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ABSTRACT

Context. In modern conditions occur abrupt changes in ecosystems. The species composition of Caspian Sea is changing rapidly.
The dynamics of populations acquires an extreme character with the development of rapid invasions. The mathematical description
of scale transformations requires new modeling methods. Complicated population regimes of changes have features of the threshold
phenomenon in process of its development.

Objective. We set the goal of computational modeling of practically important scenarios — groups of situations that relate to
extreme and transitional dynamics of ecosystems, like outbreaks at the onset of dangerous invasions. We are developing a method
that, on the basis of the survival model of generations, will conduct a description of sudden transitions to rapid but limited outbreak
of numbers or, on contrary, a collapse of stocks like Atlantic cod in 1992 or Peruan anchovy Engraulis ringens in 1985. The purpose
of our modeling is to improve the accuracy of forecasts of the population size when experts are estimates a rational strategy for the
exploitation of biological resources.

Method. Situations of abrupt but short-term changes in population processes cannot be calculated by traditional mathematical
models and expressed in terms of asymptotic dynamics — closed limit trajectory sets. The basis of the idea of the method proposed by
us is the formalization of nonlinear efficiency of reproduction, which changes in a threshold manner only in strictly defined
environmental conditions. We use continuous-discrete time in the model for early ontognosis of the cod fish and insect pests. The
method with triggers allows us to take into account in simulation experiments logic and motivation of making decisions by experts,

people who manage the strategy of exploiting biological resources. Models assess variability for development of situations
Results. We have implemented new method of bounded trigger functionals into hybrid system of the equations, that acting in
selected specific states of biosystems. Analysis of new model scenarios with modifications of functionals in the basic hybrid system

for extreme situations in fish and insect pests is carried out.

Conclusions. We consider the method to be universal, since selection of the functional can be adapted to a wide class of models

using differential equations on a fixed interval.

KEYWORDS: mathematical biology, modeling of threshold effects, hybrid models, trigger functional method, population

outbreaks of insect, collapse of peruan anchovy.

ABBREVIATIONS
ODU is an allowable catch quota.

NOMENCLATURE
N(?) is a current size of one generation of a population;
w(?) is indicator for size development of individuals;
o, B are juvenile mortality rates;
p is a food supply parameter for generation;

M is a maximum food abundance;
r, is a reproduction rate of food organisms;

O is a correction factor for the rate of development;

A is a fertility of individuals average over the popula-
tion;

S is an amount of Atlantic cod parent fish stock;

R is a size of the final replenishment;

R _1,L 1t are a time gaps of the hybrid model time
set of continuous intervals;

M, T are parameters of time delay in equations;

te[0,T] is time interval of juvenile ontogenesis of
the northern cod or an insect pest;

t,, 1s an intra-frame time threshold;

q €[0,1) 1is fraction of fishing removal rate from a
fish stock;

K,9 are metabolism indicators in the Bertalanffy
model,;
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¢, is a resource exhaustion parameter;

o is a scaling indicator for trigger functional ¥ ;

/ is a scaling indicator for trigger functional = ;

Y is a trigger functional of the threshold effect of ag-
gregated group of the Atlantic cod fish;

Q[n] is a variable control function;

A is a disconnected set of intervals;

Sy is a Schwarzian derivative;

K is a carried capacity of ecological area;

E is a trigger functional of depletion effect of an in-
sect forest pests.

INTRODUCTION

Various biological objects can exhibit identical quali-
tative dynamics [1]. Such dynamics can be complex. It
refers to the transitional regimes of the existence of bio-
systems. In many ways, this problem is similar to the
analysis of electrical circuits with inductive elements, but
only when suddenly one element of the circuit breaks
down and begins to behave unpredictably. In the same
way, at first glance, biosystems also fall into the modes of
functioning prohibited by the principles of their regula-
tion. A good example is the body's confrontation with an
infection that is fatal. The immune system is too compli-
cated and most importantly it is individual to build its
mathematical models, but then we will look in detail at
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some qualitatively similar examples. It is interesting to
compare and summarize mathematically the forms of
manifestation of self-regulation in the dynamics of proc-
esses for such different studied biological objects as sea
fish (Atlantic northern cod or sturgeon in Volga River)
and insects, which affect forests in Australia and Canada.
In a previous paper [2], we built a hybrid model for a spe-
cial situation of degradation of sturgeon in the Caspian
Sea. We received a change of stationary and two different
chaotic modes of behavior. According to statistics [3], it
turned out that the reproduction of three close species of
sturgeon is expressed by completely different functional
dependencies on the graphs. It is difficult to explain in
ecology, but different species have a common population
dynamics, like cod and anchovy populations. On contrary,
they have no similarity of changes in numbers to the stel-
late and russian sturgeon fish in the Caspian Sea, which
being similar in evolution.

The object of study is the methodology for construct-
ing computational model scenarios of the process on sepa-
rate time frames. In the logical functions of the simulation
experiments of the hybrid model we will include the
properties of nonsteady biological processes, which in-
clude the action of rapid threshold phenomena and the
non-regular, aperiodic changes in population characteris-
tics. The method of constructing the variable structure of
the model will allow us to consider complex processes
with specific examples of collapse and pest outbreaks.

The subject of study is the algorithmic implementa-
tion for computational modeling, which allow calculating
a moment of occurrence of the most important phenom-
ena of collapse of fish stocks and determine the duration
of pest invasion in the model of insect outbreak scenarios.

The purpose of the work is to improve the accuracy
of predicting the state of fish populations for calculating
the rational distribution of the fishing quota during the
exploitation of biological resources. Flexible regulation of
the fishing quota based on the comparison of model sce-
narios will avoid degradation of valuable fish populations.
We will show that all three biology nonlinear effects can
be computationally simulated in one way — including the
trigger functional of limited scope. It is important that
types of such trigger functional and its area of its effect
naturally differ in real the examples in biology simulation
problems.

1 PROBLEM STATEMENT

The overall goal of our ongoing work is to expand the
methodological arsenal of mathematical biology. The
focus of our current research is a comparative modeling
of the common properties of the specific development of
the special nature of environmental processes. Here we
include the transition to outbreaks of numbers that have
threshold effects. For a variety of situations of ecological
confrontation between species that have reliably statisti-
cally determined threshold effects, an effective solution is
to propose a general method for modifying the population
model of the generation of successive generations. By the
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term “threshold effect” we mean a sharp change in a effi-
ciency of reproduction or a rapid increase in loss, which is
disproportionate to the change in the total population size.
Here we give a simple example, if density of organisms in
the experiment reaches a critical one, then a massive
death will occur due to a lack of oxygen. Otherwise, in-
sufficient numbers manifest themselves, as in social in-
sects it leads to poor food availability and low survival of
offspring, in Caspian sturgeon fishes to loss of eggs at
spawning grounds in the Volga River.

As a result of our improvement of methods, the theory
of optimal bioresources management will be able to simu-
late a scenario capable of detailing the internal mechanics
of feedback in transient environmental processes. For
example, the scenario as a result of a slight excess of the
level of impact is a rapid and unexpected for biologists
degradation of numerous previously and valuable stocks
of fish. A classic example is the immediate collapse Ca-
nadian cod fishery during 1992. The solution of an impor-
tant problem will be to show that various actual scenarios
are common from the point of view of nonlinear dynam-
ics and can be obtained by modifying systems of differen-
tial equations using the method of trigger functionals. The
method is applicable to analysis of situations in the col-
lapse of bioresources, rapid and unexpected degradation
of fish stocks, which is not replaced by restoration con-
trary to forecasts and calculations of specialists.

For the problem of describing situations, we will use
computational scenarios with functional iterations as
x,,, =o(x,)+Q[n], where Q[n] expresses a variable con-

trol function. @ must have clear population properties.
Mathematically, we consider the following properties of
such iterative model for nonlinear effects to be an actual:

1. 3x, <x,x >x :lim,__ o(x,)=x"
2. Vx, >x :lim,__ o(x,)=x".

3.3y, <x, :lim,__ o(y,)eA,infA<x".

n—»o0

4. Vx, <x,:lim,_,_ ¢(x,)=0.

5' (P(xmax) > xl b (p(‘xmin) > ‘x2 ’ ‘xmax < xmin :

This means that the function ¢ must have at least two
extremum points. Set A arise as disconnected set of in-
tervals. It is important that the function will have multi-
stability, ability to attract the trajectory of initial point x,
to different attractors. An important change in the scenar-
ios will be the value that the function takes at the points of
its extrema. Equilibrium states in the iteration model can
appear and disappear. We do not fix the number of equi-
librium positions, its value ranges from 2 to 4 points.

2 REVIEW OF THE LITERATURE
Modeling of ecological processes based on the formal-
ism of hybrid computing structures is noted as promising,
but there is not very much work in this area. A number of
studies were carried out with predicatively redefinable
parameters in models based on automata with transitions
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developed for a number of tasks to account for direct an-
thropogenic interference [4]. Interesting works were car-
ried out on the analysis of changes in Lake Chao in China
with eutrophication, with a sharp increase in the runoff of
nutrients [5]. Specialists in the problems of hydrophysics
modeled changes in the composition of the fish popula-
tion of Lake Sevan with a sharp decrease in level of the
lake [6]. Ecodynamic models must assess variability for
the development of a situation in a changing environment.
Biological justification for application of the numerical
solution of a continuous model on time interval in a form
of an evolution operator in discrete iterations is based on
the Ricker theory of replenishment formation in fish
stocks from, which he developed to analyze the manage-
ment of the pink salmon fishery in British Columbia in
[7]. The theory has several modern variants and modifica-
tions [8] with different functions [9]. Their difference is in
the occurrence of nonlinear effects in the dynamics of
iterations. These bifurcations are obtained for different
models of the opposite interpretation. The parameters in
the ecodynamics models are interpreted in completely
different ways, but their increase causes the same rear-
rangements of the phase portrait and bifurcations of at-
tractors. The “Feigenbaum cascade” is an example of the
versatility of behavior, the phenomenon, against their
will, many authors observe when calculating models of
the dynamics of bioresources [10]. The computational
structure of replenishment models was previously suc-
cessfully applied only to stocks in a stable state, not in
extreme conditions. We need to expand the model for a
situation of drastic change, and consider examples of con-
tradictions for two functions. For the famous Ricker func-

tion y(x) = axe ™ we have properties of older derivatives:

v '(x) = ae”" (1-bx),

v "(x)=abe " (bx-2),
v"(x)=ab’e ™ (3-bx) ,

W (0)=(=1)" ab" e (bx—n),
b —b*x* +4bx—6

> thus Sy<0 V xeR.
2(1-bx)

y=

Where Schwarzian derivative Sy always less than
zero. For the alternative  Shepherd function

f(x)=ax/1+(x/K )b by analogous procedures, we ob-

tain the following relations of the bifurcation parameters
of the derivative at the stationary points of all iterations

Vn:f(x)=f"(x):
fex)=x =k¥a-1,

df(x) (K" +x")aK’ —ab(Kx)' df(x)) a-ba+b

dx (K" +x")?

dx a

For b <1 there are no critical points, for =2 the repro-
ductive function of the stock and recruitment has a critical
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point x=K, but K is the carried capacity of ecological
area. Thus, the parameters a and b have the opposite in-
terpretation and the behavior of the models cannot be rec-
onciled. We need to develop a fluctuation model for fish
stocks without a cycle period doubling cascade. Com-
pared to previously known models, our new development
will be able to generate brief chaos modes. Such regimes
of chaos are very limited in time and can be detected on
the basis of observational data on state of the population.
Some modern researchers, when constructing models of
aquatic biosystems, deliberately construct discrete equa-
tions without the possibility of any chaotic regime. The
appearance of the chaos regime is unpredictable and re-
duces the possibilities for interpreting the simulation re-
sults. Many phenomena in modeling are not explainable.

3 MATERIALS AND METHODS

To build a computational model of populations with
clearly defined stages in the development of individuals,
we use the structure of time with a discrete and continu-
ous component of time. We decided to build a method for
analyzing nonlinear processes on the basis of a mathe-
matical description of the survival of generations of popu-
lations in early ontogenesis. The approach can be im-
proved in several ways. To the changing conditions and
factors in ecological and physiological development of
species, our computational models are logical to form, in
an algorithmic form, logical-event structures and to con-
sider them as scenarios. The first idea of our method is
that the new model of a population process is formed on
the basis of a dynamically redefined system. In ecology
problems about fish and insects, the key biological aspect
allows us to consider the consequences of changes in their
life cycle as a factor of nonlinear dynamics. Hybrid time
is formalized as a multiset of tuples. This time introduces
an event component to the management of the change in a
continuous process as a composition of sets:

U{R—Tn’[l‘n—]’tﬂ]’l‘—’t”}.

n

This time with right and left time gaps form with a
continuous and discrete component is constructed from a
set of ordered frames of non-fixed length. The second
idea of the method is to establish events with a set of
predicates of the first order, with which changes in the
system or control action are associated.

The method of organizing continuous-event comput-
ing structures was originally proposed by us to explain the
problem of low efficiency of artificial reproduction of
sturgeon in the Caspian Sea. Such a low effect of the re-
lease of fry to the Caspian Sea could not be explained by
ichthyologists. To build a model of phased ontogenesis,
we propose a predicatively redefinable computational
structure with three successive modes of change in the
generation state. We write the new formula of general
model with generalized three stages of development of
ontogenesis in the interval (without trigger functional),
but with inclusion of delay:
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—(o,w(t)N(@)+B)N(@), t<t
—oL,N@E)/ wt)=BN(@), t>T, W) <w (1)
—aWNEN(E-n), t,<t<T.

> Tw

dN

dt

The system (1) is written by a differential equation
with a set of possible forms for the right part and addi-
tionally with set of predicates for changing the mode of
calculations. In hybrid model (1) we differently inter-
preted juvenile mortality rates of fish or insects. The pa-
rameter value W need as the threshold level of average
dimensional development for a generation. The form for
the implementation of the model (1) in the computing
environment is the hybrid automaton. We construct such
an automaton with transitions on the basis of a graph with
oriented arcs — ways of transforming the right-hand side.
The rebuildings of the right-hand side occur either by
timing the time (we will call such transitions «timed
arcs») or predicative transitions (by calculating internal
model variables) that will be associated with the condi-
tions of other equations in the system. In our method, the
changes will be between state change modes. It differs
from transitions between the states themselves, as was
usual in discrete-event models. The basic hybrid structure
is solved (1) numerically in conjunction with an auxiliary
indicator of the dimensional development of a generation.
The second equation for example of simulation of young
sturgeon artificial cultivation is written as follows (2) with
the correction indicator & under the square root:

dw _ H
dt - J(N@N()+8)

2

The model (2) fixedly reflects the availability of food
supply, but we can set this indicator by the third equation:

dp _ B
dt_w@ Mj eN(t). (3)

The model (3) with maximum food abundance and
fixed reproduction rate of food organisms was tested to
assess the efficiency of rearing sturgeon fry in artificial
conditions and showed a slowdown in the growth rate of
individuals with an increase of initial generation N(0).
The method, which allows us to expand the base model,
made the idea meaningful for the extreme dynamics of
many invasive species with high fecundity of females. For
example, for sudden insect outbreaks with an incomplete
cycle of transformations, such spices as aphids and psyl-
lids. These insects have no natural defense against ene-
mies. The state and activity of many harmful insects of
phytophages are regulated by their enemies-parasites.
Parasites wasps usually attack one of the development
stages of a pest, most often eggs. The reaction of parasites
due to presence of clusters of available victims, namely
the value of N(0). The reaction to the initial number of
insect eggs will cause this modification for the specific
survival of insects:
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il_];’ = (o w()N(O)+B)N() 11 <7 . (12)

It is important for insect species to calculate numeri-
cally the fluctuations of  juvenile  survival
N(©0)—> N(T)=p(N(0)). We will obtain a functional

dependence on the initial (eggs, spawn fish caviar) group
of individuals N(0)=AS in model variation (la). The

reaction of their enemies is due to the crowding of the
victims most accessible to attack. Next, we consider ex-
amples of modifying the model of equations (1), (2) and
new equation (3) by our method of trigger functionals for
cases of special situations in dynamics in fish and insects.
Next, we will review and show a series of computer ex-
periments for hybrid models with trigger effects.

4 EXPERIMENTS

The method successfully applied to calculate the re-
production of sturgeon in the Caspian Sea, but not only,
for other fish populations even more relevant. In case of
small numbers, the role of unfavorable environmental
factors in reproduction of populations increases many
times. The spawning efficiency of Acipenser stellatus
stellate sturgeon according to data [11], in terms of the
number of juveniles that roll from the river to the Caspian
Sea, decreases sharply if the number of spawning fish
stocks (due to systematic overfishing) becomes less than
at the threshold. Acipenser stellatus now is dying out.

A disproportionate reduction in reserves replenish-
ment cannot be foreseen by correlation methods. The
main novelty of our approach is introduction into the hy-
brid, predicatively redefinable dynamic system of trigger
functionals with only a limited area of impact, which we
take from conditions of the ecological problem being
solved by our new models.

In our equation (1) of decay for the number of genera-
tions, there are two death rates, directly dependent on
population density o and independent rate 3. The value a
takes into account the quickest exhaustion of resources,
necessary for development as number of larvae increases.

It turned out to be important for assessing the stocks of
migratory fish, that with a low density of fish producers
entering the river, it makes sense for us to take into ac-
count loss of their reproduction at the stage ¢ =0. The
effect of loss of reproductive activity of fish is imple-
mented in model with trigger functional W[S] with a lim-

ited range of values it takes in this way:

¥ (S) =1+exp(-cS?),
limg  W(S)=1,¥(0)=2,

%’ = —aw(t)N” (6) = WIS BN (0).

“

In this addition function the new parameter reflects the
severity of the threshold effect, which acts because of the
reduced probability of spawning fish pairs in the river.
The numerical solution of the system (1-3) supplemented
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by the functional in (4) we use as an operator of the evo-
lution of functional iterations. We investigate the phase
porters for iterations R ,, =@(R,)—qR, , where g <[0,1)

the proportion of the harvest is taken from the fish stock.
Now population size is R value.

We obtained a trajectory with two possible asymptotic
states, but the regions of attraction of these alternative
stable states are separated by a fractal repeller. The forma-
tion of a chaotic repeller with a change in the position of
the extremes of dependence @(AS), generates a different

type of transitional chaotic motion than in the well-known
Feigenbaum Cantor-like attractor [12].

In our computational experiment scenario of the col-
lapse of commercial stocks develops from two phases. 1)
A stable population gets only after an increase in com-
mercial withdrawal in the aperiodic mode of fluctuations
already with a smaller number, but with the illusion of
recovery. 2) For the situation, if that moratorium was not
introduced in a timely manner, in 10-12 model seasons
the second phase of degradation named “collapse” will
occur decisively (as in computational experiment Fig. 1).

The resulting computational scenario summarizes
situation of collapse of the large long-lived fish fishery.
For the mathematical implementation of such a collapse
scenario of two phases, we propose to organize two
nonlinear effects in the dynamics of iterations. The first is
the inverse tangent bifurcation with a reduction of attract-
ing equilibrium state. The second is the boundary crisis of
the interval attractor, which is formed after reduction of a
stable point.

We used examples of the instantaneous collapse of
Canadian cod stocks near Labrador in 1992 and extended
depletion of 2000 in sturgeon fishes of the Caspian Sea.

The collapse of Atlantic cod was caused by predictions
about the too-good state of these bioresources, the main
thing is an overestimation of the reserves of cod, which
were calculated by cohort models. Before the critical
threshold, efficiency of reproduction of the population
according to our model is quite high, it introduces decep-
tive expectations. A moratorium on catching cod was in-
troduced with expectation of virtual “reserve” generations
entering reproductive age. Theoretically, there should be
4-5 generations not covered by the fishery. But their
abundant generations, to all surprise, were not in the net-
works. Otherwise, the cod fishing would recover after 7
years. Restoration of the Canada’s Northern cod subpopu-
lation of the Atlantic cod occurs gradually due to influx of
individuals from the southern ocean regions [13].
Methods for assessing stocks of sturgeon and cod sig-
nificantly overestimated their actual number of fish. The
official catch of cod stopped too late. For the Caspian Sea
sturgeons phase of pseudo-stabilization of the stock has
been stretched for 15 years, from 1977-1992, but the
phase of a sharp fall in the catch is similar to the collapse
of cod in Canada. The fall in stocks and collapse of short-
cycle fish also proceeds in two stages in a similar way. In
Fig. 2 from [14] we have seen real dynamics of the catch
of anchovy fish off the coast of Peru, which collapsed in
1982. The phases before collapse are similar to the previ-
ously mentioned examples. Obviously the difference —
anchovy recovery is more efficient than Canada’s cod
multi-age stock. Population outbreaks are typical for
small, numerous rapidly maturing fish species. Cod ma-
tures for a long time, sturgeon fish for a very long time.
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Figure 1 — Model scenario of dynamics of fish stocks collapse with two stages of degradation process
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Figure 2 — Dynamics of collapse and recovery of the population anchovy Engraulis ringens fish in Peru
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To recover from small groups they need to go into short-
cycle forms. The cod of Canada has not recovered in a
quarter of a century since 1992, the cod will require an-
other quarter of a century to form the former reserves
[15]. The abundance of sturgeon fish will never recover in
the Caspian Sea. Artificial reproduction of fish did not
show the efficiency expected from this technology, and
the natural ways of spawning fish were destroyed by
dams. Artificial reproduction of stellate sturgeon was a
failure action in its effectiveness.

The commonality of the phases of the dynamics of
such different stocks under extreme pressure pressure
looks like a real biological nonsense. After all, the spawn-
ing stock of large predatory fish of cod consists of a
whole series of generations. Anchovy is more likely to
undergo rapid collapse as in Fig. 2 by the dynamics of
total catch. Anchovy type recovery scenario will require
explicit introduction of probability into the model. The
recovery of the anchovy population in Peru after a long
time of collapse was like a rapid outbreak of breeding.
The dynamics of a small group outbreak scenario requires
an addition to the computational structure.

We need to include the probabilistic model component
exactly in the form of a trigger functional ¥, conducting
numerical experiments with a random new variable
among the parameters of the functional. For the practice
of fishing, this means that when the population goes into
sporadic states. An observer has no mechanisms for cal-
culating stock size. There are no reliable ways to predict
the optimal seizure rate, based on the statistical process-
ing of controversial data on fish capture.

Pest outbreaks are a global problem for mathematical
biology. Outbreaks of different insects differ in the phases
of launch, the transition to the so-called eruptive dynam-
ics, exit at its peak and the stage of completion of a dan-
gerous phenomenon. Insect outbreaks are a pronounced
transitional and short mode.

One of the most common scenarios for outbreak tran-
sition is a threshold one. We represent this threshold
mathematically as an unstable equilibrium in iterations of
a complex functional dependence. It would seem that in
this task may be difficult? The root of the problem is that
the threshold must be overcome spontaneously, which

37

means without external influence. This must be a rare
occurrence. A pest outbreak cannot occur even every
year, otherwise there will be no forest at all. The chaotic
repeller due to the locally disconnected boundary of the
regions of attraction of alternative attractors remarkably
solves this mathematical problem of modeling.

In the model proposed above with a functional (4),
there is one solution, when a spontaneous overcoming of
unstable equilibrium starts a pest outbreak with access to
a stable equilibrium of a large population. However, this
is how we solve only the first part of the problem of mod-
eling an insect outbreak. Such phenomena will soon end
and just quickly.

The ecosystem will not sustain such a state for a long
time. The forest pest population will destroy the resources
it needs. We need to describe the spontaneous termination
of an insect outbreak. For this purpose, we otherwise
modify the model (1) with our universal method of func-
tionals in such form:

N (%)

E(N(1) =1+ - lim E(V(1) =1 L

l+c,e N(1)>e ¢,

(5
‘;—1;/ =, N(OE(N()/ (1) =BN(?), t >,

We estimate ¢, >1 to characterize the swiftness of re-

source exhaustion. In (5) we vary the level of numbers at
which the effect will noticeably manifest. We will imple-
ment the trigger functionality for the development stage
number II. We describe a spontaneous, unpredictable
transition from transitional chaotic dynamics to a stable
equilibrium in a computational experiment. The results of
the study of the model scenario constitute the phase of
eruptive development of outbreak in fig. 3. Equilibrium
with large numbers may seem stable for a long time.
However, in the new model scenario, any equilibrium will
disappear due to the functional =.

In the model scenario within (5) we obtained an out-
break of insects is a rare single event. We have obtained a
computational structure, which is correctly called a dy-
namic system with a redetermined evolution operator.

Lo ol
-
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d
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Figure 3 — Modeling the passage of phases of a single outbreak of insect pest population
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6 RESULTS

The main result lies in our method of constructing of
hybrid models for threshold phenomenon in biosystems.
We abandoned the method of a single parametric function
for iterations. For dynamics of the model with repeated
activity of the pest, we observe a sensitive dependence on
the initial conditions. It is characteristic of all chaotic
modes and expressed here in the spontaneous overcoming
of threshold for outbreak. Similarly, as in our model, psyl-
lid species show peak of activity. These are harmful small
insects of Psyllidae family with three stages of develop-
ment (an incomplete cycle of transformations) in the
eucalyptus forests of Australia [15]. Abundance of psyl-
lids pests is controlled by parasitic wasps, which them-
selves are an object of attack for other parasites. The
model uses only the necessary types of bifurcations to
complete this outbreak process.

Thus, insect outbreaks remain unpredictable for fun-
damental mathematical reasons due to changing regimes
of chaos and stability. The sensitivity of dynamics to ini-
tial conditions is important for first stage of the process.

7 DISCUSSION
The obtained variant of dynamics of insects is not the
only possible scenario for completion of an extreme popu-
lation process. A repeated outbreak for a pest is a real
ecological option. This scenario can also be modeled us-
ing our method. Now replace variable w(t) in the equa-

tion of stage number II: Make the pest outbreak frequent
and irregular. Modification will quickly return to the
model the presence of a stationary state with a high num-
ber. So we will describe an early repeated outbreak of a
pest after transient chaotic oscillations of unpredictable
duration. The outbreak in such insects will end itself as a
short burst in a month. Forest management and regulation
cannot help in this pest control scenario.

The scenario of a collapse according to our model is a
natural development of the situation under expert control.
The degradation process consists of two or three phases.
The number of phases before collapse depends on the
average fecundity of the species. Fertility is a more im-
portant factor than the length of the life cycle in the on-
togeny of a given biological species. Stock collapse is
developing rapidly, collapse cannot be stopped. However,
we have shown two phenomena that we hear as signs and
harbingers of a future collapse. Fishing moratoriums for
one season should be introduced at the first clear signs of
stock reduction. Regulation using a constant quota does
not help with prevent of rick of collapse, a variable quota
likewise does not guarantee optimal control. Only a limit
on fuel for vessels ships can protect against the rapid
overfishing of biological resources. The sturgeon fish of
the Caspian Sea can no longer be saved, but the Atlantic
cod will restore its abundance near the Canadian cost. We
have analyzed and compared various data on collapse
situations of bioresources such as anchovy, stellate stur-
geon, cod, crab and halibut in the Pacific Ocean [16], and
we were able to find common dynamic characteristics of

© Perevaryukha A. Yu., 2021
DOI 10.15588/1607-3274-2021-1-8

84

such events. The population always falls into an unstable
regime of fluctuations in abundance after large catches.
Forecasts from experts in this case, for reasons not yet
clear, are always given very favorable for fishing.

CONCLUSIONS

We have shown on the current environmental prob-
lems that hybrid structures are difficult to use, but flexible
and variable computational modeling tools. With a help of
point introduction of trigger functionals, we obtained a
circumscribing for occurrence of various ecological proc-
esses with abrupt and threshold changes. The method can
be applied to analysis of transient phenomena and ex-
treme states. The analysis of such different situations as
rapid collapse of commercial stocks of large and even
some small fish, an outbreak of insect pests, intermittent
growth rates in ontogenesis will be relevant. Using predi-
cates, we will be able to embed the logic of expert deci-
sions into the hybrid model. The method has many direc-
tions for its application. For example, it is interesting to
replace the well-known Bertalanffy equation with a hy-
brid structure, but this will be discussed in the next article.
The stochastic component remains an important factor in
modeling at the minimum population size [16].

The scientific novelty of obtained results is that the
method of trigger functional can act purposefully, causing
only the necessary changes in the phase portrait and bi-
furcation of attractors. Using the predominant method, we
can change the boundaries of the regions of attachment of
attractors. The new hybrid automata with transitions and
initialization functions are able to realize more clearly and
justified than in the works [17-19]. The approach will
allow interaction of several hybrid automata for simula-
tion anabolism and catabolism of different organisms.

The practical significance of obtained results is that
we have reached a computational description of the stages
of such a complex process as the collapse of bio-resources
using the example of anchovy fish in Peru. We compared
this collapse with the previously studied problem of the
rapid extinction of sturgeon fishes in the Caspian Sea.

Prospects for further research are to study the proc-
ess of extreme pulsating outbreak of leaf-worm butterfly
of a dangerous pest in the forests of Canada.
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YIK 517.9, 519.6, 004.94
VHIBEPCAJIbHUI METOJ OBUHCJIIOBAJIBHOIO MOJIEJTIOBAHHSA ITIOPOT'OBUX E®EKTIB B
HECTAIIOHAPHUX EKOJIOTTYHUX ITPOIECCAX
ITepeBaproxa A. FO. — kanja. TexH. HayK, CTapIIii HayKoBHi criBpoOiTHUK jaboparopii Ilpuknannoi indopmaruku, CaHKT-
[etepOyp3pkuii iHCTUTYT iHGOpMaTHKu Ta apToMaTu3auii PAH, Cankr-IlerepOypr, Pocis.

AHOTAIIA

AxTyanbHicTh. B cydacHnx ymoBax BinOyBaroTecs pi3ki 3MiHH B ekocucTeMax. CTpiMKO 3MIHIOETBCS BUJOBUH CKiIajx GioIeHo-
3iB. J[uHamika momyJsiLii HabyBae eKCTpeMalIbHHUN XapakTep MPU PO3BUTKY CTPIMKHX iHBa3ii. 11 MaTeMaTHYHOTO ONKCY MacIuTa-
OHuX TpaHcdopmaliii ToTpiOHI HOBI MeTo MojenoBanHs. CKiIaqHi NOMyJISIiHHI PEXKUMHU 3MiH MaIOTh PsiJi 0COOIMBOCTEH MOpOro-
BOT0O pO3BUTKY. Hamu po3BHBa€eThCsl METOIMKA TiOpUAHMX 00UUCIICHD ISl ONUCY HEiHIHHMX e(eKTiB B €KOJiHAMIKI.

Meta po6oTu. My cTaBUMO 3aBJaHHS 0OUHCIIIOBAILHOIO MOJICIIIOBAHHS NPAKTHYHO BAXKIMBHUX CLICHAPIiB — TPy CUTYaLiH, AKi
BITHOCSTBHCS O €KCTPEMAJBHOI Ta MEPEXiHOI0 JMHAMIILI €KOCHCTEeM, SIK CHajlaxiB MpH MOYaTKy HebesneuHux iHBasiid. Po3BuBaemMo
crnoci0, skuii Oyne Ha OCHOBI MOJENI BIDKMBAHHS IOKOJIHB NMPOBOJHWTH OIUC PANTOBHX IEPEXOMIB 0 CTPIMKOI, ane 0OMEKEHOIO
Crajaxy 4YMCENbHOCTI. AHAJIOTIYHO, METOJ MOXKHA 3aCTOCOBYBAaTH [0 aHali3y CHTyallil Kojamcy OiopecypciB — MBHAKOI i
HeCIHOoAIBaHoI Jerpaalii 3anacis puo, 10 He 3MiHIOEThCS BITHOBICHHSIM BCyIIeped ITPOTHO3aM 1 po3paxyHKaMu (axiBIIiB.

Metoa. Cutyauii pi3Kux, aje HeTPUBAIKMX 3MIHH B MOMYJILIHHUX Ipoliecax HEMOXIIMBO PO3paxyBaTH TPaIHULIHHIMHU MaTeMa-
TUYHUMH MOJIEJISIMU 1 BUCJIOBHTH TEPMiHAMH aCUMIITOTHYECKOI AMHAMIKH — 3aMKHYTHMH I'PDaHHYHUMH MHOKHHAaMH TpaekTopii. B
OCHOBI i11e1 IPONOHOBAHOT0 HAMU METOIy (opMaJti3ailisi HelliHiHHOT e(eKTUBHOCTI BIATBOPEHHSI, SIKA 3MiHIOETHCSI IIOPOTOBUM YHHOM
TUIBKH B CyBOPO BU3HAUEHHX YMOBAX CEPEIOBHILA, I YOrO BUKOPUCTAHO Oe3lepepBHO-IUCKPETHHUI Yac.

PesyabTaTu. Y riOpuaHiii cucteMi piBHSIHD peai3oBaHH METOJ TPUTepHUX (DYHKLIOHANIB, IO JIFOTh B BUIUICHHX OCOOIHMBUX
cranax Oiocucrem. [IpoBoaMTECS aHaIi3 HOBUX MOJEIBHHX CLEHAPiiB 3 Moan(ikaisiMu (HyHKIIOHANIB B 0a30Biii TIOpUIHIN cucTeMi
JUTSL eKCTPEMATIBHUX CHUTYyamill y pud i KoMax-IIKiTHUKIB.

BucnoBkn. Meton MU BBa)KaeMO YHiBEepCalIbHUM, Tak Mig0ip ¢yHKIioHama Moxe OyTH afanTOBAaHMI IO IIMPOKOTO KJIacy Moje-
JIeH, 1110 BUKOPUCTOBYIOTh AU(epeHIianbHi piBHSIHHS Ha (DiKCOBAHOMY iHTEpBAIi.

KJIFOYOBI CJIOBA: matemariyHa 6i0J10Tis, MOJEIIOBAHHS IIOPOrOBHX €(eKTiB, riOpuaHI MOJesi, MeTo | TPUrepHHUX (yHKI-
OHaJIB, ClAJIaX¥ YUCEIbHOCTI MOMYJISILii, KONaIc MepyaHChbKOro aHuoyca.

YK 517.9, 519.6, 004.94

YHUBEPCAJBHBIA METO/1 BBIYMCJIATEJILHOI'O MOJEJIAPOBAHUS IIOPOTOBBIX Y3®PEKTOB B
HECTAIMOHAPHBIX 9KOJIOT'HYECKHX MPOLECCAX
IlepeBapioxa A. FO. — kaHxa. TexH. HayK, CTapIINi Hay4yHBIH coTpynHHK sadoparopuu [Ipuxiamxoit madpopmatrku, CaHKT-
[erepOyprekuii MHCTUTYT HHGOpMaTHKK 1 aBToMatu3auuu PAH, Caunkr-IlerepOypr, Poccus.
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AHHOTAIUSA

AKTyaJIbHOCTh. B COBpPEMEHHBIX YCIOBHSX MPOUCXOASAT PE3KHE N3MEHEHUsI B 3KocucTeMax. CTPEeMUTEIEHO MEHSIETCS BUIOBOM
coctaB OHOIEHO30B. [IMHAMUKA MOIYJIIIUIA IPHOOPETaeT IKCTPEMAIBHBIA XapaKkTep MPH Pa3BUTHH CTPEMHUTEIBbHBIX MHBa3HH. [l
MaTeMaTHYeCKOro ONUCaHUs MaclITaOHBIX TpaHCHOPMaLUK TPeOYIOTCSl HOBbIE METOBI MOJENUpOoBaHUs. ClI0XKHbIE MOMYJIILUOHHbIE
PEXNMBI U3MEHEHHI UMEIOT PsiJi 0COOCHHOCTEH OPOr0BOr0 Pa3BUTHSI.

Ieas paorbl. MBI CTaBUM 3a/1a4y BBIYHCIUTEIBHOTO MOACTMPOBAHHUS NPAKTUYECKH BaXKHBIX CLICHAPHEB — IPYIIIIBI CUTYALHH,
KOTOpBIE OTHOCATCS K 9KCTPEMalIbHOM 1 NEePEeX0THON MHAMHUKE YKOCHCTEM, KaK BCIIBIIICK ITPU Hayajle ONMAaCHBIX MHBa3uii. Pa3BuBa-
€M CIoco0, KOTOpPEIH Oy/leT Ha OCHOBE MOJIENH BBKHBAEMOCTH MOKOJIEHHH IPOBOJMTH OIMCAHNE BHE3AMHBIX MEPEX0JI0B K CTPEeMU-
TENILHOW, HO OTPAaHNYCHHOHN BCHBIIIKY YHCICHHOCTH. AHAJIOTHYHO, METO IPUMEHHM K aHaJHM3y CUTYyaIlHi KoJanca GnopecypcoB —
OBICTPON M HEOXKMIAHHOH Jlerpajaliiy 3aracoB PhIO, KOTOpas HE CMEHSETCS BOCCTAHOBJICHHEM BOIPEKH IIPOTHO3aM U pacueTam
crnenuanuctoB. Hamu pa3BruBaercst MeToanka rHOPHIHBIX BEIYUCICHUH JUTS ONMCAHUS HEJIMHEWHBIX () (EKTOB B IKOANHAMHUKE.

Mertoa. Cutyanuy pe3kux, HO HeNPOJOJDKUTEIBHBIX M3MEHEHHAX B HOILYJISIIMOHHBIX ITPOLECCaX HEBOSMOXKHO PAcCUMTATh Tpa-
JUIMOHHBIMH MaTEMAaTH4YECKUMH MOJENSAMU M BBIPA3UTh TEPMHHAMH aCHMIITOTHYECKOH IMHAMUKHM — 3aMKHYTBIMH IpeJeIbHBIMU
MHOXKECTBAMH TPAaeKTOPHH. B OCHOBE mjeu mpejiaraeMoro HaMH MeToAa GopManu3anus HETMHEHHONW 3G GEKTUBHOCTH BOCIIPOU3-
BOJICTBa, KOTOpas MEHACTCSI HOPOTOBBIM 00Pa30M TOJIBKO B CTPOTO ONPEJIETICHHBIX YCIOBUIX CPE/Ibl, IS YETO UCIIOJIB30BAHO HElpe-
PBIBHO-ZIUCKPETHOE BPEMSI.

Pe3yabTatsl. B rubpuaHoii cucremMe ypaBHEHHH peaan30BaH METOJ TPHITEPHEIX (DYHKIIHOHAIIOB, IEUCTBYIONINX B BBIICJICHHBIX
0co0BIX cocTossHUAX OuocucteM. [IpoBOIUTCS aHAN3 HOBBIX MOAENBHBIX CIIEHApHEeB ¢ MOIupuKanusIMu GyHKIMOHAJIOB B 0a30BOi
THOPHIHON CHCTEME JUIs SKCTPEMAIIBHBIX CUTYalnil y PbI0 U HACEKOMBIX-BPEIUTEIICH.

BbiBoabI. MeTO MBI CUMTaEM YHHBEPCAIBHBIM, TaK OA00pP (YHKIMOHATIA MOKET OBITH aJallTUPOBAH K LIMPOKOMY KJIAcCy MO-
nieneit, ucronp3youmx auddepeHraibaple ypaBHEHH Ha (GUKCHPOBAHHOM HHTEpBAJIE.

KJIIFOYEBBIE CJIOBA: maremaruueckas OHONOTHS, MOACTHPOBAHUE IMOPOTOBHIX 3((PEKTOB, THOPUAHBIC MOJENU, METOH
TPUITEPHBIX (yHKIIMOHAIOB, BCIIBIILIKH YHCICHHOCTH MOMYJISILUN, KOJIIAIIC IEPYaHCKOro aHyoyca.
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