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Abstract

Introduction. The problem of creating a set of criteria for practically substantiated computational modeling of a number
of complex staged biophysical processes with pronounced stages and critical transformations, for example, aggressive
invasions, is discussed. Known models have a variety of behavior with the occurrence of bifurcations according to the
same scenarios, the appearance of cycles, the coexistence of which is determined by Sharkovskii’s theorem. In the limit of
complication of cyclic behavior in such models, they often encounter chaotization of the trajectory, but with the existence
of an infinite number of periodicity windows. The conditions for an infinite cascade of bifurcations for iterations are
determined by the fulfillment of the conditions of Singer’s theorem. The purpose of this work is to show that most of
the nonlinear effects associated with chaotization scenarios do not have an ecological interpretation, but we will propose
ways to exclude non-interpretable parametric ranges.

Materials and methods. Using methods for estimating the stability of stationary states and cyclic trajectories using
Singer’s theorem on the criterion for the occurrence of bifurcations for iterative models, we analyze interconnected
nonlinear effects. The phenomena are considered on the example of cascades of the appearance of cycles of the period
p=2'+1,i—o and a cascade of cycles p = 2'— 1, i—0 of “doubling” or “halfing” the period, which occur in ecological
models often used to optimize fishing.

Results. 1t is confirmed that the coexistence of nonlinear effects turns out to be contradictory if the simulation results are
interpreted in the field of biocybernetics, on the basis of model and real examples. Iterative models generate unnecessary
non-linear modes of behavior, when predicting the dynamics of invasions or harvesting bioresources, taking into account
the regulatory impact, for example, in the case of the well-known Feigenbaum scenario. It has been established that
bifurcations connected in one scenario have no explanation in ecological reality and are not reflected in the observed
biophysical systems. These mathematical artifacts are common to several biophysical models that are very different in
their theoretical foundations. Chaotization in real population dynamics has somewhat different properties than can be
obtained in a cascade of period doubling bifurcations. The formation of a non-attractive chaotic set in the form of a strange
repeller is more consistent with the dynamics of the development of fast invasions.

Discussion and conclusions. 1t is shown that to describe the transformations of biosystemic processes with external
influence, as the collapse of a commercial population, it is adequate to use models with the emergence of alternative
attractors. These models correspond better to the transitions between the states of populations under the influence of
fishing than models with the implementation of cascades of bifurcations of cycles, strange Cantor attractors and chaos
regimes in the form of a continuum of unstable trajectories of all periods. The most promising are hybrid models of the
life cycle with developmental stages for essential interpretation in ecology and forecasting of biosystems, as they allow
to determine the parametric ranges of functioning and exclude unacceptable ranges of parameters where excessive non-
linear effects occur, which have no justification for population processes. The analysis of the adequacy criteria is based
on degradation scenarios for a complexly structured sturgeon population in the Volga basin, cod off the coast of Canada,

outbreaks of invasive insects, and the spread of the invasive ctenophore Mnemiopsis leidy in the Caspian Sea.
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AHHOTaN NS

Beeoenue. O6cyxnaercs mpodiiema co31aHus KOMIUIEKCa KpUTEPUEB ISl IPAKTHIECKA 000CHOBAHHOTO BHIYHUCIIUTEIEHOTO
MOJZIEIIMPOBAHUS Psi/ia CIIOKHBIX CTAANHHBIX ONO()U3NUECKUX POLIECCOB C BHIPAKEHHOW CTaJJUHHOCTHIO M KPUTHUECKUMU
TpaHchOpMaINIMH, HAIPHIMED, arPECCUBHBIX MHBa3UH. M3BeCTHBIE MOAENH 00MagatoT PasHOOOPA3HBIM MTOBEACHHUEM C
BO3HHMKHOBEHHEM OM(ypKaIHi 110 OTMHAKOBBIM CLIEHAPHSIM, ITOSIBIICHHEM IIMKJIOB, COCYIIECTBOBaHHE KOTOPBIX ONPEAEIsi-
etcs Teopemoii IllapkoBckoro. B mpezene ycnoxHEHNS UKINYECKOTO MTOBEACHHS B TAKUX MOJIEIISIX YaCTO CTAIKUBAFOTCS
C XaOoTH3aIlel TPACKTOPHH, HO ITPH CYIIECTBOBAHNH OECKOHEYHOTO YHCIIa OKOH IEPHOJUYHOCTH. YCIOBHSI O€CKOHEYHOTO
Kackazna Oudypkanuii A WTEpalyii OmpenelieHbl BBHIIONHEHHWEM ycioBHU Teopembl Cunrepa. Llemp paboter —
M0Ka3arh, YTO OOJNBIIMHCTBO CBA3aHHBIX CLIEHAPUSIMH XaOTH3alUU HETUHEWHBIX 3()()EeKTOB HE UMEIOT IKOJIOTHIECKON
WHTEPIPETANNHU, HO PEIIONAraloTCs CIIOCOOBI HCKITIOYECHNS HEMHTEPIPETHPYEMBIX NTAPaMETPUIECKHUX THAITa30HOB.
Mamepuanst u memoopl. MeTogaMy OLIEHKH YCTOHUMBOCTU CTAallMOHAPHBIX COCTOSHUN U LIUKIMUYECKUX TPAEKTOPUil C
IIpUMeHEHHeM TeopeMbl CHHTEpa 0 KpUTEPHH BOSHUKHOBEHNS OM(ypKanunii U HTEpalnOHHBIX MOJIENIeH aHATTM3UPYIOTCS
CBSI3aHHBIC MEX1y co00i HenmHelHble dpdekThl. SIBIEHHUS paccCMOTPEHbI HA MpHUMepe KacKaJoB IMOSBICHHS LUKIOB
nepuona p =2’ + 1, i—o0 u kackaja HUKIoB p = 2'—1, i—0 «yIBOCHHS» UITH «OMOJIOBUHUBAHUSD TIEPHUO/IA, BO3HUKAIOIIUX
B YacTO MPUMEHSBIINXCS ISl ONTUMH3ALUH IPOMBICIIA SKOJIOTHYECKHX MOJECTISIX.

Pezynomamut uccneoosanus. Ha ocCHOBE MONENBHBIX U PEATBHBIX MPHUMEPOB MOATBEPIKAACTCS, YTO COCYIIECTBOBAHUE
HEJIMHEHHBIX d((EKTOB OKa3bIBAETCS IPOTHBOPEYHBO, €CITH PE3YIIBTAaThl MOJCIUPOBAHUS HHTEPIIPETUPYIOTCS B 00nacTu
6noxubepHeTHKH. [Ipy MPOrHO3MPOBAHNN TMHAMHUKHI MHBA3UH MM MPOMBICIIA OMOPECYPCOB C YIETOM PETYINPYIOLIETO
BO3JICHCTBHUS HMTEPAlIMOHHBIE MOJEIM T'CHEPUPYIOT HEHY)XHbIC HEJMHEHHbIE PEKXUMBI MNOBEICHMs, HAlpuMep, B
ciydae W3BeCTHOTO creHapus DelireHOayma. YCTaHOBIICHO, YTO CBS3aHHBIC B ONWH CIEHAPUH OMQypKaruy HE UMEIOT
OOBSICHCHHIA B 3KOJIOTHUCCKON PEATbHOCTH U HE OTOOPaXKAIOTCSA B HAOIIOMACMBIX OMO(PH3NUECKUX cUcTeMaX. JlaHHbBIe
MareMaTH4IecKHe apTe(aKThl OOIIHE 11 HECKOIBKHX, OYCHb PA3HBIX 10 CBOUM TEOPETHYECKUM OCHOBaM, OMO(MH3HIECKIM
MOZEISIM. Xa0TH3alHsI B peabHOM MOMYJISIIMOHHON TMHAMHUKE HMEET HECKOJIbKO HHBIE CBOMCTBA, YEM MOXKHO HOJIyYHUTh
B Kackaje Omndypkanuii ynpoeHus reproga. bomee cOOTBETCTBYyeT TUHAMUKE pa3BUTHS OBICTPBIX MHBA3UH 00pa3oBaHHE
HETIPUTATUBAIOLIETO Xa0TUYECKOTO MHOXECTBA B ()OpME CTPAHHOTO pereiepa.

Oécyscoenue u 3axniouenusn. IlokazaHo, 9o At onucaHus TpaHchopmanuii OHOCHCTEMHBIX MPOLECCOB C BHELITHUM
BO3JICHCTBIEM, KaK KOJUIAIICA IPOMBICIIOBOM IOIMYNSIMH, aJIeKBaTHO HCIIOJIb30BaTh MOJENH C BO3HHMKHOBEHHEM
aJIbTEPHATUBHBIX aTTPAKTOPOB. JlaHHbIE MOENH JTydIlle COOTBETCTBYIOT EPEXOJAM MEKAY COCTOSHHISIMU MOMYIISIIUI 1107

ﬂeﬁCTBHeM IMpoMBbICIIa, YEM MOAECIN C peanmauneﬁ KaCKaJ10B 61/1(1)yp1<aum71 IUKJIOB, CTPAHHBIX KAHTOPOBCKUX ATTPAKTOPOB
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U PESKUMOB Xaoca B (hopMe KOHTHHYYMa HEYCTONUYMBEIX TPACKTOPHI BceX meprofoB. Hanbomnee nepcrneKTHBHBI THOPHITHBIC
MOZIENN KM3HEHHOTO IWKJIA CO CTaJusMH Pa3BUTHS ISl CYIIHOCTHOW HWHTEPIPETAllMM B AKOJOTHH M IPOTHO3WPOBAHUS
OHMOCHCTEM, TaK KaK ITO3BOJISIFOT OMPEIEIIATE TapaMeTPUUCCKIE THATa30HbI (PyHKIIMOHUPOBAHUS, H ICKITFOYATh HETIPUEMIIEMbIE
JIMana3oHbl  TIAapaMeTpoOB, TJ€ BO3HHMKAIOT HM30BITOUHBIE HENWHEHHBIE S(PQEKThl, KOTOphIe HE HMEIOT OO0O0CHOBAaHUS
JUISL TIOMYJIAIMOHHBIX IIPOLIECCOB. AHAaNNM3 KPHUTEPHEB aJICKBAaTHOCTH Oa3HWpyeTcs Ha CICHAPUSIX JIETPaJallid CIOKHO
CTPYKTYypPHPOBAHHOW TIOIYISIIMN OCETPOBBIX pBIO Oacceiftna Bomrm, Tpecku y GeperoB Kanampl, BCIIBIIIEK YHCIEHHOCTH

MHBa3MOHHBIX HACEKOMBIX U PaclpOCTPaHEeHHIO MHBAa3HMBHOTO rpedHeBuKa Mnemiopsis leidy B Kacrnmiickom Mope.

KioueBble cioBa: [rMHAMAYECKUE MOJIENIN HHBA3MH; Kackas Oudypkarun deiireH0ayma; alnbTepHATHBHbBIE aTTPAKTOPHI;
CJIOXKHBIC JUHAMUYECKHE MPOIICCCHI, PETYISIIMA BO3ACHCTBYS IIsl OMOCHCTEM, THOPHUIHBIC BEIYUCIUTEILHBIC CHCTEMBI,

napaMeTpUIecKie Uana3oHbl, TEOPUs CYIIHOCTHON WHTepIpeTauu

BaaropapuocTn. ABTOp BBHIpaXkaeT OnaromapHocTh npodeccopy Aiuie BanepbeBHe HuKHTHHON 3a ApykecKyro

TIOAJEPIKKY.

®unancupoBanune. Pabora BrinonHena B pamkax [Ipoexra PH® Ne 23-21-00339 «Pa3paboTka METOIOB CIIEHAPHOTO
MOJIEIMPOBAHMS IKCTPEMAIIbHBIX WHBAa3HOHHBIX MPOIECCOB B 3KOCHCTEMAx ¢ y4eToM (h)aKTOpOB IIPOTHBOAEHCTBHS Ha

OCHOBC JUHAMUYCCKHU NEPCOIPLCACIIACMbIX BBIMUCINUTEIIbHBIX CTPYKTYP».

Jas umtupoBanus. IlepeBaproxa, A.}). CoorBercTBre OMOGU3NYECKHM KPUTCPUSAM HEIMHEHHBIX 3G GHEKTOB MpH
BO3HHMKHOBEHHH Kackaza oudypxanuiit deiirendayma B Mogenssx MHBa3noHHbIX nponieccos / A. FO. Tlepesaproxa / Com-
putational Mathematics and Information Technologies. — 2023. — T. 6, Ne 1. — C. 41-52.
https://doi.org/10.23947/2587-8999-2023-6-1-41-52

Introduction. The method of organizing a basic model for analyzing the variability of scenarios, rapidly changing
processes with threshold effects is consistently being developed for biological cybernetics problems [1]. Nonlinear
effects can occur in a purely applied problem of forecasting the expected value of annual replenishment of populations
considered from the point of view of the exploitation of biological resources. The basic computational models developed
were aimed at analyzing the reproduction of the Caspian sevryuga after the overlap of spawning grounds. The models
were implemented in the form of a system of equations describing the interrelated rates of population decline of the initial
generation of individuals and the average growth rates of groups that form a new generation. Using auxiliary equations
as a superstructure over the hybrid structure, the model managed to take into account the effect of a rapid increase in the
growth rate of individuals and its further stop during the transition to maturation.

Forecasting the entry into the fishing stock of a new sequence of adjacent generations, which, according to various
independent factors, may turn out to be significantly different in number, is the key task of conducting a careful fishing.
The paper used a method for calculating the stages of development and adjusting the loss coefficients, which are used
in the equation from the very first stage of life, where the number of the initial generation is assumed to be N(0). This
moment is interpreted as an event of the release of larvae of marine fish or crabs from eggs. The dynamics of a sequential
decrease in the initial generation is described by a first-order differential equation, but with an overridable structure of
the right part. To fix the redefinition of the calculation scheme, the event space is set on a closed time interval framed by
event numbers [0,7].

The phenomenon of reduction of daily loss occurs consistently at the stages of development. The structure of the basic
model takes into account various key factors of mortality and a decrease in the rate of attrition during adulthood. The

predicative-redefined hybrid structure of the model is written as follows:

—(ow(t)N(t) + U[xIB IN(t), <1
Z—Z;’ = (N / w(t)+B IN(@), t>1, w(t)<w,,, ()
—0L2W(t)N2 ) , w(t)<wp,,

where, adjusted by stages of development, a is the density-determined mortality rate from depletion of vital resources;

B is the coefficient of the ever-present loss from a variety of natural factors that are not related to density.
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The concept of “reproductive potential” is considered abstract for ecological models of real fishing and artificial
replenishment of stocks. There is reason to believe that it is reasonable to switch to a natural indicator of average fertility A.
This indicator can be estimated based on monitoring data, which was conducted on the basis of studies of fish spawning
in the Volga and Don basin. Fertility will set the initial conditions for calculating the first form of the right part
N(0)=AS. The interval T specified in (1) is the duration of the first stage with endogenous nutrition. This is an important
interval for all anadromous fish. The model requires conditions for stopping calculations. An indicator is used as a
conditional level of development. In the calculations of the model, when w, is reached, the severity of mortality factors
changes. The ecologically determined adjustment of parameters is interpreted by the change of habitats of juveniles in the
river and the avoidance of predators during the already independent migration to the marine habitat.

The Sevryuga of the Caspian Sea was maintained artificially. When growing sturgeon fish in crowded ponds with high
density (this is called the term “stocking”), instead of the value W(T) in the denominator for the redefined form, the effect of
a delay at the final stage of development was established N(z—C) .

A dynamically redefined coefficient U[x] plays an important role. The trigger, dynamically adjusted function is enabled
in (1), but with a limited scope for its values. The idea of correcting the function in adjacent generations is a way to reflect
the influence of extreme conditions. Often, in order to predict the success of reproduction or special states of biosystems,
they encounter threshold transformations, as in the degradation scenario of a large predator population structured by
spawning groups, the Kamchatka crab off the coast of the Kodiak Archipelago in the waters of Alaska.

The purpose of this article is to determine which nonlinear effects from all their diversity in the dynamics of the
trajectories of biological models should be ignored when discussing the results of calculations, and which exclude
descriptive possibilities when discussing environmental results. Based on the results obtained, it is possible to solve
problems of adequate interpretation of the results of computational modeling of situations that arise during the development
of invasive processes and collapses of biological resources. The task of modeling is to support the adoption of control
decisions when regulating the impact on biosystems, for which an assessment of the state of biosystems is carried out, but
where not all parameters are direct characteristics of species. The task of practical application of models is to find some
narrow ranges of parameters that are not suitable for justifying decision-making.

Materials and methods. Based on the fact that the life cycle of the standard length of the organism of both fish and
insects is accompanied by structural transformations, the hybrid structure presents a method for diversifying the life cycle
according to a fixed set of stages and model equations for each stage.

In this study, an original version of a continuous-discrete model with a special time organization is used. The time of
ontogenesis of a species is divided into frames and a hierarchy of nested continuous time segments is created, the ends of
which will be discrete events of various types, which is important for analyzing the stages of species invasions.

A list of numbered events has been created within the general interval for the life cycle, where, depending on the type,
an upper or lower index is used in the designation. The interval event-hybrid time divided into frames is formalized with

a multiset of ordered elements combined into tuples, the number of which corresponds to generations:

U{aL,,,{U[to,r",r”‘,T]} ,aRn},
where the lower indexes are the event numbers in a fixed interval of the total time interval, and the upper ones are the
initial events of each frame.

B hybrid-event format, y model time with events, the number 7 indicates the frame number in the list of all generations.

Recording time with event components leaves boundary slits excluded from the sequence of model frames, which have a service
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purpose in numerical calculations. In modifications for invasive species in a new environment, it is advisable to specify time
frames with floating boundaries that are set by growth functions.

The hybrid time model is designed to use an instrumental modeling environment with a library of numerical methods with
varying integration steps. The principles of the model analysis will be the theory of the dynamics of iterations having extremes
of functions with a Schwarzian of variable sign (according to the works of Singer and Sharkovsky).

In addition to using the hybrid model (1) to describe the situation of collapse of Kamchatka crab stocks, the hybrid structure
was able to predict other complex stage biophysical processes — outbreaks of invasive species and the spread of new infections.
A computational model has been constructed for a specific situation in the dynamics of dangerous invasive insects causing
sawtooth outbreaks.

In the scenario under consideration, the rate of weight gain is indicated in inverse dependence on the average number of
new generation individuals. However, it is not possible to use the inversely proportional method. For this purpose, a form of
fractional dependence was chosen. This function is active until switching to active power. The increased decrease in this period
of time appears due to an increase in the calorie requirement for larvae with low mobility. It should be noted that invasive
species differ in their development features.

The model dynamics of the generation number for an invasive species N(?) is calculated by equations combined into a

system with an explicit trigger function in the interval of the event model time:

CZ—N =—(aw(@)N@)+O(SB)N(?),
t @
aw_ g

di N0+

where S is the value of the spawning part of the fishing stock; w(f) is the fixed value for the dimensional development of
generation; g is the temporarily constant parameter that takes into account the limited number of available calories. & is the
parameter that limits the rate of development regardless of N(¥); A is the average fertility of the spawning part of the fishing
stock, which determines the initial calculation conditions (1) as w(0) =w,, N(0) =AS; aand B are the instantaneous loss
coefficients. Calculations are carried out for the time of ontogenesis, defined as the “vulnerability interval”. This is a specific
period of time for each species.

For aggressive invasive species, this interval depends on the environmental resistance conditions and the adaptation time
of the biotic environment.

Numerically from (2) is the value of the spawning part of the commercial stock S = N(T') with a small number of
re-breeding individuals. Taking into account additional reproduction will lead to the formation of a vector from the
components of spawning generations. Then you need to calculate the initial generation like this: N(0) =A,S, +...+1,S..
For the task of modeling the invasion of insect pests, we will choose an alternative situational trigger action function:
O(S) =1+exp(—cS?), limg ,, ©(S) — 1. The purpose of this function is to reflect the effect of the known effect of the
aggregated group, which is important for invasive processes. Alien dangerous pests that have penetrated into a new area
generate a local outbreak when they pass the critical threshold of their abundance. Then high activity manifests itself in
the form of repeated peaks [2]. A computational system is proposed for the model — a predicatively redefined hybrid
structure of equations with a delay.

Biocybernetics develops methods of active intervention and suppression of invasive processes. Regulated resistance
to an aggressively reproducing species in a biological community is produced with a delay. The situation leads to a
sharp transition into the depression phase of the universe population. To stop the spread of a harmful invasive species,
a special introduction of an antagonist species is carried out, but the effectiveness of this method of suppression in
practice is unstable.

The model is investigated by presenting a computational scenario with a set of parameters, initial values and an
algorithm for making decisions about the impact change for discrete time. Using computational experiments, it is possible
to describe a real outcome scenario for a situation that leads to the collapse of the biophysical system at a controlled
level of exposure. The model scenario in [3] sets the logic of managerial decision-making to change the level of external
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pressure on the natural population. The simulation showed that the transition of the process to an oscillatory mode leads to
the choice of a risky control mode. It was also found that the dynamics of real aquatic populations has a point of threshold
reduction in the efficiency of replenishment of biological resources, which cannot be predicted based on statistical data.

Research results. The model scenario previously developed by the authors for the collapse of the Kamchatka crab of
Alaska uses transformations of the phase portrait of iterations, and all of them were justified on graphs with data. In the
presence of disconnected boundaries of the regions of attraction, alternative attractors and a strange chaotic repeller lead
to the fact that due to chaotic regimes, uncertainty effects arise in the deterministic model.

As aresult of the sequential numerical solution of the equations, a dynamic structure is determined, where the discrete
component of the trajectory of a “hybrid” continuous-discrete model is studied in a computational environment as an
iteration of a mapping with several extremes. Hybrid time models are designed for scenario research, taking into account
the logic of making decisions regulating the impact on biosystems, which is used by experts. For the previously described
behavior of the hybrid model trajectory in the form of transient randomization and changes in the boundaries of the
attractor attraction areas, it was possible to choose an ecological interpretation using the example of collapses of three
populations of Caspian sturgeon fish.

The properties of the described model scenario in [3] for exploited aquatic biological resources with a chaotic dynamic
regime are confirmed by the author on the example of catching oceanic crustacean species. Iterative models obey the
fundamental theorems of nonlinear dynamics, which is the essence of the problem of their application in the management
of biosystems. It can be assumed that the nonlinear effect (bifurcation, attractor crisis or stochastic blurring for the
separatrix) is hypothetically interesting for describing population processes. However, it cannot be excluded that the
effect is accompanied by another metamorphosis of the phase portrait, for which it is impossible to find any biological
explanation.

The methods of forecasting and assessing the state of the biosystem used by experts in the formation of the control
effect require a separate analysis. In expert methods of ecology, the construction of regression models and the search for
correlational relationships takes place on monitoring data. To construct dependence curves in the reproductive process of
invasive species, which include values of R depending on the spawning stock S, transformations of the initial monitoring
data and the construction of regression curves were proposed. In [5] to predict the dynamics of populations, the author

proposed a function for evaluating the efficiency of reproduction:
£(S)=aSexp(-bS). 3
(3) then logarithmed as follows:
InR—InS =Ina-5hS. “4)

and built a curve using regression In R /.S on S for the geometric and arithmetic mean. The method cannot predict oscillations
with a large amplitude, since the points would have to be grouped in a certain radius from the intersection with the bisector of
the coordinate angle [6].

The motion of the trajectory points in time for a dynamic system in the dissipative case is represented by a motion in
phase space to an attractor, a subset of the phase space 4 c M, invariant with respect to evolution: W’ (4) = 4 for all
teT. There is also a neighborhood U of the set A, in which for all yeU lim,  y'”(y)= 4 is true. In the case of
dynamic systems used, three topological varieties of attractors are distinguished [7].

A regular attractor for displaying the interval ¥: I—1 the state of equilibrium with the fixed point is considered x":
lim, vy @ )= x anda steady cycle. This mode of periodic self-oscillations can be considered expressed approxima-
tely by periodic fluctuations for biology, when the period can “float” in a certain range.

In discrete-continuous hybrid-type models, a series of tangent bifurcations is observed with the appearance of stable
cycles of periods [8] p # 2" with sequential increase, starting from a, = e’ Inthe event that the one-dimensional mapping

R, =y(R,) at the value of the control parametera = Jhasa period cycle p =3, thenit is at the sam value of the
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control parameter g = 4 has an infinite set of cycles of all other periods. A. N. Sharkovsky [9] proved that if the mapping
Y: I—Thasacyclep =n,then ¥: [—TIalso has cycles with all possible periods with the same value of the control parameters
preceding the number p = n € y"among the integers written out in a special order that completes the numbe 3 [10].
The cycle “three” found in the calculations means a periodic window among chaotic variants of dynamics. Hence, the
appearance of a period 3 cycle is strange for a biological model.

In order to establish the properties necessary for the biological model, a functional iteration of the smoothness class C*
the straight-line segment R' is selected, which is given by the function f{x). This ecological function will be interpreted
as a link between the spawning herd and the resulting replenishment. Let the fixed point of the display depend on the
coefficients used in predicting the state of biological resources:

x'=x"(a b),nof* (x)=p(a),fx#0,ecmux#c, f(c)#0.
In the above example, a differential invariant is defined for the dependence f(x; x # ¢) everywhere, the sign of which

is preserved for all iterations:

2

IVAC ) (f"(X)j ,
A CREAWAC)

In the case of function (1), the following properties exist:
f(x)=ae™ (1-bx),

£"(x) = abe ™ (bx —2),
f"(x)=ab’e™™ (3—-bx).

In general, the n-th derivative is expressed: 1 (x) = a(~1)"b""'e ™ (bx — n)
The sign of the differential invariant for all iterations will look like this: f'(f (...(x)...)) = f"(x). Obviously, the property
Sr<0issaved x e R, since for f(S)=aSexp(—bS) the expression takes the form:

—b*x* +4bx -6
Sf =b’ 2
2(1-bx)

The position of the stationary point for function (1) depends on two parameters: x =Ina/b,the stability criterion is
a one—parameter function, and x* loses stability:
f'(x") =—1, rme kxpuTepHuu yCTONYMBOCTH

Ina _,Ina _
f16)=ae _blnTaaebb _alzlnag) g,

Ina

e
When a =e®, /'(x") =—1 for the second iteration /”(x) of the property at a stationary point losing stability x":

e
dx

d’f2x) _df (S _
dx? dx

d’f2(x)
dx?

]

SN G + £ (S ),

SFACHVACH CACHEINEL

In this case, the Schwarzman exponent y of the second iteration is always identical to the third derivative at this point:

_dLe)

26T
The cascade of bifurcations of doubling the cycle period with corresponding periodic windows is realized infinitely if
the Schwarzian sign is S, <0. Then df’ }(x)/dx at ae® has the local maximum in x* and only then a bifurcation occurs
with the appearance of two new intersection points at the highest iteration. criterion for the realization of an infinite
cascade of bifurcations, indicated by Mitchell Feigenbaum doubling the cycle period.
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Chaotization through the Feigenbaum cascade is a consequence of the fundamental theorem from [11], where it is
established that the mapping of the unimodal function with S, <0 can have no more than one stable trajectory, and this
trajectory is the w-limit set for the extremum c: f"'(c) = 0. The problem is that for biosystems this cascade often occurs in
models, but according to real data it is not justified.

The biocybernetics model (3), from a mathematical point of view, is classified as a SU-mapping. Model (1) differs
from the objects studied by M. Feigenbaum and in other works on universality and renormalization theory by the presence
of an inflection point f"(x )=0,x, =2 /5 and points where all the higher derivatives vanish. The property lim f(x) — 0
for (1) means that the chaotic attractor can increase indefinitely, since there will be no "boundaryxgrmisis of the
attractor” phenomenon.

Often in practice, a different reproduction function was used as an alternative model of the theory of the formation of

generations of bioresources with the marginal biomass of the commercial reserve K and the degree of b denominators:

ax
f(x)= e — (5)
x
1+ —
&
where a >1 is interpreted as the reproductive potential, K is the value of the ecological niche and the limited limiting
capacity of the medium. The degree of impact of environmental limitation on the part of the environment in (5) will be

determined by b. The iteration of model (5) was analyzed from the point of view of the theory of bifurcations of maps on
R!. The equilibrium point for iterations (5) has the properties:

x =K¥a-1,
df (x) (K" +x")aK" — ab(Kx)"
dx (K" +x")?
dr(x") _a-ba+b
dx a

B

>0 when b < 1.

In computational experiments based on the determination of the sign of Lyapunov exponents, the presence of chaotic
properties for iterations (5) was established. In a limited range of values of parameter a, which can be applied to invasive
populations, period doubling bifurcations occur when b changes. For b < 1, the function has no extremes, for b = 2, the
function has a critical point x = K. The 2nd order derivative at the critical point:

Efx)__a

dx’ 4K

So, (5) has a maximum under these conditions. In case (5), a parametric dependence is investigated for the analytical

b

analysis of bifurcations with sufficiently flexible properties. It is possible to avoid a cascade, as well as additional nonlinear
effects, internal crises of the chaotic attractor, windows of periodicity and intermittency. All these phenomena here can be
carefully excluded from the modeling of biosystems, leaving only the necessary cycles.

Biophysical and commercial interpretation of nonlinear effects in these two models mutually exclude their adequacy.
Having considered the change in the behavior of the model (3), we can formulate the hypothesis of “reproductive
complexity”. Allegedly, an increase in reproductive potential in the biosystem leads to the appearance of population
fluctuations, which is expressed in the limit by fluctuations of an aperiodic nature. However, such fluctuations should
have an increasing amplitude on average. Accordingly, the average minimum of chaotic fluctuations (the average value
of the minimum point for the period) will tend to zero. For biosystems, this means degradation and destruction. In an
alternative model, the emergence of a cascade of period cycles 2" occurs with an increase in the degree of action of
limiting environmental factors.

One of the two models will always be fundamentally inadequate. An alternative hypothesis of the essential biophysical
interpretation is that the cascade of bifurcations (as well as a number of other complex nonlinear effects and the internal and
boundary crisis of the chaotic attractor with the phenomenon of intermittency) for SU-maps has no biophysical interpretation.

Discussion and conclusions. It should be noted that for a number of models there are concomitant nonlinear effects that
are undesirable and unnecessary for a number of reasons. Such effects are not confirmed in the analysis of observational
data and they need to be excluded from the discussion.
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Population cyclicity is an interesting, diverse and far from fully investigated biophysical phenomenon. Cyclicity is
observed both in a laboratory aquarium with constant conditions, and in the open ocean (including climate-conditioned).
The scientific problem of establishing the physical causes of long-period oscillations in many species is far from being
resolved. Research in this area is continued by international teams. It is worth noting some not quite obvious aspects of
the problem of describing cyclicity, interesting from the point of view of system analysis.

Population cycles (albeit not in the strictly periodic mathematical sense of a closed trajectory) can be short (weekly)
in laboratory conditions. There are examples of long, even secular periods of fluctuations that do not correlate with the
length of the life cycle of the species itself. Extreme, in terms of its consequences for forest ecosystems, the phenomenon
occurs with the famous fluctuations in the number of the pest of the spruce leaflet Choristoneura fumiferana in the forests
of North America from the Atlantic to the Pacific Ocean.

Since the phenomenon of population cycles in many species is well described, various mathematical methods and discrete
and continuous models have been tried to model the cyclicity inherent in a number of natural populations. The possibility of
obtaining cyclic behavior is evaluated for a simple model of the formx , = (x ; a) positively by many authors. However,
the cycles that occur with an increase in parameter a differ not only in the period, but also in the order of traversing their
constituent points, that is, the cycles of iterations with the same length (the number of points composing the cycle) period
can be qualitatively different — this is one of the differences in the behavior of discrete models.

Figure 1 shows the cyclic trajectory x | = ax exp(—bx, ), consisting of four points. In the calculation scenario, there
were two other points of the cycle between the extreme upper and lower points of the cycle. The order of traversing the
four cyclic points obtained in the computational experiment, when the trajectory passes from the upper branch to the
lower one, is universal throughout the cascade. After doubling, the points appear symmetrically in the upper and lower
branches until a sharp merger of all the “forked” branches of cyclic points into the Cantor attractor. The order of traversal
of branches that form cyclic points is lost only with the formation of the Cantor structure after the unification of branches

that were formed during the first doubling of the period.
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Fig. 1. Cyclical dynamics of the model (3) with a cycle period of “four” (generations (S) are indicated along the vertical axis,

t— along the horizontal axis)

The establishment of the properties of the formation of cycles was perceived on the positive side of confirming the
predictive capabilities of such models for populations with non-overlapping generations, and this opinion continues to be
expressed, despite the proof of the universal nature of such bifurcations for unimodal functions.

Cyclic density changes are characteristic of small mammals of the Arctic islands and have often been observed
in them, but the cycles do not persist and are easily destroyed by any external disturbance [12]. In addition to the
length of the period p, iteration cycles x ., = y (x,) differ from each other by the relative location of their constituent
points during traversal. Using a typical example of the dynamics of an Arctic rodent, we see that population cycles are
monotonous permutations with increasing. The main peak in rodents falls at the end of the four-year period of rodent
oscillations, and such cycles with a maximum at the end can be obtained in the order of the Sharkovsky theorem, but
by other mathematical methods.

Using the example of longer cycles of steppe rodents in modern Kazakhstan, it is obvious that there is a stage of
minimum abundance, a stage of rapid growth and peak, which is replaced by a prolonged depression with a minimal

condition. For many insect pests, fading “sawtooth” series of population peaks are observed [13].
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Fig. 2. Four-year cyclicity in the dynamics of the Arctic mammal population according to monitoring data [12]

A series of population outbreaks is also a form of cyclical changes, but such dynamics are not reflected by
discrete iterative models. The series of oscillations were described on the basis of continuous models with a delay
in operation [14].

Biophysical models in nature management that do not take into account the effect of an aggregated group (or the
factor of the presence of a critically low community population) are practically beyond the scope of the possibility of
interpreting the results of modeling in ecology. There are a number of other examples where the principles of ecology
do not agree with the properties of the mathematical apparatus [15]. It is known that the more species there are in an
ecosystem, the more stable it is [16], which means the ability to keep its state unchanged for a long time [17]. But with an
increase in the dimension of the phase space of mathematical models, the possibility of trajectory behavior only becomes
more complicated.

The tasks of regulating biophysical processes are only becoming more complicated due to unforeseen disturbances,
therefore, the development of computational methods for analyzing the nonlinearity of situations with a description of
the logic of the impact is relevant. Evolutionarily developed long-term modes of functioning of trophic chains, which
include regular cycles of populations, are destroyed without maintaining species diversity [19]. Excessive exploitation of
valuable populations violates the regulatory mechanisms that maintain the balance of the species ratio, which leads to the
occupation of an ecological niche by harmful invaders and the spread of the invasive combworm Mnemiopsis leidy [20].

The relative position of the extremes of y functions, which are used to link the main values of the reproductive process
relative to stationary points, is an important characteristic for dynamics, since it affects the nature of the boundaries of
the attractor attraction areas and the occurrence of alternative cycles. For the found scenarios of transition to aperiodic
dynamics and back to regular dynamics, a generalized strictly mathematical description has not yet been developed to
explain the properties of the transition to chaos.

Optimization errors entail the phenomenon of structural collapse, which must be determined in a timely manner
by characteristic features. Optimization for the economy of regions carries a risk, according to the theory of maximum
supported withdrawal, implemented for an indefinite period of time in the practice of its application and for populations.
The collapse of stocks means a long stop of fishing and depression of the economy. Regulated fishing leads to unexpected
degradation of biological resources quite often. Mathematically, this is reflected by the case when an unstable equilibrium
in the model is represented by a repeller point. In the ecological reality of invasive processes, this is a blurred area, not a
point [21], as the result is the action of stochastic factors that cannot be taken into account directly.

The complexity of managing biosystems with the uncertainty of stochastic effects is that crisis situations are diverse in
key features and are often caused by unforeseen factors of hydrology. Similar examples of models are shown in the studies
of A.V. Nikitina [22] to analyze the effects of foreign invasive biota actively affecting the bottom biosystems of the Azov

and Caspian Seas that have developed in long isolation [23] due to the construction of canals and active shipping.
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