh B KoJsinyecTBax
COIMOCTaBUMBIX C JIETOM.

Creqyer oTMeTUTh, 4TO MeToAoM COM CTBOpKU
U. danica oGHapyxeHb B 0o6paslax BCEX TpeX Ce30-
HOB. MakcuMasibHoe KosmdectBo U. danica Bo Bce
Ce30HBl OTMeuaeTcs MAjid o0pasloB, OTOOpaHHBIX B
YussIpKylickoM u BaprysmHckom 3aymBe (ChB, BB),
rae gocturaet 76% u 80%, coorBercTBeHHO (Puc. 3).
B CeBepHoil koTjiOBMHe U mnposiuBe Masioe Mope
BUJ MNOABJIAETCA JIETOM U YBeJMYMBaeT CBOIO JOJIO B
CTPYKType duroriaHkToHa oceHblo (Puc. 3). OceHbio
HeboJIbIIoe KoJinuecTBO (0 1%) oTMeueHOo B FOkHOM 1
Cpennem bBaiikane, rae BUJ IOJHOCTBIO OTCYTCTBOBAJ
B BeCeHHe-JIeTHUH NIepUOAHL.
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3.2. AHaAM3 AaHHbIX CeKBEHUPOBaHUA

JlaHHbIe 0 KOJIMYeCTBe MPOUYTEHUN B aHAJIU3UPY-
eMBIX coo0llecTBax IpejcTaBijieHsl B Tabsnuie 2. ASV,
OJiA KOTOPHIX ypPOBEHb WJIEHTUYHOCTH C TOCJIef0Ba-
teapHOCTSAMU 18S pPHK mtammoB U. acus, U. danica u
F. radians coctaBuJi 60Jjiee 98.5%, OBLIIN HCIIOJIb30BAHbI
OJIA pacueTa OTHOCUTEJBPHOU BCTPEYaeMOCTH JAHHBIX
BUIOB. Vcxonsa M3 MOJIyueHHBIX JaHHBIX MOXHO ce-
J1aTh BBIBOJ], YTO B BECEHHUI U JIETHUI NIepHo/J] Ha Bcex
CTaHIUSAX, TJe MPOXOau 0TOop NMpob, JOMUHHpOBAJa
U. acus. B BeceHHux oOpa3sijax u3 I0xHoro u CpefgHero
bBatikana, a Takxe B YuBbIpKylickoro 3aauBa (SMS,
MKKh u ChB) mpucyTcTByeT HEGOJIBIIOE KOJIHMYECTBO
ASV F. radians (Puc. 4). Jletom ASV 3TOro BUjaa peru-
crpupyertcs B IOxxHo11 Batikase (SMS) B cjie JOBBIX KOJIU-
yecTBax, Torja kak B CeBepHOI 4yacTU o3epa Ha CTaH-
nuu NED u B mposiuBe Manoe Mope (MS) mocturaer
13,3% u 6,6%, COOTBETCTBEHHO, OT OOIIero KoJjuye-
CTBa MPOYTEHMI, OTHECEHHBIX K HCCJIeyeMbIM BHUAaM.
B ocennuti nepuop ASV, oTHeceHHbIe K Bufam U. acus,
U. danica u F. radians, perucTpupOBaJIMCh TOJIBKO HA
yeThlpeX CcTaHUUAX u3 ceMu. I[Ipu stom B CpeaHem
Baiikaie (MKKh) u Manom Mope (MS) AOMHHUPO-
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Puc.3. CootHomenue BuoB U. acus, F. radians u U. danica B puroriankToHe o3epa Baiikan B 2017 rogy mo naHasmmM COM.

Basia U. acus, Torma kak B 3anuBax (BB u ChB) momu-
HupoBasu ASV U. danica, koTopasi IpUCyTCTBOBAIU B
obpa3srax 3TuX CTAHI[UH BECEHHUM W JIETHUU MEePUoj
B MEHbBINUX N0JiAX. B Becennuii nepuop ASV U. danica
Obls1a oOHapyxeHa B obpasriax SMS u MKKh, ofHako,
UX KOJn4ecTBO He mpesnimano 0,5% oT obmiero Kosu-
yectBa ASV pozmos Ulnaria u Fragilaria (Puc. 4).

4. 06¢cy)xpenune

CoBpeMeHHbIE 3KOJIOTMYECKHNE WCCJIeJOBAHUA
HalpaBJieHbl Ha IOHMMAaHWE CTPYKTYPHl COOOIIECTB
U UX CE30HHON W3MEeHYMBOCTU (CyKIleccuu Coo0-
IECTB), MOCKOJIBKY 3TU (PaKTOPHI BJIUAIOT HA TOCJe-
AYOIyI0 TPohUYECKyI0 Iefb. B BOAHBIX 3KOCHCTEMAax
XapaKTepUCTUKU coo0mecTBa (PUTOIJIAHKTOHA TaKXe
VMEIT Cepbe3Hble OMOTeoXMMHYECKHe TOC/IeICTBUSA
(Hallfors and Uusitalo, 2013; Behrenfeld et al., 2006).
HccienoBanuss (QUTOIUIAHKTOHA COCPEIOTOYEHHI B
OCHOBHOM Ha MEXTOJ[OBBHIX M3MEHEHUsSX, B TO BpPeMs
KaKk BHYTPUTOJIOBBIE W3MEHEHUs PACCMATPUBAIOTCS
penko.
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CorJyracHO TOJTyYeHHBIM JJaHHBIM BecHOU 2017
roJa Ha WUCCJIEAYEMBIX CTAHIUAX OBUTM OTMEeYeHbI
BBICOKME KOHIleHTparuu @QurorutanktoHa (Puc. 2),
YTO, COIJIACHO TPUHATOM paHee KjaccubUKaIuu
(ITonoBckas, 1977), xapakTepusyeT 3TOT rof] KakK BEICO-
KO-cpeTHenpoAYKTUBHEIN. [lo manHbeM aHaymza CM
BBIABJIEHO, YTO (PUTOIUIAHKTOH 2017 T., B OCHOBHOM,
OB TIpeJiCTaBJIEH UATOMOBBIMH, XPU30(PUTOBBIMU U
3eJieHBIMH Bogopocysivu. Cpenyw QuaTtoMell B BeCEH-
HUU TMeproj, OTMEeYaJioch JJOMHHUPOBaHHE IUATOMO-
BBIX BOJOPOCJIEN KOMILJIeKca M3 JByX BuIoB U. acus
u F. radians (y4eT 4MCJIEHHOCTHU BeJICS CYMMapHO AJIA
ABYX BUOB), OJHAKO WX YHCJIEHHOCTh CHUXAaJIacCh
netoMm. Ocensio U. acus u F. radians 6511 3aperucTpu-
POBaHHI TOJIBKO Ha BYX cTaHIusaxXx u3 cemu (Puc. 2).
Takoe ce30HHOe MU3MEHEHWE COBIAAAET C ONMMCAHHBIM
paHee s S. acus subsp. radians (mepeuMenoBaHa B F.
radians): 11BeTeHHe BECHOM, 32 KOTOPBIM CJIeIyeT MOCTe-
MeHHOEe YMEHBIIIEHNE YMCJIEHHOCTH B TeueHWe JIeTa U
MPAKTUYECKU TIOJIHOE OTCYTCTBUE oOceHb. OJIHaKo,
meTosioM CM, KOTOPBIA IIMPOKO MPUMEHSETCS IJis
aHa/jm3a BUAOBOTO COCTaBa (PUTOIUIAHKTOHA, HE y/a-
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Ocenb
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Puc.4. OTHocuTe bHAsA YrcaeHHOCTh ASV, oTHeceHHbIX K Bumam U. acus, U. danica u F. radians.
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JI0Ch MOJIyYUTh JAaHHBIE O YMCJIEHHOCTU KaXJ0ro BUAA
B OT/EJIbHOCTH U3-3a UX MOPQOJIOTNYECKOH CXOXKeCTH,
a U. danica oTMeuasiach TOJIBKO B 3anBax. Metog COM
YU aHaJM3 JaHHBIX MeTa0apKoAUpPOBaHUsA, MO3BOJIMIIA
IIPOBECTH 3HAUYUTEJIbHYI0 KOPPEKTHPOBKY JaHHBIX,
Tak BecHoul 2017 r. gomuHupyet U. acus, Toraga Kak
F. radians npefictaByieHa B HeGOJIBIINX KOJIMYECTBAX Ha
BCeX CTaHLUAX, KpoMe CeBepHoll yacTu o3epa (Puc. 3).
Ce3oHHasA NUHAMUKa pa3BUTHA BUAOB ponos Ulnaria u
Fragilaria, xak 1 Apyrux mpeacTaBUTesell PUTOIIaH-
KTOHa NPOUCXOJUT B 3aBUCUMOCTH OT PU3NKO-XUMUYe-
ckux ¢pakToOpoB U OKoJioruu BUA0B. PaHee npu aHause
JaHHBIX MeTabapKoAMPOBaHUA HaMH OBUIO yCTaHOB-
JIeHO, 4TO MUKW YKCJIEHHOCTH 000MX BUAOB PacIoJio-
JKeHBI 0JIN3KO K IepHOAY 0CBOOOXAeHNA 03epa OT JIbJa.
IIpu sToMm passutue nonysAauuu U. acus orcrtaer oT F.
radians npumepHo Ha MecsAln (Morozov et al., 2023).
CorsiacHO aHaJIM3y JaHHBIX, 10JTy4YeHHBIX [IPU aHajn3e
Ce30HHOU CyKIleCCUY MUKPO3YKapuOT U GakTepuil Ay
LIEHTpaJIbHON CTaHIMM pa3pe3a Iocesok JINCTBAHKA
— nocesiok Tauxoii FOxHON KOTJIOBUHBEL 03. batikan B
mepuoj; ¢ Mapta mo ceHts6pp 2017 r (Mikhailov et
al., 2022), ycraHoBJieHO, 4TO TUK pa3sutus F. radians
B 3ToM roay B lOxHoIl Balikase npuxoauics Ha cepe-
JUHY ampeJis, Torga Kak MakCMMyM d4ucjeHHocTd U.
acus cBUHYT Ha Mail (Morozov et al., 2023). MuI mipef-
rosiaraeM, 4TO UMEHHO 3TOT (paKT IpuBeJ K TOMy, 9TO
B o6pasiax rugpoJiorudeckoii BecHsl 2017 (koHel Mas,
Hayaja WIOHA) MBI HabiromaeM AoMuHUpoBaHue U.
acus, KoTopas ellle COXpaHseT BBICOKYI0 YMCJIEHHOCTb
B IOxHOM M Cpemuem Baiikase, Torma kak F. radians
3aKaH4YMBaeT CBOI0 BereTaluio, U ee JOJiA ropaszio
Huxe. Cxoxas cutyanys HabogaeTcsa U IpU aHajIu3e
BeceHHero ¢urtoriankToHa B 2020 rogy metogoM COM.
TeMm He MeHee, NIOJIy4eHHble JaHHbBIE He MOTYT OOBAC-
HUTH HaOJrogaeMoe pacnpefesieHre B CeBepHOI 4acTu
o3epa. Eciii peAN0JI0KNUTH, YTO B CEBEPHOI KOTJIOBUHE
BOJla IIporpeBaeTcs IO3Xe, YTO AOJDKHO 3aJepXKUBaTh
CMeHy BUIOB, TO 1ojiA F. radians B o6pa3uax NED u NBT
JOJDKHA OBITh AOCTAaTOYHO BBICOKOM, OAHAKO, B CTPYK-
Type (PUTOIIAHKTOHA CEBEPHBIX CTAHLUU M0 JaHHBIM
JBYX MeTOAOB oTMeyasach ToJbko U. acus. Ilpu aTom
ee yrcyieHHOCTh nouTu B 1000 pa3 Obia HUXKe YMCJIeH-
HoctH B IOxnHOM 1 CpeHeM Baiikasie, a Takxe 3a1Bax.
JleTHAA NoNMyJIALMA NeJjlariyecKUX CTaHLWK BKJIIOYaeT
o6a Buma U. acus u F. radians. TIOCKOJIbKY BUIBI 3aBEP-
AT I[BeTeHre Npubu3uTesibHoO B utose (Puc. 2), To
HUX KOJIMYeCTBO HEBHICOKOe 1 OHU He NOMUHHUPYIOT B
cocraBe puToriaHkToHa. OCceHbl0, KOrga YNCcIeHHOCThb
elle cHIXxaeTca MerogoM COM B nesjarvaniy oTMeda-
eTcs MOBTOPHOe MosiBJieHue F. radians, oHaKo, 3TO He
COIMOCTaBjIAETCA C JAaHHBIMHU MeTabapKOAMPOBaHUS,
rae aas cranquu MKKh peructpupyores ASV TOJIbKO
U. acus. HecMoTps Ha TO, 4TO I[BeTeHNe AUaToOMeH B 03.
Batikan npuxonutcs Ha 0oJjiee paHHUI NepPUOJ, MOXO-
kas cuTyauus Op1a oTMedeHa B utosie 2019 r., koraa
aBTOpaMHM PperucTpupoBajach JOCTAaTOYHO BBICOKAs
yncyeHHocts F. radians. CorjiacHO UX JaHHBIM, OBLIO
BBIIBUHYTO IIPeAINOJIOXKEeHHe, YTO 3TO ABJIeHUe ABJIA-
eTcsa pesyJibTaToM anBesunHra (Grachev et al., 2021).
OxoHUMBIINE CBOI0 Bererauuino kierku F. radians,
MIOTPy>Xal0TCA ropasfio MejJieHHee KPyNHOKJIeTOYHBIX
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Tabauna 2. CraThCcTUKAa KOJIMYecTBa IIPOYTEHUH.
VYcnosHele o603HaueHus: EC — KkoJsinyecTBO IpOYTEeHUH Mmocje
KoppeKnny omubok; Tax — IpoYTeHNs, OTHECEHHbIe K TaKCOo-
Hawm Fragilaria/Ulnaria.

Oo6pasern Ce3on KoJsinuecTBO
IIPOYTEHUN
EC Tax
SMS Becna 26378 2872
MKKh 26600 2958
NED 26413 4
NBT 31285 2
BB 25820 218
ChB 33968 66
MS 30803 8
SMS Jleto 70070 524
MKKh 60515 21
NED 26345 2
NBT 22635
BB H.J. H.1.
ChB 23157 3
MS 23753 15
SMS OceHb 24625
MKKh 58273 14
NED 17154 0
NBT 19669 0
BB 14892 221
ChB 24471 2
MS 24580 1

BUJIOB AuaroMell. JlaHHOe sBJIeHHE CJIyXWUTb IIPUYU-
HO¥ TOro, YTO MaHIMpU 3TOr0 BUAA MOXHO HaOJII0AaTh
B TOJIIle BOJH B TeueHUHU Bcero roga (Bondarenko et
al., 2019). Oto xopomo 06bACHSAET TOT GAKT, YTO MBI
BuANM cTBOpKU F. radians npu aHanu3e MetooM COM,
HO He obHapyxwuBaeM ASV F. radians npu aHau3e JgaH-
HBIX MeTabapKOAMPOBaHUS.

HuTepecHo, uTo MeTogamu COM u MeTabapkoau-
poBaHus oTMeuaetcs npucytcreue U. danica B mpobax
n3 Yusbeipkyrickoro (ChB) u Bapry3mHCKOro 3aJHMBOB
(BB) Bo Bce Tpu ce3oHa (Puc. 3), npu 3TOM IPOUCXOAUT
IIOCTeIIeHHOe yBeJMYeHue ee JOJIM II0 OTHOIIEHUIO K
U. acus u F. radians. He cMOTps Ha SIBHbIE pa3JTAYUA
Mop@oJsioruu 3TOro BHAa, OHA He Obula WAEHTUDU-
I[UpOBaHa B oceHHUxX Mpobax meromoMm CM (Puc. 2),
YTO MO3BOJIAET HaM IPeANOJIOKUTb, YTO NMPU HCIOJIb-
30BaHMUU TOJIBKO MeToma CM mpouCXOOWUT HCKaxeHHe
perucTprupyemMo BUJOBOIO pa3HOoOpas3usa, 0COOEHHO B
Ce30HHI C HU3KOH YMCJIEHHOCTh (UTOIJIAHKTOHA.

5. 3akniouenue

Hcnosib30BaHe MOJIEKYISIPHBIX METOZOB B COBO-
KYIHOCTH C [JaHHBIMU CKaHUPYIOIEN 3JeKTPOHHOM
MUKPOCKOIIMY, MO3BOJIUJIN BHIABUTH HaJMYUE CKPHI-
TOro pasHoobpasus B CTPYKType (GUTOIIAHKTOHA O3.
Baiikan Ha mpUMepe UATOMOBBIX BOAOPOCTEH POAOB
Ulnaria u Flagilaria. Tloka3aHo, uto U. acus u F. radians
JIEMOHCTPUPYIOT BpEMEHHbIE pa3jNyusA B paclpeje-
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JjeHuy. Mbl pefrosaraeM, 4YTo B NMOZJIeHbIN Nepuoa
MIOIyJIANMA NpefcTaBjAeT u3 cebsa cMech 3TUX BUJIOB,
oJIHaKo yncyieHHocTs F. radians yMeHbIIaeTcA K HAYaIy
nepyuoja rugpoJIoruyecKoll BecHHI, B TO BpeMs Kak U.
acus HaXOAUTCA ellle Ha NMHMKe CBOel 4KMCJIeHHOCTU. B
nocjefyomye JIETHUNA U OCEHHUIl NepuoAbl YKCJIeH-
HocTh U. acus mocreneHHO cHuxaercA. IToBTopHoe
nosiejieHue cTBopok F. radians B FOxHoUW u CpenHeii
4acTsAX 03epa B HI0JIe He CBA3aHO C «LBETEeHHeM» WJIN
aKTHBHBIM POCTOM AAHHOI'O BH/IA, TOCKOJIbKY MBI OTMe-
yaeM TOJIBKO HaJIn4yMie CTBOPOK, HO He OOHapyXuBaeM
cooTBeTCTBYIOIMX ASV B JaHHBIX MeTabapKOAWpPOBa-
HuA. [onysanusa CeBepHON yacTH o3epa He oAAaeTcCA
BBIAIBJICHHOM 3aKOHOMEPHOCTH CMEHAEeMOCTH HaHHBIX
BUAOB U TpebyeT AOMOJIHUTEJIBHOIO HCCJIeJOBAHUA C
oTOopoM Ipob B TOM 4UucJie B mOAJIeAHBIN nepuod. U.
danica mpucyTCcTByeT B cocTaBe GUTOIJIAHKTOHA 3aJIU-
BOB B TeUEHUM BCEro nepruoAa OTKPHITON BOAHI, B OTJIH-
ylhe OT NeJjlarndyeckux cTaHuui. IIuk ee 4uciaeHHOCTH
MIPUXOJUTCA HA OCeHHU! Neprof.
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ABSTRACT. To study the biodiversity and quantitative development of zooplankton, in vestigations
were conducted in the Yantarnyi water-flooded quarry in Kaliningrad regionin 2011 and 2023-2024.
Due to its quarry origin, this water body has a relatively large surface area and high depth. The study
included hydrochemical analysis of the water, determination of the taxonomic composition of zoo-
plankton communities, their quantitative indicators, and calculation of the Shannon diversity index for
areas with macrophytes and for open water. It was established that Cladocera dominate the quarry in
terms of the number of species found, abundance, and biomass. Despite the small projective cover of
aquatic vegetation, species diversity is higher in macrophyte stands due to a greater number of Rotifera
species and species associated with these biotopes. Low mortality rates of zooplankton were recorded in
the Yantarnyi water-flooded quarry, indicating favorable conditions for planktonic communities. This
is confirmed by the results of hydrochemical analysis, which classify this water body as oligosaprobic.

Keywords: Yantarny quarry, zooplankton, Cladocera, Shannon index, mortality rates
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1. Introduction

Currently, there are about 50 quarries in the
Kaliningrad region for the extraction of mineral
resources. After the depletion of the deposit, quarries
are often filled with groundwater and become water
bodies — water-flooded quarries. A total of 14 groups
or individual water bodies formed in this way exist in
Kaliningrad region (Moiseenko and Tsupikova, 2023).
Among them, the Yantarnyi water-flooded quarry is the
largest water body this origin in Kaliningrad region by
surface area (Fig. 1).

This water body of amber quarry has existed since
1972. Its water surface area is 1.18 km?, and the max-
imal depth is 28 m (Moiseenko and Tsupikova, 2019).
These relatively large values are due not only to its arti-
ficial origin, but also to the specifics of amber deposit
development, which requires greater depths and areas
compared to sand and gravel quarries. Ecosystems of
water bodies formed on former quarry sites are poorly
studied or not studied at all due to their recent forma-
tion and absence from water registries. Consequently,
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the study of biological diversity, structure, and quan-
titative indicators of zooplankton communities in this
water body is particular interest.

The aim of this study was to investigate the fea-
tures of biodiversity and structure of zooplankton com-
munities in the Yantarnyi water-flooded quarry.

2. Materials and methods

Sampling was carried out during the growing
season (from April to September) 2011, 2023 and
2024 according to the methodology (Methods..., 2024).
Sampling stations were confined to open areas of the
water surface (with depths of 0-3 m) and coastal areas
of the quarry with macrophyte thickets (with depths
of 0-2 m). A identification guide was used to identify
zooplankton organisms (Zooplankton and Zoobenthos
Determinant..., 2010). In order to estimate mortality
rates of zooplankton (the proportion of dead individ-
uals from the abundance/biomass of zooplankton), it
was stained with aniline blue dye (Methods..., 2024).
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the Yantarnyi

Fig.1. Location of the the Yantarnyi water-flooded quarry.

To assess the level of biological diversity of zooplank-
ton communities, the Shannon Index was calculated
using abundance of zooplankton (Shannon and Weaver,
1963; Andronikova, 1996). To determine the degree of
organic contamination of water by zooplankton indi-
cators, the Pantle-Buck saprobicity index (Pantle and
Buck, 1955) was calculated in the Sladechek modifi-
cation (Sladecek, 1973), saprobic valences of species
were found according to literature data (Makrushin,
1974; Tsimdin, 1979; Ermolaeva and Dvurechenskaya,
2013). The similarity of planktonic communities in the
studied reservoirs was estimated using cluster analysis
of standardized and transformed data on the number of
taxa by the Bray-Curtis coefficient (Clarke and Gorley,
2006). Simultaneously with the sampling of zooplank-
ton at the same points and at the same depths, samples
were taken for hydrochemical analysis, which included
the determination of dissolved oxygen and BODS5. In
2023-2024, a study of the chemical composition of
waters (hardness, alkalinity, pH, bicarbonates, sulfates,
chlorides, the amount of sodium and potassium), per-
manganate oxidability, biogenic elements (ammonium
nitrogen, nitrites and nitrates, phosphorus phosphates)
were conducted according to Alekin (1970), State
Water Quality Control (2003).

3. Results

Oxygen conditions in the Yantarnyi water-
flooded quarry are favorable, with water saturation
ranging from 95% to 100%. A slight increase in dis-
solved oxygen content and an increase in BODg were
observed between 2011 and 2023-2024 (Fig. 2).

The content of biogenic nutrients, according to
data obtained from previous studies, and does not exceed
the maximum permissible concentrations (Moiseenko
and Tsupikova, 2019). According to Alekin’s classifi-
cation (Alekin, 1970), the studied water has elevated
mineralization and is bicarbonate-type. Based on total
hardness classification, the water is categorized as soft
(Table 1).
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Unlike urban reservoirs, including those of quarry
origin (Sevostyanova et al., 2025), there are no signif-
icant changes in zooplankton species diversity for the
Yantarny quarry from 2011 to the 2020s.

A total of 33 zooplankton species were identified
over the entire study period: 26 species in 2023-2024
and 24 species in 2011. Cladocera were represented
by the highest number of species in all sampling years.
Most species were palearctic, eurytopic and herbivores.
The only exceptions are the predators Leptodora kindtii
(Focke, 1844) and some species of Cyclopoida (Table 2).

The following species were the most abundant:
Kellicottia longispina (Kellicott, 1879), Daphnia gale-
ata (Sars, 1864) and juvenile Cyclopoida. The highest
zooplankton abundance and biomass were recorded in
2024, dominated by juvenile copepods. In 2023, similar
abundance levels were accompanied by lower biomass
values due to the predominance of small-sized rotifer
species, particularly the mass development of Kellicottia
longispina (Kellicott, 1879), its abundance varied from
14 to 23 thousand individuals/m?, this species prefers
cold, deep water bodies like the Yantarnyi quarry. In
2011, Copepoda dominated both in abundance and bio-
mass (Fig. 3).

14
12

—_
(el

Concentration, mgO/1

Dissloved oxygen BODS

02011 m2023 02024

Fig.2. Dissolved oxygen content and BOD5 value in the
Yantarnyi water-flooded quarry.
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Seasonal dynamics showed a significant increase
in the proportion of copepods in both abundance and
biomass during summer and mass development of cla-
docerans in autumn (Fig. 4).

Dead individuals were found in populations of
12 zooplankton species, primarily the most abundant
and dominant rotifers and crustaceans. Mortality rates
for individual species were low — the proportion of dead
individuals ranged from 0.5% to 3.6% of abundance
and from 0.4% to 3.4% of biomass. The highest mortal-
ity rates were recorded for Bosmina longirostris. In the
open part of the water body, the lowest mortality rates
were for copepods (0.65% and 0.74%), and the highest
for rotifers (1.00% and 1.08%). In macrophyte stands,
the lowest mortality rates were for rotifers (0.91% and
0.63%), and the highest for cladocerans (2.66% and
1.83%). Overall, in the open part, the proportion of
dead individuals was 0.81% and 0.80%, and in macro-
phyte stands — 2.19% and 1.52% of zooplankton abun-
dance and biomass, respectively.

4. Discussion

Studies on the chemical composition of techno-
genic water bodies show that their waters are often
predominantly sulfate and bicarbonate (Afonina et
al., 2022; Bazarova et al., 2023). The results for the
Yantarnyi water-flooded quarry are consistent with
these parameters. Despite its proximity to the Baltic
Sea, the waters are not chloride-type, indicating weak
marine influence on the ecosystem. Marine and brack-
ish water species of zooplankton were not detected.
To some extent, the detection of juvenile Eurytemora
sp. is an exception, which may belong to Eurytemora
affinis — widespread in brackish and marine waters,
including the Baltic Sea and the Kaliningrad (Vistula)
Lagoon. However, freshwater representatives also exist
within this genus (e.g., Eurytemora lacustris), so until
adult specimens are found and identified, the question
remains open.
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Table 1. Hydrochemical parameters of waters of the
Yantarnyi water-flooded quarry

Name of the indicator Concentration
Alkalinity, mg*eq/1 5.19
Hardness, mg*eq/1 2.5

pH 7.5

Hydrocarbonates, mg/1 317.0

Sulfates, mg/1 143.0

Chlorides, mg/1 34.4

Sum of sodium and potassium, mg/1 153.0

Mineralization, mg/1 649.0
Ammonium nitrogen, mg/1 0.02+0.01

Nitrogen of nitrites, mg/1 0.004 +0.002
Nitrogen of nitrates, mg/1 <0.001

Phosphorus of phosphates, mg/1 0.02+0.10

Technogenic water bodies are also often char-
acterized by wide pH ranges with alkaline or acidic
waters, high concentrations of sulfates, bicarbonates,
metals, and nutrients, which can potentially affect the
diversity and quantitative development of zooplankton
organisms (Sienkiewicz and Gasiorowski, 2017; 2019;
Pociecha et al., 2018; Afonina et al., 2022). However,
for water bodies formed on former clay, sand, and
gravel quarries, water pH can be neutral or near-neu-
tral (Sienkiewicz and Gasiorowski, 2017).

The Yantarnyi water-flooded quarry lacks these
characteristics since after amber extraction, no residues
remain that could form toxic compounds upon interac-
tion with water and air. Consequently, extreme values
of the aforementioned indicators are absent, and water
pH is neutral.

When forming the biota composition of a water-
flooded quarry, species richness potential is influenced
by both the biotic and abiotic conditions of the environ-

Biomass

Biomass, mg/m?

150

2011 2023 2024
® Cladocera OCopepoda ORotifera

Fig.3. The structure of the abundance and biomass of zooplankton in in the Yantarnyi water-flooded quarry in different years

of research.
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ment itself (which can promote or hinder colonization
by new species through competition, predation, etc.)
and the environmental conditions of the locality (De
Meester et al., 2005).

The composition and structure of planktonic bio-
cenoses in such water bodies are typically determined
by a combination of complex biotic parameters, with
a predominance of cosmopolitan species (Tashlykova
et al., 2023). Generally, zooplankton in water-flooded
quarries is characterized by low species richness, wide
variation in quantitative indicators of aquatic organ-
isms, and dominance of juvenile Cyclopoida stages in

the zoocenosis (Gozdziejewska et al., 2021; Afonina,
2022). These characteristics consistent with the results
obtained for the zooplankton of the Yantarnyi water-
flooded quarry.

According to GOST 17.1.2.04-77 «Nature protec-
tion. The hydrosphere. Indicators of the condition and
taxation rules of fisheries water bodies» in the Yantarnyi
water-flooded quarry is oligosaprobe in most hydro-
chemical indicators (in terms of the content of nitrites,
ammonium, phosphates). In terms of dissolved oxygen
content and permanganate oxidizability, it is xenosap-
robe, and in terms of BOD,, it is alphamesaprobe.

Table 2. Species composition of zooplankton in the studied water body

Taxon Species Zoogeography | Saprobity | Biotope | 2011 | 2023 | 2024
Cladocera Acroperus harpae (Baird, 1843) C 1.4 L, Ph - - +
Alona affinis (Leydig, 1860) C 1.1 Ph 4 - +
Alona rectangula (Sars, 1862) C 1.3 Eut - + +
Alona quadrangularis (Muller, 1776) C 1.3 Ph, L + - -
Bosmina longirostris (Miiller, 1785) C 1.55 Eut + + +
Ceriodaphnia quadrangula (Miiller, 1785) C 1.15 Eut + - -
Chydorus sphaericus (Miiller, 1785) C 1.75 Eut + + +
Daphnia cucullata (Sars, 1862) 1.75 @ + + +
Daphnia galeata (Sars, 1864) P 2 Pl + + +
Diaphanosoma brachyurum (Liévin, 1848) P 1.4 Bt,Ph + + +
Disparalona rostrata (Koch, 1841) H 1.3 * + - -
Eubosmina coregoni (Baird, 1857) P 0.95 @ + - +
Leptodora kindtii (Focke, 1844) H 1.65 Pl + + -
Pleuroxus aduncus (Jurine, 1820) 1.2 i + - +
Pleuroxus uncinatus (Baird, 1850) P * - - +
Polyphemus pediculus (Linnaeus, 1761) H 1.3 L + - +
Scapholeberis mucronata (Miiller, 1776) P 2 Bt,Ph + + +
Sida crystallina (Miiller, 1785) P 1.3 Ph + - -
Total Cladocera 15 8 13
Copepoda Cyclops kolensis (Lilljeborg, 1901) P Eut - - +
Eucyclops macrurus (Sars, 1863) P 1.4 + + +
Eudiaptomus gracilis (Sars, 1863) P 1.25 s - + -
Eurytemora sp. * + - -
Mesocyclops leuckarti (Claus, 1857) P 1.2 Eut + + +
Thermocyclops oithonoides (Sars, 1863) P 1.3 + + -
Total Copepoda 4 4 3
Rotifera Asplanchna priodonta (Gosse, 1850) C 1.55 Eut + + -
Brachionus calyciflorus calyciflorus 2.5 * - + -
(Pallas, 1776)
Eosphora najas (Ehrenberg, 1830) P Ph, L - - +
Kellicottia longispina (Kellicott, 1879) r 1.25 Pl - + +
Keratella cochlearis (Gosse, 1851) C 1.15 Eut + + -
Keratella quadrata (Miiller, 1785) C 1.55 Eut + + +
Polyarthra major (Burckhardt, 1900) H 1.2 Eut + + -
Synchaeta pectinata (Ehrenberg, 1832) C 1.65 Eut + - -
Trichocerca sp. 1.6 * - - F
Total Rotifera 5 6 4
Total 24 18 20

Note: P - palearctic, H — holarctic, C — cosmopolitan (Zooplankton and Zoobenthos Determinant..., 2010); Pl - pelagic;
Ph - phytophilic; Bt — benthic; L - littoral; Eut. — eurytopic (Rivier et al., 2001), * — according to the available literature, the

status of this species remains unknown.
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Fig.4. The structure of the abundance and biomass of zooplankton in in the Yantarnyi water-flooded quarry by season.

The quarry origin, resulting in significant depths
(about 30 m), combined with a large water volume, pro-
vides sufficient self-purification potential (Szatylowicz
et al., 2015). The average annual phytoplankton abun-
dance is low (does not exceed 7 million cells/L). The
content of green algae (protococcal), forming the basis
of the phytocenosis, in terms of both abundance and
biomass, indicates potentially high productivity of the
water body (Tsupikova et al., 2017).

Zooplankton biomass and abundance in this
water body are lower than in water-flooded quarries of
similar formation periods, such as the Pushkarevskii and
Berezovskii quarry (Moiseenko et al., 2024; Moiseenko
and Semenova, 2025). Nutrient content is also lower
than in water bodies of similar formation period and
surface area, such as the Forelevyi pond (Moiseenko et
al., 2024), this is due to the large anthropogenic impact
on the Forelevyi pond due to the location of industrial
enterprises and trout farming.

In general, the species richness of zooplankton
is related to the age of water bodies, newly formed
aquatic habitats are subject to intensive invasion pro-
cesses, and climax communities have not yet formed. In
addition to local restrictions caused by specific condi-
tions in the reservoir, species-unsaturated zooplankton
communities of newly formed water bodies are strongly
influenced by regional species richness and their distri-
bution opportunities (Tavernini et al., 2009). The fairly
stable number of species of the Yantarnyi water-flooded
quarry over a long period and similar dominant species
suggests that the zooplankton communities formed in it
are close to climax.

Higher aquatic vegetation also has a significant
impact on the species structure and abundance of zoo-
plankton, as a result of which zooplanktocenoses of
macrophyte thickets are characterized by high species
richness and quantitative development (Gavrilko et al.,
2019).

The projective coverage of macrophytes in the
Yantarnyi water-flooded quarry does not exceed 5 %
and is represented by Phragmites australis (Cav.) Trin.

ex Steud.), Sparganium glomeratum Laest. ex Beurl.)
Neuman) and Acorus calamus L. (Moiseenko and
Tsupikova, 2023). However, both biomass and abun-
dance of zooplankton were lower at stations near
macrophyte stands, except for rotifers, whose abun-
dance increased significantly. Overall, increased spe-
cies diversity in this biotope, besides rotifers, was
achieved through species characteristic of stands such
as Chydorus sphaericus (O.F. Miiller, 1785), Sida crys-
tallina (O.F. Miiller, 1776), Diaphanosoma brachyurum
(Lievin, 1848), Eudiaptomus gracilis (GO Sars, 1863),
Scapholeberis mucronata (O.F. Miiller, 1776), Polyphemus
pediculus (Linnaeus, 1758).

To compare the composition of zooplankton, the
Pushkarevskii and Berezovskii quarries were selected,
which are similar to the Yantarny quarry in terms
of the period of formation, as well as in terms of use
(exclusively for recreational purposes) (Moiseenko and
Semenova, 2025), while, for example, the water-flooded
quarry «Forelevyi pond» is used for trout farming.

Although Cyclopoida predominate in all the
above-mentioned reservoirs, a cluster analyses showed
a very high specificity of the planktonic communities
of the Yantarnyi water-flooded quarry, which stands
out in a separate cluster from other quarries in the
Kaliningrad region (Berezovskii and Pushkarevskii)
(Fig. 5).

The above results suggest that, in general, there
are general patterns in the formation of zooplankton
communities in the above-mentioned reservoirs, the
Yantarnyi water-flooded quarry has distinctive features
due to the influence of local factors, as well as its prox-
imity to the Baltic Sea, which confirms the importance
of local factors in the formation of biodiversity in arti-
ficial reservoirs (De Meester et al., 2005). Thus, despite
the fact that the Baltic Sea does not affect the hydro-
chemical composition of the Yantarnyi water-flooded
quarry due to the lack of water inflow, it is possible
to influence the formation of aquatic biodiversity, for
example, through runoff from the catchment area or
with the transfer of some species through waterfowl.
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Fig.5. Dendrogram of the similarity of zooplankton at in the Yantarnyi water-flooded quarry with other quarries in the
Kaliningrad region (in each of the reservoirs, stations 1 and 2 are located in the open part; station 3 is located on the littoral, in

thickets of macrophytes).

In addition, the stations located in the open part
of the reservoir are combined into subclusters, and the
stations located in the thickets of macrophytes are rep-
resented by separate subclusters. This feature can be
traced for all the above-mentioned flooded quarries.

In the structure of zooplankton abundance and
biomass in the Yantarnyi quarry, copepods and cla-
docerans constituted a significant share, while rotifers
formed a small proportion, characteristic of clean oligo-
trophic water bodies (Andronikova, 1996). In the recent
period, a decrease in the Shannon diversity index has
been observed alongside an increase in the proportion
of crustaceans (Table 3).

No elevated mortality rates were noted for any
individual species or taxonomic groups. The propor-
tion of dead individuals relative to zooplankton abun-
dance and biomass was low in both the open water and
macrophyte stands, ranging from 0.8% to 2.2%. This
is at the minimal level for water bodies in Kaliningrad
region (Semenova et al., 2025) and for freshwater bod-
ies in general (Tang et al., 2014), indicating favorable
conditions for zooplankton organisms in the studied

water body.

The species composition of zooplankton in the
Yantarnyi water-flooded quarry is typical for the lake
ecosystems of the Kaliningrad region. In general, eury-
topic cosmopolitan species are characteristic of reser-
voirs of man-made origin (Afonina, 2022; Tashlykova
et al.,, 2023), due to their widespread distribution
and good adaptability to diverse environmental con-
ditions. In general, both the species composition and
the structure of zooplankton communities and the level
of their quantitative development in the Yantarnyi
water-flooded quarry are similar to similar character-
istics of lake-type reservoirs in the Kaliningrad region
(Shibaeva et al., 2018), in contrast, for example, to the
Berezovsky and Pushkarevsky quarries, where commu-
nities are poorer and apparently still under formation.
During its existence, more mature (species-rich, more
stable) zooplankton communities have already formed
in the Yantarnyi quarry, which characterized its zoo-
plankton communities similar to the natural reservoirs
of the Kaliningrad region.

Table 3. Zooplankton indices of the Yantarnyi water-flooded quarry
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Open part of the reservoir Macrophyte stands
D 2011 2023 2024 2011 2023 2024
Number of species 17 15 17 23 22 22
Shannon index 2.80 +0.77 1.16 =0.53 2.10 =0.54 3.89 +0.81 1.66 =0.76 2.11 £0.54
N Clad /N Cop 0.16 5.66 0.19 0.79 6.66 1.05
B Crust/B Rot 6.21 18.34 191.32 29.02 1.43 1000.02
Saprobic index 1.4 1.4 1.7 1.4 1.3 1.6
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5. Conclusions

Thus, it has been established that the Yantarnyi
water-flooded quarry has elevated mineralization, with
bicarbonate waters, which is also characteristic of other
quarry-origin water bodies. Based on most hydrochem-
ical indicators, it is oligosaprobic. In contrast to many
other quarry-origin water bodies, this water body lacks
extreme hydrochemical conditions, making its ecosys-
tem favorable for zooplankton development.

Palearctic, eurytopic zooplankton species pre-
dominate in the Yantarnyi water-flooded quarry. Most
are cosmopolitans or widely distributed in Europe.

Biodiversity analysis showed that overall, by all
indicators, species diversity was higher in macrophyte
stands.

It was revealed that zooplankton biomass and
abundance increased between 2011 and 2024, while the
number of zooplankton species in the Yantarnyi water-
flooded quarry did not undergo significant changes,
characterizing the ecosystem of this water body as sta-
ble and established. The significant depths of this res-
ervoir, due to its quarry origin, and its use exclusively
for recreational purposes also contribute to the stable
state of the aquatic ecosystem. Despite the similarity
of the structure and composition of zooplankton with
other flooded quarries in the Kaliningrad region, the
Yantarnyi water-flooded quarry is characterized by fea-
tures caused by local factors. In general, more mature
zooplankton communities, similar to lake communities,
have formed in this reservoir.
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Buopa3zHoo6pa3ue u CTpykTypa coobiuecrts
300NNaHKTOHA 060BOAHEHHOro Kapbepa
finTapubiv (KaAMHMHIpaackasa obnacrb,
Poccun)

Mouceenko B.B.'*, CemeHnoBa A.C.!2

T Amnaumuueckutl pwiuan I'HL] PO OI'BHY «BHHUPO», yi. Jim. JJoHckozo, 0. 5, . KauHuHepad, 236022, Poccua
2 HiHcmumym 6uostoeuu 6HympeHHux 800 um. H.J]. ITananuHa PAH, fpocitasdckas 06.t., Hekoy3ckuii pation, noc. bopok, 152742,
Poccua

AHHOTAILIUA. C nenbio udydeHUss OHMOpa3HOOOpa3uss U KOJIMUYECTBEHHOTO PpAa3BUTUA 300ILIaH-
kTtoHa B 2011 u 2023-2024 rr. ObUIM IPOBEJIEHBI MCCJIeNOBAaHNA OOBOJHEHHOIO Kapbepa fHTapHBIN
KanuHuHrpazckoi obsacty. JlaHHBIN BOAHBIN 00BEKT OJiaroapsA cBoeMy KapbepHOMY ITPOMCXO0XAEHUI0
HMeeT JOCTAaTOYHO OO0JIBbIIYI0 IJIOHMIAAb BOJHOM IOBEPXHOCTU U 3HAUMTEeJIbHYIO IJIyOrHy. B pesysbTare
rcciiefoBaHuA ObUI IIpOBeAeH TMAPOXWMUYECKHUI aHaji3 BOJ, OlpejesieH TaKCOHOMUYECKHUI COCTaB
€OO0IleCTB 300IUIaHKTOHA, UX KOJIMYeCTBEHHbIe [TI0KAa3aTesIl, pacCYMTaH MHEKC BUIOBOr0 pasHooOpa-
3us IlleHHOHA [JI Y4aCTKOB BOAHOI MOBEPXHOCTH C MakKpo®UTaMU U AJIA OTKPBITOM BOAHOU MOBEpX-
HOCTH. Y CTaHOBJIEHO, YTO [0 KOJIMYeCTBY OOHapy>KeHHBIX BUAOB, YUCJIEHHOCTU U 6uoMacce B Kapbepe
npeo6JIaaloT BETBUCTOYChie pakooGpasHeie (Cladocera). HecMoTps Ha MaJIyIo IUIOMIAAb MPOEKTUBHOIO
IIOKPBITHA BOOHOM pacTUTEIbHOCTBIO, BUAOBOE pa3HOOOpasye BHIIIE B 3apOC/IAX MaKpOPUTOB 1 NOCTHU-
raercs 3a cyeT OOJIbIIEro yrcja BUAOB KoaoBpaTok (Rotifera), a Takxe 3apociieBbIX BUJIOB, XapaKTep-
HBIX JJI1 JaHHBIX OMOTONOB. B kaprepe fAHTapHBII ObIM OTMeYeHBl HU3KHe [TOKa3aTeand CMEepTHOCTU
300IIJIAHKTOHA, YTO CBUAETEJIbCTBYeT O CO3AAaBIIMXCA B HEM 0JIaronpUATHHIX YCJIOBUAX AJIA CyIIeCcTBO-
BaHNA [IAHKTOHHBIX COOOIIECTB, YTO NOATBEPXKAAeTCs U pe3ysbTaTaMU aHaIu3a TMAPOXUMUYECKOro
COCTaBa BOJ, COIJIaCHO KOTOPHIM JAaHHBIN BOJOEM ABJIAETCA OJIUrOCanpOOHBIM.

Kitioueavle ctosa: xapbep fAHTapHBIiH, 300MTaHKTOH, Cladocera, unpaekc IlleHHOHa, TOKa3aTe I CMEPTHOCTHU

Jlia nutupoBaHusa: MouceeHko B.B., CemenoBa A.C. BuopasHoo6pasue 1 CTpyKTypa COOOIIeCTB 300IJIAHKTOHA 0OBOJHEHHOTO
kapbepa fntapHeii (KanuHuHrpaackas o6aacts, Poccus) // Limnology and Freshwater Biology. 2025. - Ne 5. - C. 1196-1211.
DOI: 10.31951/2658-3518-2025-A-5-1196

1. BeepeHne (Mouceenko u llynukopa, 2019), Takue OOCTaTOYHO

OoJibllvie BeJIMUMHBI JAHHBIX IOKa3aTesieil o0yCJIoB-
JIeHbBl He TOJIPKO HCKYCCTBEHHBIM IIPOMCXOXAEHHEM,
HO u crnenudukoil pa3paboTKU MeCTOPOXIeHU
SIHTaps JJ1A1 KOTOPHIX TPeOYIOTCs TJIyOUHBL U IO/,
IpeBHIIAIONINE Kapbephl 10 JOoObIYe MecKka U I'paBUA.
DKocrucTeMbl BOZOEMOB, 00pa3oBaBIIMXCA HAa MeCTe
OBIBIINX KapbePOB, ABJIAIOTCSA MaJI0 U3yYeHHBIMY, 100

B  mBacrosamee BpeMsA Ha = TeppUTOpUU
KanuuuHrpajackon obsactu B pa3paboTKe HaXOAUTCA
0K0JI0 50 KapbepoB 0 JOObIUe I0JIE3HBIX MCKOIIaeMBbIX.
ITocsie BoIpabOTKM KapbepoB, yallle BCEro OHU 3aroJi-
HAIOTCA I'PYHTOBBIMHU BOJAaMMU U CTAHOBATCA BOJHBIMU
o0bekTaMu — OOBOOHEHHBIMU KapbepaMu. Bcero Ha

Tepputopun KanmHuHrpajackon o6JiacTU HaCUUTHIBA-
eTcs 14 rpynn BoJ0eMOB U OTAEeJIbHBIX BOJOEMOB, 00pa-
30BaHHBIX BhIIEyKa3aHHBIM criocobom (MouceeHKO U
Lynukosa, 2023), u3 Hux fHTapHBIN ABJIAETCS CAMBIM
60JIBIIMM [0 ILJIOUAJH BOJOEMOM KapbepHOI'O IIpOUC-
xoxaenus B KammHuHrpackoi obnactu (Puc. 1).
JTOT BoAioeM OOpa3oBasicA NyTeM OOBOAHEHWA
KOTJIOBUHBI OBIBIIETO MECTOPOXAEHUA AHTapsA B 1972
roay. [lnomans ero BOAHOI MOBEPXHOCTH COCTaBJIAET
118 ra (1.18 xm?), a MakcuMaJibHasA TJIyouHa — 28 M

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: moiseenko@atlant.vniro.ru (B.B. MouceeHKo0)

INTocmynuwna: 08 asrycra 2025; IIpunama: 19 okta6ps 2025;
Ony6tukoadana online: 31 okta6psa 2025
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He U3y4eHHBIMU BOBCe I10 IPUYMHE HeJaBHEro BpeMeHU
cBoero o0pa3oBaHUs U OTCYTCTBUsS B BOAHOM peecTpe.
BcnencrBue yero, viccijiejoBaHue G10JIOTMYECKOTO pas-
HOOOpasyusa cooO0IIecTB 300IJIAHKTOHA AAHHOTO BOMO-
eMa U UX KOJIMYeCTBeHHBIX NI0Ka3aTeJiel Ipe/icTaBJisieT
0coOeHHBIN UHTepec.

Llesnipio faHHOM paboTh OBLJIO KCCIIEJOBAHUE OCO-
6eHHOCTel O1Oopa3HO00pa3Usa U CTPYKTYPhI COOOIIIECTB
300IJIAaHKTOHA 0OBOHEHHOTO Kapbepa SIHTapHBII.

© Asrop(s1) 2025. DTa pabora pacnpocTpaHs-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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00BOIHeHHLIH

Kapbep

STHTApHBIH

’

»

Puc.1. PacnosioxeHre 06BOAHEHHOr0 Kapbepa SIHTapHbIH.

2. MaTepuanbl U MeTOADI

OT160op npo06 ©NpoBOAWJICA B BereTalliOHHbIE
nepuofel (¢ ampesd no ceHTsa0ps) 2011, 2023 u 2024
IT. corjlacHo Metoauke (Mertomsl..., 2024). CraHIUu
oTbopa OBUIM NPUYPOUYEHBl K OTKPHITHIM Yy4yacTKaM
BoAHO! mnoBepxHocTu (c riybunamu 0-3 M) u Gepe-
TOBBIM 30HaM Kapbepa C 3apocjisaMu Makpoduros (c
riaybuHamu 0-2 M). [na ugeHTUPUKALUN 300ILUIaH-
KTOHHBIX OpraHMW3MOB MCIIOJIb30BAJIM OIpeesInTe b
(Onpenmenurenb  300ILUIAHKTOHAa K 3000eHTOCA...,
2010). C uesbio ycTaHOBJIEHUS NOKa3aTesell CMepTHO-
CTHU 300IIaHKTOHA (0JIM MEepPTBHIX 0cO0ell OT YucJieH-
HOCTH/OHMOMAacCh 300IJIAHKTOHA) OBLJIO BHINOJIHEHO
€ro okpanyBaHie aHWJIMHOBBIM IoJIyOBIM KpacuTeseM
(Metopnpl..., 2024). s oleHKU ypOBHA OHOJIOTHYe-
CKOrOo pasHooOpa3us 300IUIaHKTOHHBIX COOOIIecTB
Obli paccuuTaH uHAekc IlleHHOHa MO YKMCJIEHHOCTHU
(Shannon and Weaver, 1963; AHgpoHHKOBa, 1996).
Jia onpenesieHus cTelleHU OpPraHWYecKOro 3arpssHe-
HUA BOABI MO IOKa3aTeJIAM 300ILJIaHKTOHA PacCUYUTHI-
BaJIM UHAEKC canmpobHocTu ITaHTie-Bykka (Pantle and
Buck, 1955) B momudukanumu Ciiagedeka (Sladecek,
1973), canpobHble BaJIeHTHOCTU BHJIOB HAXOJWJIU IO
JuTepaTypHBIM AaHHBIM (Makpymus, 1974; LlumauHs,
1979; EpmosniaeBa u [IBypeueHckas, 2013). CxoacTBo
IJIAHKTOHHBIX COOOIIeCTB B MCCJIeJOBaHHBIX BoJoeMax
OlleHeHO MeToAaMU KJIaCTepHOro aHaJi3a CTaHOapTH-
31MpPOBaHHBIX U TPaHCHOPMUPOBAHHBIX JaHHBIX 110 YKC-
JIGHHOCTH TakKCOHOB 1o Ko3bduiueHty Bpesa-Keptuca
(Clarke and Gorley, 2006).

OpaHoBpeMeHHO ¢ 0TO0pOM IIPOO 300IJIAHKTOHA
B TeX Xe TOYKax M Ha TeX Xe IVIyOMHaX NpOBOAMJIICA
oT60p Nnpo6 AJ1A THAPOXUMUYECKOI0 aHaIM3a, KOTOPHII
BKJIIOYAJI oOllpefiejieHne coAep’KaHUsA pacTBOPEHHOIO
kuciopopa u BIIK,, B 2023-2024 rogy HOMOJIHUTEIBHO
[IpOBeJIeHO HCCJIeJloBaHNe MHHEpaJIbHOIO CcocTaBa
BOJ (*kecTkoCTH, LIeJIOYHOCTH, pH, rupokapOOHATOB,
cys1bdaToB, XJIOPU0B, CyMMbl HATPUA U KaJu), BeJid-
YMHBI IepMaHraHaTHOM OKHUCJIIEMOCTU U COAepKaHuA
OMOTeHHBIX 3JIeMeHTOB (a30Ta aMMOHUITHOTO, HUTPU-

TOB U HUTpaATOB, pocdopa ¢ochaToB), B COOTBETCTBUU
c obmenpuHATEIMU MeTomukamu (AmekuH, 1970;
T'ocymapcTBeHHBIN KOHTPOJIb..., 2003).

3. Pe3ynbTarthbl

KucnopoHslie ycioBus B 00BOJJHEHHOM Kapbepe
AnTapHBIl OJIaronpusATHBIE, HACHIIlEHWE BOJ Haxo-
autca B mpepesax 95-100%. 3a mepuopg ¢ 2011 mo
2023-2024 roxm oTMmedaeTrcs HeOOJIBIIOE CHIDKEHHE
cofiepXaHUsA pacTBOPEHHOT0 KMCJIOPO/a U MOBHIIIeHNe
nokasaTteJis BIIK (Puc. 2).

CopepxaHue OHOTeHHBIX 3JIeMEHTOB IO JaH-
HBIM, MOJIy4eHHbIM W3 NpeAbAyIINX HCCJIeJOBaHUM,
He BeJIMKO U He NpeBHIaeT NpefesibHO JOMyCTUMBIX
koHIeHTpauuii (Mouceenko wu IlynukoBa, 2019).
HccnenoBaHHasA Boja, B COOTBETCTBUM C Kiaccuduka-
nuen AnekuHa (AnekuH, 1970) obj1agaeT MOBHIIIEHHOMN
MUHepaauzaluel, rugpokapooHaTtHas. [lo kiaccupu-
Kanuuu ob11ell )xecTKOCTH BOJIBI OTHOCATCS K KaTeropuu
— Markue (Tabsura 1).
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Puc.2. CofepxaHre pacTBOPEHHOIO KMCJIOpOJa U BeJIu-
4uHa BIIK B 06BojHEHHOM Kapbepe AHTapHBIM.
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B oTsiume oT ropoJickux BOAOEMOB, B TOM UYHcJie
KapbepHOro npoucxoxnaeHusa (CeBocTbsHOBaA H Ap.,
2025), nnsa xapeepa flHTapHBIN He HabJjrogaeTcs 3Ha-
YNTeJIbHBIX M3MeHeHH!l BUJOBOIO pasHooOpasusA 300-
1asvkToHa 3a nepuop ¢ 2011 nmo 2020-e rogsl.

3a Bech Ilepuoj HUccjieJOBaHWUH OBLJIO WAEHTU-
¢punuposano 33 Buma 300MIaHKTOHA, B 2023-2024
IT. — 26 BUjoB, B 2011 rogy — 24 Buga, HaubOJIBIINM
YHCJIOM BUJIOB BO BCe rofibl 0TOOpa MpeficTaBJIeHbl BeT-
BHUCTOYyCBHIe pakooOpa3Hble. BOJIBIIMHCTBO BHUIOB ABJIA-
I0TCA NajleapKTUYeCKUMU, 3BPUTOIHBIMU 1 MUPHBIMU,
HCKJII0YeHNe COCTaBJIAIT JIMIIb XUIMHUKU Leptodora
kindtii (Focke, 1844) u HeKOTOpBlE NpEeNCTABUTEIA
Cyclopoida (Ta6auma 2).

[To umcneHHocTH AOMUHUPYIOT: Kellicottia lon
gispina (Kellicott, 1879), Daphnia galeata (Sars, 1864)
U MOJIOb BecJIOHOrux pakooOpasHeix Cyclopoida.
Hanbospmne 4uciaeHHOCTs U Ouomacca 300ILIaH-
KTOHa ObLTH OTMeueHH B 2024 T. Ipy JOMHUHUPOBAHUU
MOJIOAW BECJIOHOTHX pakooOpasHbix. B 2023 r. mpu
CXOXel 4YMCJIeHHOCTHM Hab/oAaiuch MeHbIIMe 3Ha-
yeHHUs Ouomacchl, OO0yCJIOBJIEHHBIe IpeobJsafaHueM
MeJIKOpasMepHbIX BUIOB KOJIOBPATOK, B OCOOEHHOCTHU
MaccoBoi 6bu1a Kellicottia longispina (Kellicott, 1879),
YHCJIEHHOCTh KOTOPOH cocTaBbjisia oT 14 go 23 Thic.
3K3./M® U [IpeATI0YNTAOIIAS XOJIOAHOBOAHBIE IIyOOKIe
BOJI0OEMBI, KaKOBBIM U ABJIAETCA OOBOJHEHHBIN Kapbep
AnTapuseiii. B 2011 r. kak 100 4KMCJIEHHOCTU, TaK U IO
6uomacce JOMHHUPOBAJIN BeCJIOHOTHe pakooOpas3Hble
(Puc. 3).

B ce3oHHO!l AWHaMuKe 300ILJIAHKTOHA IIpocCJie-
JKMBaeTcsA 3HAYMTeJIbHOe yBeJIM4eHHe J0JId BeCJIOHO-
T'MX Kak 10 YKUCJIEHHOCTH, TaK U 10 6uomacce B JIETHUH
IIepyuojl, U MaccoBOoe pa3BUTHE BETBHCTOYCBHIX pPaKo-
obpa3HbIx B oceHHUII nepuof (Puc. 4).

MepTBble ocobu ObLIM OOHApPyXeHBl B IMOMYJIA-
nuAx 12 BUOB 300IIJIAHKTOHA, B OCHOBHOM 3TO OBLIA
HauboJiee MaccoBble U JOMUHUPYIOIIYe BB KOJIOBPa-
TOK M pakooOpa3HbIX. [IJ1A OTAesIbHBIX BUIOB 300ILIaH-
KTOHAa IIOKa3aTesl CMepPTHOCTU ObLJI HeBeJIUKU - 10JIA
MepTBhIX ocobell uameHnsiack oT 0.5 g0 3.6% oT uuc-
JeHHocTH U oT 0.4 1o 3.4% oT 6uomacchl, MaKCUMaJlb-
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B Cladocera O Copepoda ORotifera
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Ta6auna 1. TI'ugpoxuMuyeckye I[OKasaTesnd BOJ
06BOJIHEHHOT'O Kapbepa fHTapHBI
HaunMeHoOBaHHe ITOKa3aTeJsisa KoHueHTpamus
[I{es104HOCTD, MI'*3KB/JI 5.190
XKecTKoCThb, MI'*3KB/JI 2.5
pH 7.5
T'unpoxap6oHaTHI, Mr/JI 317.0
Cynbpdartsl, Mr/ma 143.0
Xnopupsl, Mr/J1 34.4
CyMMa HaTpus U Kajus, Mr/Jji 153.0
MuHepanusanus, Mr/J 649.0
A30T aMMOHUIHBIN, MT/JI 0.02=0.01
A30T HUTPUTOB, MI'/JI 0.004 =0.002
A30T HUTPATOB, MI/JI <0.001
dochop docdhaTos, Mr/i 0.02+0.10

Hble [OKa3aTejld CMEpPTHOCTU OBUIM OTMeuYeHBI IJis
Bosmina longirostris. B OTKpBITOI YaCTH BOJOEMA MUHU-
MaJibHble TOKa3aTesil CMePTHOCTU OBLTU OTMeuyeHbI
J1J151 BecJIoHOrUXx pakoodpasHsix (0.65% u 0.74%), mak-
cUMaJIbHbIe — A1 kostoBpaTok (1.00% u 1.08%), Torga
KakK B 3apocjisix MakpodUTOB, MUHHUMAaJIbHbIe MMOKa3a-
TeJM CMEepPTHOCTU OBUJIN XapaKTepHHI [Ji KOJIOBPATOK
(0.91% u 0.63%), MakcuMaJIbHbIE — 1711 BETBUCTOYChIX
pakoobpa3Hbix (2.66% u 1.83%). B 1esoMm B OTKpHI-
TOU YacTHU BojJ0eMa J0Ji1 MepPTBhIX 0cobell cocTaBJisaa
0.81% u 0.80%, B 3apocyiax makpodutos — 2.19% u
1.52% oT yncIeHHOCTU M 61oMacchl 300IIJIaHKTOHA.

4. 06cyxpenue

HccneqoBaHus XMMHUYECKOTO COCTaBa BOJ BOO-
€MOB TEeXHOTeHHOr'0 IPOUCXOXJEeHUs II0Ka3hIBaIoT,
YTO YaCTO UX BOABI IIpEUMYyIIeCTBEHHO cyJibdaTHbIE U
ruapokapboHaTHble (ApoHuHa u Ap., 2022; Bazapoa u
p., 2023). PesysnbraThl HcciiefoBaHus 0OBOJHEHHOT'O
Kapbepa fIHTapHBIN COTJIAaCYIOTCS C BBIIEyKa3aHHBIMU

buomacca

500
450
400

D NN W W
wn O W
o o o

—_
wn O
(=R ]

Buomacca, mr/m?

100

wn
o

nn

2023 2024

2011
B Cladocera OCopepoda ORotifera

Puc.3. CTpyKTypa 4mncjIeHHOCTU U G110MacChl 300IJIaHKTOHA 0OBOAHEHHOI'O Kapbepa fIHTapHBIH 10 rogaM HccjieOBaHUA.
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nmapaMmerpamu. HecmoTpss Ha O6JiM3KOe pacrosioxe-
HUe K BanrtuiickoMy MOpIo, BOABI He SBJIAIOTCA XJIO-
PUIHBIMU, YTO CJIYXUT [PU3HAKOM CJIAGOT0 BIIMAHUA
MOPpSI Ha 5KOCUCTEeMY JaHHOTO BOJHOTO o0beKTa. Brel
300IUIAHKTOHA, XapaKTepHble IJIsI MOPCKUX U COJIO-
HOBaThIX BOJ, OOHapyxeHBl He ObUIU. [0 HEKOTOPOI1
CTEIeHN UCKIII0YeHNeM MOXHO CYMTATh OOHapyXeHUe
MoJstonu poja Eurytemora, KoTopas MOXeT OTHOCUTCA

K Buny Eurytemora affinis mipoko pacmpocTpaHeH-
HOMY B COJIOHOBAThIX Y MOPCKHUX BOJIaX, B TOM YHCJIE B
Bantutickom mope u KanmuauHrpaackoMm (BucinHckoMm)
3ayuBe. Ho cpequ mpeicTaBUTesIEN 3TOrO poda BCTpe-
YaloTcsA U MPeCHOBOAHBIE BUAB (HanpumMep, Eurytemora
lacustris n np.) mo3TOMy O TOrO MOMEHTa IOKa He
OyIyT BCTpPEYeHBl W OIpeJesieHbl B3pOCJble 0co0u
3TOTO POJia BOMPOC OCTAETCA OTKPHITHIM.

Ta6suna 2. BujoBoii coOCTaB 300IJIaHKTOHA KCCJIEAYEMBIX KapbhepoB

I'pynma Bupn 3ooreorpadusa | Canpo6HocTh | Buoronm | 2011 | 2023 | 2024
rox rop rop
Cladocera Acroperus harpae (Baird, 1843) C 1.4 L, Ph - - +
Alona affinis (Leydig, 1860) C 1.1 Ph + - +
Alona rectangula (Sars, 1862) C 1.3 Eut - + +
Alona quadrangularis (Muller, 1776) C 1.3 Ph, L + - -
Bosmina longirostris (Miiller, 1785) C 1.55 Eut + + +
Ceriodaphnia quadrangula (Miiller, 1785) C 1.15 Eut + - -
Chydorus sphaericus (Miiller, 1785) C 1.75 Eut + + +
Daphnia cucullata (Sars, 1862) 1.75 + + +
Daphnia galeata (Sars, 1864) P 2 Pl + + +
Diaphanosoma brachyurum (Liévin, 1848) P 1.4 Bt,Ph + + +
Disparalona rostrata (Koch, 1841) H 1.3 + - -
Eubosmina coregoni (Baird, 1857) P 0.95 & + - +
Leptodora kindtii (Focke, 1844) H 1.65 Pl + + -
Pleuroxus aduncus (Jurine, 1820) 1.2 & + - +
Pleuroxus uncinatus (Baird, 1850) P * - - +
Polyphemus pediculus (Linnaeus, 1761) H 1.3 L + - +
Scapholeberis mucronata (Miiller, 1776) P 2 Bt,Ph + + +
Sida crystallina (Miiller, 1785) P 1.3 Ph + = -
Bcero Cladocera 15 8 13
Copepoda Cyclops kolensis (Lilljeborg, 1901) p Eut - - +
Eucyclops macrurus (Sars, 1863) P 1.4 b + + +
Eudiaptomus gracilis (Sars, 1863) P 1.25 * - +
Eurytemora sp. * F - -
Mesocyclops leuckarti (Claus, 1857) P 1.2 Eut + + +
Thermocyclops oithonoides (Sars, 1863) P 1.3 3 + + -
Bcero Copepoda 4 4 3
Rotifera Asplanchna priodonta (Gosse, 1850) C 1.55 Eut + + -
Brachionus calyciflorus calyciflorus 2.5 * - + -
(Pallas, 1776)
Eosphora najas (Ehrenberg, 1830) P Ph, L - - +
Kellicottia longispina (Kellicott, 1879) H 1.25 Pl - + +
Keratella cochlearis (Gosse, 1851) C 1.15 Eut + +
Keratella quadrata (Miiller, 1785) C 1.55 Eut + + +
Polyarthra major (Burckhardt, 1900) H 1.2 Eut F F -
Synchaeta pectinata (Ehrenberg, 1832) C 1.65 Eut + - -
Trichocerca sp. 1.6 * - - +
Bcero Rotifera 5 6 4
Bcero 24 18 20

IIpumeuanue: P — palearctic, H — holarctic, C — cosmopolitan (OnpenenuTesnb 300IJIaHKTOHA U 3000eHTOCA..., 2010);
Pl — menaruueckuit; Ph — purodpunsHeii; Bt —6eHtrueckuii; L — autopanbhsiil; Eut. — sBputonssiii (PuBbep u ap., 2001),

* — cTaryc M0 JIMTepaTypHbIM JaHHBIM He yCTaHOBJIEH.
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Puc.4. CprKTypa YHCJIEHHOCTU U GHMOMacChl 300IJITaHKTOHA 0OBOJHEHHOTO Kapbepa HHTapHLIfI 10 C€30HaM.

Taxxe /14 BOJOEMOB TeXHOT€HHOTO MPOUCXOXK-
JeHHsa 4acTO XapaKTepHHBI MINPOKKMe AUAala3oHbl BOJO-
poaHoro noxkasareJsisi pH ¢ IeJIOYHBIMM JIMOO KUCJIBIMU
BOAAMU, BBICOKasA KOHIlEHTpauus cyjab(aToB, THApPO-
KapbOHATOB, MeTaJIJIOB, OMOTeHHBIX 3JIEMEHTOB, KOTO-
phle MOTEeHLUMWaJIbHO MOTYT BJIHMATH Ha pasHooOpasue
U KOJINUeCTBEHHOE Pa3BUTHE 300IJIAaHKTOHHBIX Opra-
Hu3MoB (Sienkiewicz and Gasiorowski, 2017; 2019;
Pociecha et al., 2018; Adonuna u ap., 2022). OgHako
OJia BOAOeMOB, OOpa3oBaHHEIX Ha MecTe OBIBIINX
KapbepoB 10 AoObiue TJIMHBL, Iecka U rpasus, pH Bog
MOXeT OBITh HEUTpaJIbHBIM WJIU MOYTH HEeHTpPaJIbHBIM
(Sienkiewicz and Gasiorowski, 2017).

Jia o6BoagHeHHOro Kapbepa SHTapHBIII He
XapaKTepHbI JaHHBIE MMPU3HAKU T.K. MOCJIE€ BHIPAOOTKU
Kapbepa mo JoObiue AHTaps He obpa3yeTcs OCTaTKOB,
KOTOpBlE TIpM B3aMMOJENCTBMU C BOJIOW U BO3AY-
XOM 00pa3yloT TOKCUYHBIE COeJUHEHUs, BCJIeACTBHE
Yyero 3KCTpeMaJibHO BHICOKME WJIM HU3KHe 3HaveHUA
BBIIIIEYKa3aHHBIX ITOKa3aTeJsieli OTCyTCTBYIOT, pH Boj
— HEUTpaJIbHBIN.

[Tpu popmupoBanuu coctaBa 6MOTEl OOBOJHEH-
HOTrO Kapbepa Ha NOTeHI[haJl BUJOBOro OorarcTba BJIU-
AT Kak OMoTHUYecKre U abMOTHUYeCKNe YCIIOBUA CaMOM
cpedbl, KOTOphle MOTYT CIIOCOOCTBOBATh WUJIU IPENAT-
CTBOBaTh KOJIOHMU3AIMU HOBBIMM BUOaMM (Yepe3 KOH-
KYPEHIUI0, XUIITHUYECTBO U T.[.), TaK U YCJIOBUSA CPeJIbI
nanHoi mectHoctH (De Meester et al., 2005).

CocTaB U CTPYKTypa IJIaHKTOHHBIX OMOLIEHO30B
TaKuX BOAOEMOB, KaK IIPaBUJIO, OIMpedesiAloTCA COBO-
KyIHOCTBIO KOMILJIEKca OMOTHUYeCKUX MNapaMeTpoB, C
npeobJlafaHueM BHIOB-KOCMOIOJINTOB (TamuibikoBa
u 1p., 2023). B mesom aj1A 300IJIaHKTOHA OOBOJTHEH-
HBIX KapbepOB XapaKTepHO HU3K0e BUI0BOEe OOraTCTBO,
IIMPOKOE BapbHMPOBAHUE KOJMYECTBEHHBIX IIOKa3aTe-
Jeil TUAPOOMOHTOB UM AOMHHHpPOBaHHE B 300IleHO3e
foBeHWIbHBIX cTaguili Cyclopoida (GoZzdziejewska et
al., 2021; Adonuna, 2022). BelllieykazaHHbIe XapaKTe-
PUCTUKU COTJIaCyIOTCA C MOJIYYeHHBIMU pe3yJbTaTaMu
uccJieJOBaHMA 300IIAHKTOHA OOBOAHEHHOTO Kapbepa
AnTapHBIA.

Cormacio T'OCT 17.1.2.04-77 «Oxpana Impu-
poasl. I'mapocdepa. [TokazaTesn COCTOSHNA U IpaBUJia
Takcallild PBIOOXO3ANCTBEHHBIX BOIHBIX OOBEKTOB»
0OBOAHEHHBIN Kapbep SHTapHBINI MO OOJBIIMHCTBY
TUAPOXUMHYECKUX TIOKa3aTesiell ABJIAETCA OJIUroca-
MpoOHBEIM (10 COAEPXXKAHUI0 HUTPUTOB, aMMOHUs, ¢ocC-
daroB). Ilo corepxaHu0 paCTBOPEHHOTO KUCJIOpO/ia U
IepMaHraHATHOMN OKUCJIAEMOCTU — KCeHOCamnpoOHBIM,
o BIIK, - asibame3ocanpoGHBIM.

KaprepHoe mpoucxoxaeHue, obycaBinBaloliee
3HAUYUTeJIbHble TJIyOMHBI B COBOKYMHOCTU C GOJIBIINM
00beMOM BOJIHBIX Macc obecreuurBaeT JOCTATOYHbIM
MOTeHUMaJ I [Jid CcaMOOUUIleHUsA JaHHOTO BojoeMa
(Szatylowicz et al., 2015). CpemHeromoBass 4YKCJIEH-
HOCTh (UTOIUIAHKTOHA He3HauyuTe/JbHasA (He Iipe-
BHIIAET 7 MJIH. KJI./JI), @ JIOMHHUPOBaHHE 3eJIEHBIX
(IPOTOKOKKOBBIX) BOJIOPOCJIEM, BXOAIMIUX B OCHOBY
duToreHo3a JaHHOTO BOOHOTO OOBEKTa, KakK IO YHuC-
JIEHHOCTH, TaK U M0 6Guomacce, CBUAETEJIbCTBYET O
MOTEHLMAJIbHO BBICOKOM NPOAYKTHMBHOCTH BOJOeMa
(Oynukosa u gp., 2017).

Bbuomacca u 4YHMCJIEHHOCTh 300IUIaHKTOHA B
JaHHOM BoOJoOeMe HUXe, yeM B OOBOOHEHHBIX Kaphbe-
pax O/M3KUX MO IHmepuofy oOpa3oBaHUA, TaKUX KakK
[TymxkapeBckuii 1 Bepe3zoBckuii kapbep (MorceeHKO
u 1p., 2024; Moiseenko and Semenova, 2025). Takxe
HUXe U cojepXaHue OMOTeHHBIX 3JIeMEHTOB, YeM B
BoJOeMax aHaJIOTUYHOIro Iepuoda obOpa3oBaHUA U
IUIOMag BOJHONM IIOBEPXHOCTU, TaKOro KakK IIpyn
®openeBnii (MouceeHko u ap., 2024), 4To 00yCJI0B-
JeHo OOJIPIIMM aHTPOIOTeHHBIM BO3JeNCTBHEM Ha
npya @opesieBBlil 10 IPUYMHE PACHoOJIOXKeHUA BOJIU3U
1 HemocpeJICTBEHO Ha 3TOM BOAOeMe IMPOMBIILJIeHHBIX
npeAnpUATUN U HOpesIeBOro X03sKHCTBa.

B 1esiom, BuAOBOe 6OraTCTBO 300IJIAHKTOHA
CBAI3aHO C BO3PAacTOM BOJOEMOB, HOBOOOpa3oOBaHHEIE
BOAHBIE cpelbl OOMTaHUA MOABEPKeHbl MHTEHCUBHBIM
mpolieccaM MHBa3uM, KJIMMaKCHBIE COOOIeCcTBa ellje He
chopMupoBaInuCh. B oNosIHEHNE K JIOKaJIbHBIM Orpa-
HUYeHUsAM, OOYCJIOBJIEHHBIMU KOHKPETHBIMU YCJIOBU-
AMHU B BOJloeMe, HeHachIllleHHble BUJaMK COOOIecTBa
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300IJIAHKTOHA HOBOOOPa30BaHHBIX BOJIHBIX OOBEKTOB
HaXOOATCA TOJ] CUJIBHBIM BJIMSIHUEM PEruOHAaJIbHOTO
BUIOBOr0 GOraTcTBa M MX BO3MOXHOCTEH pacnpocTpa-
Henus (Tavernini et al., 2009). JocTaTOYHO CTaOWJIb-
HO€ YKCJIO BUIOB Kapbepa SHTApHBIN HA MPOTSKEHUU
JUINTEJIBHOTO TIEPUOAAa W CXOJHbIE BUIBI-JOMUHAHTHI
MMO3BOJIAET MPEAIOJIOKUTD, YTO CHPOPMHUPOBABIIMECA B
HEeM cOO0O0IIeCcTBa 300IJIAHKTOHA OJIM3KY K KJIMMAaKCHBIM.

Beicimiasg BOAHAs PaCTUTEJIBHOCTh TAKXe OKAa3bl-
BaeT CYIIECTBEHHOE BJIMUSHUE HA BUIOBYIO CTPYKTYPY
1 0o0umJIrie 300IIAHKTOHA, BCJIEACTBHE Yero 300ILJIaH-
KTOILIEHO3bl 3apociiell Makpo()UTOB XapaKTepU3YIOTCA
BBICOKMM BHJIOBBIM 0OOraTCTBOM U KOJIMYECTBEHHBIM
passutueM (I'aBpusko u ap., 2019).

[IpoekTHUBHOE MMOKPHITHE MakpoduTamu
0OBOJTHEHHOTO Kapbepa SfIHTApHBINI He IIPEBBIIIAET
5% u TpeACTaBJIEHO TPOCTHUKOM OOGBIKHOBEHHBIM
(Phragmites australis (Cav.) Trin. ex Steud.), exero-
JIOBHUKOM CKY4YeHHBIM (Sparganium glomeratum Laest.
ex Beurl.) Neuman) u aupoMm oOGBIKHOBEHHBIM (Acorus
calamus L.) (Mouceenko u Llynukoa, 2023). ITpu 3ToM
Kak Omomacca, TakK M YKCJIEHHOCTh 300ILJIAaHKTOHA
Ha CTaHIUAX, TPUYPOYEHHBIX K 3apOCiAM MakKpodu-
TOB, ObLJIa HUXe, 3a HUCKJIIOYEHUEM KOJIOBPATOK, YKC-
JIEHHOCTh KOTOPBIX 3HAYUTEJIPHO YBEJIMYUBAJIACH.
HecMOTps Ha HEBBICOKYIO YKCJIEHHOCTH, B I[E€JIOM yBe-
JMYeHHe BUIOBOr0 pasHooOpasusA B JaHHOM OHOTOIE
MMOMUMO KOJIOBPATOK [JOCTUTaJIOCh 3a CYeT BUJIOB,
MpeNOoYUTAIONIUX OOUTaTh B 3apoC/IsAX BOIHOHN pac-
TUTEJIBHOCTU, Takux Kak Chydorus sphaericus (O. F.
Miiller, 1785), Sida crystallina (O. F. Miiller, 1776),
Diaphanosoma brachyurum (Lievin, 1848), Eudiaptomus
gracilis (G. O. Sars, 1863), Scapholeberis mucronata (O. F.
Miiller, 1776), Polyphemus pediculus (Linnaeus, 1758).

J71A cpaBHeHHA cOCTaBa 300IUJIAHKTOHA ObLIH
BBIOpaHbl Kapbephl IlymkapeBCcKUNl M Bepe3oBCKUH,

KOTOpble HMEIOT CXOJICTBO C KapbepoM SIHTapHHIN 1O
nepuofy o6pa3oBaHUs, a TakXe II0 BUIY HCIOJIB30-
BaHUA (MCKJIIOUHUTEIBHO B PpeKpeallOHHBIX IeJIsax)
(Moiseenko and Semenova, 2025), B To BpeMs Kak,
Harnpumep, oOBOJHEHHBIN Kapbep «npyQ dopeseBblii»
rcnoJib3yeTcsa JjiA pa3pedeHus popenu.

XoTa BO Bcex BhIIEyKa3aHHBIX BOJOeMax IIpe-
obsragator Cyclopoida, kyracTepHBII aHaW3 MOKasal
OuYeHb BBICOKYIO CIelU(PUYHOCTh IUIAHKTOHHBIX CO00-
mecTs OOBOJHEHHOrO Kapbepa SfIHTapHBIM, KOTOPBIN
BBIJleJIAeTCA B OTHEJIBHBEIN KJlacTep OT APYTUX Kapbe-
poB Kanununrpazgckoii o6iactu (Bepe3oBckoro u
[TymkapeBckoro) (Puc. 5).

BrinleykasaHHble pe3ysIbTaTH IIO3BOJIAIOT Mpemd-
IIOJIOKUTD, YTO B I[eJIOM B GOPMUPOBAHUU COOOLIECTB
300IIAHKTOHA BHIIIEYKa3aHHBIX BOJOEMOB IIPOCIIEXU-
BalOTCA OOIIMe 3aKOHOMEpPHOCTH, Kapbkep SHTapHBIHN
obJlajjaeT OTJINYUTEIBHBIMU OCOOEHHOCTAMU BCJIe[-
CTBUE BJIUSHUA JIOKAJIBHBIX (HAKTOPOB, a Takxke Om3-
KOMYy pacIoOJIOXeHUI0 K BanruiickoMy MoOpio, 9YTO
NOJITBEpKJaeT 3HAYMMOCTh JIOKAJBHHIX (PAKTOpOB B
dopmupoBanuy 6GuopasHoobpa3usa  HCKYCCTBEHHBIX
BomoeMoB (De Meester et al., 2005). Takum o6pasom,
HeCMOTpsI Ha TO, 4TO Basjruiickoe MoOpe He OKa3bl-
BaeT BJIMSHME Ha T'MAPOXVMMUYECKUII COCTAaB Kapbepa
SIHTapHBI K3-32 OTCYTCTBUsA 3aTOKa BoJ, Ha dopmu-
poBaHue Ouopa3HooOpa3uss TUAPOOUOHTOB 3TO BJIU-
sIHHe BO3MOXHO, HalprMep, 4epe3 CTOK € BOJocOop-
HOH ITOBEPXHOCTH WU C IIePeHOCOM HEKOTOPHIX BUIOB
Yyepe3 BOJIOILIABAIOIIUX [ITHUII.

[ToMuMoO 3TOro, B MOAKJIACTEPH OOBEOUHAIOTCS
CTAHI[VH, PACIOJIOXeHHble Ha OTKPHITON 4acTU BOZO-
eMa, a CTaHIMM, pacloJjiaraBliyecs B 3apOCyAX MaKpo-
¢uToB mpencTaBIeHBl OTAEJBHBIMHU MOJKJIACTEPAMHU.
JlaHHas 0cO6eHHOCTh NPOCJIEXUBAETCS JIJIs1 BCeX BHIIIIe-
YKa3aHHBIX 0OBOJHEHHBIX KaphepOB.
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Puc.5. [lengporpaMmma cxoACTBa 300IUIaHKTOHA Kapbepa fHTapHBIN ¢ ApyruMu Kapbepamu KamuHuHrpazickoi obactu (B
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B cTpyKType 4HCJIEHHOCTH U OHOMAacChl 300- HCXOX/JeHNsA, JaHHOMY BOAOeMy He XapaKTepHBI dKC-
IJITAHKTOHA OOBOJHEHHOro Kapbepa fHTapHBIN 3Ha4u- TpeMaJibHble THAPOXMMUYECKHe YCJIOBUA, YTO JesiaeT
TeJIbHYI0 JIOJII0 COCTaBJIAJIM BeCJIOHOTHE U BETBUCTO- ero osKocucreMy OJIarOnpUATHON [AJiA  pasBUTUA
ycele pakooOpasHble, MaJylo Ao (GopMupoBaIn 300IJTAHKTOHA.

KOJIOBPATKH, YTO XapaKTepHO AJIA YUCTHIX OJINTOTPOd- B xapbepe fHTapHBI IpeobsafaioT najeapTuye-
HBIX BOj0eMOB (AHIpOHUKOBA, 1996). B coBpeMeHHBII CKMe, 3BPUTOIHbIE BUABI 300IIJIAHKTOHA. BOJIBIIMHCTBO
[epyuoj] OTMeYeHO CHIDKeHHe HMHAeKca BUAOBOIO pas- 13 HUX ABJAETCS KOCMOIOJIMTaMH JIMOO MIMPOKO pac-
HooOpa3usa llleHHOHa, NpHU BO3pacTaHUU JOJU PaKo- npocTpaHeHHbIMU B EBpone Bugamu.

obpazusbix (Tabmuna 3). Ananuz 6uopazHooOpa3us nokKasas, YTo 10 BCEM

Hu f1s oTAesIbHBIX BUAOB, HU AJ1A TAKCOHOMUYe- [oKasarejsAM BHJIOBOe pas3HooOpasue ObUIO BHIIIE B
CKUX PYIII He ObIJI0 OTMeuYeHO [TOBHIIIeHHBIX [T0Ka3arte- 3apocCJIiX MaKpo(UTOB.

Jleli cMepTHOCTU. J[0J11 MepTBBIX 0co0eli OT YHCJIeHHO- BrisiBsieHO, uTO 6MOMacca M 4HMCJIEHHOCTh 300-
CTU 1 OHoMacchl 300IJIAHKTOHA KaK B OTKPBITOI YacTu IU1aHKTOHA 3a neprof ¢ 2011 o 2024 rr. yBeJIUYNUIINCD,
BOJI0€Ma, TaK U B 3apOCJIAX Makpo(uTOB ObLIa Ha HU3- IIPM TOM, YTO YMCJIO BHJIOB 300ILIAHKTOHA OOBOJHEH-
KOM ypOBHe U usMeHsAnach ot 0.8 go 2.2%, 4yTo Haxo- HOro Kapbepa fIHTapHBINI He IpeTeplesio 3Ha4UTesIb-
JAUTCA Ha MHUHUMaJbHOM ypOBHe KakK AJiA BOJOEMOB HBIX U3MEeHEeHUH, YTO XapaKTepu3yeT 5KOCUCTeMy JaH-
Kanuuunrpanackoit obaactu (CemeHoBa u Ap., 2025), HOro BOJOEMAa KaK YCTONYMBYIO U cHOPMUPOBAHHYIO.
TaKk W JJI1 IIPecHOBOJOHBIX BojoeMoB B IesioM (Tang 3HauuTeJbHBIE TJIyOMHBI AAHHOI'O Bojoema, 00yCJIOB-
et al., 2014), uto roBoputr o GJIATONPUATHBIX YCJIO- JIeHHBle KapbepHBIM IIPOMCXOXAEHHEM, U UCI0JIb30Ba-
BUAX CYIIEeCTBOBAHUSA 300IUIAHKTOHHBIX OpPraHU3MOB HMe HCKJIIOUMTEJIBHO B peKpealjMOHHBIX LeJIAX TaKxke
B HCcJeqyeMoM BojoeMe. BuOoBOI cocTaB 300ILIaH- CIOCOOCTBYIOT CTaOMJIBHOMY COCTOSHUIO BOJHOI 3KO-
KTOHa O0OBOJAHEHHOrO Kapbepa SHTapHBIN ABJAETCA cucreMbl. HecMoTpsA Ha cxoXecTb CTPYKTYPHI U cOCTaBa
TUNWYHBIM [J1 03€PHBIX 3KocucTeM KannHUHrpagcKoi 300IJIAaHKTOHA C JPYTrMMH OOBOJHEHHBIMU KapbepaMu
obyiacTu. [[Jia BOJOEMOB TEXHOT€HHOIO IIPOHCXOX- KanuauHrpaackoi obiacty, Ay Kapbepa SHTapHBIN
JleHUs XapaKTepHBl 3BPUTOIHBIE BUABI-KOCMOIIOJIUTEHI XapaKTepHBl OCOOEHHOCTH, OOYCJIOBJIEHHBIE JIOKAJIb-
(Adonuna, 2022; TamisikoBa u Ap., 2023), no npu- HBIMU (akTopaMu. B 11es10M, B JaHHOM BojoeMe cop-
YiHe WX I[IHPOKOI0 paclpoCTpaHeHUsA U Xopollei MHpPOBaJIMCh GoJiee 3peJsible cOO0IIecTBa 300ILJIAHKTOHA
alanTUBHOCTA K Ppa3HOOOpa3HBEIM YCJIOBUAM Cpefbl. CXOHBIE C coolIecTBaMu 03ep.

B mesioMm kak BUJOBOH cOCTaB, TaK U CTPYKTypa CO00-
IIecTB 300IJIaHKTOHA M YPOBEHb UX KOJIMYECTBEHHOI'O
pa3BUTHA B Kapbepe SHTapHBIM CXOQHA C aHaJIOTHY-
HBIMU XapaKTepUCTHKaMH BOJOEMOB O3€pHOro THIIA
Kanmuaunrpagckoii obsactu (Shibaeva et al., 2018)
B OTJINYMe, HalpuMep, OT KapbepoB bepe3oBckoro u
[TymxkapeBckoro, rae coobmectBa 6ojiee CKyAHBlE U
NO-BUAMMOMY ellle HaxXoAATCA B cTaguy (popMupoBa-
HuA. B kaprpepe flHTapHOM 3a BpeMs ero CyuiecTBO-
BaHUA yxe chopMupoBanch 6osiee 3pesiblie (GoraTeie
BUJaMu, OoJiee YCTOMYMBBIE) COOOIIECTBA 300ILJIaH-
KTOHA, 4TO NpuOJMXKaeT ero K ecCTeCTBeHHBIM BOJoe-
mam KanuHuHrpazckoi obiactu.
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oligotrophic lake -

Bashenkhaeva M.V.*

Limnological Institute Siberian Branch of the Russian Academy of Sciences, Ulan-Batorskaya Str., 3, Irkutsk, 664033, Russia

ABSTRACT. Microeukaryotes are an important component in aquatic ecosystems and can be used as
an indicator of environmental conditions. Changes in their abundance or diversity can indicate changes
in the habitat. In the last decade to addition to light microscopy method, DNA metabarcoding is used a
monitoring of microeukaryote community. In order to optimise the metabarcoding method, it is import-
ant to determine the necessary sample volume and sequencing depth. This study compared samples with
different filtered water volumes (50, 10 and 1.2 L) and sequencing depths to determine their impact on
the diversity and taxonomic composition of the unicellular microeukaryotic community in Lake Baikal.
ANOSIM analysis revealed similarity among samples with different filtered volumes. This suggests that a
small filtered sample volume (1.2 L) is sufficient to reveal a high diversity of taxa in an oligotrophic res-
ervoir, comparable to that obtained with a larger filter volume (50 L). Ciliophora species were detected
the highest number of reads by metabarcoding at the large volume of filtered sample (50 L), while dia-
toms and green algae were better read in smaller volumes (10 and 1.2 L). It is seems that samples vol-
umes in 10 and 1.2 L are sufficient for microalgae monitoring. Samples with different sequencing depths
produced similar results in the characterisation of dominant species. Differences were observed in minor
taxa, some of which were only detected with a higher number of reads. These results are important for
improving the monitoring of oligotrophic bodies using metabarcoding.

Keywords: diversity, sample volume, sequencing depth, metabarcoding, 18S rRNA, Lake Baikal
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1. Introduction species. Over the past decade, metabarcoding has been

. . employed for biomonitoring. This approach involves
Microeukaryotes, a group of unicellular organ- analysing the diversity of marker gene sequences in the

isms including microalgae, protozoa and microscopic total DNA of a community (Zimmermann et al., 2015;
fungi, are an important component of aquatic ecosys- Abad et al., 2016; Andersson et al., 2023; Gelis et al.,
tems. They participate in the global cycles of carbon 2024; Mikhailov et al., 2025). Given the multi-stage
(©), silicon (Si), and other nutrients, forming the basis nature of the metabarcoding method, it is important to
of aquatic food W‘?bf (Falkowski et al., 2003; Calbet and select optimal conditions for each stage. The expected
Landry, 2004; Williams et al., 2008; Fuhrman, 2009). result can be influenced by various factors: 1) the vol-
The structure of microeukaryotic communities is influ- ume of the filtered sample; 2) the selected DNA marker;
enced by environmental changes such as temperature, 3) the methods used at different stages of molecular
nutrient content, salinity and light. Therefore, changes analysis (e.g. DNA extraction methods and sequencing
in their abundance and species composition can serve technologies), and 4) the approaches to bioinformatics
as early warning signs of disturbances to the ecosystem analysis (e.g. primary data processing methods, cluster-
associated with pollution or climate change (Winder ing algorithms, and taxonomic classification methods).
and Sommer, 2012). The classic method of monitoring For the purposes of biomonitoring, these stages must
unicellular microeukaryotes is microscopy, which is be standardised. Many studies have been conducted on
based on morphological features and requires special- the selection of marker genes for metabarcoding (Gran-
ist knowledge. It can also be complicated by the small Stadniczefiko et al., 2017; Casey et al., 2021; Ficetola
size of the cells and the morphological variability of the et al., 2021; Bukin et al., 2023; Kezlya et al., 2023), the
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comparison of different DNA extraction methods (Maki
et al., 2017; Vasselon et al., 2017), and the optimisation
of high-throughput sequencing data processing (Prodan
et al., 2020; Abellan-Schneyder et al., 2021; Brandt et
al., 2021). Sample volume also affects the final results,
including the amount of extracted DNA and the qual-
ity of the samples obtained for sequencing. The choice
of sample volume for filtration depends on the type of
water body. Marine ecosystems are rich in phytoplank-
ton and zooplankton; to capture the full diversity of
organisms, large sample volumes of 50-100 litres are
recommended (Govindarajan et al., 2022). In contrast,
shallow mesotrophic estuaries require only a small
volume of water (25-500 ml) for biodiversity assess-
ment using metabarcoding (Andersson et al., 2023). In
freshwater bodies, the required sample volume varies
depending on the trophic status of the body of water
and the cell concentration of various microorganisms.
Lake Baikal is an oligotrophic freshwater body
with low nutrient and primary production concen-
trations (Votintsev et al., 1975). This study aimed to
estimate the required sample volume and sequencing
depth for determining microeukaryotic diversity using
metabarcoding of 18S rRNA gene fragments.

2. Materials and methods
2.1. Field Sampling

Sampling was carried out at Station, 3 km
from Maritui village (51°45.546’N; 104°13.222E) in
the southern basin of Lake Baikal, on 18 July 2023.
Samples were collected from the research vessels
“G.Yu. Vereshchagin” using an SBE 32 Carousel water
sampler (Sea-Bird Electronics, USA), from depths of 0,
5,10, 15, 20 and 25 m.

Phytoplankton were analysed in parallel using
microscopy and DNA sequencing. Analysis was per-
formed on integrated water samples (an equal volume
of water from the different layers was combined into
one sample). To quantify and identify phytoplank-
ton using light microscopy, 1.2 L of each integrated
sample was filtered through a 3 um REATREK filter
(Obninsk-3, Russia) and then fixed in 50 mL of form-
aldehyde solution to achieve a final concentration of
3.7%. Microalgae cells were counted using an Axiostar
Plus microscope (Zeiss, Oberkochen, Germany) in two
replicates, as previously described (Firsova et al., 2023).

2.2. DNA extraction, amplification and
high-throughput sequencing (HTS)

For the DNA analysis, 1.2, 10 and 50 L of the inte-
grated samples were pre-filtered using 100 um nylon
mesh to remove zooplankton, and then filtered through
3 um pore-size filters (REATREK Filter, Obninsk-3,
Russia). These volumes were chosen to represent
those obtained by microscopy, which we typically use
to assess biodiversity using DNA metabarcoding, and
those used for shotgun sequencing. Filtration was car-
ried out immediately after sampling. The biomass on
the filters was washed into sterile bottles with 10 ml of
sterile TE buffer (1 mM EDTA and 10 mM Tris-HCI; pH
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7.5), after which it was stored at -20 °C, then -80 °C,
until further analysis. Total DNA was extracted from
the samples using lysozyme (1 mg/mL), proteinase K,
10% SDS, and a phenol:chloroform:isoamyl alcohol
mixture (25:24:1) (Bukin et al., 2023). Amplification
and sequencing of amplicons was performed on the
[llumina MiSeq platform at the Genomic, Proteomic and
Cell Biology Department of ARRIAM (Saint Petersburg,
Russia). To compare samples of different volumes, uni-
versal primers targeting the V8-V9 region of the 18S
rRNA gene were used. Sequencing was performed with
different numbers of reads per sample: the most com-
monly used number was approximately 20,000 reads,
and an increased number was approximately 50,000
reads.

2.3. Dataset Preprocessing

Sequencing data were analyzed using DADA2
v1.16 (the dada2 R package). Paired-end reads were
filtered and merged, chimeric and short sequences were
removed, and amplicon sequence variants (ASV) were
generated (Callahan et al., 2016). Rarefaction curves,
richness, and diversity indices (Chaol, Shannon, and
Simpson) were calculated using R version 4.4.3. The
ANOSIM test was used to compare samples with dif-
ferent volume and different number of reads. Analysis
was performed in PAST 4.06b. Taxonomic identifi-
cation was performed using the Silva 132 taxonomy
(Bremen, Germany). The heatmap is based on the 80
most numerous ASVs in R. The pairwise distance matrix
computed with the Bray-Curtis dissimilarity index was
used for clustering community profiles by UPGMA in
heatmap using vegan (Oksanen et al., 2019) and pheat-
map (Kolde, 2019) packages.

Sequence data were uploaded to the Sequence
Read Archive database (https://www.ncbi.nlm.nih.
gov/sra/) of the National Center for Biotechnology
Information (NCBI) under the accession number
PRJINA1348943.

3. Results and Discussion

To assess the diversity and taxonomic composi-
tion of microeukaryotes in samples with different fil-
tered volumes and sequencing depths, 972,147 reads
were analysed. Samples with lower sequencing depths
yielded 34,931-52,392 reads per sample, while samples
with higher sequencing depths yielded 90,721-137,764
reads (Table). After quality filtering of the obtained
reads, which included removing primer regions and
sequences with fragment lengths of less than 250 bp,
merging paired reads and removing short and chime-
ric sequences, 25,328-103,680 reads remained per
sample. After removing sequences related to Metazoa,
more than half of the reads in almost all samples were
removed. Despite the mechanical removal of large
eukaryotic DNA during sample filtering, it still makes
its way into the samples and can account for the major-
ity of reads. During ASV generation, a total of 67-121
ASVs were obtained per sample, with an average length
of 331 bp.
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Table. Sequencing metrics and biodiversity indices in different samples analysed by metabarcoding (50, 10 and 1 L of fil-

tered water).

50L1 | 50L2 | 10L_1 | 10L2 | 1L_1 1L2 | 50L1 | 50L 2 | 10L_1 | 10L2 | 1L 1 1L 2
rep rep rep rep rep rep rep* rep* rep* rep* rep* rep*
Initial number of reads | 40,419 | 34,931 | 52,392 | 51,857 | 48,786 | 43,390 |109,918| 90,721 |135,541(137,764|126,154|100,274
Reads after filtration | 38,565 | 33,164 | 49,811 | 49,416 | 46,481 | 41,413 |104,974| 86,536 |129,633|131,377|119,792| 95,645
Reads after removal 26,993 | 25,328 | 39,534 | 37,841 | 38,886 | 36,945 | 72,053 | 64,074 |103,680/100,215| 98,822 | 85,129
of chimeric and short
sequences
Reads after removed 11,709 | 8,084 | 18,553 19,953 |12,361 (13,381 | 33,241 | 23,400 | 51,697 | 55,129 | 35,839 | 30,087
Metazoa sequences
ASV 73 67 84 87 78 76 107 95 112 121 105 105
Simpson-index 73 67 84 87 78 76 107 95 112 121 105 105
Shannon-index 2.7 2.72 2.85 2.88 2.93 31 2.82 2.76 2.95 2.96 3.01 3.16
Chaol-index 0.84 0.86 0.87 0.88 0.90 0.91 0.85 0.86 0.88 0.88 0.9 0.92

Note: samples with an increased number of reads are marked with an asterisk (*).

3.1. Richness and Diversity Assessment

Alpha diversity analysis revealed similar ASV
abundances across filtration volumes of 1.2, 10 and 50 L
(Table). Rarefaction curves showing ASV numbers ver-
sus sample sequence depth indicated that the sequenc-
ing depth in our study was sufficient to estimate species
richness (Fig. 1). The Chaol index ranged from 67 to
121, with the highest values observed in samples with
an increased number of reads. This suggests a correla-
tion between species richness and sequencing depth,
enabling the detection of rare species (Zaheer et al.,
2018; Bardenhorst et al., 2022; Schmitz and Rahmann,
2025). For both sequencing depths, the highest rich-
ness was observed in the 10 L samples (Fig. 2A; Table).
This result suggests that this volume may be the most

optimal of those selected. Filtration, which concen-
trates cells from the sample onto the filter, is faster and
results in better sample preservation compared to 50 L.
More species are also captured in the sample compared
to 1.2 L.

The ANOSIM test showed slight differences in
composition between samples with different filtered
volumes (R=0.2384, p=0.0482). This demonstrates
the sensitivity of the metabarcoding method: the small
filter volume (1.2 L) revealed a taxon diversity com-
parable to that of the larger volume (50 L). This result
was similar with studies examining samples from the
mesotrophic @re River estuary, which compared vol-
umes of 0.25, 0.5, and 1.2 L (Andersson et al., 2023).
In their study, diversity was detected even at the lowest
sample volume examined — 0.25 L.

4 10L 2rep*
10L_1rep*
S FOLTrep
& fl.2L_2repi[1.2L_1rep*|
S
o | ]
[ee)
——— L
50L 1rep
‘ 50L 2rep
32 |l
< © i
o |
¥
2
o
I I I I I
0 10,000 20,000 30,000 40,000 50,000

Number of reads

Fig.1. Rarefaction curves for samples with different volumes of filtered water (50, 10 and 1.2 L) and different sequencing
depths. Samples with an increased number of reads are marked with an asterisk (*).
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The Shannon and Simpson diversity indices were and Simpson index values were observed in the 50 L
similar between samples with different sequencing samples. Low values of these indices indicate the dom-
depths (Fig. 2A and Table). The Shannon index ranged inance of individual taxa in the community (Genomics,

from 2.7 to 3.1 with 20,000 reads and from 2.76 to 2024). Comparing the ASV composition of the samples
3.16 with 50,000 reads. The Simpson index varied from reveals that more than half of the reads in the 50 L sam-
0.84 to 0.91 with 20,000 reads, and from 0.85 to 0.92 ples belong to a single ASV (Fig. 2B).

with 50,000 reads. Thus, the overall community struc-

ture (i.e. relative species abundance) remains stable 3.2. Taxonomic Structure

even with increasing sequencing depth. The highest

diversity values were observed in the 1.2 L samples, To estimate the impact of volume filtration on
which are characterised by a more uniform distribution the taxonomic composition of the microeukaryotic com-
of species within the sample. The minimum Shannon munity, we compared the prevalence of dominant and
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Fig.3. Taxonomic structure of samples with different filtered sample volumes (50, 10, and 1.2 L of filtered water). Family-
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Samples with an increased number of reads are marked with an asterisk (*).
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minor ASVs at the family level (Fig. 3). Thus, ASVs were
related to the Oligotrichia (Ciliophora) represented the
largest share in the 50 and 10 L samples. The heatmap
also shows that ASV1, which belongs to Strombidium
genus, is dominant in the 50 and 10 L samples, and
there are significant rate of the 1.2 L samples (Fig. 4).
Cryptomycota and Ochromonadales are represented in
roughly equal proportions in the samples (Fig. 3A), and
are either subdominant or dominant. ASV3, classified
as a representative of the genus Dinobryon, is one of the
most abundant ASVs in all samples. This is compara-
ble with the results obtained by phytoplankton micros-
copy (Fig. 3B), in which Ochromonadales, Dinobryon
cylindricum (65.4 x 103 cells L) and Dinobryon sociale
(48.2x 103 cells L) also dominated in abundance. In
contrast to the 50 and 10 L samples, there is a significant
share of the Thoracosphaeraceae (Dinoflagellata) family
in the 1.2 L samples. Dinoflagellates inhabit cold water
bodies and are highly sensitive to increased tempera-
ture, which causes their rapid destruction (Kobanova,
2009). It is possible their cell were destructed and DNA
degradation due to a longer filtration time of the 50
and 10 L samples. Thus, according to microscopy data,
the share of dinoflagellates was small, while ones were
among the 11 dominant families by metabarcoding
data (Fig. 3A, 3B).

The dinoflagellate genome is multicopy and
dinoflagellates often have a ‘mesokaryotic’ nucleus in
which the chromosomes are not packaged in histones
as they are in other eukaryotes. This results in a more
extended state which may facilitate more frequent and
easier copying of chromosomal material (Wisecaver and
Hackett, 2011). As result, dinoflagellates can account
for a significant share of the sequence data even at low
abundance.

The share of reads of diatoms (Bacillariophyceae
and Mediophyceae families, and Fragilariales order)
and green algae (Trebouxiophyceae and Chlorophyceae
families) were high in the 1.2 L samples. In contrast, the
contribution of these microalgal groups were small in
the 50 L samples (Fig. 3B), despite these groups being
subdominant microscopically (Fig. 3C).

Comparing samples with different sequencing
depths reveals that most taxa have a similar propor-
tion (Fig. 3 and 4). Some differences were occurred in
minor taxa, some of which are only detected with a
larger number of sequences obtained (Fig. 4). ANOSIM
testing confirmed differences in sample composition
at different sequencing depths (R=0.513, p=0.0029).
The heatmap shows that the microeukaryotic commu-
nity is most fully represented in the 10 L samples with
an increased sequencing depth, and it is likely optimal
condition for detection of microeukaryotic.

4. Conclusion

It was found that the optimal approach for the
monitoring of unicellular microeukaryotes in the oli-
gotrophic Lake Baikal during the summer were: i) to
collect 10 L of water; ii) perform sequencing at a depth
of 50,000 reads per sample using the 18S rRNA gene
metabarcoding. A relatively small water volume (1.2 L)
is sufficient to characterise dominant taxa. In the largest
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samples (50 L), over half of all sequences belonged to
Ciliophora, while the number of reads belonging to dia-
toms and green algae was underestimated. This makes
collecting such a large sample volume unjustifiable
for phytoplankton research. Increasing the sequencing
depth allows more minor taxa to be covered, while the
proportion of dominant taxa remains similar at differ-
ent sequencing depths. It is required to optimise the
metabarcoding method for use in other seasons.
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BAauaHue o6benma npo6b1 M KoAMuecTBa
NPOYTEeHUH HA PEe3yAbTAT CEKBeHUPOBaHUA
MMKPO3YKapHOTHUYECKOro coobwecrea us3
oAMroTpogHoro osepa

baimmenxaeBa M.B.*

JlumHostoeuyeckuti uHcmumym Cubupckozo omdesteHus Poccutickoti akademuu Hayk, yi. YaaH-Bamopckas, 9. 3, Hpkymck, 664033,
Poccua

AHHOTAILAA. MukposyKapruOThHI UTPAIOT KJII0UYEBYI0 POJIb B BOOHBIX SKOCHUCTEMAaX U ABJIAITCA 3¢ dek-
TUBHBIMM MHAUKATOPAMHU WX COCTOAHMA. M3MeHeHUs B UX YMCJIEHHOCTU WM pa3HOOOpasuyu MOTyT
roBOpUTh 00 M3MEHEHUSAX B cpede oOuTaHuA. B mocjieqHue rofpl, IOMHUMO KJIACCUYECKHUX METOAOM
MHKPOCKOIIMY, AJI1 MOHUTOPHHIA MUKPO3YKapHUoT Havyaiu npuMeHAaTs Meton JJHK meTabapkogupoBa-
HuA. 1A onTUMM3anuy MeToAa MeTabapKOANMPOBaHUA aKTyaJlbHO yCTaHOBUTH HEOOXOAVMEIN 00beM
oTobpaHHOTrO 06pa3ija 1 IrJ1yornHy ceKBeHHMpOBaHUsA. B aHHOI paboTe mpoBefileH CpaBHUTEJIbHBIN aHa-
Jiu3 06pasloB C pa3HbBIM 00beMOM OT(UIBTPOBAHHON NpoOHl (50 1, 10 g u 1.2 j1), a Takke pa3HOU
rJIyOMHOV CEKBEHUPOBAHMSA U BIMAHUSA 3TUX (PaKTOPOB Ha pa3HOOOpa3ue U TAKCOHOMHYECKU cocTaBa
coo0ImiecTBa OAHOKJIETOYHBIX MHUKPO3YKapuoT B osurorpodHomMm ozepe Baiikan. Tect ANOSIM mnoka-
3aJI CXOACTBO 00pa3IoB C pa3HBIMU OTOUILTPOBAHHBIMU OO6bemMamu. To ecTh Jaxe HeEOOIbIIOr0 00B-
eMa mpoObl AjA puabTpoBaHus (1.2 y1) xBaTaeT, YTOOBI BBISIBUTH BBICOKOE pasHOOOpasue TaKCOHOB,
CONOCTaBMMOE € pa3HooOpa3ueM Mpu GpuiIbTpoBaHUU OoJbIIOro 06bemMa, 50 j. [Ipu GoabiioM 06beMe
OT(PUIBTPOBAHHON IIPOOHI IO pe3yJIbTaTaM MeTabapKoAUPOBAaHUs HauboJIblllee KOJIMYECTBO IPOUYTEHNI
oTHOcmJIOCh K npefcTraBuressiM Ciliophora. [luatoMoBsie 1 3eJIEHbIE BOOOPOCJIH OBLIIN JIyYllle JeTeKTH-
POBaHbI pU MeHbIleM o0beMe — 10 J1 u 1.2 1, m03TOMY AJIA MOHUTOPUHra MUKPOBOAOPOCJIEN 3TOTO
obbemMa foctaTouHO. CpaBHEHUE 00pa3l|oB C pasHOU ITyOUHOIN CEKBEHUPOBaHMs MOKA3aJi0 CXOAHBbIE
pe3yJibTaThl B XapaKTepUCTHUKe NOMUHHPYIOMNUX BUAOB. Pa3HuIla mposBJisgeTcA B MUHOPHBIX TaKcCo-
HaX, HEKOTOpbIe 13 KOTOPHIX BBIABJIAJINCH TOJIBKO IIPHU GoJibllieM KOJIMYecTBe NMpouTeHui. [losyueHHbIe
pe3yJibTaTbl BaXXHBl AJIA ONTHUMU3ALUK MOHUTOPHHIA OJIMTOTPOMHBIX BOAOEMOB C IpPUMEHEHHEeM
MeToAa MeTabapKOAMPOBaHUA.

Kiouegwie citoga: pasHooOpasue, o0beM IpoOHl, IJIy0rHa CeKBeHNpOoBaHusA, MeTabapkoauposaHue, 18S pPHK,
o3epo baiikan
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1. Beepenne €o00IIeCTB MUKPO3YKapHOT, NaHHbe 00 UX OOUIUU U

BU/IOBOM COCTaBe MOTYT CJIy>XXUTb PaHHUM IpelayIpe-

MHKpOSyKapuOThl — Tpynna OfiHOKJIETOYHBIX KJIEHWEM O HapyLIEHUAX B OKOCHCTEME, CBA3AHHBIX C
OpraHM3MOB, KOTOpad BKJIYAE€T MHKPOBOAOPOCIH, 3arpsisHeHVeM WM u3MeHeHueM kimMata (Winder
NpocTeillie ¥ MHKPOCKONMYECKHe TIpubbl — Bax- and Sommer, 2012). KnaccudeckuM MeTOAOM MOHU-

HBIF KOMITOHEHT BOJHBIX dKocucTeM. OHM y4acTBYIOT
B rmiobampHoM nukiae C, Si u Apyrux OHOTeHHBIX
DJIEMEHTOB U SIBJIAIOTCSA OCHOBOM IIHINEBBHIX CETEH B
BogHoui cpene (Falkowski et al., 2003; Calbet and
Landry, 2004; Williams et al., 2008; Fuhrman, 2009).
IToCcKOJIbKY M3MEHEHUs B OKpYyXarwllel cpejle, TaKue
Kak TeMIlepaTypa, cojiepXaHue OUOTeHHBIX BEIeCTB,
COJIEHOCTh M OCBEIIEHHOCTh BJIUAIOT HA CTPYKTYPY

*ABTOp IJI IIEPENUCKU.

TOPUHTA OJHOKJIETOYHBIX MHUKDPO3YKapHOT SIBJISIETCS
MMKPOCKOIINA, KOTOpas OCHOBaHa Ha MopdoJioruye-
CKUX IMPHU3HAKAaX, 4TO TpeOyeT SKCIIePTHHIX 3HAHUHN U
MOXeT YCJIOXKHATHCA U3-32 MaJIBIX pa3MepoOB KJIETOK U
Mop®OoI0ornYecKkoll M3MEHYNBOCTH BUIOB. B mocien-
Hee JecATWIeTHe A1 GMOMOHUTOPUHTA CTAJIN IIpUMe-
HATHh MeTOo]1 MeTabapKOAMPOBaHUsA, B OCHOBE KOTOPOT'O
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JIeXUT aHalIu3 pasHooOpasus IocjeoBaTeIbHOCTeMN
MapKepHbIX reHoB B cymMapHoi JJHK (Zimmermann et
al., 2015; Abad et al., 2016; Andersson et al., 2023;
Gelis et al., 2024; Mikhailov et al., 2025). YuuTsiBas
MHOT'03TaHOCTh MeTo/ia MeTabapKOAMpOBaHUA, aKTy-
ajieH BBIOOD ONTUMAJIBHBIX YCJIOBUI IJIs KaXIOro n3
3TanoB. Ha moJiyueHHHIII pe3yJibTaT MOTYT IOBJIUATH
pasauyHble (pakTopHl, Takue kak: 1) o6bemM GUIbTpye-
Moro obpasnia; 2) BeiopanHbiil JIHK-mapkep; 2) meTobl,
HCII0JIb3yeMble Ha Pa3/IMYHBIX dTanax MOJIEKYJISIPHOTO
aHaim3a (Meto/sl Beiiesienus JHK, TexHoioruu cexse-
HUpOBaHUA) U 3) pasjiMuHble MOAX0bl GronHbopMa-
TUYECKOro aHaju3a (MeToAbl MepBUYHON 06paboTKU
JIaHHBIX; aJITOPUTMBI KJIacTEPU3AlUU U METOIBl TaKCOo-
HOMHUYecKoH kyaccudukanuu). Jia ueneit 6MOMOHU-
TOPUHTra HYXHO NPOBECTU CTAaHAAPTU3ALHUI0 ITUX ITa-
moB. Ha AaHHEII MOMEHT CyllecTByeT Hemaso paboT
10 BHIOOPY MapKepHOro reHa JJisi MerabapKoaupoBa-
Hus (Gran-Stadniczefiko et al., 2017; Casey et al., 2021;
Ficetola et al., 2021; Bukin et al., 2023; Kezlya et al.,
2023); cpaBHEHUIO PA3JIMUHBIX METOLOB BBIJIeJI€HNA
JHK (Maki et al., 2017; Vasselon et al., 2017) u ontu-
Mu3anuy o6paboTKU I0C/IeI0BATEIbHOCTEN TaHHBIX
BBICOKOIIPOM3BOUTEJIBHOTO cekBeHHpoBaHua (Prodan
et al., 2020; Abellan-Schneyder et al., 2021; Brandt et
al., 2021). O6beM TpoOBI TaKXke BJIUSAET Ha UTOTOBBIE
pe3yJIbTaTHl, BKJIIOYAs KOJIMYECTBO BhesieHHOHN JJHK
U Ka4yecTBO IOJIyYeHHBIX 06pa3loB [Jid CeKBEHHUPOBA-
HUA. Beibop o6beMa nmpoOsl 1A GUIbTPOBAHUSA 3aBU-
CUT OT THIa BojoeMa. Mopckue 3KocHCTeMbl 60raThl
&bUTO- U 300IIJTAHKTOHOM, U YTOOBI y4ecTb BCE pas3Ho-
obpasuie OpraHu3MoOB peKOMeHyeTcsi OTOMpaTh 6OJIb-
mue oobeMsl — oT 50 go 100 siutpoB (Govindarajan et
al., 2022). [na HerJiyOOKHUX Me30TPOGMHBIX 3CTyapuil
JocTaToyHo HeboJpimoro oobema Boasl (25 —500 M),
4TOOBI OIeHUTh Gropa3Hoobpasue C IOMOILIBI0 MeTa-
6apkomgupoBanusa (Andersson et al., 2023). B npecHbIX
BOJIOeMax HeoOXOJUMBIN 00beM MpoObl MOXET Bapbu-
poBaTh B 3aBUCUMOCTU OT TPOGMHOCTH BofoeMa U KOH-
[[eHTpaluy KJIeTOK pa3sHOOOpasHBIX MHKPOCKONMYe-
CKUX OPTaHU3MOB.

Osepo Batikan sABsieTcs: oIUroTpodHEIM BoJj0€e-
MOM C HU3KOH KOHIIeHTpauvell 6MOreHHBIX BellecTB U
He6oJIBbIIION epBUYHOM MpoayKuuel (BoTuHnes u ap.,
1975). Lenpio faHHO!U paboThl ObLIa OlleHKa HeobXo-
auMoro odbema npob U ITyOUHbBl CEeKBEeHUPOBAHUA JJIs
omnpefieyieHNs pa3HOOOpa3ys MUKPOIYKApHUOT € ITOMO-
e MeTtabapkoaupoBaHusa ¢parMeHToB reHa 18S
pPHK.

2. MaTepuanbl U MeTOADI
2.1. OT60p Npo6

OT160p po6 BOAB! MPOBOAWJIN Ha CTaHLWUY, pac-
MOJIOXKEeHHOU B 3 KM OT oc. Maputyii (51°45.5467 c.i.;
104°13.222’ B.A.), B 10)KHOU KOTJIOBUHe 03epa Baiikai,
18 utosia 2023 r. [Ipo6s1 O6bLIM 0TOOpaHH ¢ HopTa Hayy-
HO-HccjefoBaTesibckoro cynHa «[.}HO. Bepemarus» c
nmomoInbelo BogocOopuuka SBE 32 Carousel (Sea-Bird
Electronics, CIIIA) u3 BepxHux cjoeB 0, 5, 10, 15, 20
u 25 M. [ina panpHelmniell paboThl paBHBIE OOBEMBI
BOJbl U3 pa3HHBIX CJI0eB 00beJUHAIN B UHTErpPaIbHYI0
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po0y. PUTOIIAaHKTOH aHAJIW3UPOBAJIM NapasjlesIbHO
¢ noMompbio Mukpockonuu u JHK merabapkoauHra.
J1A KoJIM4ecTBEHHOIO onpefesieHUsA U UAeHTH(UKa-
1My (GUTOIJIAHKTOHA MEeTOAOM CBETOBOM MUKPOCKO-
nuu 1,2 J1 UHTerpajbHOU Mpo6sl GUIBTPOBAIN Yepe3
¢unpTp ¢ pasmepom mop 3 mMkm (PEATPEK-Ousnbtp,
O6nuHCK-3, Poccus) u dukcupoBanu dopmanbie-
rujioM B oobemMe 50 MJI O KOHEYHOM KOHILIEHTpaIuu
3,7%. IloacueT KJIETOK MHKPOBOAOPOCJIEH IpPOBO-
VT C TIOMOINbI0 MUKpockomna Axiostar Plus (Zeiss,
l'epmanusA) B AByX MOBTOPHOCTAX, KaK ONMCAHO paHee
(Firsova et al., 2023).

2.2. Buipenenue AHK, amnanpuxkauma u
meTtabapkopupoBanue

Hna JHK metabapxoaupoBanus 1.2, 10 u 50 i
HMHTeTrpaJIbHBIX NIPO0 IpeaBapuTesbHO (UIBTPOBAIN
yepe3 rasoBbiii GuiabTp ¢ pasMepoMm nop 100 Mkm
(oma ypaneHuUss KpYnHOM (pakLUUM 300IJIaHKTOHA),
a 3areM ¢uibTpoBaiu 4epe3 (PUIBTPH C pasMepoM
mop 3 MkM (PEATPEK-®unstp, O6HUHCK-3, Poccus).
O6beMbl OBLIN BBIOpaHBI TakuM o6pa3om: obbeM 1,2 J1
paBHBIN 00beMy HpPoOH [Ji MUKpockonuu; 06bémM 10
JI, KOTOPBI¥ OOBIYHO UCMOJIb3YIOT B paboTe [JIs OLleHK!
6uopa3zHooOpa3ysa C IOMOIIbI0 MeTabapKOAWPOBaHUA
JHK, u o6béM 50 1, ucnosb3yeMblii [Jisi TOJIHOTe-
HOMHOI'0 CeKBeHHpoBaHUA. DduiabTpaiyio NpoBOANIIN
cpasy nocJie orbopa npob. buomaccy ¢ puabTpa cMbI-
BaJIu B cTepuJibHble GyakoHH ¢ 10 M crepuinbHOro TE
oydepa (1 MM SATA u 10 MM Tpuc-HCIl; pH 7,5) u
xpanuiu mnpu -20°C, a 3arem npu -80°C go majibHeN-
niero aHanusa. CymmapHyo JJHK u3 oOpasioB skcTpa-
ruposasnu iuzonumoM (1 mr/muit), nporennasoii K, 10%
SDS u cMmecsio ¢eHo1a, xj10podpopmMa U U30aMUTIOBOTO
crupta (25:24:1) (Bukin et al., 2023). AMmindukanuo
U ceKkBeHHpoBaHUe Ha iaTdopme I[llumina MiSeq npo-
BOAWJIU B lleHTpe reHOMHBIX TeXHOJIOTUH, IPOTEOMUKHU
u kietouHol 6uostoruu BHUUCXM (Cankr-Iletepbypr,
Poccusi). lna cpaBHeHUsA 00pasloB pa3HOro obobema
HCIIOJIb30BAJIU YHUBepcasibHBIN mpaiiMep 18S pPHK
yuactok V8-V9 (VBf(ATAACAGGTCTGTGATGCCCT)/1
510R(CCTTCYGCAGGTTCACCTACQC)). CexBeHrpOBaHUE
IIPOBOJWJIM C Pa3HbIM KOJIMYECTBOM IIPOYTEHHUH Ha
obOpaszel] ¢ yaile HCIoJb3yeMbM (mpruMepHO 20 TEHIC.
MpPOUTEHUI) U C yBeJuueHHBIM (mpumepHOo 50 THIC.
MPOYTEHUIT).

2.3. 06paboTka AaHHBbIX CEKBEHUPOBaHUA

JlaHHBIe CeKBEHMPOBaHUA aHaJIU3UPOBAIU C
momotgpio DADA2 v1.16 (R-maker dada2). ITapHble
KOHI[bl TpPOYTEHUU ObUIM OTHUIBTPOBAHBL, 00Bedu-
HeHBl, XUMepHble U KOpPOTKHe II0C/Ie[JOBaTesIbHOCTU
yAaJjieHbl, creHepupoBaHbl BapHaHTHl I0CJIeJoBaTesIb-
HOCTEeH aMILTUKOHOB (Mmo-aHrJjiniicky amplicon sequence
variants (ASV)) (Callahan et al., 2016). KpuBbie pas-
pexeHus, UHAeKCch 6oraTcTBa U pasHoobpasusa (Haol,
[ITerHoH 1 CHMIICOH) pacCUYUTaHbl C UCIOJIb30BaHUEM
R Bepcuu 4.4.3. JIna cpaBHeHUsA 00OpaslioB € pa3sHBIM
00beMOM M KOJIMYeCTBOM IIPOYTEHMI HCIIOJIb30BajICA
tecT ANOSIM. AHanu3 BoimosiHssIcs B PAST 4.06b. s
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TaKCOHOMUYECKON HAeHTU(PUKAIMNA HCIOJIb30BaJd
takcoHomuto Silva 132 (Bpemen, I'epmanus). TerioBas
KapTa 1nocTpoeHa Ha ocHoBe 80 Haubojiee MHOIOYMC-
neHHslx ASV B R. Marpuia mapHbIX pacCTOSHUM,
paccunTaHHas ¢ NoMomblo uHAekca bpes-Keptuca,
HCIOJIb30Bajlach AJIA KjlacTepusanuu npodusieil cooo-
mecTB B TerioBoil kapre UPGMA c ucnosib3oBaHuEM
naketoB vegan (Oksanen et al., 2019) u pheatmap
(Kolde, 2019).

JlaHHBIE O MOCjefoBaTeJIbHOCTAX ObUIM 3arpy-
keHbl B 6a3y AaHHbIX Sequence Read Archive (https://
www.ncbi.nlm.nih.gov/sra/) HauuoHanapHOTO IIeHTpa
6uoTtexHosiorndyeckoil nudopmaiuu (NCBI) nox peru-
cTpauoHHBIM HoMepoM PRINA1348943.

3. Pe3yAabTatbl M 06Cy)XAEHMUA

Jna oneHku pasHooOpasus M TaKCOHOMHYe-
CKOT'O coCTaBa MHKPO3YKapuoOT B obpasliax ¢ pa3HBIM
06beMoOM OTGUIBTPOBAHHOU MPOOBI U C pa3sHOMU IJIy-
OMHOII CeKBEHUPOBaHMsA BCero ObLIO NMPOAHAIU3UPO-
BaHO 972 147 npouteHuii. [l oOpasLoB ¢ MeHblIeil
rJIyOuHOI ceKBeHHpPOBaHUsA OBLIO MoJIyyeHo oT 34 931
1o 52 392 npouTteHuii Ha ob6pasel], Jis 06pas3I|oB C yBe-
JIMYeHHOU TJIyOMHOU cekBeHUpoBaHusA — oT 90 721 no
137 764 (Tabnuna). [loce puapTpauum MoJrydeHHbIX
IIPOYTEHMH N0 KayecTBy, KOTOpasA 3aKJio4asach B yaa-
JleHUuU npaliMepHbIX o0JacTel, yJajleHuu nocjeqoBa-
TeJIBHOCTU IIpyu AjiuHe dparMeHTa MeHblle 250 M.H.;
0o0beJHEHNY IapHBIX IPOYTEHHUI]; yJaJeHUU KOpOT-
KUX U XMMEpHBIX I0CJIeJOBAaTeJIbHOCTEN OCTajIoCh OT
25 328 no 103 680 Ha o6pa3el]. boJiblile TOJOBUHEI MTPO-
YTeHWH IIpPaKTHU4ecky BO Bcex oOpasijax OblIO yAasieHO
nocJjie yAajieHuA NocjIeJoBaTeIbHOCTEH, OTHOCAMMNXCA
Kk Metazoa. HecmoTps Ha MexaHHYeckoe yJaJieHue

KpPYIHBIX 3yKapuoT npu ¢uabTpanuu npob, nx JHK
BCE paBHO NolajaeT B 06pasibl ¥ cIOCOOHA 3aI0JHATh
6osbIIyI0 YacTh npouTeHuil. Ilpu popmuposanuu ASV
Bcero ObLJIO MOJTy4eHO oT 67 Ao 121 ASV Ha obpasern,
co cpenHel aamHOoM 331 m.H.

3.1. Ouenka 6orarcTBa u pasHoob6pasusa

Ananu3 anb@a-pasHooOpa3us IOKasajl, uYTo
kosinyecTBOo ASV He passnyaoch pu oobeMax Huib-
Tparuu Bofel 1,2 j1, 10 1 u 50 51 (Tabnuna). Kpussle
paspexeHusA, paccuMTaHHBle MJIA BceX 00pasLoB,
nocrurany HaceimeHus (Puc. 1), 4To ykaselBaeT Ha To,
YTO KOJIMYEeCTBO MPOYTEHHI OBLJIO AOCTATOYHBIM AJIA
oIleHKU BuoBoro 6orarcrsa. Unaexc Yaol BapsupoBa
oT 67 no 121, HauboJibiive 3HaUeHUs ObLTU B 06pa3nax
C yBeJINYEeHHBIM KOJIN4eCTBOM IIPOYTEHUH, YTO TOBOPUT
0 KOppeJiALiY BUI0BOrO OoraTrcTsa C riIyOMHOU cekBe-
HUPOBaHUsA, KOTOpOe II03BOJIAET BHIABJIATH OOJbllle
penkux BUmoB (Zaheer et al., 2018; Bardenhorst et al.,
2022; Schmitz and Rahmann, 2025). [Ipu He6O0IbIION U
yBeJINUeHHO! IilyOrHe CeKBeHHpOBaHHA HauOoJbllee
6oraTcTBO OBLJIO OTMeueHO B obpasuax 10 1 (Puc. 2A;
Tabsauna). DTOT pe3yJibTaT TOBOPUT O TOM, YTO JaHHBIN
o0beM MoXxeT OBITh HauboJjiee ONTHMAaJIbHBIM Cpeau
uccienyeMbox. OUIbTpoBaHUe, B Ipoliecce KOTOPOTo
KJIETKH U3 IPOOB! KOHIIEeHTPUPYIOTCA Ha QUIbTpe, NaeT
OBIcTpee, YTO JesaeT Oojlee COXpAaHHBIMU 00Opas3Ibl, O
cpaBHeHmuIo ¢ 50 J1, ¥ B Ipo0y nomnajgaeT 60Jiblie BUI0B
Ipu cpaBHeHuu ¢ 1,2 1.

Tect ANOSIM mnokasas, 4To oOpaslbl C pas-
HBIMU OT(QUIBTPOBAHHBIMU OO0beMaMH IPO0 HMeIT
eJiBa pa3jiMyMMble pas3jInyusA [0 COCTaBy MexXay coOom
(R=0,2384, p=0,0482). 5TO rOBOPUT O UYyBCTBUTEJIb-
HOCTHU MeToJia MeTabapKoAUPpOBaHNsA, YTO IIpY HeOOJIb-

Ta6smna. ITokasaTesyu ceKBeHUpPOBaHUA M UHAEKCH OMopasHoo0pa3uA B obpasnax ¢ pa3HbIM 00beMOM OT(GUJIbTPOBAaHHON
npo6sI (50, 10 u 1.2 1 GuIbTPOBaHHO! BOABL), IPOAHAIN3UPOBAHHBIX C IIOMOIIBI0 MeTabapKOAUPOBAHUA.

50J1.1 | 50J1.2 | 10J1.1|10J1 2 |1.2J11(1.2J1 2|50JI_ 1*|50J1 2*|10JI_1*|10JI 2% |1.2J1 1*|1.2JI 2*
HcxogHoe xonuue- |40 419|134 931 |52 392|51 857 (48 78643 390|109 918| 90 721 (135 541(137 764|126 154|100 274
CTBO MPOYTEHU
KosmuecTBo 38 565133 164 |49 81149 416 |46 481 |41 413|104 974| 86 536 |129 633|131 377|119 792 95 645
MPOYTEeHU! 1ocie
duribTpanuu
KosmuecTBo mpo- |26 993 |25 328 (39 53437 84138 886|36 945| 72 053 | 64 074 |103 680|100 215| 98 822 | 85129
YTeHu: IocJie yaa-
JIEHUs XUMEpHBIX U
KOPOTKHUX ITOCJIefI0-
BaTeJIbHOCTEN
KosmmuectBo 11 709| 8084 |18 5531995312 361 |13 381| 33 241 | 23 400 | 51 697 | 55129 | 35 839 | 30 087
IIPOYTEHUH IocJIe
yAajieHus rnoce-
JI0BaTeJIbHOCTE,
OTHOCAIIMXCA K
Metazoa
ASV 73 67 84 87 78 76 107 95 112 121 105 105
Hnpexc Yaol 73 67 84 87 78 76 107 95 112 121 105 105
Unpexc IlleHHOHA 2.7 2.72 | 2.85 2.88 | 2.93 3.1 2.82 2.76 2.95 2.96 3.01 3.16
Wnpexc Cummncona | 0.84 | 0.86 | 0.87 | 0.88 | 0.90 | 0.91 0.85 0.86 0.88 0.88 0.9 0.92

IIpuMmeuaHme: o6pasLbl C YBeJIMUEHHBIM KOJIMYECTBOM IIPOUYTEHNE OTMeUYeHBl 3Be3q0UKoi (*).
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Puc.1. KpuBsle pa3psbkeHUA I 06paslioB ¢ pa3HBIM 06beMoM OThUIbTpOBaHHOU npo6s! BoAs! (50 1, 10 mu 1.2 1) u ¢
pasHoli riybuHON cekBeHUpoBaHUA. OGpas3ibl ¢ yBeJIMYeHHBIM KOJIUeCTBOM IIPOYTEeHUI OTMeueHbI 3Be3/109KOH (*).

oM o6beme ¢rbTpanuu (1,2 j1) BeIABIIAETCSA BEICOKOE
pa3HooOpa3ue TakCOHOB, paBHOe OOJIbIIOMY 00beMy
(50 J1). DTOT pe3yJibTaT COOTHOCUTCA C pe3yJibTaTaMy,
MOJIy4YeHHBIMU Ha o0paslax Me30Tpo¢HOro 3CTyapus
peku 3Jpe, rae cpaBHuUBaiau ob6vemsl 0,25 11, 0,5 1 u
1,2 1 (Andersson et al., 2023). B ux paboTe pa3HOO-
6pasue 6bUT0 3ahUKCUPOBAHO yXe NIPU CaMOM HU3KOM
uccyieqOBaHHOM oO6beMe MpoOsL — 0,25 JI.

E 16 000

Wnupexkcel pazHooOpasusa IllenHoH n CUMIICOH
Mexay oOpasraMu ¢ pa3HBIMU KOJIMTYECTBAMU IIPO-
yTeHn ObIu cxomHeiMu (Puc. 2A; Tabimna). MHOekc
[ITenHona npu 20 THIC. IPOYTEHUII BapbupoBal OT 2,7
1o 3,1; mpu 50 ThIC. TpouTeHUt oT 2,76 Ao 3,16. UHAEKC
Cuwmricona nsmeHsica ot 0,84 go 0,91 npu 20 ThIC. IPO-
yrenni u ot 0,85 1o 0,92 npu 50 Thic. mpouTeHui. To
ecTb obmias CTpPyKTypa coobmiecTBa (OTHOCUTEJIbBHOE
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Puc.2. [Tokasarenu 6orarcTBa U pasHooOpasus i 06pa3loB ¢ pasHbIM 00beMOM OTGOUIBTPOBAHHOU P06l Boasl (50 I,
10 ;1 u 1.2 11) u ¢ pa3Hol TyIyOMHON cekBeHrpoBaHusA (20 Tric. 1 50 ThIC. pouTeHuit). A. 3HaueHus nHAekcoB Yaol u uHgekca
[MlenHoHa; B. Pacnpenenenue 50 Haubosiee MHorourcjaeHHbx ASV. O6GpasIisl ¢ yBeJIMUeHHBIM KOJIMYeCcTBOM IPOUYTEeHUl oTMe-

YyeHbI 3Be304K0M (*).
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obusive BUAOB) OCTaeTcs CTaOWIbHOM, Aaxe MpU yBe-
JIMYeHun TJyOuUHBI ceKBeHUpoBaHUsA. MakcuMasbHble
3HaueHUs pa3HooOpa3usA oTMedeHH B obpasuax 1,2 i,
YTO XapakTepusyercs 6oJjiee paBHOMEpHBIM pacipefe-
JeHueM BHUJOB B o6pasile. MuHHUMaIbHble 3HAUEHUS
uHpekcoB lllenHona u CumriicoHa ObUIM B oOpasnax
50 1. Huskue mokasaTesji JAHHBIX HWHIEKCOB CBHUE-
TEJIbCTBYIOT O JIOMUHHPOBAHUU B COODIeCTBe OTAENb-
HBIX TakcoHOB (Genomics, 2024). IIpu cpaBHeHUU
cocraBa ASV Mexny obpasiamMu BUAHO, YTO B oOpas-
nax 50 1 6GoJibllle TOJIOBUHBI MPOYTEHUN OTHOCUTCSA K
onnon ASV (Puc. 2B).

3.2. TakcoHOMMHUYECKanA CTPYKTypa

Jna oneHku BIMAHUA oObeMa GUIBTPOBAH-
HBIX Npo6 Ha TAKCOHOMUYECKYI0 CTPYKTYpy c€O000-
IecTBa MHKPO3YKapHOT, MBI CPaBHWJIN OTAEJIbHO
JOMUHUpYOIIe 1 MUHOPHEIE ASV Ha ypoBHe ceMmell-
ctBa (Puc. 3). B nmpobax 50 1 u 10 1 HauOOJBIIYIO
Joso coctaasin ASV, oTtHocsamuecs k Oligotrichia
(Ciliophora). M3 TemioBOiiI KapThl TakXe BHUIHO,
yto ASV1, oTHocsAmeecsa Kk pony Strombidium, sBns-
eTcs JOMMHUpYIoel Bo Bcex obpasua 50 i1 u 10 i
U COCTaBJIsAeT 3HAUMTEJIBHYIO J0JII0 B obpasmax 1,2 i
(Puc. 4). IIpubanu3uTeIbHO OOUHAKOBO IPeJICTaBJIEHb
B mpo6ax Cryptomycota u Ochromonadales (Puc. 3A),
JaHHBle ceMelicTBa SBJIAIOTCA CyGAOMHHAHTAMM WJIN
JoMHHaHTaMu B mpobax. ASV3, kiiaccuduuupoBaHHOe
Kak npefcTraBuTesib poja Dinobryon, sBiseTcs OOHUM
13 Haubosiee MHOTOYMCJIEHHBIX cpefdu Bcex obpas-
1[0B. JIaHHBIN pe3yJIbTaT COIOCTABUM C pe3yJIbTaTOM,
[IOJIy4eHHBIM C IOMOIIBI0 MHKpOCKONmMU ¢GUTOILIAH-
kToHa (Puc. 3B), rlie Mo YMCJIEHHOCTH TOXe HOMUHU-
poBasm npepctraButrenu Ochromonadales, Dinobryon
cylindricum (65,4x10° kn/m) wu Dinobryon sociale
(48,20 x10° xy/n). B obpasuax 1,2 J1 3HaUYUTETbHAS
noinsa oTHocutes k cemelictBy Thoracosphaeraceae
(Dinoflagellata), B oTiuume ot o6pasuoB 50 g u
10 i, rge ux OBUIO B [ABa WM TPU pas3a MeHbIIe.
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JuHodaressiaTel, 0OUTAIOIIME B XOJIOJHBIX BOJj0eMax,
OUeHb YyBCTBUTEJIbHH K IMOBBIIIEHUIO TeMIepaTyphl,
KOTOPOE BBHI3BIBAET OBICTPOE paspylleHue XI'yTUKOHOC-
neB (Kobanosa, 2009). Bo3aMoxHO, OoJiee OJIMTEJIbHOE
¢unsTpoBanre 50 g1 u 10 51 cnocoOGCTBOBAIO paspy-
meHunro kjietok u gerpaganuu JHK. Ilo cpaBHeHUIo ¢
JaHHBIMU MeTabapKOAUPOBaHUsA, Tlle IpefCcTaBUTeNN
JauHo(darennAT O6siM B unciie 11 MOMUHHPYIOUUX
cemetictB (Puc. 3A), mo AJaHHBIM MHKPOCKONMWU, OOJIA
JuHo(areAT B obmiell yrcjieHHOCTU Oblia HeGOoJIb-
masa (Puc. 3B). Tl'eHom pmuHOGJAresUIAT ABJIAETCA
MHOTOKONUIHBIM, a TakXxe AUHOQJAreUIATHl 4acTo
061a1a10T «Me30KapUOTUYECKUM» SIJPOM, B KOTOPOM
XpPOMOCOMBI He YIIaKOBaHbI B TMCTOHBI, KaK y APYruUx
3YKapHOT, U HaxoAATcs B 0Oojiee pacTIHYTOM COCTO-
SIHUHW, 4TO MOXeT CIOCOOCTBOBaTh 0ojiee 4acTOMy U
JIETKOMY KOMNMPOBAaHUI0O XPOMOCOMHOI0 MaTepuasa
(Wisecaver and Hackett, 2011). CoOTBETCTBEHHO JaXe
NpU HU3KOM YHMCJIEHHOCTU AUHOGJIAresUIAThl MOTYT
UMeTh 3HAUUTEJIbHYI0 [OJII0 INPU CEKBEHUPOBAHUU.
Jomnsa npouyTeHUi, OTHOCAIUXCA K JUATOMOBBIM BOJIO-
pociaM (cemerictBa Bacillariophyceae, Mediophyceae
u nopsAaka Fragilariales), a Takxe 3eJIEHBIM BOAOPOC-
Jsam (cemeiictBa Trebouxiophyceae u Chlorophyceae),
6bU1a B obpasuax 1,2 1. B obpasuax 50 1 Bkjag obenx
rpynn MukpoBogopocell 6su1 Hebosbmon (Puc. 3B),
HEeCMOTpsI Ha TO, YTO MO0 MHUKPOCKONHUHN 3TU T'PYIIIbI
sABasAnuchk cybnomuHantamu (Puc. 3B).

[TIpu cpaBHeHUU 00pa3LOB C pa3HOMN IJTyOUHOM
CeKBEHNPOBAHUsA BUAHO, YTO OOJIBIIMHCTBO TAaKCOHOB
UMelT NpPUOIU3UTESIBHO OJNHAKOBOE COOTHOIIEeHUe
(Puc. 3, 4). Pa3Hura nposiBjisieTcsi B MUHOPHBIX TaKCO-
HaxX, HEKOTOphble M3 KOTOPHIX AETEeKTUPYIOTCS TOJIBKO
mpu OoJIbIIEM KOJIMYECTBe IOJIYYEHHBIX IOCJIe/I0Ba-
tenbHOCTel (Puc. 4). Tect ANOSIM noarBepauJ1 Hau-
Yyie pa3/IM4yuii B cocTaBe 00pa3lioB C pa3HOM ITyOUHON
cekBeHupoBaHus (R=0,513, p=0,0029). U3 Ttemnyo-
BOII KapThl BUJHO, YTO HauboJjiee MOJIHO COOOIIeCTBO
MHUKPO3YKapUoT IpeJicTaBJeHO0 B oOpaslax o0beMOM
10 51 c yBeTM4eHHOI IJIyOMHOM CEKBEHUPOBaHMsA, YTO B
JIaHHOM cJIy4ae sIBJIsIeTCs ONTHUMAaJIbHBIMU YCIJIOBUAMU.
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Puc.3. TakcoHOMMYecKas CTPYKTypa obpasijax ¢ pa3HbeM 06beMoM OThUIbTpoBaHHOM NpoOH (50, 10 u 1.2 1 dunbTpoBaH-
HOU BOJBI). AHa/IM3 C TOMOIIbI0 MeTabapKoAUpoBaHUA Ha ypoBHe ceMericTB 11 momunupymomux ASV (A) u MuHopHbIX ASV;
pe3yJibTaThl aHasu3a Mmpobel 1.2 1 MeTomoM Mukpockonuu (B). O6pasifsl ¢ yBeJIYeHHBIM KOJIMYeCTBOM IPOUYTEHUI OTMeueHbI

3Be310uKkoi (¥).
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4. 3aknioueHue

Takum o6pa3oM, 11 MOHUTOPHUHTa OAHOKJIETOY-
HBIX MHUKPO3YKapHuoT B oJUroTpodHOM o3epe Barikain
B JIETHUH NepuoJ MeTOAOM MeTabapKOoAWpOBaHUA IIO
redy 18S pPHK ontumasnbHO oTOOpaTh npoly oObe-
MoM 10 Jj1 1 IpoBecTU ceKBeHHpOBaHUe ¢ IJIyonHoi 50
THICSY NMPOYTEHUHN Ha obpa3el], YTOOBI OoJiee JJeTaJibHO
oxapakTepu30BaTh cooOIiecTBo. 1A XxapaKTepuCTUKHU
JOMMHUPYIOINX TaKCOHOB JOCTAaTOYHO OTHOCHUTEJIBHO
Heboubioro oovema Boanl (1,2 j1). B mpobax ¢ Hau-
6ospmuM o6beMoMm (50 J1) GoJiblile MOJOBUHBI BCEX
CEeKBEHHPOBAHHLIX IOCJIe[0OBaTeJbHOCTEeH, OTHOCU-
sack k Ciliophora, a koysiuecTBO MPOYTEHUI, OTHOCH-
muxcs K AUaTOMOBBIM U 3eJIeHBIM BOJOPOCIAM, 3aHU-
’KaJI0Ch, YTO He ONpaBAbIBaeT OTOOpP TAaKOro OOJIBLIOTO
ob0beMa MHpoOBl [JiA HccaeoBaHUA (UTOMIAHKTOHA.
VBenuueHue TJIyOMHBI CEeKBEHUPOBaHUSA I103BOJIAET
0XBaTUTh 00JIbIlle MUHOPHBIX TAKCOHOB, B TO BpeM:A KakK
J0J11 TOMUHUPYIOIIUX TaKCOHOB IPU Pa3HOU TIyOuHe
CeKBeHHpOBaHUA ObUIa cxXofHa. [ljnA onTuMu3anuu
MeToAa MeTabapKOAMPOBaHUA JJid MCCIeNOBaHUM U
B Apyrue ce30HH HeoOXOAMMO NpoBefeHUe JOIOJIHU-
TeJIbHBIX paboT.
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ABSTRACT. According to monitoring data from 2019-2025, the current regime of organic matter and
nutrient elements in the water of Lake Glubokoe is assessed. The lake is located in a nature reserve
within the Moscow region and can be considered as a natural (background) water body for the region
(the maximum nitrogen and phosphorus content is several times lower than in the Mozhaysk Reservoir
and dozens of times lower than in Lake Beloe in Moscow). Significant interannual variability in the eco-
logical state of the lake was observed: in years with incomplete spring circulation, intensity of summer
anoxia is the strongest, and approximately twice as much mineral nitrogen, phosphorus, and colored
iron compounds accumulate at the bottom than in other years. At the same time, no monotonous trend
is observed in the regime of nutrient elements throughout the history of research, and no long-term
changes occur in the organic matter content since the 1960s, when its content in the lake decreased by
about half as a result of reclamation work in the catchment area. This calls into question the existing
hypothesis of gradual eutrophication of Lake Glubokoe.
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1. Introduction km wide, with a surface area of 0.6 km?, a maximum

depth of over 30 meters, and an average depth of 9.3

The state of aquatic ecosystems is determined m (Muraveysky, 1931; Sapelko et al., 2017). The lake

by a combination of natural and anthropogenic factors was originally thought to be glacial in origin, but in the
(Khatri and Tyagi, 2014; Akhtar et al., 2021). With the mid-20th century, a hypothesis of karst origin was pro-
increasing‘ pace of urbaniza‘tiop and population groth, posed (Shcherbakov, 1967), and for a long time, both
the negative anthropogenic impact on water bodies hypotheses found indirect confirmation and refutation.
is increasing (Chernogayeva et al., 2019; Moiseenko, According to modern research (Sapelko et al., 2017),
2022). When assessing this observed impact and calcu- the lake basin is still of glacial origin and was formed
lating its permissible extent, the concept of background in the Middle Pleistocene, but during the Boreal period
quality of natural waters is widely used (Lepikhin et it was influenced by karst processes. The lake has no
al.,, 2017; Lozovik and Galakhina, 2019; Ivanov, 2021). tributaries, and before the land reclamation works of
However, in densely populated regions such as the 1963-65, the contribution of atmospheric precipitation
Moscow Region, there are very few water bodies that to the inflow part of the water balance was estimated
can be considered as the nzjltural bac‘kground; even at 74% (Shcherbakov, 1967), and after the diversion of
fewer of them are well studied. In this regard, Lake marsh water from the catchment area around the lake,
Glubokoe is of great interest. it obviously increased even more, although these esti-
) Lake Glubokoe and its catchment area are located mates did not take into account the underground com-
in the Ruza District of the Moscow Region (Fig. 1) ponent, which remains virtually unexplored for Lake
within a state nature reserve and experience very low Glubokoe. The lake is characterized by low water min-

anthropogenic impact by the Moscow Region stan- eralization, a dimictic regime with annual formation of
dards. The shores of Lake Glubokoe are covered with an anoxic zone in the hypolimnion, and low biological

forest and are marshy. The lake is 1.2 km long, 0.85 productivity (Shcherbakov, 1967).
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*. Moscow region

5,

Fig.1. Location of Lake Glubokoe in the Ruza District of the Moscow Region (a) and location of the sampling point on the

lake (b).

Research on the lake began at the end of the
19th century and is inextricably linked with the activi-
ties of the N.Y. Zograf Hydrobiological Station located
on its shore — the first in Russia and the oldest in the
world. Currently, the station is a division of the A.N.
Severtsov Institute of Ecology and Evolution. The first
observations of water chemistry date back to the early
20th century. The results of research conducted on the
lake are published in the collection “Proceedings of the
Hydrobiological Station on Lake Glubokoe”. However,
the vast majority of work on Lake Glubokoe is devoted
to studying its hydrobiological regime; the hydrological
and hydrochemical regime of the lake has been studied
incomparably less.

Since spring 2017, we have been conducting
comprehensive studies of the hydrochemical regime of
Lake Glubokoe, the first such comprehensive, regular,
and long-term studies on the lake. The results of the
first years of monitoring provided initial insights into
the current regime of organic matter (OM) and nutrient
elements (Sokolov et al., 2018; Terechina et al., 2019).
However, there was still a clear need to continue regular
hydrological and hydrochemical observations to gain a
more detailed understanding of its characteristics.

2. Materials and methods

This work is based on data from year-round mon-
itoring conducted between 2019 and 2025. Monitoring
was carried out at a vertical location in the central,
deepest part of the lake (depth of approximately 30 m)
(Fig. 1) once a month (twice a month in the summer of
2019), interrupted only in certain months when access
to the lake was impossible due to thin ice (December
of all years except 2022; April 2022) or heavy snowfall
(January-February 2020), as well as during the height
of the COVID-19 pandemic (April-June 2020).

Field work included measuring the vertical dis-
tribution of water temperature (T) and the absolute and
relative dissolved oxygen content (O,) using a ProODO
probe (YSI, USA) at depths of 0.1, 0.5, 1 m, and every
meter thereafter to the bottom. During periods of com-
plete vertical mixing or in the presence of extensive lay-
ers with insignificant and uniform vertical gradients of
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the measured parameters, the step could be increased
to 2-5 m to speed up measurements.

Based on the probing results, depths were des-
ignated from which samples were taken with a Rutner
bathometer for subsequent hydrochemical analysis.
The number of sampling depths varied from 2 during
periods of complete vertical circulation (at the surface
and at the bottom) to 4-8 during periods of pronounced
stratification of the water column (at the surface, at the
bottom, at the upper and lower boundaries of the met-
alimnion, and also episodically at horizons where local
extremes of other measured indicators were noted, pri-
marily dissolved oxygen content).

The collected samples were analyzed in the chem-
ical laboratory of the Krasnovidovo Research station
of the Faculty of Geography of LMSU. As an indirect
indicator of the total OM content, the chemical oxy-
gen demand (COD) was determined using the bichro-
mate oxidation method modified by A.P. Ostapenya
(Ostapenya, 1965; PND F 14.1:2:3.100-97) in unfil-
tered samples, and since 2020 also in samples passed
through membrane filters with a pore diameter of 0.45
um (COD,), to estimate the proportion of the dissolved
fraction of organic matter. The water color (WC) was
also determined photometrically at 380 nm in compari-
son to the Pt-Co scale (PND F 14.1:2:4.207-04).

The content of mineral (TIP) and total (TP) phos-
phorus, including their dissolved forms in filtered sam-
ples (DIP and TDP, respectively), was determined using
the Murphy-Reily method modified for seawater (RD
52.10.738-2010; RD 52.10.739-2010), which is more
sensitive than the standards for surface and wastewa-
ter. The content of total nitrogen (TN) and its dissolved
form (TDN) was determined spectrophotometrically in
the UV range potassium persulfate digestion in an alka-
line medium (Analytical..., 2017). Since spring 2019,
the content of nitrite nitrogen (N-NO,) has been deter-
mined using Griess reagent (PND F 14.1:2:4.3-95), and
since summer 2019, nitrate (N-NO,) and ammonium
(N-NH,) nitrogen have also been determined by ion
chromatography (PND F 14.1:2:4.132-98; ISO 14911-
1998) on a JETchrom chromatograph (Portlab, Russia)
using methods modified for greater sensitivity (the
detection limit for nitrate nitrogen was 2.2 ug/L, for
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ammonium nitrogen — 2.3 pg/L). The concentration of
silicon (Si) was determined photometrically in the form
of yellow molybdonic acid (PND F 14.1:2:4.215-06).

Table 1 provides information on the standard
errors of the field instruments and laboratory analysis
methods used.

3. Results
3.1. Hydrological conditions, thermal and
oxygen regime

The driest year in the Moscow Region during the
observation period was 2019, which was characterized
by low spring runoff from natural catchments within
Central Russia due to the evaporation of a large part
of the snow cover, and a dry summer (Sokolov et al.,
2025). In the average (by water inflow into the lake)
year of 2020, spring runoff was even lower due to win-
ter thaws, but May-July were abnormally rainy. The
following four years were wet, especially 2022-23, with
high spring runoff, but while the winter of 2020-21 was
snowy and cold, all subsequent winters were character-
ized by frequent thaws. The extremely warm winter of
2024-25, when the snow cover had almost completely
melted by January and only returned for a few days in
early April, was particularly notable in this regard, and
also had extremely low spring runoff (close to that of
2020).

The thermal regime of Lake Glubokoe is described
in detail based on research conducted in the first half of
the 20th century and is typical for dimictic temperate
lakes (Shcherbakov, 1967). The results of our monitor-
ing showed that the main features of this regime have
been preserved (including the position of the thermo-
cline, which forms at a depth of 2-4 m and descends to
a depth of 8-10 m by the end of the summer), but the
duration of summer stratification increased by 1-1.5
months, the maximum heat storage increased by 16%
(Sokolov et al., 2022). Overall water temperature and
dynamic stability of the water column in the summer
period also had a gradual increase, as well as winter
water temperatures — due to decreased cooling of the

water column during the autumn circulation period
(Terechina, 2025).

During the study period, the lowest whole-lake
water temperature was observed in 2019, and the high-
est in 2021 (Fig. 2); the maximum weighted average
water temperature in these years was 13.6 and 16.1
°C, respectively (Terechina, 2025). In the context of
this study, an important feature of the lake’s thermal
regime is incomplete spring circulation, which was
observed in certain years according to both previous
studies (Shcherbakov, 1967) and our data for 2019 and
2023 (Terechina, 2025).

The oxygen regime of the lake was characterized
by oxygen supersaturation of the epilimnion during
most of the growing season of each year of observation,
the formation of a local minimum of dissolved oxygen
content in the metalimnion during summer stratifica-
tion, and the formation of winter and more extensive
and prolonged summer anoxic zones in the deep layers
(these zones are shown in red in Fig. 2). These features,
as well as the significant interannual variability in their
nature and degree of manifestation, are consistent with
the detailed description based on observations from
1947-57 (Shcherbakov, 1967).

The maximum intensity of oxygen depletion was
observed in years with incomplete spring circulation. In
2019, the anoxic zone existed for about 9 consecutive
months (from February to October). Its upper bound-
ary rose above a depth of 15 m in June, in August it
merged with the metalimnial minimum, which by that
time was also characterized by the absence of oxygen,
and by the end of summer it had spread to a depth of
6 m. In 2023, the anoxia that had already formed by
January was briefly interrupted in May, and by October
the upper boundary of the anoxic zone had risen to 13
m. Oxygen was also completely depleted in September
2023 in the core of the metalimnetic minimum at a
depth of 8-9 m. In other years of our observations, win-
ter anoxia was observed for no more than 2 months in a
small (1-3 m thick) bottom layer, while summer anoxia
lasted 2-4 months and spread from the lake bottom to a
depth of 18-20 m by the beginning of autumn turnover.

Table 1. Accuracy of determining field and laboratory indicators

Indicator Accuracy Source
Field indicators
T°C +0.2°C https://www.ysi.com/proodo
0, +1% or *1% saturation (whichever is greater) https://www.ysi.com/proodo
Laboratory indicators
COD 20% PND F 14.1:2:3.100-97
WC 20%; over 50 true color units (TCU) — 10% PND F 14.1:2:4.207-04
TIP, DIP 0.1 pg/L + 0.03 x value RD 52.10.738-2010
TP, TDP 0.16 pg/L + 0.08 x value RD 52.10.739-2010
TN, TDN *4.5% Analytical..., 2017
N-NO, +10% PND F 14.1:2:4.3-95
N-NO,, N-NH, *+13% PND F 14.1:2:4.132-98
Si 15%; over 1 mg/L — 12% PND F 14.1:2:4.215-06
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Fig.2. Distribution of water temperature (a) and relative dissolved oxygen content (b) in Lake Glubokoe in 2019-2025 (here
and below, dots indicate measurement depths, and white vertical stripes correspond to periods without observations).

These same two years were characterized by
the lowest oxygen supersaturation in the epilimnion:
while in other years (excluding 2020, but this can be
explained by an incomplete series of observations) the
maximum dissolved oxygen saturation exceeded 150%
(in all cases in mid-July at a depth of 4 m, apparently
optimal for photosynthesis), in 2019 and 2023 it only
reached 123-124% in May, not exceeding 117-118%
during the summer months.

3.2. OM content indicators

The water color in Lake Glubokoe in 2019-2025
varied between 10 and 100 TCU (true color units)
(Fig. 3). In most of the water column, it ranged from
10 to 30 TCU, reaching a maximum in April-June (in
2020 - until August), and only in 2022 did it fail to
exceed 20 TCU. In the bottom horizons during the sum-
mer anoxia period, the COD value increased from 15 to
50-100 TCU, with maximum values recorded in August
2019 (80-100 TCU) and October 2023 (about 80 TCU).

The COD value, traditionally considered as
an indicator of the total OM content, varied between

12 and 25 mgO/L and above in 2019-2025 (Fig. 4).
Maximum values (20-25 mgO/L and above) were
recorded annually in the surface layer (up to a depth
of 8 m), most often in August-September (less often in
July and/or October), which corresponds to periods of
oxygen supersaturation in the epilimnion. A less notice-
able increase to 20-22 mgO/L can also be observed in
the upper layers in late spring-early summer (corre-
sponding to periods of increased COD), and an even
less pronounced increase is observed near the bottom
by the end of winter and sometimes summer stagnation
(February-March and August-October, respectively).
The fact that organic matter is more abundant in the
bottom layer in winter, and in the surface layer in sum-
mer, has been noted previously (Shcherbakov, 1967).
The proportion of suspended organic matter, estimated
by the ratio of COD, to COD, generally did not exceed
10%. Surface maxima in the second half of summer
were accompanied by an increase in the proportion of
suspended organic matter to 20-40%, and deeper max-
ima - to 10-25%, while the increase in organic matter
content in April-June was mainly due to the dissolved
fraction.

WC, TCU
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Fig.3. Distribution of water color in Lake Glubokoe in 2019-2025.
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Fig.4. Distribution of COD in Lake Glubokoe in 2019-2025 in unfiltered (a) and filtered (b) samples.

3.3. Nutrient elements

Silicon concentrations in the photic layer ranged
from 0.4 to 1.4 mg/L, and in the aphotic layer from 0.7
to 2.0 mg/L (Fig. 5). During the summer stratification
period, against the silicon accumulation at the bottom,
a clear decrease in its content was observed in the pho-
tic layer, reaching its annual minimum.

Mineral phosphorus in the main water col-
umn was present mainly in dissolved form, its content
rarely exceeded 10 ug/L, increasing towards winter and
decreasing in the epilimnion to 1-3 pg/L from May-June
to September-October (Fig. 6). The total phosphorus
content in winter reached 30-50 pg/1 and above, while
in summer it also decreased to 20 pg/l and less in the
upper layers, primarily due to the consumption of min-
eral forms, with a regular increase in the proportion of
organic (mainly suspended) phosphorus from 70-75 to
90-95% and more (Fig. 7).

An increase in phosphorus content was observed
at the bottom during the summer stratification, usually

reaching a maximum by the end of October. In years
with a less developed anoxic zone, the concentrations
of mineral and total phosphorus increased to 50-60 and
80-110 pg/L, respectively. In 2019 they reached 90 and
100 pg/1 already in early July and by October increased
to 150 and 180 pg/l, respectively, and in October
2023 they amounted to about 100 and over 110 pg/l,
respectively. During these periods, the proportion of
suspended forms at the bottom increased to 50-70%
and above, while the proportion of organic phosphorus
decreased to 20-30% and below.

The total nitrogen content in 2019-2025 in
the main water column was 0.4-0.7 mg/L in summer
and 0.8-0.9 mg/L and above in winter (Fig. 8). In the
bottom layer, the TN content was higher and reached
1.3-1.7 mg/1 and above by the end of the summer stag-
nation period. The proportion of suspended forms was
very small and rarely exceeded 20% (mainly at the bot-
tom), but reached 30-40% and above in the upper lay-
ers during periods of algal blooms.

Si, mg/L
O Joamss s smssnss s e e
] 2
10
1
20
E
%wwmmm ‘\‘\\\\\‘\\‘\\\\\\\\\‘\\\\\l\\\\\\‘\\\\\\\\\\\ wwwww 0
a 2019 2020 2021 2022 2023 2024 2025

Fig.5. Distribution of silicon in Lake Glubokoe in 2019-2025.
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Fig.6. Distribution of mineral phosphorus in Lake Glubokoe in 2019-2025 in unfiltered (a) and filtered (b) samples.

Significant concentrations of ammonium nitro-
gen (up to 0.3-0.5 mg/L and above) and nitrite nitro-
gen (up to 30-50 pg/L and above) were generally
observed only in deep layers, reaching maximum val-
ues by the end of the winter (February-March) and sum-
mer (October) stagnation periods (Fig. 9). The nitrate
nitrogen content varied from trace amounts to 0.2-0.5
mg/L, increasing in winter throughout the water col-
umn, and in summer only in the hypolimnion. In the
epilimnion in June-September it decreased to almost

zero, and then during the autumn circulation period it
decreased throughout the entire depth of the lake.

4. Discussion

Of the few studies devoted to the regime of
organic matter and nutrient elements in Lake Glubokoe,
the vast majority are based on observations made over
the course of one year (at best, two separate years),
one season, or even a single occasion. This applies to
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Fig.7. Distribution of total phosphorus in Lake Glubokoe in 2019-2025 in unfiltered (a) and filtered (b) samples.
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Fig.8. Total nitrogen content in Lake Glubokoe in 2019-2025 in unfiltered (a) and filtered (b) samples.

most studies from the first half of the 20th century, a
detailed analysis of which is presented in a monograph
(Shcherbakov, 1967), and subsequent individual works
(Bikbulatov et al., 1972; Yanin et al., 1986). Only the
work (Shaporenko and Shilkrot, 2005) considers the
results of three years of observations in all seasons.

It is noteworthy that a similar incompleteness
is inherent in the study of phytoplankton dynamics in
the lake, although Lake Glubokoe is considered to be a
comprehensively studied lake in terms of hydrobiology
thanks to more than a century of activity by the N.Y.
Zograf Hydrobiological Station, where the develop-
ment of all Russian algology was based (Smirnov et al.,
1997). However, it is noted (Shcherbakov, 1967) that
most of the research concerned zooplankton, and the
few studies devoted to phytoplankton mainly explored
its taxonomic composition (Smirnov et al., 1997,
Vasilyeva-Kralina and Tirskaya, 2005). Only two stud-
ies (Shcherbakov, 1967; Chekryzheva, 1983) provide
a clear picture of the seasonal change in the dominant
phytoplankton groups. In spring and autumn, diatoms
(Shcherbakov, 1967) or cryptophytes and dinoflagel-
lates (Chekryzheva, 1983), as well as chrysophytes,
dominate in Lake Glubokoe, in summer - cyanobacte-
ria, and in some years dinoflagellates or chrysophytes
dominate (Shcherbakov, 1967), with the participation
of green algae and cryptophytes (Chekryzheva, 1983).

At the same time, phytoplankton regime is one
of the key factors in the cycle of nutrient elements and
organic matter, since algal blooms are the main source
of autochthonous organic matter in the lake and the
reason for the transition of nutrient elements from a
dissolved mineral form to a suspended organic form
in phytoplankton cells. Diatoms also actively consume
mineral silicon in the spring during the period of their
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dominance, causing its low content in the epilimnion
until the end of summer.

Based on the results of our six-year monitoring,
the most striking feature are the marked interannual
differences in the seasonal dynamics of most param-
eters. These differences are clearly linked to another
key factor determining the hydroecological status
of water bodies — the nature and intensity of oxygen
depletion (its timing, duration, and spatial extent). The
latter, in turn, are determined by the thermodynamic
regime and the degree of oxygen saturation in the lake
water during spring circulation (Shcherbakov, 1967;
Shaporenko and Shilkrot, 2005).

In 2019 and 2023, when incomplete spring cir-
culation led to the formation of the most extensive and
long-lasting zone of anoxia, maximum values of water
color, concentrations of mineral and total phosphorus,
total and ammonium nitrogen were 2-3 times higher
than the maximums of other years. Almost all previ-
ous studies of water color, including the first years of
our monitoring (Shcherbakov, 1967; Bikbulatov et al.,
1972; Shaporenko and Shilkrot, 2005; Sokolov et al.,
2018), point to an increase in water color in the bot-
tom layer under anaerobic conditions. This effect, well
known to us from many years of observations at the
Mozhaysk Reservoir (Sokolov, 2013), is associated with
the release of colloidal iron hydrate from bottom sed-
iments and its subsequent conversion in the presence
of hydrogen sulfide into a more soluble dark-colored
iron sulfide (Shcherbakov, 1967). We did indeed detect
the smell of hydrogen sulfide in bottom samples during
periods of anoxia.

It should be noted that before the implementa-
tion of land reclamation measures in the lake’s catch-
ment area in the 1960s, much more allochthonous
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Fig.9. Content of mineral forms of nitrogen in Lake Glubokoe in 2019-2025: N-NH, (a), N-NO,, (b), N-NO, (c).

humic substances flowed into the lake from its marshy
and forested shores, so the first studies of the lake noted
a characteristic dark brown tint of the water, and the
WC value reached 170 TCU and above, and at the end
of stratification reached 250 TCU (Shcherbakov, 1967).
The COD value in the water of Lake Glubokoe before
reclamation works was also almost twice as high, at
32-40 mgO/L (Shcherbakov, 1967).

The marshy and forested catchment area of Lake
Glubokoe serves as a geochemical barrier to the entry
of nutrient elements into the lake (Shaporenko and
Shilkrot, 2005), which is why the lake water has a rel-
atively low content of these substances. Therefore, as
in the case of water color, the increase in the content
of nutrient elements at the bottom of Lake Glubokoe is
associated not with external but with internal loading,
when anaerobic conditions contribute to the reduction
of mineral (primarily ammonium) nitrogen and phos-
phorus from bottom sediments (Soranno et al., 1997;
Wilhelm and Adrian, 2008; North et al., 2014). The
increase in phosphorus content at the bottom may also
be facilitated by the reduction of phosphorus-contain-
ing organic compounds with the participation of bacte-
ria (Erina et al., 2019).

A retrospective analysis of the literature shows
no reliable long-term trend. In 1932-33 (Shcherbakov,
1967), the mineral phosphorus and total nitrogen
content was comparable to all years of our monitor-
ing, except for 2019 and 2023. In the summer of 1983
(Yanin et al., 1986), the maximum mineral phospho-
rus content at the bottom exceeded 150 ug/L, as in
2019. In 2001-2003 (Shaporenko and Shilkrot, 2005),
the content of total phosphorus and total nitrogen was
apparently about twice as high as shown in our data,
although the article is not without contradictions: the
ranges of variability in total phosphorus and nitrogen
concentrations in the table and in the text differ (the
phosphorus content at the surface given in the table
is three times lower than that indicated in the text
and fully corresponds to the current state; however,
the maximum nitrogen concentrations in the text are
almost twice as high as in the table, and thus exceed
modern levels by more than three times). In the early
years of our monitoring (Terechina et al., 2019), as in
the 1930s, phosphorus and nitrogen concentrations
were comparable to those in years with more favorable
oxygen conditions.
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Mineral nitrogen compounds are genetically
linked, and their biochemical transformation is caused
by both active consumption by phytoplankton and
alternating aerobic and anaerobic conditions. The
rather scarce information in the literature on the con-
tent of these forms in the water of Lake Glubokoe
does not allow for a reliable assessment of the long-
term dynamics of these indicators, but in general, the
reported concentration ranges are consistent with mod-
ern ones (Yanin et al., 1986; Shaporenko and Shilkrot,
2005). It should be noted that in the work (Yanin et al.,
1986), nitrites are mistakenly referred to as nitrates,
so that only by the described nature of the vertical dis-
tribution can these two forms of mineral nitrogen be
distinguished with some certainty.

The interdependence of physical, chemical, and
biological parameters underscores the importance of
comprehensive hydroecological studies, while signifi-
cant interannual variability demonstrates the possible
unrepresentativeness of individual studies and the need
for regular long-term observations. These consider-
ations also suggest caution when comparing the results
of studies that differ in design, methodology, spatial
and temporal coverage, and even more so when draw-
ing conclusions about long-term changes in the state of
the lake ecosystem based on them.

As an example, we can cite the conclusions
about the increase in the trophic level of the lake
(Chekryzheva, 1983), which were made on the basis
of a comparison of data from a single year of her own
observations (the ice-free period of 1977) with the
equally scarce and heterogeneous data from studies
conducted in previous years. The authors of compre-
hensive studies conducted in 2001-2003 (Shaporenko
and Shilkrot, 2005) came to a similar conclusion; how-
ever, as shown above, their results significantly devi-
ate from the available hydrochemical observations.
According to some authors, the lake has even transi-
tioned from a mesotrophic to a slightly eutrophic state
(Vasilyeva-Kralina and Tirskaya, 2005). At the same
time, Shcherbakov (1967) concluded that in low-pro-
ductivity years, Lake Glubokoe has mesotrophic char-
acteristics, while in years of increased productivity, it
is comparable to eutrophic lakes.

As mentioned above, Lake Glubokoe and its
catchment area experience minimal anthropogenic
impact, especially by the standards of the Moscow
Region, which allows this lake to be considered a back-
ground water body. For comparison, it is appropriate
to mention Lake Beloe, which belongs to the Kosino
Lakes system: it is similar to Lake Glubokoe in its depth
(its maximum depth is 16 m), its rounded cone-shaped
basin of glacial origin, dimictic regime, annual forma-
tion of an anoxic zone (extensive in both summer and
winter), incomplete spring circulation in some years,
and more than a century of research thanks to the activ-
ities of the Kosino Biological Station (Shirokova and
Ozerova, 2019). However, Lake Beloe is located within
the boundaries of Moscow, has been experiencing sig-
nificant anthropogenic influence for many decades, and
is highly eutrophic. It is also interesting to compare
Lake Glubokoe with the Mozhaysk Reservoir, which
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is located in similar landscape conditions (wooded
and marshy catchment area, relatively low anthropo-
genic load for the region), is also relatively deep (up
to 22 m), dimictic, with annual summer anoxia and
is a mesotrophic-eutrophic reservoir, differing from
Lake Glubokoe and Kosino Lakes primarily in the high
role of river flow and its regulation. The reservoir has
also been studied in detail since its creation, mainly
by staff of the Department of Land Hydrology at LMSU
(Hydroecological..., 2015). Since 2016, we have been
conducting monitoring at the Mozhaysk Reservoir
(Erina et al., 2020) and since 2021 at the Kosino Lakes
(Terechina et al., 2023), using methods similar to those
used for observations at Lake Glubokoe.

In the surface layers of the Mozhaysk Reservoir,
the mineral phosphorus content is on average 4 times
higher than in Lake Glubokoe (which can be explained
by the river feeding the reservoir), and in Lake Beloe it
is 2-3 times higher; the total phosphorus content in both
water bodies is 2-3 times higher than in Lake Glubokoy.
The average concentrations of total and ammonium
nitrogen in the surface layer of the Mozhaysk Reservoir
slightly exceed those in Lake Glubokoe, however, in
Lake Beloe, total nitrogen is 2-3 times higher, and
ammonium nitrogen is 10 times higher, apparently due
to anthropogenic pollution.

The differences in the content of nutrient ele-
ments in the bottom layers of those lakes are much
more pronounced, although the mechanisms and con-
ditions for increasing their concentrations (recovery
from bottom sediments under anaerobic conditions) are
similar in all of them. In the Mozhaysk Reservoir, the
phosphorus content is on average 5 times higher than
in Lake Glubokoe under conditions of acute anoxia in
2019 and 2023, and 10 times higher compared to other
years, total nitrogen is 2 and 3 times higher, respec-
tively, ammonium nitrogen is 1.5 and 2 times higher,
respectively. As for Lake Beloe, the phosphorus content
at the bottom is 10-20 times higher than that observed
in Lake Glubokoe in 2019 and 2023, and up to 30 times
higher in other years; total nitrogen — approximately 10
and 20 times higher, respectively, ammonium nitrogen
— 20-30 and almost 50 times higher.

5. Conclusions

Continuation of long-term research on Lake
Glubokoe has made it possible to expand and refine
our understanding of its current hydrochemical regime.
A comparison of the long-term data series obtained
with the materials from the first years of monitoring
and literature data clearly shows that comprehensive
and long-term monitoring covering years with different
environmental conditions is necessary for a deep and
correct understanding of the patterns of the ecological
state of the lake.

The key factors determining the significant inter-
annual variability of the hydroecological regime of Lake
Glubokoe are, first of all, thermodynamic conditions
(in years with incomplete spring circulation, the most
acute and prolonged oxygen-depleted conditions are
formed, which leads to approximately twice as intense
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reduction of colored iron compounds, mineral forms of
phosphorus and nitrogen from bottom sediments com-
pared to other years), and to a lesser extent, differences
in the biological productivity of specific years, which
can reach several orders of magnitude.

A comparison with literature data shows the
absence of any pronounced long-term trend in phos-
phorus and nitrogen content throughout the 20th and
21st centuries and the unreliability of assessments of
the lake’s hydroecological status based on data from
short-term and, even more so, one-off observations.
Conclusions about a targeted change in the trophic sta-
tus of Lake Glubokoe and its gradual eutrophication,
made by some authors based on the results of studies in
individual years, are not confirmed by long-term mon-
itoring data.
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OpraHnyecKoe BelecTBO U 6MOreHHble

3AeMEeHTbl B Boae o3epa Ihybokoro FRESETWATER.
(MockoBckana obnacTtb) BIOLOGY
P

CoxkouioB JI.N.1", Tepemmna M.A.'", Epuna O.H.'**", JlaGytuH T.A.!

IMT'Y umenu M.B. JlomoHocoaa, JleHuHckue eopwl, 1, Mockea, 1119991, Poccus
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AHHOTALIUA. Ilo gaunaeiM MoHuTopuHra 2019-2025 rr. paccMOTpeH COBpPEMEHHBIN peXxuM IMoKasza-
TeJjlell cofepKaHus OpraHn4eckux 1 OMOTeHHBIX BellleCcTB B BoJie o3epa I1y6okoro, KOTopoe pacrnoJsio-
KEeHO B IPUPOLHOM 3aKa3HHKe MOCKOBCKOI 00JIacTU 1 MOXeT paccMaTpUBaThCs Kak (POHOBBIE BOAOEM
(noJstyueHo, YTO MakcUMaJlbHOe cofepkaHue a3oTa u ¢docdopa B HeM B pasbl HiXe, 4eM B MoxalickoM
BOJOXpaHWINILe, U B JeCATKN pa3 HIXe, YeM B MOCKOBCKOM o3epe Besiom). IToka3zaHa cyiiecTBeHHasA
MEXI0JI0Basi M3MEHYMBOCTh TMIPO3KOJIOTHYECKOI0 COCTOSAHUA 03epa (B rofbl ¢ HENOJIHOM BeceHHel
IUPKyJIANKeN JeTOM pa3BuBaeTcs HauboJiee ocTpas aHOKCHA, U y IHA HaKaIJIMBaeTCsA IPUMEPHO BIBOe
6oJibllle MIHEpaJIbHOro a3ora, Gpocdopa 1 OKpalleHHBIX COeJUHEHN KeJie3a, YeM B OCTaJIbHbIe 'OMbI)
IIpM OTCYTCTBUM HaIpaBJIEHHOTO TpPeHAa B peXuMe OMOTeHHBIX BeLeCTB 3a BCI0O HMCTOPHIO KCCJIedOo-
BaHUM, a opraHuieckux — ¢ 1960-x IT., Korja B pe3yJjbTaTe MeJHOpaTUBHBEIX paboT Ha BomocOope ux
cojiepXaHuUe B 03epe CHM3MJIOCh IPUMEPHO BjBOe. ITO CTaBUT II0J] COMHEHUE CyL[eCTBYION[YI0 TUIIOTe3y
0 IIOCTeNeHHOM 3BTpodupoBaHuu o3epa I'imybokoro.

Kioueawie ciioea: o3epo I'mybokoe, IBETHOCTD, OpraHUYecKoe BelecTBo, pocdop, a3oT, KpeMHUN

Jna mutupoBaHusa: Cokosios [[.U., Tepemnna M.A., Epuna O.H., JJabytun T.A. OpraHudeckoe BellecTBO M OMOTeHHBIE dJie-
MeHTH B Bojie o3epa I'sty6okoro (Mockosckas obsiacts) // Limnology and Freshwater Biology. 2025. - No 5. - C. 1227-1248.
DOI: 10.31951/2658-3518-2025-A-5-1227

1. BBeAeH"e 03€pa IIOKPBIThHI JIECOM, 3a00JI04€eHHI. ,[[JII/IHa o3€epa

cocrasiger 1,2 xm, mwupnHa - 0,85 kM, miomags
3epkasia — 0,6 KM?, MakcUMaJlbHas TJIyOmHA — GoJsiee
30 metpoB, cpegusada — 9,3 m (Mypaselickuii, 1931;
Canenko u Ap., 2017). Ilo HmpOHCXOXOEHUIO0 03epo
M3HAYaJIbHO OTHOCWJIM K JIeJHUKOBBIM, OHAKO B cepe-
auHe XX Beka BO3HUKJIA TMIOTe3a KapCTOBOr'O IpoO-
ucxoxnenus (lllepbaxkos, 1967), u gonroe Bpems obe
TUNOTE3bl HaxXOAWJIW KOCBEHHBIE IOATBEPXIEHUA U
onpoBepxeHus. [lo AaHHBIM COBpPEMEHHBIX HKCCJIEO-
BaHui (Canesnko u Ap., 2017) KOTJIOBUHA 0O3epa HU3Ha-
4yaJIbHO BCE Xe 1MeeT JIe[JHHMKOBOE IPOHCXOXJeHle
u obpasoBajiach B CpeJHeEM IJIeliCTOIleHe, OJHAKO B
OopeasibHBINI Mepuo[ Ha Hee OKa3aju BJIUAHME Kap-
cToBHle mpoljecchl. O3epo He HMMeeT MPUTOKOB, U [0
MeJIMOpaTUBHBIX paboT 1963-65 rr. Bryiag aTMocdep-
HBIX OCaJIKOB B IPUXOAHYI0 YacTh BOAHOIO OajiaHca
oneHuBascA B 74% (Illep6akos, 1967), a mocye oTBe-
JeHus cToka OOJIOTHBIX BOJ C BojocOopa B 06xon
o3epa, 0OYeBUIHO, ellle 60Jiee BO3POC, XOTs 3TU OIleHKU
He YYUTHIBAJIM NOA3EMHOI COCTaBJIAIONIel, KOTopas
a7 o3epa I'myGokoro ocraercs MpakTU4YecKU Heusy-
yeHHOU. O3epo XxapaKTepu3yeTcs MaJjioii MHUHepasin3a-

CocTosAsHMEe BOJHBIX 3KOCHCTEM OlpefesiseTcs
coueTaHueM MHoOroo6pasusa NPUPOAHBIX W AHTPOIO-
reHHbix ¢aktopoB (Khatri and Tyagi, 2014; Akhtar et
al., 2021). B ycioBuAX HapacTawIIUX TEMIOB ypba-
HU3allUM U pocTa HacejeHHWsA HeraTuBHOE aHTPOIIO-
reHHOe BO3JeliCTBUe Ha BOAHBIE OOBEKTHl yBeJINUMBa-
erca (UepHoraesa u 1ip., 2019; Moiseenko, 2022). IIpu
OILleHKe 3TOro BO3JeHCTBHUSA, KaK HabI0gaeMoro, Tak 1
JOIIyCTUMOT 0, IINPOKO UCIOJIb3yeTcA NOHATHE O (POHO-
BOM KauecTBe MpUPOAHBIX BoA (JlemuxuH u ap., 2017;
JlozoBuk u I'amaxuna, 2019; WBanos, 2021). OaHako
B I'yCTOHaCeJIeHHBIX PerruoHax, Takux kak MockoBckas
o0JiacTh, 04eHb MajI0o BOJOEMOB, KOTOpble MOXHO pac-
cMaTpuBaTh Kak GOHOBHIE; TeM OoJiee MasIo cpeyd HUX
XOpOIIO M3y4YeHHBIX. B 3TOM OTHOmIeHuUH OOJIBIION
WHTepec IpefcTasJiigeT o3epo tybokoe.

O3zepo I'my6Gokoe u ero BoA0COOp pacrnoJioXKeHH! B
Py3ckowMm patioHe MockoBckoii o6sactu (Puc. 1) Ha Tep-
PUTOPHUHU TOCyAaPCTBEHHOI'O IIPUPOJHOIO 3aKa3HUKaA U
HCHBITHIBAIOT O4YeHb HM3KOe M0 MepkaM MOCKOBCKOH
obJiacTu aHTpoIOreHHoe BiusAHUe. bepera I'myGokoro
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© Asrop(s1) 2025. DTa pabora pacnpocTpaHs-
Iocmynuwna: 10 asrycra 2025; IIpunama: 25 oktsa6psa 2025; eTcs o MexIyHapoJHo! jiutieH3uel Creative BY N
Ony6tukoadana online: 31 okta6psa 2025 Commons Attribution-NonCommercial 4.0.

1238


https://www.doi.org/10.31951/2658-3518-2025-A-5-1227
https://orcid.org/0000-0001-9035-1725
https://orcid.org/0000-0001-5493-9396
https://orcid.org/0000-0001-8579-3852
https://orcid.org/0000-0003-0168-6561
mailto:oxana.erina@geogr.msu.ru

Cokonos [.M. u dp. / Limnology and Freshwater Biology 2025 (5): 1227-1248

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

Puc.1. Cxema pacnoJsioxeHnus ozepa I'smy6okoro B Py3ckom patione MockoBckoi o6iactu PD (a) u pelifoBOI BepTUKAIN HA

akBatopuu o3epa (6).

[eil BOABl, AUMUKTUYECKUM PeXHMOM C eXeroAHBIM
dopMupoBaHrueM aHOKCHIHON 30HB B T'MIIOJUMHU-
OHEe U HEBBICOKON OHOJIOrHYecKoll MpOAYKTHBHOCTHIO
(Ilep6axos, 1967).

HccrieqoBanusa o3epa Havaauch B KoHIe XIX B.
U HEpaspblBHO CBA3aHBI C AEATEJIbHOCTBIO PacCIoJIo-
)KeHHOU Ha ero Oepery rupoOoroIOrmYecKou CTaHI[UU
numeHu H.JO. 3orpada — nepsoii B Poccuu u crapeii-
mel U3 JedCTBYIIUX B Mupe. B Hacrosmee Bpems
CTaHIUA ABJIAETCA NofpasfeeHrueM HHCTUTyTa 5KO-
gorun U sosoruu nMveHu A.H. Cesepnosa. [lepBrie
HaOMI0feHusA 3a TUAPOXMMHYECKHMMM [0Ka3aTesIsasMUu
AaTtupyrTrcsa HadagaoM XX B. Pe3ysibTaThl IPOBOAUMBIX
Ha o3epe uccjleJoBaHUM NyOJMKyIOTCA B cOOpPHHKax
«TpyaoB rugpoOUOJIOTYECKON cTaHIuK Ha [JryGokoM
o3epe». OqHAKO MoAaBJAKIIaA 4acTb pabOT Ha o3epe
I's1y0okOoM mOCBAIMIEHA HCCJIEOOBAHUIO €ro TMApoOUo-
JIOTUYECKOI'0 pexuma; ruJpoJIoTHYecKuil U ruJpoxu-
MUYeCcKHUll pexXxuM o3epa H3yueH HeCOU3MepUMO XyxKe.

C BecHbl 2017 1. 10 HacToAIIEee BpeMs MBI IIPOBO-
JAVM KOMILJIEKCHBIE MCCIJIe[JOBaHUA TMAPOXUMUYECKOT0
pexumMa I'mybokoro osepa, BIepBble CTOJIb KOMIJIEKC-
HBIe, peryJiApHbIe U MpOAOJDKUTeNbHEIE. [10 pe3ysbTa-
TaM IepBbIX JIET MOHUTOPHUHTA OBLIIN [TOJTyYeHEI [IEPBbIe
NpeACTaBJIeHUA O COBPEMEHHOM pPEXHMe COMepKaHus
opranuveckux (OB) u 6uorenHsix BemecTB (COKOJIOB
u ap., 2018; Tepemwmna u Ap., 2019). OgHako ocrasa-
Jlach O4eBHIHON HeoO0XOAVMOCTb NPOAOJIKEHU pery-
JIApDHBIX THAPOJIOrO-TUAPOXUMHUYECKUX HaOII0AeHuN
17151 6oJiee eTaJIbHOTO MOHMMAHMS ero 0COOeHHOCTEH.

2. MaTepuanbl 1 MeTOAbI

Hacrosamaa pabora ocHOBaHa Ha MaTepuajax
KpYTJIOTOAWYHOIO MOHUTOpUHra B nepuofg 2019-2025
rr. MOHUTOPUHT IPOBOAMJICA Ha peliIoBON BepTUKAJIU
B IIEHTPAJIbHOM, caMou riry6okoBogHOM (0koj0 30 M)
yactu o3epa (Puc. 1) c yactoTou pa3 B mecAr (JieToM
2019 r. — pgBaxAsl B MeCHAI), MPEPHIBAsCh JIUIIL B
OT/IeJIbHBIE MECSI[bI, KOTAa AOCTYII K 03epy ObLJT HEBO3-
MOXeH M3-3a TOHKOTO JibJia (Jekabpb BceX JIET, KpoMe
2022 r.; anpesib 2022 1.) MM CHeromnaaos (THBapb-GheB-
pasib 2020 r.), a Takxe B pasrap nangemun COVID-19
(anpess-uroHs 2020 T.).

1239

[TosieBrle paGoOTHl BKJIIOYAJIM H3MepeHHE Bep-
TUKaJIbHOI'O0 paclpejeseHns TeMiepaTypbl Boabl T,
abCoJIIOTHOI'O ¥ OTHOCUTEJIBHOI'O COZepKaHUsA pacTBO-
penHoro kucyopoga O, mpu nomoiu 3oHAa ProODO
(YSI, CIITA) na ropusonTax 0.1, 0.5, 1 m u gayiee kax-
JIBIN MeTp 10 AHA (B MePUOBI MTOJIHOTO BEPTUKAJIBHOTO
nepeMelBaHys Wi IPYU HAJIMYUHM OOINPHEIX CJIOEB C
He3HAUUTeJIbHBIMU U PaBHOMEPHBIMU BepTHUKaJIbHBIMU
rpajueHTaMu U3MepseMbIX IoKa3aTeJieil miar MorJju
yBeJINYMUBATh [0 2-5 M [IJI YCKOpeHUA U3MepeHui).

[lo pesynpraTaM 30HAVMPOBAaHUA Ha3Ha4aIu
TOPU30HTHL, C KOTOPBHIX O6aToMeTpoM PyTHepa oTOu-
payii mpoObl AJiA IOCJIeAyIomero ruApOXUMUYecKOoro
a"asnu3a. Yucjio ropu3oHTOB U3MEHSIOCh OT 2 B Ilepu-
OBl IIOJTHOM BepTUKAJIbHON LUPKYJIANNHU (Y IIOBEPXHO-
CTH U y JHA) [0 4-8 1pu BhIpakeHHO! cTpaTudukanum
BOJTHOM TOJIIM (y TIOBEPXHOCTH, y AHA, HA BEPXHEU U
HIXHeH TrpaHulle MeTaJIMMHHUOHA, a TakXke 3MHU304u-
yecKHd Ha OpU30HTax, Ille OTMeYasll JIOKaJIbHble dKC-
TpeMyMbI IPyTUX H3MepsAeMBIX IoKasarejel, Ipexie
BCEro cojiepKaHus pacCTBOPEHHOr'0 KUCJI0pOAa).

OtobpaHHBle NPOOB AHAJIM3WUPOBATIA B XUMWU-
yeckoll Jabopatopumn KpacHOBHIOBCKON yueGHO-Ha-
yuHO!l 6a3ml reorpaduyeckoro ¢akyyiprera MI'Y. B
KayecTBe KOCBEHHOI0 [ToOKa3aTeJiA o0IIero cofepxaHus
OB omnpefienAny BeJIUYNHY XMMHUYECKOT0 NOTpebIeHNus
kucjaoposia (XIIK), ompenenseMyi MeTOOM OUXPO-
MaTHOTO OokucjieHusA B Moaudukauuu A.Il. OcraneHu
(Ocramnens, 1965; ITHI @ 14.1:2:3.100-97), B HeMIb-
TPOBaHHEIX IIpobax, a ¢ 2020 r. Takke B pobax, Mpo-
IyLeHHbIX Yepe3 MeMOpaHHBle QUIIBTPH AUaMeTpOM
nop 0,45 mxm (XTIK,), 1714 OLIEHKHU [0JIM PacTBOPEH-
HoU dpakmuu OB. Takxke onpenessin I[BETHOCTb BOJIBI
(II1B) doromerpuuecku (ITH @ 14.1:2:4.207-04).

Copepxanue muHepaspHoro (TIP) u BajsioBoro
(TP) ¢ochopa, B TOM unciie UX PaCTBOPEHHHIX HOPM B
¢unbpoBaHHbIX npobax (DIP u TDP cooTBeTCTBEHHO),
onpeaensanu Merogom Mopdu-Paiiiu B Moaudukanuu
s mopekux Bon (P 52.10.738-2010; P 52.10.739-
2010), oburazaromieit 60JIbIIEN YYBCTBUTEIBHOCTHIO TIO
CpPaBHEHHUIO CO CTaHJapTaMU [JiAd MOBEPXHOCTHHIX U
crounbsix Boja. Comepxanue obigero azora (TN) u ero
pactBopenHoil ¢opmbl (TDN) ompepesnanu CHeKTpo-
dpoTtomerpuyeckn B Y®-guanasoHe c nepcyibdaToM
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KaJus B 1[eJIOYHOM cpefle (AHasmuTHuveckue..., 2017). C
BecHBI 2019 r. onpefesiAnyu coaepxkaHue a3oTa HUTPU-
TOB (N-NOz) — c peaktuBoM I'pucca (ITHJ @ 14.1:2:4.3-
95), a c JieTa — TaKXXe HUTPATHOT'O (N-NO3) 1 aMMOHU-
Horo (N-NH,) azoTra MeToJ0M MOHHO¥ XpoMaTorpahuun
(ITHA @ 14.1:2:4.132-98; ISO 14911-1998) Ha xpoma-
torpade JETchrom (Portlab, Poccusi) mo metomukam,
MoAN(PULIMPOBAaHHBIM A OOJiblllell 4yBCTBUTEJIBHO-
ctu (HUXXHUHN Ipefiel onpefesieHrss HUTPATHOIO a3oTa
cocTaBuJl 2,2 MKI/JI, aMMOHHMHMHOro — 2,3 MKr/JI).
Konnentpauuio kpemHus (Si) ompenpesnsiau dotome-
TPUYECKU B BHJEe XeJITOH (GopMbBl MOIUOJOKpeMHLe-
ot kucsiotel (ITHI @ 14.1:2:4.215-06).

B Tabmuue 1 mpuBeZieHBl CBeleHUs O CTaHAapT-
HBIX [TOTPENIHOCTSX KUCIOJIb30BaHHBIX IMOJIEBBIX MPUbHO-
POB 1 MeTOAOB JIabOpaTOPHOTO aHaIM3a.

3. Pe3ynbTarthbl
3.1. M'aponornueckue yCAOBUA,
TePMHUYECKHN U KUCAOPOAHDbIN PEXXUM

CaMbBIM MaJIOBOJAHBIM 33 paccMaTpuBaeMbIi
nepuoa B MockoBckoMm peruoHe crtain 2019 r., otiau-
YaBIINICA HU3KUM BECEHHUM CTOKOM C €CTeCTBEHHBIX
BOJIOCOOPOB M3-3a UCHapeHus 4YacTU CHerosaracoB U
3acynuinBbiM JieToM (CokosioB u Ap., 2025). B cpen-
HeBogHOM 2020 r. n3-3a 3UMHHUX OTTEIIeJIell BeCEHHUN
CTOK OBLJT ellle HUXe, HO Mai-uiojib ObLIM aHOMAaJIbHO
noxanuBeiMu. Ilocnenyroue 4 roga 661 MHOTOBO-
JOHBIMU, oco0eHHO 2022-23 IT., ¢ BBICOKMM BeCEeHHUM
CTOKOM, OfHaKo ecyiv 3uMa 2020-21 rr. 6blj1a CHEXHOM
U XOJIOAHOMN, TO BCe cJieAylollre 3UMBbl XapaKTepu3o-
BaJIMCh YaCTHIMM OTTelle/IAMU. Brifaroimielicss B 3TOM
OTHOIIEHUM CTajla peKopAHO Temiasd 3uMa 2024-25
IT., ¢ kpaliHe HU3KUM (kak B 2020 r.) BeCeHHUM CTO-
KOM, KOTJa CHEeXHBII MOKPOB K SHBApI0 MPaKTUYECKU
MOJIHOCTBIO CTAsAJI U yCTAHOBUJICSA JIMIIb HA HECKOJIBKO
JHell B HavaJie alpeJis.

TepMmuueckuii pexuM o3epa Iyiybokoro mnof-
poOHO omucaH No MaTepuajiaM HcCCJIeJOBaHUI Iep-
BOH MOJIOBUHB XX BeKa W TUMWUYEH IJIA JUMHKTUYE-
CKUX BOJOeMOB yMepeHHBIX mupoT ([Ilepbakos, 1967),

a pe3yJbTaThl Halllero MOHUTOPHHIA IOKa3ajM, 4TO
IIPU COXpaHEHUHU OCHOBHBIX 4epT 3TOro pexuma (B T.4.
[I0JIOXKEHUs TEepMOKJIMHA, (popMupylollerocs Ha IJIy-
6uHe 2-4 M U omyckarolierocs o riayouHsl 8-10 M) k
HacTosAlleMy BpeMeHH IPOU30ILJI0O yBeJNYeHHe Ipo-
JOJDKUTEIBHOCTU JieTHell cTpartudukauum Ha 1-1,5
Mecsla, yCuJleHue IIporpeBa U AUHAMHUYeCKOH yCTOMH-
YMBOCTH BOJHOM TOJIIY B JIETHU! IepUOJ, YBeJI4YeHne
MaKCHUMaJIbHOTO Temso3amnaca Ha 16% (CokoJios u Ap.,
2022), a Takxe yBeJnUYeHUe 3UMHUX TeMIlepaTyp BOZbI
3a cueT MeHbIIero BBIXOJIAKMBAHUA BOJHON TOJIIY B
nepuoj oceHHell 1upkKyssnuu (Tepemuna, 2025).

3a wucciegyeMblil Nepuoj]] HauMeHbBUIMH IIpo-
rpeB o3epa 3adukcrpoBaH B 2019 r., HauboaBMUN — B
2021 r. (Puc. 2); MakcuMaspHasA cpeqHeB3BellleHHasA
TeMIepaTypa BOJHOI TOJII[Y COCTaBJIAJa B 3TU TOABI
cooTtBercTBeHHO 13,6 1 16,1 °C (Tepemuna, 2025). B
KOHTEKCTe HAacTOAIero HCCJIeJOBAHUA BaXHOM OCO-
OEHHOCTbI0 TEpPMUYECKOr0 peXuma o3epa sABJIAeTcA
HelnoJIHasA BeCeHHAA LUPKYJALWs, OTMeuaBllascs B
OTAeJIbHble rofibl Kak M0 JaHHBIM IIPEXHUX HCCIIeNo-
BaHui (Illep6akos, 1967), Tak U MO HAIIMM JaHHBIM B
2019 u 2023 rr. (TepemuHa, 2025).

KuciopoHbIEl pexuM o3epa eXerojHo Xapak-
TepU30BaJICA IepechlllleHreM SIWIMMHHOHA KHC-
JIopoAOM OOJIBLIYI0 4YacTh BereTaliOHHOIO Ce30Ha,
oOpa3oBaHHeM JIOKaJbHOTO MHUHMMyMa COAepKaHU:A
PaCcTBOPEHHOI0 KMCJIOpoJa B MeTaJIMMHHUOHE B IEpUOJ
JieTHell cTpaTudukanuy u GopMupoBaHUeM 3UMHeEH U
6osiee OOMIMPHOU U MPOAOIKUTENIbHOMN JIeTHEN aHOK-
CHJHBIX 30H B I'TyOMHHBIX cJ105X (Ha Puc. 2 3Ty 30HBHI
HMMeIOT KpacHBIH LBeT). OTU YepTHl, KaK U Cyl[eCTBeH-
HasA MeXrofosas M3MeHYMBOCTh XapaKTepa U CTelleH!
HX IPOsABJIEHU:A, XOPOIIO COIJIaCyl0TCA C IOAPOOHBIM
omycaHHMeM IIO0 JaHHBIM HaOmomeHunn 1947-57 rr.
(IIlepbaxos, 1967).

MaxkcuMasibHOe  pa3BUTHE  OeCKUCIOPOAHBIX
ycJI0BUI HaOJII0aIoCh B TOJIBI C HEMOJIHON BeceHHell
nupkyssnuein. B 2019 r. 3oHa aHOKCUU CylllecTBOBasa
npumepHo 9 MmecseB (¢ ¢peBpaJis o oKTAOPh), ee Bepx-
HAA TpaHuIla yXe B HIOHe MOJHAIACh BbIIIIe IJIyOHHBI
15 M, a B aBryCTe OHa CJIWJIach ¢ MeTaJIUMHUAIbHBIM
MHHHUMYMOM, K 3TOMy MOMEHTy TOXe yXe XapakrTe-

Ta6smna 1. TlorpentHocTy onpezesieHus MOJIEBBIX U JIAGOPATOPHBIX IOKa3aTeJieit

IToka3saTesn ITorpemnocts HcTrouHuk
[ToJieBble MOKa3aTesn
T°C +0.2 °C https://www.ysi.com/proodo
0, +1% i + 1% HaceieHus (4To 60JIblie) https://www.ysi.com/proodo
JlabopaTopHble IOKA3aTEIHN
XIIK 20% I[MHA @ 14.1:2:3.100-97
LB 20% (cBoie 50 rpag — 10%) I[MHA @ 14.1:2:4.207-04
TIP, DIP 0.1 mxr/n1 + 0.03 X 3HaueHue P11 52.10.738-2010
TP, TDP 0.16 mxr/n + 0.08 X 3HaueHUe PJ1 52.10.739-2010
TN, TDN +4.5% Ananutudeckue..., 2017
N-NO, +10% IMHO @ 14.1:2:4.3-95
N-NO,, N-NH, +13% IMHO @ 14.1:2:4.132-98
Si 15% (cBoime 1 mr/i — 12%) I[MHO @ 14.1:2:4.215-06
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Puc.2. PacnpeneneHue temmnepatrypsl BOAB (a) M OTHOCHUTEJIBHOTO COAEPXXAaHHUsA PAacTBOPEHHOro Kucjopona (6) B o3epe
I'nmy6oxkoMm B 2019-2025 rr. (371€ch U Jjajiee TOYKaMy 0603HaueHbl TOPU30HTE U3MepeHUH, Oeible BepTHUKaJIbHbIE IT0JIOCHl COOT-

BETCTBYIOT IleprojlaM OTCYTCTBUA HaOJIIOAeHUIT).

PU30BaBIIMMCH OTCYTCTBHMEM KHCJIOPOJA, W K KOHILY
Jjleta pacnpocTpaHuiiach 10 ropusoHTta 6 m. B 2023 r.
OecKHUCcI0poAHbIE YCIIOBUS, COOPMUPOBABIINECA yXe K
AIHBAPIO, HEHAJIOJITO IIPEPHIBAJIUCH B Mae, a K OKTAOPIO
BepxHsAA rpaHulia 30HB aHOKCUM NOAHANACH A0 13 M,
IpyYeM B CEHTAOpe KUCJIOpOA Takxe OB MOJHOCTBIO
rcuepnaH U B Afpe MeTaJNMHAAJIbHOTO MUHUMYyMa Ha
riy6uHe 8-9 M. B ocTasibHBIe TO/{bl HAINX HAOJII0/IeHNI1
3MMHAA aHOKcHUA Habrofanack He OoJiee 2 MecsIeB B
HeboubioM (1-3 M) IpUAOHHOM cJioe, a JIeTH:AA cylie-
CTBOBaJIa 2-4 Mecsla U K Hadyajly pa3pylleHUs CTpaTu-
¢ukanuu pacnpocTpaHsaiach 40 IIyouHs 18-20 m.
ODTH Xe ABa rojla XapaKTepu30BaJIuCh HalMeHb-
MM IepechllleHrWeM SIWJIMMHHUOHA KHCJIOPOJOM:
ecyu B Apyrue roasl (He cuutas 2020 r., HO 3TO MOXHO
O00BACHUTh HENOJIHBIM PAAOM HaOIogeHuil) MaKcu-
MaJIbHOe OTHOCHUTeJIbHOEe coAeprkaHNe KUCJIopoAa Ipe-
Beimasio 150% (Bo Bcex ciyuyasx — B cepefuHe HIOJIAg
Ha IyyOuHe 4 M, OYeBHJHO, ONTHMAaJIbHON 1A (HoTo-
cuHTe3a), To B 2019 1 2023 rr. JUIlIbh B Mae JI0CTUTaI0
123-124%, B nneTHMEe MecALBl He npeBbiman 117-118%.

3.2. Noka3sarenu copepxanuna OB

I{BeTHOCTB BObI B 03epe I'y6okom B 2019-2025
rr. uaMeHsiylach B AuanazoHe 10-100 rpag (Puc. 3).
B ocHOBHOIT BOAHOM ToJme oHa coctasjsna 10-30
rpaj, JOCTUras MakcuMyma B amnpese-uioHe (B 2020 r.
— BIUIOTh JIO0 aBrycra), jumb B 2022 r. Tak u He Ipe-
BoicuB 20 rpad. B npuaoHHBIX rOPU30HTaX B TedyeHHe
nepuofa JieTHell aHOKCHUU BesyurHa LB moswimasiach
oT 15 no 50-100 rpag, npuyeM MakcUMaJslbHblE 3HaYe-
HuA 3adukcrpoBansl B aBrycre 2019 r. (80-100 rpan)
u okTsabpe 2023 r. (oxoso 80 rpan).

Benimunna XIIK, TpaguIiMOHHO paccMaTpuBae-
Mas Kak IoKasaTeslb cymMMapHoro cogepxanusa OB, B
2019-2025 rr. uaMmeHsIach B AuanaszoHe 12-25 mrO/n
u Oosee (Puc. 4). MakcumasbHble 3HaueHus (20-25
MrO/J1 U BbIIIe) OTMEYaJIMCh €XerofJHo, yalle BCero
B aBrycTe-ceHTAOpe (pexe B HioJie U/WUJIM OKTAOpe) B
MMOBEPXHOCTHBIX CJIOAX (0 TJIyOMHBI 8 M), YTO COOT-
BeTCTByeT IlepuofaM IepechillleHusA SNUIMMHHOHA
kucsgopogoM. Takxe MOXXHO BBIJEJUTh MeHee 3ameT-
Hoe mnosbimeHue A0 20-22 MrO/J1 B BEpXHUX CJIOAX

B, rpax
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Puc.4. Pacupenesnenue XIIK B o3epe I'my6okom B 2019-2025 rr. B HebGUIbTpOBaHHEIX (a) U GUIbTpOBaHHBIX (6) mpobax.

B KOHIIe BECHbl — HauyaJie JietTa (YTO COOTBETCTBYET
nepuoAaM rnosbiieHus 1[B) u eme MeHee BBIpaXXeHHOE
MOBHIIIEHNE Yy JIHA K KOHIY 3MMHEH U WHOTa JIeTHel
crarHanuu (deBpasb-MapT U aBI'yCT-OKTSOPh COOTBET-
ctBeHHO). To, uto 3umoii OB GoJbllle B MPUAOHHOM
cJioe, a JIETOM — B IOBEPXHOCTHOM, OTMeYaJil U paHee
(IlepbaxoB, 1967). Homnsa B3BemeHHbx OB, orneHuBae-
Mast mo cootHomennio XITK u XIIK,, B OCHOBHOM He
npessbimasna 10%. [ToBepXHOCTHBIE MAKCUMYMBbI BTOPOL
TOJIOBUHHKI JIETa COMPOBOXIAJINCh MOBBIIIEHUEM J[OJIU
B3BelIeHHoOro OB o 20-40%, riayOunHbIe — 70 10-25%,
B TO BpeMs Kak NOBBIIIeHUe cojiepxanus OB B ampe-
Jie-uioHe MPOVCXOQUJIO TJIaBHBIM 00pa3oM 3a CUET pac-
TBOPEHHOU (paKkuuu.

3.3. BbMoreHHbie 3N\eMEeHTbl

KoHueHTtpauyu kpeMHusA B GHOTUYECKOM CJIO€
cocrasssuiu 0,4-1,4 mr/m, B aporuueckoit tose 0,7-
2,0 mr/n (Puc. 5). B TeueHue nepuojia JieTHel CTpaTu-
¢ukanuu Ha QoHe HAKOIIeHU KPeMHUA y IHA OTYeT-
JIUBO IIPOCJIEXHBAJIOCh CHIDKEHKE ero CoAep)XaHUs B
doTuyeckoM cjioe A0 rOJOBOr0 MUHUMYyMa.

MuHepasbHbiii ¢pochop B OCHOBHOHM BOJIHOM
TOJIIle HAaXOAWJICA B OCHOBHOM B PacTBOPEHHOM BHJE,
ero cofepxxaHue peako Impesblmano 10 MKr/j, HOBBI-
masch K 3UMe U NOHWXasCh B dNWIMMHHOHE 10 1-3
MKT/J1 C Masi-Ul0HsA 1O CeHTAOph-okTAOph (Puc. 6).
Copepxanue obmero ¢ochopa 3uUMON AOCTUTAIIO
30-50 MK/ 1 6oJiee, JIETOM B BEPXHUX CJIOAX TakXe
CHUXasACh J0 20 MKT/J1 U MeHee, IIpeXx/e BCero MMeHHO
3a cyeT noTpebyieHUsA MUHepaJIbHBIX GOpM, C 3aKOHO-
MEpPHBIM yBeJIM4eHHeM A0JIM OpraHnu4eckoro (Ipemumy-
IecTBeHHO B3BellleHHOro) dpocdopa c 70-75 no 90-95%
u 6osee (Puc. 7).

Y pgHa oTMeuasioch yBeJMueHHe CojJepXaHWsA
docdopa B TeueHue mnepuoda JieTHell cTpaTudUKa-
U1, JOCTUrasAd MakKCUMyMa OOBIYHO K KOHI[y OKTAOpA.
[TpuueMm ecsiu B roAbl C MeHee Pa3BUTON 30HOU aHOK-
CHUM KOHIIeHTpalluu MUHepaJIbHOro u obumero ¢oc-
dopa Bozpactanu go 50-60 u 80-110 MKr/m cooTBeT-
ctBeHHO, TO B 2019 r. onu gocturiu 90 u 100 Mkr/n
yXe B HavaJie UI0JjA U K OKTAOpI0 Bo3pociu a0 150 u
180 MKr/s1 COOTBETCTBEHHO, a B OKTAOpe 2023 r. cocra-
Buin 0KoJ10 100 u cBbimie 110 MKI/JI COOTBETCTBEHHO.
B 5Tu nmepuofe! 1018 B3BelleHHBIX GOpM y AHA yBeJIU-
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0 = 5l & Y oo TR
... . - 2
TES B iy ' e
] L 1
20 . N l . ol .
o -
T L.
=B . ;
‘g e e "\'*rr'.\ e e \l\f’\!\:LL\.‘ e B e "T e e i |
3 2019 2020 2021 2022 2024 2025
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Puc.6. PacnpenesieHrue MmuHepasbHOro ¢docdopa B o3epe I'mybokom B 2019-2025 rr. B HeUIBTPOBaHHKIX (a) U GUIBTPO-

BaHHBIX (6) mpobax.

yuBasack g0 50-70% u OoJsiee, a 404 OpraHUYECKOr0
docdopa cHmxanacs 1o 20-30% u MeHee.
Copepxanue obmiero asora B 2019-2025 rr. B
OCHOBHOM BOJHOM TOJIIEe JieToM cocTasysyio 0,4-0,7
mr/m, 3umoii — 0,8-0,9 mr/n u 6onee (Puc. 8). B npu-
JOHHBIX ropu3oHTax cofepxaHue TN ObUIO BBIIE U K
KOHI[y JIeTHel crtarHanuu gocrurasno 1,3-1,7 mr/ia u
6oJiee. Jloyia B3BelleHHHIX (opM Obljla OYeHb Majla u
peaxo npesbiana 20% (B OCHOBHOM Y JiHa), HO AOCTU-

rasa 30-40% u OoJsiee B BEpXHHUX CJIOSX B NEPUOJEBI
«I[BETEHUS».

3HaunMMble ~ KOHIEHTpaluyu aMMOHUUHOTIO
aszora (mo 0,3-0,5 mr/n u GoJiee) U a30Ta HUTPUTOB
(mo 30-50 mxr/n1 u OoJiee) OTMeYaJIUCh KaK IIPaBUJIO
JINIIb B TJIyOMHHBIX CJIOSX, JOCTUTasg MaKCUMaJIbHBIX
3HaYeHU! K KOHIly NIeproJioB 3UMHel ((peBpasib-mMapT)
u jetHell (okTaA6pb) crarHauuu (Puc. 9). Conepxanue
a30Ta HUTPATOB U3MEHJIOCHh OT CJIEJJOBBIX KOJINYECTB

(a) TP, Mxr/n
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Puc.7. Pacnipenenenue obmero ¢ocdopa B o3zepe I'myboxkom B 2019-2025 rr. B HeduIbTpoBaHHBIX () U PUIBTPOBAHHBIX

(6) npobax.
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Puc.8. ConmepxaHue obmero azora B o3epe I'stybokoM B 2019-2025 rr. B HepMJIbTPOBAHHHIX (a) U GUIBTPOBaHHHX (6)

npobax.

no 0,2-0,5 mr/mn, noBslasch B 3MMHUI IIepro/1 BO Bceil
BOJIHOM TOJIIIE, a B JIETHUHA — TOJIBKO B TMITOJIMMHU-
OHE, CHMXXAsCh MPAKTUYECKU JIO HYJIA B JMUJIMMHUOHE
B UIOHe-CeHTAOpe U 3aTeM CHUXasCh MO Bceil riiyOuHe
B IEPUO]T OCEHHEH IUPKYJIALNH.

4. 06cyxpeHue

W3 HeMHOrouucJeHHBIX paboT, MOCBALeH-
HBIX peXHMy OpraHHYeCKUX MU 0COOeHHO OMOTeHHBIX
BewecTB B o3epe [1ybokoM, nopasJiAwomiee OOJIBIINH-
CTBO OCHOBAHO Ha HaOJ/IOJIeHUAX B TeuyeHHe OOHOro
roja (B jyuleM cjlydae — ABYX OTAEJIbHBIX JIeT), Ce30Ha
WA Aaxe OOHOKPATHBIX. DTO KacaeTcs U OOJIBIINHCTBA
UccyeloBaHUM NepBoil MoJIoBUHH XX Beka, MoApoO-
HBIIl aHa/JM3 KOTOPBIX IIpeficTaBjieH B MoOHorpaduu
(Illep6axoB, 1967), u nocjaeayOMUX eJUHUYHBIX PaboT
(BukbynaTtoB u Ap., 1972; Yanin et al., 1986), jiums B
pabore (Ilanopenko u HlunbkpoT, 2005) paccMOTpeHbI
pe3yJIbTaThl TPEXJIETHUX HAOI0eHUN BO BCe CE30HHI.

[IpumeuaTesibHO, 4TO CXOXKas HeENOJIHOTa Ipu-
cyllla 4 H3y4YeHWI0 AVUHAMHKU pa3BUTUA (UTOIJIAH-
KTOHa B o3epe, XOTsA Oiaromaps 6ojiee yeM BEKOBOL
JeATeJIbHOCTH THApOoOUOJIOrN4eckol CTaHIUN HMeHU
H.IO. 3orpada ozepo I'mybokoe NPUHATO CUUTATH
BCECTOPOHHE W3yYeHHBIM B TUAPOOHOJIOTHYECKOM
OTHOLIEHUM BOAOEMOM, rAe 0a3upoBajioch pas3BU-
The Bcell poccuiickodl ajberosorun (CMUpPHOB U Ap.,
1997). OgHako otmeuaetcs (IIlep6axkos, 1967), uto B
OCHOBHOM HCCJIEIOBaHUA Kacajuch 300IJIAHKTOHA, a
eJHUYHble palbOoTHl, MOCBALlEHHble U3y4YeHUi0 (Guro-
IJIAHKTOHA, B OCHOBHOM pacLIVpsJIM IIpefcTaBjieHue
0 ero TakcoHoMmHuyeckoM cocraBe (CMHPHOB U [p.,
1997; BacunbeBa-Kpanuua u Tupckas, 2005). Jlumb

1244

nse pab6otel (Illepb6axoB, 1967; UYekporkeBa, 1983)
Jlal0T 4eTKoe IpeJCcTaBjieHHde O Ce30HHOI cMeHe IIpe-
obnanmatomux rpynn (GUTOIIAaHKTOHA. BecHol u oce-
HbI0O B IylyDOKOM oO3epe NOMUHUPYIOT AUATOMOBEIE
(IllepbaxoB, 1967) nubo nupodurossie (UYekporkena,
1983), a Taxxe 30JI0TUCTbIE BOJOPOCIIU, JIETOM — CHHe-
3eJieHble, a B HEKOTOpble roAbl AUHO(PUTOBBIE JHOO
3onotucthie (Illep6akos, 1967), ¢ yuacTrem 3ejieHbIX U
nupodurossix (UekporkeBa, 1983).

[Ipu sTOM pexuM (PUTOIJIAHKTOHA ABJIAETCA
OAHMM U3 KJII0OUeBHIX (HaKTOpPOB KpPyroBopoTa OuoreH-
HBIX U OpraHMYecKuX BelecTB, IIOCKOJIbKY HMEHHO
«[IBeTeHUe» ABJIAETCA TJIaBHBIM MCTOYHHKOM aBTOX-
ToHHOTrO OB B 03epe, MpUYMHON Nepexofia GHOTeHHBIX
3JIeMEeHTOB U3 PacTBOPEHHOI MUHepaJIbHOM (OpPMBI BO
B3BEIIEHHYI0 OPraHNYecKyl B COCTaBe KJIETOK (PuTo-
IIJIAHKTOHA, a TakXe aKTUBHOIO NoTpebyieHus MUHe-
PpaJIbHOT'O KpeMHH:A BeCHO! B IepuoJi AOMHUHHUPOBAHUA
JUaTOMOBBEIX BOJOPOCJIEl, 3alacaimuxX ero B CBOUX
CTBOPKAaX, 1 ero HU3KOI'o COAepXaHusA B ANUJIMMHUOHE
Jl0 KOHIIa JieTa.

[lo pesysbTaTam aHaiau3a pe3yJibTaToOB 6-JeT-
Hero Iepuoja Hallero MOHHUTOPUHIA IpeXJe BCero
obpamaloT Ha cebs BHMMaHMe SpKHE MEXIOoJOBbIE
pasynuus Ce30HHON AWHAMUKK OOJIbIIMHCTBA IIOKa-
3aTejiell, SIBHO CBSI3aHHBIE ellle ¢ OJHUM BaXXHEHIINM
(dakTopoM, oONpelesANMM THUOPO3KOJIOTHYECKOoe
COCTOsIHME BOJIOEMOB — XapaKTepoM U CTeleHbI0 Mpo-
sIBJIEHUs1 0€CKUCJIOPOJHBIX YCJIOBUN (CpOKaMu MOsiBJie-
HUA, TPOJOJDKUTEJIBHOCTDIO, 'PaHUIlaMU paclpocTpa-
HeHus). [locseanue, B CBOIO odepenb, OIpeAesiAlTCA
TepMOAMHAMUYECKUM peXUMOM U TeM, HAacKOJIbKO
OBLIM HaCHILeHbl BOJBI O3epa KHUCJIOPOAOM BO BpeM:A
BeceHHel nupkyJsanuu (Illepbakos, 1967; lllanopeHko
u IlMunekpor, 2005).
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Puc.9. Comepxanue B o3epe I'7ry60koM MuHepasibHbIX Gopm azora B 2019-2025 rr.: N-NH, (a), N-NO, (6), N-NO, (B).

B 2019 u 2023 rr., KOrga HemoJiHasg BeCEHHAA
IUpKyJANuA oOycyioBwia (opMupoBaHue Haubosiee
OBLIMPHOM U IPOAOJIXKUTEJIBHOM 30HB aHOKCHUU, B IPU-
JOHHBIX CJIOSAX HaOJIoJaIuch MakKcHUMaJslbHble 3Haue-
HUA [[BETHOCTU BOJbI, KOHIIEHTpally MUHEPaJIbHOIO U
BajioBoro ¢ocdopa, oliero 1 aMMOHUIHOIO a30Ta, B
2-3 pa3sa mpeBblaIe MaKCUMyMBbl APYTUX JIeT.

Ha noBbllleHHWe NBETHOCTM B IPUAOHHBIX
FOpPU30HTaX B AaHA’POOHBIX YCJIOBUAX YKa3bIBAIOT
MIpaKTU4YeCcKd Bce IIpeXHHe UCCIeJOBaHUA 3TOro
IokKasaTeJsid, BKJII0Yas IlepBble Iofbl Hallero MOHHU-
topunra (Illep6akos, 1967; Buxkbynatos u fp., 1972;
[MTanmopenko u IlTunskport, 2005; CokosoB u fp., 2018).
OTOT 3P deKT, XOPOIIO M3BECTHBIYI HAM IO MHOTOJIET-
HUM HabiomeHusAM Ha MoxalickoM BOAOXpaHWJIMILe
(CokosioB, 2013), cBsA3aH C BBIXOAOM KOJLJIOMIHOTO
rujpara xejiesa U3 JOHHBIX OTJIOXKEHWI U ero Iocje-
AYIOIAM [epexoJloM B IPHUCYTCTBUM CEpOBOAOPOAA
B OoJjiee pacTBOPHMMEIN TeMHOOKpAIeHHBIN CyJabdua
xkesieza (Illep6axoB, 1967). Mel neiicTBUTENbHO (UK-
CHpOBaJIX 3allaX CepOBOAOPO/A B IPUJOHHHIX Tpobax B
IeprUobl AaHOKCUU.

CrnenyeTr OTMETHUTh, YTO OO IIPOBeAeHUs MeJIUOo-
paTHUBHBIX MepOIpUATUI Ha Bofgocbope o3epa B 1960-x
IT. ¢ 3a00JI04eHHBIX U 3aJIeCEHHBIX OeperoB B 03€po

[IOCTYIIAJI0O HAMHOTO 60JIbllle aJJIOXTOHHBIX I'YMYCOBBIX
BellleCTB, I03TOMY IlepBble HCCaeOBaHUA 03epa OTMe-
Yyajil XapaKTepHbINl TeMHO-OyphIli OTTEHOK BOABI, a
BennunHa L[B gocturana 170 rpag u 6oJjiee, a B KOHIle
nepuoAoB craruaiuu gocruraia 250 rpag (Illep6axos,
1967). Benuuuna XIIK B Boze ozepa [syb6okoro no
MeJIMOpaTHUBHBIX paboT Takxe OblIa IIOYTH BABOE BHIIIE
u cocrasysia 32-40 mrO/n (Ulepbakos, 1967).

3aboJI0ueHHBII U 3aJieCeHHBIA  BoJocOOp
I';myOokoro o3epa CIIyXXWT TIeOXUMHUYeCKUM Oapbe-
POM [J1A NOCTYIUIEHUS B 03epO OMOTeHHBIX BelleCTB
(ITannopenko u Munekpot, 2005), nosTomy BoAa o3epa
XapaKTepu3yeTcs CpaBHUTEJIbHO HU3KUM UX cojepxa-
HueM. IToaToMy, Kak U B cjIy4yae C LIBETHOCTBIO, ITOBHI-
IIeHne coAep>kaHusA OMOTeHHBIX BelleCcTB y JHA o3epa
I';my6okoro cBsA3aHO He C BHeIIHel, a ¢ BHYTpPeHHell
HarpysKoH, Korja aHaspoOHbIe yCJIOBUA CIIOCOOCTBYIOT
BOCCTaHOBJICHHIO MUHEPaIbHOTo (TIpeXxae BCero aMmo-
HUIIHOTO) a3oTa u (ocdopa U3 JOHHBIX OTIIOXKEHUI
(Soranno et al., 1997; Wilhelm and Adrian, 2008;
North et al., 2014). Takxe YBeJIUYEHUIO COIEPKAHUA
docdopa y qHa MOXeT CIIOCOOCTBOBATH BOCCTAHOBJIE-
HUe u3 ¢ocdopcofepxalix OpraHUYecKuX coeauHe-
HUl ¢ yuactueM bakrepuii (Epuna u fp., 2019).
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PeTpocneKTUBHBIA aHaIU3 JUTepaTypHBIX AaH-
HBIX JeMOHCTPHpPYeT OTCYTCTBHE KaKOro-ubo A0CTO-
BEpHOro HallpaBJIEHHOTO MHOrOJIeTHero TpeHAa. B
1932-33 rr. (Illep6akoB, 1967) conepxaHue MUHEPaIb-
Horo docdopa u olmero azora O6bLI0 CONOCTABUMO CO
BCEMH rofjaMM Haulero MOHUTOpHUHra, kpome 2019 u
2023 rr. Jletom 1983 r. (Yanin et al., 1986) makcu-
MaJlbHOe cofeprkaHue MHUHepaJibHoro ¢gocdopa y gHa
npesbimano 150 Mkr/ia, kak 1 B 2019 r. B 2001-2003
rr. (Ilamopenko u Mlunekpot, 2005) copepxaHue
obugero gocdopa u obiiero a3ora 6b1J10, IO-BUAUMOMY,
IIpYMEPHO BABOE BHIIIE COBPEMEHHOI'0, XOTs CTaThd He
JMIileHa IPOTUBOpPeYUii: OuanasoHbBl M3MeHUYMBOCTHU
KOHI[eHTpaLui obiero ¢pocdopa u a3ora B TabJIUIlE U B
TeKcTe pasjnuaiorca (cogepxkanue pocdopa y noBepx-
HOCTH, IIPUBOAYMOEe B TalJiulle, BTpoe HIXe yKa3aH-
HOI'O B TEKCTe U BIIOJIHE COOTBETCTBYeT COBPEMEHHOMY
COCTOSHMIO, OJHAKO MaKCHMaJIbHble KOHI[eHTpaluu
asoTa B TeKCTe IIOYTH BABOE BhIIIe, yeM B Tabsule, U
TakUM 00pa3oM IIPeBOCXOAAT COBpPeMeHHEIe yxe 6oJiee
yeM B 3 pa3a). B mepBble rofpl Halero MOHATOPHHTA
(Tepemnna u fp., 2019), kak u B 30-e roAsl MPOILIOTO
BeKa, KOHIleHTpauuu gocdopa 1 aszota ObUIM COMOCTA-
BUMHI ¢ rogaMu 6oJiee 6J1aronpUATHBIX KHACJIOPOAHBIX
yCJIOBUIA.

MunepaJsibHbIe COeJUHEHUs a30Ta IeHeTHYeCKU
CBA3aHB, HUX OuoxuMmueckas TpaHcopmalua oO0y-
CJIOBJIEHa KaK aKTHMBHBEIM IoTpebJieHHMeM (HUTOIIaH-
KTOHOM, TaK U YepefjoBaHNeM a3POOHBIX 1 aHA3POOHBIX
ycaoBui. JIOBOJIBHO CKyAHBIE CBeJleHUA B JIUTepaType
0 cofepxaHuM 3TUX GopM B BojJie o3epa ['sybokoro He
MIO3BOJIAIOT Ha[eXHO OLIEHUTbh MHOIOJIETHIOI JUHA-
MHKy 3THUX IIOKasaTesiel, HO B I[eJIOM NpHUBOANMEIE
JAuana3oHbl KOHI[eHTpalUi COrjacylTcs C COBpeMeH-
veiMu (Yanin et al., 1986; Illamoperko u IIMIBKPOT,
2005). Cnegyet oTMeTUTh, 4yTO B paborte (Yanin et al.,
1986) HUTPUTH OMMNOOYHO HA3BaHBl HUTpaTaMM, TaK
YTO JIWIIb II0 ONMCBIBAEMOMY XapaKTepy BepTHKaJlb-
HOro pacnpefesieHUs MOXHO C HEKOTOPO! yBepeHHO-
CTBIO Pa3JIMYUTh JiBe 3TU (GOPMBI MUHEPaJIbHOIO a30Ta.

B3anMo000yC/IOBJIEHHOCTh — I'MAPO(PU3NYECKUX,
TUPOXMMHMYECKUX U THUApOOMOJIOTMYEeCKUX Ilapame-
TPOB NOAYEPKUBAeT BaXXHOCTb KOMIUIEKCHBIX T'MAPO3-
KOJIOTMYECKHX HCCJIe[JOBaHNU, a CyllleCTBeHHasA MeXro-
JoBasg W3MEHUYMBOCTb JEMOHCTPUPYET BO3MOXHYIO
Hepenpe3eHTaTUBHOCTbh €QUHUYHBIX KCCJIe[JOBAaHUI U
HeoO0XOAMMOCTh PeryJiApHbIX MHOTOJIETHUX HalJiofe-
Hull. Y3 3Tux coobpakeHuUil BBITEKAeT TakXKe 1 OCTOPOX-
HOCTb, C KOTOPOH cJielyeT COIOCTaBJIATh pe3yJIbTaThl
Pa3HOPOJHBIX IO COCTaBy, MeTOAVKe, IPOCTPaHCTBEH-
HOMy U BpPeMEHHOMY OXBaTy HCCJIeJOBaHUI, a TeM
6oJiee feslaTb Ha UX OCHOBE BHIBOJBI O MHOTOJIETHUX
W3MeHEeHUAX COCTOSAHUS 03€PHOI 3KOCHUCTEMHL.

B xauecTBe mpuMepa MOXXHO IIPUBECTU BBIBOJIBI
0 MOBHIINIEHNN YPOBHA TpodHOCTH o3epa (UeKkprikeBa,
1983), cmenaHHBle OH Ha OCHOBAaHWM CpaBHeHUs JaH-
HBIX eAWHCTBEHHOro rofa CcOOCTBEHHBIX HaOJIofe-
Huii (6esnenHslii mepuon 1977 r.) ¢ Takke KpailiHe
CKyOHBIMM W HEOJHOPOAHBIMM JaHHBIMU MCCJeNO-
BaHUU IpouUIbIX JieT. K cxoxeMy BBIBOAY IPUXOLAT
aBTOPBHl KOMILIEKCHBIX ucciiefoBanuit 2001-2003 rr.
(ITanmopenko u HIunekpoTt, 2005), ogHAKO, KaK OBLIO
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[I0OKA3aHO BBHIIle, UX Pe3yJIbTaThl CyIlleCTBEHHO BEIOMBa-
I0TCA U3 pAAa MMeIIUXcsa THAPOXUMUYeCcKUX HalJIio-
neHuil. [To onjeHKaM HEKOTOPHIX aBTOPOB, 03epO Aaxe
Iepenuio M3 Me30TpodHOro K cj1abo3BTpoPHOMY
cocrosaHuio (BacunbeBa-Kpanuna u Tupckasa, 2005).
[Tpu sTom eme [lepbakos (1967) caesan BBIBOJ, YTO
B MaJIONPOAYKTUBHBIe rofnl o3epo I['ybokoe nmeer
4epTh Me30TPOGHOI0, a B oAbl IOBBLIIEHHON MPOAYK-
TUBHOCTH CPaBHUMO C 3BTPOGHBIMU 03epaMHu.

Kak Oblto ynomsaHyTo, o3epo I'siybokoe 1 ero
BOAOCOOP MWCHBITHIBAIOT MHWHHMAaJIbHOE aHTPOIIOTeH-
HOe BO3[lelicTBUe, 0COOeHHO 1Mo MepkaM MOCKOBCKOM
o6JiacTH, 4TO NI03BOJIAET pacCcMaTpUBaTh 3TO 03epo KaK
(oHOBBIH BojoeM. [J1A cpaBHEHMA YMECTHO NpHUBECTU
o3epo besoe, oTHOcAMIeecs k cucTeMe KocuHckux o3ep:
OHO cx0Xe c 03epoM I'yiy6okuM cBoell riTy0OKOBOAHO-
cThi0 (ero MakcuMaJsibHas rjiyOrMHa cOCTaBJiseT 16 M),
OKPYTJION KOHYCOOOpa3HOU KOTJIOBUHOWU JieJHUKOBOT'O
IIPOUCXOXKAEHUA, JUMUKTUYECKUM PEeXHUMOM, eXerof-
HBIM (GOPMUPOBaHNEM 30HBI aHOKCcUM (OOIMIMPHON Kak
JIETOM, TaK M 3UMOI1), HEMOJHOU BeCceHHEMN IUpKYJIiA-
I[eil B OTAeJIbHEIe oAb, a Takxe Oojiee 4yeM BEKOBOM
hcTopueil ucciiefoBaHUU Oiarofgaps JesATeIbHOCTU
KocuHckoit 6uonorudeckoit crannuu (IIupoxoBa u
OzepoBa, 2019). OaHako benoe o3epo mpu 3TOM pac-
[I0JI0XKEeHO B 4epTe I. MOCKBBE, MHOTMe [OeCATUJIeTUA
HCIBITHIBAaeT OIIyTHMOE AaHTPOIOreHHOe BJMAHUE U
AIBJISIETCA BBICOKO3BTPOGHBIM. Takke MHTEpeCcHO Cpas-
HUTB 03epo I'11ybokoe ¢ MoxalickuM BOJAOXpaHUIINIIEM,
PAaCIOJIOKEHHBIM B CXOXMX JIaHAMA(THBIX YCJIOBUAX
(JtecucTeil U GOJOTUCTHIA BOHOCOOp, CPaBHUTEIBHO
MaJsias AJjiA pernoHa aHTPOIIOreHHas Harpyska), riy6o-
KOBOJHBIM (0 22 M), AUMHKTHYECKHM, C €XerogHoun
JleTHell aHOKcHel, Me30TpO(HO-3BTPOGHBIM BOJO-
eMoM, oTiauvarmumMmca oT I'ybokoro u KocuHCKkux
03ep Impexe BCero BBICOKON POJIbI0 PeYHOr'o CTOKA U
ero peryJjuposaHusa. BogoxpaHuiuiie Takxe AeTaJlbHO
M3y4aJioch C MOMEHTA CO3[1aHusA, B OCHOBHOM COTpYA-
HUKaMu Kadenpsl rufgposiorun cymu MIY umenu
M.B. JlomoHocHoBa (I'uaposkosoruieckuii..., 2015). C
2016 r. Ha MoxatickoM BomoxpaHuiuile (EpuHa u ap.,
2020) u c 2021 r. va Kocunckux ozepax (TepeminHa u
ap., 2023) MBI IPOBOAUM MOHUTOPHUHI, METOUYECKU
aHaJIOTUYHBIHM HaOJII0oAeHnAM Ha o3epe ['myGokoMm.

B moBepXHOCTHBIX cj0sAX Morkaiickoro BOAO-
XpaHWINILA cofepkaHue MuHepajbHoro ¢ocdopa B
cpeqHeM B 4 pasa Bhllle, yeM B o3epe I'sty6okom (4To
MOXHO OOBACHUTH pEYHbIM IMTaHHEeM BOJOXpaHU-
Jnuma), B o3epe Besiom — B 2-3 pa3sa Bhiille; o61iero doc-
dopa B oboux BogoeMax B 2-3 pasa BhIllle, UYeM B 03epe
I'my6okoMm. CpeliHMe KOHIleHTpaluu oO0liero U amMmo-
HUIHOTO a30Ta B IOBEPXHOCTHOM cJjioe Moxarickoro
BOJOXPaHWINIA He3HAUUTEeJIbHO IPEeBHINAIOT TaKo-
Bble B o3epe I'tybokoM, oaHako B o3epe besiom obiero
aszora B 2-3 pasa Bbillle, a aMMOHHIIHOTO — B 10 pa3
BHIIIle, II0-BUJMMOMY, B CBf3M C aHTPOIOTe€HHEIM
3arpsA3HeHueM.

HamHBoro spue nposBiAl0TCA pa3jindua B cofiep-
XKaHUY OMOTeHHBIX BellleCTB B MPUAOHHEIX CJIOAX, XOTA
MeXaHU3MBI U YCJIOBUA yBeJINUeHUA X KOHLIeHTpaIui
(BoccTaHOBJIEHUE M3 JOHHBIX OTJIOXKEHHU B aHa’poO-
HBIX YCJIOBUAX) BO BCeX BoJoeMax cxoxu. B MoxarickoM
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BOoJOXpaHuUIuIIe cogepxaHue pocdopa B cpeHEeM B 5
pas3 Bhille, yeM B o3epe ['JIyOOKOM B YCJIOBHUAX OCTPOH
aHokcuu 2019 u 2023 rr., 1 B 10 pa3s Bhlllle 110 CpaBHe-
HUIO C OCTaJIbHBIMU rogaMu, oOIIero asora — COOTBeT-
CTBEHHO B 2 1 3 pa3sa Bblllle, aMMOHUIHOrO — B 1,5 1
2 pasa. Uto kacaetcs o3epa besoro, cogepxanue ¢oc-
¢opa y ana B Hem B 10-20 pa3 BhIlIe, yeM HabaoAa-
Jock B o3epe I'my6okom B 2019 u 2023 rr., u go 30 pa3
BhIIIIe B OCTaJIbHbIE T'OJbl; 00IIero asoTa — IpUMepHO B
10 u 20 pa3 cooTBeTCTBEHHO, aMMOHUIHOTO — B 20-30
u nnoutu B 50 pas.

5. BoiBOABI

[TpogomxeHre MHOTOJIETHUX MCCIIEJOBAHUI 03.
I'myGoKOro mo3BOJIMJIO paclIMpUTh U yTOYHUTH Ipef-
CTaBjIeHWs O ero COBpPeMEHHOM TIHpPOXHMHYECKOM
pexume. ComocTaBjieHHe TNOJIy4eHHBIX MHOTOJIETHUX
PANOB ¢ MaTepuajlaMH IMEpBBIX JleT MOHUTOpPHHTA U
JUTepaTypHBIMM [JaHHBIMH HarjIAgHO IIOKa3bIBaeT,
HaCKOJIBKO JJIA I'JTyOOKOr0 ¥ KOPPEKTHOI'0 IIOHUMAaHUA
3aKOHOMepHoOcTell (OpPMHPOBaHUA T'MAPOIKOJIOrHYe-
CKOT'O COCTOSHUA BOJOeMa HeoOXOAUM KOMILJIeKCHBIHN
Y JAJINTeJIbHBIN MOHUTOPHHT, OXBAaTHIBAIOUINI pa3sidy-
HEIe II0 TUJIPO3KOJIOTHYeCKUM yCJIOBUAM T'OLEL

KitoueBbiMu  dakTOopaMy,  onpeAesAnIuMU
CYIIIeCTBEHHYI0 MeXTI'O[OBYI0 W3MEHUYMBOCTb THIIPO3-
KOJIOTMYEeCKOro pexmuMma osepa I'1ybokoro, sBJIAIOTCA
Ipexje Bcero TepMoAWHaMUyYecKue ycJjIoBUsA (B TOJb
C HeIOJIHOW BeceHHel HUPKYyJiAuell GopMupyloTca
HauboJiee OCTpble U IIPOJOJDKUTESIbHbIE 0eCKUCIOpOA-
HBIe YCJIOBUA, YTO MPUBOAUT K IPUMEPHO BABOe 6oJiee
WHTEHCHBHOMY BOCCTAHOBJIEHHIO OKpAIleHHBIX COedu-
HEHUM XeJie3a, MUHepaJibHBIX Gopm docdopa u azora
U3 JIOHHBIX OTJIOXKEHHUI 0 CPaBHEHUIO C OCTaJIbHBIMU
rogamu), U B MeHblIIell cTeleHn — pa3jinyuus B OUOIpo-
JAYKTUBHOCTU KOHKPETHBIX JIeT, KOTOpEIe MOT'YT IOCTHU-
raThb HECKOJIbKUX IOPSAKOB.

CpaBHeHMe C JIMTepaTypHbIMU JaHHBIMU IIOKa-
3bIBaeT OTCYTCTBHE KaKOro-Ju00 BBIpAXXEHHOI0 MHO-
rojileTHero TpeHAa cojepxaHusa ¢ochopa U asoTa
Ha npotrsxkeHun XX-XXI BB. U HEHaJeXHOCTb OLEHOK
THUPO3KOJIOTMYECKOTr0 COCTOSHUA 03epa, OCHOBAHHBIX
Ha JaHHBIX HENPOAOJIKUTEIbHBIX U TeM 60Jiee pa3oBhIX
HabyoeHul. BBIBOABI O HalpaBJIeHHOM H3MeHeHU!
Tpodudeckoro craryca osepa I'siybokoro u ero mnocre-
IIeHHOM »3BTPOGHUPOBaHUM, CAeJIaHHble HEKOTOPHIMU
aBTOpaMu II0 pe3yjbTaTaM HCCJIeJOBAaHUI OTJeJIbHBIX
JleT, He TOATBepXAalTcA AAaHHBIMA MHOTOJIETHEro
MOHMTOPUHTA.
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