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Abstract. This study, conducted in the Saratov Reservoir in 2001-2020, investigates the dynamics of
organic matter (OM), nutrients and phytoplankton under climate change conditions. A negative trend
in the content of allochthonous OM and ammonium nitrogen is found. The reservoir water discharge,
changes in phosphates and nitrates are associated with the dynamics of the North Atlantic Oscillation
Index. A positive trend of iron concentrations in the reservoir is due to an increase in winter runoff
caused by frequent winter thaws. The content of total and easily oxidized OM, as well as silicon is less
associated with changes in hydrometeorological conditions. During the study period, the total biomass of
phytoplankton and the biomass of green algae decreased, the proportion of cyanoprokaryotes increased,
and the species composition of algae became simpler. The principal components method allowed us to
identify the main factors combining the content of biogenic elements, the total biomass of phytoplankton
and the main divisions of Bacillariophyta and Cyanoprokaryota, and the July water temperature.
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AHHOTauma. lNokasaHa anHamuka opraHuyeckoro BellectBa (OB), GMOreHHbIX anemeHToB u uto-
nnaHktoHa Caparosckoro Bogoxpanunuia B 2001-2020 rr. B yCNOBUAX KIMMaTUYECKUX U3MEHEHUIA.
YcTaHoBMNEH oTpuuaTenbHbIn TPEHA coaepXkaHna annoxtoHHoro OB n ammMoHunHoro asota. BenvunHa
CTOKa BOOOXpaHUNULLA, U3MeHeHNs pocaTtoB U HATPATOB ObinM CBSA3aHbI C AUHAMUKOW MHOEKCa ce-
BepoaTtnaHTnyeckoro konebaHus. MNMonoxuTensHbIN TPeH KOHUEHTpaLMKM Xene3a B BOAOXpaHunuLle
obycnoBneH yBenmyeHMeM 3MMHEro CToka B pesynbrarte YacTbiX 3uMHUX oTTenenen. CogepxaHue o6-
wero n nerkookucnsiemoro OB, KpEMHUSA B MEHbLUEN CTENEHU CBSI3AHO C M3MEHEHUEM TMOPOMETEO-
ponornyeckmx ycnosuin. 3a nepuon uccnefoBaHusa ymeHbollanacb obuias 6uomacca omtonnaHkToHa
n bromacca 3eneHbIX BOOOPOCHEN, Bo3pacTana Aons LuMaHonpoKapuoT, ynpollanack BuaoBasi CTpyk-
Typa Bogopocrnen. MeTtoq rnaBHbIX KOMMOHEHT MO3BONWI BbIAENUTL MaBHble (hakTopbl, 00beanHs0-
lwmMe coagepxaHme BGUOreHHbIX 3nemMeHToB, o6LLy0 GuomMaccy PUTONMAHKTOHA U OCHOBHbLIX OTAENOB
Bacillariophyta n Cyanoprokaryota, nonsckyto Temneparypy BoAbl.

KnioueBble cnosa: opraHm4yeckoe BeLlecTBo, OVOreHHbIe 3NEMEHTHI, d’)MTOI’IﬂaHKTOH, N3MeHeHne Krnun-
mMaTta, MUHOEeKC ceBepoaTsiaHTU4eCKoro konebaHus

BnarogapHocTuU. ABTOpbl BblpaxatoT OnarogapHocTb komnneram CapartoBckoro cdununana ®rbHY
«BHUPO» W.I. dunumonosoin, J1.B. MNpuwmHon un E.T. KyauHon 3a noMoLub B 06paboTtke rugpoxmmuye-
CKOro MaTepuana, a Takke BCEM COTPyAHMKAaM, MPUHMMABLLMM y4YacTne B oTbope npoo.
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Introduction

Climatic changes, observed in recent decades, lead to a transformation of river and reservoir water
flows, which ultimately hampers their water resource utilization and affects water quality. In most of
Russia, in recent decades, there has been a tendency towards an increase in annual runoff, associated
with a general increase in the country’s territory wetness. However, in the basins of the Lower Volga,
Dnieper and Don, on the contrary, a decrease in their annual runoff has been recorded, and low-water
years have become more frequent (Cherenkova and Sidorova, 2021; Mnogoletnie kolebaniya..., 2021).
For most rivers in the European part of Russia (ER), variations in their flow throughout the year have
been reported: the proportion of the annual flow decreases during high-water and increases during
low-water seasons (Cherenkova and Sidorova, 2021; Dmitrieva and Nefedova, 2018; Dzhamalov et
al., 2015). Current changes in the thermal regime leads to frequent winter thaws, a decrease in soil
freezing and a reduction in the duration of snow cover period. As a result, winter runoff of the rivers in
ER increases and water storage in the snow cover decreases by early spring, which creates conditions
for reduced spring flooding. A similar trend is also found for reservoirs, whose water flow is regulated, to
a large extent, to suit the needs of different sectors of national economy.

In aquatic ecosystems, climate warming initiates a transformation of organic matter (OM) and nutrient
flows, a decrease in transparency and dissolved oxygen content, an increase in mineralization, etc.
(Linnik, 2020). Habitat change affects the structure of aquatic communities, trophic interactions between
species and often leads to the intensification of eutrophication processes (Lazareva and Sokolova,
2013), indicated by changes in phytoplankton quantitative and structural characteristics.

Despite the general patterns of formation and development of organisms of different trophic levels,
each particular reservoir has its specific features determined by the natural zone, terrain, degree of
anthropogenic load, as well as the remoteness of the region from the main moisture-carrying streams.
The above regional features of the catchment area are superimposed on changes in large-scale
atmospheric circulation, which are quite clearly manifested in an increase in the rate of modern winter
warming in northern Eurasia. The recorded anomalies in temperature and precipitation can lead to
significant transformations of the heat and moisture supply regime in large regions and entail tangible
environmental consequences (Popova et al., 2019).

Of the large-scale circulation systems, the North Atlantic Oscillation (NAO) is of the greatest interest
for the climate of Russia. The essence of the NAO is the redistribution of atmospheric masses between
the Arctic and the subtropical Atlantic. The alternation of positive and negative phases of NAO causes
large changes in heat and moisture transfer, determines the temperature and intensity of water convective
mixing, and the ice regime of European reservoirs (Lazareva and Sokolova, 2013; Nesterov, 2013). Over
recent decades, the NAO has been studied as one of the possible sources of global warming (Malinin
and Gordeeva, 2014). In this regard, some authors make an attempt to use statistical relationships
with the NAO index to predict the direction of long-term changes in biotic characteristics of ecosystems
(Kopylov et al., 2019; Lazareva and Sokolova, 2013; Mineeva, 2019).

Wolf numbers (W) (indicators of solar activity), along with the NAO, are markers of global processes
associated with changes in weather and climatic conditions. Solar cycles regulate the distribution of
phytoplankton biomass in seas and oceans through water circulation processes that change the light
regime and nutrient availability (Mineeva, 2019).

The Volga basin, covering a significant territory of the ER, "integrates" the contribution of regional
climatic parameters to the river flow variability. The Saratov Reservoir is the penultimate step in the
huge Volga-Kama cascade. According to the hydrological regime, it is a river type reservoir with a high
flow rate and coefficient of water exchange (18 times a year). The reservoir is mostly located in the
forest-steppe zone (Gerasimova, 1996). Lateral inflow in the reservoir water balance averages 6%. The
main flow regulator is the Kuibyshev Reservoir, which accumulates water during the spring flood and
gradually releases the accumulated volumes during the low water period.

The aim of this work is to assess the dynamics of the main hydrochemical components determining
the trophic level, and phytoplankton parameters in the Saratov Reservoir; to establish the relationship
between their interannual fluctuations and the transformation of climatic factors in the early 21st century.



14 Shashulovskaya, E.A., Mosiyash, S.A., 2023. Ecosystem Transformation 6 (5), 11-28.

Materials and methods

Hydrochemical material was collected in 2001-2020 in the channel and coastal zones of the Saratov
Reservoir at standard monitoring sections using a Ruttner bathometer (Fig. 1). Sampling was carried out
during the growing season: in spring (May), summer (July — August) and autumn (October — November).
Water samples in the channel zone were taken from the surface and near the bottom (0.5 m from
the bottom) horizons, in the coastal area — only from the surface. Hydrochemical analysis included
determination of organic matter content (color, permanganate (PO) and bichromate (BO) oxidizability,
biochemical oxygen demand (BOD,)) and biogenic elements (mineral forms of nitrogen and phosphorus,
total iron, and silicon). Total mineral nitrogen was calculated as the sum of its mineral forms —ammonium
(N-NH,), nitrite (N-NO,) and nitrate (N-NO,). Generally accepted methods of titrimetric and photometric
analyses were used (Rukovodstvo..., 1977). For comparison, we used data on the water chemical
composition indicators measured at the Saratov Reservoir in 1969-1974, reported in the works by
N.A. Gerasimova (1996) and S.G. Kotlyar (1978).

Phytoplankton samples were taken in 2001-2020 at permanent monitoring sections simultaneously
with water samples collected for hydrochemical analysis (Fig. 1). Hydrobiological material was processed
according to the unified methods (Dalechina and Dzhayani, 2014). The characteristics of phytoplankton
in 1969-2020 were evaluated according to the works by N.A. Gerasimova (1996), I.N. Dalechina and
E.A. Dzhayani (2012, 2014), and E.A. Shashulovskaya et al. (2021a).

Fig. 1. Schematic map of the Saratov Reservoir.
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The runoff volume was calculated according to the data of discharge through the Saratov hydro-
electric plant, available on the website of PJSC «Rushydro»'. Transformed series of values of the NAO
index and Wolf numbers were taken from websites of National Weather Service ? and Space Weather
Services?®. Precipitation and air temperature data during the study period were obtained from the RIHMI
WDC* resource and calculated as average values for sites located in the Middle Volga basin (the cities
of Nizhny Novgorod and Kazan).

Statistical data were processed using the program of the Statgraphics Centurion XVI version 16.1.11
specialized software package. To analyze the results, the average concentrations of the parameters un-
der study were used. The relationship between the parameters was determined using the Pearson cor-
relation coefficient. The principal components analysis was used to structure a multidimensional array
of initial hydrochemical parameters and phytoplankton biomass.

Results and discussion

Climatic and heliophysical features

The beginning of the 21st century is characterized by an increase in July water temperature in the
Saratov Reservoir: since the 70s of the last century, it has increase by ~ 0.7 °C (Fig. 2A). Due to the
high flow rate and geographical location of the Saratov Reservoir, its summer water temperatures were
lower than in the Volgograd Reservoir (Shashulovskaya et al., 2021a). For example, the average July
temperature during the study period was 2 °C lower and amounted to 20.8 °C. In the abnormally hot
summer of 2010, the average water temperature in the Saratov Reservoir was 23.5 °C, while in the
Rybinsk Reservoir it reached 24.5 °C (Kopylov et al., 2019), and 26.2 °C in the Volgograd Reservoir
(Shashulovskaya et al., 2021a).

From 2001 to 2020, an increase in winter surface air temperatures was recorded in the Middle Volga
region, especially noticeable starting from 2011 (Fig. 2B). This reflects the general trend of the early 21st
century, characteristic of the larger territory of the ER (Cherenkova and Sidorova, 2021; Dzhamalov et
al., 2015).

In 2001-2020, the annual runoff volume of the Saratov Reservoir varied from 195 to 299 km? (Ta-
ble 1). The most high-water years were 2005, 2007 and 2017 (Table 1). In the first decade, a decrease in
the runoff volume was recorded (R? = 0.27, p = 0.12), from 2011 to 2020 there was a tendency towards
its increase (R? = 0.29, p = 0.11). Over the period from 2001 through 2020, intra-annual changes oc-
curred: the winter discharge contribution to the total annual flow increased from 16 to 19%, and during
the flood period, on the contrary, decreased by 5%.

The largest amount of precipitation fell in 2001, 2004, 2013, 2015, and the lowest — in 2008, 2018,
2020 (Table 1). During the study period, a slight decrease in the annual precipitation was recorded
(R?=0.20, p = 0.05). Due to regulation, the reservoir annual runoff and amount of precipitation are not
related.

Markers of global processes affecting the hydrological, hydrophysical and biological characteristics
of reservoirs are the NAO index and Wolf numbers (Kopylov et al., 2019; Lazareva and Sokolova, 2013;
Mineeva, 2019).

The North Atlantic Oscillation Index is one of the most important characteristics of large-scale
atmospheric circulation in the Northern Hemisphere. Over the current period of instrumental observations,
two phases of the NAO index are distinguished in its inter-annual dynamics — positive and negative, for
which significant trends with high coefficients of determination are found (Malinin and Gordeeva, 2014).
In the period 2001-2010, there was a decrease in the annual NAO values (R? = 0.34, p = 0.07), which
is a continuation of the NAO negative phase that began in 1993 (Malinin and Gordeeva, 2014). Since
2011, positive dynamics of the NAO index has been observed (Fig. 2B). The higher the values of this
indicator, the more intense is the zonal transfer of air masses from the North Atlantic to the European

" Branch of PJSC “RusHydro” — Volzhskaya HPP. Web page. URL: http://www.volges.rushydro.ru (accessed: 16.11.2021).

2 National Weather Service, Climate Prediction Center, USA. Web page. URL: https://www.cpc.ncep.noaa.gov/products/precip/
CWIlink/pna/nao.shtml (accessed: 13.04.2022).

3 Space Weather Services, Australian Space Weather Forecasting Centre, AUS. Web page. URL: https://www.sws.bom.gov.au/
Solar/1/6 (accessed: 14.04.2022).

4 All-Russian Research Institute of Hydrometeorological Information — World Data Center (RIHMI -WDC), RUS. Web page. URL:
http://www.meteo.ru (accessed: 20.04.2022).
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Fig. 2. Dynamics of the average July water temperature (95% confidence interval for the average) in 1969-2020 (A) and dynamics

of the annual NAO index and winter air temperature in 2001-2020 (B).

Table 1. Hydroclimatic characteristics of the Saratov Reservoir in 2001-2020.

Year T of July, °C Precipitation, mm  Runoff volume, km? NAO w
2001 21.1 744 271 -2.19 170.2
2002 20.8 690 257 0.47 176.8
2003 19.5 650 242 1.17 109.0
2004 20.0 700 258 2.91 68.8
2005 19.9 635 283 -3.21 48.6
2006 20.0 679 209 -2.49 26.1
2007 20.0 662 286 2.08 12.7
2008 19.4 594 239 -4.54 4.6
2009 21.0 655 235 -2.02 4.9
2010 235 646 195 -13.83 25.4
201 22.0 684 199 3.52 80.3
2012 21.7 659 242 -5.47 82.1
2013 20.9 707 273 2.52 96.9
2014 215 673 223 2.24 121.8
2015 19.5 709 197 5.20 70.5
2016 21.0 693 266 -0.46 36.9
2017 20.7 677 288 2.71 19.5
2018 21.4 589 272 13.00 6.6
2019 20.7 618 228 -3.82 3.6
2020 21.4 520 299 3.49 8.8
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continent. Meanwhile, there is a significant increase in the amount of precipitation in the north and center
of the ER. The alternation of positive and negative phases in the NAO frequency structure determines
the thermal regime of reservoirs and the intensity of water mixing (Kopylov et al., 2019).

During the study period, two maximum (2001-2002 and 2011-2014) and two minimum (2008-2009
and 2018-2020) solar activity periods were observed in 11-year cycles, characterized by Wolf numbers
(Table 1). A decrease in solar activity in 2001-2010 coincided with a decrease in the runoff volume of
the reservoir and the NAO index to minimum values in 2010.

Organic matter

The quantitative content of organic matter is one of the most important factors determining the water
quality of aquatic ecosystems, and, as a consequence, the conditions for aquatic life. Most of the OM
enters the Saratov Reservoir from the Kuibyshev Reservoir located upstream. Allochthonous OM of
humic nature is mainly characterized by water color and PO indices (Lozovik et al., 2017).

In 2011-2020, the water color in the Saratov Reservoir varied from 23 to 44degrees (Table 2). The
average for the growing season values of this index changed synchronously with the reservoir runoff
volume (r = 0.84, p = 0.00). The strongest correlation was noted between the water color and runoff
volume in spring and, probably, in winter, by analogy with the Volgograd Reservoir (Shashulovskaya and
Mosiyash, 2019). During heavy rain floods, increased values of the water color index were recorded in
summer and autumn. In the first years of the reservoir operation, the water color varied almost within the
same limits (15—42degrees) as it does now.

There is a significant correlation between water color and PO, since they characterize the same
groups of OM. There is also a close relationship between the PO and the reservoir runoff values (r = 0.70,
p = 0.03). During the period 2001-2010, a negative trend of changes in these indicators was observed
(Fig. 3A). In 2011-2020, with increasing runoff volume, PO fluctuated in the same range (Fig. 3B). In
spring, the water color and PO values are determined by humic substances delivered with flood terrig-
enous runoff. During the growing season, the processes of autochthonous OM formation contribute to
the quantitative content of this group of substances.

With a decrease in the runoff volume during the NAO negative phase, the amount of allochthonous
OM entering the reservoir decreases, and with an increase in the atmospheric circulation index, the
reservoir runoff volume and the amount of OM of this group increase.

In the early 21st century, the bichromate oxidizability, which characterizes the content of the total
organic matter, varied within a range of 21-45 mg/l and, on average, was somewhat lower than in the
first years of the reservoir operation (Table 2). Fluctuations in this parameter are not associated with
changes in runoff. In winter, the BO and PO values change synchronously (Shashulovskaya and Mosi-
yash, 2019). Probably, in winter, OM is mainly represented by humic and fulvic acids, which determine
the color of water. In the growing season, with increasing abundance and biomass of planktonic organ-
isms, the dynamics of organic matter in the reservoir is affected by bioproduction and mineralization
processes. During this period, the nature of relationship between the indicators of the content of various
groups of OM changes. Over the study period, no pronounced trends were found in the dynamics of the
BO index in the water of the Saratov Reservoir.

Table 2. The content of organic matter in the water of the Saratov Reservoir in different periods of its operation. “~” — no data
available; min—-max — fluctuations range of indicator, M + m — average value and its error.

1969-1974 2001-2010 2011-2020
Indicator

min—max M+m min—max M+m min—max M+m

Color, degree 1542 25+1 - - 23-44 3112
PO, mgO/l 7.8-10.9 9.8+0.3 6.3-10.5 8.8+04 6.1-9.5 76+0.3

BO, mgOl/ 26-33 301 21-45 28+ 3 22-29 25+ 1
BOD,, mgO/l 1.1-1.8 1.3+0.1 1.2-2.1 1.6+0.1 1.1-2.5 16+0.2

PO/BO, % 30-33 32+1 30-37 33+2 28-33 312

BOD,/BO, % - 43+04 - 5.8+0.5 - 6.4+0.7
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Fig. 3. Changes in the runoff volume and PO in 2001-2010 (A) and 2011-2020 (B).

The content of easily oxidizable OM during the study period varied from 1.1 to 2.5 mgQO,/I (Table 2).
In 2001-2010, there was a decrease in the BOD, index but in the second decade of the 21st century it
increased slightly with an increase in the fluctuation range of this indicator. The increased winter values
of BOD, that we recorded in the Volgograd Reservoir (Shashulovskaya and Mosiyash, 2019) suggest
that in the Saratov Reservoir, the catchment plays a significant role in the dynamics of this parameter,
which makes it similar to allochthonous OM. However, during the study period, the BOD,/BO ratio, which
characterizes the proportion of labile OM, amounted to 5-6% showing a slight increase, compared to
1969-1974 (Table 2), obviously as a result of intensified bioproduction processes against the back-
ground of rising water temperatures.

Nutrients

In the early 21st century, the long-term dynamics of total mineral nitrogen — one of the two main
biogenic elements affecting biological productivity — remained within a range of 0.41-2.32 mgN/I
(Table 3). During the period of 2001-2020, there was a decrease in the content of all forms of mineral
nitrogen, with the exception of nitrite nitrogen. The highest determination coefficients are characteristic
of trend models of ammonium and total mineral nitrogen dynamics (R? = 0.62 and 0.37, respectively, at
p <0.05). Moreover, in the last decade the trend has been more clearly visible. A decrease in the content
of ammonium nitrogen in the water of the Upper Volga Ivankovo Reservoir (Kirpichnikova et al., 2020),
as well as in artificial water bodies of the Dnieper cascade (Zhezherya et al., 2021), in the beginning
of the 21st century, has been reported. A possible reason for this phenomenon may be a decrease in
the volume of spring inflow and a more active involvement of nitrogen in biogeochemical cycles with
increasing temperature.

In 2001-2010, high coefficients of determination were found for ammonium nitrogen, nitrates, and,
consequently, for the total mineral nitrogen (R? = 0.44-0.79 at p < 0.05) (Fig. 4A). During the period
2011-2020, there were no pronounced trends in the inter-annual changes in the ammonium content,
and nitrate concentrations changed in accordance with the NAO index (Fig. 4B).

Nitrates are the dominant form of mineral nitrogen in the Saratov Reservoir. As a rule, their sea-
sonal dynamics are well expressed and characterized by maximum concentrations in spring due to the
presence of transformed winter waters and effects of terrigenous runoff with flood waters. In summer,
the nitrate nitrogen concentrations decrease due to the consumption of this element by autotrophs for
nutrition, and in autumn they increase as a result of mineralization processes (Shashulovskaya, 2022).

In the 70s of the last century and the first decade of the 21st century, the range of fluctuations and
average values of ammonium and nitrates were close. However, in 2011-2020, the average concentra-
tion of ammonium, in contrast to nitrates, decreased by 2 times (Table 3).
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Table. 3. The content of biogenic elements in the water of the Saratov Reservoir in different periods of its operation.

Biogenic 1969-1974 2001-2010 2011-2020

elements min—max M+m min—-max M+m min—-max M+m
N-NH, mg/l  0.14-072 0364008 026-061 038%004 0.09-027 0.19+0.02
N-NO,, ug/! 4-44 2246 522 1242 9-37 19 + 4
N-NO, mg/  0.29-0.86 048%009 012-095 050%008 0.16-0.64 0.40+0.04

N mineral, mg/l  0.51-1.19 0.86+0.11 041-2.32 098+0.18 0.44-077 0.63+0.04

E?ﬁ:rgﬁ‘,oggﬂ 28-74 51+9 37-75 54 + 4 24-84 48+ 6

Iron, mg/l 0.15-032 0.18+0.03 0.07-0.22 0.15£0.02 0.17-0.37 0.26+0.02
Silicon, mg/! 15-34  23+04 2941  36+05 2938  33%0.1

The nitrite nitrogen concentrations were low (6—-25 pgN/l), but in some years (2011-2014 and 2019-
2020) a significant increase in the amount of nitrite was recorded at some stations in the Saratov Res-
ervoir, which may be associated with pollution .

In 2001-2020, the mineral phosphorus concentration ranged from 24—-84 ug/L (Table 3). Changes in
phosphorus content followed a cyclic pattern (Fig. 5A). During the period 2001-2011, a negative trend
was observed in the average values of this parameter measured during the growing season, but an
increase in the concentrations of mineral phosphorus were recorded in low-water years. In the first de-
cade of the 21st century, a weak correlation with runoff was observed. Since 2012, maximum phospho-
rus concentrations have been recorded, as a rule, during high-water years. This indicates an increased
role of hydrological factors in the genesis of this element. The seasonal dynamics of mineral phosphorus
is characterized by an increase in concentrations of this element by autumn (Shashulovskaya, 2022),
apparently due to internal nutrient load — hydrological, hydrophysical, chemical and biological intra-res-
ervoir processes, closely related to the formation of anoxic zones in the bottom layers of the reservoir. In
2012-2020, the phosphate dynamics followed changes in the NAO (Fig. 5A). The range of fluctuations
and average concentrations of phosphates in the early period of the reservoir operation and in recent
decades are close (Table 3), which indicates the balance of intra-reservoir and hydrological factors in
the genesis of this element in the reservoir ecosystem.

Over the growing season, the average concentrations of iron ranged from 0.07 to 0.37 mg/| (Table 3).
During the study period, a significant positive trend in the content of this element was found (R? = 0.77,
p = 0.00) (Fig. 5B). Maximum concentrations of iron were recorded in spring (Shashulovskaya, 2022),
when a high correlation between this indicator and the water color was observed (r = 0.85-0.88, p < 0.05).

An increase in the number of thaws and liquid precipitation events in winter leads to increased
volumes of water, rich in humic matter with a high content of natural iron, coming from the Upper Volga
and Kama reservoirs (Shashulovskaya et al., 2021a). In recent decades, an increase in the concentration
of this element has also been reported from other bodies of water located in wetland areas of the
northern regions of the world, where a large amount of humic organic matter from drainage basin enters
watercourses and water bodies. Thus, increased concentrations of iron have been recorded in many
northern water bodies of Europe and America (Bjoérneras et al., 2017; Kalinkina et al., 2018).

The silicon content varied within narrow limits. At present, its average seasonal concentrations
only slightly differ from the silicon content of water during the initial stage of the Saratov Reservoir
operation (Table 3).

It is believed that when the NAO index is positive, winters become milder and the amount of
precipitation increases. Negative phases of NAO, bring cooling and a decrease in precipitation (Kopylov
et al., 2019). The period 2001-2010 is characterized by a decrease in precipitation and more severe
winters (Fig. 2B). By 2010, the July water temperature increased to the maximum, and the NAO index
and Wolf numbers decreased to their minimum values (Table 1). It should be noted that the most
documented statistical relationship between the NAO and air temperature is most often observed in
northwestern Europe (Kukushkin, 2020; Markovic et al., 2013; Ottersen et al., 2001). However, the
relationship between the NAO and climate in different parts of Europe is unstable. In Austria, for example,
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Fig. 4. Dynamics of mineral forms of nitrogen in the water of the Saratov Reservoir and the NAO index in 2001-2010 (A) and
2011-2020 (B). Dotted lines represent the main trends.
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Fig. 5. Dynamics of phosphates, the NAO index (A) and total iron (B) in the water of the Saratov Reservoir in 2001-2020. Dotted
lines represent polynomial trends.

the Danube water temperature was influenced by the NAO only during its positive phase (1981-1994).
At lower latitudes (in Serbia), no relationship was found between water temperature in this river and
NAO variability (Markovic et al., 2013). The study of large-scale environmental phenomena (NAO) and
the underlying processes requires not only long-term data sets, but also an interdisciplinary approach
(Baez et al., 2021; Ottersen et al., 2001).

Since 2011, according to the results of our studies, a weak trend of decreasing summer water
temperature has been noted in the Saratov Reservoir. At the same time, the NAO index increases and
a new 11-year cycle of solar activity begins. Such changes in global climatic factors, obviously, affected
the strength of the relationship between the parameters under consideration. The water runoff volume
increased, and the dynamics of nitrates and phosphates followed changes in the NAO index (Fig. 4B,
Fig. 5A). The dynamics of total and easily oxidizable OM, as well as total iron and silicon were not
associated with the fluctuations in the NAO index.
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Phytoplankton

The microalgae community is one of the first to respond to changes in the hydrochemical and
temperature regime. It is a criterion of the trophic state of the reservoir ecosystem. During the first years
of the Saratov Reservoir operation (1969-1974), from 192 to 304 phytoplankton taxa below the rank
of genus were found annually in the reservoir (Gerasimova, 1996). The largest number of species was
recorded in the Bacillariophyta and Chlorophyta divisions. Biological summer was characterized by
maximum values of phytoplankton abundance and biomass, the role of cyanoprokaryotes in plankton
increased; more often they prevailed in number, less often in biomass. The greatest development was
observed in intraspecific taxa from the genera Microcystis, Anabaena and Oscillatoria. In the summer of
1969-1974, the phytoplankton abundance varied from 0.71 to 10.36 million cells/I, the biomass — from
0.27 to 2.26 g/m3 (Gerasimova, 1996).

Over the past two decades, the phytoplankton summer biomass has changed from 0.23 to 1.45 mg/dm?,
and negative trends in the biomass of Chlorophyta, Dinophyta, and Euglenophyta have been found
(Shashulovskaya et al., 2021b). The phytoplankton species composition in the Saratov Reservoir
has simplified to 112—-182 taxa. During the summer period of 2000-2008, the average abundance of
microalgae amounted to 5.6 million cells/l, the biomass — to 1.26 mg/l (Dalechina and Dzhayani, 2012).
Species from the Cyanoprokaryota division were still most numerous accounting for 65-90% of the
total abundance. Phytoplankton biomass was equally represented by Bacillariophyta, Cyanoprokaryota,
Chlorophyta and Cryptophyta with the predominance of one or another division of algae in different
years (Dalechina and Dzhayani, 2012).

At present, small-celled forms begin to make up a significant proportion of the phytoplankton
abundance and biomass: of diatoms — species of the genera Cyclotella, Stephanodiscus, Skeletonema
subsalsum (Cleve-Euler) Bethge, as well as Nitzschia sp., which was found in large quantities in
colonies of cyanoprokaryotes Microcystis aeruginosa Kutz.; and of cryptophytes — Chroomonas acuta
Uterm. (Dalechina and Dzhayani, 2014). Over the past two decades, an increase in the abundance of
cryptophyte algae and small-celled species has also been recorded in other reservoirs of the Volga
Cascade (Korneva et al., 2021).

During the first decade of the 21st century, summer biomass was formed by representatives of the
divisions Bacillariophyta, Cryptophyta and Chlorophyta, and since 2010, Cyanoprokaryota has also
become part of the dominant biomass groups (Fig. 6). Since 2003, there has been a significant long-term
trend towards increasing biomass of cyanoprokaryotes (R? = 0.80, p = 0.00) (Dalechina and Dzhayani,
2014). An increase in the abundance and diversity of cyanoprokaryotes and their biomass alignment
along the longitudinal axis of the Volga-Kama cascade from the Upper to the Lower Volga has also been
reported by other researchers (Korneva et al., 2021).

During the study period, the ratio of the main systematic groups of phytoplankton in the Saratov
Reservoir changed. If in 1969-1974 diatoms predominated, accounting for 60% of the biomass, then
in 2003-2013 their percentage decreased to 20-30%. Amounting to 22% of the total biomass during
the early period of the reservoir operation, the biomass of Cyanoprokaryota has increased up to 30%
in recent decades (Fig. 6). In the 70s of the last century, other groups of phytoplankton (cryptophytes,
dinophytes, euglenophytes) accounted for 9%, but currently their proportion has increased to an average
of 40%.

Water temperature, along with the nutrient availability, is one of the main abiotic factors determining
the level of phytoplankton development in water bodies. Evidently, global atmospheric processes and
the level of solar activity, characterized by the NAO index and Wolf numbers, cannot but influence the
development of phytoplankton. Some authors find a positive correlation between annual NAO values
and primary phytoplankton production (Kopylov et al., 2019; Ottersen et al., 2001), as well as total
chlorophyll concentrations (Mineeva, 2021). There is also a strong statistical relationship between the
total chlorophyll, chlorophyll of diatoms and cyanoprokaryotes and Wolf numbers (Mineeva, 2021).

Multiple correlation analysis revealed no relationship between phytoplankton biomass and summer
water temperature, annual NAO index, Wolf numbers and the hydrochemical parameters under
consideration. Direct comparisons of water temperature and phytoplankton biomass, carried out over a
long period in the Mozhaisk Reservoir, also showed a weak correlation between these parameters, which,
according to the authors, is explained by complex patterns of internal water exchange and circulation
of layers in the water column (Datsenko and Edelstein, 2021). Mineeva and co-authors (2021) point
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Fig. 6. The ratio of biomass of the main systematic groups of phytoplankton in the Saratov Reservoir in different periods of 1969—
2013 (data for 1969-1974 are given according to Gerasimova, 1996; for 2003—-2009 and 2010-2013 — according to Dalechina
and Dzhayani, 2014).

out the absence of a close statistical relationship between phytoplankton biomass and nutrients, due to
complex multifactorial effects on algal communities.

The use of the principal component analysis made it possible to identify four leading factors
accounted for 82% of the total variance and combine the nutrient content, total biomass of phytoplankton
and its main divisions (Bacillariophyta and Cyanoprokaryota). The total phytoplankton biomass, total
mineral nitrogen and silicon are closely related to the first principal component. The second component
integrates the iron content and the annual runoff volume, the third — mineral phosphorus and the N/P
ratio. The fourth major factor is associated with the biomass of Bacillariophyta and Cyanoprokaryota and
the July water temperature (Shashulovskaya et al., 2021b).

Conclusion

Thus, in the first two decades of the 21st century, the following features characterized the dynamics
of environmental parameters of the Saratov Reservoir: negative trends in the content of allochthonous
organic matter and ammonium nitrogen, a significant increase in the iron concentration, a decrease in
the total biomass of phytoplankton and green algae, an increase in the proportion of cyanoprokaryotes,
and simplification of the algal species composition.

This study allowed us to identify priority factors affecting the dynamics of the main hydrochemical
components in the Saratov Reservoir in 2001-2020. The observed negative trend in the content of
allochthonous OM and ammonium nitrogen is apparently caused by a decrease in the annual precipi-
tation in the catchment area. Changes in phosphate and nitrate concentrations are, to a certain extent,
associated with the NAO index dynamics. The positive trend in iron concentrations is likely due to an
increased in winter runoff caused by increased temperatures during the cold season.

The principal component analysis made it possible to identify the main factors combining the nutrient
content, the total biomass of phytoplankton and its main divisions Bacillariophyta and Cyanoprokaryota,
and July water temperature. Obviously, a further increase in water temperature as a result of climate
change will be a stimulating factor for the development of cyanoprokaryotes in the Saratov Reservoir.
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