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Abstract We present a detailed study of spatial
distribution of nutrient elements, phytoplankton
and zooplankton in the Cheboksary Reservoir—a
eutrophic artificial lake in Central Russia—during
summer periods of 2017-2021 and review the rela-
tionships between these elements of the food chain to
determine what shapes the trophic state of the lake.
It is shown that vast differences in nutrient content
of the reservoir’s tributaries cause its trophic state to
change significantly in mouth areas of some larger
inflowing rivers. However, in the largest part of the
lake the relationship between nutrient content and
chlorophyll becomes more subtle, whereas zooplank-
ton community structure steps up as an important fac-
tor controlling the phytoplankton growth. It is clear
that major efforts in nutrient loading reduction are
needed to improve the ecological state of the reser-
voir, and nitrogen control may be more effective,
than phosphorus control. However, described trophic
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interactions may reduce efficiency of nutrient con-
trol and require some biomanipulation measures to
improve water quality of the reservoir.

Keywords Eutrophication factors - Nutrient
loading - Top-down control of phytoplankton -
Trophic state index deviation

Introduction

External nutrient loading as a factor controlling
eutrophication in lakes and reservoirs is one of the
most meticulously studied topics in modern limnol-
ogy. In multiple experimental and monitoring studies,
input of phosphorus and nitrogen have been shown to
have direct impact on phytoplankton biomass (Elser
et al., 1990; Ahoutou et al., 2022; Xie & Xie, 2002;
Xu et al., 2010). These correlations have been used in
environmental restoration projects on multiple natu-
ral lakes, ponds and reservoirs around the world: in
most cases, decreasing TP and TN loads into a lake
can noticeably mitigate manifestations of eutrophica-
tion, such as lowered water transparency, prolonged
hypolimnetic hypoxia, high phytoplankton biomass
and shifts towards cyanobacterial communities
(Jeppesen et al., 2005; Zeng et al., 2016; Huang et al.,
2019).

Control over nutrient input into rivers and lakes
is now a key objective of water quality management
around the world, with guidelines for nitrogen and
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phosphorus concentrations in surface waters being
strictly enforced in most of the countries (Dodds &
Welch, 2000; Carvalho et al., 2013; Poikane et al.,
2019; Olokotum et al., 2020). However, the issue of
excessive nutrient loading still exists even in coun-
tries with most rigorous wastewater management
and water quality monitoring frameworks due to
the poorly controllable nature of nutrient input from
watersheds (Granlund et al., 2005; Carey et al., 2013),
as a huge part of nitrogen and phosphorus comes
into surface waters from non-point sources: fertilized
agricultural lands, pastures, residential areas without
centralized wastewater collection and treatment, and
some other types of land use (Kronvang et al. 2005;
Chambers et al., 2012). Moreover, thresholds of
acceptable phosphorus and nitrogen inputs should be
determined individually for each lake, and the effect
of combined P and N limitation is still not entirely
understood (Xu et al., 2015; Maberly et al., 2020;
Poikane et al., 2022).

Nutrient loading in natural lakes overlaps and
interacts with other in-lake processes and external
impacts. Many physical factors, such as water temper-
ature, flow velocities, mixing intensity and light avail-
ability may affect phytoplankton growth rates and
spatial distribution and are defined by weather and
hydrology of inflows, which can show high tempo-
ral variability but have little to none opportunities for
management and control (Na & Park, 2006; Berger
et al., 2010; Liu et al., 2016; Bouffard et al., 2018).
In isolated bays of reservoir tributaries, intensity of
water exchange, as well as wind mixing conditions,
can differ significantly from the entire water body,
causing accumulation of nutrients and increased
sensitivity of bay areas to nutrient concentrations in
inflow, while other parts of a reservoir can be much
less affected by fluctuations in nutrient loading (Selge
et al.,, 2016). After land cover alterations or during
floods, phytoplankton communities in proximity to
river mouths can become limited by light availability
due to increased mineral turbidity or input of colored
organic matter (Bergstrom & Karlsson, 2019; Gebre-
hiwot et al., 2020).

Interaction with higher levels of food chain also
has a capacity to limit phytoplankton growth through
zooplankton grazing and other interactions within the
trophic cascade (Carpenter et al., 2001). Some species
of zooplankton can even develop tolerance to toxic
cyanobacteria (Gustafsson & Hansson, 2004; Ger

@ Springer

et al., 2016). This provides biomanipulation oppor-
tunities for eutrophication control, such as reducing
phytoplankton biomass by removing or introduc-
ing certain species of fish (Elser & Goldman, 1991;
Xie & Liu, 2001; Kasprzak et al., 2007; Peretyatko
et al., 2009), therefore decreasing predation pressure
on grazing zooplankton and increasing phytoplankton
removal by grazers, although this effect is also inter-
connected with external nutrient loading.

Accurate assessments of nutrient loading effect
on productivity of freshwater ecosystems are further
hindered by different responses to nutrient manage-
ment by lakes with various initial trophic states. In
oligotrophic lakes, various combinations of both bot-
tom-up (related to resource limitation) and top-down
(related to predatory control from higher levels of
the food web) drivers of phytoplankton growth may
be observed, whereas in eutrophic lakes sometimes
no definitive effect of either factor can be clearly
observed (McQueen et al., 1989; Rose et al., 2021).
Historical development and trophic status of a lake
also determine nutrient exchange between water col-
umn and bottom sediments, and release of phospho-
rus accumulated in sediments of eutrophic lakes can
hinder de-eutrophication even as external nutrient
loading is reduced (Lee et al., 2019).

In Russia, eutrophication is a widespread but not
efficiently managed issue. There is evidence of over-
all deterioration of water quality linked to eutrophi-
cation occurring in all regions of Russia (Belykh
et al., 2013; Ovaskainen et al., 2019; Namsaraev
et al., 2020), but the most extreme situation, associ-
ated with harmful algal blooms and the most drastic
changes in aquatic ecosystems is observed in densely
populated regions of European Russia, including the
Volga River Basin (Nikanorov & Khoruzhaya, 2014;
Rumyantsev et al., 2018; Chernova et al., 2020). Sev-
eral government programs have been introduced in
attempts to improve the water quality of the Volga
River reservoirs (Rozenberg et al., 2017), but federal
water quality management mostly relies on standard
control over pollutant discharges and concentrations
(Venitsianov, 2019). At the same time, detailed eco-
logical studies in this region are scarce, rarely go
beyond chemical pollution, and only a handful of
works are dedicated to more than one trophic level
(Mineeva et al.,, 2008; Lazareva et al., 2014). We
believe that a comprehensive study linking phyto-
plankton productivity of the Volga River reservoirs
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with physical and chemical factors and parameters
of the zooplankton community would improve our
understanding of environmental processes affecting
its ecological state, reveal limitations of nutrient load-
ing control measures in eutrophication management,
and contribute to global understanding of in-lake pro-
cesses in temperate lakes under high anthropogenic
pressure.

Materials and methods
Study area

The Cheboksary Reservoir is a part of the Volga-
Kama reservoir cascade, disconnected from the
upstream Gorky Reservoir by an almost free-flow-
ing part of the Volga River. It is traditionally con-
sidered that the transition from riverine to lacustrine
conditions begins at the Volga’s confluence with
the Oka River at Nizhniy Novgorod, and the typi-
cal lacustrine part of the reservoir extends from the
mouth of the Sura River to the Cheboksary Dam in
Novocheboksarsk (Fig. 1). For the transitional part,
maximum depths of 10-15 m and width of 1-2 km
are typical. During summer low flow of 2019,
stream velocities of 0.4-0.5 m/s were observed

in the reservoir downstream from the Oka River
mouth, and by the confluence with Vetluga they
decreased to 0.17-0.23 m/s (Kapustin et al., 2019).
At the lacustrine part, depths can exceed 20 m and
the maximum width reaches a little over 10 km.

Total surface area of the reservoir from Nizhniy
Novgorod to Novocheboksarsk is 1213 km?, total
watershed area—604,000 km?, mean annual flow at
the dam is 3490 m?/s. The Oka River basin makes
up about 40% of reservoir’s watershed area and
total river inflow with watershed area of 244,000
km? and mean annual discharge of 1255 m?/s. Riv-
ers Sura and Vetluga each contribute to about 7% of
river inflow, and other tributaries combined account
for less than 3% of water inflow.

The data used in this article was obtained dur-
ing annual field expeditions of the Russian Geo-
graphical Society on the Volga reservoir cascade
in 2017-2021. Duration and scope of each expedi-
tion are listed in Table 1. The route started at the
Oka River about 4 km above its mouth, and a uni-
fied sampling grid at the reservoir was maintained
during each expedition (see Fig. 1), with some addi-
tional stations investigated in some years. Sampling
on tributaries was carried out at upper parts of their
mouth areas where little to no effect of mixing with
reservoir water was observed.
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Fig. 1 Regular sampling sites on the Cheboksary Reservoir, studied tributaries and their watershed areas
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Table 1 Spatial extent of

e Duration of expedition
field expeditions on the

Length of the reservoir route

Tributaries sampled

Cheboksary Reservoir in

28-30 July 2017
2017-2021

24-27 July 2018
15-19 July 2019

10-12 August 2020
22-30 July 2021

~90 km from Nizhniy Novgorod
~170 km
~215 km

290 km (entire reservoir)
290 km (entire reservoir)

Oka, Kudma, Kerzhenets
Oka, Kudma, Kerzhenets, Sura

Oka, Kudma, Sundovik, Kerz-
henets, Sura, Vetluga

Oka, Vatoma, Sura, Vetluga
Oka, Sura, Tsivil, Vetluga

Sampling and analytical methods

At each sampling station, water temperature, specific
conductivity (SPC), pH and dissolved oxygen con-
tent were measured in situ with YSI ProODO, Pro30
and Prol0 sensors. The Secchi depth (SD) was deter-
mined by the same observer throughout the entire
study. Water samples for chemical analyses were
taken from 0.5 m depth and, in case of significant dif-
ferences in physical parameters between surface and
bottom, also from the bottom layer. About 0.5 L of
each sample was filtered through a 0.45 pm mem-
brane filter with magnesium carbonate for chloro-
phyll extraction. Another portion of water was filtered
through a clean filter to separate dissolved forms of
nutrient elements.

Samples for determination of phytoplankton quan-
tity and species composition were taken from the sur-
face layer and fixed by adding formaldehyde-iodine
solution. Zooplankton samples were taken by drag-
ging a 70 pm mesh net from bottom to the surface
and fixed in 4% formaldehyde.

Concentrations of chlorophyll and nutrient ele-
ments were determined by photometric methods:
chlorophyll-a concentration (Chl)—after acetone
extraction, total and phosphate phosphorus (TP and
DIP, respectively)—by the Murphy—Riley method,
total nitrogen (TN)—by alkaline persulfate digestion.
DIP and TN concentrations were measured beginning
from 2018, TDN—from 2019.

Phytoplankton and zooplankton samples were
examined in the Research Laboratory of Aquatic
Ecosystems of the Lobachevsky Nizhny Novgorod
State University’s Department of Ecology. Samples
were analyzed under a Zeiss Stemi 2000C stereomi-
croscope (Carl Zeiss Microscopy, Germany), and an
Olympus CX43 microscope (Olympus Corporation,
Japan) was used for more detailed morphological
analysis of species. Modern literary guides and keys
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were used in species identification (Hudec, 2010;
Bledzki & Rybak, 2016; Rogers & Thorp, 2019;
Korovchinsky et al., 2021).

Data processing methods

The trophic state index (TSI) was calculated from
chlorophyll (Chl), total phosphorus (TP) and nitrogen
(TN) concentrations, as well as (SD based on rela-
tions described in (Carlson, 1977):

TSI(Chl) = 9.81Ln(Chl) + 30.6

TSI(TP) = 14.42Ln(TP) + 4.15

TSI(TN) = 14.43Ln(TN) + 54.45

TSI(SD) = —14.41Ln(SD) + 60

In accordance with Carlson, waters with TSI <40
were considered oligotrophic, 40-50—mesotrophic,
50-70—eutrophic, TSI> 70—hypertrophic.

A multivariate comparison of deviations between
TSI(Chl), TSI(TP) and TSI(SD) (analysis of trophic
state index deviation) was also made as suggested by
Carlson (1992) to outline systematic patterns linked
to phosphorus limitation and different genesis of sus-
pended particles.

To assess spatial heterogeneity of chemical and
biological parameters and outline various water
masses and plankton communities within the res-
ervoir, methods of cluster analysis were applied.
Water masses were determined using centered and
scaled vectors of SPC, TN, TP and Si concentra-
tions with Euclidean distance as a distance metric.
For zooplankton communities, the cosine of the angle
between the species abundances vectors was used
(Borcard et al., 2011). Average linkage hierarchical
clustering was applied in both cases, and the optimal
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number of clusters was selected based on silhouette
width analysis and Mantel cluster correlations. All
calculations for cluster analysis were performed in R
(packages “‘stats”, “cluster”, “vegan”).

Spearman rank correlation was used to determine
statistical links between chlorophyll concentration
and various chemical and physical parameters of
water.

Results

Nutrient content and trophic state of reservoir’s
tributaries

The upper part of the Cheboksary Reservoir from the
Gorky Dam to the mouth of the Oka River (herein-
after referred to as the Volga) is characterized by
relatively low concentrations of nutrient elements
and chlorophyll compared to reservoir’s tributaries
(Fig. 2). Its chemical profile is mostly shaped by bio-
chemical processes in the Gorky Reservoir. At Nizhny
Novgorod, concentrations of TP ranged between
0.053 and 0.077 mg/l, DIP—between 0.003 and
0.041 mg/l, TN—O0.76 and 1.07 mg/l, Si—0.52 and
1.93 mg/l. TN/TP ratio in Volga water in 2019-2021
lied within the range of 10-15. Concentration of chlo-
rophyll ranged between 5.72 and 18.4 pg/l, mostly
classifying the Volga in mesotrophic category, and
only exceeded 7 pg/l in 2021. Interannual variation in
total nutrient content in the Volga was rather low, but

DIP content ranged from negligible concentrations in
2018-2019 to about a half of TP in 2020-2021.

Small left-side tributaries mostly contained more
nutrient elements than the Volga itself. The Kerzhen-
ets River in 2017-2019 contained 0.044-0.161 mg/1
of TP and 1.85-6.29 mg/l of Si. DIP concentration
in 2018-2019 was 0.003-0.011 mg/l and TN con-
centration in 2019 was 0.585 mg/l. Concentration
of chlorophyll ranged between 10.6 and 11.8 pg/l
(mesotrophic). An even smaller Vatoma River was
sampled in 2020 and contained even more nutri-
ent elements: TP concentration reached 0.224 mg/l,
DIP—0.052 mg/l, TN—1.56 mg/l, Si—10.1 mg/l. At
the same time, chlorophyll concentration there was
below 3 pg/l, ranging it in oligotrophic category.

The largest of left-side tributaries—the Vetluga
River—had similar N and P concentrations as the
Volga River: in 2019-2021, TP concentration was
within 0.039-0.078 mg/l, DIP—0.003-0.021 mg/l,
TN—0.48-0.89 mg/l. Concentration of Si was much
higher than in the Volga—2.70-4.18 mg/l, and chlo-
rophyll concentration had the highest range of all
left-side tributaries—7.8-26.7 pg/l (meso-eutrophic).
Like the Volga, the Vetluga River was character-
ized by DIP concentration close to detection limit in
2019, but in 2020-2021 its content was much higher
(16-32% of TP). Interannual variation of total nitro-
gen and phosphorus content in all of the tributaries
generally followed the same pattern, as far as our data
allowed to see: higher nutrient content was observed
in 2017 and 2020-2021, while in 2018-2019 it was
noticeably lower.
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Fig. 2 Concentrations of nutrient elements and chlorophyll-a (mg/1) in rivers flowing into the Cheboksary Reservoir
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The TN:TP ratio in Vetluga and Vatoma in 2020
was 7.0-8.7, but for Kerzhenets in 2019 and Vetluga
in 2019 and 2021 that ratio was higher (11.6-13.3).

Right-side tributaries, including the Oka River, in
general had even higher nutrient concentrations and
chlorophyll content. In the Oka River, TP concentra-
tion was 0.115-0.217 mg/l, DIP—0.005-0.101 mg/l,
TN—1.19-1.49 mg/l, Si—0.54-3.48 mg/l. TN:TP
ratio was 10.3 in 2019 and 6.3-6.9 in 2020-2021,
chlorophyll concentration varied between 37.4 and
65.1 pg/l (eutrophic-hypereutrophic). The Oka fol-
lowed the same pattern of interannual variation of
DIP as the Volga: in 2018-2019 its content was
below 0.005-0.010 mg/l, whereas in 2020-2021 it
accounted for 34-47% of TP.

In the Kudma River, TP content on 2017-2019 was
within 0.087-0.174 mg/l, DIP—0.036-0.081 mg/l,
Si—6.66-8.60 mg/l, TN concentration in 2019 was
2.0 mg/l. The Sundovik River (watershed area 1120
km?) was sampled only in 2019: TP concentration
was 0.083 mg/l, DIP—0.036 mg/l, TN—0.59 mg/l,
Si—6.58 mg/l1. The Tsivil River was sampled in 2021:
TP concentration was 0.130 mg/l, DIP—0.106 mg/l,
TN—1.148 mg/l, Si—2.8 mg/l. Chlorophyll con-
tent in the Kudma River ranged within 9.0-26.6 pg/l
(eutrophic), in the Sundovik its concentration was
only 4.1 pg/l (mesotrophic), in the Tsivil—up to
50 pg/l (eutrophic). TN:TP ratio in the Sundovik

and the Tsivil was within 4.9-7.1, in the Kudma in
2019—around 23.

The largest right-side tributary—the Sura
River—had TP concentrations of 0.140-0.231 mg/I,
DIP—0.032-0.144 mg/l, TN—O0.73-1.27 mg/l,
Si—7.9-11.1 mg/1. It had TN:TP ratio of 5.2-6.2 and
chlorophyll content of 12.4-35.1 pg/l, which corre-
sponds to a eutrophic state.

DIP concentrations in right-side tributaries (apart
from the Oka) were rather high in 2018-2019 and did
not drop to levels observed in left-side tributaries, but
in 2020-2021 they were significantly higher. TN and
TP concentrations were also lower in 2018-2019 and
higher in 2017 and 2020-2021.

Spatial distribution of nutrients and chlorophyll in the
reservoir

At the confluence of the Volga River with the Oka,
due to their comparable flow rates and speeds, as
well as differences in water density, lateral mix-
ing is slow, allowing their water masses to not fully
mix for dozens of kilometers (Table 2). At Nizhniy
Novgorod, SPC in 2017-2021 was 2-3 times higher
at the right bank than at the left bank, TP concen-
tration was 1.8-3.7 times higher, DIP—1.3-11.6
times higher, TN—1.1-1.4 times higher, chlorophyll
content—2.2-9.9 times higher. Ratio between Si

Table 2 Concentrations

. Distance from the TP, mg/1 DIP, mg/1 TN, mg/l Si, mg/1 Chl, pg/l
of nutrient elements Oka mouth, km
(TP—total phosphorus,
DIP—dissolved inorganic 1 Left  0.053-0.077  0.003-0.041  0.76-1.07  0.52-1.93 5.7-7.0
phosphorus, 7N-—total Right  0.134-0227  0.004-0.098  1.19-148  0.70-3.06  14.6-69.2
nitrogen, Si—inorganic
silicon) and chlorophyll ~15 Left  0.062-0.133  0.003-0.051  0.78-1.02  1.14-343 47-18.8
(Chl) in different parts of Right  0.128-0.340  0.004-0.108  1.15-1.60  0.87-3.07  32.0-582
the Cheboksary Reservoir ~35 Left  0.063-0.163  0.029-0.062  0.77-0.92  0.95-2.83 9.9-32.5
in 2017-2021 Right  0.098-0.176  0.003-0.081  1.20-1.40  0.88-4.01 18.1-61.2
~60 Left  0.060-0.132  0.004-0.058  0.74-1.14  1.46-1.66 7.3-66.4
Right  0.114-0.156  0.004-0.088  0.97-1.08  1.10-197  15.2-425
~90 Left  0.069-0.129  0.003-0.062  0.67-0.82  1.25-1.96 9.1-28.1
Right  0.098-0.164  0.002-0.091  0.78-0.98  0.67-2.52  12.7-26.2
~120 Left  0.072-0.135  0.003-0.067 0.77-0.82  1.06-2.22 9.7-42.1
Right  0.088-0.140  0.002-0.078  0.68-0.83  1.25-2.64 8.6-32.6
~155 Left  0.091-0.158  0.002-0.077  0.89-1.18  1.34-2.81 11.3-21.0
Right  0.088-0.139  0.002-0.083  0.97-1.14  0.87-2.69 6.8-35.6
170200 0.088-0.243  0.002-0.114  0.89-1.38  1.14-10.76  5.5-18.9
210-290 0.067-0.323  0.013-0.121  0.84-2.99  1.26-3.06 3.5-48.5
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concentration at right and left bank varied between
years from 0.4 to 3.8.

At some 15 km below the Oka-Volga confluence,
concentrations of nutrient elements in right and left
parts of the reservoir barely changed compared to
their content in both rivers upstream, showing little
to no signs of mixing between their waters. How-
ever, chlorophyll content at left bank increased sig-
nificantly to 4.7-18.8 pg/l and at right bank slightly
decreased to 32.0-58.2 pg/l. Moving farther down-
stream, nutrient concentrations and chlorophyll con-
tent begin to even out between left and right banks.
At km 35, TP concentration at right bank was only
1.5-2.2 times higher than at left bank, DIP—1.6-2.4
times higher, TN—1.3-1.8 times higher, Chl—
1.8-3.2 times higher.

Differences in chlorophyll content between two
banks of the reservoir become negligible at about
90 km downstream from the Oka (close to the Ker-
zhenets mouth). In 2018-2021, chlorophyll concen-
trations there were 9.1-28.1 pg/l. At the same time,
nutrient concentrations at right bank remained notice-
ably higher: 1.1-1.4 times for TP, 1.1-1.3 times for
TN, up to 1.6 times for DIP.

Sustainable differences between nutrient con-
centrations at right and left bank disappeared
at 120 km mark. In the reservoir section from
total Oka-Volga mixing to the mouth of the Sura
River, TP concentrations were 0.072-0.158 mg/l,
DIP—0.002-0.083 mg/l, TN—O0.89-1.18 mg/l,
Si—0.87-2.81 mg/l. Chlorophyll concentrations there
ranged within 6.8-42.1 pg/l.

At the section from the Sura to Vetluga mouth,
nutrient concentrations were higher: TP concentra-
tion was 0.088-0.243 mg/l, DIP—0.002-0.114 mg/l,
TN—0.89-1.38 mg/l, Si—1.14-10.76 mg/l. In con-
trast, chlorophyll concentrations below the Sura
dropped to 5.5-18.9 pg/l.

The last part of the reservoir (below the Vet-
luga mouth) was characterized by even higher mean
nutrient concentrations and relatively high spatial
variation of chemical composition of water, but no
regular patterns were found. TP in this part ranged
within 0.067-0.323 mg/l, DIP—0.013-0.121 mg/l,
TN—0.84-2.99 mg/l, Si—1.26-3.06 mg/l. Range of
chlorophyll concentration increased to 3.5-48.5 ng/l.

By hierarchical clustering, four parts of the res-
ervoir were outlined in 2019-2021 based on SPC,
TN, TP and Si concentrations (Figs. 3, 4). The first
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Fig. 3 Dendrograms of hierarchical clustering of water chem-
istry in 2019-2021

part covered a small right-side part of the reservoir
below the mouth of the Oka River where its water
did not mix with the Volga water. In 2019-2020 it
reached 15 km below the Oka-Volga confluence, in
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Fig. 4 Schematic maps
of the reservoir showing
areas occupied by water
masses identified by water
chemistry clusterization in
2019-2021
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2021—dissipated almost immediately. Other three
water masses were composed of gradually trans-
formed Volga water. The limit between second and
third parts in different years lied between 35 and
60 km downstream from the Oka mouth; the third
water mass was characterized by generally higher
salt and nutrient content, presumably indicating
full Oka-Volga mixing. The limit between third and
fourth masses shifted between + 15 km from the Sura
mouth, with largest differences observed in Si con-
centration and SPC. The three distinct sections of the
Volga water were confidently outlined in all analyzed
years, indicating important shifts between chemical
profiles of different parts of the reservoir.

Trophic state and TN:TP ratio in the reservoir

The TSI value calculated by the cholorophyll con-
tent (TSI(Chl)) in the reservoir in 2017-2021 ranged
from 42.9 to 72.2. The highest spatial contrast
was observed at the confluence of Oka and Volga,
where the left side was mesotrophic in all years
(TSI 47.7-49.7), and the right side was eutrophic-
hypereutrophic (TSI 56.9-72.2). At km 15 below the
confluence, however, the left side of the reservoir
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was already characterized as eutrophic in all years
except 2020, while right-side part remained strongly
eutrophic and hypereutrophic. At 35-155 km, both
sides almost always fell into the eutrophic category
with few outliers (TSI 49.4-71.8).

A noticeable decline of TSI and its variability was
observed below the Sura mouth, with TSI(Chl) drop-
ping to 47.3-59.4. Below the Vetluga mouth, average
TSI values remained about the same, but its range
increased to 42.9—-68.7.

The TN:TP ratio in the reservoir ranged from 4.9
to 14.6. Much like the trophic state, this ratio differed
greatly between right and left bank just below the
confluence of Oka and Volga (12.3-14.6 at left bank
and 6.2-8.9 at right bank), but this difference was
quickly evened out downstream. Starting at km 35
from the confluence and up to the dam, TN:TP values
only differed slightly and typically lied within 5-10.
Of all observations, 2019 stood out with TN:TP val-
ues reaching 9.0-13.9 throughout the reservoir.

The full analysis of trophic state deviations based
on different trophic state indicators was performed for
the entire reservoir on data of 2020-2021, and is pre-
sented in Table 3. As seen on Fig. 5, 94% of all obser-
vations were characterized by TSI(Chl) < TSI(TP),
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Table 3 Average values

! Part of the reservoir TSI(Chl) TSI(TP) TSI(TN) TSI(SD) TN:TP
of Carlson trophic state
index (TSI) calculated by 2020
chlorophyll content (Chl), Oka—Kerzhenets (left side) 56.0 69.3 51.9 55.2 9.2
total phosphorus (TP), total ) ]
nitrogen (TN) and Secchi Oka—Kerzhenets (right side) 63.1 78.1 58.6 62.4 8.1
depth (SD), and TN:TP Kerzhenets—Sura 57.5 73.7 55.3 55.5 8.5
ratios for different parts of Sura—Vetluga 534 74.8 56.9 545 8.9
the Cheboksary Reservoir
in 2020-2021 Vetluga—dam 47.1 73.4 56.1 51.1 9.3
2021
Oka—Kerzhenets (left side) 68.1 74.3 54.5 57.7 8.1
Oka—Kerzhenets (right side) 65.0 76.3 56.5 60.4 8.1
Kerzhenets—Sura 64.0 75.5 54.9 57.7 7.4
Sura—Vetluga 58.3 77.0 55.6 54.2 6.9
Vetluga—dam 65.5 80.0 59.9 53.7 7.7
Fig. 5 Trophic state index 2020 2021
deviation in different parts 40 40
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suggesting consistent phosphorus surplus in the res-
ervoir ecosystem. In both years, this deviation tended
to increase in downstream direction. The nitrogen
TSI deviation tended to be the opposite: in majority
of observations, TSI(Chl) was larger than TSI(TN).
In 2020, TSI(ChD)-TSI(TN) difference in the section
from the Oka to Sura mouth ranged within — 5.0 to

14.5 and in the section from the Sura to the dam—
within — 13.1 to 0.2. In 2021, this difference ranged
from — 6.1 to 19.8.

The 2 years differed greatly in SD TSI devia-
tion. In 2020, over 60% of observations had
TSI(Chl) < TSI(SD), with the TSI(Chl)-TSI(SD)
difference spreading evenly between —10 and 12,
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indicating that on average, light attenuation was dom-
inated by small algae. In 2021, this difference ranged
from — 2.3 to 33.5, and over 87% of observations had
TSI(Chl)> TSI(SD), suggesting domination of large
algal particles in light attenuation.

Correlations between chlorophyll and nutrient
concentrations

Statistical dependence between chlorophyll concen-
tration and nutrient content, as well as water tem-
perature, SPC and SD, varied greatly between dif-
ferent parts of the reservoir (Table 4). For the upper
right-bank side (The Oka flow), only a slight positive
correlation of chlorophyll with TP concentration was
observed, while in the left-side (Volga) flow it cor-
related with TN, TP, DIP, TPP, and water temperature

with high correlation coefficient values. In a large
portion of the reservoir, including all of the transi-
tional zone, no statistically significant correlations
were detected with any of the studied factors, while
in the lake section the situation was close to what was
observed in the Volga water: relatively strong positive
connection was found between Chl and water temper-
ature, total and particulate nitrogen and phosphorus,
and a negative correlation of Chl concentration with
SD was found.

Spatial distribution of zooplankton in the reservoir
Based on hierarchical clusterization of 2020 and 2021

data, three distinctive clusters of zooplankton were
delineated in the reservoir (Fig. 6). These clusters

Table 4 Significant
Spearman’s rank correlation

Part of the reservoir Spearman’s p with chlorophyll concentration

coefficients between Temp SPC SD TN TDN TPN TP DIP  TPP
chlorophyll concentration
and physical and chemical Upper right 0.34%
at different parts of the Upper left 0.52% 0.55% 0.47%% 0.46% 0.44%
Cheboksary Reservoir .

Mixed to S
(P <0.05, %P <0.01) pred fo S

Sura to Vetluga

Vetluga to dam 0.59%* —0.56% 0.54* 0.57* 0.65%* 0.62%*
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Fig. 6 Dendrograms of hierarchical clustering of zooplankton samples with average linkage algorithm and schematic maps of the
reservoir showing areas occupied by identified zooplankton communities in 2020 and 2021
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correspond to three plankton communities: the Oka,
the Volga, and the limnic cenoses.

The first cluster was formed by samples that were
collected in the mouth area of the Oka River and the
right bank of the reservoir below it. In 2020, the zone
affected by the Oka water extended for 35 km below
the Oka and Volga confluence, in 2021—only for sev-
eral kilometers. Apparently, this is due to differences
in hydrological conditions of those years: in 2020
during the study period the water level in the lower
reaches of the Oka River was on average 19.0+0.7%
higher than in the study period in 2021. The complex
of dominant zooplankton species in the Oka stream
for many years remains unchanged: rotifers of the
genus Brachionus Pallas, 1766 and, in particular,
such species as Brachionus calyciflorus Pallas, 1766
and Brachionus angularis Gosse, 1851. In 2020, the
share of these two species in the total zooplankton
population was 68.2%, and in 2021 it was 52.1%. In
some years, such as in 2021, the dominant species
include immature forms of copepods, especially nau-
plii (14.4% of the total zooplankton abundance). Spe-
cies pool of zooplankton in the Oka stream was rep-
resented by 46 species in 2020, and by 45 species in
2021. The ratio of species of rotifers and crustaceans
(Cladocera, Copepoda) can vary greatly: in 2020,
the share of rotifers in the total species richness was
52.3%, and in 2021—60.0%. Quantitative develop-
ment of zooplankton also varied greatly in different
years: in 2020, the average number of zooplankton in
the Oka stream was 16.5+6.5 ind./l, while in 2021
it was more than 5 times higher and was 96.6+18.7
ind./1.

The second cluster was formed by samples col-
lected in the left bank and right bank of the reser-
voir up to 155 km below the confluence of the Oka
River. The species structure of this zooplankton
community is quite variable and often depends on
the length/intensity of the Oka flow. In 2020, the
complex of dominant species was formed largely
by the large limnic filter-feeding crustacean Daph-
nia galeata G.O. Sars, 1864, whose proportion in
the total number of zooplankton was 41.6%. The
dominant species also included rotifers Euchlanis
dilatata Ehrenberg, 1832 (25.8%) and Keratella
quadrata (Miiller, 1786) (20.8%). In 2021, the com-
plex of dominant species underwent substantial
changes including rotifers B. calyciflorus (21.9%),

Conochilus unicornis Rousselet, 1892 (21.5%) and
E. dilatata (14.5%), and nauplial stages of crusta-
ceans (13.2%). Species richness of zooplankton in
the study period of 2020 counted 35 species (the
lowest of all zooplankton communities in both years
of observations). However, in 2021, the maximum
species richness was recorded in this zooplankton
community with 79 species. The ratio of rotifer to
crustacean species numbers in both years was simi-
lar: the proportion of rotifers in the total species
richness was 54.3% in 2020 and 54.4% in 2021. The
difference between the quantitative development of
zooplankton in different years in this community
was even greater: the average zooplankton abun-
dance in 2020 was 4.4+0.1 ind./l and in 2021 it
was more than 20 times higher at 105.8 +9.1 ind./I.

The third cluster was formed by the samples
collected from the left bank and right bank of the
reservoir in the area downstream of the Sura River,
Vetluga River and directly in the lacustrine part of
the reservoir. The complex of dominant zooplank-
ton species in the limnic cenosis remains unchanged
for many years: species of the genus Daphnia Miil-
ler, 1785, as well as nauplial and copepodite cope-
pod stages. However, different species of Daphnia
may occupy key positions in this community in dif-
ferent years. In particular, in 2020, the crustacean
D. galeata played the leading role and its propor-
tion in the total zooplankton abundance was 25.6%,
and in 2021, this position was occupied by a smaller
species of this genus, Daphnia cucullata G.O.
Sars, 1862 (31.9%). Apparently, this was due to the
food preferences of these two species and changes
in their food supply. In addition, dominant species
in 2020 included nauplial (23.3%) and copepodite
(19.4%) stages of copepods as well as D. cucul-
lata (12.6%). In 2021, the role of nauplial and
copepodite stages decreased significantly (11.9%
and 15.7%, respectively), and the proportion of D.
galeata in the total zooplankton population was
13.2%. A total of 43 zooplankton species were iden-
tified in 2020 and 56 species—in 2021. The propor-
tion of rotifers to total species richness in the lim-
nic zooplankton community was the lowest—41.9%
in 2020 and 51.8% in 2021. It should be noted that
the quantitative development of zooplankton in the
limnic cenosis in 2020 (18.39+1.12 ind./l1) was 3.5
times lower than in 2021 (65.39 +6.53 ind./l).
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Dominant algal and cyanobacterial species of
selected reservoir areas

In the Oka cenosis in 2020 diatoms, green algae,
and cyanobacteria (Cyclotella meneghiniana Kiitz.,
1844 (7-11%), Dactylosphaerium jurisii Hindak,
1977 (11-25%), Aphanocapsa sp.) dominated in
terms of phytoplankton abundance. However, only
the diatom algae (C. meneghiniana (58-70%) and
Stephanodiscus hantzschii Grunow, 1880 (11-13%))
dominated in terms of biomass. In 2021, there were
significant changes in the complex of dominant
species with prevailing abundance of cyanobac-
teria [Chroococcus minutus (Kiitz.) Nigeli, 1849
(10%), Aphanocapsa sp. (53%), Microcystis aerugi-
nosa (Kiitz.) Kiitz., 1846 (11%)]. Only Aulacoseira
granulata (Ehrenb.) Simonsen, 1979 (20-36%) was
among the dominant diatom algae. However, the
complex of dominant species in terms of biomass
did not change, as C. meneghiniana (13-20%) and
A. granulata (67-74%) still dominated.

In the Volga cenosis, diatoms A. granulata, Aph-
anocapsa sp. and C. meneghiniana were dominant
in both number and biomass. Their proportion in
the total abundance and biomass ranged from 14 to
81%.

In the lake cenosis in 2020, cyanobacteria exclu-
sively dominated in abundance (Aphanocapsa sp.
(12-64%), M. aeruginosa (11%), Aphanizome-
non flos-aquae Ralfs ex Bornet & Flahault, 1888
(15-21%), Dolichospermum flos-aquae (Bréb. ex
Bornet & Flahault) Wacklin, L.Hoffm. & Komarek,
2009 (11%)). In terms of biomass, only D. flos-
aquae (17%) was the dominant cyanobacteria, but
diatoms (A. granulata (17-40%), S. hantzschii
(10-11%)) were still dominant. In 2021, the domi-
nance of cyanobacteria increased in plankton
abundance (M. aeruginosa (33-61%), Microcystis
wesenbergii (Komarek) Koméarek in N.V.Kondrat.,
1968 (21%), A. flos-aquae (13-20%), D. flos-aquae
(17-34%)). Diatom algae disappeared from the bio-
mass-dominant species complex and were replaced
by cryptophyte algae (Cryptomonas sp. (23-27%)
and Komma caudata (Geitler) Hill, 1991 (10%)).
The role of cyanobacteria also increased in total
biomass (M. aeruginosa (13-43%), M. wesenber-
gii (18%), A. flos-aquae (13-23%), D. flos-aquae
(23-28%)).
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Discussion

Response of the reservoir’s environmental state to
spatial heterogeneity of external nutrient loading

The peculiarity of the Cheboksary Reservoir’s eco-
logical zoning is rooted in high diversity of its trib-
utaries. As the Oka and Volga merge, their almost
equal water discharge but vastly different water chem-
istry create a rather extensive transition zone, separat-
ing the Cheboksary reservoir from other parts of the
cascade upstream. This vast area of incomplete lateral
mixing is well visible on satellite images during the
spring flood due to increased water turbidity (Erma-
kov et al., 2019), and is observable in other seasons
via differences in chemical composition of water
between left and right banks (Kozhara, 1997; Nemi-
rovskaya, 2012). Several studies, including this one,
find that the Volga River reaches its highest biologi-
cal productivity (as measured by chlorophyll content)
specifically at the confluence with the Oka, which
causes the Cheboksary Reservoir to stand out from
the overall trend of chlorophyll decrease from upper
to lower reservoirs of the cascade (Mineeva, 2022).
Not only the Oka itself, but all smaller right-side
tributaries as well act as major sources of nutrient
inflow into the reservoir, due to their elevated aver-
age nutrient concentrations and their large variation.
These differences are caused by vastly different land-
use structure of the two sides of the watershed: the
left side remains mostly covered by forests, while
the right side is dominated by cultivated fields and
animal farms and has more urbanized areas. Based
on fertilizer input data and other landscape-based
estimations, Yasinskii et al. (2020) calculated that
the right side receives over 10 times more inorganic
nitrogen and phosphorus than the left side (total
direct anthropogenic load on the watershed almost
38,000 tons N/year and almost 9700 tons P/year on
the right bank vs 3000 tons N/year and 780 tons P/
year on the left side). At the same time, authors of
that study suggested that due to nutrient retention on
the watershed, over two thirds of phosphorus and one
third of nitrogen do not reach the reservoir, and due to
unequal water runoff total nutrient loading of the two
sides on the reservoir should become almost equal.
However, our study suggests that right-side tributar-
ies do play a much larger role in the reservoir’s nutri-
ent budget. In some years, when DIP concentration in
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most parts of the reservoir and most of the tributaries,
including the Oka, falls below detection limit, small
right side tributaries, such as the rivers Kudma, Sun-
dovik and Sura, may play a crucial role in replenish-
ing the supply of biologically available phosphorus in
their mouth areas. Right-side tributaries usually rate
worse on most chemical and biological water quality
indexes than left tributaries, and some of them, espe-
cially the Kudma and Sundovik, have phytoplankton
community structures typical for eutrophic waters
with chronic nutrient pollution (Kulizin et al., 2020;
Vodeneyeva et al., 2020).

TN and TP content in the reservoir increases sev-
eral times after the Oka confluence and keeps slightly
rising further downstream due to external loading
from other rivers, but respective changes in chloro-
phyll content are often non-linear, diverging from
positive relation to nutrient content. This may imply
that the ecosystem cannot assimilate all of the nutri-
ents and achieve its maximum productivity because
of some other limiting factor other than nutrient ele-
ments (Chorus & Spijkerman, 2021). Mineeva et al.
(2008) hypothesized that due to extreme anthropo-
genic nutrient loading, the relationship between pro-
ductivity of the reservoir and nutrient concentrations
becomes too complicated, with P and N not acting as
strictly limiting elements and phytoplankton growth
depending more on water temperature and color
and flow velocities defined by the dam’s regulation
regime.

In the entire reservoir, TN:TP ratio generally
stays within limits of 5 to 10, rarely reaching 10-15,
which indicates the shift from phosphorus limitation
to nitrogen or co-limitation, which can be typical for
agricultural and urban temperate lakes (Graham et al.,
2004; Elser et al., 2007). In these conditions, control
over nitrogen input can be more crucial for environ-
mental protection and restoration efforts than control
over phosphorus (Bogard et al., 2020).

By several accounts, the reservoir is shown to be
split into parts with evidently different mechanisms
controlling phytoplankton growth. In the upper part
mostly unaffected by the Oka inflow, as well as in
the lower widest part of the reservoir, chlorophyll
content is correlated with many nutrient parameters,
which is typical for lakes (Quinlan et al., 2021), and
water temperature. However, these two sections are
characterized by widely different plankton composi-
tion, and are separated by an extensive area where no

such correlations are observed. TSI deviation analysis
suggests that phytoplankton composition itself may
affect its productivity in some years, as large-sized
cyanobacteria can alter light attenuation, shifting the
balance in physical factors. Since phytoplankton spe-
cies composition depends on many chemical, hydro-
logical and meteorological factors, any environmen-
tal changes may affect the entirety of phytoplankton
interaction with other components of the ecosystem.

Top-down control of phytoplankton productivity

Presence of distinctive zooplankton communities in
middle and lower parts of the reservoir suggests their
possible interference with nutrient elements as a fac-
tor of phytoplankton productivity control. Whether
or not cyanobacteria are edible for zooplankton and
especially for species of the genus Daphnia Miiller,
1785 is a matter of much discussion (Burns, 1987;
Haney, 1987; Lampert, 1987; Gliwicz, 1990; Gliwicz
& Lampert, 1990). However, cyanobacteria are still
considered to be an important food item for daphnids
(Repka, 1998). It is known that D. galeata feeds on
large diatom algae, possessing three large teeth in its
mandible to crush skeletons of diatom algae. Among
filter-feeding daphnids, D. galeata can filter cyano-
bacteria to a lesser extent, but D. cucullata can show
preference in cyanobacteria as a food object, which
can explain why massive development of D. cucul-
lata is often observed in eutrophic water bodies with
intensive cyanobacterial blooms, and D. galeata
gravitate towards more mesotrophic conditions and
develops en masse when diatom and green algae are
prevalent (Gulati, 1990; Lammens et al., 1992; Mona-
kov, 2003).

Moving away from the Oka River inflow into
the Cheboksary reservoir, zooplankton communi-
ties are change and their species structure is being
restructured. Predominantly diatom complexes of
upper parts of the reservoir are replaced by crypto-
phyte, green algae, and finally cyanobacterial ones
downstream. Accordingly, the proportion of rotifers
decreases and the proportion of large limnic crusta-
ceans increases. The trophic relationships between
algae and rotifers downstream are balanced. However,
the key component of the ecosystem, cyanobacteria,
may be limited by the massive development of some
limnic filter-feeders. In 2020 and 2021 we observed
not only different intensity of "blooming", but also a
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change of dominant species in zooplanktocenosis of
the lacustrine section of the reservoir. In 2020, the
key role was played by the crustacean D. galeata and
development of cyanobacteria was not catastrophic.
In 2021, we observed mass development of cyano-
bacteria, and the key role among zooplankton was
represented by the crustacean D. cucullata. Mass
development of the latter may be just a response to
the increased nutrient load on the reservoir waters
and, as a consequence, increased cyanobacterial
blooms. In experiments it has been shown that larger
Daphnia species experience greater interfering effects
of cyanobacteria on the food collection and ingestion
processes (Gulati et al., 2001). Thus, the smaller D.
cucullata has a competitive advantage over the larger
D. galeata. In addition, it seems that weather condi-
tions also played a significant role. Water temperature
in 2021 was higher than in 2020 and in the most part
of the water area was within 23-25 °C. It is known
that maximum filtration rate in daphnids is observed
at water temperature 23-24 °C. When algal biomass
exceeds 8 g/m?, crustaceans are unable to reduce fil-
tration rate to an acceptable level, turning to overcon-
sumption of algae with decreased food use efficiency
(Monakov, 2003), which can subsequently lead to
top-down control of phytoplankton. For zooplankton
communities the functioning of top-down control can
be easily explained with the size-efficiency hypoth-
esis (Brooks & Dodson, 1965; Low et al., 2010). It is
important to keep in mind the protective morphologi-
cal (size) and chemical (toxins) mechanisms against
filter-feeders (Kirk & Gilbert, 1992). In addition, it is
important to consider the size structure of the cyano-
bacterial communities. Gulati et al. (2001) found that
long filaments and large cells of cyanobacteria are
prone to clumping and, therefore, can be rejected by
Daphnia during food collection and absorption.

Conclusion

Due to the extremely high nitrogen and phosphorus
content in the eutrophic Cheboksary Reservoir, multi-
year fluctuations of its productivity are not sufficiently
explained by changes in nutrient inflow. Other com-
plicating factors include short residence time, low
depths and disparity in phytoplankton community
composition in different parts of the reservoir. For a
significant part of its area, nutrient content seemingly
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plays no significant part in variation of phytoplank-
ton productivity. It is still clear that major efforts in
nutrient loading reduction are needed to improve the
ecological state of the reservoir, and nitrogen control
may be more effective, than phosphorus control. At
the same time, most urban areas in the Volga basin
are still facing the problem of obsolete domestic
wastewater treatment facilities, which do not include
a treatment unit for nutrients. As a result, up to 90%
of Russian cities still discharge wastewater with
a very high nitrogen level. The results of our study
show that reduction of nitrogen content in wastewater
is a key step to improve the ecological condition of
both the Cheboksary reservoir and other reservoirs in
the Volga basin.
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