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Abstract

Introduction. The relevance of this study is determined by the need for a quantitative assessment of the negative impact
of mass outbreaks of scyphozoan jellyfish (Aurelia aurita and Rhizostomeae) on the bioresources of the Azov Sea,
which is subjected to a complex combination of anthropogenic pressures. The theoretical framework of the research is
based on the concept of trophic interactions and biological invasions in marine ecosystems. The aim of this study is to
develop a mathematical model of the dynamics of the fish community in the Azov Sea that accounts for both competitive
and predatory pressure exerted by jellyfish, in order to identify critical biomass thresholds leading to the depression of
commercial fish stocks.

Materials and Methods. To investigate the influence of scyphozoan jellyfish on the bioresources of the Azov Sea, a
mathematical model of biological kinetics was employed as the primary research tool. The model describes the dynamics
of three key ecosystem components (zooplankton, fish, and jellyfish), incorporating mechanisms of competition and
predation. The research material consists of a system of theoretical equations with appropriate interaction parameters and
initial and boundary conditions.

Results. Numerical simulations demonstrated that under environmental conditions typical of the summer period in the
Azov Sea (elevated water temperature and eutrophication), an increase in scyphozoan jellyfish biomass by more than
threefold during July—August leads to an abrupt shift of the ecosystem to an alternative stable state dominated by jellyfish.
This transition is driven by the combined effects of intense competition for zooplankton and direct predation by jellyfish
on the early life stages of fish, and is accompanied by a critical reduction in food availability, which suppresses the
recovery of commercial fish populations.

Discussion. The results confirm the high ecological significance of mass aggregations of scyphozoan jellyfish and provide
a quantitative justification for the risk of a regime shift in the Azov Sea ecosystem toward an alternative, less productive
state dominated by jellyfish. From a theoretical perspective, the study contributes to the development of trophic interaction
models that incorporate multiple impact mechanisms of invasive species.

Conclusion. The practical significance of this work lies in the fact that the proposed model serves as a tool for predictive
assessment of bioresource status and for substantiating management decisions aimed at mitigating the consequences of
eutrophication and biological invasions. Future research will focus on further refinement of the model, including the
incorporation of seasonal and climatic factors to improve the accuracy of long-term forecasts.
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OpueunaﬂbHoe amnupudeckoe ucciedosamue

MaremaTu4yeckoe MOJC/JIMPOBAHUEC 6I/IOHPOHYKTI/IBHOCTI/I
MEJKOBOJIHOI'0 BOoeMa 1Impu BHe3anHoM Acnpeccumn Cll]/l(l)Ol/l}]Hl)lMl/l MeaysaMmu

J.B. bonnapenko <, A.B. Hukuruua
JloHCKOM rocyaapcTBEHHBIH TeXHUUECKUH yHUBEpCUTeT, I. PoctoB-Ha-Jlony, Poccuiickas @enepanus

D4 denis.bondarenko.dev@gmail.com

AHHOTaLUA

Beeoenue. AKTyanpHOCTB UCCIICIOBaHUS 00yCIOBICHA HEOOXOMUMOCTHIO KOJTMYESCTBCHHOMN OLIEHKH HETaTHBHOTO BIIHS-
HUSI MaCCOBOTO Pa3BUTHS cLUPOUIHBIX Meny3 (Aurelia aurita n Rhizostomeae) Ha Gnopecypcsl A30BCKOTO MOPSI, UCIIBI-
TBIBAIOIIETO KOMIIJIEKC aHTPOIIOT€HHBIX HAarpy30K. TeopeTHuecKoil OCHOBOM JUIsl pEeLIeHHsI IaHHOM TPOOIeMBbl BEICTYHaeT
KOHIICNIIMSI TPOPHUECKUX B3aUMOJICHCTBII M MHBA3Uil B MOPCKHUX dKocucTeMax. Llenbio HacTosiei paboTsl sIBIsIETCS
pa3paboTKa MaTeMaTHYEeCKON MOJENN THHAMHUKH PHIOHOTO cO00IIecTBa A30BCKOTO MOPSI, YUYUTHIBAIOIIEH KOHKYPEHTHOE
1 XUITHIYECKOE JaBICHIE CO CTOPOHBI MeTy3, s OIIEHKH KPUTHIECKIX TOPOTOB €ro OMOMACCHI, MPUBOISIINX K IeTpec-
CHH TIPOMBICIIOBBIX 3aI1acOB.

Mamepuanst u memoost. JIns viccieq0BaHus BIMSIHAS CIdoMeny3 Ha OHopecypchl A30BCKOIO MOpPSI B KaueCTBE OC-
HOBHOTO MHCTPYMEHTA HCIIOJIb30BaHA MaTeMaTHiecKkas MOJeNb OMOIOTHYECKO KHMHETHKH, ONMHMCHIBAIOIIAS JUHAMUKY
TPEX KITIOYEBBIX KOMIOHEHTOB (300IUIAHKTOH, PHIOBI, MeIy3bl) ¢ yUYETOM KOHKYPEHIIMM U XUIIHWYEeCTBa. MaTepuaioM
HCCJICIOBAaHUS BBICTYIIAJI TEOPETUICCKIE YPABHEHHUS CHCTEMBI C COOTBETCTBYIOIIMMU ITapaMeTpaMH B3aUMOJACHCTBUH 1
HAYaJIbHO-KPACBBIMH YCIIOBHSIMH.

Pesynomamut uccnedosanus. Pe3ynprarel YUCICHHOTO MOJCITUPOBAHUS ITOKA3AJIH, YTO MIPH XapaKTEPHBIX IS JICTHETO
Ce30Ha YCIJIOBHSX B A30BCKOM MOpe (BBICOKasl TeMIleparypa, 3BTpO(HKaIys) NpHpocT Onomaccsl cunudomenys domee
4YeM B TPHU Pa3a 3a NepUOJ UIONb-aBI'yCT IPUBOIUT K PE3KOMY MEpeXoay 3KOCUCTEMBI B alIbTEPHATUBHOE YCTOIUMBOE CO-
CTOSIHUE C UX JOMUHHPOBaHHUEM. DTOT 1epexo] 00yclioBIeH KOMOMHHPOBAHHBIM 3()(EKTOM HHTEHCHUBHOW KOHKYPEHIINU
3a 300IUIAHKTOH U MPSIMOTO XHUITHWYECTBAa MEAy3 Ha PaHHUX CTAIHMAX Pa3BUTHA PHIO U COIMPOBOXKIACTCS KPUTHUECKUM
CHIDKEHHEM JIOCTYITHOCTH KOPMOBOM 0a3bl, 9TO MONABIISIET BOCCTAHOBICHHE MIPOMBICIIOBBIX PHIOHBIX TOITYIISIINH.
Obcyscoenue. TIpoBesEHHOE HCCIICIOBAHNE ITOATBEPKIACT BRICOKYIO SKOJIOTHYECKYIO 3HAYMMOCTh MacCOBBIX CKOTICHUH
cunomMeny3 U KOJTMYECTBEHHO 0OOCHOBBIBAET PUCK IEPEX0/ia SKOCHCTEMBI A30BCKOTO MOpSI B aJIbTEpPHATHBHOE, MEHEE
MIPOAYKTHBHOE COCTOSIHUE, JOMUHUpPYeMoe Meny3aMu. C TeOpeTHYeCKOil TOUKHM 3peHus paboTa BHOCHUT BKJIAJl B pa3BUTHE
Mojesel TpopUIeCKUX B3aUMOICHCTBHN C yUETOM MHOKECTBEHHBIX MEXaHU3MOB BO3/ICHCTBUS HMHBA3UOHHBIX BUJIOB.
3axnrouenue. IpakTrdeckasi 3HAIMMOCTD PaOOTHI 3aKITIOYAETCS B TOM, YTO pa3paboTaHHas MOAEIb MPEACTABISIET COOOM
WHCTPYMEHT JUISI IPOTHO3HOI OIICHKH COCTOSHUS ONOPECYPCOB M 000CHOBAHHS YIIPABICHIESCKUX PEIICHHA, HAIIPABIICH-
HBIX Ha CMSTYCHHE IMOCIEACTBUIN SBTPOPHUKAINU M OMOIOTHICCKIX HMHBa3WUH. [lepCIieKTHBBI MCCIIeIOBAaHUS CBS3aHEI C
JabHEHIIeH AeTann3anyeil MoaeIy 1 BKIIIOYCHUEM B He€ CE30HHBIX U KIIMMATHYECKUX (DAKTOPOB IS TOBBIMICHUS TOY-
HOCTH JOJITOCPOYHBIX IPOTHO30B.

KioueBble ciioBa: MaTeMaTrHuecKoe MOJAENINPOBaHHE, OUOIPOAYKTHBHOCTb, A30BCKOE MOpe, CUU(OHIHBIE MEIy3bl,
TpoduuecKre B3aUMOACIHCTBHS, AIFTePHATHBHbIC YCTOHYMBEIE COCTOSHUS, SKOJIOTHYECKHH TPOTHO3

duHancupoBanme. VccnenoBanne BHITOTHEHO 3a cdeT rpaHTa Poccwiickoro HayuHoro ¢onma Ne 22—11-00295-11,
https://rscf.ru/project/22-11-00295/

Jas nutuposanus. bornapenko /[.B., Hukutnaa A.B. MaremaTidaeckoe MOIEHpOBaHIE OHOTIPOAYKTUBHOCTH MEJKO-
BOJJHOTO BOJIOEMa TP BHE3AIHOM nenpeccuu cuudonaaeiMu Menysamu. Computational Mathematics and Information
Technologies. 2025;9(4):46-55. https://doi.org/10.23947/2587-8999-2025-9-4-46-55

Introduction. The Azov Sea is one of the shallowest seas in the world and plays a key role in the fisheries and
ecological system of southern Russia. Over recent decades, its ecosystem has been subjected to substantial pressures,
including eutrophication, changes in river runoff, pollution, and invasions of alien species [1]. One of the most pronounced
recent trends is the mass development of scyphozoan jellyfish, primarily Aurelia aurita and representatives of the order
Rhizostomeae. Owing to their high reproductive potential and ecological plasticity, these jellyfish form extensive
aggregations in coastal waters during the spring—summer period. In certain years, their total biomass reaches thousands
of tons, exerting significant pressure on trophic networks [2].

Under such conditions, it is reasonable to speak of a sudden depression of the water body caused by scyphozoan
jellyfish and their impact on the bioproductivity of the aquatic ecosystem. Fig. 1 illustrates aggregations of scyphozoan
jellyfish observed in the Azov Sea.
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Fig. 1. Coast of the Yeysk Estuary with jellyfish, July 2025

Scyphozoan jellyfish may pose a danger to humans, as contact with their tentacles can cause skin burns, itching, or
irritation. Scyphozoan jellyfish (class Scyphozoa, phylum Cnidaria) are marine organisms characterized by the presence
of stinging cells (cnidocytes), which they use for predation and defense. The class comprises a relatively small number
of species, approximately 200 in total. Their life cycle is characterized by metagenesis, including an asexual (polypoid)
stage and a sexual (medusoid) stage. The medusae of some species reach large sizes and are capable of forming massive
aggregations, whereas scyphozoan polyps (scyphistomae) are extremely small, typically only a few millimeters in size.

Common scyphozoan jellyfish species found in the seas of Russia include the moon jellyfish (Aurelia aurita), the
lion’s mane jellyfish (Cyanea capillata), and the barrel jellyfish (Rhizostoma pulmo). Some scyphozoan species, such as
the so-called “sea wasp”, are particularly dangerous: contact causes intense pain and burning sensations comparable to
a whip strike. Severe pain shock may lead to loss of consciousness, followed by symptoms of intoxication such as dry
mouth and breathing difficulties; in rare cases, stings may be fatal.

In the Azov Sea, Aurelia aurita and Rhizostomeae actively consume zooplankton, including copepods and larvae
of crustaceans and mollusks, which constitute the primary food source for juvenile and planktivorous fish species such
as Baltic herring, roach, and juvenile pikeperch. This results in intense competition for food resources. In addition,
jellyfish exhibit direct predation on fish eggs and larvae. Field observations indicate that at high abundances, jellyfish
may consume up to 10-30% of the daily ration of fish larvae [3]. Despite the availability of biological observations, a
quantitative assessment of the impact of jellyfish on fish stocks remains insufficient [4-7].

This study presents a mathematical model describing the dynamics of a fish community while explicitly accounting
for competitive and predatory pressure exerted by jellyfish. The model enables the estimation of critical jellyfish biomass
thresholds at which the productivity of valuable and commercially important fish species in the Azov Sea becomes
suppressed [8]. Therefore, the emergence of scyphozoan jellyfish as invasive species may lead to a sudden depression of
the state of the main bioresources of the Azov Sea.

Materials and Methods. To quantitatively assess the impact of scyphozoan jellyfish (Aurelia aurita and Rhizostomeae)
on fish communities of the Azov Sea, a dynamic model was developed describing the interaction of three key ecosystem
components: Z(f) — zooplankton concentration (resource), F(f) — biomass of the fish community, J(f) — biomass
of scyphozoan jellyfish. The model incorporates two primary mechanisms by which jellyfish affect fish populations:
competition for a shared food resource—zooplankton, and direct predation by jellyfish on fish eggs and larvae. The
structure of these interactions is illustrated in Fig. 2.

In Fig. 2, the following notations are used: (1) consumption of zooplankton by scyphozoan jellyfish; (2) consumption
of zooplankton by fish communities; (3) predation by scyphozoan jellyfish on fish eggs and larvae; (4) influence of
changes in external environmental factors (temperature, salinity, etc.); (5) influence of terrestrial-driven environmental
changes (anthropogenic pressure, river runoff, eutrophication).
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Fig. 2. Structural scheme of trophic interactions between jellyfish, fish, and zooplankton

The biological kinetics model is based on well-established approaches [9, 10] and has the following form:

%+ua_z+v6_z+(w+w )a_Z—i( a—Zj-l-i a_Z +i v a_Z +
o ox oy 2o, T\ M e )T\ My [T ez ez TV
a_F+ua_F+Va_F+(W+W )a_F—i( a—Fj+i a_F +
ot “ox oy oz e\ ax ) o\ My )TV
ﬂ+ua_J+va_J+(w+w )8_J—i( a_Jj+i a_J +
ot ox oy oz ) o\ My )T 0
_rz(l_gj_ a,FZ  b,JZ
V2 K) TihaZ 1+hh2

a,FZ b,FZ
=o| —4=— |~d,F—¢JF, y, =B| —4—"— |+8JF -d,J.
Ve [1+huazzJ g Vs B(Hhhbzz !

In system (1), the following notations are introduced: u = (u, v, w) — velocity field of the water flow; Wy, — settling
(sedimentation) velocity of substance @, o{Z, F, G}; Ry Vo — diffusion coefficients of substance @, pe {Z, F, G} in the
horizontal and vertical directions, respectively; » — intrinsic growth rate of zooplankton; K — environmental carrying
capacity; a, — grazing (consumption) rate coefficient of zooplankton by fish; b, — grazing (consumption) rate coefficient
of zooplankton by jellyfish; # — food handling time for fish; 4, — food handling time for jellyfish; o — fish biomass
growth coefficient (zooplankton-to-fish conversion efficiency); d, — natural mortality coefficient; ¢ — fish biomass loss
coefficient accounting for jellyfish predation on fish eggs and larvae; p — jellyfish growth coefficient; 6 — nonlinear
predation coefficient; ¢, — jellyfish mortality coefficient.

Let I" denote the boundary of the spatial domain G, G = G \U I; where ¢ is the lateral boundary surface, £, is a part
of the free water surface, and X, — is the bottom surface. I'=cUX  UZX, .

We specify:

— initial conditions at £ =0

0(x,,2,0) =0, (x,7.2); Q)
— boundary conditions on the lateral surface ¢ at any time ¢ x (0,7]
op .
a—n—O, if (ll1~,n)<0, (3)
a—(P:—u—rcp if (u;,n)>0 (4)
an ) T s

®

where n is the outward unit normal vector to the boundary of the domain o; u,.is the fluid velocity vector on the boundary S;
u, — is the normal component of the flow velocity n at the domain boundary G;
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— boundary conditions at the water surface

o¢
= (5)

— boundary conditions at the bottom surface %, x(0<¢<T]

%
on
To investigate the dynamics of the considered hydrobionts of the Azov Sea ecosystem and to identify the key patterns
governing the interactions between scyphozoan jellyfish and fish communities, a qualitative analysis of the proposed
nonlinear system of ordinary differential equations is performed. The main focus is placed on the identification of equilibrium
states (steady states) and on the analysis of their stability based on the Jacobian matrix. This approach makes it possible to
determine the conditions under which coexistence of the selected ecosystem components is feasible, as well as to identify
threshold parameter values beyond which a transition to an alternative stable state occurs, such as jellyfish dominance.
Let us consider system (1). The equilibrium states of the system are determined by setting all right-hand sides equal to zero:
az_ dF_ 4 _
e dt O dt
We examine four biologically relevant cases.
1. Trivial equilibrium £, = (X,0,0).
This equilibrium corresponds to the absence of both fish and jellyfish populations, while zooplankton reaches the
carrying capacity of the environment. Substituting ' =0, J= 0 into system (1) yields:

= - % o, (pe{Z,F,J}. (6)

i

s — Y

rZ@—ZJ:m:Z:K.
K

Hence, E, = (K,0,0) is an equilibrium point. To analyze its stability, we compute the coefficients of the Jacobian matrix
in a neighborhood of £ :

oZ 0oZ o7

oz oF oJ
HE)=| L L L

oZ OF doJ

oJ o dJ

AT

After computing the partial derivatives and substituting the equilibrium values, we obtain:

L 4K K
1+h,a,K 1+hb,K
J(E)=| 0 oK 4 0
1+ha,K
0 0 K4
1+ hb, K

Since the Jacobian matrix is upper triangular, its eigenvalues are given by the diagonal elements:

a,K —d, =B b,K

A =-r<0A, =0—"—— —F———d,.
1+ h,a,K 1+hb,K

The equilibrium £, is asymptotically stable if A, <0 and A, <0, i.e.

a,K <d,,p b,K

o—*4i—— —~4—<d,,at a>0,B>0.
1+h,a,K 1+ hb,K

These inequalities define threshold values of the carrying capacity K, below which neither fish nor jellyfish are able
to colonize the ecosystem. When these thresholds are exceeded, the equilibrium £, becomes unstable, and growth of one
or both populations is initiated.

2. Fish-only equilibrium £, = (Z;,F*,O).

Next, we consider the case where jellyfish are absent, i. e., J = 0, F > 0. This corresponds to a state in which the fish
community is established and maintained through interaction with zooplankton. From system (1), we obtain:

Lomrr1- L) L
dt K) l+ha,Z
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F FK K VA
LN/ S 4K %z 4
dt 1+ h,a,K 1+ h,a,K I+ha,Z o
Solving the corresponding equations yields:
Z, = 4 (upon conditiona. > h,d).
a,(a—hd,)

Substituting Z, into the first equation allows us to determine the equilibrium fish biomass F". Thus, a nontrivial

equilibrium £, = (Z;,F ,O), exists provided that d,. < (x . The stability of £, depends critically on the ability

_ Y

+h,a,K
of jellyfish to invade this equilibrium. If B
that the equilibrium is unstable.

3. Jellyfish-only equilibrium E, =(Z;,0,J ) .

We now consider the case opposite to the fish-only equilibrium, namely F = 0, J > 0. This state corresponds to
domination of jellyfish communities. Substituting /' = 0 into system (1) yields:

A AN
dt K) 1+hZ

ﬂzO:BL:dJJzﬁ z =d, = z :d—J.
dt 1+hZ B
From the remaining equations, we obtain:
Z, = 2
(B-hd,)
Substituting Z; into the first equation, we obtain the equilibrium jellyfish biomass J*. Thus, a jellyfish-only equilibrium
E, = (Z;,O,J *) , exists, corresponding to the exclusion of fish by jellyfish. The stability of £, in this case depends on the

m >d,, then jellyfish can successfully invade the system, implying

(upon condition B> hd,).

VA
impact of fish; specifically, if a% >d,., then fish are able to invade the system and begin displacing jellyfish,
aaZ J

which implies that the equilibrium is unstable.
4. Coexistence conditions and bifurcation.
Coexistence of fish and jellyfish is possible provided that the following conditions are simultaneously satisfied:

i>d1¢ +¢&J, Bb—Z+8F>d
l+h,a,Z 1+hb,Z
However, numerical analysis indicates that the coexistence region is narrow. As the parameters JJ and b_increase, the
system loses stability and competitive exclusion occurs, resulting in /' — 0. The critical jellyfish biomass threshold at
which this transition takes place can be estimated from the condition:
a,Z

=d, +¢J.
1+ ha,Z

For a fixed value of Z ~ Z,, this equation yields a threshold value, exceeding this value renders the persistence of the
fish community impossible.

After analyzing the stability of the equilibrium states, we proceed to a qualitative analysis of the system dynamics,
which allows visualization of typical ecosystem trajectories and identification of key behavioral scenarios. To this
end, phase portraits are constructed in the projection of fish biomass F" and scyphozoan jellyfish biomass J at a fixed
zooplankton level Z, This corresponds to a quasi-stationary approximation (dimension reduction), which is commonly
employed in models of biological kinetics [11]. We consider a simplified system describing the dynamics of F and J at a
constant zooplankton concentration Z= Z":

AF _o| 47\ p_er,
dt 1+ ha,Z
b,FZ" @
=B| —4—— |+3JF -d,J.
dt 1+hb,Z

This approach eliminates the fast zooplankton dynamics and focuses attention on the long-term interaction between
jellyfish and fish under a given level of ecosystem productivity. Fig. 3 presents the phase portrait of system (7) for Z* = 1.5
(dimensionless units).
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Analysis of the phase portrait reveals the presence of two attractors:

1. A stable equilibrium characterized by fish dominance, which is observed at low initial jellyfish biomass.

2. A jellyfish-dominated state, which is reached when the jellyfish biomass exceeds a critical threshold.

Between these attractors lies the boundary of the basins of attraction, which determines which of the two scenarios
is realized depending on the initial conditions. This behavior indicates the existence of alternative stable states in the
ecosystem: under identical external parameters, two qualitatively different equilibrium regimes may occur.

Phase portait of the system (F, J) at Z" = 1.5

2.5 .
Start trajectory: to the fishes
Start of the trajectory: to the jellyfish
Trajectory: Fish Dominance
Trajectory: Jellyfish Dominance
2.0
~
72}
2 15
g
2
O
<
&
> 1.0
©
-
0.5
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0

Fish biomass F

Fig. 3. Phase portrait of the system in the (F, J) plane at Z* = 1.5 (dimensionless units)

To quantitatively assess the transition between these regimes, a bifurcation diagram was constructed, representing the
dependence of the equilibrium fish biomass on jellyfish biomass (Fig. 4). Such behavior is typical of systems with positive
feedback mechanisms: an increase in jellyfish abundance leads to a decline in zooplankton growth and elevated mortality
of fish larvae, which in turn reduces competition for food resources and promotes further growth of the jellyfish population.
As a result, the transition to the alternative state becomes weakly reversible in the absence of external intervention, such
as mitigation of eutrophication in the aquatic ecosystem [12—14].

a Bifuraction diagram: the impact of jellyfish on the fish community

E (@t Z =1.5,K=20,d,=0.635)

Té 1.6 Sustainable F~ (fish survive)

. 8 Zero F~ (jellyfish dominante)

g 1.4 Treshold J, = 1.04 conventional units
2 .

g 1.2

K10

=

< 0.8

B

2 0.6

£ 04

s

% 0.2

£ 0.0

g 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
|83

Jellyfish biomass J (conventional units)

Fig. 4. Bifurcation diagram showing the equilibrium fish biomass as a function of jellyfish biomass

The obtained results confirm that the Azov Sea ecosystem can exist in two alternative stable states:
— a fish-centered state (at moderate jellyfish abundance);
— a jellyfish-centered state (when jellyfish abundance exceeds a critical threshold).
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Thus, phase-plane analysis clearly demonstrates the risk of ecological collapse and highlights the necessity of
continuous environmental monitoring and ecosystem management in the Azov Sea [9, 10].

Results. Numerical modelling of the Azov Sea ecosystem dynamics for the period from July 1 to August 31, 2025
revealed a substantial impact of scyphozoan jellyfish (Rhizostomeae and Aurelia aurita) on the state of the fish community
through a combined effect of competition for zooplankton and direct predation on early life stages of fish. The initial
conditions were chosen to represent a typical ecosystem state at the beginning of July, when jellyfish begin active
reproduction, while fish populations exploit high plankton productivity to support juvenile growth [15].

The key model parameters were specified as follows:

» r=0.8 day ! — zooplankton growth rate, corresponding to elevated water temperatures (22—26 °C) and high nutrient
availability due to eutrophication;;

* K = 2.0 dimensionless units — environmental carrying capacity, reflecting the maximum sustainable zooplankton
biomass in the coastal zone;

*a_=1.2; b =2 — zooplankton consumption rates by fish and jellyfish, respectively. The value accounts for the high
filtration capacity of Aurelia aurita, which is capable of processing large volumes of water;

*h,=0.9; h, = 0.3 — food handling times. The lower value indicates the higher efficiency of jellyfish as filter feeders
compared to fish;

*a=0.3; p= 0.4 — food-to-biomass conversion efficiency coefficients. The coefficient is higher for jellyfish, reflecting
their lower energetic costs for maintenance metabolism;

* 3 =0.03 — additional jellyfish biomass gain due to consumption of fish eggs and larvae, characterizing their predatory
activity;

*d.=0.05; d,= 0.635 — natural mortality rates. Jellyfish mortality increases toward the end of August as a result of
strobilation and post-reproductive senescence;

* £ =0.15 — predation coefficient of jellyfish on fish larvae.

The temporal dynamics of all three system components — zooplankton, fish, and jellyfish — are illustrated in Fig. 5.

Dynamics of the Azov Sea ecosystem (July-August 2025)
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Fig. 5. Results of the numerical experiment illustrating the dynamics of the main hydrobionts and scyphozoan jellyfish
in the Azov Sea ecosystem

The numerical simulations show that, for an initial jellyfish biomass of 0.3 (dimensionless units) and under favorable
environmental conditions (high water temperature and eutrophication), jellyfish abundance increases by more than
threefold by the end of August. This growth leads to a sharp reduction in zooplankton availability and a pronounced
suppression of fish biomass growth. The obtained results demonstrate a transition of the ecosystem to a state in which
jellyfish temporarily dominate the trophic structure, thereby limiting the recovery of fish populations.

Discussion. In this study, a mathematical model describing the complex trophic interactions between scyphozoan
jellyfish and fish communities in the Azov Sea ecosystem was developed, analyzed, and numerically implemented. The
proposed model explicitly accounts for both competition for a shared resource—zooplankton—and direct predation by
jellyfish on the early life stages of fish, which makes it more realistic than classical “resource—consumer” systems.
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The results of numerical experiments for the period July-August 2025 indicate that mass proliferation of jellyfish can
lead to a substantial suppression of the productivity of valuable and commercially important fish species, especially under
conditions of ongoing eutrophication and increasing water temperature. This points to a risk of a persistent shift of the
ecosystem toward a jellyfish-dominated regime, which reduces both ecosystem resilience and fisheries value.

Conclusion. Mathematical modelling confirms the necessity of comprehensive monitoring of gelatinous invasive
species and their integration into environmental management frameworks for marine resources in southern Russia. The
proposed model can be used as a tool for forecasting ecosystem states, assessing the effectiveness of environmental
protection measures, and substantiating the management of fishing pressure in the region. In future work, the model may
be extended by incorporating seasonal variability of external factors and the influence of climate change [16].
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