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Abstract

Introduction. 1gnoring the systemic nature of a reservoir can lead to ineffective and damaging management decisions.
However, the study of such objects often focuses on individual factors. The predictive potential of graph models is
limited by a lack of expert information and outdated databases of indicators. This work aims to address these issues by
evaluating the effectiveness of measures to improve the condition of the Tsimlyansk Reservoir. The solution is based on
the author's graph model that takes into account the interaction of anthropogenic and biotic characteristics of the object.
Materials and Methods. The literature sources and information on hydrobiochemistry and species composition of fish
were analyzed. A model was created that took into account 20 factors related to the state of the Tsimlyansk Reservoir.
A hydrobiological analysis allowed us to create graph G(V, E, Y). V — set of vertices, v, € V, k=1,20. E — set of
oriented edges ex = (i, V) in the form of ordered pairs of length 2, i #;. ¥ — mapping, ¥ : V' — V. A weight matrix was
created based on an integral assessment of each factor by experts. The weighting coefficients (+0.5—1) were calculated
using information from hydrobiological and chemical databases.

Results. We investigated how the removal of zebra mussels would affect the facility during a single cleaning (scenario 1) and a
three-year cleaning (scenario 2). We visualized the dynamics of pulses for the state of the water (vis) and changes in the
concentration of biological substances (vis). In the first scenario, for the first factor, the maximum pulse (0.5) was fixed from the
third year of exposure; the minimum (0) was during the first year. For the second factor, the pulse increased from a minimum (—
0.5) to a maximum (0.25) over the third year. In the second scenario, both factors did not change in the first year. Then the pulse
for vis increased (to 0.75), vis fell in the second year to —0.5, and then increased to —0.25.

Bream reproduction with vs feeding was evaluated for a year (scenario 3) and five years (scenario 4). The state of
spawning fish v, replenishment of juveniles v,, fishing v7, and eutrophication vi4 were taken into account. v, v7, and vi4
pulses remained zero for two years. Then v, and v; grew to one, and in the fourth year they fell to zero. The
eutrophication pulse dropped to —1, and returned to zero by the end of the fourth year. With a five-year feeding, v pulse
dropped to —1 in the first year, vi4 — in the third, and its value did not change, and v; returned to O in the fifth year of
modeling. The pulse for v, and v; grew from zero to one in three years.

Discussion. Annual cleaning of a reservoir from zebra mussel was more effective for improving the water condition and
less effective for the concentration of nutrients. One-time feeding would increase the number of juveniles and fishing.
Eutrophication would decrease, but there would be no sustainable results. Annual feeding would increase the number of
juveniles, reduce eutrophication and lead to the development of fishing.

Conclusion. The proposed solution makes it possible to predict potential benefits or harm of anthropogenic activities on
the reservoir. The model can be improved by fine-tuning the weighting coefficients, taking into account non-linear and
threshold effects as well as other indicators.

Keywords: Tsimlyansk Reservoir, graph model of reservoir condition, anthropogenic impact on the reservoir, cleaning
the reservoir from zebra mussels, bream reproduction with feeding
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Opueunaﬂbﬂoe amnupudeckoe ucciedosamue

HN3ydyenue OMONPOAYKTHBHOCTH HCKYCCTBEHHOI0 BOJI0eMAa HA OCHOBe rpadgoBoii Moaen
B3aMMO/eHCTBHA NPUPOJIHBIX U AHTPONOTeHHBIX GaKTOPOB
N.IO. Ky3nenoBa = <, A.B. Hukutuna

JloHCKOl rocytapCcTBEHHBII TeXHHUUECKUI yHUBepcuTeT, I. PoctoB-Ha-/lony, Poccuiickas @enepanus
X mail@kuznetsova-i-yu.ru

AHHOTANNA

Beedenue. VIrHopupoBaHe CUCTEMHOM ITPUPO/IBI BOJOXPAHIIININIA 00YCIOBIMBAET HEIPPEKTUBHBIE U JECTPYKTUBHEIE
ynpapieH4deckue pemeHus. OHAKO W3yYeHUE TaKUX OOBEKTOB YacTo (POKYCHUPYIOTCS KIMEHHO Ha OTIENBHBIX (haKkTo-
pax. [IporHo3HbIii moTeHnMan rpad)oBbIX MOJENEH IS 9THX Lesieil orpaHuYuBaeTCs Ae(UIUTOM SKCIEePTHOH HHPOP-
MallMl W YycrapeBaromied 06a30ii uHaukaropoB. IlpencrtaBieHHas pabora mNpu3BaHa BOCIOJHHUTH 3THU IPOOEIBI.
Ienp — orenka 3 (HEKTUBHOCTH MEPONPHUATUHIN 1O YIYUIICHUIO cocTossHus [[umisiHcKoro Bomoxpanuiuiina. OCHOBa
pelieHus: — aBTopckas rpadoBast MOeb B3aUMO/ICHCTBHSI aHTPOTIOTEHHBIX U OMOTHUECKHX XapaKTEPUCTUK OOBEKTA.
Mamepuanslt u memoosl. AHaNN3NPOBATNCH JTUTEPATYPHBIE HCTOYHUKH, HHYOPMALUS O THAPOOHOXUMHN W BHIOBOM
cocraBe pe10. B Momenn yam 20 dakTopoB cocTossHUS LIUMISTHCKOTO BOJOXpaHIININA. AHAIN3 THAPOOHOIOTHH 1103~
Bomun coctauth rpad G(V, E, Y). V — mHoxkecTBO BepmuH, v, € V, k=1,20. E — MHOXKECTBO OPHEHTUPOBAHHBIX
pebep ex = (vi, vj) B BUJIE yIOPSIOYSHHBIX Nap JJIMHBI 2, [ #j. Y — otoOpaxeHnue, Y : V' — V. Marpuily BecoB OCTpPOU-
JIM TI0 MHTETPajbHOM OICHKE 3KCIEPTOB I Kaxaoro ¢akrtopa. Becosbie koaddurmentsr (£0,5—+1) paccunranu mo
nHDOPMAITMOHHON 6a3e THAPOONOIOTHIECKIX U XUMUIECKUX JaHHBIX.

Pe3ynomamut uccnedosanus. BeLCHIIN, Kak MOBIUAET HA OOBEKT yCTpaHEHHUE APEHCCEHBI IPH OJHOKPATHON OYHCTKE
(1-# cuenapwmit) u TpexyeTHel (2-it). BusyannsnpoBanu qHHaAMUKY IMITyJTECOB [UISI COCTOSIHHS BOABI (Vis) M M3MCHEHUS
KOHIICHTpanuu OnoBemecTs (vis). B mepBoM crieHapuu i IepBOTo GakTopa MakcuManbHbIH uMirybe (0,5) dukcupy-
ercst ¢ 3-ro roza Bo3zeicTBusl, MUHUMaNBHBIH (0) — B Tedenne 1-ro. J{ns Broporo ¢axropa 3a 3-if Tox UMITYJIBC yBe-
mmanBaetrcs ¢ muaumyma (—0,5) no makcumyma (0,25). Bo BTopoMm creHapum oba ¢akropa He MeHSIOTCs B 1-if rom.
3atem umIyibe Juist vis pactet (10 0,75), vig magaeT Bo 2-ii rox no —0,5, a motoMm yBenuuuBaetcs 10 —0,25.

OreHMIM BOCTIPOM3BOACTBO Jellla IIpU MOJKOpME Vs B TeueHHe roaa (3-i creHapuii) u nsatu jaet (4-i). Y4uTeIBaIoch
COCTOSIHHE HEPECTOBOW PBIOBI Vi, MOMOIHEHUE MOJIOJH V2, IIPOMBICEN V7, IBTpOoHKaIus vi4. J{Ba roga ocratorcst HyJIe-
BBIMU UMITYJIBCHI V2, V7 B Vi4. 3aTEM V2 U V7 PACTYT A0 €AWHHUIBL, B 4-if Toa magaroT a0 Hysus. Mmmyase 3BTpodukanmn
magaer 10 —1, K KoHIy 4-ro roja Bo3Bpamaercs K Hymo. [Ipu naTuieTHeM MoakopMe UMIYJbC Vi magaeTr 1o —1 B 1-i
roJ, vi4 — B 3-H, U ero 3HaueHHe HEe MEHseTcs, a vi Bo3Bpamaetcs kK 0 Ha 5-if rox monenupoBanust. IMIyibC aist v2 U
V7 332 TPH TO/Ia PacTeT C HyJIsI 0 CAMHUIIBL.

Oébcysycoenue. Exeromnas oducTKa BOJOEMa OT ApelcceHbl Oomee 3(pdexTHBHA I yIyqIIEHUs] COCTOSIHUS BOIBI U
MeHee — JIUIsI KOHIIEHTpanuy OMOTeHHBIX BellecTB. EnnHOpa3oBast MOJKOPMKa MOBBICUT ITOTOJIOBBE MOJIOJHM M TTPOMBI-
cell. DOBTpO(UKAIM COKPATUTCS, OTHAKO YCTOMYMBBIX pe3yJIbTaToB HE Oy/eT. ExkeromHslil MmogKopM yBEIHYHT IOT0-
JIOBBE MOJIOJIH, COKPATHUT 3BTPO(UKAIHIO 1 00YCIOBHUT pa3BUTHE ITPOMBICIIA.

3aknouenue. TpeanoxenHoe pelieHHue MO3BOJISIET TPOTHO3UPOBATH MOJIB3Y WIK BPE/ aHTPOIIOTCHHBIX BO3/ICHCTBUI Ha
BOJIOXpaHmwiInIIe. MoJieslb MOXHO COBEpIICHCTBOBAThH 3a CUET 0oJiee TOHKOW HACTPOMKH BECOBBIX KOI((HINEHTOB,
yueTa HeJIMHEHHBIX U MOPOTroBbIX 3P (PEKTOB U APYrUX WHIAUKATOPOB.

KiroueBble cjioBa: IUMIIAHCKOC BOJOXpPaHWJINIIC, Fpa(bOBaﬂ MOZECJIb COCTOSAHHA BOJOEMA, AHTPOIIOTCHHOC
BO3JICUCTBUE Ha BOOOEM, OUHUCTKA BOJOEMA OT IlpeﬁCCCHI)I, BOCIIPOM3BOJICTBO JI€HIa ITPU MMOAKOPME

BaaromapHocTH. ABTOpPBEI BBIp@XAIOT OJarofapHOCTh PEAAKIMU W PELEeH3EHTaM 3a BHUMATeNbHOE OTHOIICHHE K
CTaTbe U 3aMeYaHus, KOTOPbIE IIO3BOJIMIIN OBBICHTH €€ KadyeCTBO.

®dunancupoBaHue. lccrenoBaHne BBIIOIHEHO 3a cyeT rpaHra Poccumiickoro HayuHoro ¢onma Ne25-71-20001,
https://rscf.ru/project/25-71-20001/

s uuruposanmsi. Kysnenosa W.10., Hukurnna A.B. M3ydenne OGMONpOayKTHBHOCTH UCKYCCTBEHHOTO BOJO€Ma Ha
OCHOBe rpad)oBOH MOJENTN B3aUMO/IEHCTBUS IPUPOJHBIX U aHTPONOT€HHBIX (hakTOpoB. bezonacHocms mexHo2eHHbIX U
npupoorwvix cucmem. 2025;9(4):305-318. https://doi.org/10.23947/2541-9129-2025-9-4-305-318
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Introduction. A hydrobiological study of a reservoir allows us to assess the ecological state of aquatic ecosystems
and develop measures for their conservation and restoration. Reservoirs are important environmental facilities. They
provide water supply to the population, industry, and agriculture. However, the quality of the aquatic environment is
deteriorating due to anthropogenic influence. Urban and agricultural runoff and waste change the temperature of
reservoirs, disrupt the natural food supply, and promote the growth of harmful plants and animals [1]. All this leads to a
decrease in the bioproductivity of reservoirs, i.e. generates environmental and economic risks.

The Tsimlyansk Reservoir is a source of drinking water for millions of residents of the Rostov and Volgograd
Regions. It is important to monitor changes in the hydrobiological indicators of the reservoir and to develop methods for
the protection and restoration of the ecosystem [2].

The creation of effective strategies for the conservation and restoration of the ecosystem of a reservoir requires a
deep understanding of the mechanisms of interaction between its anthropogenic and biotic characteristics.

Russian and foreign scientists have studied the factors that affect the productivity of artificial reservoirs, but many
challenges remain unsolved. Additionally, an integrated approach to addressing environmental quality issues in these
reservoirs has not become the standard.

The key anthropogenic factor affecting the biotic health of a reservoir is water level [3]. Success of spawning [4],
survival rate of juveniles, availability of feed biotopes, and wintering [5] depends on it. Therefore, drawdown
(lowering) of the water level in a reservoir can be dangerous. Due to this, roe of phytophilic fish (carp, bream, crucian
carp, roach) die during spawning. However, after spawning, lower water levels provide good warming for shallow
waters, thus improving feeding conditions for juveniles.

Both natural and anthropogenic factors can be the causes of eutrophication. On the one hand, it increases the
productivity of zooplankton (feed for juveniles), on the other hand, it can cause toxic blooms, as well as hypoxia and
benthic death (feed for bottom-dwelling fish) [6].

Source [7] demonstrates the impact of toxic substances on water quality and productivity in reservoirs. Book [8]
presents a comprehensive analysis of the impact of fishing, overfishing and the choice of fishing gear on fish
populations. In [9], the causes and consequences of the introduction of new species of shellfish and fish into freshwater
reservoirs are analyzed. It has been shown that alien species change biogeochemical cycles and the biotic composition
of ecosystems. Invasive species can compete with native species or become a new target. Source [10] summarizes the
results of long-term research by scientists from the Zoological Institute of the Russian Academy of Sciences, exploring
the causes and mechanisms behind species dispersal and biodiversity in terrestrial and aquatic ecosystems, as well as
the influence of alien species. Authors [11] evaluate the risks of biological invasions in marine coastal ecosystems
through the example of Primorsky Krai. Article [12] explores the biodiversity of the Tsimlyansk Reservoir, identifies
new species of zooplankton, and defines the zones of their settlement in the reservoir.

Let us specify the biotic factors essential for the productivity of water areas:

— abundance and availability of food resources (zooplankton, benthos, fish);

— influence of predators, including alien species, on commercial fish populations [13].

So, there is open access literature on certain conditions that affect the productivity of reservoirs. However, the
interaction of these factors and their cumulative impact on biodiversity and commercial fish populations have not been
sufficiently studied. Ecosystems of reservoirs are characterized by high dynamics of transformations, spatial
heterogeneity and nonlinear relationships between various factors [14]. In recent decades, network models have become
widespread, allowing for the analysis of dynamic relationships between individual species and environmental
parameters.

Graph models allow you to identify key nodes, simulate impact scenarios, and quantify strength and direction of
connections. These solutions show the structure of interactions, with nodes representing factors and edges representing
connections. One example of using graph models in ecology is the description of trophic networks from several
intertwining food chains. This approach is needed to analyze sustainability and identify key species [15]. It is also
widely used in modeling habitat connectivity, describing migration processes [16], and modeling the impact of a
specific species or factor on an ecosystem [17]. In [18], a graph model of the interaction between anthropogenic and
biotic factors allowed researchers to evaluate the effectiveness of artificial population restoration for the Caspian Sea,
which had been subjected to excessive commercial fishing.

Thus, the study of the graph model of the interaction between anthropogenic and biotic factors offers the potential
for high-quality solutions to practical problems:

— development of sustainable fisheries;

— optimization of fish breeding processes.
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In addition, thanks to the proposed approach, it is possible to scientifically justify recommendations for the
protection of unique reservoir ecosystems. The graph model clearly reflects the complex structure of cause-and-effect
relationships within the ecosystem of the reservoir, making it possible to quantify the strength and direction of influence
of various factors and perform a scenario analysis of the consequences of various changes in the ecosystem. The aim of
this research is to construct a graph model of the interaction between anthropogenic and biotic factors in the Tsimlyansk
Reservoir, as well as evaluate the effectiveness of different measures to improve its ecological state.

Materials and Methods. When determining materials and methods, we considered, in particular, the characteristics
of the research object. The Tsimlyansk Reservoir, located on the Don River in the Rostov and Volgograd Regions, is
one of the largest and most significant artificial reservoirs in southern Russia.

The Tsimlyansk Reservoir belongs to the type of flat run of the river reservoirs, with a highly developed coastline.

Its characteristics are:

— large mirror area (~2700 km?);

— significant length (~260 km);

— relatively shallow depths (average ~8.8 m, maximum ~35 m in the old Don riverbed).

Significant seasonal and long-term fluctuations in water levels are determined by the operation of water intake
facilities, hydroelectric power plants, and climatic conditions such as snowmelt, precipitation, and evaporation. The
weak spring flood can be explained by overregulation of the Don upstream the reservoir. In recent years, there has been
a significant decrease in water intake!.

Winter is characterized by stable ice cover, while summer sees clear temperature stratification. Due to this, oxygen
deficiency occurs and hypolimnion is formed, especially in deep-water areas.

The Tsimlyansk Reservoir was built in 1952 and completely filled in 1953. The facility is used for fishing, water
supply to the population in the Rostov and Volgograd Regions, irrigation of agricultural land and electricity generation.
Additionally, the reservoir ensures the operation of the Volga-Don Shipping Channel.

In recent decades, there has been a change in the hydrobiological regime of the reservoir under the influence of
natural and anthropogenic factors.

Long-lasting high levels of biogenic elements (nitrogen and phosphorus compounds) with wastewater and
agricultural runoff lead to a deterioration of the oxygen regime and the formation of dead zones. In such conditions,
toxic species of cyanobacteria develop, phytoplankton grow (“blooming” of water) [19]. Other features of the reservoir:

— active siltation;

— high water turbidity in the dam area due to the accumulation of sediments from the Upper Don?.

A large mass of vegetation in shallow water negatively affects natural reproduction of commercial fish species [20].

Intensive long-term operations, powerful anthropogenic impacts, and natural aging processes have led to significant
transformations in the ecosystem and a deterioration of the hydrobiological conditions of the reservoir.

In addition, the productivity of the reservoir is significantly reduced for at least two reasons:

— overfishing of commercial species (bream, pike perch, Azov roach, carp, pike and silver carp);

— invasion of alien species (for example, Dreissena polymorpha, D. bugensis, crustaceans).

Monitoring and assessment of the system's condition, identification of key problems and forecasting their
development are critically important for developing strategies for sustainable reservoir management® and preventing its
further degradation [21].

The choice of the graph model and its components is explained below.

The analysis of an artificial reservoir is a complex and time-consuming process. It requires taking into account
various factors that influence the condition of the reservoir:

1) complexity of the ecosystem, in which hydrology, climate, pollution, biogens, biota and other factors interact
non-linearly;

2) spatial heterogeneity of reservoirs with different conditions (upper section, central stretch, dam zone);

3) lack of high-resolution spatial representative data on all ecosystem components (especially benthos, zooplankton,
microbiology, pollutants) for model calibration and validation;

4) uncertainty of input data and model parameters.

" The Tsimlyansk Reservoir and Reservoirs of the Lower Don Basin. Federal Agency for Water Resources. (In Russ.) URL:
https://voda.gov.ru/activities/tsimlyanskoe-vodokhranilishche-i-vodokhranilishcha-basseyna-nizhnego-dona/?sphrase _id=177953&PAGEN_1=2
(accessed: 27.09.2025).

% The Quality of Surface Waters of the Russian Federation. Yearbook-2023. Rostov: Roshydromet, Hydrochemical Institute; 2024. 156 p. ISBN (In Russ.)

3 Strategy of Socio-Economic Development of the Rostov Region for the Period up to 2030. Decree of the Government of the Rostov Region No. 864
dated December 26, 2018. As amended by No. 1100 dated December 19, 2022). The Ecology Section. The Official Portal of the Government of the
Rostov Region. (In Russ.) URL: https://www.donland.ru/activity/2158/#pril435 (accessed: 28.10.2025).
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Models describing hydrobiological processes in a reservoir can be divided into several classes.

1. Statistical. They are based on monitoring data and are widely used to identify significant relationships between
individual factors (fish populations, phytoplankton, and catch). The disadvantages of such models include weak
consideration of indirect effects and feedbacks, as well as the need for a large volume of measurements [22].

2. Dynamic (for example, NPZD or NPZD+). They allow for modeling streams, including fish populations, but at
the same time require a large amount of input data. They are difficult to calibrate, and poorly take into account some
anthropogenic impacts (for example, spot pollution) [23].

3. Agent-oriented. They model the behavior of individual populations. They are extremely resource-intensive and
require detailed knowledge about behavior, which limits the scope of their application.

4. Hydrodynamic and ecological (Delft3D, MIKE, Ce-Qual-W2, Azov3D). They allow us to take into account
spatial heterogeneity, integrate hydrophysical, biological and chemical processes. However, their use in modeling
complex dynamics of fish populations and multiple anthropogenic impacts in an artificial reservoir is a laborious task
from the computational point of view [24].

5. Conceptual (DPSIR). They are useful for structuring a problem, but they do not allow for quantitative analysis
and forecasting.

Thus, the known models are either too simplified and unsuitable for accounting for complex interactions (as
statistical), or excessively complex to construct and resource-intensive for operational use (dynamic, agent-oriented and
hydrodynamic), or do not provide quantitative forecasts (conceptual).

Graph models are a relatively simple and flexible tool capable of integrating heterogeneous data (physical,
chemical, biological, anthropogenic) and visualizing the structure of their interactions for analyzing and predicting
the state of fish resources.

The analysis of ichthyology models made it possible to study in detail the factors determining the production and
distraction processes in the reservoir. For example, article [18] considers a graph system of the influence of
anthropogenic and biotic factors on reservoir productivity. The author of this work identified twelve factors as the
vertices of the graph, which largely determined the dynamics of the sturgeon population. In [25], the role of fishing in
population dynamics was shown, taking into account the age and sex of individuals. In [26], in addition to fishing,
seasonal changes in the habitat of Theragra chalcogramma pollock were taken into account.

The disadvantages of the considered models include the lack of consideration of spatially heterogeneous
hydrodynamic processes. In addition, many models ignore an important condition for the reproduction of commercial
fish — the mechanism of external hormonal regulation of phyto- and zooplankton.

Based on the analysis of hydrobiological state of the Tsimlyansk Reservoir and some mathematical models of
population dynamics, the following factors were taken into account when constructing the graph model: v; — state of
the spawning part of the fish population; v, — annual replenishment of juveniles; v; — natural (compensatory) loss of
generation; v4 — favorable puberty conditions; vs — specific efficiency of natural reproduction (feeding); v¢ — scale of
artificial release; v; — level of commercial exploitation of fish biological resources; vs — biomass of the dominant type
of feed benthos; v¢ — roe oxygen supply in the spawning area; vio — transgression of the level of the Tsimlyansk
Reservoir; vi; — number of the main natural enemies of juveniles; v, — available length of spawning migration routes;
vi3 — overgrowth of zebra mussels (Dreissena polymorpha); vis — eutrophication; v;s — state of the Tsimlyansk
reservoir waters; vis — changes in bream biomass; vi7 — changes in the concentration of phyto- and zooplankton;
vis — changes in the concentration of biogenic substances (nitrogen, phosphorus, silicon compounds); vi9 — influence
of abiotic factors (salinity, temperature); v,o — anthropogenic impact (cleaning of the reservoir bottom from an invasive
species — zebra mussels).

Based on the analysis of the hydrobiological state of the Tsimlyansk reservoir, graph G(V, E, Y) was obtained. Here:

— V— set of graph vertices (concepts), v; € V, k=1, 20;

— E — set of oriented edges (connections) e = (v;, vj), given as ordered pairs (tuples) of length 2, i #J;

— Y—mapping, Y: V— V.

The resulting graph model (cognitive map) of the bioproductivity of the Tsimlyansk Reservoir is presented in
Figure 1. In this graph, the dotted lines represent positive effects, and the solid lines represent negative ones. A single
arrow indicates a weak impact, while a double arrow indicates a strong impact.
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Fig. 1. Graph model of the Tsimlyansk Reservoir bioproductivity

The weight matrix of the graph model was generated based on an integral assessment of expert opinions,
considering the significance of each factor's influence. Experts included specialists in fields such as hydrobiology,
aquatic ecosystem ecology, ichthyology, mathematical modeling, computational mathematics, programming, etc. When
calculating the weighting coefficients of the matrix, a continuously updated information base on hydrobiology and
chemistry was utilized. This information was created by the researchers over many years of fieldwork.

In addition, the authors analyzed literary sources, information obtained from remote sensing of the Earth, as well as
data on:

— hydrobiochemistry of shallow reservoirs;

— species composition of valuable and commercial fish.

Further, when analyzing the influence of certain factors on the Tsimlyansk Reservoir productivity, the weighting
coefficient for a weak impact (single arrow) will be £0.5, and for a strong impact (double arrow) — =£1.

Results. A Python software package has been developed to numerically implement the graph-based productivity
model of the Tsimlyansk Reservoir. This package allows users to work with both individual subgraphs and a complete
cognitive map of the Tsimlyansk Reservoir bioproductivity (Fig. 1). This enables a more accurate description of the
processes that affect the ecosystem of the reservoir.

The main steps of the algorithm for implementing the graph-based productivity model of the Tsimlyansk Reservoir
are outlined below.

Step 1. Determining the set of graph vertices by selecting the vertices of the graph model under
consideration (Fig. 1). Setting modeling time interval N (in years) and the time layer number n = 1.

Step 2. Assignment of the initial vector of vertex weights (factors) for the constructed graph model:
k

anl = {xi(nfl)}i:] 4
where kK — number of vertices (factors) considered.
Step 3. Setting the relationship matrix (weight of graph edges) U,, obtained on the basis of expert opinions, for

current time layer n. For mild exposure — £0.5, for strong — +1, without exposure — 0
k

Step 4. Setting the vector of external pulses O, = {qi(nfl)} 1 for current time layer 7.
i

Step 5. Calculation of momentum vector R, for current time layer n [18]:

R,=X,-X,, n=LN. M
Step 6. Recalculation of the vertex weight vector (factors) for current time layer n [18]:

X=X, +UR, + 0,1 (2)
Step 7. If n < N, then go to step 5. Otherwise, the work will be completed and the graph will be build.
Taking into account expression (2), formula (1) can be represented as follows:

R,=UR, +Q,.,
or

n—1

R =0y, R,=U'Qy+EQ,....., R, :ZUan—k—] +EQ, (3)
k=1
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We believe that there are several possible scenarios for increasing the productivity of the Tsimlyansk reservoir. In
the first scenario, we consider removing the invasive species — zebra mussels — from the reservoir through one-time
cleaning measures (only in the first year).

Scenario 1. Thus, the anthropogenic impact was the cleaning of the bottom of the Tsimlyansk Reservoir from the
zebra mussels in the first year.

In the graph model for this scenario, we included the following factors (vertices) from the full model (Fig. 1): vis —
state of the Tsimlyansk reservoir waters; vig— changes in the concentration of biogenic substances (nitrogen,
phosphorus, silicon compounds); v,0 — anthropogenic impact (cleaning of the reservoir bottom from an invasive
species — zebra mussels).

Figure 2 shows a graph model (a subgraph of the graph from Figure 1) of this scenario. The color highlights the
factor that was affected by a positive external pulse.

The situation was modeled over a period of three years.

N
N
Q&/\

<20

Fig. 2. Graph model for Scenario 1

Let us define relationship matrix U for the graph model (Fig. 2):

0 -05 0.5
U=105 0 -05]|
0 -1 0

Let us set the vector of external pulses. Cleaning occurred only in the first year, so we set a positive pulse +1 at the
beginning of vy for Qo. For the remaining years, we do not apply any external pulses:

0 0
Q=|0], O=0,=|0|
1 0
Let us calculate R, pulses:
0.5 0.25
R =0,=|0| R,=UR +Q,=|-05|, Ry;=UR,+0,=|025]|
0 0.5

Figure 3 shows the results of changes in R, pulses for water status factors vis and changes in the concentration of
nutrients (vig).

15
ol— - - - - -
54 N N
] AN
3 N
s 05 | N -
o N -
= < _Z
5 N _-
0,0 N~
0,5
0 1 2 3

Time period (in years)

— — =vl5 v18 v20

Fig. 3. Simulation results for Scenario 1
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Scenario 2. Let us consider the anthropogenic impact — the annual cleaning of the bottom of the Tsimlyansk
Reservoir from zebra mussels for three years.

The cognitive map of this scenario is also described in Figure 3. Relationship matrix U is as in Scenario 1.

Let us set the vector of external pulses +1 at vertex vy in each year of the simulation:

0
0y=01=0,=|0|.
1
Let us calculate R, pulses:
0 0.5 0.75
R =0y=|0|, Ry=UR +0,=|-05]| R;=UR,+0,=|-0.25].
1 1 1.5

Figure 4 shows the results of changes in R, pulses for the three factors considered over time.

1,5

—
=)

Pulse values, R

N
W

0,0

0 1 2 3
Time period (in years)

vl5s vl — — -=v20

Fig. 4. Simulation results for Scenario 2

Let us consider two scenarios of anthropogenic impact on the specific efficiency of natural reproduction of
commercial fish (bream) in the Tsimlyansk Reservoir — for a year and for five years

Scenario 3. Let us imagine the specific efficiency of natural bream reproduction in the Tsimlyansk Reservoir, when
using feed additives for their nutrition during the first year.

The graph model included the following factors (vertices): vi — state of the spawning part of the fish population;
v» — annual replenishment of juveniles; vs — specific efficiency of natural reproduction (feeding); v; — level of
commercial exploitation of fish biological resources; vi4 — eutrophication.

Figure 5 shows a cognitive map of this scenario.

Fig. 5. Graph model for Scenario 3

The dynamics of the situation over a five-year period are modeled.
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Let us define relationship matrix U based on expert opinions:

0 o -1 o 0.5
-1 0 oo o o
U={-05 -1 0 o o
1 v o 0 oo

-1 o oo o 0

Let us set the vector of external pulses. Feed additives were introduced only in the first year, so we set a positive
pulse +1 at the top of vs for Qo. For the remaining years, we did not set external impulses:

0 0

0 0

Qo={1|, O=0,=0:=0,4=|0

0 0

0 0

Let us calculate R, n € 1.5: pulses:
0 -1 0 1
0 0 1 0 0
R=0,=|1| R,=UR+0,=|0| R =UR,+0,=|05|, R,=UR;+0s=|-1|, Ry=UR,+0,=|0]|.

0 0 -1 0
0 0 1 0 0

Figure 6 demonstrates how R, pulses for the considered factors changed over time.

1,5

1,0

0,5

0,0

Pulse values, R

0,5

-1,0

-1,5
0 1 2 3 4 5

Time period (in years)

v5 vl ——-v2

1,5

1,0

0,5

Pulse values, R
(=}
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Time period (in years)
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Fig. 6. Simulation results for Scenario 3

Technosphere Safety

313



https://bps-journal.ru

314

Kuznetsova I'Yu, et al. Study of Artificial Reservoir's Bioproductivity Based on a Graph Model ...

Scenario 4. Let us consider the specific efficiency of natural reproduction of commercial bream in the Tsimlyansk
Reservoir when using feed additives annually for five years.

The cognitive map for this scenario is also described in Figure 6. Relationship matrix U is similar to Scenario 3.

Let us set the vector of external pulses (+1) at vertex vs for each year of the simulation:

0
0
O =01=0,=0;=0,=| 11
0
0
Let us calculate R, n € 1.5 pulses:
0 -1 -1 -1 0
0 0 1 1 1
R=0,=|1] Ro=| 1| R=|15] R,=|05] Ri=|05].
0 0 -1 -1 -1
0 0 1 1 1

Figure 7 provides the results of the change in R, pulses for the considered factors over time

2,0

1,5
1,0

0,5

N
=

Pulse values, R
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=
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|
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(=}

|
—
[

0 1 2 3 4 5
Time period (in years)

v5 vl v2

Pulse values, R

Time period (in years)
v5 v7 v14

Fig. 7. Simulation results for Scenario 4

Discussion. In summary, the first two scenarios reflect the impact of removing an invasive species, zebra mussels,
from the bottom of a reservoir. In the first scenario, the cleaning process was carried out only during the first year of the
study. In the second scenario, it was conducted throughout the entire three-year simulation period. A comparison of the
results suggests that annual removal of zebra mussels from the reservoir's bottom significantly improved water quality.
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Such anthropogenic impact made it possible to reduce the concentration of polluting biogenic substances (nitrogen,
phosphorus, and silicon compounds). As a result, eutrophication in the reservoir decreased, overgrowth of aquatic
vegetation, waterlogging, and natural aging decreased, and transparency of the water increased. However, positive
effects of the one-time cleanup did not last for more than a year. Furthermore, from the second year to the third, the
concentration of nitrogen, phosphorus, and silicon compounds would continue to increase if zebra mussels were not
removed from the bottom of the reservoir.

Visualization of the simulation results for the second scenario (Fig. 4) showed that the annual cleaning of the bottom

of the Tsimlyansk Reservoir over three years significantly improved the quality of waters of the Tsimlyansk Reservoir.
The effect was better than in the first scenario, as the pulse of the waters of the Tsimlyansk Reservoir continued to grow
more intensively in the third year. In the third year, the pulse in Scenario 2 (Fig. 4) was 0.75, and in Scenario 1 (Fig. 3)
it was 0.25. Similar to the first scenario (Fig. 3), the concentration of nutrients (Fig. 4) decreased during the first year. In
the second year, the indicator increased, but not as sharply and significantly as in the first scenario, that is, with a single
bottom cleaning. For the second scenario, there was no symmetry between the graphs of anthropogenic impact and the
concentration of biogenic substances. Thus, annual cleaning of the reservoir bottom from zebra mussels was more
effective for improving the water condition and less effective for the concentration of nutrients.

The second set of scenarios focused on the ichthyological aspects of the artificial reservoir. They considered the
impact of fish feeding on the spawning population, the annual replenishment of juveniles, the level of commercial
exploitation of fish biological resources and the eutrophication of the reservoir were considered. In the first case,
additional feeding was used only in the first year of modeling, while in the second scenario it was applied throughout
the entire five-year period. One-time feeding had a positive impact on juvenile population growth and commercial
exploitation, reducing eutrophication but not achieving sustainable results. Continuous feeding could significantly
increase juvenile numbers and reduce eutrophication levels, leading to increased fishing.

According to the data presented in Figure 6, during the first year, additional feeding had no significant effect on the
replenishment of juvenile fish, the level of commercial fishing, or the level of eutrophication in the reservoir. This
suggests that there was a delayed effect. During the second year, however, there was an increase in the number of
spawning fish and both the annual replenishment of juvenile fish and commercial fishing increased. Due to the active
fishing during the third year, the volume of juvenile fish being replenished decreased. These factors were interrelated,
leading to a decrease in commercial fishing at the same time. The eutrophication of the reservoir decreased during the
second year. This can be explained by the fact that with an increased fish population, algae are consumed faster, which
leads to smaller juvenile fish, a decline in the spawning population, and as a result, less algae consumption, and an
increase in eutrophication during the third year. During the fourth year, there was no increase in the schedules for the
replenishment of juvenile fish or eutrophication. The improvement in the condition of the spawning area can be
attributed to the growth of juvenile fish.

From the graphs in Figure 7, we can conclude that the condition of the reservoir would change significantly if the
additional feeding was extended for five years. During the first three years, the results were similar to those of
Scenario 3. However, there was a notable improvement in the annual replenishment of juvenile fish and an increase in
the commercial exploitation of fish biological resources. At the same time, there were no obvious cyclical patterns of
increase and decrease in fish numbers, as observed in the modeling results of the sixth scenario. The decline in the
spawning population before the fourth year may be attributed to increased commercial exploitation. By the fifth year,
however, the situation improved, likely due to the growth of juvenile fish. The growing population of fish contributed
more to the cleaning of the reservoir by eating more vegetation, leading to a noticeable reduction in eutrophication.

Figures 6 and 7 show the same pulse from feeding fish for the first year, calculated according to formula (1). In the
second year, the pulse in Scenario 3 (Fig 6) dropped to 0. Scenario 4 (Fig. 7) reflected the resumption of feeding, so the
pulse reached 1, and then increased due to the cumulative effect and the effect of feeding on related factors. The
development of this situation led to the fact that there were more juveniles, they needed more food, and feeding no
longer gave such a significant pulse.

To interpret the results, it was important to take into account that, according to formula (1), a decrease in pulse (if its
value is positive) did not contradict an increase in the value of the corresponding factor. Thus, Figures 6 and 7
mathematically reflect the biological processes under study.
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Based on the results obtained, it is possible to judge how to ensure the sustainable ecological development of the
Tsimlyansk Reservoir. This requires annual environmental monitoring and measures to reduce anthropogenic impact
(with a mandatory assessment of the economic component).

Conclusion. The proposed graph model includes 20 factors (concepts) that significantly affect the water quality and
biological productivity of the Tsimlyansk Reservoir. The solution was created in the absence of sufficient expert
information and with a rarely updated database of indicators. The matrix of weighting coefficients corresponding to the
proposed graph model was based on expert estimates, which may be subjective and may change over time.
Additionally, when aggregating data, there is a possibility of errors in estimating the pulse values. Within the
framework of the chosen scenario approach, the proposed graph model allows for the incorporation of new information
and quick, low-cost analysis of the effectiveness of proposed measures to improve the ecological state of the reservoir.

The results of the study can be used to assess the economic impact and damage caused by human activities on
aquatic ecosystems. Ideally, these ecosystems should strive for a state of homeostasis.

To improve the presented model, it is necessary to fine-tune the weighting coefficients. This should take into
account nonlinear and threshold effects as well as other relevant indicators.
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3aneneHHblIl 6K1A0 ABMOPOB:
N.I0. Ky3HenoBa: HammcaHHE YEepPHOBHKA PYKOIWCH, pa3padOTKa MPOTPAMMHOTO OOCCIICUCHHS, BH3YaIH3aIHs,

HaIlmMCaHWE€ PYKOIIMCHU — BHCCCHUE 3aMeYaHul U HCHpaBHeHHﬁ.
A.B. Hukutnna: pa3pa60TKa KOHIECIIWH, HAYYHOC PYKOBOACTBO, HAIMCAHNUEC PYKOIIUCH — BHECCHUC 3aMeYaHui 1

HUCTIPABIICHUM.
Kongpnuxkm unmepecog, aBTophbl 3asBJASAIOT 00 OTCYTCTBUM KOH(INKTA HHTEPECOB.
Bce asmopul npouumanu u 0006puniu oKoHuamMeNbHbLL 6APUARM PYKORUCH.
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