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Abstract

One of the most fundamental ecological connections that exist in nature is the prey-predator
relationship. The survival of the species and the balance of ecosystems depend on this inter-
action. The prey-predator interaction is crucial to ecology for various reasons, some of which
are described herein. Population Control: predators help in population control by reducing
the number of prey species. Without predators, prey species populations could increase out
of control, resulting in overgrazing, deforestation, and other detrimental effects on the ecosys-
tem. Food Web: a crucial part of the food web is the link between prey and predator. The
absence of a predator can have a cascading effect on the ecosystem as a whole. Co-evolution:
a struggle for survival between prey and predators. To avoid being eaten, prey species develop
defence mechanisms like camouflage, while predators develop tactics to counter these defence
mechanisms. Both species’ evolution is driven by this process, resulting in the emergence of
sophisticated structures and behaviours.

One of nature’s most well-known examples of the predator-prey dynamic is the link between
phytoplankton and zooplankton. Growing phytoplankton populations also enhance zooplank-
ton populations because they give them more food. As a result of zooplankton eating more
phytoplankton, their abundance declines. As zooplankton populations increase, so does their
need for food, which eventually causes a fall in zooplankton populations due to a lack of food.
In turn, this enables phytoplankton to recover and grow once more. Since both groups depend
on one another for existence, this interaction is essential to preserving the equilibrium of aquatic
ecosystems. The marine and freshwater food chains would be significantly impacted if either
population were to go extinct, devastatingly impacting the entire ecosystem.

Many environmental factors can impact the prey-predator relationship in different scenar-
10s. Some of these are; fear induced by the predator in prey, the antipredator behaviour shown
by prey against a predator in response to the induced fear, additional food to predator, the toxic
chemicals released by dense phytoplanktons, carry-over effects of the induced fear, the presence
of seasonality in the physical parameters, different types of time lags. All the above-mentioned
ecological components play a significant role in deciding the dynamics of a prey-predator sys-
tem, particularly in a phytoplankton-zooplankton system. Considering all these assertions, we
have proposed and investigated some prey-predator models as an ordinary differential equation
with or without time delays, incorporating several physical parameters. We have analysed the
dynamics of these models using the stability theories of non-delayed and delayed models, bifur-

cation theory, chaos theory, and theory used to deal with seasonal models. Extensive numerical
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simulations are done to validate theoretical results. We divide this thesis into six chapters,
whose abstracts are given below.

In Chapter 1, we have presented a brief introduction about the problems on which we have
worked. It consists of some biological preliminaries, functional response with its major types,
mathematical definitions and tools which are used frequently throughout this thesis. A quick
overview to the bifurcation theory, delay differential equations, and non-autonomous differen-
tial equations is also included in this chapter.

Recent studies demonstrate that the density of prey population is not only affected by direct
killing by the predator, but the fear in prey caused by predator also reduces it by cutting down
the reproduction rate of prey community, and prey shows anti-predator behavior in response to
this fear. Taking these facts in account, in Chapter 2, we propose a prey-predator model with
fear in prey due to predator and anti-predator behavior by prey against the predator with fear
response delay and gestation delay. It is assumed that the predator consumes prey via simplified
Holling type IV functional response. We evaluate the equilibrium points and study the local and
global stability behavior of the system around them. It is observed that our system undergoes
Hopf-bifurcation with respect to the fear parameter. Moreover, the system shows the attribute
of bi-stability involving two stable equilibriums. Further, we study the dynamics of the delayed
system by incorporating fear response delay and gestation delay. We observe that the delayed
system suffers Hopf-bifurcation with respect to both delays. Using the normal form method
and center manifold theory, the direction and stability of Hopf-bifurcation are studied. Chaotic
behavior for delayed system is observed for large values of fear response delay.

Phytoplankton-zooplankton dynamical interactions have significant effects on terrestrial as
well as aquatic animals. Both these planktons collectively form the base for various food chains
operating under the water. Phytoplankton acts as a prime food for zooplankton, where fish and
large marine animals consume both these planktons. Thus, phytoplankton-zooplankton inter-
action is a topic of high interest among the interrelationships related to marine habitats. In
Chapter 3, we attempt to study the dynamics of a three-dimensional system with three types
of plankton; non-toxic phytoplankton, toxic producing phytoplankton, and zooplankton. We
assume that both non-toxic and toxic phytoplankton are consumed by zooplankton via Bed-
dington—-DeAngelis and general Holling type IV responses, respectively. We also incorpo-
rate gestation delay and toxic liberation delay in zooplankton’s interactions with non-toxic and
toxic-phytoplanktons correspondingly. Firstly, we have studied the well-posedness of the sys-
tem. Then we analyze all the possible equilibrium points, their local and global asymptotic
behaviour. Further, we assessed the conditions for the occurrence of Hopf-bifurcation and tran-
scritical bifurcation. Using the normal form method and center manifold theorem, the condi-

tions for stability and direction of Hopf-bifurcation are also studied. Various time-series, phase
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portraits, and bifurcation diagrams are plotted to confirm our theoretical findings. From the nu-
merical simulation, we observe that a limited increase in inhibitory effect of toxic phytoplank-
ton against zooplankton can support zooplankton’s growth, and rising predator’s interference
can also boost zooplankton expansion in contrast to nature of Holling type IV and Bedding-
ton—-DeAngelis responses, respectively. Next, we notice that on variation of toxic liberation
delay, the delayed system switches its stability multiple times, and becomes chaotic. Further,
we draw Poincare section and evaluate maximum Lyapunov exponent in order to verify the
delayed system’s chaotic nature.

In Chapter 2 we studied the prey-predator model with fear in prey due to predator and
anti-predator behavior and in Chapter 3 we studied the dynamics of a three-dimensional sys-
tem with three types of plankton; non-toxic phytoplankton, toxic producing phytoplankton,
and zooplankton. Now, in Chapter 4, we propose to explore the dynamics of a phytoplankton-
zooplankton-fish system, with fear-induced birth rate reduction in the middle predator by the
top predator and an additional food source for the top predator fish. Phytoplankton-zooplankton
and zooplankton-fish interactions are handled using Holling type IV and II responses, respec-
tively. Firstly, we prove the well-posedness of the system, followed by results related to the
existence of possible equilibrium points. Conditions under which a different number of inte-
rior equilibria exist are also derived. We also show this existence numerically by varying the
intrinsic growth rate of phytoplankton species which demonstrates model’s vibrant nature from
mathematical point of view. Further, we did the local and global stability analysis around the
above equilibrium points, the transversality conditions for the occurrence of Hopf bifurcation
and transcritical bifurcation are established. We observe numerically that for low levels of fear,
the system behaves chaotically, and as we increase the fear parameter, the solution approaches
to a stable equilibrium by the route of period halving. The chaotic behavior of the system
at low levels of fear can also be controlled by increasing the quality of additional food. To
corroborate our findings, we constructed several phase portraits, time-series graphs, one and
two-parametric bifurcation diagrams. Computation of largest Lyapunov exponent and sketch
of Poincare map verify the chaotic character of the proposed system. On varying the parametric
values, the system exhibits phenomena like, multistability and the enrichment paradox which
are the basic qualities of non-linear models.

Due to induced fear of predation, there can be a reduced reproduction rate of zooplank-
ton species, and the effect of this non-lethal interconnection can be carried over to subsequent
seasons or generations. In the Chapter 5, we tend to analyse the role of fish-induced fear in
zooplankton with its carry-over effects (COEs) and a corresponding discrete delay (COE de-
lay) in a phytoplankton-zooplankton-fish population model. We use Holling type IV and II

functional responses to model the phytoplankton-zooplankton and zooplankton-fish interplay,



respectively. In the well-posedness of the present biological system, firstly, we evaluate an in-
variant set in which the solutions of the model remain bounded. Then we prove its persistence
under some ecologically well-behaved conditions. Next, we establish the conditions under
which the different feasible equilibrium points exist; the existence of various interior equilibria
is also set up here. To study the system’s dynamical behavior, local and global stability anal-
yses for the equilibria mentioned above are also discussed. Further, the theoretical conditions
for Hopf and transcritical bifurcations in non-delayed and delayed models are determined. Im-
pacts of non-lethal parameters, fear, and its carry-over effects, on the population densities are
studied analytically and supported numerically. For intermediate values of COEs parameter,
we notice that the system behaves chaotically, and decreasing (or increasing) it to low (or high)
values, solution converges to interior equilibrium point through period-halving. Calculation of
the largest Lyapunov exponent and drawing of Poincar’e map validate the chaotic nature of the
system. The chaos for medium values of COEs parameter can also be controlled by decreasing
the fear parameter. Next, we numerically validate the theoretical result for transcritical bifur-
cation. We also note that our system shows the phenomenon of enrichment of paradox, and the
attribute of multistability. In the delayed model, we observe that increasing delay can eliminate
chaotic oscillations through amplitude death phenomenon.

The environmental toxins released by different external sources also affect the phytoplankton-
zooplankton dynamics. In Chapter 6, we proposed a model to explore the kinetics of a nutrient-
phytoplankton-zooplankton-environmental toxins (NPZT) system. The defence mechanism of
phytoplankton against zooplankton is reflected through modified Holling type IV response,
whereas the consumption of nutrients by phytoplankton is outlined by Holling type II response.
The external toxins are assumed to have the capability of reducing the birth rate of phytoplank-
ton species after coming into contact with their cells. To make our model more pragmatic, sea-
sonal variation in the parameters is also taken into account. Firstly, we do the analysis related
to the autonomous model (non-seasonal) like; its boundedness, existence of equilibrium points,
their stability analysis, and occurrence of Hopf-bifurcation. Further, for the non-autonomous
model (seasonal), we analyze the existence of positive periodic solution, its global stability.
Through numerical simulations, we observe that for the non-seasonal model, increasing the
rate of suppressing phytoplankton’s growth by environmental toxin, and rate at which environ-
mental toxin is added to system make it unstable through Hopf-bifurcation. These oscillations
can be removed by raising phytoplankton’s inhibitory effect against zooplankton, and this in-
crement also leads to the extinction of the zooplankton population, making zooplankton free
equilibrium a stable one. Both models, non-seasonal as well as seasonal manifest different types
of multistability, and this is an exciting character associated with non-linear models. We also
note that the inclusion of seasonality in our system promotes the coexistence of all populations.

Further, through numerical simulations, we show that making some of the parameters seasonal
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can cause the emergence of chaos in the system. To verify chaos, we sketch the Poincaré map
and evaluate the maximum Lyapunov exponent. The seasonal model also shows the switching
of stability through different periodic and chaotic windows on varying the maximum intrinsic
growth rate for phytoplankton, and contact rate between environmental toxin and phytoplank-
ton. To substantiate our results, we picture several time-series graphs, basins of attraction,
one and two-parametric bifurcation diagrams. Thus we expect that the present work can assist
biologists and mathematicians in studying nutrient-plankton systems in a more detailed and
realistic manner. This study can also help researchers in the estimation of non-seasonal as well

as seasonal parameters while studying these types of complex non-linear models.
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Chapter 1

Introduction

1.1 General introduction and literature review

The dynamics of an ecosystem, which provides information about the population increase
within that specific ecological community, is a crucial component of an ecosystem. The basis
for ecological research is the investigation of prey-predator interactions. Because they offer a
framework for comprehending how populations of predators and prey interact with one another
and their environment, these models are crucial to ecology. A system of ordinary differen-
tial equations or delay differential equations, which are often nonlinear and can exhibit a wide
range of behaviours, such as oscillations, bifurcations, and chaos, can be used to model the dy-
namics of the populations. Strategies for managing pest populations are also developed using
prey-predator models. Prey-predator models can assist in the understanding of the effects of
pesticide use on both predator and prey populations, as well as the development of more envi-
ronmentally sustainable pest management methods. Investigating this connection enables us to
reveal numerous ecological phenomena. The rate of progress for these individuals depends on
a number of factors, including age, weather conditions, the carrying capacity of the infrastruc-
ture, and how each specie interacts with the others. This motivates us to research the variables
that influence system complexity. First of all, Malthus [1] is credited with having done it. His
theory was largely built around the idea that population growth is exponential since it is propor-
tional to the current population. Due to the fact that each habitat has a finite capacity to support
its inhabitants, this assumption became the main point of criticism for his hypothesis. After
that, Verhulst [2] proposed the logistic growth model in which he incorporated the intraspecific
interactions between the members of the population. Population dynamics made significant
progress in Lotka’s later publication, Elements of Physical Biology [3]. He presented the prey-
predator model as a set of two non-linear differential equations that describe the interaction of
two species. The work of Lotka was then expanded upon by Volterra in his book [4]. The prey-

predator model’s beginnings and early studies are briefly discussed in [5]. Every element of
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living things exhibits prey-predator interactions, which motivates us to investigate their many
subsets. This system became a focal point of ecological research as a result of the inspiration.
Several academicians have conducted extensive research in this area, which include [6, 7, 8, 9,
10].

How the predator consumes the prey is a crucial issue in a prey-predator system. Since
a change in how they interact might alter the system’s dynamics as a whole. We can study
the dynamics of the model more realistically by using the term "Functional response,”" which
provides the predator’s per capita eating rate on prey. There are many different kinds of func-
tional responses and a significant amount of study has been done employing them, Holling type
IT in [11], Holling type III in [12], Holling type IV in [13], Beddington-DeAngelis in [14],
Crowley-Martin in [15, 16], Hassell-Varley in [17], Leslie—Gower in [18].

Every biological phenomenon includes a time delay. Ecology, population biology, and
epidemiology are just a few of the many disciplines in that delay differential equations (DDEs)
have applications. DDEs can be used to demonstrate the impact of delay in an ecological model.
The nature of delayed models is significantly more realistic. Comparatively speaking, a delay
differential equation exhibits substantially more complicated behaviour. By including temporal
delays into ecological models using delay differential equations, it is possible to portray biolog-
ical events more accurately and realistically. These models can aid in our comprehension of the
dynamics of ecological systems and help us anticipate how they will respond to environmental
change. One of the key properties of DDEs is their propensity to exhibit complicated dynamics,
such as oscillations, chaos, and bifurcations. These dynamics might be the result of the inter-
play between the time delay and the other model parameters. There are different kinds of delay
that can be used in a prey-predator model to make it more sound, like; gestation delay[15],
negative-feedback delay [19], maturation delay [20, 21]. A comprehensive detail about delay
differential equations is present in the literature [22]. Gakkhar and Singh [23] investigated the
complex kinetics of a prey-predator system with Holling type II response with the inclusion
of multiple delays. They explored the existence of periodic solution through Hopf bifurcation
and the chaotic dynamics of the delayed system. Banerjee and Takeuchi [21] studied a stage
structured prey-predator model with maturation delay. They argued that although the inclusion
of delay in most of the prey-predator models make them unstable, but they showed how the in-
troduction of a delay in their model made it stable. They evaluated the conditions for oscillatory
and stable coexistence of prey and predator in presence of weak as well strong Allee effect.

The steady states of dynamical systems undergo both qualitative and quantitative changes,
which are explained by the bifurcation theory. The primary types of local bifurcations are Hopf,
transcritical, saddle-node, Bogdanov-Takens, Bautin bifurcation whereas homoclinic, and hete-
roclinic are global bifurcations [24]. The solutions of chaotic systems are particularly sensitive

to the initial population densities, for instance, and the chaos theory reveals many new elements
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of a chaotic system and explains its different unusual behaviours. The fundamental difficulties
in managing a chaotic system are the rapid changes in population densities of participating
species that might occur as a result of chaos in a dynamical model. This makes it exceedingly
difficult to predict how the chaotic model will behave. Hastings et al. [25] provided fine detail
regarding chaos theory and its elements, such as a weird attractor, Poincar’e map, Lyapunov
exponents, etc. Many methods [26] , including the determination of the Lyapunov exponent,
the power spectral density, the fractal dimension of the map, and the recurrence plot, are used
to demonstrate the presence of chaos in a system.

Since it is essential for both the predator and the prey to survive, induced fear is a critical
part of the predator-prey relationship. Prey animals frequently experience fear-induced reac-
tions, which aid them in spotting and avoiding predators while aiding predators in effectively
pursuing and catching their prey. The role of induced fear in the predator-prey relationship has
been the subject of various research. Lima and Dill [27] investigated the effect of predator-
induced fear on the foraging behavior of prey. Their study discovered that when prey animals
perceive the presence of a predator or the threat of an approaching attack, they alter their for-
aging behaviour. Caro [28] examined the role of coloration in predator-prey relationships. Ac-
cording to this study, many prey species have evolved colours that resemble their surroundings,
making them less detectable to predators. The bright and noticeable coloration of some prey
species, on the other hand, has developed to serve as a warning to predators of their unappealing
or poisonous nature. Furthermore, a study by Kats and Dill [29] shows that chemical signals
play an important role in predator-prey interactions. According to their work, prey species
can recognize chemical signals given off by predators and modify their behaviour accordingly.
For instance, a predator’s scent may compel prey to cease foraging, seek cover, or freeze, de-
creasing their visibility to the predator. Wang et al. [30] worked on a prey-predator model in
which they modelled the induced fear in the form of a mathematical function, having certain
properties. Their mathematical studies demonstrate that strong anti-predator responses or high
levels of fear can stabilise the predator-prey system by eliminating the possibility of periodic
solutions. An analysis of a plankton-fish system with fish-induced fear and zooplankton refuge
was conducted by Kaur ef al. [31]. They demonstrated that raising fear can inhibit periodic os-
cillations, which stops planktonic blooms. An interested reader can find numerous publications
[32, 33, 34, 35] to examine the prey-predator system involving the predator-induced fear effect.

A significant element that might affect the dynamics of prey-predator systems is the acces-
sibility of additional food sources. Predators in many habitats can eat a variety of food sources
in addition to their primary prey. The population dynamics of predator and prey can be affected
by this additional food, which can also change the intensity of interactions between them. The

impact of predation on the main prey can be reduced in prey-predator systems as a result of
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additional food. Predators may consume less of the primary prey when they have access to ad-
ditional food sources, which can result in increased prey population densities. Gosh et al. [36]
studied additional food’s impact for predator on the prey-predator dynamics with prey refuge.
They show that high quantity and high quality of additional food help to sustain oscillatory co-
existence of species. They noted that predator extinction in ecological systems with high prey
refuge can be avoided by the supply of additional food to them. Srinivasu et al. [37] investi-
gated the effects of providing additional food on the system’s dynamics in terms of biological
pest management. They discovered that by varying the quantity and quality of this food, they
could control the prey population and eradicate it. They observed that providing additional food
could alleviate oscillations in the system or create them if they are absent. Nazmul et al. [38]
analyzed the combined effects of fear, additional food, and refuge in a prey—predator system
with Crowly—Martin type functional response. They found that the existence of prey refuges
and increased food for predators are known to have possible effects on maintaining prey and
predator in their respective habitats. However, the fear of predators significantly impacts the
densities of prey and predator populations. When increasing either the prey’s growth rate or
the predator’s growth rate due to other food, the system first experiences a supercritical Hopf-
bifurcation and, subsequently, a subcritical Hopf-bifurcation. After a certain point, increasing
the quality or amount of additional food leads to the extinction of prey species and a sharp
increase in predators.

The phrase "carry-over effect” was introduced due to repeated clinical studies; carry-over
effects result from an individual’s background and prior experiences and might affect their cur-
rent performance [39]. When the previous habitat lost due to a lethal or non-lethal factor was of
low quality, the carry-over effect has a positive influence on the population, but it might have the
opposite effect when the lost habitat was of high quality. As a result, the change in population
will rely on (i), which demographic factors generate strong carry-over effects throughout this
period, and (i) not just the quantity but also the quality of lost habitat. There is experimental
proof that the carry-over effects can manifest in a single season in amphibians, insects, marine
invertebrates, and other organisms [40, 41, 42]. Consequently, there is a growing trend to in-
clude carry-over effects in mathematical modeling and empirical research, as evidenced by the
publications [43, 44, 45]. Hence, incorporating carry-over effects into a population model can
aid in understanding the potential connection between the cost of reproduction and trade-offs
in life histories.

Non-autonomous prey-predator models are mathematical models that describe the dynam-
ics of a prey-predator system where the physical parameters involved in this model depend
on time-varying factors such as seasonal changes, weather conditions, or human interventions.
Non-autonomous prey-predator models are useful in understanding the complex interactions

between predator and prey populations in real-world ecosystems, and in predicting the effects
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of environmental changes or human interventions on these populations. A model becomes diffi-
cult when seasonality is incorporated, so we recommend reading some of the papers [46, 47] to
discover the methods for investigating the permanence, presence of periodic solutions, and their
global attractivity. Mandal et al. [48], using the methods described in [46, 47, 35], investigated
how phytoplankton and zooplankton interacted with the presence of environmental contami-
nants and seasonality. They investigated both seasonal and non-seasonal models. With relation
to various parameters, they conducted sensitivity and bifurcation analyses. Also, they looked
at the related slow-fast model, which revealed the existence of bursting oscillations. Saswati et
al. [49] worked on a eco-epidemiological model with virally infected toxic phytoplankton and
zooplankton with the inclusion of a time lag for viral replication. They considered replication
of free viruses as seasonally forced and observed the chaotic behavoiur of this seasonal system
which reflects the arise of harmful blooms. Mondal ez al. [50] explored the roles of refuge, fear,
and hunting cooperation on a prey-predator system’s dynamics, while harvesting the predator
population at non-linear rate. They analyzed the non-seasonal and seasonal model analytically
as well as numerically. They observed that if the non-seasonal system is unstable, then the
seasonal variation of the growth rate of prey can induces higher periodic oscillations whereas

when it is stable then one and two periodic solutions are induced.

1.2 Objectives of the thesis

The goal of this thesis is to address several issues involving biological populations subject to
ecological stability and to investigate numerous traits that substantially impact the ecosystem’s
stability. With the above literature review, we identified some gaps which we state as objectives
of this thesis.

(i) To study the stability switching and chaos in a multiple delayed prey-predator model with

fear effect and anti-predator behavior.

(i1) To study the chaos control in a multiple delayed phytoplankton-zooplankton model with

group defence and predator’s interference.

(ii1) To study a phytoplankton-zooplankton-fish model with chaos control: In the presence of

fear effect and an additional food.

(iv) To study the chaotic dynamics of a plankton-fish system with fear and its carry over

effects in the presence of a discrete delay.

(v) To study the seasonal effects of environmental toxin on nutrient-plankton system.
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1.3 Biological preliminaries

1.3.1 Phytoplankton

The foundation of the marine food chain is made up of microscopic, free-floating aquatic plants
called phytoplankton. Almost all bodies of water, including rivers, ponds, lakes, and oceans,
contain these species. Around half of the world’s oxygen is produced by phytoplankton, which
also significantly affects climate change on earth [51]. Being photosynthetic organisms, phyto-
plankton uses light and nutrients to produce energy and expand. Although certain species can
form colonies, they are mainly single-celled. From small coccolithophores to bigger diatoms
and dinoflagellates, phytoplankton comes in a variety of sizes and shapes. Because they serve
as the main food supply for zooplankton, which in turn feeds larger species like fish, whales,
and seabirds, phytoplankton are essential to the marine food web. Marine ecosystems can be
significantly impacted by the quantity and health of phytoplankton communities, and shifts
in these populations can point to broader environmental changes. Despite being tiny, phyto-
plankton play a crucial role in maintaining the health of the earth. They assist in preserving
atmospheric oxygen levels and controlling the climate on a global scale. Therefore, it is cru-
cial for our comprehension of the earth’s ecosystems and the effects of climate change that we

comprehend and monitor these organisms.

1.3.2 Zooplankton

An assortment of tiny creatures known as zooplankton can be found in lakes, rivers, and oceans.
These are small organisms that drift with the currents of the ocean. Since they serve as predator
for phytoplnakton so they are crucial components of aquatic food webs. Zooplankton includes
a wide range of organisms, from little ones like protozoa and rotifers to bigger ones like crabs
and jellyfish. They are important to aquatic environments despite their modest size because
they serve as the main food supply for many fish and other aquatic species. Holoplankton
and meroplankton are the two primary categories of zooplankton. Meroplankton only spend a
portion of their life cycle in the water column, whereas holoplankton spend their full life cycle
there. An essential part of the global carbon cycle is played by zooplankton. They eat a lot
of organic material and aid in moving nutrients from the surface to deeper waters, where other
creatures can use them. Zooplankton, despite their diminutive size, are essential to aquatic
ecosystems. They play a crucial role in preserving the health of our oceans, lakes, and rivers

by sustaining the base of the food chain and assisting in the transportation of nutrients.
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1.3.3 Species

A group of organisms that have similar traits and may breed with one another to create fertile
offspring is referred to as a species in biology. The study of biology, ecology, and evolution all
revolve around the concept of species, which is essential to understanding the variety of life on
Earth. Several criteria, including as morphology, genetics, behaviour, and ecological habitat,
have been employed to describe species as they have developed over time. The biological
species concept, which defines a species as a collection of organisms that can interbreed and
produce healthy offspring under natural conditions but are reproductively isolated from other

groups, is currently the most frequently recognised definition of a species.

1.3.4 Food chain

A food chain is a sequence of living creatures that illustrates the flow of nutrients and energy as
one organism consumes another. Plants are at the bottom of a conventional food chain, where
they are devoured by herbivores, which in turn eaten by carnivores. By converting dead plants
and animals into nutrients that can be utilised by other organisms, decomposers like fungus
and bacteria play a significant part in the food chain. The term "trophic level" refers to each
level of the food chain and denotes a distinct phase in the movement of nutrients and energy.
Understanding food chains is crucial for comprehending the links and functions of many species

in an ecosystem.

1.3.5 Ecosystem

A community of living things that interact with one another and their surroundings, such as
plants, animals, and microorganisms, is referred to as an ecosystem. Abiotic and biotic ele-
ments make up an ecosystem’s two main parts. The non-living components of an ecosystem
are known as abiotic variables, and examples include temperature, water, air, soil, and sunlight.
These elements greatly influence how the environment is shaped and which animals may coex-
ist there. The living components of an ecosystem, such as all the plants, animals, and bacteria,
are known as biotic factors. These creatures work together and with the abiotic elements to cre-
ate intricate webs of interconnected communities. An ecosystem’s health and efficiency depend
on both biotic and abiotic components. The ecology as a whole may be significantly impacted

by changes to either component.
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1.4 Functional response

The relationship between a predator’s rate of prey intake and the quantity of prey present in a
certain environment is referred to as a functional response. The sort of functional response ex-
hibited by a predator is influenced by a number of variables, including handling time, encounter
rate, search efficiency, the predator’s feeding habits, prey escape ability, prey habitat’s structure
and the surrounding environment. Predicting the dynamics of prey-predator systems and the
effects of predation on prey populations requires an understanding of functional response.
Holling [52] discussed four types of functional responses, known as Holling type I, 11, 111,
and /V. The Type I functional response presupposes that the intake rate increases linearly with
food density. The linear rise is based on the supposition that the consumer’s processing time for
food items is minimal or that eating does not interfere with the food search. Mathematically,

this response can be written as

Fl(X) = mx,

where, m is the maximum attack rate. This functional response is also known as the law of mass
action. Holling type II (or Michaelis-Menten) response is reflected by an asymptotic curve,
in which the rate of consumption (number of prey per predator) increases and approaches a

maximum value asymptotically. The mathematical form for this response is

. omx
1+ hmx’

F2 (X)

where, m is the maximum attack rate and 4 is handling time taken by predator per prey. In
this response rate of consumption increases rapidly when prey quantity is abundant and finally
attains its maximum saturated value, after which it becomes constant. Holling type /1] response
is sigmoid in which the consumption rate is similar to Holling type /I at high prey density but
is low when the prey population size is small. Its sigmoid nature is due to the generalist nature
of predator who may switch from one food to another when the first one is not abundant. The

type 111 response can be written in the following form

By (x) mx?
X)=—""—.
3 1 + hmx?
Andrew [53] proposed a response of the type
mx

F4(x):x2+ax+ﬁ7
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which is equivalent to Holling type /I response at low prey population concentration and in-
volves an inhibitory effect at high prey population. A situation in a prey-predator interaction
can arise when prey species form a group against the predator species as an act of anti-predator
behaviour. The phytoplankton-zooplankton interaction [54] is a particular example of this in
which highly dense phytoplankton starts releasing the toxic chemicals against zooplankton,
due to which zooplankton avoids the areas of these highly dense phytoplankton, reducing their

consumption. Mathematically, this response can be presented as

mx
F5(x) = 77—,
7+X+ﬁ

where, j gives the tolerance or predator’s immunity from, the prey. Here, m is the maximum
attack rate, and B is half saturation constant without inhibitory effect. This response, when
Jj — oo, gets reduced to Holling type /I response [55]. This functional response reflects the
group defence mechanism of prey against the predator, which results in a reduction in predation
when prey populations are high.

All above mentioned responses are only prey dependent but Arditi and Ginzburg [56] argues
that the consumption rate may decrease as the predator population rises. They proposed the
ratio dependent function which depends upon both the densities of prey as well of predator,
and be represented in the from of f (f) Beddington [57] gave functional response (known as

Beddington-DeAnelis response) of the form

mx

Foly) = — "™
6(*) 1 +mhx+by’

where m is the maximum attack rate, / is handling time, and b can be interpreted as magnitude

of interference among predators.

1.5 Definitions and mathematical preliminaries

In most of cases, the physical or ecological phenomena can be described by the ordinary dif-

ferential equations of the form

d
- =10), ¥(t0) =0, (L.1)

where y = (y1,y2,---Yn), f = (f1,/2,..-fn), the enough smoothness of f ensures the existence
and uniqueness of solution of (1.1) whereas ¢ belongs to an interval containing fy such that

y(t0) = yo and 2 — £(y(1)).

Definition 1.5.1. The solution y(t,ty,yo) of (1.1) is called a stable solution if for every € >0 3 a
0 > 0 and t| such that for each solution y(t) = y(t,t,yo) of (1.1), the inequality ||yo — yo|| < O
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implies ||[y(t) —y(t)|| < € Vt > 1. In a simple manner, we can say that a solution y(t,to,yo) is
said to be locally stable if any other solution started in some 86— nbh. of yy continue to stay in

€— nbh. of y(t) after a certain amount of time.

Definition 1.5.2. The solution y(t,ty,yo) of (1.1) is called a asymptotic stable solution if 3 a
0 > 0 such that for each solution y(t) = y(t,t9,5o) of (1.1), the inequality ||5o — yo|| < 6 implies
[|19(2) —y(¢)|| = 0 as t — oo. In a simple manner, we can say that a solution y(t,ty,yo) is said
to be a locally asymptotic stable solution if any other solution started in some 8— nbh. of yg

converges to y(t) as time approaches to infinity.
Definition 1.5.3. The solution of (1.1) is called unstable if it not stable.

Definition 1.5.4. A point § € R" is called an equilibrium point or stationary point or steady
state of (1.1) if f(§) = 0. This equilibrium is known as hyperbolic equilibrium point if none of
the eigenvalue of Df(¥) (Jacobian of f evaluated at §) have zero real part.

Definition 1.5.5. A steady state ¥ of (1.1) is known as source (unstable) or sink (stable) if all
the corresponding eigenvalues of D f($) have positive or negative real parts, respectively. It is
called a saddle point if it is hyperbolic and Df () has at least one eigenvalue with negative and

one with positive real part.

Definition 1.5.6. A steady state y of (1.1) is said to be globally asymptotically stable if any

solution started from a bounded domain converges to y.

Definition 1.5.7. A closed solution curve of (1.1) is called as a periodic orbit or cycle if it is
not a steady state. The stability or asymptotic stability or instability of this periodic orbit can
be employed from Definition 1.5.2.

Definition 1.5.8. The trajectory or orbit ¢(to) of (1.1) is defined as

¢(t0> = {y ER" :y:y(t7t05y0>7t GR}

where y(t,yo) is any solution of (1.1) defined Wt € R such that y(to) = yo.

Definition 1.5.9. [24] A point q € E (subset of R" such that f € C'(E)) is called a w— limit
point of ¢ if 3 a sequence {t,}, t, — oo as n — oo such that

Tim 9/, 0) = 4.

In a similar manner, a point p € E is called an o.-limit point of ¢ if 3 a sequence {t,}, t, — —oo

as n — oo such that

’}glgﬁ(tn,yo) =p.
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The collection of all w-limit points of a orbit I is known as ®-limit set of orbit I" , and the

collection of all o-limit points of a orbit I is known as o-limit set of orbit I

Definition 1.5.10. [24] A periodic solution I of (1.1) is known as limit cycle if it is either ® or
a-limit set of some another orbit. If a periodic orbit I is ®-limit set of every orbit in some nbh.
of T then it known as a stable limit cycle whereas if it a-limit set of every orbit in some nbh.
of I then it is known as an unstable limit cycle. If T is a-limit set of one orbit other than itself

and ®-limit set of another orbit other than itself then is known as a semi-stable limit cycle

Definition 1.5.11. The collection of all points yy € R" is known as basin (or region) of attraction

for an attractor A (it can be a steady state or periodic solution) of (1.1) if

A

lim y(t,y0) = A.

For studying the non-autonomous model (Chapter 6) , we need some more definitions and

results which are given below.

Definition 1.5.12. A non-negative bounded solution y(t) of a non-autonomous model is said to

be globally attractive (or globally asymptotically stable) if any another solution y(t) satisfy

lim [y(r) — 5(1)] = 0.

t—ro0

Definition 1.5.13. [58] Let D C RY be a bounded open subset and H : D — RN be a C'(D)
map, furthermore H'(x) be its Jacobian, and detH'(x) be the the determinant of this Jacobian.
If z ¢ H(dD), then the Brouwer degree is defined by

deg(H,D,z7) := Z sign detH’ (x).
x€H1(2)

Definition 1.5.14. [59] Let X,Y are two Banach spaces and an operator H : X — 'Y is said to
be a Fredholm operator if dimension of its kernal and codimension of its image are finite. The

index of this Fredholm operator is given by
indexH = dim KerH — codim ImH.

Lemma 1.5.1. [60] If function h is a non-negative, uniform continuous and integrable on [0, ),
then lim; ;o h(t) = 0.

For the existence of periodic solutions of a non-autonomous model, we use continuation theo-

rem from coincidence degree theory by Gains and Mawhin [61]. Let U and V are two normed
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vector spaces, F : DomU C U — V is a linear map, and W : U — V is a continuous map. If
F 1is a Fredholm operator of index zero i.e., dim KerF" = codim ImF < oo and there exist con-
tinuous projection S: U — U and R : V — V such that ImS = KerF, ImF = KerR = Im(/ — R)
then F|DomF NKerS : (I — P)X — ImF is invertible. Let Fg ' be the inverse of of F. Let Q
is an open bounded subset of U such that RW (Q) is bounded and Fg '(I—R)W : Q — U is
compact then W is said to be F-compact on Q. Let ImR is isomorphic to KerF, so there exists

an isomorphism K : ImR — KerF.

Lemma 1.5.2. [6]] Let F be a Fredholm operator with index zero whereas W be a F-compact
on Q. If

1. foreach p € (0,1), each solution y of Fy = pWy is such that y ¢ 0Q,
2. RWy #£0 for every y € dQNKerF,
3. the Brouwer degree deg(KRW,Q NKerF,0) # 0,

then the equation Fy = Wy has at least one solution in DomF N Q.

1.6 The mathematical tools employed in the analysis

1. Linearization of a non-linear system
The local nature of the system (1.1) in the nbh. of a hyperbolic equilibrium J is deter-

mined by the nature of the linear system

dz

A
dt %

where A = Df () (Jacobian of f evaluated at §), and z =y —J.

2. Local stability
The local stability of of a hyperbolic equilibrium y depends upon sign of real parts of the
eigenvalues of Df(¥), and we determine the nature of signs by using Hurwitz’s Theorem

[62], given below.

Theorem 1.6.1. A necessary and sufficient condition for all the solutions of the equation
(1.2)
AT+ B 4 BoA" 2+ B, =0, (1.2)
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with real coefficients, to have negative real parts, is the positivity of all principle diago-

nals of minors of the Hurwitz matrix

Br 1 0 0 O
B; B B 1 0 0 ... O
H,= |Bs By B3 B, B

o
o

p—
()

0O 0 0 0 0 O 0 B,

We can observe that the entries in H, on principal diagonal are the coefficients of (1.2),
and the alternating columns of H,, consist either the coefficients with only even or with
only odd indices. Thus, H, = (A;j), where A;; = By;_x, with missing coefficients being

replaced with zero.

The conditions for negative real parts of the solutions of (1.2) for some values of n =2, 3

and 4 are given below, however the use of this theorem become impractical for large n.

n=2;B; >0, B, >0,
n=3;B; >0, B3 >0, BB, > B3,
n=4;B; >0, B, >0, B3 >0, B4 >0, BiB,B3 > B3+ BiB,.

3. Global stability

In the last segment, we discussed about the local stability of the system around a steady
state of a dynamical system. Now, we will discuss the procedure to investigate the global
stability of this steady state, and establish the sufficient conditions for it by choosing a

suitable Lyapunov’s function which is a positive definite function. We consider a system

dy _

I = f(),y(to) = yo, (1.3)

where f € C'(R") to ensure the existence-uniqueness of solution of (1.3), S, = {y € R":
lIyl| < 1}, and § is the steady state.

To provide the sufficient criteria for global stability, we have some significant results.

Theorem 1.6.2. If there is a positive definite (about §) function V (y) such that ‘fl—‘; <O0on
Sy then y is stable.

Theorem 1.6.3. If there is a positive definite (about ) function V (y) such that ‘2—‘; <0on
Sy then Y is asymptotically stable.
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Theorem 1.6.4. If there is a scalar function V(y) such that V() = 0 and ‘il—‘t/ >0o0nSy
and in every nbh. M of , M C Sy, there is yo with V (yo) > O then y is unstable.

4. Now, we state an important theorem which provides a sufficient condition for the non-

existence of any periodic solution of a planner dynamical system

Theorem 1.6.5. Consider a planner dynamical system

dy, dy>
—F L F 1.4
0 1(V1,52), 7 2(v1,¥2), (1.4)

where F| and F, are continuously differentiable functions on a simple connected domain

9, and B is smooth function on 3. If

OBF OBF,

V.(BF|,BF,) = o oy

have one sign throughout ®, then there is no periodic solution of (1.4) in ©.

5. Numerical simulation
In each chapter of this thesis, numerical simulation experiments are conducted to prove
the theoretical findings in that particular chapter. We have used MALTLAB/ MATHE-
MATICA to perform tedious calculations and to draw different types of time-series graph,

phase-portraits, basins of attraction, and bifurcation diagrams.

1.7 Bifurcation theory

Let us consider a system

dy

— = vV L.5
5 = SOv), (1.5)
then the qualitative behaviour of system (1.5) may change on varying the value of parameter
vV € R around its critical value vy. This qualitative change may accompanied by number of
change of steady states or stability of a steady state corresponding to (1.5) . On basis of this,

there are several kinds of bifurcations given below.

(i) Saddle-node
In this bifurcation, on varying the critical (bifurcation) parameter, two steady states, out
which one is sink and one is saddle, come together to collide and annihilate each other at
V=1Vp.
Let y = yo be the corresponding hyperbolic equilibrium at v = vy with p and g be the
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(i)

(iii)

eigenvectors corresponding to zero eigenvalue of A = Df(yo,vy) and AT. Then the
transversality conditions from Sotomayor’s theorem [24] for saddle-node bifurcation are

q" fv(y0,vo) #0, q" [D*f(v0, Vo)(p, p)] # 0. (1.6)

An example of dynamical system for this bifurcation is

dy 2
Yy y2
di Y

Transcritical bifurcation
In this bifurcation, two steady states interchange their stability as we vary the bifurcation
parameter V. At this critical value, the steady state y = yg becomes hyperbolic, and if the

conditions (1.6) are replaced with

qTfV(y07 VO) 7é 07
q"[Dfy (o0, vo)p) #0, (1.7)
q" [D* f(yo, Vo) (p, p)] # 0,

then system (1.5) suffers transcritical bifurcation at the steady state y = yg at v = vg. An

example for this bifurcation is

Pitchfork bifurcation
In this bifurcation, system (1.5) transits from one stable (or unstable) steady state to three
steady states, out of which two newly arose steady states are stable (or unstable) and the
already existing steady state become unstable (or stable). If conditions (1.6) are replaced
with
q" fv(yo, Vo) #
q" [Dfv (0, vo)p] # (18)
q [sz(yo, vo)(p,p)] #
q" D’ f(y0,v0) (P, p, p)] #
then then system (1.5) suffers picthfork bifurcation at the steady state y = yg at v = vj.
An example for this bifurcation is

dy 3
= —vy—y.
dt y—=y
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(iv) Hopf bifurcation

In last bifurcations, at the critical value v = vy, one eigenvalue of Df(yg, Vo) become
zero but in Hopf bifurcation Df(yg, Vo) has a pair of purely imaginary eigenvalues with
no other eigenvalue have zero real part. As the eigenvalue passes through the imaginary
axis on varying Vv there is occurrence of supercritical or subcritical Hopf bifurcation at
v = Vp. In supercritical case, the steady state which is going under bifurcation, is stable
earlier and on varying v, it becomes unstable at bifurcation point and there is arise of a
stable limit cycle around it. In subcritical case, the steady state is unstable before going
under bifurcation and after it, the steady state become stable and there is arise of unstable
limit cycle around.

A general planner system

le dYZ

E:‘fi(Yl:YZav)? E:fz(YIaYZvv) (19)

which undergoes Hopf bifurcation about the steady state S* = (¥;*,Y,") at v = v can be
written in the form of (1.10) by using the using the transformation y; =Y} =Y, y» =

Y, — Y5 and the Taylor’s series expansion.

dyi ;i
—p = qioyitaoryz+ Y aipyiyi,
t i4j>2
) (1.10)
2 ;o
= = bioyi +boy2+ Y, bijyiyh,
t )
where a;; = 1 21 , bij = L0 :
ij ilj! aYIzylj (5 v=v0) 3] ilj! aylzylj (5% v=vy)
The fisrt Lyapunov coefficient /; [24] for (1.10) is given by
_ R¥ ) )
I = 71 [@10b10( aty +ai1box +apbii | + aroaor | by + axobi1 +ai1boz
200102

+b1o (anian + 2amnbo) — 2a10b1o (b, — aza) — 2aioaot (a3y — baoboo)
— agy (2az0b20 + b11b20) + (ao1b10 —2a3y) (11602 — ariaz) }

— (a10® +ag1b1o) [3 (b1oboz — ap1azo)

+2a10 (a1 +b12) + (broain — 61011921)] }

(vo;v=vp)

(1.11)

with ® = (a1obo1 - aolbIO)‘(yo;v:vo)-

Theorem 1.7.1. If [} # O then system (1.10) suffers Hopf bifurcation at S* for v = vy, if
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[y < 0 then a stable limit cycle arises from S* as vary v and if l| > O then there is arise
of an unstable limit cycle. The case when we have 1y < 0, there is supercritical Hopf

bifurcation and when 11 > 0 then we have subcritical Hopf bifurcation.

1.8 Delay differential equation

A differential equation with delays in the dependent variable is known as a delay differential
equation (DDE). In other words, the dependent variable’s rate of change at any given moment
depends both on its current value and its values in the past. DDEs are employed in a variety of
fields, including physics, ecology, and finance.

The general form of a delay differential equation [63] is given by

Y FY0) (01 0 O0) B 0)), ¥l 3 (0)) (1.12)

where 0 < 7;(t,y(1)) < 1.
There are mainly three types of delays [63] as given below.

(i) Time dependent delay
If the delays can be written in the from ¢ — 7;(¢) with 7;(¢) > 0, then delays are called as
time dependent delay.

(ii) State dependent delay
If the delays can be written in the form ¢ — 7;(x(¢)) with 7;(¢) > 0, then delays are called

as time dependent delay.

(iii)) Generalized delays
The form of the delays represented in (1.12) are called generalized delay

For more details related to examples of above types of delays and numerical solutions of these

one can refer to [63].

1.9 Non-autonomous differential equations

Any differential equation whose coefficients or functions explicitly depend on the indepen-
dent variable is said to be a non-autonomous differential equation. Thus, the solution’s be-
haviour may change over time since the equation is not time-invariant. There are numerous
uses for non-autonomous differential equations in physics, biology, and engineering. For in-

stance, in physics, systems where the coefficients or functions depend on time, such as in the
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case of a forced oscillator, can be modelled using non-autonomous differential equations. Non-
autonomous differential equations can be used in biology to simulate population growth and
decline when the birth and death rates are time-dependent. Non-autonomous differential equa-
tions in engineering can be used to simulate control systems where the system’s input changes
over time.
A system of non-autonomous differential equation [62] can be expresses as
dy
— = f(t,y), 1.13
5 = fy) (1.13)
where f € C[I x Sy,R"], I = [ty,), and S, = {y € R" : ||y|| < u}. The theory related to non-

autonomous differential equations which we have used, is discussed in chapter 6.

1.10 Basic ecological models

1. Malthusian model
In this model, Malthusian [1] assumed that the rate of change in density (say X) of species
is directly proportional to population’s growth rate. Mathematically this model can writ-

ten as

— =aX, X(0) =X
dt aa, () 0

where a is the growth rate. The solution of above differential is given by X () = Xpexp(at).
Thus the solution of above system grows exponentially for a > 0. The main limitation of
this model is that it reflects the limitless growth of the population which is not possible

in realistic conditions.

2. Logistic growth model
The logistic growth model was given by Pierre Verhulst [2] in which he accounts the fact
that the increase in population density may be limited due the interference among the

members of population. Mathematically, the logistic growth model is described as

dx X
P _ax(1-2). x0)=x
a ( K)’ (0) = Xo,

where K is the carrying capacity of the habitat in which population is living. The solution

of this logistic growth model is given by

KXye"

X(t) =
( ) (K—Xo)—i—X()eat’
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and from this solution we can observe that as  — oo then X (t) — K.

3. Lotka-Volterra model
The Lotka-Volterra model, also known as the predator-prey model, is a mathematical
framework used to study the dynamics of two interacting species. Volterra [4] then ex-
panded upon the work of Lotka in his book. Two differential equations; one for the
population of the predator species and the other for the population of the prey species
form the basis of the model. As a result of their interactions with one another and their
environment, these equations characterise the rate of change of each species’ population
through time. The model assumes that the prey species has an endless supply of food
and that the predator species only consumes the prey species. It also presupposes that
interactions between species are only local and that each species’ population growth rate

is constrained by its own density.

Let X;(¢) and X, () denote the population densities prey and predator, respectively. Then
the prey-predator model proposed by Lotka and Volterra is given by

dX;
— =aX| — bX X,

d)?f (1.14)

d—tz — cbX1 X, — dXs,

with a,b,c,d > 0 and X;(0) > 0,X,(0) > 0. In (1.14), a is the growth rate of prey, b is
predator’s attack rate on prey, c is conversion efficiency of predator on prey and d is death

rate of predator.
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Chapter 2

Stability switching and chaos in a multiple delayed
prey-predator model with fear effect and anti-predator

behavior!

2.1 Introduction

An essential aspect of an ecosystem is its dynamics which gives the idea about the growth of
population living in that particular ecological community. The momentum of progress for these
inhabitants relies on various components like the carrying capacity of supporting infrastructure,
the interrelationship of one with others, age, atmospheric conditions, etc. This inspires us to
study the factors which affect the complexity of the system. Firstly, it was done by Malthus [1].
He discussed the major causes and their cures about the fast-growing population of England.
His theory was mainly based upon the idea that the rate of population is proportional to the
present population which means the population grows exponentially. This assumption became
the main element of criticism for his conjecture as each habitat has a limited potential to sustain
its denizens. After that, the logistic growth model was proposed by Verhulst[2]. He incorpo-
rated the intraspecific interactions among the population’s individuals and made the model more
realistic. On later Lotka’s Elements of Physical Biology[3] was a major advancement in pop-
ulation dynamics. He introduced the interaction of two species in the form of a system of two
non-linear differential equations, known as the prey-predator model. Then Volterra extended
Lotka’s work in his book [4]. Brief detail about the origin and initial work on the prey-predator
model is described in [5]. Prey-predator interactions can be seen in every aspect of living organ-
isms, which provokes us to explore its various segments. This inspiration brought enormous
attention to this system and made it a major area of ecological research. A lot of study has

been done by several researchers [6, 7, 8, 9, 10] in this domain. In a prey-predator system,

I'A considerable part of this chapter is published in Mathematics and Computers in Simulation, 188(2021)
164-192.
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how predator consumes the prey is a very important factor to deal with because a change in
the way of interaction between them can change the whole dynamics of the system. The term
‘Functional response’, which gives the predator’s per capita feeding rate on prey, is a crucial
component that helps us to investigate the kinetics of the model in a more realistic way. There
are numerous types of functional responses and a massive amount of work has been done using
them by many researchers, Holling type-II in [11], Holling type-III in [12], Holling type-1V
in [13], Beddington-DeAngelis in [14], Crowley-Martin in [15, 16], Hassell-Varley in [17],
Leslie-Gower in[18].

In the phase of evolution of prey-predator model our prolonged perspective was that, the
prey is affected by predator only through direct hunting, but there is another significant medium
of influencing the prey population, which is the fear of the predator. There is a considerable
impact of this fright on the attitude of prey. Because of this worry of being killed, sometimes
prey has to shift their locality to such a site that does not support them to spend their lives in
a good manner. This fear does not allow prey to roam freely in their own territory, which cut
down the prey population’s mating rate, leading to their abatement. Pandey et al. [64] studied
the three species food chain model in which the growth of middle predator is reduced due to
fear of top predator and growth rate of prey is decreased by the fear of middle predator and
the interaction between the species are dealt with Holling type II functional response. Recently
Das & Samanta [65] has studied the impact of fear on prey when additional food is provided
to predator with a stochastic prey-predator model and deduced the conditions for annihilation
and perseverance for the system. The analysis of the impact of fear of predator on prey is
done by many researchers, [66, 67, 68, 15]. Wang et al. [30] modeled the prey-predator
interaction in which they examined the relationships between fear effect and other parameters
and demonstrated that the direction of Hopf-bifurcation changes by varying the value of fear. In
recent times, Pandey et al. [69] proposed and analyzed a prey-predator model with fear effect
and delay. They found that for gradual increase of delay, the dynamics of the system switches
more than once. Authors also observed node-cycle bi-stability behavior between the positive
equilibrium and stable limit cycle of the delayed system.

At any place on the earth, when one species attacks another for its consumption, then the
attacked one has a natural tendency to protect itself and this temperament of rescuing is called
anti-predator behavior by prey against the predator. There is a great number of activities per-
formed by prey in the anti-predator behavior like camouflage, imitation of some harmful breed,
escape instead of direct encounter, use of noxious chemicals in the form of chemical defence,
changing body color etc. So, the efforts of a defence vary species to species of prey. A good
elaboration about anti-predator behavior possessed by prey is provided in [70]. Ives et al. [71]
proposed a prey-predator model showing that more efficient anti-predator behavior increases

the prey population density by reducing the per capita predation rate. They excluded such
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anti-predator behaviors, which can affect prey population in an adverse way. A fine job on
anti-predator behavior is done by Matsuda ef al. [72]. They have formulated a model con-
sisting of two predators sharing common prey and have investigated both the short-term and
long-term effects of anti-predator behavior on predators by varying their densities. Recently,
Liu & Zhang [73] have investigated the prey-predator model with anti-predator behavior with
the incorporation of delay and diffusion with the help of partial differential equations.

Most of the biological proceedings come with time delays. The effects of factors involved
in these processes are not visible instantly. They take some time to manifest themselves and
this time is known as the time delay. The models consisting of time delays are investigated with
the help of delay differential equations, which are more complex than the ordinary differential
equations. Volterra [4] introduced delayed prey-predator models in form of integrodifferential
equations and these delays are known as distributed delays. Discrete delays are derived from
distributed delays by taking kernal as delta function. There are several types of discrete delays
like maturation delay, which is time taken by the immature individual to become mature, ges-
tation delay, which is time taken by the predator to reproduce after consuming the prey. Fear
of predator has a negative impact on reproduction rate of prey in many ways but this impact in
not seen instantly. The effect of this fear on growth of prey takes some time to become visible,
so fear response delay is the amount of time after which the density of prey population starts
getting change due to fear of the predator. Such delay in fear response has not been observed in
the literature. The majority of studies show that delays are capable of destabilizing the system.
Chakraborty & Haldar [74] derived conditions for global stability and bifurcation of a prey-
predator model with stage structure. Chen ef al. [18] explored the prey-predator model with
prey refuge and Leslie-Gower functional response. They inferred the threshold value for the
refuge parameter, before which increasing its value increases the predator’s density and beyond
which it decreases the predator’s density. There are many studies [75, 23, 76, 77, 78, 79, 80]
with more than one delays in which they have estimated the critical value of delays for the
occurrence of bifurcation. Nakaoka et al. [81] worked on pure-delay-type systems which are
prey-predator model without instantaneous intraspecific competitions and showed that this de-
layed system is globally asymptotically stable for small values of delays and system has chaotic
behavior as the value of delay for interaspecific competition among predators is increased to a
large number.

Therefore, we figure out that the interaction between prey and predator does not only results
in direct killing of prey, but there is an adverse effect of the fear induced by the predator on
prey, and they respond to this fear by showing certain kinds of anti-predator behaviors towards
the predator.

To the best of author’s knowledge, an interaction between prey and predator with (i) effect

of fear in prey, (ii) anti-predator behavior by prey against predator, (iii) simplified Holling type
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IV functional response, (iv) fear response delay in prey, (v) gestation delay in predator has
not been studied. Hence, this encourages us to investigate the prey-predator model’s kinetics
by incorporating the fear effect, anti-predator behavior in response to this fear with the fear
response and gestation delay. In Section 2.2, we formulate both the models, non-delayed and
delayed. In Section 2.3, we perform analysis for the non-delayed model and drive conditions for
stability and Hopf-bifurcation. Then local stability and Hopf-bifurcation of the delayed model
is discussed in Section 2.4. In Section 2.5, we determine the direction and stability of Hopf-
bifurcation using the normal form method and center manifold theory. Section 2.6 is dedicated
to numerical simulations supporting our theoretical findings in previous sections. Then we end
this chapter with its conclusions and significances.

In this chapter, our study is restricted to such anti-predators behaviors (or their respective
extent) which do not have any negative effect on the prey population and assumes that anti-

predator behavior only increases the prey population by decreasing the per capita feeding rate.

2.2 Mathematical model

We consider two-dimensional autonomous system of differential equations which gives the
interaction between prey and predator. Let x(z) and y(¢) be the population densities of prey and

predator respectively at time 7. The model has been developed under the following assumptions.

1. The prey population grows logistically in the absence of predation so, the per capita
growth rate of the prey population is
dx 2
i ) 2.1
7 rX —roxX —rix (2.1)
2. Most of the researchers have worked on the prey-predator model on the assumption that
the predator effects prey only by direct killing, but in the previous section, we saw that
the fear of predator also affects the growth of prey individuals. So, this fear diminishes
the reproduction rate of the prey community. Due to this reason, its legitimate to include
the fear term in our model to make it sounder. so, the expression (2.1) can be modified to

get
dx _onx

2
— = —rox — . 2.2
ar - Tk X (2.2)

3. Since most of the biological processes involve delay because the effect of any factor
involved in that process takes some time to become visible. So, the effect of fear on the
prey population is also not instantaneous, and there is a delay in effecting the growth of

prey species. Hence, here we introduce a delay 7; known as fear response delay. Now
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expression (2.2) can further be modified to

dx rx ’
— = —ToX —IX".
dt 1+ky(t—1) o

4. We consider that the interaction between prey and predator species is followed by mod-
ified Holling type IV functional response which is simpler version of Monod-Haldane

functional response. This is only prey dependent functional response and it is given by

ox

flx,y) = a2 +b

5. As explained earlier, there is some delay in biological processes. So, there is a time lag
between consuming the prey and reproducing the progeny by the predator. Hence it is
reasonable to incorporate a delay say 7, known as gestation delay, which is the time gap
between the consumption of the prey and reproduction of its progeny. It is assumed that
the rate of change of predator species depends upon the number of prey and predators

present at the time (f — 1) and delay 7, is considered only in numeric response.

6. Due to the fear of predator, prey shows different kinds of anti-predator behaviors and try
to save themselves by fleeing, covering itself, etc. Sometimes prey befool the predator
by the technique of diversion display in which prey divert their attention to protect their
vital areas. For example, lizards are capable of twitching their tails, which have lives. So,
lizards use this skill to make way for escape. But in case of an encounter, prey exhibit
different type of behaviors like retaliation, chemical defence, use of morphological struc-
tures, etc., and a good detail about these behaviors is provided in [70]. So, it is important

to introduce this behavior in our model.

Under all the above assumptions, the interaction between prey and predator species is modeled

by the following system of DDEs:

dx rx 2 oxy

— = — X — X — ———

d 1+k(—1) ! ax?>+b’ 23)
d cox(t —T)ylt— T '
dy _ cox( Al ) — 8oy — 81y° — nxy,

dt — ax*(t—1)+b

subjected to non-negative conditions x(s) = @¢;(s) > 0, y(s) = ¢(s) >0, s € [-71,0], T =
max{7;, 7} and ¢;(s) € C([-7,0]) — R+),(i = 1,2), where 7| and 7, denotes fear response

and gestation time delay respectively.
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System (2.3) takes the following form in the absence of both the delays

dx rx ’ oxy

— = —rpx —rix’ — ———

i 1+ky 7 ax?+b’ 2.4)
dy  cowxy ) '
— = — 8y — 61y” — Nxy.

& adip ToT oW

The biological meaning and dimension of the variables and parameters used in system (2.3)
and (2.4) are described in the Table 2.1.

Variable/Parameter

Biological meaning

gg;ﬁg«,g,ﬁ@&»g:gx%k

Prey density

Predator density

Birth rate of prey population

Death rate of prey population

Coefficient of intraspecfic interference among prey individuals
Attack rate

Cost of fear

Inverse measure of inhibitory effect

Half-saturation constant

Conversion effeciency of y on x

Death rate of predator population

Coefficient of intraspecfic interference among predator individuals
Rate of anti-predator behavior of prey to the predator

Fear response delay in prey

Gestation delay in predator

Table 2.1: List of variables and parameters with their biological meaning, used in sys-
tem (2.3) and (2.4) (for more details on the dimensions of parameters, one can refer to

[82])

2.3 Dynamics of Non-delayed Model

Here we shall analyze the properties like positivity, persistence and boundedness for the solu-

tion of system (2.4) which is followed by the investigation of local and global behavior of the

system around existing equilibrium points.

2.3.1 Positivity, permanence and boundedness of the solution

The model (2.4) can be written as

dx

dy
E_xq)l(x?y)a E_y(l)Z(xay)?
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where

r ay baly) cox
—rg—rx——— x,y) =
Ttky 0Ty YT e

¢)1(X,y)= —50—31y—r[x.

This implies

x(t) = x(O)efé 1 (x(7) y(t)dT >0,
¥(1) = y(0)elt DDz 5

So, the solution (x(¢),y(t)) with positive initial condition (x(0),y(0)) € R3 will be positive for
the whole future time.

Lemma 2.3.1. The set Q = {(x,y) : 0 <x < £ 0<ax+y< 5‘%} is a region of attraction for

all solutions intiating in the positive quadrant, where 6* = min{rg, &}.

Proof. The first equation of the system (2.4) signifies

dx 2
5 S (r—ro)x—rix-,
which gives
_ r
limsupx(r) < —.
t—yoo0 rl
Now let M(t) = cx(t) 4 y(t), which gives
dM  dx dy crx 2

aM _ dx _ e — P — Sy — SV — iy < S ' M
i =@t a T T e e 8oy — S1y* — nxy < - ,

where 6* = min{ry, 8}

Thus,

crz

IimsupM(t) < .
taoop ( ) ~ o'

Hence, the solutions of (2.4) are bounded. It can be noted that if x > % and M > Scfj] then

% < 0 and ‘%4 < 0, hence Q is an invariant set. O

Theorem 2.3.2. Let the following inequalities hold true:

o 1 / coxp
1 +k 23, ( _ )
r>(1+ ya)(ro+bya) n < P &

Xa

Then model (2.4) is uniformly persistence, where x,,x;, and y, are defined in the proof.
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Proof. Uniform persistence or permanence of a system signifies that all the species which are
present initially, will remain for the whole future time and none of them will go for extinction.
System (2.4) is said to be uniformly persistence if there exists positive constants L and L, such

that each positive solution X (¢) = (x(¢),y(z)) with positive initial conditions satisfies

Ly <liminfX () <limsupX(r) < L,.

[—poo t—oo

Using Lemma 2.3.1, we define

Xy = — = )
“ r’ Ya o*ry

Keeping above in view, we define

Ly = max{xa,ya},

which follows that
limsupX (¢) < L.

f—yo0
Above equation shows that for any arbitrary € >0 3 a7 > O such that V¢ > T, the following
holds:
x<xg+€&, y<y,+E.

Now from the first equation of the model (2.4), for all r > T, we can write

dx rx ,  ox(ya+€)
S S _ _Zva =)
dr = 1+ k(yate) b
r o(ya+€) 2
=|———rg— ———— 2 |x—r1x",
{1+k<ya+s> b } 1
this implies
. 1 r o(ya+¢€)
liminfx(r) > — |— Ly 2eTE)
mite()> 1| - S50
which is true for arbitrary € > 0, thus
liminfx(z) > ! r Wa
x — —ro— =X
t—ro0 “rnll+ke 0 b b

so, the prey population is persistent under the condition:

r> (1+kya) (ro+ %ya)-
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Now from the second equation of model (2.4), we can write

Q S coxpy

o L — _ 2
dr — a(_xa_|_8)2+b 50y n(xa+8)y 61}7

coxy 2
{a(xa—l—s)z%—b % =1 (¥a+ )}y B
which follows that
.. 1 coxy
1 fy(t) > = | ———5—— 00— €
minfy(r) = § [a(xa+8)2+b % =1 %+ )}’
which is true for every € > 0, so
.. 1 coxy
> —_ — — = .
liminfy(r) > = [ax%%—b % nx"] b

So, the condition for the predator population to be persistent is

1 ( coxp

axg—kb_éo)’

n <

Xa
Let L| = min{x;,y;}, hence the theorem follows.
[

Remark 2.3.1. Above investigation shows that the prey population will not go for extinction if
the birth rate of prey population is greater then a threshold value and the predator population
remains persistent if the rate of anti-predator behavior of prey to predator is less then some

threshold value.

2.3.2 Existence of equilibrium points

An equilibrium point is a steady state solution for a dynamical system. It is investigated that
system (2.4) has three equilibria named as Ey(0,0), E;(x1,0) and E*(x*,y*). The equilibrium
Ey(0,0) exists trivially and E; (x1,0) exists if r > ro, where x; = - . Now we shall show the

existence of the interior equilibrium E*(x*,y*).

¢ Existence of interior equilibrium E*(x*,y*): Here x*, y* are the positive solutions of

the algebraic equations:

r ay
oy — R A— | 2.5
Itk 0Ty T 2.5)
colx

ax?+b
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For equation (2.5) we have the following outcomes:

1

1. Lety =0, which implies x = -(r —ro) =:x; > 0 as r > ro.

2. When x = 0, then we get
otky? 4 (ot + robk)y — b(r — ro) = 0. 2.7)

So, equation (2.7) has unique positive root y; given by

—robk + +/ (robk)? + 4otk (r — rp)

1=

20k
3. Now it is easy to prove that
2aqaxy
dy Nty
o k o’
R (Fe il prevy
d .
and 2 < 0if
N\
d 0*b” \~
§*b*r3 > 2aacr’ implies = < 0if r < ry , 2.8)

dx 2aac

where 6* = min{ry, & }.

From above investigation we conclude that equation (2.5) passes through the points (x;,0), (0,y;)
and y is a decreasing function of x under condition (2.8).

For equation (2.6) we can figure out the following outcomes:
1. Letx =0, which implies y = —% =:y, <0.

2. If y =0, then we get
P> + Pox® + Pix+ Py = 0, (2.9)

where Py = &b, Py = Nb—ca, P, = 8ya and P3; = na. Now by using Descartes’ rule of
sign and discriminant for a cubic equation for equation (2.9) we can easily note that equa-
tion (2.9) has exactly two positive roots named as x, and x5, when both of the following

conditions hold simultaneously:
nb—ca <0, 18PsPP|Py—4P5 Py + PP} — APsP} — 27P{ P} > 0, (2.10)

and without loss of generality we assume that x; < x5.
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3. Now it is easy to see that

dy cab—ax?) d%

dx ~ 8i(ax>+b)?" dx?

x:\/g<0.

From above analyses for equation (2.6) we conclude that equation (2.6) passes through the

points (0,y2), (x2,0) and (x5,0). Atx = \/é equation (2.6) has unique global maximum in

positive quadrant such that x = \/é lies between x; and x5. Assuming the following condition:

1
Xy < —(r—rp) < xh, (2.11)

r
we can conclude that the system of equations (2.5) and (2.6) has unique positive point of in-
tersection if the conditions (2.8),(2.10) and (2.11) hold simultaneously. Thus we can state the

following theorem.

Theorem 2.3.3. The system (2.4) has a unique interior equilibrium point if conditions (2.8),(2.10)
and (2.11) hold concurrently.

Remark 2.3.2. Ecologically, we can say that the interior equilibrium exists if the prey pop-
ulation’s birth rate is less than some threshold value and carrying capacity for the same
lies between two positive values at which y-nullcline intersects the x-axis, with the condi-
tion (2.10). To see the existence of unique interior equilibrium, we take a set of parameters;
r=3,r0=09 rn=5k=1,0=1,¢=0.63,8=0.1,06,=02,1=02,a=05b=1.2,
for which all the conditions in Theorem 2.3.3 hold. Therefore, for this set of parameters the

non-delayed system has a unique interior equilibrium point which is depicted in Fig. 2.1.

prey nulicline
predator nullcline

€
0 e e

0 . X
Xo X4 X5

Fig. 2.1: Existence of unique interior equilibrium.
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Remark 2.3.3. Fig. 2.2 shows that how the number of interior equilibrium points changes as
the rate of anti-predator behavior of prey to predator varies. In Table 2.2. we have given the

number and nature for the equilibrium points shown in Fig. 2.2.

n Number of equilibrium points Equilibrium point Nature
1.458 2 (0.39724929, 0.28323503) unstable focus
(0.45801734, 0.29012915) saddle point

1.46106707 1 (0.42608974, 0.28639905) saddle point
1.462 0 - -

Table 2.2: Number and nature of interior equilibrium points for three different values of

n.

(@) (b)

1
0.9
0.8
071
0.6

>05
0.4

03

02
0.1
0 L L L L 1

0 01 02 03 04 05 06 07 08 09 1
X

(0)
Fig. 2.2: Phase portraits depicting the change in number of interior equilibriums for
r1=0.01, k=1.5, with remaining all the parameters same as in (2.33).

2.3.3 Stability analysis

Local stability behavior of an equilibrium point corresponding to a dynamical system is deter-
mined by calculating the variational matrix corresponding to that system and further evaluating
it around that point.
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e It is easy to see that the equilibrium point E((0,0) is a saddle point with stable manifold

locally in the y-direction and unstable manifold in the x-direction.

e The variational matrix evaluated at Ej (x1,0) is given by

r—r o(r—ro)r
JE, = ~(r=ro) =k ’10)_ a(r— ro)OHirl
1 ca(r—ry)r r—r
0 g o)

Hence, it follows that
1. E;(x1,0) is locally asymptotically stable if % < 8+n(=2).
2. Ei(x1,0)is a saddle point with stable manifold locally along the x-direction and with

unstable manifold along y-direction if % > &+ (=2 rer ).

e The variational matrix evaluated at E*(x*,y*) is given by

2oax*?yt rx*k ax*

g = | @Tp X T T (@t 1)
E* = cay* (ax*?—b)

Py D —oy*

*

The characteristic equation corresponding to the above variational matrix is
A2 +AIL+Ar =0, (2.12)

where A| and A; are given by

o * * 2ocax*2y*
Ar=nx"+ 8y = T,

_ * _ 20ax *2 * rx*k ox* cay*(ax*sz) *>}
Ay = (rlx (@ *2+b) )61}’ [((H—ky*)z + (ax*2+b)> ( (ax*2+b)? +ny .
Now using the Routh-Hurwitz criteria we can say that both the eigenvalues of J|g+ have

negative real part if and only if A > 0 and A > 0.

Hence, we have the following theorem.

Theorem 2.3.4. The system (2.4) is locally asymptotically stable around the interior equilib-
rium point E*(x*,y*) in the xy-plane if and only if

A1 >0, Ay >0. (2.13)

Now it is easy to see that (2.13) holds if

2aax*y* ca(b—ax*?)

S Ay o 2.14
(ax*? +b)? n (ax*? +b)? 2.14)
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Remark 2.3.4. The interior equilibrium point E*(x*,y*) is locally asymptotically stable in xy-
plane if (2.14) holds.

In the next theorem, we are able to show the occurence of Hopf-bifurcation under certain con-

ditions.

y* (b—ax*
x*24p)2

tem (2.4) undergoes Hopf-bifurcation around the interior equilibrium point E*(x*,y*) provided
G>0.

Theorem 2.3.5. For k =k* = € and A, > 0, where G = A — 11, sys-
y x ?)
ro+2rixt+% ( 7T 1"

Proof. For k = k*, which is defined above, trace(J|g+<) = 0, det(J|g+) > 0 which means that

the Jacobian J|g+ has a pair of purely imaginary eigenvalues and %(trace(] |E+)) e
k* * =

<0.
C (1T+ky)?
So, by Kot [55] (Theorem(Hopf) on page 129), the system (2.4) goes under Hopf-bifurcation
around E*.

Then we conclude that

e IfA; <0, Ay > 0Othen k < k* and E* is unstable.

e If A >0, Ay > 0 then k > k* and the interior equilibrium E* is locally asymptotically
stable.

O]

Now we evaluate a sufficient condition for the global stability of unique interior equilibrium

E*(x*,y*) and for this we assume a pre-condition that Theorem 2.3.3 holds.

Theorem 2.3.6. The system (2.4) is globally asymptotically stable around the point E*(x*,y*)
if the following inequalities hold:

br?(ax* +b) > aay* (r+rix*),

2
rk +n+ o r+rix*
aox’ | ———s——
1+ky* r1(ax*? +b)

oay*(r+rix*) (2.15)

bry(ax*? +b)

< 461 [rl —
Proof. Choose a Lyapunov function around the equilibrium point E*(x*,y*) defined as

V(x,y)—(x X —x"—In— >+ll(y Yy —y —ln—)
y*
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where /] > 0 is a positive constant to be chosen on later stage. Now on differentiating V with

respect to time along the solutions of system (2.4) we get

v dx dy
— =(x—x)—+Ly—y")—.
dr (x x)dt+ 1(y )’)dt

After doing some algebraic manipulations, we can get

awv . oay*(x+x*) P rk .«
di — """ (ax+b)(ax*? +b) (I+ky) (1 +ky*)  (ax*+D)

chio aclyox* (x +x*) 5
ooy nha— —xXy—=y") =L (y—y)~.
(ax?>+Db) m (ax? +b)(ax** +b) (=2 =y = hdily =)
Now choosing [} = %, we get
av oay*(x +x*) 2
dt (n (axz—f—b)(ax*z—{—b))(x *)

rk n aox* (x+x*) . . | 2
i <_ (I+ky)(1+ky*) ¢ (axz—i—b)(ax*z—i—b))(x_x Jo=y )—?(y—y )

which implies that ‘2—‘; is negative definite under the stated conditions . Therefore, system
(2.4) is globally asymptotically stable around E* under the conditions given by (2.15).
O

2.3.4 Non-existence and existence of periodic orbit

Here, we shall figure out certain conditions for existence and non-existence of periodic orbit

for system (2.4).

* .2
Theorem 2.3.7. If % + @ > %, then the system (2.4) has no periodic solution in the

interior of positive quadrant of the xy-plane.

Proof. Let
rx b axy
h = — — —_
1(x,y) o T T ey
coxy ’
ha(x,y) = Sy — 81y% — M.
2(6y)=—3 > doy — 61y° — nxy

In the interior of positive quadrant of xy-plane, consider a continuously differentiable function

given as
Hixy) = -
x,y)=—.
)Y Xy
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So,
o dnH) )
ox dy
_on 20tax o1
y (a2 +b)? x
Now V <0, if
r 61 20ax

y X T @R
holds, i.e. if the minimum of L.H.S. is greater than the maximum of R.H.S.. Therefore, y and
x are replaced by y =y, = 5‘%:1 X=X, = L (their respective maximum values) in L.H.S. of
g <3 = > by bzlnRHS of of above

above inequality. As, So we replace @

(a 2+b) rb? 2+b)

inequality. Therefore, V < 0 if = & r‘ + 0% 61 ialf’{ > 0. Thus, by Dulac-Bendixson criterion, we

can conclude that system (2.4) does not have periodic orbit under this assumption. [

Theorem 2.3.8. Assume % > 8+ 1 () and in equation (2.12) if

A, < 0. (2.16)

or
A1 <0,A;>0. (2.17)

hold, then the system (2.4) has a periodic solution.

Proof. From Lemma 2.3.1, we get that int(€2) is an invariant set and from equations (2.16) and

(2.17) implies that E* is an unstable equilibrium point and as % > 8+n(2), so E
is a saddle point. Therefore, positive limit set does not contain any equilibrium point. Hence,

by using Poincare— Bendixson theorem it implies that system has a periodic solution. [

Remark 2.3.5. It may be pointed out here that due to mathematical complexity, it is not easy
to check the independency of the conditions obtained in Theorem 2.3.7 and Theorem 2.3.8.
However, both the theorems (Dulac-Bendixson criterion and Poincare— Bendixson theorem)

assures that conditions in Theorems 2.3.7 and 2.3.8 can not hold simultaneously.
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2.4 Properties of delayed Model

2.4.1 Local stability and Hopf-bifurcation

System (2.3) can be expressed as

dU
= FU0.U(-7),U( )
where U () = [x(1),y()]", U(t = 71) = [x(t = 71),5(t = m)]" and U (1 — 12) = [x(r — 72),¥(r —
Tz)]T.

Assume %(t) = x(t) —x* and y(¢) = y(¢) — y*. After this, the linearized system (2.3) around the

interior equilibrium E*(x*,y*) is

dw
o AWE)+BW(t—1)+CW(t—1),

IF F F
! - /: s /: o
A= <8U>E*’ B (8U(t—r1))E*’ ¢ (3U(t—f2))E*7

and W (t) = [%(¢),7(¢)]”. The Jacobian matrix of the system (2.3) at E* is given by

where

J :A/—f—Ble*)”l _'_C/e—/h'z'

After a little calculation, we get

J aj a2+a3e’“1
—Ny* +age*?  as+ag—ase A2 |’
ny 5+ae—as

where
2otax*y* ox* rx*k cay*(ax*? —b)
A= —rX s A ey A3 = g = g
(ax*=+Db) (ax*=+b) (14 ky*) (ax*=+b)
o %
ax

Corresponding characteristic equation of above variational matrix is

A2+ DA+br+e by e AR (byA +bs) +e HATR)pg =0, (2.18)
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where

by = —(a1 +as+as), by =ai(as +ag) +any”, b3 =asny*, by = as, bs = —ajas — aray,

b6 = —dazdy4.

Now equation (2.18) takes different forms when we take both 7; and 7, zero, one of 7; and

T» is zero, when both 7; and 7, are non-zero.

Case 1: 71 = 70 = 0. Then (2.18) becomes
A%+ (b1 +b4)A + (by+ b3+ bs+bg) = 0. (2.19)

This characteristic equation (2.19) is same as that of the characteristic equation (2.12) for the
non-delayed system (2.4) which we have studied before.

(Hy): (b1 +b4) >0, (b +b3+bs+bg) >0.

All the zeros of equation (2.19) have negative real parts if and only if (H}) holds.

Case(2): 71 =0, 7, > 0. The equation (2.18) becomes

A2 4+biA+ (by+b3) + e 22 (by) + (bs + bg)) = 0. (2.20)
Assume i@ (@ > 0) be a zero of the equation (2.20), then we get
— 0>+ b1io+ (by + b3) + (cos(0y) — isin(0T2)) (bsi + (bs + bg)) = 0. (2.21)
After equating real and imaginary parts on both sides of above equation we get

b4a)sin(a)r2) + (b5 + b6)cos(a)12) =’ — (b2 + b3), (2.22)
(bs + be)sin(0Ty) — bywcos(OT) = by o, .

which gives
2+ piz+q1 =0, (2.23)

and let f(z) = 22 + p1z+¢q1, where z = @?, p; = b3 — b3 —2(by+b3), q1 = (b2 +b3)> — (b5 +
be)?.
(Hy): p1 >0, 4 >0.

e If assumption (H,) is true, equation (2.23) has no positive roots which means such ®
does not exists. Hence, E* is asymptotically stable for all 7, > 0 if hypotheses (H;) and
(H,) hold.
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(H3) : g1 <0. Then equation (2.23) has unique positive root w(z). On substituting w(z) in equation
(2.22), we get
b4(x)()sin((1)()1'2) + (b5 + bﬁ)COS((D()Tz) = (l)g - (bz + b3),

(bs + bg)sin(wyTy) — bawocos(wyTr) = by,

which gives

J

Tz.:LCOS_l (wg—(b2+b3))(b5+b6)—b1b4w§ +27‘L’j i=0.1.2 (2.24)
(b5+b6)2+b42‘.w02 a)07 g Lgweee o .

(Hs): p1>0, q1 >0, p} >4q.

W+ (bs +b6)2+b§wi 4+

If (Hy) and (Hy4) holds, then equation (2.23) possess two positive roots @7 and ®2. Substituting
®7 in (2.22) we get
1 w3 — (by+b3))(bs+be) —b1bswl | 27k
Tzik:—cosll( x — (b2 1b3))(b5 1 bs) — bibs i]+ O k=0,1,2....

Let A (‘L’zj) = iy be a root of equation (2.20). Then a little calculation leads to

-1
dA f'(o3)
Re | — :b2 TR
A=iwy, =T, 40)0+( 5T 6)

(Hs1)

w2)

O

d
As sign of d_

l—|

is same as sign of [Re(g—é)}

l:iwo, L=, A=iay, ="y,

Hence [dr2< e(A ))]/1 T > 0 under assumption (Hs ).

Similarly if A (Tzik) i@y are the roots of (2.20).
(Hsy) : f'(®2) > 0 (rep. f'(w%) < 0) holds, then

[ (Re(n)

d’L’z

d
0 —(Re(A 0.
A=io,, 1'2:1'2’; e [dfz( e( ))] A=io-, n=T) <

Now we can summarize above analysis in the following theorem.
Theorem 2.4.1. For system (2.3), with T = 0 and 7, > 0, we can make following conclusions:

1. If (Hy) and (H,) hold then the equilibrium E* is locally asymptotically stable for all
T > 0.

2. If (Hy) fails and (H,) holds then E* is unstable for all 7 > 0.
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3. If (H1), (H3) and (Hsy) hold then E* is locally asymptotically stable for T, < T, and
unstable for T, > T, and system (2.3) undergoes Hopf-bifurcation at 7 = Ty,.

4. If (Hy), (Hs), (Hsp) hold then equilibrium point E* is locally asymptotically stable
when 7y € 0,75 )U (75,75 ) U...U(1y o) and when Ty € (3,7, ) U (%, T, ) U... U
(TZJ; ,00), E* is unstable. Moreover system (2.3) undergoes Hopf-bifurcation at E* when
T = r;;, k=0,1,2....

Case(3): 71 >0, 17, =0.

Theorem 2.4.2. For, 7| > 0 and 1, = 0, the equilibrium point E*(x*,y*) is locally asymptot-
ically stable for T1 < Ty, and unstable when T| > Ty,. Furthermore, system (2.3) undergoes

Hopf-bifurcation at T| = Ty, given by

Y

Tlo - a)_IOCOS (b3 n b6)

where @y is the root of corresponding characteristic equation.

Proof. 1t is similar as in case(2). [

Case(4): 71 > 0, 7o > 0. we assume that in (2.18) 1, is in stable interval (0,7,) and 7; is
considered as a parameter. Let A = i@ (o; > 0) is a zero of (2.18). Then substituting A = i®,

in (2.18) and after separating real and imaginary parts we get

—0>+ by +bscos(01 ) + bawysin(w 1) = — bzcos(@1 7)) — becos(T1)cos(w 1)
+ besin(@; 71 )sin( w1 72),
b1y + bywicos(01T2) — bssin(w, ) =bssin(w 1)) + besin(@; Ty )cos(®T7)
+ bgcos( 1) )sin( T2).
(2.25)

Now eliminating 7; from (2.25) leads to a transcendental equation:

H(o)) = 0] + 07 (—2bysin(@72)) + @3 (b + b — 2by +2(b1by — bs)cos( w1 12))

+ 01 (2(bybg — b1bs)sin(@y 7)) + b3 4 b2 — b3 — b + 2(bybs — b3bg )cos(®, ) = 0.
(2.26)

Being a transcendental equation of (2.26) it is not easy to predict the nature of its roots.

1 2 06) (m) (i) (i =

So, we assume that it has finite positive roots @; ', @,”",®,”’,...,0;  and for fixed @,
1,2,3,...,m), there exists a sequence {Tl(ir)\r =1,2,3,...} satisfying (2.25). So, (2.25) can be

written as . .
—Flcos(wir(:)) + Fasin( ] Tl(ir)) = F3, 227
Fysin(w! ‘L'l(l_r)) + Brcos( o) 1:1(:)) = Fy, .
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where,

Fi =b; —l—b6cos(a)1(i)’€2), = b6sin(a)1(i)r2),

_ 0?2 (i) () i ( (D)
F @, +by+bscos(0,' T2) + bsw, sin(0," 1),

Fy = bla)l(i) +b4a)1(i)c0s(a)l(i) T)— b5sin(a)1(i) 7).

Then from (2.27), the critical value of ") for each a)l(i) is

1

27r

o

B+ FF,

n_ b .
" F2+F?
)

i=1,2,3,...m r=0,1,2,.... (2.28)

Assume 7} = min{’c](?), i=1,2,...,m} and o] be the corresponding root of (2.18) with 7, €
[0, Tzo].
For verifying the transversality condition, substitute A (1) = &(7)) +i®(7;) in (2.18) and dif-

ferentiating the same with respect to 7;. Substituting 7 = 7;, ® = ], & = 0 we obtain

45 do

dar= s =01
! dtln=r1, o=w* 2 dtyln=t, o=w* Qi
(2.29)
n[5] 5] 0
2 dtyln=r1, o=0* ! dtyln=r, o=0* 2
which implies
d P, P
[_5] _ 1Q;+ 22Q27 (230)
dt 1o =1, o=0* Py +P;

where,

Py = by — b3t{cos(0] 1) + bscos(®] 7r) — beT{ [cos(o] (1] + 12))],
P, =20 + b3t sin(o] 1)) — basin( 0] T2) + b | [sin( @] (T] + 12))],
Q1 = b3 sin(@] T} + bew; [sin(@] (T} + 12))],

0> = b3w{cos(® 1] + bewi [cos(@] (T + 12))].

(He) : P1Q1+P,Qs #0.

Theorem 2.4.3. For system (2.3), let (Hy), (He) hold with 7, in the stable interval [0, Ty,).
Then the equilibrium E* is locally asymptotically stable when t| € (0,7} ). Furthermore (2.3)
undergoes Hopf-bifurcation at E* when 7| = 1}.
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Case 5: 71 > 0, 7, > 0 with 7; lies in the stable interval (0, 7,) and 7, is treated as parameter.

Then under an analysis similar to Case 4, we can note the following theorem.

Theorem 2.4.4. For (2.3), when 7 is in stable interval [0,7,,) and v, is taken as parameter
then same analysis can be done as in above Theorem 2.4.3 to get such T; such that E* is locally
asymptotically in the interval (0,75 ). Moreover (2.3) undergoes Hopf-bifurcation when t, = Tt}

and it is given as

27mn

*x 7

2

E\E5+EyEy
E}+E3

-1

*

. 1
2 = €
w0,

n=0,1,2,...,

where, E| = bs++bgcos(0;71), Ex = ba@; —besin(w;71), E3 = a)fz—bz —bzcos(w; 1)), E4 =
bzsin(w;71) — b1 w3 and iw; is the root of Eq. (2.18).

2.5 Direction and Stability of Hopf-bifurcation

In previous section we have determined different conditions under which system (2.3) under-
goes Hopf-bifurcation for different combinations of fear response delay 7; and gestation delay
T>. Now, in this section we will determine the direction and stability of of bifurcated solutions
of system (2.3) with respect to 7y = 7 and 7, = 7’ € (0, 7y,) by using normal form method
and center manifold theorem introduced by Hassard et al. [83].

Without loss of generality, we assume that 7," < 7; and let

x1(t) = x(t) —x*, y1(t) = y(t) — y* and still denote x| (¢), y;(¢) by x(z), y(¢).

Let 71 = 7{ + 1, 4 € R. Then at u = 0 system (2.3) undergoes Hopf-bifurcation. Rescaling the

time delay r — (¢/71), system (2.3) can be rewritten as
. 7’
U= (1] +p) (P’U(t) +RU(1— =) +QU(—1) +f(x,y)), 2.31)
1

where
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The non-linear term f and f;, are given by

fi=erx(t) +exy®(t — 1) +esx(t)y(t) + eax(t)y(t — 1) + p1x () + poy’ (t — 1) + pax® (£)y(1)
+ pax(t)y* (1 —1)...,

!

fo= 0P+ 82 (1~ %) + a0y (e) + gt — )y (e - %)
1

I T
7’ 7’
(= =y(t— =),
- E)(e- )
where
2 2otax*y*(3b — ax*?) 2rk?x* o (b — ax*?) . rk
€] = —zr )y €2 = T3, €3 = T 55 = T a0
1 1 (ax*2+b)3 2 (1+ky*)3 3 (ax*2+b)2 4 (1—|—ky*)2
B 6aoy*(a*x** — 6abx** + b?) by B 20a(3b — ax*?) 2k
2coax*y* (3b — ax*?) ca(b—ax*?)
— _26 5 = — 5 = — s = ——
81 1, 82 (ax?+b) 83 n, 84 (ax?+b)?
2coax* (3b — ax*?)
hy = — :
(ax** +b)3

The delayed system can be written in the functional form

Lu(9) = (51 + 1) (Po()+ Ko~ Z) + 0(-1).

1
Using Riez representation theorem, 3 a 2 x 2 matrix 1'(6, ), 6 € [—1,0], whose elements are

of bounded variation functions such that

Lio)= [ an'(o, wo(0)

for ¢ € C([—1,0],R?). In fact, we can choose

(tf +u)(P+R+Q),  6=0

(0. 1) = (7f +1)(Q'+R), 6e[-3.0)
(71 + 1), oel-1,-3)
o, =1
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For ¢ € C'([—1,0],R?), define

0(6) 0c[—1,0]
A(w)p(e) =4 o ’
{JO N woE).  8=0,
and
R(1)6 — 0, 6 c[—1,0]
h(;u7¢)’ 0 :07
where

h(p, @) = (17 + 1)

hl] RS (¢17¢2)T S C([—I,O],Rz),
h

hy = e101%(0) + e22*(—1) + 301 (0)$2(0) + €461 (0)92(—1) + p1 91> (0)
+ p262° (—1) + p3612(0)$2(0) + pad1 (0)g2*(—1)...,

/ /

hy = 21022(0) + 22012 (— ) + g301(0)$2(0) + 8461 (— )¢2(— 2)

T T
/ /
+h1¢12(—%)¢2(—%)... .

Then system (2.3) is equivalent to following form

Ur = A(1)U; +R()Uy,
where U, = U (1 + 0) for 6 € [—1,0)].
For ¢ € C([-1,0],R?), w € C([-1,0],(R?)*), define

dvls) s€(0,1]
A*W(S){ @

SO w(=&)dn'(£,0,  6=0,

and a bilinear form

V(0)9(0)) — f°, JE_W(E — 0)dn'(8)9(E)dE,

, A=A(0) and A* are adjoint operators.

(w(s). 9(6))
where 11/(6) =n'(6,0

\_/

We know that +iw; 7 are the eigenvalues of A(0) and therefore they are also the eigenvalues
of A* and ¢(0) = (1,p)Te™®9(0 € [~1,0]) and ¢*(s) = D(1,p*)e™ ®15(s € [~1,0]) are the
eigenvectors of A(0) and A* corresponding to eigenvalues iw* 7] and —iw* 7] and

<q*(s)7 q(9)> =1, <q*(S), Q(é)> =1,
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_ l'(i)]*—al *
- St P =
ar+aze 171

ia),*—i-al
*./ 9
12
+

—ny*+aze

—i

-1
_— _— K ek _— sk ] _— D
D= [1 +p*p +azptie T +autipre ' —asT)pFpe 12| .

Following the algorithms explained in [83] and using computation process similar to that in
[84] , to obtain the properties of Hopf-bifurcation, we get

— N 2000 20PFCO niie A —
gzo:_rikD[zrkpeflwl‘El _’,.Wz(é)(())_'_zrl_i_ p o pp ¢ 67210)1T2+2p*p251+2pp*nj|

b b
911 :_Tikﬁ[rkﬁeia)frl*_|_rkpe—ia)frf_rwl(ll)(())_l_zrl_{_%_i_%_l)l) cx  ppca
b b b b
+2ppp 8 +pp*n+ppn|,

_ - 200 2capipedioin _
gozzfl"D[Zrkﬁe’w'TI—rWO(21)(O)+2r1+ bp_ cap Ze +2p2 p*61+2§p*n}
g21 = —T{D [ r{2kW}7 (1) + kW (—1) + ke + 2w, (0)kpe™ ™I} + i {aW{!)(0)

(1) 2.(2) 1@ Lo o 2w (D)

+2Wy (0)}+O‘{EWH (O)+EW20 (O)+EW20 (O)p+EWH 0)p}
— 2 2) -1 ot 1 (2 —1) it 1 1 —T/_l-*/
+p CO‘{_E 1(1 (T*Z)e Cl)]Tz_BWZO)(T*Z)ewl’Cz_EWZ(O)(T*Z)peCO]Tz

2 (1
—5W1(1)(

/
*
3

Jpe~ i } — o { — 4w )p 2wl (0)p} — prn{ — 2w P (0)
—Wi2 (0) — pWyy (0) —2pW,) <o>}] ,

where

ig20 w0t e | 1802 _ i\ —iwiTie 20" T 0
Who(0) = 0)e' %% 4 2= _7(0)e "1 + M P1hY,
20(6) = 22 g(0)ei° + B2 40 1
1802 0t o 1820 _ o\ —iwirio 2iw*TF 0
Woa(0) = — 0)el@i w0 _ 1820 0y, —ioiT0 | g o—2i0( 76
02(0) 3wi,<ﬁq( ) wmél( ) 2
ig11 0i e | 1811 _ o\ _initre
Wii(6) = — 0)ef@ 70 4 81 Z0)o—iorTi0 4 ppo
1(6) wikfikq( Je +a’ffikq< )e +M;

My =M M e R2 My = (M) M) € R?, My = (M"Y, M{P)T € R? are constant

vectors, computed as:

. -1
Me—2 2i0f —ay —ay —aze Ao —r+r+op
1= _9im* ! . _99im* ! _99im* ! 9
ny* —ase 2% 2i@f —as —ag+ase 21" —cape X 4 §p% +np
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B ok —1
M ) —Ziwik —a —ay —a3e2‘w1 T —r+ri+op
2= gl . o :
ny" —ase?®n —2i0] —as —ag +ase?Orn —cope?®in 4 §p24+np
- . ]
My=2| ¢ —az —as —r+ri+30(p+p)
ny*—as —as—ag+as| | —sca(p+p)+8ipp+3n(p+p)

Consequently, g;; can be expressed by the parameters and delay 7; and 7}. Thus, we can get:

I 2 e(c
c1(0) = 20T (gZOgll —2[gn[* - @) +g%, Mo = —%, B2 = 2Re(c1(0)),
7y —  mle1(0)) + palm((A(7)))

X ik
0T

Above expressions give description of the bifurcating periodic solutions in the center manifold

of system (2.3) at critical value 7| = 7| which can be stated as the following theorem:

Theorem 2.5.1.

1. up gives the direction of Hopf-bifurcation. If u; > 0(< 0), the Hopf-bifurcation is super-

critical(subcritical).

2. B, gives the stability of bifurcated periodic solution. If B, > 0(f3; < 0) then the bifurcated

periodic solutions are unstable (stable).

3. T, gives the period of bifurcated solution, the period increases(decreases) if 75 > 0(< 0).

2.6 Numerical Simulation

In this section we carry out numerical simulation by using MATLAB R2019a. All the calcula-
tions are done by taking eight digits after decimal. For numerical simulation, the chosen sets of

parameters are given below:

r=3,r=07,r=05 k=3 a=0.5,c=04, § =045, § =0.025, n =0.01, a = 0.07,

b =0.09.
(2.32)

r=3,r=07,r=05 k=1, a=0.5,c=04, =0.2, 6, =0.025, n =0.01, a =0.07,
b =10.09.

(2.33)
For the parameters, we have taken in the above (2.32), the non-delayed system (2.4) has three
equilibria points, the points, the eigenvalues of the variational matrix evaluated at them and
their nature is described in Table 2.3.

From this table we can see that £y and E both are saddle points and the the variational matrix at
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Equilibrium point Eigenvalues Nature
E(0,0) (2.300,-0.4500) saddle point
E,(4.6,0) (-2.300,0.08953971) saddle point

E*(0.21295807,0.19946731) -0.019263081 + 0.86676509i locally asmptotically stable

Table 2.3: Equilibrium points and the corresponding eigenvalues (which define the na-
ture of these points).

E* has complex conjugate eigenvalues with negative real parts, i.e. E* is locally asymptotically
stable equilibrium point which validates the result given by Remark 2.3.4 for the above chosen
parameters.

The cost of fear k is an important parameter to study because system (2.4) undergoes Hopf-
bifurcation with respect to this parameter. For the parameters chosen in (2.32) and using The-
orem 2.3.5, the critical value of k is k = k* = 0.68660621. For k > k*, the non-delayed system
is stable and undergoes Hopf-bifurcation at k = k* and is unstable for k < k*. Fig. 2.3 gives
an interpretation for k = 3 > k* in which E* is asymptotically stable. Fig. 2.3(a) describes
how the curves for prey and predator population initially oscillate for some time, and then the
oscillations keep damping after that the curves rest to their steady states.

The same behavior can be observed in Fig. 2.3(b) in which solution starting from an initial
point converge to the equilibrium point E* after a time showing the asymptotic stable behavior
of E*. An illustration for the unstable behavior of E* is provided in Fig. 2.4(a) with undamped
oscillations in time series plot and a stable limit cycle in Fig. 2.4(b) in which any solution
starting from inside (red) or outside (black) approaches to this periodic solution for a particular

value of k = 0.3 under its critical value k*.

0.7 T T T T T T T T T 0.4

0.6 Y|4 0351

0.5 b 031

0.4 b 025

Xy

0.3 q 02

0.2 015

0.1 q 01
stable E
o . . . . . . . . . . .

0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 0.1 0.2 0.3 0.4 05 0.6 0.7
t X

(a) (b)
Fig. 2.3: For k = 3 > k*, (a) time series plot for x and y, (b) phase portrait in xy-plane
showing the asymptotic stability of £* with all the parameters same as in (2.32).
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(a) (b)
Fig. 2.4: Existence of limit cycle and instability of E* for k = 0.3 < k* with all the pa-
rameters same as in (2.32).

As it is very difficult to analyse the different types of anti-predator behaviors individually,
exhibited by the prey in response to fear induced by the predator, so we try to evaluate the
effect of kK on 1 (which represents the cumulative effect of these behaviors). As the cost of
fear increases, the prey is expected to enhance its efficiency of anti-predator behavior. That
is, anti-predator behavior should be proportional to the cost of fear. The same trend has been

observed in our model which is demonstrated in Fig. 2.5.

0.03 -

0.01

0 1‘0 2‘0 3‘0 4‘0 5‘0 60
k
Fig. 2.5: kn-graph for x* = 0.21295807.

A dynamical system exhibit the characteristic of bi-stability when the system has two locally
asymptotically stable equilibrium points. Due to this property of the system, the whole set of
region of attraction for all solutions gets divided into two separate regions of attraction corre-
sponding to both equilibrium points, and these regions of attraction are separated by a curve,
known as separatrix. Our system (2.4) also possesses this attribute of bi-stability and set Q
is divided into two sets separated by a closed curve, demonstrated in Fig. 2.6. The respec-
tive locally asymptotically equilibrium points are E1(4.6,0), E*(0.14595837,0.22291377) (for
k=1, a=0.7, c=0.8,n =3, with remaining all the parameters same as in (2.32)). The region
of attraction for E* is the portion inside the closed curve, as shown in the figure, and if we start

the solution inside this closed region, the solution tends to E*. The region of attraction for E is
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the part of the set Q excluding the area covered by the closed trajectory, and solution initiated
in this region will approach Ej.

Now we simulate the system (2.4) for different values of o keeping all the parameters same as
in (2.32). Fig. 2.7 illustrates that as we increase the attack rate of predator on prey, x settles
down to lower equilibrium value which is the actual expected behavior of prey species with
an increment in attack rate by predator. With increase of & the equilibrium value for y should
increase as the predator starts killing prey with a greater rate, but a different character than the
conventional one is shown by the time series plot of y as we increase «, value of steady-state
solution for y falls off. The fact behind this particular nature exhibited by the predator species
is that as the predator starts hunting the prey with a higher value of attack rate, the population
density of prey starts shrinking, due to which the availability of prey to predator reduces which
also adds a competition among the predator species to access the food. Thus reduction in the
accessible food and increase in the struggle among predators leads to decrement in the equilib-

rium value of y.

Bistability

0.8 -

0.6

0.4 F
unstable limit cycle

0.2

Fig. 2.6: Phase portrait diagram showing the property of bi-stabilty fork = 1, o0 =
0.7, ¢ = 0.8, n = 3, with remaining all the parameters same as in (2.32).

0.4 X 7 0022 ‘ Hl
< 0.3 " B U
i er“,hﬂ.ww |

I
. }HL%M 0.05
:

o
N

200 400 600 800 1000 o 200 400 600 800 1000

(a) (b)
Fig. 2.7: Behavior of x and y with time ¢ for different values of ¢ with all other parame-
ters same as in (2.32)
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Now we perform simulation for validating the results that we got for delayed model (2.3) in
section 4. For this we will use the same set of parameters given in (2.32). The introduction
of the fear response and gestation time delay does not effect the equilibrium point. Therefore
E*(0.21295807,0.19946731) is the interior equilibrium point for system (2.4). The simulation
examples for the different cases discussed in section 4 are given as the cases below:
Case 1: When 71 = 75 =0, system (2.3) reduces to system (2.4) and the simulation for this are
given in Figs. 2.3 and 2.4.
In the delayed system, the stable equilibrium E* co-exists with a stable limit cycle. This prop-
erty of delayed system can be seen in all the following cases.
Case2: 171 —=0and 7 > 0.
For the parameters in (2.32), conditions (H}) and (H3) are satisfied so, taking j = 0 in Eq.(2.24)
, we get

0y = 0.85634590 and 1, = 0.05231278.
For above @y, T,.the condition (Hs;) is also satisfied, so the transversality condition is also
satisfied. Therefore, from Theorem 2.4.1, E* is locally asymptotically stable for 7, < 7, which
is verified by the time series plot given in Fig. 2.8 where we have taken 7, = 0.03 < 7,,. From
phase portrait diagram in Fig. 2.8, we can see the existence of an unstable limit cycle around
E* and which is further surrounded by a stable limit cycle. For 7, > 7,,, E* is an unstable
equilibrium enclosed by a stable limit cycle, which is illustrated by time series graph and phase
portrait diagram given in Fig. 2.9. So, we can observe that as we decrease 7o > T, to T, < 7y,
an unstable equilibrium bifurcates into a stable equilibrium and an unstable limit cycle i.e. E*
suffers subcritical Hopf-bifurcation w.r.t. delay 7. We also have presented this whole scenario

by a bifurcation diagram for species x in Fig. 2.10.
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Fig. 2.8: Local stability of E* with multiple limit cycles for 7; = 0 and 7, = 0.03 , with
all the parameters same as in (2.32).
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Fig. 2.9: Time series plot of x,y and phase portrait diagram in xy-plane showing unstable
nature of E* when 71 = 0, 7p = 0.07 > 17, with all the parameters same as in (2.32).
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Fig. 2.10: Bifurcation diagram for x with 7; = 0, 7, > 0 and all the parameters from
(2.32).

Case3: 17 >0, 7op=0.

To study the switching of stability twice for the delayed system around E* as we vary 7| we
perform simulation with respect to parameters given in (2.33) in this case.

With the change in value of parameters, there is change in interior equilibrium point. The new
equilibrium point is E*(0.09430142,0.28704906) which is locally asymptotically stable. Using
(2.33) and E*(0.09430142,0.28704906) in Theorem 2.4.2 we get oy = 0.65403249, ') =
0.46755180 and 7'V = 0.30872245, t*) = 6.41837400 are the critical values of T; correspond-

1o )

ing to (x)l((l))7 col(é).
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Fig. 2.11: Time series plot and phase portrait diagram showing the local stability of E*

being enclosed by an unstable and a stable limit cycle for 7, =0, 7, = 0.1 < 71(;) and the
parameters chosen in (2.33).
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Fig. 2.12: Unstable nature of E* shown by the continuous oscillations in time series
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(1)

)
cally asymptotically stable inside an unstable limit cycle which is further wrapped by a stable

limit cycle (Fig. 2.11(b). The system remains unstable for 7; € (‘L’l(g), ”L'l((z))) (Fig. 2.12). There-
(1)

)

as we move from right to left on 7| axis. Now, as we increase 7;, E* becomes locally asymp-

(2)

Lo
, a stable limit cycle is also present around the unstable one

For the parameters chosen in (2.33), when 7; € (0,7, '), the equilibrium point E* remains lo-

fore, we can say that the delayed system undergoes subcritical Hopf-bifurcation at 7, = 7

totically stable, and an unstable limit cycle comes into existence at T = 7,.’ via subcritical

2
0
(Fig. 2.13(a). The entire dynamics of the delayed system for this case is presented by a bifur-

Hopf-bifurcation. For 71 > 7

cation diagram in Fig. 2.14, for prey species. From this figure, we can observe that the delayed

system switches its stability twice around E* through Hopf-bifurcation as we vary 7, keeping
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T, = 0. It is interesting to point out that the two solutions trajectories with different initial con-
ditions cannot intersect each other in the case of ODEs, while they may intersect each other
in the case of DDEs [85, 86]. In Fig. 2.13, two trajectories ate plotted with different initial
conditions in the presence of 7;. Thus, both the trajectories are intersecting.
Case4: 7 >0, o > 0. With 7, =0.03 € (0, 72,) = (0,0.05231278) and all the parameters in
(2.32), 71 as parameter, our simulation yields

0;=0.86054924 and 7} = 0.05542075.
Using all these three ®*, 7}, 7 in Eq. (2.30) we get [%} = 0.14750804 £ 0.
So, the transversality condition is satisfied. Therefore the condit_iollis r;:quired to hold Theorem
2.4.2 are satisfied.
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Fig. 2.13: Time series plot (a) and phase portrait diagram (b) showing the local stability

of E* being enclosed by an unstable and a stable limit cycle for 1,'1(02) < 11 = 8, keeping
parameters fixed from (2.33).

T T T T T T T
45 K R
4r stable limit cycle -
3.5 4
3t N unstable limit cycle
\~
\s
\~
x 251 \~\
~
N,
2 ~\
N N
15 = stable E” -
1
0.5 1 . .
\ unstable E s
0 = ‘ ‘ : : : ‘ ‘
1 2 3 4 5 6 7 8

1

Fig. 2.14: Bifurcation diagram for 7, = 0, 7; > 0 and all the parameters same as in
(2.33).
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Fig. 2.15: For all the parameters same as in (2.32) and 7, =0.03, 71 =0.02 < 17, steady-
state solution E* is locally asymptotically stable.

The system (2.3) is locally asymptotically stable around E* for 7; € (0, 7;) = (0,0.05542075)
with 7o = 0.03 and is unstable for 7, > 7. Fig. 2.15 gives a simulation example showing E*
is locally asymptotically stable when 7, = 0.03, 71 = 0.02 < 7. Fig. 2.16 depicts that E* is
unstable for 7, = 0.03, 7; = 0.06 > 7; with endless oscillations in Fig. 2.16(a) and a stable limit
cycle in Fig. 2.16(b). Hence, we can say that system becomes locally asymptotically stable
around E* via subcritical Hopf-bifurcation at 7| = 7 as we decrease 7| keeping 7, constant.

Numerical simulation yields
c1(0) =0.48740465 —1.71282661i, uy = —3.30443830, B, =0.97480930, T, = 35.28436282,

so, from Theorem 2.5.1, we note that the Hopf-bifurcation is subcritical in nature and the bi-
furcated periodic solutions are unstable, where period of bifurcated solution increases.
Delayed system (2.3) shows chaotic behavior for higher values of fear response delay. We
have analysed the delayed system for 7; € [10,30] keeping 7, = 0. The chaotic nature of the
solutions can be seen from time series plots for both prey and predator in Fig. 2.17 and the
chaotic attractor in Fig. 2.18 for 7y = 27. For prey species, we have plotted the bifurcation
diagram in Fig. 2.19(a), exhibiting the chaotic character of the system for large values of 7j.
From this figure (2.19(a), we can observe that as we increase delay 7, firstly the delayed system
becomes chaotic and then enters into a periodic window. This periodic nature of the delayed
system is again repeated on further increase of 7. Then the more increment in this delay push
the system in chaotic regime again. This irregular nature of delayed system with respect to
fear response delay is confirmed by the corresponding maximum Lyapunov exponent in Fig.
2.19(b). It become positive for 7; = 24 and falls to negative values on increasing 7; which
represent the periodic behavior of the delayed system in the course of increasing 7;. Then it

again become positive on increasing 7; showing the chaotic behaviour of delayed system (2.3).
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Sensitivity to initial condition is basic property of chaotic system. For a chaotic system, if we
perturb the initial condition by a small value, the behavior of the solution trajectory varies to a
large extent. The same trend can be seen in our system when we change the initial condition
for x, 0.2 to 0.201, keeping same for y, a major change in solution trajectory of both x and y is
observed, shown in Fig. 2.20.

For parameters in (2.32), we have simulated a stability diagram in Fig. 2.21 in 7;7>-plane in
which the mustered colored area gives the stability region for delayed system where the white
colored area gives the unstability region for the same. It may be noted here that Fig. 2.21 has

been drawn using case (4) from the local stability and Hopf-bifurcation. Taking 7, from its
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stable interval each time, 7y is evaluated from 7 = _ssin~
equidistant points of 7, corresponding points of 7; are almost equidistant. Thus, the bifurcation

curve in Fig. 2.21 appears to be almost linear.
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Fig. 2.16: The interior equilibrium E* is unstable when 7, = 0.03, 7; = 0.06 > 7} with
existence of stable periodic solution with all the parameters same as in (2.32).
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Fig. 2.17: Time series plot for x and y when 7; = 27 and parameters chosen in (32).
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Fig. 2.19: Bifurcation diagram (a) and corresponding Maximum Lyapunov exponent (b)
for prey population for fear response delay.
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Fig. 2.20: Sensitive solutions to initial condition for 7| = 27 for parameters in (2.32).
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Fig. 2.21: Regions of stability and unstability in 7| To-plane for parameters in (2.32).

From this whole discussion, we can observe that our system may exhibits the properties of
Hopf-bifurcation, bi-stability, multiple stability switching and chaos which manifests the dy-

namical richness of the system.

2.7 Conclusion

In this work, we proposed a prey-predator model with the impact of fear in prey, provoked by
the predator, and to respond to this fear, the behavior known as anti-predator exhibited by prey
towards the predator is also considered. Prey population grows logistically, and predator con-
sume them with simplified Holling type IV functional response. Since the effect of fear in prey
due to the predator is not instantaneous, so to make the model more precise, we incorporated
the fear response delay. Further, the gestation delay is introduced for the predator in our model.
Firstly, we proved the well-posedness of our model by showing the positivity, boundedness, and
persistence for the non-delayed model (2.4). Population densities of both prey and predator are
bounded in the compact set € in the non-negative plane. This fact agrees with the limited bear-
ing capacity of the ecosystem. The system is uniformly persistence if the birth-rate of the prey
population is greater than a threshold value, while the rate of anti-predator behavior is less than
a threshold value. Then we noted that the system has three points of equilibria, Ey, Eq, and
E*. The positive equilibrium point E* exists under conditions (2.8), (2.10) and (2.11). The rate
of anti-predator behavior is an important parameter. In Fig. 2.2, we can see that the number
of interior equilibrium points changes as the value of rate of anti-predator behavior varies. In
stability analysis, we observed that £ is a saddle point, further the condition for asymptotic sta-

bility for E is derived by evaluating the variational matrix about Ej. The interior equilibrium
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E* is stable under condition (2.14). Then we studied the conditions for occurrence of Hopf-
bifurcation with respect to cost of fear. Further, we deduce the criteria for the global stability
of the system by choosing a suitable Lyapunov function. Using Dulac-Bendixson criterion and
Poincare-Bendixon theorem we obtained the conditions for existence and non-existence of pe-
riodic solution. Then we studied the relationship between cost of fear and rate of anti-predator
behavior which is depicted in Fig. 2.5. Further non-delayed system showed the property of
bi-stability, in which both E*, E| are stable equilibrium points, depicted in Fig. 2.6.

In the dynamical behavior of delayed model (2.3), we examined local stability behavior of the
system and properties of Hopf-bifurcation. Using fear response delay and gestation delay as the
bifurcation parameters, we discussed Hopf-bifurcation. In all the possible cases, we derived the
critical values for respective bifurcation parameters. We noted that, the system suffers subcriti-
cal Hopf-bifurcation respect to both delays. In Case 3, the delayed system switches its stability
twice as we vary 7. Further, we analyzed the direction and stability of Hopt-bifurcation us-
ing the normal form method and center manifold theory. Further, chaotic behavior of delayed
system is observed for large values of fear response delay and which is supported by the bi-
furcation diagram and positiveness of maximum Lyapunov exponent. Moreover, we performed
numerical simulation with respect to parameters in (2.32), (2.33), supporting our analytical re-
sults. In Fig. 2.21, we have drawn the regions of stability and unstability for delayed system in
T1 To-plane.

We hope that this work will help to understand the dynamics of prey-predator system with ef-
fect of fear in prey due to predator and anti-predator behavior in response to this fear including

fear response delay and gestation delay.
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Chapter 3

Chaos control in a multiple delayed phytoplankton-
zooplankton model with group defence and preda-

tor’s interference!'

3.1 Introduction

Phytoplankton-zooplankton interactions significantly contribute to the various dynamical pro-
ceedings happening in the ecosystem, which makes it a prominent topic of research. This
interplay is a particular kind of prey-predator interaction which means that theories developed
to deal with prey-predator relationships can be utilized to study such specific type of dynamics.
Classically, Edwards and Brindley [87] studied an NPZ (nutrient-phytoplankton-zooplankton)
model, which was mainly focussed on determining the parameter ranges to observe bifurcation
and oscillatory behavior of the system. They also determined some parametric values for which
the system has multiple attractors. Edwards [88] in the continuation of work [87], studied two
plankton systems having concentrations of nutrient, phytoplankton, zooplankton, and detritus.
In this extended work, he added detritus to the earlier NPZ model for simulating remineral-
ization more realistically. In the first model, zooplankton is assumed to consume only phyto-
plankton whereas in second one, it can have phytoplankton and detritus both. They noticed that
dynamics of NPZ system is not too much effected by addition of detritus when zooplankton
is not allowed to graze on it (first model) but dynamics of the system changes substantially
when zooplankton is allowed to consume detritus as well (second model). There are many
more papers [89, 90, 91] in the literature in which explorers have investigated mathematical
models involving phytoplankton-zooplankton species. Pal ef al. [92] analysed an NPZ model
in which the Monod—Haldane type response reflects the bloom formation by toxic phytoplank-

ton. They observed that system also shows chaotic behavior for a set of chosen parameters.

I'A considerable part of this chapter is published in Chaos, 31, 083101 (2021)
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Zhang and Wang [93] considered an NPZ model in an aquatic environment in which they ana-
lytically verified classical and discontinuous Hopf-bifurcations for the proposed model. They
also obtained bistability between a stable equilibrium point and a stable limit cycle (subcrit-
ical Hopf-bifurcation). The occurrence of saddle-node bifurcation is also endorsed with the
help of numerical simulation in this paper. Upadhyay et al. [94] studied a spatial four com-
ponent model (nutrient-phytoplankton-zooplankton-fish) with Holling type IV response. They
established the conditions for local stability, global stability, instability for both spatial and non-
spatial situations. They also investigated the effect of critical wavelength which drives system
to instability and also got very much complex Turing patterns with the help of simulation.

As some of the zooplankton can identify toxic and non-toxic phytoplankton[95, 96], thus
splitting phytoplankton into two categories: toxic producing phytoplankton (TPP) and non-
toxic phytoplankton (NTP) can help us to analyse the dynamical behavior of plankton systems
more precisely. One can see some papers [97, 98, 99] in which authors have divided phyto-
plankton into TPP and NTP and observed that this classification can help us to get more rich
and realistic dynamical findings. Chowdhury ef al. [100] studied a four-dimensional model
with migratory consumption of zooplankton on TPP and NTP. They divided zooplankton into
two groups, out of which one was consuming TPP and the other one NTP. They explored this
system with different combinations of toxin inhibition and migratory parameters. They also ob-
served that this nomadic grazing of zooplankton has a crucial impact on the system’s stability
and oscillatory bahavior. Banerjee and Venturino [101] extended the work of Pal ef al. [92] and
dealt with a three-dimensional PZ system by dividing phytoplankton into NTP-TPP groups to
detect the poisoning effect of TPP on zooplankton explicitly. They derived stability conditions
for various feasible equilibria. They also proved the persistence of the proposed model using
the classical results given by Freedman and Waltman [102].

Another variable that can make dynamical systems more rational and play a vital role in
their dynamics is the time delay. Incorporating a time delay in an ordinary differential equation
transform it into a delay differential equation. Time delay can be added in a dynamical sys-
tem in many terms like maturation time, gestation time, traveling, incubation, feedback time,
etc. Inclusion of time delay may result in the generation of fluctuations around the stable equi-
librium and sometimes it can also lead to chaos [103, 104, 105, 106]. Gakkhar and Singh
[23] worked on prey-predator model with two discrete dalays. They noted that addition of de-
lays lead to formation of periodic solutions and occurrence of chaos through Hopf-bifurcation.
Rahim and Imran [107] dealt with a PZ model with two delays. The first delay in this paper cor-
responds to gestation time, whereas the second delay signifies the time required by TPP to get
mature before producing noxious chemicals. They observed the multiple switching of stability
around the interior equilibrium due to Hopf-bifurcatin with the increase of delay. Misra et al.

[108] explored a 4D-model (nutrient-algae density-detritus density-applied efforts) to review
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the applied efforts to control the algae and detritus from a lake to curtail the occurrence of algae
blooms. Two delays: first for converting detritus into nutrients whereas second in applying
the control efforts are also incorporated by them. Multiple switching of stability due to Hopf-
bifurcation is too observed using both delays as control parameters. They found that that high
accumulation of nutrients magnifies the occurrence of blooms, and so the applied efforts play a
crucial role in reducing the concentration of algae bloom. Kumar and Dubey [15] analysed the
effect of fear induced by the predator in prey with prey refuge and gestation delay. They ob-
served that this fear effect could lead to Hopf-bifurcation in the system. Chaotic oscillations are
also observed in their delayed model for high values of gestation delay via Hopf-bifurcation.

The kinetics of a dynamical system is very much dependent on the mode of interaction
between interacting species. Predator’s functional response to prey plays a crucial role in the
prey-predator concept. Some prey species can use the approach of group formation as their de-
fense against predators to protect themselves. This technique is one of the types of anti-predator
behaviors endorsed by prey species against the predators [70]. In dynamical systems, this par-
ticular behavior of prey species is described by Holling type IV response (Monod—Haldane
type response). Liu and Huang [109] investigated a prey-predator model with Monod—Haldane
type response where both the species are subjected to harvesting. They examined how har-
vesting can affect equilibria, their stability and bifurcations related to the proposed system.
Thakur and Ojha [54] studied a plankton-fish model with the assumption of phytoplankton as
a prey, zooplankton the middle predator whereas fish species acting as the top predator. In this
model, both planktons are assumed to exhibit defense skills against their respective predator via
Monod—Haldane type response. They also incorporated time delay in middle predator and ob-
served that increasing time delay leads to double Hopf-bifurcation. Predators can also interfere
with each other for a available or favourite food. Beddington—-DeAngelis response [110] is one
of the responses which depends upon both the populations of prey, predator and manifest preda-
tor’s interference. This response becomes free of predator’s interference at high prey density
as it becomes independent of predator density at this point. Upadhyay et al. [111] examined
a reaction-diffusion model for a phytoplankton-zooplankton-fish system in which zooplankton
grazes phytoplankton by Beddington—DeAngelis response and fish consumes zooplankton by
Holiing type III response. They found that interference among zooplankton species, the spa-
tial heterogeneity, and the rate of fish predation play important roles in the governance of the
aquatic system’s spatiotemporal kinetics. The other point observed by them is that diffusion
drives instability to this marine system, whereas fish predation can behave like a regularizing
factor.

This chapter extends the work of Banerjee and Venturino [101] by replacing linear and sim-
plified Holling type IV responses by Beddington—DeAngelis and generalized Holling type IV
responses, respectively. We also have incorporated two discrete delays to explore the system
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more practically. The main objective of this work is to investigate the interactions of two popu-
lations of phytoplankton (NTP and TPP) on zooplankton explicitly in presence of two different
kinds of delays. This chapter is organised as fellows: Section 3.2 corresponds for the formula-
tion of mathematical model. In Section 3.3, we have analysed the dynamics of the non-delayed
model, like the well-posedness of the model, the existence of various equilibria and their sta-
bility analysis, the persistence of the model, and bifurcation analysis. Assessments related to
the delayed model are done in Section 3.4, which includes local stability analysis, direction
and stability of Hopf-bifurcation. In Section 3.5, we have performed numerical simulations to

assist our theoretical findings.

3.2 Model formulation

Classifying phytoplankton into two groups, namely, non-toxic phytoplankton (NTP) and toxic
producing phytoplankton (TPP) can produce complex dynamical outcomes in a PZ system.
Thus we categorize phytoplankton into two sub-populations: toxic and non-toxic, and propose
a 3-dimensional dynamical model with these two phytoplankton strains and zooplankton as a
generalist predator. Let py, p, are the population densities of non-toxic and toxic phytoplank-
ton, respectively whereas z is the population density of zooplankton species, feeding on these

two phytoplankton. Formulation of the model is based upon the following assumptions:

1. Both phytoplankton are assumed to grow logistically with r;, K; as the intrinsic growth
rates of ith species and carrying capacities of the environment for ith species, respec-
tively, in the absence of each other and the zooplankton species. They also possess a
inter-species competition for the available resources, where ¥;; is the rate of inter-species
competition of jth species over ith species (i # j=1,2).

Thus we can have

d d
il . ripi| 11— Pl _ Yi2P1P2, &P _ rpy| 11— P2 _ Y1P1P2-
dt K dt K>

2. As some of the zooplankton species have the capability of differentiating between NTP
and TPP, but they can also progress toward the toxic one in the deficiency of non-toxic
fee [95, 96]. Thus the NTP may act as a favourite food for zooplankton, so we assume
that the zooplankton can compete with each other for this non-toxic resource. Accord-
ingly, the interplay between NTP and zooplankton is dealt with Beddington—-DeAngelis

type response that has the characteristic of interference among the predator species dur-

mipi
o+p1+Pz

rate of zooplankton over NTP, B is the coefficient of intra-specific competition among

ing foraging, and which is given by, f(pi,z) = . Here, my is the consumption
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zooplankton for this non-toxic food and « is half-saturation constant. As NTP is zoo-
plankton’s favourite food so in its absence, zooplankton die with death rate of &,. With
all these assumptions and c; as the conversion efficiency of zooplankton over NTP, we

have

@:r Pt _y _ mpiz %: cimipiz &z
e I Ul o Bt (T T ey S My

3. In the deficiency of NTP, the rise in the consumption of TPP magnifies the decrement of
zooplankton due to its negative (poisoning) effect. As a result, an excessive amount of
zooplankton gets killed, which reduces the further consumption of toxic phytoplankton.
Such lesser ingestion will decrease the further negative effect of toxic phytoplankton on
zooplankton’s growth. We use Holling type IV response to handle this kind of interaction
which takes care of the fact that zooplankton avoids highly dense toxic phytoplankton. It
is also known as a group defense mechanism by toxic phytoplankton against zooplankton,
and this is given by, g(py) = #. Here, m; is the predation rate of zooplankton
over TPP, a measures the inhibitory effect of TPP against zooplankton and c is half satu-

ration constant. Thus with conversion efficiency ¢, of zooplankton over TPP, we have

4P _ rp2 <1 - &> —Y1p1P2 — TP
dt K> ap?+bpr+c’
dz _ compiz cmpz
dit — a+pi+Bz ap?+bprtc

Thus, the proposed mathematical model is given by:

dpi Pl) mipiz

O (1B — W R(p1,pas2),

i 11?1( e Y2p1p2 a+pi+ B2 1(p1,p2,2)

dp> P2 mypaz

= rsz( K, ) PP 2(P1,12,2), (3.1
dz cymipiz Comy P2z

ot — — 09z =: F ,D2,2).
t  a+pi+Pz ap?+bpr+c % 3(P1p2,3)

A schematic diagram for the kinetical interactions presented in model (3.1) is depicted in
Fig. 3.1.

4. The effects of these functional responses are not instantaneous. So, for more realistic and
rich dynamics, we use two types of delays. Here, 7; is the gestation period for zooplank-
ton after the predation of non-toxic phytoplankton. The process of toxin liberation by
TPP is also followed by a time lag 7>, which is the time taken by toxic producing phyto-
plankton’s cells to get mature and release toxins; this delay is known as toxic liberation
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delay [112]. Therefore, incorporating this two delays, model (3.1) becomes:

dpi D1 m|piz
—=npi\l—— ) —Y2pip2—

di K; o+ p1+ Bz’

dps P2 mypaz

s 1—=Z=) = e .
i rzpz( K, Y21P1P2 ap?+bpy+c’ (3.2)
% o Clmlpl(l‘ — Tl)Z(l‘ — ‘Cl) szzpz(l‘ — Tz)z(l‘ — Tz)

- - - 60Z7
dt a+p1(t_fl)+BZ(t_Tl) apz(t—fz)z-l-bpz(l‘—l’g)-i-c
and for biological feasibility, we assume pi(s) = @1(s) >0, pa(s) = ¢(s) >0, y(s) =
¢3(s) >0, s € [—7,0], T=max{7, 2} and ¢;(s) € C([—7,0]) = R+, (j = 1,2,3), where
C denotes the Banach space of continuous functions. All the parameters in (3.1) and (3.2)
are assumed to be positive.

P2 41
1-— r 1-—
sz?( Kg) 1p1( Kl)

mipiz

a+p+ Pz

Mapoz
aps? +bpy + ¢

CoMaP2az
apa +bpy +c

Y21P1P2
Y12P1P2

Fig. 3.1: Schematic diagram of kinetical interactions among NTP, TPP and zooplankton
species, for the non-delayed model.

3.3 Dynamics of non-delayed model

In this section, we firstly prove the biological well-posedness of model (3.1) by proving the ex-
istence, uniqueness, positivity and boundedness of its solution. Then it is followed by finding its
all feasible stationary points. Next, we investigate local and global stability behavior of model
(3.1) around these points. Further, the theorems related to Hopf and transcritical bifurcations

are presented.

3.3.1 Existence, positivity and boundedness of solution

As we can see that (Fy,F»,F3) is Lipschitz continuous for any bounded subset of R3. Thus

for any set of initial values (p;(0), p2(0), z(0))inR3, model (3.1) has a unique solution on



3.3. Dynamics of non-delayed model 65

bounded subsets of Ri.

From model (3.1), we can have
0) = pr(OJexp 1y {ry (1~ B2 ) = apa0) — e85 ]

pa(t) = pz(O)exp[f(; {rz (1 N leg)) —Y21p1(K) = apz(ic)’;lizl();i(ic)ﬂ}d,(} ’
_ t cympi(k) com pa(K) _
Z(t) - z(O)exp |:f0 { a+p1(x)+Bz(x) apz(K)2+bp2(K)+c 60}011(] )

Hence, any solution starting inside the positive octant of p p>z-space, remains positive for the
whole future time. Now, we present a theorem to determine the invariant set for solutions of

the non-delayed system.

Theorem 3.3.1. All the solutions of system (3.1) initiating in Ri remain enclosed inside the
region

Y ={(p1, p2 ) €R 0 <K, 0< o <Ko, 0= pr+ Lo < 28 where §) =
min{ry, &}.

Proof. From the first equation of model (3.1), we can easily observe

d
an <rnp|1l- P which implies limsup p;(¢) < Kj.
dt Kl f—yo0

Similarly,

limsup ps(t) < K».

t—ro0

Now, let W(t) = p; + %z, then we have

dw _ dpi | 1.dz
dr — dt c dt

_ _p\ o c2maprz &z
= npi K M2PIP2 = G lap 2 bpyre) e

<2rkK;— 51W(t).

Thus limsup W (¢) < 21‘3—11{1, where 8; = min{ry, 8 }. Therefore, all the solutions of model (3.1),
f—yo0

starting inside Ri are confined to the region Y. [

3.3.2 Feasible biomass equilibria with their stability analysis

Now, we establish the existence of various equilibrium points associated with model (3.1). These
steady states can be named as: E((0,0,0), E;(K1,0,0), E>(0,K3,0), E3(p1,p2,0), E4(p1,0,2)
and E*(p},p;,2*). The equilibrium points Ey, E;, E, are the trivial steady states. Now, we

need to drive the conditions under which the remaining equilibrium points exists.
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e For the existence of E3(py, p2,0) :

Here, p and p, are solutions of set of equations given by:
rp1+ Y2Kip2 = ik, (3.3)

V»1Kop1 +r2pr = k. (3.4)

Solving (3.3) and (3.4), we obtain py = 2Kl 1K) =5, nfaln ki),
where A = rir, — V12721 K1K>.
Therefore, both py, p, exist positively and so is the equilibrium E3(p1, p2,0) if any one

of the following conditions holds:

(1) r1 > 2K and ry > 11K

(i1) r < ¥12K> and r, < 1K)

e For the existence of E4(py,0,2) :
Here, p and 7 are solutions of the eqs. (3.5) and (3.6) given by :

)2 mz
- )=— 3.5
”( Kl) o+ pi+ Bz (3-5)
crmypq
= . 3.6
o+ p1+ Bz % (36

From (3.6), we obtain

7= 4 7
z 55 , (3.7)

which exists positively if
(clml — 50)[51 > Op. (3.8)

Now, using this Z into (3.5), we get a quadratic polynomial in p; given by

ﬁ%(—rlqmlﬁ) + D1 (klml (l’]C]B — (c1m1 — 50))) +mKiady =0. 3.9

Hence, it can be seen that, (3.9) has a positive root p;. By putting this p; in (3.7), we can

get 7 to receive E4(p1,0,Z). Therefore, E4 exists under condition (3.8).

e Existence of interior equilibrium E*(p7, p3,z"):

Interior equilibrium E*(p}, p5,2z") is the solution of the set of algebraic equations given

pT " mlz*
1—— | — - =0 3.10
r ( K]) )12p2 T BZ* ’ ( )

below:



3.3. Dynamics of non-delayed model 67
P3> ] myz’
nil—-—=)-rymp,———— = (3.11)
( K R1p ap§2+bp§+c
cmpy  cmp; S =0 (3.12)
o+ pi+ Bz aps?+bphtc
From (3.12), we get
* 1 Clmlpi( *>
< ﬁ ( M P1 ) ( )
which is positive when
cimg
- 1) —a>0, 3.14
(S —1)wi (3.14)
- szzl’z
where M = ary T bpate + &.
Using z* from (3 13) in (3.10), we get :
* % pT * I’I11G
, =r 1 _ -1 _ - = 3.15
g1(p1,p3) 1( K1> Yi2D> o p +BG (3.15)
In (3.15), we have the following:
1. When p7 — 0 which gives p5 — oo.
2. When p; = 0, we obtain
2 ricy «[ e cimy x
—<= |t — S5 +1|+5=0. (3.16)
. ( &m) p1<5o B ) B
So, (3.16) has a positive root Ply-
3. From (3.15), 98 = — 222 < 0, if
8lpy
81p; >Oandg1p»f >0
or (3.17)
81p3 <0andg1psf <0.
Now using (3.13) in (3.11), we get
* % p; * sz
82(p1,p2) =1 1——)—721p —— =0 (3.18)
( 1 2) ( K2 1 ap§2+bP§+C

In (3.18), we have the following:
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1. When p] = 0, then we get

P’ (—fra) + p3*(B(aKa = br2)) + p3(Bra(bKs — ) + Ka(Bra + aimz) = 0.

So, (3.19) has a positive root p» u

+
2. When p3 = 0, then (3.18) has a positive root, p, = Db

Y21+Z%( &

cymy > 0.

* 82 %
3. From (3.18), 7t = — 12 < 0. if
1

82p5 > 0 and 82pr > 0
or

82ps < 0 and 82pr < 0

am

(3.19)

] > 0,if

(3.20)

(3.21)

Therefore, nullclines (3.15) and (3.18) has a unique point of intersection (p7, p3), when
(3.14), (3.17), (3.20) and (3.21) hold with the inequality p;,, < p1,. Then by putting pj
and pj in (3.13), we obtain z* and it establishes the existence of E*(p}, p3,z*).

Theorem 3.3.2. The non-delayed system has a unique interior equilibrium if in addition to

conditions: (3.14), (3.17), (3.20) and (3.21), the inequality Py <Py holds.

P2

Intrerior equilibrium
(7.3873, 19.6397)

.

0 Py P, P,

0o

Fig. 3.2: p;-nullcline and p,-nullcline satisfies all conditio;ls ste;ted in Theorem 3.3.2,

and hence intersect at a unique point for parameters given in Remark 3.3.1.

Remark 3.3.1. 7o show the existence of unique interior equilibrium numerically, we take a
set of parameters; r1 =3, K| =30, 12 =0.1, m; =048, a =10, =0.1, n=12, K, =
40, 11 =0.08, a=0.02, b=0.01, c =50, mp =0.1, ¢c; =0.28, c; =0.4, 6) = 0.04. For these

parametric values, all conditions stated in Theorem 3.3.2 hold. For better visualization we have
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plotted interior equilibrium (7.3873,19.6397,11.4803) in the p|pa-plane which is depicted in
Fig. 3.2.

Now, for local stability analysis, firstly we linearise the non-linear system (3.1) around the
desired equilibrium by evaluating the variational matrix at the same and then we check the
sign of real part of every eigenvalue corresponding to that matrix. For an equilibrium point

E(p1,p2,2), the general variational matrix corresponding to model (3.1) is given by:

Jin Jjiz Jji3
Je= |ja1 joo Jo3|

J31 J32 J33

where,

_ myz(a+Bz) . . mpi(otp)
Jjun=ri— (atp1 8272 Ji2 = 7122171, J13= ~lasp4B?

2r 2p2 mpz(—aps+c) . myp)

= — =7y — — _—s = — "=t
J21 = =P1P2, J22 =12 IPL = (T e 123 R tbpric’
ja1 = cymyz(a+Bz) = CZmﬂ( apj+c) 33 = _ampi(atp) _ _compy So

3= Totp+B)? /32 (ap3+bpate)?’ (a+p1+B2)>  apitbprtc O

e We can be easily observe that Ej is always a saddle point with two dimensional unstable

manifold and one dimensional stable manifold.

e The Jacobian matrix evaluated about E(K,0,0) is

m; K
-1 —"12kKi ~ ik
JE, =10 n-mk 0
amkK;
0 0 e 0o
So, eigenvalues of above matrix are —ry, r, — 1K and % — 0p. Therefore there can

be the following sub-cases:

1. Ej is a saddle point with dim(W*(E})) = 1 and dim(W*(E})) = 2, if r, > K and

cim Ky
a+K; > 50

2. Ej is a saddle point with dim(W*(E;)) =2 and dim(W"(E;)) = 1, if r, < 1K) and

cym Ky cm Ky
0K >5()OI‘7‘2>}/21K1 and 0K <5().

3. E; is a locally asymptotically stable equilibrium point with dim(W*(Ey)) = 3, if

K
ry < 1K1 and C&TK] < 0.
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e The Jacobian matrix corresponding to E» is

r—YekK, 0 0
K
_ — K —r ___MmaRy
J|E2 - V2152 2 ap%+bp2+c
K
0 0 __CmpKy
aps+bpar+c %
Eigenvalues of above matrix, J|g, are r| — ¥12K», —rp and —_aomk &

ap%—i—bpz—i—c
So,

1. E; is a saddle point with dim(W*(E;)) = 2 and dim(W*(E,)) = 1 if r; > y12K>.

2. Model (3.1) is locally asymptotically stable in the vicinity of E; if r1 < ¥12K>

e Assuming the existence of E3(py, p2,0), the corresponding variational matrix is

_np1 N _ mp;
K Y12P1 atp
i hy D22 ___mpy
Jgy=|~"1P2 —7g, ap+bpatc
0 O cimypi _ Cony pr _ 60

a+p1 aps+bpyrtc

cumipy _ __comaps
a+p1 api+bprtc

One of the eigenvalues of J|g, is — & and other two are the roots of
the equation

I°4+B I'+B,=0, (3.22)

where, B| = % + % and B, = 151152(12;(22 — Yi2%21). Both the zeros of (3.22) have

negative real parts iff By > 0. So, we have the following theorem:

Theorem 3.3.3. Sufficient conditions for system (3.1) to be locally asymptotically stable

in the neighbourhood of E3 are

) c1mpy oo Ky
(1) avp, < ap§+bﬁ2+c+50’

(ii) g > N2Yal-

e Variational matrix about E4(p1,0,Z) (assumed to be exist under condition (3.8)) is:

b mip12 _mlp_l(a“’ﬁl)

KT {atpi+B)? TYRPL ey
JE, = 0 r—Y1p1—"E 0
cimz(a+Pz) _ compZ __Beymipiz
(a+p1+B2)? ¢ (o+p1+B2)?

It is easy to see that one eigenvalue of J|g, iS r» — 1191 — mTZZ, where other are the roots
of equation given below:
A’ +CIA+Cy =0, (3.23)
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where, Cj = 1121 mipiZ Beimipiz

Ki (a+pi+P2)? T (a+pi+B2)>
_ (npL _ __ mpiZ Beimpiz mpy(a+p) \ ( eomiz(a+pB2)
and C3 = ( K (a+ﬁ1+ﬁz)2> ((a+ﬁ1+ﬁ2)2> + <(a+ﬁ1+ﬁ2)2> ( (a+p1+B2)? )
Roots of (3.23) have negative real parts iff C; > 0, C; > 0. Therefore, we state the

following theorem

Theorem 3.3.4. Equ_ilibrium point E4(p1,0,2) is locally asymptotically if r| > ﬁ
and ry < Y1 p1 + "

Remark 3.3.2. From Theorem 3.3.4, we can observe that toxic-phytoplankton free equi-
librium is locally asymptotically stable if intrinsic growth rates of non-toxic and toxic

producing phytoplankton are greater and lesser than some respective threshold values.

e For investigation of local stability analysis around the coexistence equilibrium E*(p}, p3,2*),

the evaluated variational matrix is:

el en en
JEr= e en enl,
€31 exn €33

where,
_ _np} m piz* _ % ___ mpj(a+pj)
€11 = — g, + (atpi+Bz)2 €12 = 7121;?17 €13 = (a+pi+Bz)2
_ * ___np; | mz'(2apa*~+bp3) _ myps
e2] = — €y = — 7= ey = ————2
21 Y1D3, €22 5 (P by o) 23 aptbpyic’
_ amz*(a+B7) _ compz(—apy¥*tc) _ _ Beimpiz"
€31 = (a+pi+Pfz)? €32= (ap2+?+bpi+c)? 7’ €33 = (a+p+PBz)?”
Characteristic equation for above Jacobian is given by
I + E\I1? + E>I1 + E3 = 0, (3.24)
where,
Ey = —tr(J|g+),

Ey = (exne33 —exzesn) + (e11€33 —e13e31) + (er1e22 — enzenn),
E3 = —det(J|g+). All three roots of (3.24) have negative real parts iff £; > 0 ,E3 > 0 and
E\E> > Ej3. Thus, we have the following theorem:

Theorem 3.3.5. The non-delayed model is locally asymptotically stable in the vicinity of coex-
istence equilibrium E*(p},p3,2*) if E1 > 0 ,E3 > 0 and E|E; > E;.

Now, we drive the conditions under which the non-delayed model is globally asymptotically

stable around the interior equilibrium E*(p¥, p5,z*).
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Theorem 3.3.6. For non-delayed system (3.1), interior equilibrium E*(p}, p5,z"), whenever it

exists, is globally asymptotically stable in accordance with the conditions:
. r_] mlz*
x> (ot pi Bz’
(ii) ry . Mzt (a(Ka+p3)+b)
K claps*+bpi+c)

2 o omzt ([ rp_ mz(a(Katp;)+h)
(i) (Y2 +721)° < 2 (Kll a(a+p7+ﬁz*)> (1@ caps>+bp3+0) ) )

2
(iv)m2( L+ licy | — PP <o _mZ (a(Ky+p5)+b) Brilicim
2\ ¢ " ap®tbpite akK3+bKr+c K> claps*+bps+c) (o+Ki+BZy)(a+pi+Bz*) |°

where p;,, = 15—22 (rz = (}/211(1 + mzZM)) Iy = 20+11K1 and 1y is defined in the proof.

C

Proof. We choose a relevant Lyapunov function V about E* defined as
Pi P2 Z
V(p1,p2:2) = (p1 —pi —piklnp—T) + <p2 P> —pilnp—§> +4 (z—z* —z*lnz—*) :

where /] is a positive constant which we pick as per our comfort. Now, on differentiating V

with respect to time along the solutions of (3.1) and with some algebraic exploitation, we get

d_V—(_i_|_ le* )( o *)2
dt ~ \ K (a+pi+B)(atp +pz) ) P

K> (ap2+bpy+c) (ap;z +bp}+c) 2 (ot + p1+Bz)(a+ pj+ Bz*)

* * mp l]Cz((lePE—C)) * *

— (12 + - P — 1+ —p3)(z—
(r2+ 1) (p1—p1)(p2—P3) ap22+bp2+c< PPt by Te (P2—p3)(z—2")

+ i
(a+p1+Bz)(a+pj+Pz*)

(— (@t p)) +zlc1<a+ﬁz*>) (b1 — P} (=),

o+pi

Taking l] = W’ we obtain
A% 1
—==Vi(p — D)2+ Via(p1 — p})(p2— ph) — 5Vaa(p2 —p3)?

1 * * * *
—Esz(Pz—p2)2+V23(p2—P2)(Z—Z ) —V33(z—7°)%,
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where,
(n mz* (2 myz"(a(p2+ p3) +b)
Vil = X ; = ) V2= o 5 ) " ;
1 (a+p1+Bz)(a+pi+ Bz¥) 2 (ap2*+bpa+c)(apy”~+bps+c)
Bpilicim
Vi3 = 7V - - + 9
33 (@t p+Bo)(@tp T B 12=—(N2+71)
my lica(apap; —c¢
Vs = 2 <_1+ *(2 2* )>‘
apz”+bpy+c apy”+bps+c

Hence, by Sylvester’s criterion, ‘2—‘; is a negative definite function under the assumptions

given by (i), (ii), (iii) and (iv). Therefore, model (3.1) is globally asymptotically stable under
these hypothesis. O

3.3.3 Persistence conditions

A dynamical system is said to be persistent as long as every component of this system persists
if it is present initially. In other words, a differential system is persistent from a geometric
view if its every solution is bounded far from the coordinate planes. In this subsection, we
determine the conditions under which the interior equilibrium E*(p7, p5,z*) of system (3.1)
persists. Firstly we divide system (3.1) into two subsystems and determine the conditions
for the non-existence of any periodic orbit about the corresponding coexistence equilibrium
for each subsystem. Then these results will be used to prove the persistence of coexistence
equilibrium E*. The two subsystems are: a competitive subsystem having toxic and non-toxic
phytoplankton, and a prey-predator subsystem with non-toxic phytoplankton and zooplankton.

The competitive subsystem is given by

d 1
art _ rp1 (1 - p—) = N2p1p2 = hi(p1, p2),

dt K
p ! (3.25)
P2 (1-22 —p1p1p2 = ha(p1, p2)-
dt K>
Now, we define a continuous differentiable function H; = ﬁ in the interior of positive quad-
rant of the pj ps-plane. Then we have
d 0 ri r
Vi=— W H)+~=—(hH)=— _
dpi (hifh) Ip> (hath) pKi  pika
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Thus using Bendixson’s-Dulac’s negative criterion [55], we deduce that competitive model
(3.25) does not have any closed solution around its coexistence equilibrium.

Similarly, the prey-predator submodel is given by

LR T B D V. LAY
dt 171 K, oa+pi+pz

dz _ cimpiz
dt  a+pi+pz

(3.26)
- 6OZ - h4(PlaZ)~

Non-existence of any periodic solution around the above prey-predator subsystem’s coexistence

a+pi+Pz

equilibrium can be proved by choosing H, = IE

in the interior of positive quadrant of the
p1z-plane. Indeed
8 8 ri ry
Vo= —=——(hHy)+ = (h4Hy) = — — — (0 + fz) —
2 8p1(3 2) aZ(4 2) . ZK1( Bz)

Thus V; < 0 if K; < . Therefore, the coexistence equilibrium of prey-predator subsystem

2ripi _ &B
Ky

(3.26) is not enclosed by any periodic orbit if K| < o. We will use this condition to establish
the persistence of E*.

Now, the persistence of interior equilibrium E* of model (3.1) is proved by using the method
proposed by Freedman and Waltman [102]. In accordance with Theorem 2.1 [102], both
E|(K1,0,0) and E»(0,K>,0) must be hyperbolic saddle points. Now, E| is a hyperbolic sad-
dle point if one or both conditions r, > 9% K; and % > 0p hold. Axial equilibrium E; is a
hyperbolic saddle point whenever r; > ¥12K>.

As per further conditions of this theorem, both planner equilibriums E3(py, p2,0) and Ey
(P1,0,Z) must be unique and unstable in the positive direction orthogonal to pjp, and p;z-
planes, respectively, if they exist. From subsection 3.3.2, we can see that both of these equi-
libriums are unique if they are feasible. Equilibrium E3 is unstable along z-axis if % >
% + &y is satisfied whereas E4 is unstable along ps-axis if r > %151 + 72 holds.
Therefore, in addition to the condition K| < ¢ if these conditions are also satisfied then the

coexistence equilibrium E* persists.

3.3.4 Bifurcation exploration
Here, we provide a theorem related to Hopf-bifurcation analysis for non-delayed model (3.1).

Theorem 3.3.7. For occurrence of Hopf-bifurcation for system (3.1) around E* at o0 = o'/,

the necessary and sufficient conditions are that the following inequalities hold true:
1. Ey(a") >0, E3(a"f) > 0.

2. El(Othf>E2(OChf) —E3((th) =0.
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3' %(Re(n))azahf # O or Zl_g 7é 0, Where, R == E1E2 —E3

Proof. Ata = alf| E\E; — Ez = 0 and the characteristic equation (3.24) becomes
(M4 E)(I1° 4+ E3) = 0, (3.27)

from which we get Iy » = £i+/E>, a pair of purely imaginary roots and I3 = —E|, a negative
real root.

On differentiating equation (3.24) w.r.t &, we obtain

dH_ E1H2—|—E2H—|—E3
do  3I242E1+E,’

implies
dIl . —E1E2—|—E3+iE2\/E2
do\n_; g 2E2—2EVE;
1 ((E3 — E\E2) +iE2/Er) (E> +iE\VE?)
2 E3 +EE; '
Thus
d1l 1 dR/da N _(N/Tf«:ﬂ;2 E\WE, & )
_ — 1 — ,
dot|n_ ;2 (E}+E) 2E;  2E,(E}+E)
Consequently,
d 1 dR/dao
—(Re(Il)) gt = — 57557~ # 0.
Thus, %(Re(ﬂ))a:ahf #0if j—g # 0. This completes the theorem. N

Remark 3.3.3. Hopf-bifurcation analysis with respect to any other parameter will be similar

to as given for o in above Theorem (3.3.7).

Now, we present a theorem regarding the transcritical bifurcation which involves zooplankton

free equilibrium E3 and the interior equilibrium E*, using g as the bifurcation parameter.

Theorem 3.3.8. Through a transcritical bifurcation, zooplankton free equilibrium E3 changes
its nature by becoming stable from unstable and the interior equilibrium E* disappears, when

0o passes across its threshold value, §°.

Proof. For proving our assertion, we use Sotomayor’s theorem [24]. At &y = {f = % —

Comp Py : b : _ T _
preTy E5 becomes a non-hyperbolic equilibrium point. Let v = [vy,vp,v3]" and w =
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[wi,wz,w3]" are the eigenvectors corresponding to zero eigenvalue of J| . 5te) and I (k. 51e)>

__ a13ap1—azdjg _ — T .
vy =R vy =1 and w = [0,0,1]", where q;;

apar3—a3axn
axail—apazy’

fori,j=1,2,3 is an entry 0f]|(E3:66")-

respectively. Here, v =
Here, we define Y (p1,p2,z) = [F1,F»,F3)". Then Y5 = [0,0,—z]”, and by Sotomayor’s theo-
rem, the transversality conditions are:

wlYs (E3: 8)) =0,

wl[DY5 (E3: 8)]v=—1+#0,

WT[Dzy(E3 : 566)(" V)] = 2(_ Beim p R/ szz(aﬁﬁ—C)Vz).

(a+p1)? " (a+p1)*  (apy+bpatc)?
A . A2
So, if [ — (ﬁoff;alf;i + (ai;}l)z L(Z’I?E:Zfz :2;;) # 0, then system (3.1) goes through a transcritical
2
bifurcation at 8y = " ]

3.4 Dynamics of delayed model

In this section, we shall investigate the kinetics of the delayed model.

3.4.1 Local stability analysis and Hopf-bifurcation

Now, we will examine local stability behavior of delayed system (3.2) around the interior equi-
librium E* and determine the criterion for occurrence of Hopf-bifurcation, using delay terms
as the control parameters. For this, let’s assume p;(t) = p;(t) + p}, p2(t) = p2(t) + p5 and
z(t) = Z(t) + z*. Therefore, the linearised form of system (3.2) is

aw
— =AW(t)+BW(t—1)+CW(t — 1), (3.28)
where
aj —Y2p] a2 0 0 O 0 0 O
A= —}’211?3 as aq ,B: 0O 0 O ,C: 0 0 O and
0 0 —50 as 0 dg 0 ay as
ay = _npi_mpi o mpj(etpy) o npy  omaztQapyeiibps) o map
! K T {otpj+B 2 2T T (atpj+par) 3 K T (apsbpie)? YT T apibpite
qe — amiz(a+pz) _ ampj(a+py) _ _ omz(=ap3’+o) ____comp)
3 (a+pi+Bz*)? 6 (a+pi+Bz)?? 7 (ap*+bps+c)? 8 ap3?+bpi+c’

and W (r) = [p1(1), p1(1),2(1)]""
Thus, Jacobian matrix for the delayed system at E* is given by

J=A+Be 1 L Ce M,



3.4. Dynamics of delayed model 77

So, the characteristic equation of above Jacobian matrix is
A3 45122+ bod + b3+ e AT (byA? + bsA +bg) +e A2 (bA% +bgA +bo) =0,  (3.29)

where

by =—(a1+az—&), b = (a1a3 —Yi2v21p1p5— do(a1 +az)), b3 = &o(a1as — V22191 p3), ba=
—de,

bs = ag(a1 + a3) — axas, be = az(azas — aiag) + N2pi(a6V21p; + asas), by = —as, by =
ag(a; +az) — agay,

by = ay(asa; — azag) +ag¥i2 1P 5 +axazo1ps.

Now, we discuss the following cases:

Casel: 71 =1 =0.

In this case, (3.29) reduces to (3.24), so the stability conditions for this are provided in Theorem
3.3.5.

Casell: 71 >0, 1, =0.

Substituting 75 = 0 in (3.29), we have

A3+ (b1 4+ b7)A% 4 (by + bg)A + (b3 + bo) + e A7 (b4 A + bsA + bg) = 0. (3.30)
For Hopf-bifurcation, let A = i®w(® > 0) be the root of (3.30). Using this we get

(—bsw? + bg) cos 0T) + bswsinwT, = (b +b7)w? — (b3 + by), 330
b5a)cosa)1’1+(b4a)2—b6)sina)‘£1 = 603—(b2+bg)(1). .

Now, on squaring and adding above equations in (3.31), 7 gets eliminate and we get a 6th-

degree equation in @ :

0)6+q1604+QQ602—|-Q3 =0, (3.32)

where ¢ = (bl + b7)2 — 2(192 + bg) — bi, g2 = (bz + bg)2 — 2(]71 + b7)(b3 + bg) + 2babe —
b3, q3 = (b3 +bo)* — bg.
Taking ®? = n in (3.32), we have a cubic equation:

R(m) =nj +qinf +gami +q3 = 0. (3.33)
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If we assume that (b3 + bg)? < bZ, then R(0) < 0 and R(e) > 0. So, (3.33) has at least one
positive root. Therefore ®; (say) is a root of (3.32). Substituting this @; in (3.31), we get
1 D@} +Drw? +D;

T, = ——arccos 7 >
(0] Do) + D57 + Deg

2im
)]

,1=0,1,2,3..., (3.34)

where

Dy = bs —by(by +b7), D2 = be(b1 + b7) + b4 (b3 +bg) — bs(by +bg), D3 = —bg(b3 +by),
Dy = b3, Ds = b2 —2bsbg, Dg = b3.

To establish transversality condition, put A = £ + i in (3.30) and on separating real and imag-
inary parts, we get

E3—3Ew* + (b1 +b7) (&2 — %) + &(br + bg) + (b3 + bo)

) , (3.35)
75" cos 0T (by(E% — 07) + bsE + bg) + ¢~ sin0T) (2b4E 0 + bsw) =0,
and

—0*+ 38520 +28 (b1 +by) + @(ba + bg)

) , (3.36)
e 5T cos 0T (2b4E @ + bs®) — e T sin 1 (bg(E2 — ) +bsE +bg) = 0.

Differentiating (3.35) and (3.36) with respect to 7; and replacing & =0, 7; = 7;, and © = o,

yields i i i i
P d[ReEli_l(Tl))] P, d[lmg;l(rl))] _ R,
- : - : (3.37)
ARG | [ BE]
where _ _ _ _

P = [—3(1)2 + (bz —l—bg) + (b5 -+ <b4(1)2 — b6)T|)COS T+ (20)b4 — b5(DT1)Sin 0)’[1]
Py =20 (b1 +b7) + (bs + (b4@* — bg)T1) sinw7Ty ) + (—2why + b5 7)) cos OT]
R = [0(bg — by®?) sin 0T — bsw? cos 0T ]

=11, O=0’
=Ty, O=0)
=Ty, O=0)’

Ry = [0 (bg — by®?) cos ®T; + bs®? sin a)’n]rl:rlm -0,

dRe(A(n))] | _ RiPI—RyP
dt Pl+P5

Solving system (3.37), we get [ . Hence tranversality condition for

Hopf-bifurcation is satisfied at 7| = 7y, if R{ Py — R, > 0.

Theorem 3.4.1. For system (3.2), suppose (b3 + bg)2 < b% and R1P; — Ry P> > 0 hold, then
there exists a T) = 71, such that the interior equilibrium E* is locally asymptotically stable
when T < 7|, and is unstable for T| > T1,. Moreover, the delayed system undergoes Hopf-

bifurcation around E* at T) = T1,,.
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CaseIll: 7, =0, 70 > 0.
Under an analysis similar to case II, we get
4 2
1 D w5 +D,ws + D)

Ty, = — arccos
W D, o} + Diw3 + Dj,

2;
_|_l_ﬂ:’ i:O,l,Z,?)..., (338)
(0)

where
Dll = bg —b7(b1 —l—b4)7 DIZ = b9(b1 +b4) —l—b7(b3 +b6) —bg(b2 —l—b5),
Dy = —by(b3+bg), D} = b3, D = b} —2b7bg; Dy = b}.

Derivation of transversality condition is similar to case II, and its given by

d[Re(A(n))] | _ R3Ps—RyPy >0
dn P}+P; ’
where

P = [—3(02 + (by+bs) + (bg + (b7(1)2 —Db9) 1) cos T, + (20b7 — bgWT,) sin wTZ]b:TzO, PP
Py = [—2w(b1 + b4) + (bg + (b7(1)2 — bg)Tz) sin C()Tz) + (—2(0b7 + bga)Tz) cos 0)1'2]

T=Ty, 0=’
R; = [0(by — b70*) sin @ Ty — bgw? cos ®T,]

D=1, 0=y’

Ry = [0(by — b70*) cos 0Ty + bg®? sin (01:2]@:%7 PR

Hence, we have the following theorem regarding this case.

Theorem 3.4.2. For delayed system, if (b3 + bg)* < b% and R3P; — R4Py > 0 hold, then there
exists a Ty = Ty, such that the interior equilibrium E* is locally asymptotically stable when
T < T, and is unstable for T > To,. Furthermore, system (3.2) undergoes Hopf-bifurcation

* —
around E* at T) = Ty,

CaselV: 1, >0, 7o € (0, TQO).
Consider (3.29), with 7, as fixed in its stable interval (0, TZO) and 7| as the varying parameter.
Substituting A = i®w(® > 0) in (3.29). Separating real and imaginary parts we get

(—b4co2 +bg) cos 0T + bs®SinOT, = bi®> — by + (b7co2 —Dbg)cos T, — bg@SINn O Ty,
bswcos 0T + (b4a)2 —bg) sinwt] = @ — by — bg®cos OT) — (b7a)2 —by) sin07,.
(3.39)

Squaring and adding the equations in above system gives:
0° + 10’ + 0 + 30’ + f20” + fs0 + f5 =0, (3.40)

where

fi = —2b7sin 07,

fa= b% +b% - bzzt —2by +2(b1b7 — bg) cos 0T,

= (_Zblbg +2bybq —|—2b9) Sin W71,

fa =3+ b5 — b5 — 2b1b3 — 2b7bo + 2bsbe — 2(b1bo + b3by — bybs) cos 0,
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fs= 2(b3bg - bzbg) sin 1,
Jo= b% + b% — b% +2b3bgcos 071;.
If we assume, b% + bg +2b3bg < b% then (3.40) has at least one positive root @;" (say). So from

(3.39), we get
2i7

0

FyE1» + F5Eq
E}| +Ep

7|, = — arcsin i=0,1,2,3..., (3.41)

0

where

Ey = bs0y,

E1 = byw}? — bg,

Fy = 0> — by} — by} cos( 0} 12) — (b7 — bg) sin( @} 1),
Fs = bi@}* — b3+ (b70}% — by) cos(0} T2) — by w; sin(} 15).

To examine the transvesality condition for Hopf-bifurcation, we have to show [%q(mﬂ] =
RsPs—ReFs

. >0
where

Ps = [_ 3% + by + (bs + (bs®* — bg) T1) cos 0Ty + (20by — bs®T) ) sin ©T; +

coswrz[(bﬂoz—bg)fz-l-bs]+Sin6072[2COb7_b8wT2]L et et
1=1, 2= 207 =

Ps = [_ 20by + (bs + (b4@? — bg) 11 ) sin @T| + (—2Why + bs®T ) cos OT +

sin (O”L‘z[(b70)2 —by) Ty + bg| + cos 0T [—2wb7 + bg(!)Tz]} ,

=1, T="n, O=07
Rs = [w(bg — b4a)2) sinwT; — b5a)2 cos le]TIZTT7 o=a)
R¢ = [0 (bg — by®?) cos @ T + bs®? sin 0)71]11211*7 o=0}

Therefore, we state the following theorem:

Theorem 3.4.3. For system (3.2), with ©, € (0,7, ) if b% +b5 +2b3bg < b% and RsPs — RgPg > 0
hold, then then there exists a T = ”L'f‘o such that the delayed system is asymptotically stable
around E* for 1) < Tiko and is unstable for T, > Ti“o. Moreover, the delayed system experiences

Hopf-bifurcation at 1| = Tj .

Case V: 7o >0, 71 € (0,71,).
Analysis for this case is similar to the last case. So, we omit it.

3.4.2 Direction and stability of Hopf-bifurcation

In last subsection, we have determined the conditions for emergence of Hopf-bifurcation from
the interior equilibrium for delayed system (3.2). Now, we identify the direction, stability and
period of bifurcating periodic solutions at 7y = 7}, and 7, = 7; € (0,72). For this, propose we

use normal form and centre manifold theory [83].
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Let

=p1—p,, X2=p1—p;, 3=2-2,
and still denote x1, xp, x3 by p1, p2, z, respectively. Let u = 1) — ’cfo € R and on rescaling
t — (3), system (3.2) is written as

(1) = Ly + f(1,%), (3.42)

where x(t) = [p1 (1), p2(1), 2(0)] € R,

*

Lu(9) = (v7, + 1) (40(0) +Co (=2 ) +Bo(~1) ), for ¢ € C([~1,0,K°),

T1

and ~ .
—£-07(0) = 11261 (0)9a(0) — U DBO)

gy | RO 000) - G
cimi 01 (~1)gs(~ 1) ”’””’2( >¢3(72>

a(l)zz( 2>+b¢2< )-i—c

o+¢1(—1)+Bgs3(—1)
Here, without going into detailed calculations, we dlrectly ‘mention the results which are derived

using the computational process similar as given by Song and Wei [84]. The standard results
are

i
201

go2/*\ 821 Re(ci(0))
3 )+ 2 1T T Re W)Y

m(c m((A (T*
By = 2Reler(0)). S ( 1(0))+w;;zé* (( (rlo)))7

c1(0) = (gzogn —2|gn1* -
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where, the computed coefficients g20, g11, go2, 21 are given as

— r m) 03 — ) mp 0,03 —(€C1M103 2iw:t!
g20:2fik0M[<—E—’}/12(72— o >+62*<—F62—’}/210'2— >—|—G3*( e 171,
1 2

C2np 070 -
_ 207 38_21(»112)]7
c

— r n —_— 1) my —
g =21 M [( K N2Re{or} — ERG{@}) +0, < - 5\0’2!2 —PiRe{on} - ?Re{0203}>

—/c1m comy _
+03 (—a Re{o3} — Re{6263}>]
— r __ mo3\  — r__ — 1206203
802:21'{‘0M (———}qchz— )+6§‘<——622—}’2162— >
K K>

— /1M1 03 2wttt CaMIOCY O3 ;i kot
+63*( M08 liojr,  C2M20) 362,0,112)]7
c

=zri'z)”[{—1<W§”<o>+2wfﬂ< ) =122 0)+ W ()0 + (W) (0)+ WL (0)53))

821 K 0 )
1 1 _
—my (— (W (0)+ Wi (0)03) + 5 (W3 (0) + Wy (0)3)
1 _ _
+a—(63(1—|-BG3)—|-63(1+B63)+G3(1+[363)))}
— _ 1
c;{ Glel (0) + Wi (0)) — 11 (WP (0) + 0, (0) + §<W2<02) (0) + WA (0)))
1 1 - 2b _
—my (W7 (0) + W} (0)) + 2 (@Wy0 (0) + T3WS; (0)) — 5 (2lon’ 05+ 6303)) }
— et ) (1) O ) D {yme
1039 cimy p (Wi (=D + oWy (=1)) + 2a (W (=1) + Wy ' (—1)53)
e—icol*ff‘o
(021 B+ on(1-+ Po) (1 + o)
—Ccomy <e_iwl*f§ (W1(13) < ) > +W1(1) < G >G3> + e ol (@Wz(g) <T—;> +03 2((%) <T—5>>
c 7, 7, 2c 7, 7,
2h -7 _
— eT <2|62|20'3 +G3022>> }] .
Here

Wao(0) = 820 q<0)eiwaT09+ ig02 G(0)e zwfri‘oe_i_Elezl-wfrfoe,

3
o7, 3w 71
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Wi1(8) = — 221¢(0)e'® 10 + wi-d(0)e

o7y,

—ioft] 0
0

+E27

where the constant vectors £ = [El(l),El(z),El(3)]T €ER’and E; = [Ez(l),Eéz),Ef)]T € R? are

computed as

2iof —a Y12P] —a
E; =2 Y1P> Ziwi“ —az —ay
_ aseziwf‘rfo —a7e%01G jgf — a662iwl*rl*0  ag0iT 45,
&0+
X % Gz + 110y + 2 mzam :
_C1ml<73872w)1 110 4 ©2mp0y03¢ —liofs
o c
—ar  Mpj —a - %t 12Re{0z} + 7} Re{03}
E2=2\vp; a3 —ay #loa* + piRe{0a} + "2Re {0205}
—as —a7 —ag—ag+ 50 _c]mllfxe{o@} + czmzRﬁz{@Eﬁ

In above calculation, the components 0>, 03, 65, 05 and M are given as

o — (—iof +a1)as+arp1p; - (—iof +a1)(i0f —a3) + Yi2p21piP)
(—i0 +a3)ay +asyop]’ —ax(i0] —a3) +astop]

Y

—iof T /T . i} T . .
aze 12 N(iof +ay) +asyippie T, Y2v21p 5 — (i0f +ay) (io] +a3)

6y = TOME L i0F T 03 = « 10Ty /7] 0T .,
azpipse 0 +ase 0(iof +a3)

Y

10, T,/ T 10, T .
azy1pre 2/ o +ase ! o (iwf +az)

1

[R— [R— _r ek ek ik
— = 140024 0705+ 73 (03 (@105 + agos)e 1) + 7] (05 (a5 +agoz)e ).

Above terms provides the description of bifurcating periodic solution in the center manifold of

the system (3.2) at 7] = Tiko which is stated in the following theorem.

Theorem 3.4.4.  [. uy gives the direction of Hopf-bifurcation. If u, > 0(< 0), the Hopf-

bifurcation is supercritical(subcritical).

2. B gives the stability of bifurcated periodic solution. If By > 0(f, < 0) then the bifurcated

periodic solutions are unstable (stable).

3. T, gives the period of bifurcated solution, the period increases(decreases) if T, > 0(< 0).
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3.5 Numerical simulation

Here, we carry out numerical simulation and try to understand the dynamics of models (3.1) and
(3.2) via plotting various bifurcation diagrams, time-series and phase portraits under different

situations. For this intent, we chose the following set of parametric values:

ra= 2, K = 30, Y12 :0.005, mq :0.6, o= 10, ﬂ :O.l, rp = 3, K> :40, Y1 :0.0l,

a=0.02,b=0.1,c=30, my=0.3, c; =0.5, ¢ =0.3, & = 0.04.
(3.43)

3.5.1 For non-delayed model

For (3.43), in Table 3.1, we have given all the feasible equilibrium points. In the second and
third columns of this table, we have provided the dimensions of corresponding stable and un-
stable manifolds for the same set of parameters, wherein the fourth column, nature of each
critical point is described. For these parameters, every equilibrium point except the coexistent
one, is unstable. In Fig. 3.3(a), we observe that all the species oscillate for a finite time and
then settle down to their respective steady states. In fact, the interior equilibrium is globally
asymptotically stable in the interior of positive octant of the p poz-space. Starting from various
points (Fig. 3.3(b)), all solutions approach E*, which shows the attribute of global stability
for interior equilibrium. The intrinsic growth rate (1) of non-toxic phytoplankton plays a vital
role in the dynamics of the system because the survival of non-toxic phytoplankton as well as
zooplankton depends upon this parameter. Another important point about this parameter is that
the non-delayed system switches its stability twice in the vicinity of E* when we vary r;. For
r1 € (0.3,0.6811), E* is a stable focus and system converges to it. At /l'f1 = 0.6811, system
encounter Hopf-bifurcation to become unstable and system converges to a stable limit cycle
(for r; € (0.6811,1.5258)). At ri’f 2 —1.5258 system undergoes Hopf-bifurcation to become

stable again. In Fig. 3.4, we have taken three values of ry, as indicated. For rj = 0.35 < rilf '
interior equilibrium E* is stable (red trajectory in Fig. 3.4). For rﬁlf l<r=1< r}ff 2, solution

converges to a limit cycle attractor (green trajectory in Fig. 3.4) and if we choose r; =2 > rilf 2
system converges again to E* (blue trajectory in Fig. 3.4). In all three cases, solution starts
from same initial point. For r; > ri’f 2 E* remains stable.

Non-delayed system suffers Hopf-bifurcation in the neighbourhood of E*, when we very
a. For a < a" = 0.0323, E* is a spiral sink and for a > a"/, E* acts as a spiral source. So,
a stable limit cycle bifurcates from E* (for a > /). Our claim is depicted by Fig. 3.5(a) in
which solutions started from same initial point with two different values of a (a = 0.025 and

a = 0.05) converges to E* and a limit cycle attractor (red and green trajectories, respectively).
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Death rate of zooplankton (Jy) is also an important parameter to deal because for &y < 6(})1 f =
0.0288, E* is an unstable focus with dim(W*(E)) = 1 and dim(W*(E)) = 2. At & = &,
system (3.1) suffers Hopf-bifurcation to become stable. On further increase of this death rate,
interior equilibrium (E*) and zooplankton free equilibrium (E3) go for transcritical bifurcation
at 8 = §)° = 0.1651. This leads to disappearance of E* and change in the stability of Ej3.
As a result of this transcritical bifurcation E3 becomes a stable node from a saddle point. To
understand this scenario, we have given a phase portrait diagram Fig. 3.5(b) in which we drew
three solution with same initial conditions and three different values of &y. For 8 = 0.01 <
3(41 f (red trajectory) solution converges to a stable limit cycle and at &) = 0.04 > 55' 7 solution
converges to E* (green trajectory). Then after transcritical bifurcation, for & = 0.3 > &7,

solution converges to E3 (blue trajectory).

Equilibrium point (E) dim(W*(E)) dim(W*“(E)) Nature
E(0,0,0) 1 2 saddle point
E|(K,0,0) 1 2 saddle point
E>(0,K3,0) 2 1 saddle point
E5(27.2727,36.3636,0) 2 1 saddle point
E4(2.3818,0,54.8170) 0 3 unstable focus
E*(6.8696,35.7267,49.6050) 3 0 stable focus

Table 3.1: Equilibrium points with dimension of their stable and unstable manifolds and
the corresponding nature of points.

p,(®
60 P, | ]
— ()

0 100 200 300 400 500 600
time

(a) (b)
Fig. 3.3: Global stability of E* shown by time-series in Fig. (a) and phase portrait in
Fig. (b), for all parameters from (3.43).




8%hapter 3. Chaos control in a multiple delayed phytoplankton-zooplankton model with group
defence and predator’s interference

60

Fig. 3.4: Three solutions with different values of r| converging to different attractors
showing the phenomena of double Hopf-bifurcation with all other parameters same as in
(3.43).
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Fig. 3.5: 3D-phase portrait diagrams showing Hopf-bifurcation with respect to a and
Hopf-bifurcation followed by transcritical bifurcation with respect to & in Figs. (a) and
(b), respectively, and distribution of existence and stability regions for E* and F3 in the
adp-plane in Fig. (¢), keeping all other parameters same as in (3.43).
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As we have seen that both the parameters, a and &y perform a crucial role in kinetics of

non-delayed system, so further, we have analyzed the system varying both these parameters
simultaneously and have drawn two parametric bifurcation diagram in Fig. 3.5(c). We have
divided adyp-domain in three regions named as: R, R, and R3. In region R;, both equilibriums
are feasible and unstable. As we crosses the Hopf-bifurcation curve (denoted by blue solid
curve), E* becomes a stable focus, where E3 remains unstable, in region R,. Then after crossing
the transcritical curve (denoted by olive dotted curve), E* disappears (become biologically
infeasible), and E3 becomes a stable node, in the region R3. All these happenings are outlined
in Table 3.2.
Moreover, the non-delayed system undergoes Hopf-bifurcation for . So, as the interference
among zooplankton for non-toxic phytoplankton increases, the system becomes stable in the
vicinity of coexistence equilibrium. In Fig. 3.6, we have plotted two solutions with the same
initial point with different levels of interference. For B = 0.05 < B/ = 0.0826, E* is unstable
(blue coloured solution). At B = B"/, a stable focus E* bifurcates from the stable limit cycle.
We have plotted a solution with B = 0.09 > B/ (black coloured) which converges to E*.

Region feasible equilibria Nature (respectively)

R E* and E; unstable focus and unstable node
R> E* and E; stable focus and unstable node
R E; stable node

Table 3.2: Regions defined with reference to two-parametric bifurcation diagram given
in Fig. 3.5(c).
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40

limit cycle attarctor

Fig. 3.6: System going under Hopf-bifurcation with respect to 3, all other parameters
same as in (3.43).
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For more detailed behaviour of the non-delayed model with respect to variation in different
physical parameters, we present various bifurcation diagrams. In Fig. 3.7(a), we have plotted a
concurrent bifurcation diagram for all three species in a single frame. We can see that system
(3.1) changes its stability twice in the neighbourhood E* via Hopf-bifurcation. At r; = rﬁ’f "and

ry = rilf 2, system go for Hopf-bifurcation and switch its stability multiple times. The region of

r € (r’ff b ri’f é) represents the existence of stable limit cycle. In this bifurcation diagram, we
can also observe that as we increase rq, there is a fine rise in the value of z. This rise shows
how the zooplankton’s growth is dependent on TPP’s growth. Also, increasing r; enhance the
rate of competition of NTP against TPP which decrease p,. This decrement in p, also adds an
increment to z, thus amplifying | provides a boost to zooplankton population.

Now, from Table 3.3 we can observe the trend for values of interior equilibrium point when
we increase the parameter a. We can observe that as initially a is increased, there is a rise
in the value of p3 due to a decrement in consumption of TPP by zooplankton. As the con-
sumption of this toxic producing phytoplankton is decreased, z* increases. As zooplankton
completely depends on non-toxic phytoplankton, this increasing zooplankton population en-
hances the grazing pressure on this non-toxic source, which reduces p}. But the further rise
in a (a > 0.0206) leads to a fall in z* due to the continuous dropping of NTP density. Thus
we can see how the initial rise in a supports zooplankton’s growth, but its continuous increase
leads to a decline in the zooplankton population. This whole trend also validates the modelling
of proposed system. We have also drawn bifurcation diagram (Fig. 3.7(b)) for a, showing that
species are going under Hopf-bifurcation when we increase a. So, we can say that increase in
the inhibitory effect of TPP beyond a limit makes the system unstable.

In Fig. 3.7(c), we can see that as the interference among zooplankton for non-toxic ph-
toplankton decreases, non-delayed system becomes unstable via Hopf-bifurcation at § = /.
So, an increased interference among zooplankton makes the system stable. An interesting be-
havior of the non-delayed system can be seen from this bifurcation diagram for parameter f3.
As we increase f3, z is expected to decrease, but from this bifurcation diagram, we can see that
z increases as we increase 3. This behavior can be explained as: on increasing 3, the con-
sumption rate of zooplankton species on NTP decreases, which increases p;. As zooplankton
is entirely dependent on NTP for its survival, this rise in p; finally leads to an increment in z.
Also, this increased value of p; boosts the pressure of competition over TPP for the available
resources, which results in a partial decrement in p, which is also evident from this Fig. 3.7(c).

Next bifurcation diagram in Fig. 3.8, presents the process of Hopf-bifurcation as well as
transcritical bifurcation, when we use death rate of zooplankton (&) as the control parameter.
Figs. 3.8(a), 3.8(b) and 3.8(c) correspond to bifurcation diagrams for p;, p» and z, respectively.
For ¢y < SOW non-delayed system remains unstable and at &y = s , system becomes stable in

the vicinity of E*. For ng < & < O}, E* and E3 remain stable and unstable, respectively and
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at & = 6)¢, both equilibria exchange their stability via transcritical bifurcation.
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Fig. 3.7: Bifurcation diagrams using r;, a and 3 as control parameters in Figs. (a), (b)
and (c), respectively, keeping all other parameters fixed as given by (3.43).

3.5.2 For delayed model

Now we analyse the behavior of delayed system (3.2) in the neighborhood of interior equilib-
rium and use the set of parameters given in (3.43) to provide suitable examples for validating
the results proved in Section 3.4. As E* is independent of both delays so E* will remain same
in all the following cases as given in Table 3.1.

Case II: Using theoretical part of case II from Section 3.4 and after doing some calculations,
we get: @ = 0.2513, 77, =0.7117 and [%ﬁ(ﬁ)ﬂ] = (0.0286 > 0. Therefore from Theorem
3.4.1 it follows that system (3.2) suffers Hopf-bifurcation at 7y = 71, = 0.7117. Moreover the
delayed system is asymptotically stable for 7| < 7;, and becomes unstable for 7 > 7;,, which
further gives rise to a stable limit cycle. In Fig. 3.9(a), we have presented the time-series plot for
all three species and from which we can observe that after oscillating for a finite time, species
settle down to their corresponding stationary values for 7y = 0.3 < 7;,. The same behavior is
reflected by the 3D-phase portrait diagram in Fig. 3.9(b). In Fig. 3.9(c), we present time-series
plot in which we can see that solution curves oscillate around E* and converge to a stable limit
cycle. The 3D-phase portrait diagram (Fig. 3.9(d)) in which two solutions (red and blue) start-
ing from outside and inside respectively tend to the limit cycle which exhibits unstable nature
of delayed system around E* and stable nature of this periodic orbit for 7y = 1 > 71,. We have
also plotted bifurcation diagrams (Figs. 3.9(e), 3.9(f), 3.9(g)) for p;, p2 and z species, taking

71 as the varying parameter.
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a Pi 2 4

0.001  10.7492 33.0397 47.5264
0.005 9.5972  33.7491 48.5570
0.01 8.4543  34.5324 49.2391
0.02 6.8696  35.1880 49.5288
0.0205 6.8086 35.7749 49.6053
0.03 5.8725 36.5313 49.4773
0.04 5.2089  37.0858 49.2339
0.06 43995  37.7801 48.7608

0.08 39319 38.1894 48.3972

Table 3.3: Numerical values of pJ, p; and z* for different values of a, with remaining
parameters from (3.43).
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Fig. 3.8: Figs. (a), (b) and (c) depicts Hopf-bifurcation followed by transcritical bifurca-
tion for NTP, TPP and zooplankton, using & as the bifurcation parameter for all parame-
ters from (3.43).

Case III: In this case, the delayed system is stable around E* for 7, < 7o, = 4.6359, which
is depicted in Fig. 3.10(a) for 7o = 3. Then the system suffers Hopf-bifurcation to become
unstable at 7o = Tp,. This unstable nature of system (3.2) about E* is shown by a stable limit
cycle in Fig. 3.10(b) for 7, = 5. In this figure, we have two solution trajectories, which are
stared from outside (red coloured) and inside (blue coloured) the limit cycle. Both the solu-
tions converge to limit cycle, which shows the stable nature of this periodic solution. Next, as
we increase Tp, system switches its stability at 7, = 20.6438, 26.6692, 48.2304 and 48.7086.
This whole process of switching can be seen through the bifurcation diagram for species pj,
presented in Fig. 3.11(b). When the delayed system becomes unstable at 7, = 26.6692, on a
further increase of delay, the system goes through period-doubling, and we have a stable limit

cycle of period-2, which is illustrated in Fig. 3.10(c) for 7, = 35.
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Fig. 3.9: Keeping 75 = 0 and parameters form (3.43), for 71 = 0.3 < 77, time-series
and phase portrait diagram for system (3.2) are drawn in Figs. (a) and (b), respectively.
Similarly unstable nature of the delayed system is portrayed in Figs. (c) and (d) for

71 = 1 > 711,. Figs. (e), (f) and (g) represent bifurcation diagrams for NTP, TPP and
zooplankton, respectively, using 7; as the control parameter.

From the bifurcation diagram (Fig. 3.11(b)), we can see that after becoming unstable

(at T

= 48.7026) from stable (at 7, = 48.2304), system remains chaotic for 53.4458 < 7, <

61.6255, until it again becomes periodic with period-3. For an example of this, we have pre-

sented a stable limit cycle of period-3 in Fig. 3.10(d) for 7, = 65. The further increase in

delay pushes the system into a highly chaotic regime. To manifest the delayed system’s chaotic
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nature, we have given a time-series graph and a phase portrait diagram for 7, = 100 in Figs.
3.10(e) and 3.10(f), respectively.

As sensitivity to initial conditions is an important indication of chaos in a dynamical sys-
tem. Therefore for exhibiting this dependence on initial conditions, in Fig. 3.11(a), time-series
plots with two different starting points (5,35,45) and (5.03,35.03,45.03) respectively are drawn
for all three species. From these time-series graphs, we can observe that a small change in ini-
tial points has significantly changed the solution trajectories, illustrating the delayed system’s
chaotic nature. We have also drawn the maximum Lyapunov exponent for the delayed system
on varying 7 in Fig. 3.11(c). The positiveness of maximum Lyapunov exponent confirms the
chaotic nature of the delayed system. We have also sketched Poincare map in the pjp,-plane
for the solution of delayed system corresponding to 7, = 5, 35, 65 and 100 in Figs. 3.12(a),
3.12(b), 3.12(c) and 3.12(d), respectively. The first three diagrams in Fig. 3.12 represent stable

limit cycles of period-1,2,3, whereas the last one reflects the delayed system’s chaotic nature.

Remark 3.5.1. Fig. 3.13 shows that the chaos which emerges for high values of toxic liberation
delay can be controlled by increasing the value of parameter a. In Fig. 3.13(a), we have a
chaotic attractor for a = 0.02 and when we increase a, this chaotic attractor switches to a
stable limit cycle (for a = 0.1 in Fig. 3.13(b)). Thus increasing the inhibitory effect of toxic-

phytoplankton against zooplankton can help to control the chaos.
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Fig. 3.10: In Figs. (a) and (b), we have depicted stable equilibrium and a stable limit
cycle for 7, = 3 and 7, = 5, respectively. Figs. (c) and (d) depict stable limit cycles of
period-2 and period-3 for 7, = 35 and 7, = 65, respectively. Whereas, in Figs. (e) and
(f), we have shown the chaotic nature of the delayed system for 7, = 100 using time-

series graph and phase portrait diagram. In all these sub-figures 7; = 0, with parameters
from (3.43).
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Fig. 3.11: Fig. (a) depicts the sensitivity of solutions for two different initial condi-
tions for 7; = 0 and 7, = 100. In Fig. (b), a bifurcation diagram for species p; is given,
whereas Fig. (c) describes the evaluation of maximum Lyapunov exponent for all param-
eters from (3.43).

maximum Lyapunov exponent

Case IV: In this case 7; is taken as parameter and we fix 7, = 3 € (0, 7,). From simulation
we get: T, = 0.3553. Therefore the delayed system undergoes Hopf-bifurcation at 1) = 7] =
0.3553, keeping 7 =3 € (0, 7p,). For 71 = 0.1 < 77, stable nature of delayed system is depicted
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in Fig. 3.14(a). Whereas the presence of limit cycle attractor (Fig. 3.14(b)) around E* for
71 = 0.6 > 7] shows unstable nature of this system. For parametric values given in (3.43), we
have uy = 0.0997 > 0, B = —0.0067 < 0 and 7> = 0.0815 > 0. Thus from Theorem 3.4.4,
the Hopf-bifurcation is supercritical, the bifurcated periodic solutions are stable, and solution’s
period increases as we increase 7Tj.

In Fig. 3.15, we have plotted a two parameter bifurcation diagram in the 717, plane. Stable

and unstable regions are filled with different colours as shown in the figure.
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Fig. 3.12: Figs. (a), (b), (c) and (d) represent Poincare maps for the delayed system in
the p; p»-plane for 7, = 5, 7, = 35, 7, = 65 and 7, = 100 respectively keeping 7 = 0
with all other parameters from (3.43).
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Fig. 3.13: Phase space diagram for 7, =0, 7, = 100 with a = 0.02 (Fig. (a)) and a = 0.1
(Fig. (b)) with all other parameters from (3.43).
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Fig. 3.14: Stable (Fig. (a)) and unstable (Fig. (b)) nature of delayed system (3.2) around
E* for 7y = 0.1 < 7{ and 71 = 0.6 > 7 respectively, keeping 7o = 3 € (0, 7,) for all
parameters from (3.43).
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Fig. 3.15: Bifurcation diagram of interior equilibrium E* for the delayed system in the
71 T» plane. Both the stable and unstable regions are separated by the Hopf-bifurcation
curve keeping parameters from (3.43).

3.6 Discussion and conclusion

Banerjee and Venturino [101] worked on a phytoplankton-zooplankton system by splitting phy-
toplankton into two populations, namely, non-toxic phytoplankton (NTP) and toxic producing
phytoplankton (TPP) using modified Holling type IV response. Now extending this work, we
proposed a phytoplankton-zooplankton system by dividing phytoplankton into these two above-
stated classes. We pick generalised Holling type IV and Beddington—DeAngelis responses to
deal with zooplankton’s interactions with TPP and NTP, respectively. Here, Holling type IV
response is used to reflect the defense technique of TPP against zooplankton, and to outline
the zooplankton’s interference for its favourite food (NTP), we use Beddington—-DeAngelis

response. We have also incorporated two delays, accountable for time lags in reproducing
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progeny and producing the toxic chemicals, correspondingly. Both the phytoplanktons are as-
sumed to grow logistically in the absence of any inter-species competition and zooplankton.
Firstly, the proposed model’s well-posedness is established by proving the existence, unique-
ness, positivity, and boundedness of its solution. Next, we examine the feasibility of various
equilibria under certain conditions, and after that, local and global stability analysis is done
around these equilibrium points. We also prove the persistence of the non-delayed model by
using the standard results for persistence given by Freedman and Waltman [102].

We observe that the non-delayed system is globally stable around the interior equilibrium
for a set of parameters mentioned in the text. Non-delayed model (3.1) also experiences Hopf-
bifurcation and transcritical bifurcation for several parameters. The system switches its stability
twice in respect of r; via Hopf-bifurcation. The parameter a shows a fascinating behavior
when we vary it: an initial rise in its value encourages zooplankton species’ growth due to
less ingestion of the toxic food. This rise in zooplankton’s population leads to a fall in NTP
population because of its increased grazing pressure on NTP. Thus the further increase in a
causes a reduction in the zooplankton population as it is completely depend upon NTP for its
living. This whole trend is observable from Table 3.3. Therefore, we can say that increasing
this parameter magnifies TPP population due to the expected nature of Holling type I'V response
but increasing it up to a limit (a < 0.0206) can boost zooplankton’s growth as well. The death
rate of zooplankton species helps to control the periodic oscillations by making the system
asymptotically stable around E*. The further increase in &y causes the extinction of zooplankton
species and the disappearance of E* with changing Ej to a stable equilibrium via a transcritical
bifurcation. The effect of both a and §y is depicted in a two-parametric bifurcation diagram in
the adp-plane in Fig. 3.5(c). Predator’s interference parameter 3 also plays a crucial role in
the dynamics of the system. We observe that increment in this interference helps zooplankton
species to amplify their population density instead of abating it, and this change in 8 also helps
to control the periodic oscillations.

Further, we investigate the system’s kinetics by adding two discrete delays; one is 71, which
accounts for gestation delay, and the second one is 7>, which measures the time lag due to time
taken by TPP’s cells for getting mature enough to release toxic chemicals. Our main concern
is to review the effects of these delays on the system’s stability around E*. We studied all the
possible cases for both these delays and noticed that both the delays are capable of destabilising
the system by producing periodic solutions via Hopf-bifurcation. From the numerical simula-
tion, we perceive that increasing the delay 7, can put delayed system into a chaotic region.
Raising this delay also helps to control the chaos and again can make the system chaotic on
further increment. In this situation, the delayed system’s solutions become very sensitive to
initial conditions as depicted in Fig. 3.11(a). For confirmation of chaos, we have also evaluated

maximum Lyapunov exponent and drew Poincare map (or first return map) in Figs. 3.11(c) and



3.6. Discussion and conclusion 97

3.12(d) respectively. Further, we observe that this chaotic behavior can be controlled by in-
creasing the inhibitory effect of TPP as demonstrated in Fig. 3.13. From the above discussion,
we can conclude that dividing phytoplankton into groups of NTP and TPP can yield vibrant dy-
namics for the plankton systems. The crucial roles played by parameters a and 3 also represent
the advantage of chosen functional responses, and incorporation of delays is also making the
system’s dynamics more richer. Thus, the proposed work can help ecologists to understand the

progress of plankton systems more broadly and practically than the existing studies.
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Chapter 4

A phytoplankton-zooplankton-fish model with chaos
control: In the presence of fear effect and an addi-

tional food'

4.1 Introduction

The fish population in a PZF (phytoplankton-zooplankton-fish) system can potentially influ-
ence zooplankton species by causing fear of being eaten. Literature survey suggests that many
planktonic rotifers, copepods, and cladocerans can notice the presence of planktivorous fish
through chemical essences released by either of these fishes or by wounded or consumed prey
[113, 114], and this fright can affect their lifestyle. There are many field experiments conducted
by various researchers recommending the inclusion of cost of fear in a prey-predator model [27,
68, 115]. Thus, incorporating this fear factor into a model is crucial to study its kinetics more
practically and realistically. Inspired by this, Wang et al. [30] formulated a predator-prey model
involving this fear affecting the prey reproduction. They noticed that high levels of fear can help
to stabilize the system by eliminating the periodic oscillations, and enhancing this fear can also
alter the direction of Hopf bifurcation which means that fear can cause multi-stability in this
interaction. Pandey et al. [64] worked on a tri-trophic food-chain system in which growth of
basal prey is curtailed due to fear of middle predator and growth of intermediate predator is
suppressed by the fear of the top predator. In their numerical work, they observed that the fear
in primary prey can yield bistability by generating an unstable limit cycle that can further be
replaced by a stable equilibrium or a stable limit cycle by introducing fear in the middle preda-
tor. They also observed that chaos in the system can also be controlled through fear. Recently,
Kaur et al. [31] studied a PZF-system with fear of fish on zooplankton and zooplankton refuge

in which they perceived that the fear of top predator does not affect prey too much but harms

I'A considerable part of this chapter is published in Chaos, 32, 013114 (2022).
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fish population. They also proposed different intervals of fear and zooplankton refuge for co-
existence and sustainability of interior equilibrium. For more interesting results related to the
fear effect, one can refer to the papers [116, 117].

Srinivasu et al. [37] studied the impacts of providing additional food on the system’s dy-
namics regarding biological pest control. They found that on the variation of quantity and
quality of this food, they could not only regulate the prey but also could control and wipe out
predator population. They also remarked that oscillations in the system could be eliminated
or produced if they are not present, by the supply of additional food. Prasad et al. [118]
dealt with a prey-predator model, predator having additional food and mutual interference, and
they integrated this predator’s interference in the corresponding system with the help of Bed-
dington—-DeAngelis type response [57]. They observed that prey’s extinction can be prevented
through distraction caused by high mutual interference among the predators and access to high
quantity and quality of secondary food. Following this, Sahoo and Poria [119] investigated a
three-dimensional prey-predator system with top predator along with the availability of addi-
tional food. They showed the existence of limit point, Hopf point, and branch point for the
suitable provision of supplemental food. In their model, they presented several one and two
parametric bifurcation diagrams, and also controlled the chaotic dynamics of the system with
the supply of additional food. We can also refer to some papers [36, 120] for more information
related to this aspect of feed provided to predator population.

Bifurcation is defined as a change in the qualitative nature of a dynamical system as a result
of a change in the system’s parameters. Bifurcations can be classified into two types: local
and global. Local type bifurcations include Hopf bifurcation, saddle-node, and transcritical,
whereas global bifurcations include homoclinic, hetroclinic, and Bogdanov-Takens [55, 24].
Hopf bifurcation is a very basic and significant type of bifurcation that can occurs in both
non-delayed and delayed models of biological and physical systems. A detailed introduction
to Hopf bifurcation and its applications is provided by Marsden and McCracken [121]. In a
dynamical system, the appearance of chaos is a very appealing event for ecologists as it gives
rise to management challenges related to species because it may result in oscillations that can
cause extinction or an abrupt increase of a species. Basic stuff related to chaos like the meaning
of chaos, chaotic attractor, Lyapunov exponents, characteristics of chaos, approaches to detect
chaos in ecological systems are well explained by Hastings ef al. [25]. Meng et al. [122]
examined the effect of periodicity and seasonality on a PZ-system in which complex behaviors,
for example, chaos, quasi-periodic dynamics, intermittent chaos, and periodic resonance, are
found. They observed that the addition of periodic forcing to the original system, which is
globally stable, can make it chaotic. Jana [26] worked on a discrete prey-predator system with
prey refuge, in which a combination of the intrinsic growth rate of prey species and prey refuge

exhibit complex and exciting qualities. He confirmed chaos with several techniques: calculation
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of Lyapunov exponent, recurrence plot and power spectral density, and fractal dimension of the
map. Controlling chaos in a kinetical system is again a crucial topic of interest; several methods
to control the chaos, in which a chaotic attractor is converted into a stationary point or a limit
cycle, are discussed in the available literature [123, 124, 125].

The predation scheme of prey has a significant impact on the dynamics of a prey-predator
relationship. There are several kinds of responses, prey-dependent: Holling type I, II, III, IV,
ratio-dependent: Leslie-Gower, Beddington-Deangelis, Crowley-Martain, each of which has a
different biological and mathematical implications. Holling type II response is one the basic re-
sponses, in which response reaches to a stage of saturation because of predator’s handling time
for prey species [55]. In marine habitats, sometimes there is a massive growth in phytoplankton
species leading to the formation of harmful algal blooms, which results in the emission of toxic
chemicals against zooplankton [126]. Thus zooplankton avoids this heavily grown phytoplank-
ton, and this kind of special relationship between these two populations can be handled using
Holling type IV response, which also represents the group defense technique of prey population
against predator population [101, 127].

In this chapter, we intend to work on a three-dimensional PZF-system, in which PZ and
ZF interactions are tackled through modified Holling type IV and Holling type II responses,
respectively. We also incorporate the terms related to fear induced in zooplankton by fish, and
additional food provided to fish. The structure of this chapter is given as: in Section 4.2, we
have explained the complete formulation of the mathematical model. Section 4.3 is entirely
devoted to the proposed model’s dynamical analysis, which comprises well-posedness, equi-
librium analysis, stability evaluation, and bifurcation assessment related to the model. Next,
in Section 4.4, we have done an extensive numerical simulation to delineate some interesting
findings associated with our system. Finally, Section 4.5 summarises the results of the proposed

work.

4.2 Establishment of model

We consider an aquatic system to study the kinetical interactions of a 3D model consisting of
three populations: phytoplankton, zooplankton, and planktivorous fish (i.e., PZF-system) in
the presence of fear effect and additional food. Let P, Z and F be the population densities of
phytoplankton, zooplankton, and planktivorous fish species, respectively at any time #. Formu-
lation of the mathematical model, which will help us to understand the dynamics of this PZF —

system, is based upon the following assumptions:

1. Both the species: phytoplankton and zooplankton are assumed to be grow logistically in

the absence of each other and fish population. Let r;, r, be intrinsic growth rates and
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ki, ko are carrying capacities of the habitat for phytoplankton and zooplankton species,

respectively. Here, r; = r—dj and kp =~ ;ljl, where r, d| and d, are birth rate, natural

mortality rate and coefficient of intraspecific interference for zooplankton species. Thus

P P\ dz
ar zrlP(l——), ‘;—t =rZ—d\Z—drZ*.

we have

2. The increasing density of phytoplankton species may lead to the formation of harmful
algal blooms, which some-times liberate toxic chemicals. We assume that zooplankton
species avoid these highly dense phytoplankton, so the interaction between phytoplank-
ton and zooplankton is dealt with modified Holling type IV response [101, 55], which
is given by f1(P) = ﬁ.
zooplankton, and f3 is a half saturation constant. Such response serves the motive of this

Here, o gives the inhibitory effect of phytoplankton against

desired avoidance, and is also recognized as a group defence mechanism of prey against
predator. Let a; be the predation rate of zooplankton over phytoplankton. As the con-
sumed biomass cannot be converted completely into zooplankton, thus we take b = c1aj,
where ¢; € (0,1) is the conversion efficiency of zooplankton over phytoplankton and b
is the net gain of zooplankton over phytoplankton (here b; < a;). Therefore, the dynam-
ics of phytoplankton-zooplankton system can be governed by the following system of

ordinary differential equations

b\PZ

dP P aPZ  dZ )
1— =rZ —d\Z—d>Z _—
( ) T S

a ") e a

3. Fish can induce fear in zooplankton species, due to which sometimes zooplankton have
to shift their locality to such a place which may not suitably support their livelihood
and can reduce the birth rate of zooplankton species [114, 128]. We assume that due
to this induced fear, the birth rate of zooplankton species is diminished by the factor
g(F,k) = H# (proposed by Wang et al. [30]), where k denotes the level of fear in
zooplankton population. This function g(F, k) has the following properties [30, 129]:

b g(07k) :g<F70) = 17
o limp_seg(F,k) = limy_so g(F, k) = 0,

9g 98
o 5= <0, 5 <0.

We assume that fish predates zooplankton via Holling type II response, f>(F) = ﬁ—?,,

where a; and 7y stands for consumption rate of fish over zooplanktoon and half saturation
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constant, respectively. Therefore, we can have

dZ_ rZ

b1PZ aQZF dF . szF
dt  1+kF

—d\Z —dr7? - — = —mF,
RSP B iz a yrz "

where by = cpan, is net gain of fish over zooplankton, ¢, € (0, 1) is conversion efficiency

of fish species over zooplankton species and m stands for mortality rate of fish population.

4. To reduce the grazing pressure of fish over zooplankton, we provide additional food to
the fish population with its biomass density A. Let 4| and h; are the handling time of top
predator fish per unit of zooplankton and per unit quantity of additional food, respectively.
Now, 6 = % denotes the quality of this additional food, so if & > 1 then additional food is
of superior quality as compared to zooplankton species. If e; and e; are the abilities of top
predator to detect intermediate and additional food, respectively then we define n = Z—?,
and the term NA denotes the effectual additional food biomass [37]. For more details
about additional food, one can refer to different papers [118, 119]. Now, we incorporate

this additional food in our model to get

dZ_ rZ

az b1PZ aZF dF . bz(z—l— T[A)F
dt  1+kF

—d1Z—d7? - = = -
VT T [ B T YT onALZ di | y+OnA+Z

Thus in this food chain model, phytoplankton, zooplankton, and fish serve as prey, middle

predator, and top predator, respectively. The model which we plan to study is given by:

dP P Pz
_:rlP(l —) N . GI(PZ,F),

dt ki) aP’+B

iz 1z N arZF

— = —d1Z—drZ — =:G)(PZ,F
dt 14 kF TR NP B y1nA+Z 2(PZ,F)

dF _ by(Z+nA)F

— ==  _mF=Gy(PZF
dt ’}/+6nA+Z m 3(77)7

4.1)
for biological feasibility, all parameters in (4.1) are taken to be positive, and P(0) > 0,Z(0) >

0,F(0) > 0, whereas the significance and default values of parameters are provided in Table
4.1.

Remark 4.2.1. For survivability of zooplankton, we assume that its birth rate is always greater

than its death rate i.e., r > dy, throughout this chapter.
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4.3 Dynamical evaluation

4.3.1 Positivity and boundedness

As we are dealing with a biological system, so solutions of our model (4.1) should be positive
and bounded. The boundedness of solutions signifies that none of the populations grows indef-
initely. The character of boundedness is an essential part of well behavior of the system due to
confined resources.

From (4.1), (G1,G3,G3) is Lipschitz continuous for any bounded domain of R3., which
implies that for any set of positive initial conditions, system (4.1) has a unique solution on
every restricted subset of Ri. By the method of successive approximation, model (4.1) can be

rewritten as:
P(t) = P(0)exp(Gi1), Z(t) = Z(0)exp(Go2) and F(t) = F(0) exp(G33),

where
or= [ {2 s

[ r o S b1P(s) B arF(s) S
Gzz_/(){1+kF(s) D=2+ o B y+5nA+z(s)}d’

ou- [ (B2 Yo

Therefore, any solution with positive initial conditions will remain inside the positive octant

of PZF —space hereafter.

Theorem 4.3.1. All the solutions of model (4.1) which initiates in Ri are uniformly bounded.

The whole dynamics of the system proceeds in a set which is compact and invariant with respect

to model (4.1), and is defined as: ¥, = {(P,Z,F) € R>.: 0< P <k, Z+ % < ﬁ”T‘”‘}, where
b 2 I brnA b

Smax = 4d2( r+ Tla_ﬁ) and 0 = min{dy,m — 2=}, where m > banA_

Y+onA YHOnA
Proof. As = r1P<1 1) — ai}ffﬁ which 1mphes TS r1P<l ) thus limsup P(z) < k;.
[—roo

LetW=Z+ ZZF then dW ff + 5 ‘ﬁl’; Using (4.1), we get

aw _ rZ 2 b1 PZ anAF  mayF
dt T T+kF diZ—dyZ +aP2+[3+7/+6nA+Z by

As fi(P) = ﬁ has global maxima at P = \/g such that fl(\/g) = 2\/1@. Using this
property of fi, we have

dW 472 _ @y, _bNA
< (r+ 2\/_)2 7P —d\Z~ 2 (m— HAF.
Now, define f = (r+

that

)Z — d,Z?, then f attains its maxima at Z = z—ib(r-i- L) such

2\/ap

by
2\/ap
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1 b _ _ 1 by 2
f<2d2 (r+ 2 aﬁ)> = Jmax = 4d> (r+ 2 aﬁ) '
Thus, 4 < fonax = 0 (Z+$2F (1)) = frnax — OW, where 0 = min{dy,m — 22422},
Therefore, limsupW (t) = limsup(Z(¢) + 32F (1)) < %.
t—>o0 [—yoo
Hence, all the populations involved in the system continue to be bounded for the whole future

time. ]

Remark 4.3.1. Proof of Theorem 4.3.1 shows that property of fi(p) = ﬁ, to attain its
global maxima i.e., group defence mechanism of phytoplankton against zooplankton helps to

keep the solution of system (4.1) uniformly bounded.

Parameters Significance Values References

r Intrinsic growth rate of phytoplankton 1.5 [130]-[131]

ky Carrying capacity of habitat for phytoplankton 40 [130]-[132]

ai Predation rate of zooplankton over phytoplankton 0.9 [34]

o Inhibitory effect of phytoplankton against zooplankton 0.03 [130]

B Half-saturation constant during the intake of phytoplankton by zooplankton 11.5 [130]

r Birth rate of zooplankton 1.1 assumed

k Level of fear induced in zooplankton by fish 1 [117]

di Natural mortality rate of zooplankton 0.05 [130]

dy Measure of intraspecific interference in zooplankton species 0.02 [133]

by Net gain of zooplankton over phytoplankton 0.8 [34]

a Predation rate of fish over zooplankton 0.5 [130]
Additional food biomass density 0.7 assumed

n Ratio of abilities of fish to detect additional food and zooplankton 0.3 assumed

o Additional food’s quality 1 [119]

by Net gain of fish over zooplankton 0.4 [130]
Natural mortality rate of fish 0.08 [130]

Y Half-saturation constant during the intake of zooplankton by fish 25 [130]-[54]

Table 4.1: Biological descriptions and default values of the parameters involved in
model (4.1).

4.3.2 Equilibrium analysis

Model (4.1) has six nonnegative equilibria, written below:

1. The three equilibria: zero equilibrium Ey (0,0, 0), zooplankton-fish free equilibrium E (k;,0,0),
and phytoplankton-fish free equilibrium E; (0, % ,0) exist trivially.

2. The fish free equilibrium E3(P;,Z;,0) is the solution of the set of equations given below:
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rl(l—%) —O;I;—ZJ:B:O, 4.2)
r—di —drZy + a;—iﬁ = 0. 4.3)

From, (4.2), we have
Z :ﬁ(kl—Pl)(aPlszﬁ) > 0. (4.4)

Using (4.4) in (4.3), we get a five degree equation:
q15P} + q1aP} + q13P) + q12Pf + q11 P+ q10 =0, (4.5)

where

q15s = dor10> (> 0),

qia = —dor10*ky (<0),

q13 =2aBdyry (>0),

q12 =kia(ay(r—dy) —2drr1B),
qu = dor1 B +aibiky (>0),
q10 = Bki(ai(r —d) — dar1 ).

Thus using Descartes’ rule of signs, we have the following possibilities for fish free

equilibrium:
cqer e 2d,r1 B
e At most two or zero equilibria if r —d; > “a

e At most four, two or zero equilibria if % <r—d; < %.

e At most five, three or unique equilibria if r —d; < %

3. The phytoplankton free equilibrium E4(0,Z;,F,) is the solution of the set of algebraic

equations given below:

r arF,
—d\—dyZy — ————=——— =0, 4.6
1+kFB, 0 T YA+ 2 (4.6)
b (Z A

Y+O0NA+2, e
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From (4.7), we get
_ my+nA(md —by)
N b, —m

V4

Y

which is positive if 1 < 2 < (;+8) or0 < (+8) < % < 1 holds.
Using (4.8) in (4.6), we have

g0 F5 4+ g P+ q20 =0,
where

qn = ark (> O),
q21 = |az +kldy +dr2Zo][y+ 6NA+ Zo]] (> 0),
q20 = —['}’—f— 5T]A+Zz][r— [dl -f—dzZz]] (< 0).

(4.8)

4.9)

As rzzdl (carrying capacity for zooplankton species) > Z, which means ¢,o < 0, thus us-

ing Descartes’ rule of signs, we can observe (4.9) has a unique positive root. Thus phy-

toplankton free equilibrium exists (infact uniquely) if the condition 1 < % < (nlA + 5)

Y b
or0< (Z+8) <2 <1 holds,

4. The interior equilibrium E*(P*,Z*, F*) is the solution of set of equations:

P* a1 Z*
r 1—— _TZO’
ki aP* 4+

r * blp* azF*
—d—drZ" + — =0,
1+kF ' TP B y+énA+zr
by(Z*+nA) _ 0
Y+ O6nA+2Z* '
From (4.12), we get
n b2 —m ’
which exists positively if
b b
<2< (Lss)oro<(L+6) <2 <1holds
m nA nA m

Now, from (4.10), we get a cubic equation in P*:

F(P*) =AsP™ + AP + A\ P* +Ag =0,

(4.10)

4.11)

(4.12)

(4.13)

4.14)

(4.15)
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where

Az =—-roa (<0),
Ay =rikia (>0),
Ar=-rf (<0),
Ao =ki[riB—aZ"].

In (4.15), f(P*) can have none, one, two or three positive roots depending upon the

following conditions:

no positive root if Ag < 0 and A <O,

e unique positive root if Ag > 0 and A <0,

two distinct positive root if Ay < 0 and A > 0,

three distinct positive root if Ag > 0 and A > 0,

with A = 1843A4,A1Ag — 4A3A¢ + AJAT — 4A5A3 — 27A3AZ.
Using these P* and Z* in (4.11), we have:

ByF*? 4+ BF*+By =0, (4.16)
where

By = ark (> O),
B = (az—l—k(dl —l—dzZ* —C)()/—f— 57]A+Z*)),
Bo=—(y+6NA+Z")(r—d —dZ" +C) (<0),
_ b P*
CaP 4B

As % > Z* which implies By < 0, thus (4.16) has a unique positive root.

Theorem 4.3.2. System (4.1) has none, one, two or three interior equilibrium(s) accord-
ingly with the following conditions:

(a) No interior equilibrium if Ay < 0 and A < 0.

(b) A unique interior equilibrium if conditions Ay > 0 and A < 0 hold with (4.14).

(c) Two distinct interior equilibria if conditions Ag < 0 and A > 0 hold with (4.14).

(d) Three distinct interior equilibria if conditions Ag > 0 and A > 0 hold with (4.14).
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P o 0 I

(a) r1 = 0.6,A9 < 0,A < 0. (b) rp = 1.15,A9 < 0,A < 0.

0 p* 0 P*

| —e

(©)r1 =140 <0,A>0. @dr=11,A4>0A>0
Fig. 4.1: Different number of roots of f(P*) given by (4.15), on changing r;, with b; =
0.4, B = 5, and remaining parameters from Table 4.1.

55

4
0.5 1 1.5

1
Fig. 4.2: For by = 0.4, r; € [0.5,1.5], B € [4,5.5] and the other parameters from Table
4.1, black: no interior equilibrium, blue: unique interior equilibrium, green: two distinct
interior equilibria, red: three distinct interior equilibria. In this figure, cyan colour rep-
resents the curve A = 0 whereas yellow colour represents the curve Ay = 0, both these
curves demonstrate the transition from one region to another region.
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Remark 4.3.2. Here we draw P* —vs — f(P*) graphs (Fig. 4.1), in which we observe that on
varying ry = 0.6, 1.15, 1 or 1.1, f(P*) has no, one, two or three positive roots, respectively.
These roots are indicated by red dots in these figures, and for the chosen parameters, condition
(4.14) is also satisfied. Using Theorem 4.3.2, we have also drawn a bi-parametric existence
diagram in riB-plane in Fig. 4.2 representing different number of interior equilibrium point(s)

for different combinations of r| and B values.

4.3.3 Stability assessment

Here, we analyse the local and global stability behavior of the system around the desired equi-
librium. For local stability analysis around an equilibrium, we determine the conditions under

which signs of real parts of the eigenvalues of the Jacobian matrix corresponding to same equi-
bynA

Y+0onA°

nature of system (4.1) around each equilibrium as follows:

librium are negative. From Theorem 4.3.1, we have m > keeping these, we present the

1. The zero equilibrium E is always a saddle point.

2. The equilibrium Ej(k,0,0) is always a saddle point with two dimensional stable mani-

fold and one dimensional unstable manifold.

3. The Jacobian matrix for axial equilibrium E; (0, ’:ljl ,0) is

e;1 0 0

JE, = e e ens|,

where
ai(r—dp) bi(r—dp)
= R ———— = = — —d
el =ri o exn] o e (r—dp),
rk(r—dy) a(r—dy) ( (r—dy)+dynA >
€3 = — — ,€233 = by —
d» (r—di)+da(y+8nA) (r—dy)+da(y+6nA)
Thus, the eigenvalues of J|g, are e11 = rj — a'g;ﬁdl), exn = —(r—d;) and

€233 = by ( (r_(gﬁé;;zing A)) — m. The equilibrium E> (0, %,O) is locally asymptoti-

(rfd] )+d2 T]A
r—di)+d,(y+0nA)

means Ej is stable if the carrying capacity of zooplankton species and death rate of fish

otherwise a saddle point. This

cally stable if % > % and m > by ( (

species are greater than some respective threshold values
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4. The Jacobian matrix for the fish free equilibrium E3(Py,Z;,0) is

e3;1 e O
JE, = |ex1 esm emns|,

0 0 o33
where
€311 = _”1P1 206611P1221 €312 = _—a1P1 €3] = biZ\(B — OCP12)
kl (aP12+ﬁ)2’ (XP12—|—ﬁ7 (O‘P12+B)2 )
Z by (Z A
o3 = —diZ1,e303 = —1kZ) — —— 2 ey = ba(Z1 +n4) —m

y+onA+2, P T y+énA+ 2

by(Z1+nA)

YironA+z, — M and rest two are the roots of

One of three eigenvalues of J|g, is e333 =

equation given by

1>+ CI+C, =0,

20aP}Z
where Ci = —(e311 +e322) = <% +di1Z) - (aO;?LB)Z) and C; = e311€322 — €312€321 =
rP _ 20aPiz a\b\PZy (B—aP?) .
d1Zy ( I (aP12+ﬁ)2> CE Thus we have the following theorem.
Theorem 4.3.3. The fish free equilibrium E3(Py,Z1,0) is locally asymptotically stable if
conditions C; > 0, C, > 0 and m > % hold together.

To study the existence of fish free equilibrium points, we draw a curve in rP*-plane in
Fig. 4.3. From this figure, we can notice that, for a chosen set of parameters we can
get zero, one or three fish free equilibrium points depending on the value of r. In this
figure, a green dot indicate the sink whereas a black dot indicate the saddle point, thus
the characteristic of multistability between two fish free equilibria is also illustrated by

the same figure.



fhapter 4. A phytoplankton-zooplankton-fish model with chaos control: In the presence of
11 "
fear effect and an additional food

30

25

20
15 -

10 -

P*

112 1.‘4 ‘1;6 1‘.8 é
”
Fig. 4.3: This figure depicts the non-existence and existence of one or three positive
roots of (4.5) and their stability; green dot as a sink and black dot as a saddle point with

re[1.1,2.1], d, = 0.1, m = 0.18 and remaining parameters from Table 4.1.

5. The Jacobian matrix for the phytoplankton free equilibrium E4(0,Z;, F») is

es11 0 0
JE, = |ea eam eas|,
0 e3 O

where

e r @22 e biZy e d1Z> + B22h
41 =F— —F— €421 = —(—, €422 = —d1L2 )
B B (y+0nA+2,)?
rkZ2 B arZ» euzy = szz(’}/—i— T[A(5 — 1))
1+kF)?  y+6nA+2 (y+S6nA+2,)?

64232—(

Again, it is easy to observe that one of the eigenvalues of J|g, is e41; =r| — “1% whereas

other two are roots of equation:
e’ +D1®+D, =0,

where D1 = —€422 = d122 —

@k _ _ (2R (r+nA(S—1)) rkZy
ronatz)? And D2 = —eazneqns = < rtonarz)? )\ [Trkr)? T
G20k ) . Next, we present the theorem establishing stability criterion for E4.

Y+6TIA+ZZ

Theorem 4.3.4. The Phytoplankton free equilibrium E4(0,Zy,F,) is locally asymptoti-

cally stable if the conditions r; < alﬁi, dy > ©h __ and nA > % hold simultane-

(y+6nA+2,)
ously.
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6. The Jacobian matrix evaluated at E*(P*,Z*, F*) is given as:

e;1 e 0

JEr= e en enl,

0 €32 0
where
_ nP* | 20a1PZF o a P* _ biZ*(B—aP*?) — —d\Z* MZ'F*
eI = = T apiip €127 Toapip €21 T T gpanp 0 €2 AL T s Az
. rkzr @ _ bhF*(y+nA(S-1)) ot : .
€23 = (k)T yEonATZ €2 = T (yronAtz)T The characteristic equation of J|g

is (where € is an eigenvalue of the Jacobian matrix):
O +U,6* +U,0 +Us =0, (4.17)

where
Ui = —(e11 +en), Uy = ej1exn —enesn —epern, Us = ejrenes.
Now, from Routh-Hurwitz criterion [134], we can state the following theorem.

Theorem 4.3.5. The interior equilibrium E*(P*,Z*,F*) is locally asymptotically stable
if the inequalities Uy > 0, U3 > 0 and U U, > Us. hold.

To study the global stability behavior of E*, we first assume the existence of unique positive
equilibrium E*(P*,Z*,F*). Thus we assume that hypothesis (b) of Theorem 4.3.2 holds. In the

next theorem, we are able to find sufficient condition for the global stability of E*.

Theorem 4.3.6. The interior equilibrium E*(P*,Z*,F*) is globally asymptotically stable if

b P* ar ( marF* by (ki +P*\2 1y rky+7Z"\2
z'+na)] (5 ) (P <
B Tyxonal” T T T T a2 ) wis)
r1b1 P* * biNZ* azF*(N—i— T[A) '
ap o*M+B  y+OonA+M

where M and N are defined the in proof.

Proof. We proof this theorem by constructing an appropriate Lyapunov function. We take a
function L(P,Z, F) which is positive definite about E*(P*,Z*, F*) and is defined as:
_ by Z

L_Z<P—P —P'In(5)) +(2-2 Zln(Z*))+b2<F F*=FIn(5))-
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Thus,
dL b . P\ a(P—P)ZV [r(Z—-2Z% . .
—=lne-r)(1-—) -1 2 |2 (2-7-dhZ(Z-Z
dt al[”( )( k1> ocP2+[3] [1+kF i ) —doZ( )
b1P<Z_Z*) _aZF(Z_Z*)} a_2|:b2(Z+nA)(F_F*) _m(F_F*)
aP?+f Y+ONA+Z1l by Y+O6NA+Z
dL b1 " P al(P—P*)Z r " " bIP(Z—Z*)
Z<dlpP-P)(1-—) - N | 222V -2+ =
dt—al[rl( )( k1> oP?+f ]Jr[kz( (k2 )+ oP?+f
F(Z-Z7ZF Z A)(F —F*
_ @F( )] a_z[bz( +nA)( )_m(F_F*)}
Y+O0NA+Z1 by Y+O6nA+Z
riby 2 . ] biP* 2 . N VA&
= L (Pky— PP — kP + PP )4+ ——— + = (Zky — 2> —kyZ* + Z7*) — ———
alkl( ! S )+O£P2—|—ﬁ+k2( 2 24 ) O£P2+ﬁ
wZ'F  aF*(Z+nA) wnNAF  maF, N mayF*
Y+O0nA+Z y+O0nA+Z  y+O6nA+2Z b, by

where r, = r—dj and k, = r;j‘ . From Theorem 4.3.1, we define Zy; = %, Fy = %MTM and

using these we get, B, := ky (71 _ _a1§M> ’

r

7 .- 1 r g aky
m = dy \ 1+kFy 1 ’)/+5T]A '

Now, with some algebraic calculation, we have

* 2 N * * *\ 2
dL<_r1b1 <P_k1+P > rib; <k1+P ) _r1b1P +b1PM 5] (Z_k2+Z )

dr = aiky 2 atky \ 2 a Bk 2
ro (ko +2%\2 * b1Z*N arZ*M azF*(N—l— T[A) aynAM
172( 2 ) T T M2 B T Y+ onA yronA+M | y+onA
may F n marF*

by by

where M = max{ky,Zy, Fys} and N = min{P,,,Z,, }.
Therefore, 0(11_1; < 0 1f condition (4.18) is satisfied. Thus L is a suitable Lyapunov function inside
the positive octant of PZF-space. Hence, E* is globally asymptotically stable under condition

(4.18). ]

4.3.4 Bifurcation analysis

(A) Hopf bifurcation

Here, we study the analytical existence of Hopf bifurcation with respect to level of fear «,
induced in zooplankton by fish as the possible bifurcation parameter, keeping other parameters
fixed.
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The critical value of k, let k¥, is defined by
U (KU (k%) — Uz (K*) = 0. (4.19)

Using (4.19), (4.17) becomes (0 + U, ) (0?4 U,) = 0 at k = k*. This equation has three roots, a
pair of two purely imaginary roots & » = +i\/U, and a negative root 0’3 = —U,, which assures
the existence of Hopf bifurcation.

For transversality condition, let k be a point in an open interval (k — €,k + €) such that these
roots become function of k, say 0, = v(k) £i& (k). As v(k) +i& (k) is root of (4.17), and

substituting this in (4.17) and on separating real and imaginary parts, we can have
3 2 2 2 _
v =3vE U (V" —E7)+Uv+ U3 =0, (4.20)

3V2E —E3 42U VE + UE = 0. 4.21)

For Hopf bifurcation, & (k) # 0, so from (4.21), we have 2 = 3v2 42U v + U,. Substituting
this in (4.20), we get

8v3 48U v +2v(Ui 4+ Up) + U Uy — Us = 0. (4.22)

On differentiating (4.22) with respect to k and recalling that v(k*) = 0, we have

dv 1 du dU, dU
H S— [Uz g2 3] |

Thus the transversality condition for occurrence of Hopf bifurcation with respect to parameter

k at its critical value k = k* is

( dU; dUy dU;

Uyl ypy, &2 3 0. 423
TR dk)k:kf'é (4.23)

Therefore, the following result states the existence of Hopf bifurcation.

Theorem 4.3.7. For the occurrence of Hopf bifurcation around E* at k = k*, the necessary and

sufficient conditions are:

1. Uy (k") Uy(k*) — Us(k*) =0,
2, (U2%+U1%—%) £ 0.
k=k*

(B) Transcritical bifurcation
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Theorem 4.3.8. The transcritical bifurcation at ry = r&d = “bﬁ produces a stable coexistence

equilibrium E*(P*,Z*,F*) from the phytoplankton free equilibrium E4(0,Z,,F>), and this bi-
furcation causes Ey4 to lose its stability at this critical value of r.

Proof. For proving the above statement, we will use the transversality conditions of Sotomayer’s
theorem [24]. For r; = A = azn E4 turns into a non-hyperbolic equilibrium point. Let

1 B >
T
= [— %, 0, 1] and v, = [1,0,0]7 serves as the eigenvectors for zero eigenvalue of J| (Eqr)
and JT | respectively, where e; = — a :kazé)z —7 +“§ﬁiﬂ2z27 e = %, and J|g, stands for

(Eqircly
Jacobian evaluated at Ejy.

T
Now, we define Y (P,Z,F) = [G1,G2,G3])T, s0 ¥, = [P(l — %),0,0] . The transversality
conditions for transcritical bifurcation are:
vIY (Eg: rgcl) =0,

VI [DY,, (Ey4 : i)y = 140,

2
T2 .l __p kZ LF
V) [D Y(E4 1Ty )(VI,VI)] = _klrb]%ég <(l—r|—kl«%2)2 + y+a82n124+222) 7 0.

Thus all the sufficient conditions of Sotomayer’s theorem are satisfied, hence system (4.1)

undergoes transcritical bifurcation at r| = rgc] = “‘Bﬁ [

4.4 Numerical simulation

60

40

o 10 20 p 30 40

Fig. 4.4: Global stability of E* depicted through a 3D-phase portrait, with parameters
fixed from Table 4.1.

In this section, we perform the numerical simulation to support our theoretical findings and to
observe different kinds of dynamical perspectives associated with model (4.1). We use MAT-
LAB 2019b to draw all the figures in this manuscript, and solver ode45 to solve our system
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numerically. Our main goal is to analyse the kinetics of this phytoplankton- zooplankton-fish
system in the presence of fear-induced in zooplankton due to fish population with additional
food to fish. With this aim, we choose a set of parametric values given in Table 4.1. For
these values of parameters, all the possible equilibria and the further details related to them
are provided in Table 4.2. From this table, we can observe that all the equilibrium points ex-
cept the interior one are saddle points for the chosen parametric values. Infact E* is globally

asymptotically stable which is illustrated in Fig.4.4.

Equilibrium Eigenvalues Stability behavior
Ey(0,0,0) (1.5000,1.0500,-0.0767) saddle point
E|(40,0,0) (-1.5000,1.5878,-0.0767) saddle point
E»(0,52.5000,0) (-2.6087,-1.0500,0.1913) saddle point
E4(0,6.0400,3.7621) (1.0273,—0.0546 +0.1097i) saddle point

E*(37.2742,6.0400,26.8392) (—1.2636,—0.0059 +£0.1682i) stable spiral

Table 4.2: Feasible Equilibria for model (4.1) with there eigenvalues and stability be-
havior for parameters from Table 4.1.

Fear’s role in the system’s dynamics and the maintenance of population coexistence
The level of fear, i.e., k, is a vital parameter to study. There are two important aspects related
to k which we want to study. First, up to what extent it affects the densities of species in the
interior equilibrium, and secondly, how it can affect the stability behavior of the system.
Talking about the impact on equilibrium point, from (4.13) and (4.15) we can observe that
phytoplankton and zooplankton coordinates of E* are independent of k. Thus they do not
vary on increasing or decreasing the level of fear, whereas from (4.16), we can see that fish
coordinate of E* is dependent on the value of k. To observe this variation in F* with respect to
k, from (4.16), we have

—(ay+k(d\+drZ*—C) (7+5T]A+Z*))+\/(a2+k(d1 +drZ* —C) (y+8NA+Z*)) 2 +dark(y+SNA+Z*) (r—dy —dr Z*+C)
2ayk :

(4.24)

F*=

Now on differentiating F* with respect k, we get

=ap <a2 +k(dy +drZ* = C)(y+8NA+Z*) — \/(ar + k(d) + drZ* — C)(y+ SNA+Z%))2 + dack(y+ SNA +Z*) (r — dy — dr Z* +C)>

[ - o | (@ rk(dy+drZ* —C) (y+8NA+Z))(dy +dr Z* —C)(y+ SNA+Z*) +2a (Y+SNA+Z) (r—dy —dyZ* +C)
2uk < (di+dZ" —C)(y+8nA+Z") + V/(@rtk(di +d1 2" —C) (y+5nA+Z7) P+ dark(y+ONA+Z") (r—dy —dy 2*+C) >
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From above expression it is easy to see that

dF*
lim

=0.
k—oo dk

Now, again from (4.24), we can get

lim F* = F, — — (di+drZ" —C)(y+0nA+Z )7
k—roo aj

thus we can say that as k — oo, fish population decreases to a saturated value F;. For the
chosen set of parameters in Table 4.1, dd—T < 0 and Fy; = 24.3697, the decreasing slope and this
saturation can be observed from Fig. 4.5. So we can say that increasing the level of fear has
a negative effect on the fear-inducing fish population upto a certain extent. This observation
also agrees with the existing studies [135, 120], in which fear induced by predator species does
not affect prey coordinate of the coexistence equilibrium but harms the fear-inducing predator
itself. From a biological point of view, we can say that rise in fear can curtail the foraging ability
of the zooplankton population, which decreases its predation, leading to a reduction in the fish
population’s density making it to reach Fy. Thus after this saturation, coexistence equilibrium

remains stable and constant.

60
55
50

451

35t
F tending to F_=24.3697

301 L /
251

(; 26 4‘0 & 66 86 100
Fig. 4.5: Variation in F'* with k, with remaining parameters fixed from Table 4.1.

Now, we discuss the effect of change in fear on the stability behavior of the system. For
lower levels of fear, system (4.1) has periodic and even chaotic solution. On increasing k,
the system encounters a periodic window, after which it again becomes chaotic. This type of
attitude is again repeated on a further increment of the fear parameter until it becomes stable
via period-4,2,1 solutions. To demonstrate this route from chaos to stability, we have portrayed
some time-series and phase-portrait diagrams in Fig. 4.6. The chaotic nature of the system is
depicted by a time-series graph and a 3D-chaotic attractor in Fig. 4.6(a) for k = 0.05, from
which we can note that solution of the system is unpredictable, and we can not forecast its

future behavior. On increasing k, this chaotic solution becomes a solution of period-4 and
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then of period-2, the solutions of period-4, period-2 for k = 0.135, k = 0.145 are illustrated in
Figs. 4.6(b) and 4.6(c), respectively. On continue rise in k, the solution becomes of period-1,
and finally, for kK = k* > 0.3175, the interior equilibrium E* becomes a stable focus via Hopf
bifurcation. At k =k* = 0.3175, U (k*)Up(k*) — Uz (k*) = 0 and (Uzddik' -+ Uldd% — ddl]g =
0.4664 +# 0, thus both conditions of Hopf bifurcation stated in Theorem 4.3.7 hold. Both kinds
of behaviors are pictured for k = 0.25 and 0.6 in Figs. 4.6(d) and 4.6(e), respectively. Thus we
can say that raising the fear level can helps to control the chaos in system (4.1). System’s whole
dynamics on varying k is evident from the bifurcation diagrams given in Figs. 4.7(a), 4.7(b)
and 4.7(c). From these figures it may be noted that when solution tends to stable equilibrium
point asymptotically, in this case P, and P,;, are same, in-fact P, = P, =stady state value
of P. When system is unstable and we have a stable limit cycle of period-1, then P, is the
highest peak of the solution after removal of transient part whereas P, is the lowest peak of
the solution. In similar manner, we can define P, and P,;, for period-2 and so on. As we
know, the solution of a chaotic system is very sensitive to the initial condition, so to check
this sensitivity for our model, we have drawn two solutions with initial conditions (2,1,1) and
(2.0001,1,1) for k = 0.01 in Fig. 4.8(a). From this figure, we can observe that these nearly
started solutions diverge from each other as time progresses. We have also calculated largest
Lyapunov exponent to confirm the choatic nature of the system, depicted in Fig. 4.8(b) whose
positive values validate the chaotic nature of the system. With £k = 0.01, a Poincar’e map (see,
Fig 4.8(c)) for model (4.1) has also been drawn in ZF—plane (P = 20), in which the scattered
points endorse its chaotic attitude.

Impact of additional food on the system’s kinetics

To begin, we show that raising the quality of additional food can manage chaotic behavior of
model (4.1). Then we look at how the increase in quality affects the densities of the populations
participating in this interaction.

(A) Role of quality of additional food

The quality of additional food is another important factor to consider. Because our system
exhibited chaotic behavior at low levels of fear, we will now discover that we can manage this
chaos by raising additional food’s quality 8. This chaos control is demonstrated for a specific
value of k, which is k = 0.01, with A = 5 and other parameters are fixed as given in Table
4.1. The transformation from a chaotic system to stable one on increasing 6 is depicted by the
bifurcation diagrams provided in Fig. 4.9. This figure shows that as we improve the additional
food quality 8, the chaotic solution transforms into a solution of finite period due to which
the size of the attractor decreases and the height of oscillations declines and finally solution
becomes stable. From these figures, we can observe that this control of chaos also follows a

very interesting route via periodic solutions of periods-8,4,2,1.
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Fig. 4.6: Stability temperament of the system for various values of k, with remaining
parameters from Table 4.1.
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After getting into a stable position, we try to understand how the population densities are

affected by varying the quality of food provided from outside. From (4.13), we know that

A — z* A
_ My (m = b2) which implies d— _ mnAd

by —m dd  by—m

A > 0if by > m.

Pma:l:
ZmaJ:

g L I I I I I I I I )
002 004 008 008 0.1 012 014 016 0.18 02

(a) (b)

En{lm

50

002 004 006 008 0.1 012 014 016 018 0.2

k

(c)
Fig. 4.7: Figs. (a), (b) and (c) show the bifurcation diagram for P4y, Zynax and Fqy,
respectively for k € [0.01,0.2], remaining parameters same as in Table 4.1.

Due to complexity of (4.15) and (4.16), it is not easy to obtain analytical conditions, de-
scribing the shift in P* and F* on the variation of 8, so we examine this change numerically,
which is evident from Table 4.3. Biologically speaking, as we increase 0, fish population den-
sity intensifies correspondingly, and from Section 4.2, we know that the handling time of fish
for additional food is directly proportional to the quality of this food. Thus improving 8, in-
creases the amount of time which fish population spends in handling this supplementary food,

because of which the stress on the zooplankton population decreases, and their density also
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gets a boost. As middle predator’s density magnifies, there is a decline in prey’s (phytoplank-
ton) density due to the increased pressure of grazing on them. Parameters A and 1) has similar

effects on the dynamics of system (4.1) as of &, thus we omit the simulation results related to

them.
0 P A F*
19 34.0318 11.5000 108.6650
20 33.7636 11.8750 110.4952
21 334872 12.2500 112.2862
26 31.9537 14.1250 120.7209
30 30.4714 15.6250 126.9861

Table 4.3: Trend of species on increasing & with k = 0.01, A = 5, and rest of the param-

eters from Table 4.1.
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Fig. 4.8: For k = 0.01, Fig. (a) depicts the sensitivity of solutions with respect to two

different sets of initial conditions. Fig. (b) represents the evaluation of largest Lyapunov
exponent whereas Fig. (c) portrays Poincar’e map in ZF—plane (P = 20) with k£ = 0.01,
remaining parameters same as in Table 4.1.

Role of intrinsic growth rate of phytoplankton in the dynamics of system (4.1)

From Theorem 4.3.4, phytoplankton free equilibrium E4 becomes stable, i.e., phytoplankton
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goes to extinction if inequalities r; < alﬁzz, dy > W and NA > % hold. For param-

eters fixed from Table 4.1, the critical value of r; for extinction of phytoplankton species is

ry = rgc] = ‘”,% = (0.4726 whereas other two conditions are already satisfied. We have plotted a

time evolution graph for r; = 0.3 in Fig. 4.10(a) from which we can notice that phytoplankton

species go to annihilation for r; < r[f]. ForO<r < rgc], E4 is a stable focus and as we increase

ry,atr; = rgd , E4 becomes a non-hyperbolic equilibrium, and a stable interior equilibrium E*
is generated via a transcritical bifurcation. At this critical value of r|, both the equilibria E4
and E* exchange their stability. To depict this transcritical bifurcation, we have portrayed two
solutions with same initial point (denoted with green circle) and different values of r; in Fig.
4.10(b). From this figure, we can observe that for ry = 0.3 < r[lc], solution tends to E4 and for
ry=0.5> rgc], trajectory goes to E*. A bifurcation diagram for phytoplankton species, depict-
ing this transcritical bifurcation is also presented in Fig. 4.10(c). From this figure, we can see

that a stable coexistence equilibrium E* is generated via this bifurcation.

Bistability

From Subsection 4.3.2, we know that for r; = 1, b; = 0.4 and B = 5, keeping other parameters
fixed from Table 4.1, our system has two interior equilibrium points E7(34.7169,6.0400, 14.7717)
and E5(7.5121,6.0400,20.5718) with (—0.6885+0.0000i, —0.0112+0.1307:,) and (0.0278 +
0.00007,0.0690 £+ 0.4268i,) as eigenvalues of their respective Jacobians. For the same set
of parameters, phytoplankton free equilibrium FE4(0,6.040,3.7621) with (—0.0872 + 0.0000i,
—0.0545 £ 0.1096i,) as eigenvalues of the corresponding Jacobian is also a locally asymp-
totically stable equilibrium. Thus E} and E4 are two locally asymptotically stable equilibria in
PFZ-space, which implies that our system has the characteristic of bistability which is depicted
in Fig. 4.11(a). We have also drawn basins of attraction for E] and E4 in Fig. 4.11(b), red dots
and blue dots are the initial conditions from which the started solution converge to E} and Ej,
respectively.

For r; = 1.1, the system has three interior equilibria, £} (35.3469,6.0400, 14.5479), E5(4.1204,
6.0400, 12.9506) and E3 (0.5326,6.0400,4.4950) with (—0.7904 +0.0000i, —0.0158 £0.1312i),
(0.0047 + 0.0000i, —0.0082 + 0.5024i) and (—0.0026 + 0.0000i, —0.0576 + 0.2411i) as the
eigenvalues of their respective Jacobian matrices. Thus E} and EJ are two stable focus in
PZF -space having their corresponding basins of attractions. This quality of multistability for
the system is portrayed in Fig. 4.12(a), and their associated regions of attraction are outlined in
Fig. 4.12(b).
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Fig. 4.9: Figs. (a), (b) and (c) represent Py, Znar and Fy,,., depicting the control of
chaos and reducing the system into a stable one on a low level of fear, i.e., k = 0.01 by
increasing the quality of additional food (0) with A = 5, and rest of the parameters fixed
from Table 4.1.

Paradox of enrichment

The term “Paradox of enrichment" was firstly given by Michael Rosenzweig [136], which
means that increasing the amount of available food to prey can destabilize the system. The
term “Paradox” is used because increase in the input food is unbalancing the system’s dynam-
ics instead of making it more stable, and one can look some studies related to this here [137,
138, 139]. In our model, as we enhance the carrying capacity (k) of phytoplankton species,
system is becoming chaotic, thus k; is the parameter which we use in terms of enrichment.
We can visualize this paradox through bifurcation diagrams presented in Figs. 4.13(a), 4.13(b)
and 4.13(c) for species P,Z and F, respectively. Here, in our model this phenomenon has been
observed due to system complexity. There are several evidences of this paradox in the literature
[55] where increasing the carrying capacity of the system makes it chaotic. There are several
factors in ecology to explain/resolve this issue, like, prey toxicity, prey defense, unpalatabil-
ity of prey, etc. In our model, we can resolve this phenomenon (system becomes stable from

chaotic behavior) by increasing some model parameters, like, level of fear in zooplankton by
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fish (k), additional food quality (), etc.
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Fig. 4.10: Fig. (a) depicts extinction of phytoplankton population for r; = 0.3, Figs. (b)
and (c) illustrate the occurrence of transcritical bifurcation with respect to r; through a
phase portrait diagram and a bifurcation diagram, respectively, with others parameters
from Table 4.1

Two-parametric analysis

Two-parametric study for a system gives better insights of its dynamics as compared to one-
parametric, and as fear level k, additional food’s biomass density A, and quality  are important
parameters associated with the proposed model. Thus to study the behavior of model (4.1) in
more depth, we draw two-parametric bifurcation diagrams (Fig. 4.14) by varying two of these
each time and keeping other parameters fixed. In this analysis, we divide the system’s nature
into four categories: other periodic and chaotic solutions, period-4 solution, period-2 solution
and locally asymptotically stable, which depicts the shifting of system’s nature from chaotic
to stable one via period halving. In Fig. 4.14(a), we drew the bifurcation diagram for k €
[0.03,0.034], 6 € [6,10.5] with A = 5. The dual-parametric diagram for k € [0.12,0.23], A €
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[4,5.5], keeping 6 = 12, is presented in Fig. 4.14(b), whereas for k = 0.01, dA-bifurcation
diagram for 6 € [5,9], A € [7,14], is given in Fig. 4.14(c), in all these combinations remaining

parameters are kept fixed from Table 4.1.

0.1 10 20 P(0) 30 40 7

(a) (b) Basins of attraction for E| and Ej.
Fig. 4.11: (a) Solution in blue color with initial conditions (17.83,9.168,10.42), and
solution in red color with initial conditions (17.83,8.726,10.42) tend to E4 and E}, re-
spectively. (b) This figure represents the basins of attraction (red region for E| and blue
region for E, ) for P(0) = [0.1,40], Z(0) =[0.1,15], F(0) =[2,18], with r =1, b; =0.4
and B =5, and remaining parameters from Table 4.1.
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(a) (b) Basins of attraction for E| and E3.
Fig. 4.12: (a) This phase portrait illustrates bistability between two stable focus, E| and
E3, whereas Fig. (b) manifests basins of attraction for these two equilibria (cyan region
for Ef and magenta region for E¥) for P(0) = [1,40], Z(0) = [1,8], F(0) = [2,20], with
r=1.1, by =0.4 and 8 =5, and other parameters from Table 4.1.
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Fig. 4.13: For r; = 0.5 and remaining parameters from Table 4.1, Figs. (a), (b) and (c)
represent Py, Zmax and Fy,,, which depict the phenomenon of paradox of enrichment
for k; € [42,50].
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Fig. 4.14: Fig. (a) represents two-parametric bifurcation diagram in k&-plane,with

A = 5, Fig. (b) represents two-parametric bifurcation diagram in kA-plane, with 6 = 12
and Fig. (c) portrays two-parametric bifurcation diagram in §A-plane, with k = 0.01.
In all three subfigures remaining parameters are from Table 4.1. Here magenta: lo-
cally asymptotically stable, green: period-1 limit cycle, cyan: period-2 limit cycle, blue:
period-4 limit cycle, and black: other periodic and chaotic solutions.
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4.5 Concluding remarks

There are many articles [132, 130, 131] in the literature in which authors have dealt with PZF
systems and have obtained exciting results, but a less attention is paid to PZF models in which
fish induces fear in zooplankton. In recent times, Kaur ez al. [31] have analysed a PZF model
with inclusion of fear effect and prey refuge. They handled the PZ and ZF interaction through
Holling type II response. Extending this work, we proposed to work on a Phytoplankton-
zooplankton-fish system with fear in zooplankton due to fish and additional food to fish. The
respective interactions are addressed through Holling type IV and II responses, where Holling
type IV response presents zooplankton’s avoidance towards highly grown phytoplankton popu-
lation. This property of Holling type I'V response (in form of attaining its global maxima), helps
to prove the boundedness of our system, which is an essential component of well-posedness for
any dynamical model.

Further, we establish the conditions under which the possible equilibrium points exist; req-
uisites for the existence of multiple interior equilibria are also discussed in this subsection 4.3.2.
Moreover, for a chosen set of parameters, we draw a bi-parametric existence diagram that de-
picts different regions corresponding to a different number of positive equilibria in a r| -plane
(Fig. 4.2). Next, the local and global stability are investigated for these feasible equilibrium
points. After this, the transversality conditions for the occurrence of Hopf bifurcation and tran-
scritical bifurcation are determined in subsection 4.3.4.

In the numerical simulation, for a set of parameters, we depict the global stability of a
unique coexistence equilibrium (Fig. 4.4) by starting several solutions with distinct initial
points, converging to the aforementioned equilibrium. Next, we drive an expression for sat-
uration value of F* (fish coordinate of E*) when k — oo, which represent that as fear increases
to infinity, fish population decrease and eventually reach a value after which the coexistence
equilibrium remains constant and stable. Regarding the change in behavior as we very the level
of fear k, we present various time-series, phase portraits, and bifurcation diagrams in the or-
der of increasing k (Figs. 4.6—4.7), delineating transformation from chaotic to stable through
periodic dichotomy. For low values of k, the system is unstable (chaotic or periodic), chaotic
nature of the system is evident from Figs. 4.8(a), 4.8(b),4.8(c). Chaos at low levels of fear
can also be controlled through increasing the additional food quality &, illustrated via bifur-
cation diagrams in Fig. 4.9. An interesting change in species density is observed (Table 4.3);
when we raise 9, the handling time of fish for this additional source increases, which boosts
zooplankton’s density. This growing middle predator population intensifies its grazing pressure

on the primary prey (phytoplankton), decreasing its population density. Therefore, increasing
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0 has positive effects on the zooplankton and fish population but negatively impacts the phy-
toplankton population. The extinction of phytoplankton for its intrinsic growth rate less than
a threshold value, and emergence of E* through E4 by virtue of transcritical bifurcation are
sketched in Figs. 4.10(a), and 4.10(b)— 4.10(c), respectively.

The attribute of multistability in dynamical systems is a significant character as it provides
better understanding about the coexistence of multiple stable equilibria and critical combina-
tions of initial conditions of the solutions converging to them. In Fig. 4.11, our system shows
this character between a planner and a positive steady state, and Fig. 4.12, depicts bistability
between two positive steady states. In both cases, we have drawn phase portraits to manifest
bistability and their respective basins of attractions. Using the carrying capacity of phytoplank-
ton k; as the control parameter, the proposed model also exhibits the paradox of enrichment.
When k; increases while the other parameters remain constant, the system becomes chaotic
rather than turning more stable. We’ve also created bi-parametric bifurcation diagrams to in-
vestigate the system’s dynamics in more better way.

On comparing our work with the study done by Kaur ez al. [31], we can notice that for lower
values of the fear parameter, their system has a periodic-1 solution. In contrast, our system
behaves chaotically, and when we increase this parameter, our system becomes stable through
period-halving, making the system’s dynamics more elegant. The incorporation of additional
food also has interesting impacts on the kinetics of the proposed model, like it can control the
chaos and help to maintain the system’s coexistence. The present study also shows the attribute
of multistability, which is not present in their research. The presence of different number of
interior equilibria under different analytical conditions also depicts the vigorous nature of the
proposed model. This whole discourse outlines the vibrant dynamics of the proposed model;
thus, we expect that the submitted work can assist ecologists in examining the interplay of the

plankton-fish system with an inclusive and practical approach.
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Chapter 5

Chaotic dynamics of a plankton-fish system with fear
and its carry over effects in the presence of a dis-

crete delay'

5.1 Introduction

The main goal of theoretical ecology and population biology is to know the various underlying
dynamical mechanisms that govern prey-predator relationships. Plankton can be categorized
mainly into two groups; phytoplankton and zooplankton. Phytoplankton plays a vital role in
maintaining global climate by producing and absorbing large amounts of oxygen and carbon
dioxide, respectively [140]. Zooplankton is heterotrophic plankton that predate on phytoplank-
ton. Phytoplankton-zooplankton (PZ) interactions act as the base for most food chains oper-
ating in the marine ecosystem. In this tri-trophic PZF (Phytoplankton-zooplankton-fish) food
chain, fish acts as the top predator, and zooplankton behaves as the middle predator, whereas
phytoplankton serves as the basal prey.

Predator-prey relation is not only affected by the means of direct consumption but the fright
of being killed modifies prey’s conventional lifestyle [141]. In response to this fear, many anti-
predator behaviors like, a dropped feeding rate [142], shifting to a suboptimal quality habitat
[143], reduced mating rate [144] are shown by prey. For an example; due to some danger of
predation, sometimes birds leave their nests as an antipredator behavior, which curtail their
reproduction rate and affect the whole population [145]. Recent experiments [68] on song
sparrows Melospiza Melodia, shows that their reproduction can be reduced by 40% due to
fright of predation instead of direct killing. Inspired form this Wang et al. [30] modeled a
prey-predator system with the inclusion of fear-caused birth rate contraction. They investigated
the relationship between fear parameter and other biological parameters. Kaur ef al. [31]

analysed a plankton-fish system with fish induced fear and zooplankton refuge. They showed

'A considerable part of this chapter is published in Chaos, Solitions & Fractals, 160, 112245 (2022)
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that increasing fear can eliminate periodic oscillations, ceasing planktonic blooms. There are
many papers [117, 32, 33, 34, 35], to which an interested reader can refer to study the prey-
predator system involving predator-induced fear effect.

The terminology “carry-over effect” emerged from the frequent clinical investigations; carry-
over effects come from individual’s past experiences, history, and can decide their present per-
formance [39]. According to Norris [43], carry-over effect has positive impacts on population
when the previous habitat lost due to some lethal or non-lethal factor is of low quality, and it
can be opposite when the lost habitat is of good quality. Thus the change in population will de-
pends upon (i) which demographic components in which period cause stiff carry-over effects,
(ii) not only the amount, but also the quality of habitat which is lost. There are experimental
evidences [40, 41, 42] that the carry-over effects can occur in a single seasons in amphibians,
insects, marine invertebrates, etc. Thus there is an increasing trend of incorporating carry-over
effects in mathematical modeling and empirical research [43, 44, 45]. Therefore, integration of
carry-over effects in a population model can help to understand the potential link between cost
of reproduction and life-history trade-offs.

The kinetics of a prey-predator population model is significantly dependent upon the mode
of interaction between them, i.e., the predator’s functional response over its prey. Holling type I,
IL, I, and IV functional responses rely only on prey’s density, whereas Beddington—DeAngelis,
Leslie—Gower, and Crowley-Martain responses depend upon the densities of both prey and
predator populations. Holling type II functional response [55] is most widely used functional
response in studying the prey-predator interrelationship. In this response, the predation rate
becomes constant at high prey density because of satiation in the predator population. At high
prey density, phytoplankton species start emitting toxic chemicals as their defense against the
zooplankton population. Hence, we use Holling type IV functional response to deal with this
type of interaction between these two populations [101, 127].

Bifurcation theory explains the qualitative as well as quantitative changes in the steady
states of a dynamical systems. Hopf, transcritical, saddle-node are the main types of local
bifurcations whereas Bogdanov—Takens, homoclinic and heteroclinic are global bifurcations
[24]. Chaos theory discloses many new aspects of a chaotic system and explains its various
strange behaviours, for an example, the solutions of chaotic system are very sensitive to initial
population densities. Due to chaos in a dynamical model, sometimes there are abrupt changes
in the population densities of participating species which are the main challenges in handling a
chaotic system. Due to this, forecasting the behaviour of the chaotic model becomes very tough.
A fine detail about chaos theory and its components like a strange attractor, Poincar’e map,
Lyapunov exponents, etc., are provided by Hastings et al. [25]. We can confirm the occurrence
of chaos in a system by using various techniques: calculation of Lyapunov exponent, power

spectral density, fractal dimension of the map and recurrence plot [26].
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As biological processes are associated with time lag, thus time delay has a vital role in the
formulation and dynamics of their mathematical models. Adding the time delay in a differential
equation makes it delay differential equation. A comprehensive detail about delay differential
equations is present in the literature [22]. There are several kinds of delay like; gestation time,
maturation time, traveling, feedback time, incubation, fear response delay etc. Most of the time
existence of a delay in a dynamical model can destablize it and can even make chaotic [126,
117]. But sometimes addition of delay in an unstable system can suppress the oscillations and
can make its stable. Sasmal and Gosh [146] investigated the impact of dispersal in a two patch
prey-predator system in which prey disperse between patches with constant dispersing rate.
They observed that delay induced dispersal can eliminate the oscillations by amplitude death.
There are more evidences [147, 148] present in the literature in which delay can stabilize the
system through amplitude death.

In this chapter, we utilize the work of Sasmal and Takeuchi [149] to introduce the fear of
predation and its carry-over effects in a three-dimensional PZF -population model. To deal with
PZ and ZF interactions, we choose simplified Holling type IV with Holling type II as mode
of interactions, respectively. A discrete delay, carry-over delay (COE delay), corresponding
to carry-over effects, is also incorporated in the model to make it more pragmatic. The main

objectives of our investigation are to respond to the following question:

1. How the parameters related to these non-lethal effects will affect the stability nature of

the system ?

2. What will be the impact of variation of these parameters on the population densities of

the species involved in these interactions ?

3. In what manner the COE delay will change the dynamics of the system ?

The Rest of the chapter is organized as follows: In Section 5.2, we described the complete
formulation of the population model with all the significant parameters involved. In Section
5.3, we gave a thorough study of the equilibrium existence and stability analysis, and we also
outlined the bifurcation analysis at the end of this section. In Section 5.4, we analysed the
delayed system and developed its theoretical results. Next, in Section 5.5, we did extensive
simulation work to manifest the main findings of our work. In Section 5.6, we discuss the

central results of our work and provide some possible future directions.

5.2 Model development

We study a three-dimensional aquatic system with three species: phytoplankton as prey, zoo-

plankton as middle predator, and planktivorous fish as top predator. The densities of these
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species are denoted by P,Z, and F, respectively, in the order mentioned above. The establish-

ment of the proposed model is based upon the following presumptions:

1. Phytoplankton population is assumed to grow logistically with r and k as its intrinsic

growth rate and carrying capacity. Zooplankton population is assumed as specialist
predator which wholly depends upon phytoplankton population for its survival. As the
density of phytoplankton population increases then it takes the form of harmful algal
blooms (HAB), and start to liberate noxious chemicals. Thus zooplankton population
reduce the intake of phytoplankton on their dense increment, and we handle this kind
of interplay between these two species by using modified Holling type IV functional

response, H (P) =

[101]. Thus the PZ-interaction is given by

P2+
dP P c1PZ
—=rP|1——)— ,
dt k) yP2+a
dzZ PZ
— = Ci —diZ.
dt  yP+a

. Predator induces fear in prey which impacts prey’s growth rate due to shift of locality
The fear of

predators also has some carry-over effects (COEs), affecting the birth rate of prey species

or increment in cost of vigilance and high anti-predator attitude [68, 30].

[42]. Planktivorous fish also induce fear in zooplankton population with its carry-over
effects impacting zooplankton’s growth rate [114, 128, 150, 31]. Thus we use a function
in our model to describe the role of both fear and its COEs in zooplankton-fish interaction
which is given by f(c,w,Z,F) = 1 +ICJ£C+ZWF
denoted by the parameter w. Here, f has following properties related to fear [30].

[149], where ¢ is COE parameter due to fear,
e f(c,0,Z,F)= f(c,w,Z2,0) =1,
o limy o f(c,w,Z,F) = limp_,o f(c,w,Z,F) =0,

o 9 <0, 9 <.

The properties related to COEs are listed below [149].

° 9% fle,w,Z,F) = % > 0, which shows the positive impact of COEs due to

learnings from previous seasons or experiences.

° 8% fle;w,Z,F) = % > 0, as density of zooplankton population increases,

their cost of vigilance decreases, increasing their reproduction.

o lim, o f(c,W,Z,F) =limz_,o f(c,W,Z,F) =

ton’s density is very large then there is no decrement in reproduction.

1, which implies if COE or zooplank-
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Thus the ZF-interaction is given by

dZ  cPZ 1+cZ c3ZF
dt — yP2+ o' 1+cZ+wF Z+
dF C4ZF

el —&F
i~ Z+p

d\Z,

whereas interplay between zooplankton and fish population is dealt using Holling type II
functional response.

Therefore the complete non-delayed PZF-model on which we intend to work is:

dpP P c1PZ
—=rP{1——)— =M (PZF
dt r ( k) }/P2+Oc 1(7 ) )7

dZ  PZ 14+cZ c3ZF
dr ~ yP2+ o' l+cZ+wF Z+B
dF  c4ZF
dt Z+P

—d1Z:2M2(P,Z,F), (5.1)

—sz = M3(P,Z,F),

with P(0) > 0, Z(0) > 0, F(0) > 0.

3. Carry over effects are those events which take place in one season and their impacts
become visible in the following season or generations [43]. The COEs, due to fear, are
also not immediate, and these effects of the induced fear on the prey population will
surely involve some delay. Thus. in our system, using a carry over effect delay (COE
delay) is biologically very significant and realistic. Now we incorporate a delay 7 (COE

delay) in system (5.1) to get

d_P:rp(l_f>_ﬂ

dt k YP2 + o’

dZ _ oPZ . l+cZ(t—1)  ZF 4z (5.2)
dt  yP’+a 1+cZ(t—1)+wF Z+p

dF ZF

@G —dyF,

dt Z+p

and for biological reasons, we assume P(s) = Wi(s) > 0, Z(s) = Wa(s) >0, F(s) =
W3(s) >0, s € [—7,0],and ¥;(s) € C([-7,0]) = R+, (j = 1,2,3), where C is the Banach
space consisting of continuous functions. All the parameters used in systems (5.1) and

(5.2) are positive and their meanings are given in Table 5.1.

Remark 5.2.1. The per-capita growth rate of zooplankton species can be written as:

P 14+cZ c3F

PGR:= — . — —
YP2+o 1+cZ+wF Z+P

di.
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Using the above expression for PGR of zooplankton, we depicts the simultaneous effects of fear
and its carry-over effects on PGR in Fig. 5.1. From this figure, we can observe that increment
in w decrease the PGR whereas increment in c increase it. Thus we can say that in the present
chapter, the carry-over effect of induced fear is modeled in a way that it has only a positive
influence on the prey population’s per capita growth rate. This positive impact signifies the
learnings and evolution through which the prey population passes while living in challenging

conditions due to the fear of predation.

PGR

Fig. 5.1: This figure depicts the effect of fear and its carry-over effects on zooplankton’s
per-capita growth rate.

Parameters Meaning Default values References
r Maximum intrinsic growth rate of phytoplankton 1.5 [149]

k Carrying capacity of supporting environment for phytoplankton 30 [127]

c Rate at which zooplankton attack phytoplankton 0.9 [34]

Y Phytoplankton’s inhibitory effect against zooplankton 0.007 Selected
o Constant of half-saturation when zooplankton consume phytoplankton 10 [130]

¢ (<c1)  Zooplankton’s net gain over phytoplankton 0.8 [151]

c COE parameter 0.01 [149]

w Fear parameter 1 [149]

c3 Rate at which fish attacks zooplankton 0.7 [151]

B Constant of half-saturation when fish consume zooplankton 51 Selected
di Natural mortality rate of zooplankton 0.07 [131]

¢4 (c3)  Fish’s net gain over zooplankton 0.6 [152]

d> Natural mortality rate of Fish 0.08 [131]

Table 5.1: Biological significance and values for parameters which are used in system
(5.1) and (5.2)
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5.3 Dynamics of non-delayed model

5.3.1 Preliminaries

In this subsection, we provide the preliminaries like uniform boundedness and persistence of
the non-delayed model to prove its well-posedness.

5.3.1.1 Uniform boundedness

Theorem 5.3.1. All the solutions (P(t),Z(t),F(t)) of the model (5.1) startlng in R3. remain
uniformly bounded in the set ¥ = {(P,Z,F) € R} : 0 < P+ Z+F < (Hv }, where v =
mm{dl,dz}.

Proof. Forany P> 0, Z>0and F > 0, we have

dP
dt

_dz
p=o I

dF
=0and —

7=0 !

=0,
F=0
which means that P =0, Z = 0 and F = 0 are invariant manifolds, correspondingly. Thus we
can conclude that the population model (5.1) is positively invariant in Ri_.
Now we find the invariant set in which our system remains bounded, and for this, we define a
function
W(t)=P(t)+Z(t)+F(1).

Then the derivative of this equation along solutions of (5.1) gives

dW _dP  dZ  dF
dt —dt dt dt
P c1PZ cPZ 14+cZ c3ZF c4ZF

=rP(1-= )~ + . - —d1Z+ ==
YP2+o  yPP+a l+cZ+wF Z+f Z+p

Pz

—drF

ZF
oc (—c1+c2)+ 718 (—c3+c¢4) —d1Z —doF

Now
‘g—vf+vW§rP<1——) +VP.

This implies 4V + vW < (r+v) , where v = min{d,,d,}.

Thus lim supW( ) < (r;frvv) = M(say), therefore all solutions of (5.1), initiating inside the
[—o0
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positive octant of Ri are confined within the region £ = {(P,Z,F) € R%r 0<P+Z+F <
(V+V)2k} D

4rv

5.3.1.2 Persistence

A biological system’s persistence means that any species involved in its dynamics and with
positive starting population density will survive and will not extinct for an extended period of
time. In terms of mathematics, this means that solutions to this system that starts inside the

positive octant are limited away from the coordinate planes.

Theorem 5.3.2. System (5.1) is persistent if r > %, Py > (YM2+O‘)(CI;F(C+W)M) (% +d,) and
o

Zpy > 11;1_4+ﬁ) where Py, Z,, are defined in the proof.

Proof. From Theorem 5.3.1, we know that limsup(P(¢) + Z(¢) + F(r)) < M, thus for some

t—roo

€ >037 >0suchthatV¢ >, wehave P(t) <M+¢g, Z(t) <M+¢€, F(t) <M+e¢g.

Now from system (5.1) we have

dpP P c1PZ
(1) 2
dt k YP2 + o

zp((r_ffl(M;el))_%)

this implies liminf P (1) >*% (F - %) , which is true for some arbitrary & > 0.
—>00

So, litrg glfP(t) > ’;‘ (r — %) =: P,,. Thus phytoplankton species is persistent if » > %.
Again, from (5.1)
dZ  oPZ 1+cZ c3ZF 07
dt ~ yP2+a l+cZ+wF Z+f
Py, 14+cZ C3(M—|—81)
>7Z . — —d
YM+e)>+a 1+ (c+w)(M+e) B
2Z( _ Py, —C3(M+€])—d1—Z).
(Y(M+€1)* +a)(1+(c+w)(M+e1)) B
c<imnlies Timi 2P _aM+te) oh i
This implies htrgglfz(t) > GO E ) (L e rw) e B dy, which is true for any
arbitrary & > 0.
. . C Pm caM . . .
Thus lltrggle(t) > (YM2+a)(21+(c+w)M) — ST —d| =: Z,,. Hence, zooplankton population is

persistent under the condition: P, >

2 cTw C
(yM +a)(i;-( + )M)(%M'i'dl)-
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dr(M+)

.. .. caZm . .. e
In similar manner, htrgglf F(t) > MiB d, =: F,,, which is positive if Z,, > T Hence,
the theorem is proved.

U]

Remark 5.3.1. From the above Theorem 5.3.2, we can notice that the phytoplankton population
persists if r is greater than some critical value. Persistence of zooplankton and fish population
depends on the minimum values of phytoplankton and zooplankton, respectively (i.e., their
respective prey). Thus we can say that the established conditions for the persistence of the

population model are ecologically well behaved.

5.3.2 Feasible equilibria and their stability analysis

5.3.2.1 Equilibrium feasibility

Model (5.1) can have at most four types of non-negative equilibrium points, which are stated

below.

(i) The zero equilibrium E((0,0,0) and zooplankton-fish free equilibrium E;(k,0,0) both

exist trivially.

(ii) There can be two fish free equilibrium points E»; = (P>1,2>1,0) and Exp = (Ps2,Z22,0)
/2 _ 2 2 . 7 5
where P = w, 7 = 7’(1 _ % 743251% and Py — c—y/ 5 —4ayd]

2y, a2 =
(1= B2 ) P24 s fish free equilibrium exists if Po; < k. Py < k and & 2./
X o q 21 < K, ) < K an a4 > oy.

(iii) For coexistence equilibrium E*(P*,Z*, F*), we note the following:

Z* is given by

d
Z* — 2ﬁ ,
c4—do

which is positive if
c4 > dy. (5.3)

Phytoplankton coordinate P* of E* is the positive root of the cubic equation

g(P) = QP> + QoP* + Q1P+ Q) =0, (5.4)
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where

Q3 =ry (> 0),
Qr = —ryk (< 0),
Qi =ra (> 0),

Qo = k(clz* — FOC).

Thus (5.4) can have no, unique or multiple positive roots depending on the signs of €
and ®, where
@ = 18Q30,QQp —4Q3Q + Q3Q7T —403Q3 —27Q302.

Fish coordinate F* of E* is the positive root of quadratic equation given by

MF?+ A F+Ag=0, (5.5)
where
Ay =c3w (> 0),
A =c3(1+cZ")+diw(Z"+B) (>0),
o\ ( 7k P
AN=(1+cZ")Z"+p)di ———).
0= (LheZ)(Z +B) )
So, (5.5) has a unique positive root if Ag <0, i.e., d| < ﬂffia which implies that for

the survival of fish population, the mortality rate of zooplankton population must be less
than its numeric response over phytoplankton population. This shows the dependence of

top predator over basal prey through the middle predator.

We note that for each P*, there will be a corresponding unique F* (for Ag < 0). Using

this fact, we present a theorem for existence of interior equilibrium.

Theorem 5.3.3. The non-delayed system (5.1) can have various coexistence equilibria

depending upon following conditions:

(a) No coexistence equilibrium if Qg > 0 and < 0.

(b) Unique coexistence equilibrium (P},,Z*,F};) if Q9 <0, ® <0 and d; < ypcf%.
11

(c) Two coexistence equilibrium (P5,,Z*,F5,) and (P5,,Z* ,F5,) if Qo > 0, ® > 0 and

. P5 CQP*
dy < min{ =221 2 1
1 {yP2*12+a’ yPZ*ZZ—i—a}

(d) Three coexistence equilibrium (P5,,Z*,F5\), (P3y, Z* , F3) and (P35, 2%, F35) if Qo <

0, ®>0anddy < min{-25_ 2l bl
’ YRy vy ke yPy et
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5.3.2.2 Local stability assessment

In local stability analysis around a particular equilibrium point of a system, we evaluate the Ja-
cobian at that point and determine the stability by checking the signs of real part of eigenvalues

of this matrix. For system (5.1), local stability investigation is given below.

1. Eigenvalues of J|g, (Jacobian evaluated at Eg) are r, —d; and —d,, thus Ej is a saddle

point.
2. Eigenvalues of J|g, are —r, 7/:22% —d; and —dj, so Ej is locally asymptotically stable
dy > ykc22+ka otherwise a saddle point. Thus if E is locally asymptotically stable, then E*

can not exist.

3. Here, we present a theorem which describes the local asymptotic stability behavior of

fish free equilibrium points.

Theorem 5.3.4. The fish free equilibrium Exy; = (Py,Z22,0) is locally asymptotically

: - caZyy 1 201YPnZy o _
stable if the conditions d, > ZotB K > PLra) and Py < \/; hold whereas E»;

(P21,21,0) is always a saddle point whenever it exists.

Proof. The Jacobian matrix evaluated at fish free equilibrium Ey;, i = 1,2, is given by:

_ﬁ + ZCIYPQZjZZi —c1 Py O
k (yPi+a)?  yPi+o
J|E = CZZZi(*YPZZi‘F(X) O _CzWPz,'Zz,' . C3Z*
2 (YP+a)? YPi+o  ZotP
T
0 0 Gl g
2+ 2

One eigenvalue of J|g,, is i _ g, and other two are the roots of equation

Zyi+B
I2+AT+A; =0, (5.6)
. 201YPiZs 1o Py Zoi(—YPEA . e
where A| = % — (;%j& )22, , =4 61%&5)32 @ Using Routh-Hurwitz criterion [ 134],

(5.6) has roots with negative real parts if A; > 0 and A, > 0. However, A; > 0 is not pos-

sible in case of E,;. Because in this case, A» > 0 implies P221 < % which means that

(¢35 —4ayd}) + 2/ c3 —4ayd? < 0, which is not true. Hence, E; is always a saddle
point (A, is negative in this case) whenever it exists while E», is locally asymptotically

: caZyy 1 201YPuZn o . .
stable if dy > To B K > Ph+a) and P» < \/; . This completes the proof of this

theorem. O
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4.

Now we present the conditions for asymptotic stability of interior equilibrium points. As
we do not have the explicit expressions for different interior equilibria thus, we deduce

the stability conditions for a general interior equilibrium point E*(P*,Z* F*).

Theorem 5.3.5. Coexistence equilibrium E* is locally asymptotically stable if the con-
ditions 0 > 0, oy > 0 and 6,01 > 0y hold, where 6y, 01 and 0, are defined in the

proof.
Proof. Jacobian matrix corresponding to E*(P*,Z*, F*) is given by

ajn app 0O

Jpr= a1 axn ax|,

0 ax» O
_ P 20yPZ° _ P _ 0Z (=YPPHa) 14zt
where ayy = =+ ooy @2 = g M= T ptigr TRz E
_ P wcZ*F* c3Z*F* . _CZWP*Z* 1+4+cZ* . c3Z* _ c4PBF*

az = ’}/P*z—HX' (1+cZ*+wF*)2 + (Z*+B)2’ azs = ’)/P*2+OC “T+cZ*+wF* — Z*+B’ asp = (Z*+B)*"
The characteristic equation for Jg+ is

Y+ Y>+ 01T +0p =0, (5.7)
where 6, = —(a11 +an), 01 = aj1axn —axaz; —apas; and 6y = aj1ax3a3;.

From Routh-Hurwitz criterion, roots of (5.7) have negative real parts iff o, > 0, oy > 0
and 0,071 > 0p. Thus, E* is locally asymptotically stable if the conditions mentioned in
the statement of this theorem hold. [

5.3.2.3 Global stability analysis

For global stability of coexistence equilibrium, first we suppose that condition in Theorem 5.3.3

(b) is

satisfied so that model (5.1) has a unique positive equilibrium E*(P*,Z*,F*). Thus we

state the following theorem.

Theorem 5.3.6. The unique coexistence equilibrium E*(P*,Z*,F*) is globally asymptotically
stable if the condition:

holds.

+d1Z" +doF* <

c1P* 372" r(k+ P*)?
(G2l

B 4k
(c1—c2)ZmPy  (c3—c4)ZmF, P, Z* n caZy, F*
YM? +a M+ (YM?+o)(1+(c+w)M)  M+B
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Proof. For proving above theorem, we choose a Lyapunov function:

U= <P—P*—P*ln(}2)> + (Z—Z*—Z*ln(%)) + <F—F*—F*ln(%)>.

Now on differentiating U with respect to solution of (5.1), we get

au r cilZ(P—P*) cP(Z-Z") 1+cZ c3F(Z—-Z")

= (P-P)(k-P)— . - —d\(Z-Z"
a K J(k=P) P2+« YP2+a 1+cZ+wF Z+B i )
Z(F—F*
%ﬁ)_dz(p_p*)
zP zp* Pz PZ*

< L(kP—P*—kP*—PP*)— 2 2 02 O

k YP>’+a  yP*+o  yPP+oa  (YPP+a)(l+cZ+wF)

c3FZ o3 FZ* c4ZF  c4ZF*

— + +d\Z" + - +dyF*

Z+B  z+B N T zxp z4p P

c rp_ktP 2+r(k—|—P*)2+c1MP*+C3MZ* (c1 —¢2)ZmPyn  (c3—c4)ZmFy,

-k 2 4k a B YM?+ a M+ B

2P Z* c4ZpyF*

— — —dZ,, —d F d\Z*+d-F*.
T )1+ (crwM)  Mtp  omT @imTaz td

Thus il—lt] < 0 if the condition:

+d1ZF +doF* <

c1P*  c3Z* r(k+ P*)?
(A 2 )

B 4k
(c1 —¢2)ZmPy  (c3—c4)ZmF, P, Z* n caZy,F*
YM? +a M+ (YM?+o)(1+(c+w)M)  M+p

holds. Therefore, the non-delayed system is globally asymptotically stable if the claimed con-

dition is true. L]

5.3.3 Bifurcation analysis

5.3.3.1 Hopf bifurcation

Theorem 5.3.7. Non-delayed model (5.1) undergoes Hopf bifurcation around E* at ¢ = ¢! if
the following conditions are fulfilled:

1. Gz(CH)Gl (CH) — G()(CH) = O,
2(@%+m%—%> 40
c=ct

Proof. Here, we discuss about the Hopf-bifurcation of non-delayed model (5.1), with respect

to COEs parameter ¢ by keeping rest of the parameters fixed.
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H

At critical value of ¢ = ¢, we have

o2 (c?) o1 () — op(c?) = 0. (5.8)

At this critical value, the characteristic equation of Jg+, (5.7) can be written as (Y2 + o7)(Y +
0,) = 0. For occurrence of Hopf bifurcation at this critical value, this equation must has a
pair of purely imaginary complex roots for which we assume that o7 > 0 at ¢ = ¢/ [121].
Using Routh-Hurwitz conditions, we know that o> > 0 thus (5.7) has two purely imaginary
complex roots Y|, = +iy/07 and a negative real root Y3 = —0, at ¢ = cf. For evaluating
transversality condition, we assume that the roots Y, becomes the function of ¢ such that
Y12 =ni(c) £in2(c). On substituting 10, + iny in (5.7), and separating real, imaginary parts,
we get

n; —3mn; +o2(nf —n3) + o611 +0p =0, (5.9)
3N?n, — N3 +20m M2+ 611 = 0. (5.10)

As ma(c) # 0 for Hopf bifurcation, thus using (5.10), we have N7 = 317 + 20,1, + 01 and

using this value of n22 in (5.9), we get
815 +80,n? +2n1(03 + 61) + 6261 — 6y = 0. (5.11)

On differentiating (5.11), and using 1; = 0, we get

d 1 do do; do
{ﬂ} S {ol 24 5,00 } |
dc | ._.u 2(o5+01) e—cH

So, the transversality condition is

{ dGz dG] dG()
o1

- 0 5.12
dc o dc dc LCH 70, ©-12)

which completes the proof. 0

5.3.3.2 Transcritical bifurcation

Theorem 5.3.8. Fish free equilibrium Eyy becomes stable through transcritical bifurcation at

dy =dif = 26242% After this critical value of dy, fish species goes to extinct because of which

the interior equilibrium vanishes.

Proof. At dy = df = Z‘gﬁ%, one of the eigenvalue of J|g,, becomes zero. Let w; = | —
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T
Z?, Zﬁi; 1| and wy = [0,0,1]7 are the eigenvectors corresponding to zero eigenvalue of
J| (Exyed) and JT](EZZ:dIZC), respectively, where e;;,i, j = 1,2, 3 are the entries of J|(E22:d§c). Now
let Q(P,Z,F) = [My,M>,M3]", and using Sotomayer’s theorem [24], the transversality condi-

tions for transcritical bifurcation are:
L W%de (E22 . déc) = O,
L] Wg [DQd2 (E22 . dé‘)]wl =-1 7§ O,

o Wl [D*Q(Ex : dif)(wy,wy)] = 20 i o),

e1pex1 " (Zy+B)?

Therefor, all the conditions of Sotomayer’s theorem are satisfied, hence system (5.1) will un-

dergo transcritical bifurcation at d = d}* = % O

5.4 Dynamics of delayed model

5.4.1 Local stability investigation and Hopf bifurcation

Here we discuss about local stability behavior of delayed model (5.2) about the coexistence
equilibrium E*(P*,Z* F*) and evaluate the critical value of bifurcation parameter, COE delay,
7. Now let us define P(t) = P(t) + P*, Z(t) = Z(t) + Z* and F(t) = F (t) + F*. Thus the linear

form of the delayed system is

dw

S = RIW() +RaW (1 = 1), (5.13)
where

Juu jiz 0 0 0 O

Ri=|jua ji1s Jis|,R=10 js O],

0 Jjig Jjio 0 0 O
where
Pt 201yPPZ Pt oZ (—yPPa) 14zt Pt ltezt
==t J12= yP*2+a’J GPraE Trez e J15 = Yty TheZ twhe
C3ﬁF*
(Z*+B)2 d17
. cwP'Z* 1+cZ* YA caF* : o P*Z* weF*
J16 = yP 2o (1+cZ*+wF*)? Z*+ﬁ’]18 (Z*+ﬁ)27]19 Z*+ﬁ d27 ]25 yP o (I4cZwF*)2

and W(t) = (P(t),Z(t),F(t))T.

The variational matrix for model (5.2) at E* is

J=R —{—Rzeilr.
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Thus the characteristic equation for J is
A+ @A* + @A +q3+e M (qaA? +gsA +q6) = 0, (5.14)

where

g1 = —(j11 + 15+ J19); g2 = jisj1o + jirjro + jirj1s — j12j1a — jiejiss 93 = —ji1jisjio +
Jr2j1aj19+ jijied1s, g4 = —Jjos, qs = jos(j19+j11), g6 = —Jji1j25j19-

Now we can have the following cases:

Case I: When 7 = 0, system (5.2) reduces to system (5.1), whose stability conditions are given
in subsection 5.3.2.

Case II: When 7 # 0, on substituting A = i@ in (5.14), we get

g5 cos OT + (q40% — g6 ) SinWT = > — @

(5.15)
(—614602 +g6) cOSOT + gs@SinOT = 710° — g3,
After squaring and adding the equations in (5.15), we have:
0° + (g1 — 292 — 43) ©* + (65 — 29193 + 29496 — 43) ©” + 45 — 7 = 0. (5.16)

It is easy to observe that (5.16) is having at least one positive root @ if q% — q% < 0, substituting
this w in (5.15), we get

1

T, = —.arccos
Q]

2nmw

FiEy — BE
1= 212+-w,n:QLL3W (5.17)

p 7
Ef, +E7,

where
Ey1 = qs50, Eiy = q40° —ge, Fi = 0° — 20, F; = q10” — gs.
For transversality condition, put A = & + i in (5.14) and after separating real and imaginary

parts, we get

E3 3@ +q1(E% — 0%) + o€ + g3+ ¢ 5™ cos 0T0(q4(E% — ©%) + g5E +g6)

(5.18)
+ e ¢ in w1 (2qsé o+ gs0) =0,

and
— 0+ 3820+ 21 E0+ gro+ e P cos 07 (2q4E 0+ g50)

(5.19)
— e Psinw1(qa(E2 — 0) +qs5& +q6) = 0.



5.5. Numerical work 147

Differentiating (5.18) and (5.19) with respect to 7 and putting & = 0 provides

dre(A(wo)] - [dimam)]
01 T dn + 0> T =Ry,
direA(w))]] - [dlim(A ()] 20
d|Re To m T0
) _d—ro_ + 01 _d—fo_ =R,
where
01 = [-30%+q2+ (g5 + (40 — g6)T0) cos O Ty + (204 — g5 OTy) sin O],

02 = [-20q1 + (g5 + (940 — 46) T0) 5in @T) + (—20g4 + b5 T) cOs DTy,
R| = [0(gs — g407) sin 0Ty — g5 @* cos O T],
Ry = [0(gs — q407) cos 0Ty + g5 ®° sin @ Ty].

[Re(A(w))] | _ RiQ1—R20»

From equation (5.20), we get d 7% oo Thus the tranversality condition for
1 2

occurrence of Hopf-bifurcation holds if R1Q; — R,Q, # 0. Thus, we can state the following

theorem.

Theorem 5.4.1. The delayed system is unstable (or stable) for T < 1y and becomes stable (or
unstable) through Hopf bifurcation at T = 1y if the conditions q% < q% and R1Q1 —R,0r <0
(or R1Q1 — R0 > 0) hold simultaneously.

5.5 Numerical work

For the purpose of numerical simulation, we have used MATLAB R2019b to draw all the figures
in this manuscript. We perform the simulation experiments with the values of parameters which
are provided in Table 5.1. With this set of values, the possible equilibrium points and their
nature, are described in Table 5.2. From this table we can notice that for this set of parameters
Ey, E; both are saddle points, the fish free equilibrium E», is saddle point whereas a unique

interior equilibrium E* is locally asymptotically stable.

Equilibrium Eigenvalues of corresponding Jacobian Nature of equilibrium
E(0,0,0) (1.5000,-0.0700,-0.0800) Saddle point
E(30,0,0) (-1.5000,1.4024,-0.0800) Saddle point
E»»(0.8755,16.1890,0) (0.0646,—0.0211 £+ 0.31841) Saddle point
E*(18.6398,7.8462,7.2199) (—0.6300,—0.0292 +0.1283i) LAS

Table 5.2: Possible equilibria, eigenvalues of corresponding Jacobians and nature of
these equilibria for parameters from Table 5.1, where LAS stands for locally asymptoti-
cally stable.
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Now we discuss the existence of multiple interior equilibria of the non-delayed system. For
a set of parameters (values are given in the figure for this specific demonstration), (5.4) can
have a different number of positive roots. From Fig. 5.2(a) we can see that for a particular pair
of r and 7y, g(P) does not have a positive root, while on the variation of these two parameters,
it can have one, two, or three positive roots which are evident from Figs. 5.2(b), 5.2(c) and
5.2(d), respectively. We also draw the bi-parametric existence diagram for interior equilibria
in ry-plane using Theorem 5.3.3 in Fig. 5.2(e). This Theorem divides the above plane into
four different regions represented by; yellow, blue, magenta, and cyan colors accordingly with
no coexistence equilibrium, one coexistence equilibrium, two coexistence equilibria, and three
coexistence equilibria. The Fig. 5.2(f) portrays the number of interior equilibrium (particularly
P coordinate of E*) with their stability: green colored equilibrium is sink; red colored equilib-
rium is source whereas black colored equilibrium is saddle point. This attribute of change in
the number of interior equilibrium points on variation of r and y demonstrates their significance
in the dynamics of the model. We also portrait the global stability for the unique coexistence
equilibrium in Fig. 5.3 for the set of parameters given in Table 5.1, in which many solutions
with different initial set of conditions (marked with black dots) approaches it (marked with red

dot) as time passes.

30
20
20
101
10t

iN|

y y
= 0 =
10 |
10 |
20
20
30
-30 ; ; ; ‘ ‘ :
5 0 5 10 15 20 5 0 5 10 15 20
P P
(@) r=0.93, y=0.015. (b)r=1, y=0.015.
20
20
10+
10t
0 A = A
o H H .
=) & .10
> >
10
20 F
20
30 -
-30
‘ ‘ ‘ 40 ‘ ‘ ‘
5 0 5 10 15 20 5 0 5 10 15 20
P P

(¢) r=0.93, y=0.02. dr=1, y=0.02.



5.5. Numerical work

149

p*

..... ;

102 104 106 1.08

,,,,,,,,,,,,,,,,,,,

(e) Bi-parametric existence diagram for no or th o e 1o ar 1os oe

multiple interior equilibrium points, where !

yellow, blue, magenta and cyan depicts no, (f) r vs P* for y=0.016.

one, two or three interior equilibrium points,

respectively.
Fig. 5.2: Figs. (a), (b), (c) and (d) show the non-existence and existence of multiple
positive roots of g(P), Fig. (e) depicts various regions in ry-plane for different num-
ber of interior equilibrium points whereas Fig. (f) shows number of interior equilibrium
with their stability; green denotes sink; red denotes source; black denotes saddle, for
y=0.016, k =28, oo = 3.5, B =22.7, ¢4 = 0.57 and values of remaining parameters
from Table 5.1.

Stable interior equilibrium point

3% 30 25 g
A

Fig. 5.3: Global stability of unique coexistence equilibrium E* for the parameters given
in Table 5.1.

15 10 5 00 P

From subsection 5.3.2, it is clear that phytoplankton and zooplankton coordinates (P* and

density varies as we change c. Thus from (5.5), we get

Z*) at interior equilibrium are independent from COE parameter ¢ whereas fish population
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—(C3(1+CZ*)+dlW(Z*+ﬁ))+\/(63(1+CZ*)+d1w(Z*+ﬁ))2—4C3w(1+cZ*)(Z*+ﬁ)(dl— oL

F* — P24
o 2c3w ’
(5.21)
and from (5.21) we can easily get
* * * * (7% cpP*
aFc 1 <_C3Z* N 2(e3(14+-cZ*)+diw(Z*+B))c3Z2* —4eswZ*(Z +ﬁ)(d17ypfz+a)
dec 2 P ’
¢ v z\/(C3(1+cz*>+d1w(z*+ﬁ))2_4C3W(1+cz*)(z*+/3)(d1—YP;;’W)
(5.22)
which implies
. dF*
Ch_r;lo dc =0

This implies that when parameter ¢ tends to infinity, F* saturates and this saturated value is

given by the equation given below (obtained from (5.5))

~Z(Z"+B)(di — )
lim F* = — — w0, (5.23)
C—>o0 C3

For the set of parameters mentioned in Table 5.1, we have presented the above remark related to
¢ in Fig. 5.4(a). This growth in fish population on the increasing parameter ¢ can be explained;
we have noticed from the formulation of our model in Section 5.2 that the carry-over effects
have positive impacts on the zooplankton’s PGR. Thus rising ¢, the per-capita growth rate of
zooplankton species increases correspondingly (Fig. 5.1). As zooplankton’s PGR grows, its
predator fish density also amplifies in its response which is exhibited in Fig. 5.4(a).

In case of fear effect, again both phytoplankton and zooplankton coordinates of E* are

independent of fear parameter w. From equation (5.5), we have

. %2 * * * * * CZP*
Jgr; (C3WF +les(l+cZ)+ (dw(Z*+B)|F +(1+cZ")(Z +ﬁ)(d1—m)) =0,

which implies

lim (C3F*2—|— (di(Z* —|—[3))F*) —0,
W—soo
thus we get

lim F* =0.

W—roo
This extinction of fish species on increasing fear parameter is manifested in Fig. 5.4(b). Speak-
ing biologically, due to increased fear of fish population, zooplankton species restrict their

foraging space, which can be seen as their antipredator behavior in response to this non-lethal
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effect of fish. This reduction in foraging also decreases zooplankton’s predation, which corre-
spondingly curtails fish population density. As the fish population is a specialist predator in the
proposed model, thus increasing fear up to a high value leads to their extinction. The behavior
of fish population on variation of both ¢ and w simultaneously is depicted in Fig. 5.4(c). From
the surface in this figure, we can observe that on increasing ¢, F'* increases and on increasing
w, F* decreases. These trends in fear inducing population on increasing COE parameter and
fear parameters which we have observed in our investigation agree with the results presented in
studie [149, 153].

About the change in stability nature of the non-delayed system as we vary ¢, we have pre-
sented several phase portraits in Fig. 5.5. From these figures, we can notice that the system
is stable for small and large values of ¢, whereas we have periodic or chaotic oscillations for
its intermediate values. The whole dynamics on the variation of ¢ is also illustrated by plot-
ting the bifurcation diagram for phytoplankton population in Fig. 5.6(a). For a better view,
we have drawn the bifurcation diagrams for ¢ € [0.08,11], and the stable nature of the model

for lower and higher values of ¢ are depicted by the phase portraits in Figs. 5.5(a) and 5.5(f),

respectively. At c = ¢’ ~0.1064, (chf% + 01 dd%z — dd%o ~ 0.0032 # 0. This implies that
—~H

the conditions for Hopf bifurcation (Theorem 5.3.7) are fﬁfélled, thus system (5.1) undergoes
Hopf-bifurcation at ¢ = ¢/’ ~ 0.1064. From the bifurcation diagram, we can observe that for
intermediate values of ¢, non-delayed system is chaotic which implies that its dynamics is very
sensitive to initial conditions. These chaotic as well as periodic oscillations can be eradicated
for lower and higher values of ¢. This implies that, for these values of ¢ the population den-
sities are not sensitive to their respective initial conditions and their asymptotic nature can be
predicted. The amplitude of oscillations decreases as we move from chaotic regime to periodic
regime, and it further decreases as we shift from a higher periodic solution to a lower periodic
solution. For confirmation of the chaotic nature of the non-delayed system, we have plotted
maximum Lyapunov exponent vs ¢ graph in Fig. 5.6(b). The positive values of maximum Lya-
punov exponent in this graph validates the bifurcation diagram presented in Fig. 5.6(a). We
have also done the sensitivity analysis by starting two solutions (Fig. 5.7(a)) closely to each
other. We observe that as time passes, these two solutions deviate from each other, showing the
system’s chaotic behavior. A Poincar’e map having scattered sampling points in Fig. 5.7(b),

also confirms the non-delayed system’s chaotic nature for ¢ = 4.5.
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Fig. 5.4: Figs. (a) shows that F* increases on increasing ¢ and saturates when c is large
i.e., F* —94.9495 as ¢ — 0, and in Fig. (b), fish species goes to extinction when w — oo,
whereas Fig. (c) gives the trend of F* in cwF*-space, with other parameters from Table

5.1
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Fig. 5.5: Different phase portraits depicting the dynamics of the non-delayed system
from stable to chaotic and again to stable on increasing the parameter c, with remaining
parameters from Table 5.1.
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Fig. 5.6: Fig. (a) outlines the behavior of the non-delayed system by plotting P vs ¢
graph whereas Fig. (b) gives maximum Lyapunov exponent on variation of ¢, with other
parameters from Table 5.1.

The phase portrait given in Fig. 5.5(c) represents the chaotic behavior of the non-delayed

system for ¢ = 4.5. This chaotic behavior of the model can be controlled by decreasing the
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fear parameter w, which is evident from the bifurcation diagrams given in Fig. 5.8. From these
bifurcation figures, we can observe that on abating w, the chaotic oscillations are reduced to the
period-8 solution, which further reduces to period-4, period-2, period-1 and finally converge to
interior equilibrium.

In an ecological system, increasing the amount of available food for prey population, i.e.,
carrying capacity, sometimes can give rise to periodic oscillations, and this phenomenon of
making the system unstable on increasing the carrying capacity is known as the paradox of
enrichment [136]. There are many evidences for the occurrence of this phenomenon in the
literature [55, 137]. Due to complexity, our current system also have this behavior, which is
apparent from Fig. 5.9. From this figure, we can observe that the model is stable for initial
values of k, but after a threshold value, it becomes unstable with a rise of period-1 solutions. In
our system, we try to fix this issue by adjusting the parameter Y, which denotes phytoplankton’s
inhibitory effect against zooplankton due to its toxic effect (Fig.5.10(a)). From this figure, we
can note that non-delayed population model (5.1) will be stable with a combination of values
of k and y from the cyan region and unstable from the black area. Thus, we can resolve this
paradox in our system by decreasing y. In a similar manner, we can eliminate the periodic
oscillations by decreasing the parameter r (Fig. 5.10(b)).

Non-delayed model (5.1), undergoes transcritical bifurcation with respect to dr. At dr =
di¥ =0.1447, y = 0.2525 and remaining parameters from Table 5.1, fish free equilibrium E»;
becomes stable through transcritical bifurcation. For showing this character, we have presented
a phase portrait diagram (Fig. 5.11(a)) in which system is unstable for d; = 0.11 then it become
stable around interior equilibrium at d, = 0.13 and on its further increase fish free equilibrium
becomes stable (d, = 0.145 > déc). These three solutions with three different values of d, have
same initial point. A bi-parametric bifurcation diagram in yd;-plane is also drawn to observe
this transition in Fig. 5.11(b).
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Fig. 5.7: Sensitivity of two different solutions corresponding to two different initial con-
ditions is shown by Fig. (a) whereas Fig. (b) depicts Poincar’e map at ¢ = 4.5 in PF-
plane with Z = 15, and remaining parameters from Table 5.1.

Multistability is an attractive attribute of non-linear systems, in which it can have a number
of coexisting stable attractors with the same set of parameters. The character of multistablity
increases the flexibility of the corresponding model. Our non-delayed model (5.1) also shows
this character, with a set of parameters (provided with figure), the system manifests bistability
between a stable limit cycle and an interior equilibrium which is portrayed in Fig. 5.12(a). Both
of the attractors have their respective regions of attraction; we have drawn these regions which
are also known as basins of attraction, in Fig. 5.12(b). In this figure (Fig. 5.12(b)), red dots
denote the initial conditions from where the solution will tend to the stable limit cycle, whereas
green dots represent those initial conditions from which the solution will converge to stable

interior equilibrium.
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Fig. 5.8: Figs. (a), (b) and (c) show the bifurcation diagram for P, Z and F, respectively
forw € [0.1,1], ¢ = 4.5, and values of remaining parameters from Table 5.1.
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Fig. 5.9: Figs. (a), (b) and (c) demonstrate the phenomena of enrichment of paradox for
system (5.1), with ¥ = 0.02 and values of remaining parameters from Table 5.1
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Fig. 5.10: This figure gives biparametric bifurcation diagrams in ky—plane (Fig. (a)),
and kr—plane (Fig. (b)). In both the figures, the cyan-colored dot represents the combi-
nation for the stable interior equilibrium, and black for period-1 oscillations, with other
parameters same as in Table 5.1.
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Fig. 5.11: With y = 0.02525 and values of remaining parameters from Table 5.1, Fig.
(a) shows stable limit cycle, stable interior equilibrium point, and stable fish free equi-
librium for d, = 0.11,0.13, and 0.145, respectively. In Fig. (b) black, magenta, and blue
dots represent the combinations of ¥ and d, parameters for stable limit cycle, stable inte-
rior equilibrium, and stable fish free equilibrium, respectively.

In the analysis related to delayed model, our main concern is to investigate the change in
system’s attitude when we introduce COE delay, 7, in the non-delayed system. For this objec-
tive we use ¢ = 4.5 and the remaining parameters from Table 5.1. For these set of parameters,
the non-delayed system is chaotic in nature which is illustrated in Fig. 5.5(c). Now we introduce
the delay in the non-delayed model, and for a starting range of 7, system remains chaotic and
on further increase of 7 system’s solution turn into periodic one after which it becomes chaotic
once again. Now as we further increase 7, delayed system’s solution becomes of finite pe-

riod from infinite and finally becomes stable through period halving bifurcation (Figs. 5.13(a),
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5.13(b), 5.13(c)). This happening of Hopf bifurcation and the change of system’s behavior from
unstable to stable with respect to delay 7 is due to amplitude death (AD) phenomenon. Here,
amplitude death is a situation when oscillations are eliminated when individual oscillators are
coupled and return to the steady state of the system [148]. This whole event can also be verified
from the analysis done in subsection 5.4.1. For the delayed model, using ¢ = 4.5 and the other

parameters from Table 5.1 in (5.16) and (5.17), we have the followings:
o =0.1689, 19 =4.9880, and R{Q; — R,0Q>» = —0.0180 < 0.

d[Re(A(10))]
d’L’O

As R1Q1 — Ry, < 0 which implies [ ] < 0, so at the critical value of T = 1y, the

sign of real part of A becomes negative from positive, i.e, system becomes stable after Hopf
bifurcation when 7 crosses its critical value. Therefore, delay induced carry-over effect can
stablize our plankton-fish population model for the parameters in Table 5.1.

Like of c, the fear parameter w can also play an important role in the dynamics of the
delayed model. Thus to see the combined effect of w and ¢ on T = 7y, we draw a Hopf surface
in cwTp-space (Fig. 5.14). It is clear from this figure that the critical value of 7 is high for
combinations of greater and lower values of w and c, respectively, whereas it is low in the

opposite situation.

Stable limit cycle

(a) (b)
Fig. 5.12: The phase portrait in Fig. (a) exhibits bistability whereas Fig. (b) represent
their respective basins of attraction for the interior equilibrium and the stable limit
cycle (red region for stable limit cycle; green region for interior equilibrium) with
P(0) € [1,10], Z(0) € [1,5], F(0) € [0.3,0.8], for r = 1.03, k =28, y=0.016, a =
3.5, w=20, B =22.7, ¢4 = 0.57 and remaining parametric values from Table 5.1.
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(b) (©)
Fig. 5.13: Figs. (a), (b) and (c) show the bifurcation diagram for P, Z and F, respec-
tively w.r.t COE time delay T which demonstrate transformation of chaotic system into a
stable one by increasing delay 7, with ¢ = 4.5 and keeping other parameters same as in

Table 5.1.

Stable interior equilibrium

Hopf surface=”
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Unstable interior equilibrium

Fig. 5.14: Hopf surface in cwty-space, with other parameters same as in Table 5.1.

5.6 Conclusion

One of the fundamental goals of evolutionary biology is to understand the factors that influence
or determine the survival and evolution of ecological species. In the literature, scientists have
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mostly focused on the direct effects of predator species on prey populations in a prey-predator
relationship. However, several recent studies [30, 117] have contributed to the inclusion of the
predator’s non-lethal influence, the induction of fear in prey-species. These non-lethal impacts
are also carried over to subsequent seasons or generations [39]. In the marine ecosystem, fish
generate fear in the zooplankton population in a PZF-system [114], but little attention has been
paid to this form of interaction. Thus in the present chapter, we attempted to investigate the
effects of fear and their carry-over effects in a PZF-system with a discrete delay.

Firstly we introduced the non-delayed and delayed PZF-population model by incorporating
both the parameters related to fear and its carry-over effects with all the required assumptions.
The respective PZ and ZF interplay are assumed to follow simplified Holling type IV and II
functional responses. Next, in dynamical analysis, we first established the well-posedness of
the non-delayed model by determining an invariant set in which the system’s solution remains
bounded. We also specified the conditions under which the system is persistent. Then we de-
termined the analytical prerequisites under which the fish-free equilibrium point and a different
number of coexistence equilibria exist. The presence of various interior equilibrium points is
portrayed in Figs. 5.2(a), 5.2(b), 5.2(c) and 5.2(d). A bi-parametric existence diagram is also
presented for these equilibrium points in Fig. 5.2(e) in ry-plane. In stability analysis, we ob-
tained the conditions under which the respective equilibrium points are locally asymptotically
stable; this is followed by the global stability analysis of unique interior equilibrium. Further,
we determine the conditions of Hopf and transcritical bifurcation with respect to ¢ and d; pa-
rameters, respectively, for the non-delayed population model. Here our main objective is to
investigate the individual and simultaneous effects of carry-over effect (c¢) and fear (w) parame-
ters on the dynamics of the system. The phytoplankton and zooplankton coordinates of interior
equilibrium are are independent of ¢ and w parameters. For parameter ¢, we have proved theo-
retically that the fish species saturates to a finite positive value. The rise of F* to this saturation
is depicted in Fig. 5.4(a), and this growth in F* is because of the boost in zooplankton’s PGR.
Unlikely c, increasing w declines F* and causes its extinction, when we intensify w to a large
value (Fig. 5.4(b)). The coexistent impact of both ¢ and w is outlined in Fig. 5.4(c) through
a three-dimension surface in cwF*-space. For observing the change in the non-delayed popu-
lation model’s stability nature on the variation of ¢, we have presented several phase portrait
diagrams in Fig. 5.5. From these phase portraits and the bifurcation diagram given in Figs.
5.5 and 5.6(a), respectively, we can notice that the non-delayed model switches its stability
twice and goes through several periodic and chaotic windows before becoming stable. For
confirmation of this chaos, we plotted the maximum Lyapunov exponent, did the sensitivity
analysis concerning two different initial conditions, and also drew a Poincar’e map in Figs.
5.6(b), 5.7(a) and 5.7(b), respectively. The chaos in model (5.1), for intermediate values of ¢

can be controlled by decreasing the fear parameter w, an example of this is demonstrated in
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Fig. 5.8 for c =4.5.

Our non-delayed system exhibits the character of enrichment of paradox (Fig. 5.9) which
can be further resolved by adjusting the parameter y or r (Fig. 5.10). Population model (5.1)
suffered transcritical bifurcation with respect to parameter d,. For demonstrating this quality of
the system, we drew a phase portrait diagram and a bi-parameteric bifurcation diagram in Fig.
5.11. For a given set of parameters, our non-delayed population model showed multistability
between a periodic attractor and a fixed point attractor (Fig. 5.12). Because multistability makes
our model more flexible, this feature makes the dynamics of our model more interesting. As the
carry-over effects are not immediate and are associated with a lag. Thus we added a COE delay
7 in the non-delayed model to make it more practical and reasonable. In most of the studies [20,
130, 117], addition of delay in a model makes it unstable (periodic or chaotic) but sometimes
existence of delay in an oscillatory system can make it stable by AD (amplitude death) [148].
In our model , delay 7 helps to control the chaos by making it stable through AD phenomenon
(Fig. 5.13). We have calculated the value of T analytically at which the delayed system would
become stable from unstable through Hopf bifurcation when it crosses this critical value. Both
the parameters w and ¢ are important parameters related to critical value of 7, thus for showing
their combined impact on 7y, we drew a Hopf surface in cwty-space in Fig. 5.14.

In the present chapter, we modeled the fear of fish in zooplankton species and its carry-over
effects with a discrete delay in a PZF-population system. Although these non-lethal effects
can also affect the death rate of prey (zooplankton) species but as the experimental evidence
is not available yet for this assertion, we have not considered it. In our study, the carry-over
effect parameter is modeled in such a way (f(c,w,Z, F)) that it always benefits the prey species,
but it is not always accurate in real life. Thus, in future work, it will be exciting to formulate
f(c,w,Z,F) in such a way that can have negative or both positive and negative impacts on prey
species’ growth rate. The AD (amplitude death) phenomenon has not been studied in previous
plankton-fish systems, thus we can say that this finding can also have useful implication in
biological systems. Therefore, this whole discussion pictures the vigorous and noteworthy
kinetics of the presented PZF -system, and we anticipate that this research will assist ecologists
and biologists in formulating and investigating PZF-models in a more detailed and practical

manner.
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Chapter 6

A non-autonomous approach to study the impact of

environmental toxins on nutrient-plankton system'

The study of population biology unfolds various mechanisms which operate behind the inter-
actions among the participating species. Research areas related to population biology assist
us in a significant manner to understand the biological world and various processes related to
it. Plankton interplay resides at the bottom of marine food webs. These plankton’s interrela-
tionships are the particular types of predator-prey interactions. Planktons are basically of two
types; one is phytoplankton which is responsible for generating a massive segment of oxygen
present on earth [51], second is zooplankton which acts as a predator for the former plankton.
The concentration level of nutrients (phosphorous, nitrogen, zinc, etc.) in an aquatic habitat
has a crucial impact on phytoplankton’s growth [154]. External supply and the decomposi-
tion of dead phytoplankton are the primary sources of these nutrients. Thus we can notice that
nutrient-plankton kinetics is one of the basic dynamical processes in an aquatic medium which
impacts the whole marine ecosystem.

These oceanic sources also influence the human beings as they harvests various things from
these for their benefits. But as the human population is growing, they have started contam-
inating these aquatic habitats by dumping waste from different sources which may consist of
industrial as well as household waste. Tchounwou et al. [155] studied the stage-wise movement
of heavy metals (Arsenic, Cadmium, etc.) means; their environmental occurrence, generation
and use, possibility to human exposure which is followed by the ways through which their
toxicity affects on humen beings at molecular level. Dubey and Hussain [156] studied the im-
pact of environmental pollution on two species models (namely, cooperation, competition, and
prey-predator) in which both the populations have distinct organismal toxic concentrations. For
all three models, they evaluated the criteria for local stability, instability, and global stability.
They also examined the stability of system in presence of diffusion. Rana et al.[157] examined

'A considerable part of this chapter is published in Applied Mathematics and Computation, 458, 128236
(2023)
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the impact of nanoparticles on a phytoplankton-zooplankton system. They assumed that when
the nanoparticles of heavy metal come into the contact with cells of phytoplankton, they attach
to their cells and enter into them which curtails phytoplankton’s growth rate. They obtained
threshold values for important parameters related to their model to get a stable kinetics. Sea-
sonality in a biological system makes it a non-autonomous model as the seasonal parameters
involved in its kinetics become the function of time. Inclusion of seasonality in a model makes
it complex, and we suggest some papers [46, 47] for learning the techniques to study the per-
manence, periodic solution’s existence, and its global attractivity. Following [157], Mandal et
al. [48] studied phyroplankton-zooplankton interplay in the presence of environmental toxins
and seasonality. They studied both the non-seasonal and seasonal models using the procedures
given in [46, 47, 35]. They did the sensitivity and bifurcation analysis in respect to various
parameters. They also studied the corresponding slow-fast model, which showed the presence
of bursting oscillations.

Now, we explain the assumptions using which we formulate our system. Let’s consider
an aquatic ecosystem in which N is the concentration of nutrients whereas P,Z and T be the

densities of phytoplankton, zooplankton and environmental toxins, respectively.

1. We consider that nutrients are continuously supplied to our system from outside at a
constant rate and are also leached at the same time at a rate that is proportional to the
nutrient’s concentration. The dead biomass of phytoplankton also contributes to increas-
ing nutrient concentration [158]. Nutrient concentration decreases due to their uptake by
phytoplankton through Holling type II response [159], H;(N) = 11% The phytoplank-
ton population is assumed to have additional food sources like bacteria and detritus, due

to which it grows logistically. Thus we have the following equations.

P P P P
dN mN 5P d—:uP(l——) mN '
t K L+N

2. We suppose that the zooplankton population depends on phytoplankton wholly, making
zooplankton a specialist predator. The increasing density of the phytoplankton population
leads to the formation of harmful algal blooms, which emit toxic chemicals, harming
the zooplankton population. We assume that the zooplankton population can decrease
the consumption of highly toxic phytoplankton following the modified Holling type IV
interaction, Hy(P) = ﬁ [151]. The density of the zooplankton population is assumed
to be reduced by their natural mortality and crowding effect. Using these assumption, the

rate of change in P and Z are given by following equations.

@ _up(1-L - = — d\Z—dy 7%
dar K) LN aPP+h di aPlyl TR

dP ( P) miNP cPZ dzZ c1PZ
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3. The environmental toxins (7") are added to the system with a constant supply rate, and
are supposed to deplete naturally [160]. The particles of these toxins come in the touch
of phytoplankton’s cell membrane and reduces their growth and their capability of pho-
tosynthesis. To reflect this reduction in growth rate of phytoplankton, we use a function,
g(T,P) = W, as the phytoplankton’s intrinsic growth rate [157]. Incorporating this
affect of toxins on phytoplankton population, their interaction is represented by the equa-

tions given below.

dp uP ( P) m NP cPZ dT

“r_ (1= _ — =A— fPT —dT.
dt 14 ffiPT K/ L +N P>+’ dt f

Therefore, the autonomous model which we want to study is given by:

N Ny—aN— NP sp— (N PZT)

—_— = — aiN — =

i 0 I, +N 1Y, 54, 4 ),

dP P P NP PZ

_:M—< —>+m1 - 02 ::MZ(N7P727T)5

dt 14+ ffiPT K L+N oaP:+1 6.1)
dz C1PZ 2 .
—=———d1Z—dyZ" = M3(N,P,Z,T

d (XP2—|—12 1 2 3( y Ly Luy )7

T

- =A—[PT —dT = My(N.PZ,T),

with N(0) > 0,P(0) > 0,Z(0) > 0,7(0) > 0.

In literature, most prey-predator models deal with the deterministic and unvarying environment.
But most of the biological interactions proceed in highly unsteady conditions due to which
physical variables like; birth rate, death rate, habitat’s carrying capacity, coefficient of com-
petition, etc., which are associated with these interactions, change significantly. Considering
environmental fluctuations, our model becomes a non-autonomous model, in which physical
parameters are periodic due to seasonal reasons. So taking seasonality into account, model

(6.1) becomes the following model.

e = Nolt) —alon ()~ FONOTD 1 600,
dp(t) _ u(t)P(t) {_ P(t)) n my (t)N(t)P(t) c(t)P(t)Z(t)
d 1+ fOAOPOTO\ K@) L) +NG@)  a@)P(0) + b))’
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Parameters Meaning Default values References
No Supply rate of nutrients to the system 0.3 [161]

a Leaching rate of nutrients 0.03 [161, 162]
m Rate at which nutrients are absorbed by phytoplankton 0.8 [162]
mi(<m) Net gain of phytoplankton over nutrients intake 0.4 [162]

I8 Half-saturation constant for phytoplankton-nutrients interaction 15 Assumed
f Contact rate between environmental toxin and phytoplankton 4 Assumed
S Rate at which phytoplankton’s growth is suppressed by environmental toxin 1 [157]

c Rate which phytoplankton is attacked by zooplankton 0.4 Assumed
c1(<e) Maximum gain of zooplankton over phytoplankton 0.3 [163]

a Phytoplankton’s inhibitory effect against zooplankton 0.1 Assumed
I Half-saturation constant for phytoplankton-zooplankton interaction 1 [164]

u Maximum intrinsic growth rate for phytoplankton 2.5 [131]

K Environmental carrying capacity for phytoplankton 20 [47]

A Rate at which environmental toxin is added to system 7 [165]

d Natural depletion rate of environmental toxin 0.05 [165]

1) Rate at which phytoplankton’s dead biomass gets recycled into nutrients 0.01 Assumed
dp Death rate of zooplankton 0.12 [162, 166]
dr Rate of intraspecific interference among zooplankton individuals 0.0015 [166]

Table 6.1: Biological signification and parameters’ values which are employed in sys-
tems (6.1) and (6.2).

In the present chapter, we attempt to extend the model proposed by Mandal et al. [48] in which
they investigated the impact of environmental toxins on phytoplankton-zooplankton interrela-
tionship with seasonal effects. As nutrients are one of the significant feeds used by phytoplank-
ton, and as in the modeling part, we have considered that the dead biomass of phytoplankton
also contributes to nutrients back. Thus, we incorporate nutrient-phytoplankton interaction into
our model to apprehend the system’s dynamics in more depth. Including group defence of
phytoplankton against its predator zooplankton in the form of Holling type IV response is the
second main advancement in our model formulation. Therefore, this study investigates a 4-
dimensional NPZT-model in both modes: non-seasonal as well as seasonal. We examine the
dynamics of a non-seasonal system by varying some crucial parameters like f; and A. Both
non-seasonal and seasonal models show the attribute of multistability. We also observe that
including seasonality makes our system chaotic, and we provide some parametric adjustments
to control it. All these features are well explained and depicted with the help of numerical
simulations in the respective sections of this text.

This chapter is mainly organized in the following scheme: Section 6.1 provides the main
results of autonomous model (6.1), which comprises equilibrium existence and their stability
behavior and bifurcation assessment. In Section 6.2, we drive the conditions for permanence,
existence, and global stability of periodic solutions for the non-autonomous model. Section 6.3
gives an extensive numerical simulation to support our theoretical results of the last sections.

Lastly, Section 6.4 discusses the principal findings of our present work.
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6.1 Main results for autonomous model (6.1)

Here, we discuss the dynamical features of model (6.1). It is easy to note that the RHS of (6.1) is
Lipschitz continuous on a bounded subset of R% . Thus for every (N(0),P(0),Z(0),T(0)) e R%,
the current model has a unique solution.

Next, we shall determine a sub-domain of Ri in which the solutions of system (6.1) will be

uniformly bounded.

Theorem 6.1.1. Each solution (N(t),P(t),Z(t),T(t)) of system (6.1) with a non-negative initial

condition is uniformly bounded within a set given by
M = {(N,P,Z,T) 0SN+PH+Z<R,0T §R2},

where R and R are defined in the proof of this theorem.

Proof. From (6.1), it is easy to get

=A>0,
T=0

which means that N = 0,P = 0,Z = 0,T = 0 are positive invariant manifolds. So, any solution
initiating inside the positive orthant of NPZT -space will not leave it.
For determining the set in which solution of (6.1) remains bounded, firstly, we define a variable

L =N+ P+ Z, and for a random ¢ > 0, on using first three equations of system (6.1), we get

dL P
— < — — _ ) — — .
= +0L<Ny—(a G)N+(6+6)P+uP<1 K) (dy—0)Z

2
Now, the function F(P) = (6 +0)P+ uP(l — 15;) has its global maximum F,, = W

at P = W. Using this property of F and choosing ¢ < min{a,d, }, we obtain

dL 5+0)’K
——|—GL§N0+M=M.
dt 4u

Then by using standard differential inequalities, we get

L(t) < %+e—"f (L(O) — %) < max{%,L(O)} =R.

In a similar way, from the fourth equation of model (6.1), we have

() < 3+e—df (T(O) —3) < max{%,T(O)} “ Ry,
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Hence, we can say that all the solutions of system (6.1) are bounded above. ]

6.1.1 Equilibrium assessment

System (6.1) have the following three feasible equilibria.
1. The phytoplankton-zooplankton free equilibrium is Ej (% ,0,0, %) and it exists trivially.

2. The zooplankton free equilibrium is E5 (N, P,0,T), where N is the positive root of

aN?+ (al; +mP — Ny — 8P)N — 1, (6P 4+ Ny) = 0, (6.3)
;A
~ d+fP’

and P is the positive root of the equation

_ u ( 13) mN
K

Q(P) = W + L +N = (6.4)

Now, Q(K) = ;1”% > 0, where N is the positive root of (6.3) for P = K, and we can note
that P — co = Q(P) — —oo. Thus we can say that Q(P) will have at least one zero in

(K,e0), which establishes the existence of E;.

3. For the coexistence equilibrium E*(N*,P*,Z*, T*), we have

(No + 8P* —mP* —aly) ++/(No + 8 P* — mP* — aly )2 + 4al (No + 5 P*)

N* — > =Ui(P"),
= d+AfP* = Ua(FY),
* * %2
z= (1 +ff1}L’t*U2(P*) <1 - Pf) + lﬁ%fﬁ%) (ZHZXP ): Us(P7),
and P* is the positive root of equation
U(P) = apczl—ilz —dy — d>Us(P) = 0. 6.5)

As it is not easy to check the behaviour of (6.5) analytically, thus we plot U(p) in Fig.
6.1 with the set of parameters given in Table 6.1. From this figure, it can be noticed that

(6.5) has a unique root for these parameters.
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Fig. 6.1: Existence of unique root of U(P) = 0 with parameters from Table 6.1.

6.1.2 Stability analysis

For local stability analysis of model (6.1) about the possible equilibria, we present the following

theorem.

Theorem 6.1.2.

1.

2.

The phytoplankton-zooplankton free equilibrium, E; (% ,0,0, %) is always a saddle point.
The zooplankton free equilibrium, Ey(N,P,0,T) is stable if

CIP
——F <d;,A1 > 0,A3 >0,A1A2, —A3 >0 6.6
(XP2+12 1,41 y413 s 44142 3 ’ ( )
where A;(i = 1,2,3) are specified in proof.

The coexistence equilibrium, E*(N*,P*,Z*, T*) (if exists) is locally asymptotically stable
iff
By >0,By >0,B3 > 0,B4 > 0,B3(B1By — B3) — BBy > 0, (6.7)

where Bi(i = 1,2,3) are specified in proof.
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Proof. The variational matrix for system (6.1) is given as J = [J,4|4x4, where

mPh mN m1P11
Jn=—a—+——5,Ji2=—7" 0,J13=0,J14=0,J21 =
11 a (L +N)? 12 11+N+ 13 14 21 U1 +N)?
; u < P> uP P( P> AT mN  cZ(aP?—1)
e —— _— - — U —_ —
271+ fAPTN  K) K(1+ffiPT) K)(+fAPTY? " L +N ' (aP’+1h)?
cP P ffiP c1Z(l, — aP?)
(M
=gy = K) U+ frpme 3 =% =gy
cP
Ji3=—————d| —2drZ,J34 =0
33 P>+l 1 24,434 )

Jin=0,J4p0=—fT,Jy3=0,J44 = —fP—d.

1. Eigenvalues of variational matrix Jg, are —a,u+ %, —d; and —d. Thus the presence

of a positive eigenvalue of Jg, makes Ej as a saddle point.

2. The characteristic equation of Jg, = [cpg)ax4 18
(A —c33) (AP +AA2+ A0 +A3) =0, (6.8)
where

Ap = —(c11+cn+caa),Ar = c11022 — €12€21 + C11Ca4 + €20C44 — C24C42,
A3 = €11024C42 — €11C22C44 + C12C21C44
with the entries ¢, given by

mPll mN mlpll
€11 = —a— m;clz = 1 +N+6’Cl3 =c14=0,c21 = (ZH——N)Z’
ubP _ P AT cP
2T K+ fAPT) ~uP(1-%) I+ /AP P ™ " aPr 11y
5 P fHP ciP
€24 = —MP(I - E>W7631 =c3=0,c33 = oc132—+12 —day,

34 =c41 = 0,040 = —fT,C43 =0,c44 = —fP—d.

Using Routh-Hurwitz criterion on (6.8), E; is stable iff conditions given in (6.6) holds.
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3. For interior equilibrium E*, the entries of the variation matrix Jg+ = [a,4]4x4 are given as

mP*ll mN* —|—6 0 mlP*ll
ajl=-—-a— —————,0a12 = — a3 =ai4 =0,a0) = ————,
uP* . fAT* 20cZ* P*?
ay = — —uP ( ) 5 5 )
K(1+ ffiPT*) (L+ fAiPT*)*  (aP** +1)?
cP* P*( ) ffiP* 0 c1Z*(l, — OCP*2)
a3 =——5— =—u ,az1 = 0,a3 = ,
BT ap i I+ fAPTH 2 2 T T ap2 )2

a3 = —doZ" a3 = a41 = 0,a40 = —fT",a43 = 0,a44 = — fP* —
The characteristic equation for [a,q|4x4 is

A*+BiA? +ByA? + B3A + By =0, (6.9)
where

By = —(ai1 +axn +azz +ass),
By = ayi(ass +asa) +ax(ai +asz) + asa(axn +asz) —annar — axzazy — azsasn,
B3 = (agzasy —axpassz)(ai) + aaa) + azsaan(an +asz) +apazi (azs + asa) — ajyasa(axn + azz),

By = —ags(ar1a3a3 + a2a21a33) + a11a33(a2a44 — a24047).
Thus using Routh-Hurwitz criterion, E* is stable if conditions given in (6.7) are satisfied.

]

6.1.3 Occurrence of Hopf bifurcation

Here, we prove the existence of Hopf bifurcation about the interior equilibrium E*, choosing
the rate at which environmental toxin is added to system, A, as the bifurcation parameter with

keeping all other parameters fixed. For this, we have the following theorem.

Theorem 6.1.3.
The interior equilibrium E*(N*,P*,Z*,T*) goes through Hopf bifurcation as the parameter A
passes its critical value A". Let T": (0,0) — R be the following continuously differentiable
function of A

T(A) = By (A)B2(A)Bs(A) — B3(4) — By(A)B3(A).

The system (6.1) suffers Hopf bifurcation if the following conditions are satisfied

1. T(AM) =0,
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2. Bi(A") > 0,B,(A") > 0,B3(A") > 0,B4(A") > 0,
3. [B{(B1B4— B3B3) — (B1By — 2B3)(B1B} — B B3)]| (41 # 0.

Proof. From I'(A") = 0, (6.9) can be reduced to

2, B3(A") 2 oy | BiA"By(AM)
<7L +Bl(Ah)) <7L +Bi(A )/HW) = 0. (6.10)

Let A/s,i = 1 —4 are the roots of above equation, and A, A; are its purely imaginary roots for
A = A", Then we have

A3+ Ay = —B(A"), (6.11)
X3+ Mahy = By (A"), (6.12)
X3 (A3 + Ag) = —B3(A"), (6.13)
X332 = Ba(A"), (6.14)
By(A")

where xo = img(A(A")) =

By (A1) (using (6.11) and (6.13)). Now, there are two cases for
the nature of A3 and A4. In first case, if both are complex conjugate, then from (6.11), we have
2Re(A3) = —B1(A"); in second case, if both are real, then from (6.14), both must be of same
sign, and using this fact in (6.11), we infer that both should be negative. Thus in both the cases,
we get Re(A3) < 0 and Re(A4) < 0.

To conclude the proof, we discuss the transversality condition. let A;» = &(A) £in(A) is the
general form of of 4; and A, in an €— neighborhood of A", Substitution of 1 = £(A) £in(A)

into (6.9) and calculation of derivative with respect to A give us

L1 (A)&'(A) — Lo (A)n'(A) + L3(A) =0, (6.15)
Ly(A)E'(A) +Li(A)n'(A) + La(A) =0, (6.16)
where
Li(A) =48> — 120> +3(§> — n*)B1(A) +2£By(A) + B3(A),
Ly(A) = 12871 — 40>+ 651B (A) +21 By (A),

)
) =1
L3(A) = §B|(A) —350°B| (A) + (&> — n*)By(A) + § B4 (A) + By(A),
Ly(A) =3&°nBj(A) —n°B(A) + 261 By (A) + 1 B4 (A).
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AtA = A", we get

Ly (%) = —2By(a"), Ly (a") = 2, | 24 (Bz(Ah) 2 (Ah)>,

By(A") By (A")
! (AR h ! (Ah h
Ls(A") = Bj(A") — 3—2(212j2§A ) Lyat) = 5 gﬁg (Bé (-5 (zlﬁ,i;A ) >

Solving (6.15) and (6.16) for &', we get

Ly(A")Ly(A") + Ly (AF) L5 (A")
L} (A") + L3 (A")

_ BY(Bi1B, — ByB;) — (B1B2 — 2B;)(B1B; — B|Bs)

2B}B; +2(B1B; — 2B3)?

S RAA) | = —

Y

70,

A=Al

which defines the transversality condition for Hopf bifurcation for system (6.1). Thus if the
conditions provided in the statement of theorem hold, then the non-seasonal model undergoes

Hopf bifurcation, hence the proof. O

6.2 Main results for non-autonomous model

For the study of seasonal model (6.2), all the parameters in this model are assumed to be

positive, continuous and bounded. If f(¢) is a continuous function of period ®, then we denote

¢ =supf(t), /' = inf £(0).

teR

6.2.1 Permanence of non-autonomous system

Here, we determine an invariant set for system (6.2) and the positivity of infimums of all four

populations of our model directly promotes its permanence.

Theorem 6.2.1. Both the positive and non-negative cones of R* are positively invariant for
system (6.2). Letm) >0, j=1,2,3,4. Then

®c = {(N,P.Z,T) € R*|mf < N(t) < M§,m§ < P(t) < M5,m§ < Z(t) < M§,m§ < T(t) < M}

is an eventually bounded region for system (6.2), where € > 0 is enough small with

NE 4 88ME K¢ cEME A8
e _ "0 2 £ __ g g e __ “1772 £ __
M} = ==, M5 = —; (u$ +m3) +e, M3_—d%, i=gte
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mt — ms_gl ! _ch38 s
= e "\ ) &) ©

1 cl mé Al
€ 1772 8 £
"= g <agMeZ+zg ) e e
Proof. 1t is easy to prove the positivity of system (6.2) thus we omit it. Now, the solution for

the equation

bx(0)exp { [y bg(s,x(s))ds} .
x(0) [exp { [5bg(s,x(s))ds} — 1} +b

X (t)=g(t,s)x(t)(b—x(1)), b#0is x(t) =

From the second equation of (6.2), we get

% < u(t)P(t) <1 _ %) i P(r),

which implies

dP (K—g(ug ) —P(t)).

ul

Thus

M3P(0) exp((uf +mi)t) M3 P(0) exp((uf +mi)r) :
< - < M5,

P10 B0y exp(s-+ ) 1)+ 13~ PO)lexpl(af +mfJ) 1]+ 1

From the first equation of (6.2)

—r SNo(t) —al(ON (1) + 8()M5.

< NS+ 88M5 —a'N(t).

Thus . .
Mo OfM;

€

N(?) I-

al

From the third equation of (6.2), we get

dZ _ ci(t)P(t)Z(1) 2
— < ——" - —d(t)Z
which implies
dz cSME
= <dbzt)| L2 —-Z(@0)].
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Therefore, it follows

Sn€
M5Z(0)exp (#) t
2

< Mj.
ool
Zy | exp

ME -
léz)t—l}—l—Mg

Z(t) <

Now, from fourth equation of (6.2), we get

dT

— <A8—d'T(r).
” ()
Hence, it gives
A8 Ag
T <<= +&=M;.

In the similar manner, from the first equation of (6.2)

dN meM%
> N/ N(t).
dr ~ 0 ( + It > (®)

Hence, it gives

Nl
N(t 0 = =mj.
( ) = 0 -+ mé;[[uz 1
1
Now, again from the second equation of (6.2)
l g ME g 2
d—PZ ug M P(t)—uP(t),
dt 14 f8f; M5M5 lé K!
which yields
dP _ u® u'K! K'csME
— = = P(1) SIENEY P ).
Thus
0 us ny t
m5P(0) ex

0
Py {exp (ug;g? ) — 1} +m(2)
Now, from the third equation
dz Z(t 1
2 > #z(r) Lﬁ_df ——2Z(1)),
dt asM5=+15 d;

which gives
miZ(0)exp(dsms)
Z(0)fexp(d§m§t) — 1] +-m§ =

Z(t) >
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Lastly, doing the same type of calculation, we can get

Al

— €

Hence, O is a positively invariant for system (6.2) and the theorem follows. [

6.2.2 Periodic solution’s existence

In this subsection, we establish the existence of a periodic solution for our system (6.2) using
Lemma (1.5.2).

Theorem 6.2.2. Model (6.2) has at least one positive @-periodic solution if the operator equa-
tion
RWy =20 (6.17)

has finite real valued solutions (y”fr,yz,yg‘r, yjr), r=1,2,...,n such that

n

) sign det(RW) (57,33, 3%, 3%,) # 0,

r=1
where the operators R and W are provided in proof.

Proof. Let N(t) = e, P(t) = 20| Z(t) = 30| T(t) = €1 then from (6.2), we get

dyi(t) _ (1) _ _ m(r)e”) —1(1)+32(1)
e No(t)e a(r) (1) + o0 +6(t)e )
dy,(t) u(t) l_eyz(t)) my (t)en ) B c(r)es®
dr 1+ £(1)f1(£)e2(0+ra(0) K(1) L(t)+en®)  qe22) £ (1) (6.18)

dys (1) cl(t)eyz(t)
dt a(t)eZyz(t) +12(Z) 1( ) 2( )e 5
dy4(t)
dt

=A()e ™ — F(1)e2 M —d(r).

Now, if system (6.18) possess a w-periodic solution (y;(7),y2(¢),y3(t),ya(t)), then (6.2) will
have (e¥1() ¢72(1) ¢¥3(t) @4()) as its positive w-periodic solution. We take U = V in Lemma
1.5.2 and define

U=V ={(1y2,y3y1) € CRRY| y;(t+®) =y;(t),j=1,2,3,4,t € R},
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with || (y1,y2,¥3,y4)|| = ):?:1 max;c(o,e] |¥;(#)|- Thus U and V are Banach space with ||.||.

Let
Vi i Y1 i L yi(t)ar
Fl172 = s ¢ |72 —p |22 = [ ya(t)d
= 2], _ = [o, ’
Y3 Y3 3 Y3 o Jo y3(t)dt
Y4 Yy Y4 Y4 L ya(t)ar
y2 (1) T
" No(t)e ™) —a(r) — % §(t)e (200 y
u(t _ e2(t) ml(t)eyl<’) . C(;)e)’3(f)
w |2 LHf(2) fi(p)er2 (40 ! k0 )t L()+e1®O 2204y (1) 2 cu.
Y3 c1(1)er2(0) 3
V4 a(z)QZY2(t)+12(t) —d (t) - d2<t>ey3(t) »
A(r)e ™0 — £(1)er20) —d (1)

Thus system (6.18) is equivalent to the equation Fy = Wy, y € R*. Then we require to verify
the conditions mentioned in Lemma 1.5.2 for the equation F'y = Wy to get the existence of a

-periodic solution for system (6.18). Next, it is easy note that

KerF = {(y1,y2,y3,4) €U| (y1,2,¥3,y4) = (c1,c2,¢3,¢4) € R*},

[0)
ImF:{(Y17Y27Y3:Y4)€U|/() yj(t)dt =0, 12172’3’4}’

and dim KerF = codim ImF = 4. Therefore, F is a Fredholm mapping of index zero. Mappings
S and R are such projections with ImS = KerF, ImF = KerR = Im(I — R). The inverse FS_] of
F is of the form FS_1 : ImF — DomF NKersS, and is given by

1 Joyi(s)ds— 2 [o” Joyi(s)dsdt
va| | Joya(s)ds— L [s° o va(s)dsdt
il [ Joys(s)ds— & J5 Joya(s)dsdt
V4 Joya(s)ds =3 fo” Joya(s)dsdt

—1
FS
S

S

As RW and FS’1 (I — R)W are continuous thus we can easily check that RW (Q) is bounded and
Fg '(I—R)W(Q) is compact, i.e., W is F-compact on Q.
From Theorem 6.2.1, we have

m{ <N(t) <M, m5 <P(t)<ME, m§<Z(t)<Ms, m§f<T(t) <Mj,
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then for the operator equation Fy = pWy where p € (0, 1), we have

max |y (1)] < max{|In(m})|, [In(M})[} = D1, max |y(r)] < max{|In(m3)|,|In(M3)[} = Dy,
€0, te0,m]

max |y3(t)| < max{|In(m3)], [In(M5)[} = D3, max |ys(t)| < max{|In(mg)|, [In(Mg)[} = Dj.
1€[0,0] t€(0,0]

Now, let D = D| + D, 4+ D3 4+ D4 + D5, where Ds > 0 is enough large in such a way that each
solution (y},y3,¥3,yx) of the following equations

%/Ow (N()(t)eyl —a(t) lll’l(’z()t)eyez +5(I)€yl+y2>dt =0,

| ro u(t) Be mi (t)e c(t)e
5/0 (1 + f(2) f1(t)e2 s (1 - K(t)) + (1) +en e +lz(t)>dt
o st

%/Ow (A(t)e‘y4 — f(r)e* —d(t)> dt =0,

0,

(6.19)

satisfies H(yl7y27y37y4)H <D.
Define Q = {(y1,y2,y3,y4)T € U| ||(31,¥2,¥3,y4)|| < D}. Then for this defined Q, the first

condition of Lemma 1.5.2 is satisfied.
Let (y1,y2,y3,y4)] € QNKerF = dQNR*, a constant vector with ||(y1,y2,v3,y4)| = D
then

%foco <N0(l‘)e_YI —a(t)— I?Z())e:jl +8(t)e _y1+y2>dt

! 1 u(t) 2 my(t)e’l c(t)e’3 0

V2 olo’ (Hf fi(t)e2 4 (1 ()) + ll( )+t ae2y2+lz(t)>dt 0
RW = - .

Y3 c1(r)e”2

va wJo’ (W—aﬁ (l)—dz(l)€y3>dt .

ol (A(t)ey“ — f(t)e? —d(l)>dt

Hence, the second condition of Lemma 1.5.2 is fulfilled.

Defining a homomorphism

K :ImR — KerF7 (y17y27y37y4)T - (y17y27y37y4)T7



6.2. Main results for non-autonomous model 179

we get
deg(KRW,0QNKerF,0) = deg(RW,dQ N KerF,0).

Here, we assume that RWy = 0 has finite real valued solutions (y] ,y5 ,¥3 ,¥; ), ¥ =1,2,...,n

such that
n

Y sign det(RW) (33, ,33,.35,.35,) # 0, (6.20)

r=1

so under the assumption in (6.20), we have
deg(KRW,dQ NKerF,0) # 0.

Hence, all the conditions of Lemma (1.5.2) are verified. Thus Fy = Wy possess at least one
solution in DomF NQ i.e., system (6.18) has at least one w-periodic solution V1,5, ¥5.4) €
DomF N Q. Therefore, (x},x5,x5,x;) = (1,72, Y3, %) is a strictly positive @-periodic solu-
tion of model (6.2). [

6.2.3 Solution’s global attractivity

Now we evaluate the conditions under which the periodic solution of system (6.2) is globally

attractive.

Theorem 6.2.3. Let (N(t),P(t),Z(t),T(t)) be a positive ®-periodic solution for system (6.2).
Then this solution is globally stable if

Fi>0,i=1,2,3,4 6.21)

where /s are defined in proof.
Proof. Let (N(t),P(t),Z(t),T(t)) and (N*(¢),P*(¢),Z*(t),T*(¢)) are two positive w-periodic
solutions with positive initial conditions for the non-autonomous system. Define

Vi(t) = |InN(t) —InN*(¢)],Va(t) = | InP(t) — In P*(¢)],

Vi3(t) = |InZ(t) —InZ*(¢)|,Va(t) = |InT(t) — InT*(¢)|.

After calculating the right (Dini’s) derivatives of V;(¢) along system (6.2), we obtain

DTV (t) = sign(N(t) — N*(t)) (m — x: 8) (6.22)

No(t) 8(1)P(1) m(t)P(t) .
= { TNONG)  NONG) 0 +N@) () N D) }'N (1) =N"(1)
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(1) m(1) .
* {N*(t) OESED) }'P(’) —POk

PP
(1)1 (1) *
< N RO T VO N0
e W) £ AOT () ) u(t)
T TORPOTO) 1+ FOADPOT W) KOG T FOAOP T D)
. W) £ A OPOT () ez PO P )
O FOROPOTO) 1+ FOADPOT©) T [@@P 1) + (1)) (@)P20) +50)
P()— P (1)
W \zt)-z°0)

T a0P 0 1he)

Let
V(l‘) = V1([) +V2(l) +V3(t)—|—V4(l‘).

The using the above inequalities involving Vi (t),V(t),Va(t),Va(¢), the Dini derivative of V(r)
is evaluated as,

Nol) | 80P m(t)P(e)
Do < ‘{Na)zv* O T NON @ BOFNO) GO TN W)

1)l
(O FNE) (L) +N (1))

s WS OAOT()

N RONG T FOADPOT )1+ 0 AOP T 0)
n u(t)

RO+ 7O AP 0T 1)

W) (/i OPOT () ez Pn + )
RO T 70 ROPOTO)1+ S0 AOPOT W) (@@P ) + b)) @20 + B0)
& (0)(@()P(O)P* (1)~ (1) .
(@OP2(0) + () (@)P2(0) +5(0) f“)}'P(’) 7ol
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c(r) "
- { o (Z(I)P*z( ) (f)) +d2(t)}|Z([) -Z (t)|

WO F O 0P () PO\ | A *
‘{ T+ FOAOPOT O 1+ 0 OP <>T*<r>>(1+K<r>>+T<r>}T(”‘T(”"

Then using Theorem 6.2.1, we get
_J No() | 8()P(@)  m()Mj my (1) (2) A
Pvis {(Mf>2+ M T+ Tl + M5 }N(t) e

) 8 m(y) u(t)f () f1(t)mg u
mi L) +mi (1 fO)AOMIME)? - K@)(1+

)
COTOROMIME  2A0COMME (a0 bir) ()}U,@P*(t)

(1)

1()M3M)

1
FOAOmMEME?  (a(tyms” + ()2 (a(t)ms +L(1))?
)

) +dz(t)}Z(t) —Z°(0)|

)+ (1)
_ u(t)f(t) fi(1)M5 M; A(t) .
{ <1+f<r>f1<>msms>2(”z¢<t>)+ W }'”f) 7 (1)

Thus

DYV (t) < = AIN(1) =N*(1)] = 22| P(t) = P*(1)| = Z5|2(t) = Z* (1) = Za|T (1) = T*(1)],
(6.23)
where
= No(t)  8()P(t)  m()Mj my ()11 (1)
(Mp)? - (M) (L t)erl)2 (L () +M7)*
= _8()  m(r) u(t) f(t) fi1(#)mg n u(t) u(t) f(1) f1 (1) M5M;
m{ L) +mi (14 £(0)fi (t)f‘/leMZf)2 K@) (1+f(0) A)MsME) K (6)(1+ £ (1) fi1 (1) m5m§)?’

2e()a(OMEMS cr(0)(e)M5> — (1))

_ My -
(a(t)m§> + 1 (1))? (a(t)ms +1(1)) f(),
__ c(t)
5= (X(t)Mfz([) +12(t)) +da(1),

_u@)f ) fi(t)M3 ME N\ A1)
A= T 0 e (1+K(t)>+Mf'

So under the conditions given in (6.21), V(¢) is non-increasing on the interval [0, ), integrating

(6.23), we get

t
V(t)+/1/0 IN(s)—N* (s |ds+j2/ IP(s)—P*(s |ds+/3/ 1Z(s)—Z*(s |ds+/4/ IT(s) =T (s)|ds < oo.
(6.24)

Using lemma 1.5.1, we have

lim [N(z) = N*(¢)| =0, lim [P(z) — P"(z)| = 0,

t—o0
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lim |Z(1) = Z*(1)] =0, lim |T(:) ~ T"(1)| = 0.

f—yoo
Hence, the positive @-periodic solution of the seasonal system (6.2) is globally stable (attrac-
tive). [

6.3 Numerical simulation

In this section, we review the dynamical behaviour of systems (6.1) and (6.2) with help of nu-
merical simulations. For this, we use the parameters’ values from various literature sources,

mentioned in Table 6.1.

Non-seasonal model
For the parameters given in Table 6.1, the unique interior equilibrium (shown in Fig. 6.1) is
globally asymptotically stable which is evident from the Fig. 6.2 in which a number of solutions

in NPZ-space starting from different initial conditions converge to it (violet coloured dot).

_— Interior equilibrium
—

Ny 10 |
5 /o
A
/
00 I - / N
5 - -

10 15 20 o5 55 15

Fig. 6.2: Global Stability of interior equilibrium with parameters from Table 6.1.

Now we see the effect of the rate at which phytoplankton’s growth is suppressed by environ-
mental toxin f] on the kinetics of the system (6.1). For this we vary f] in the interval [2.5,4]
with u = 2 and other parameters same as in Table 6.1. Based on the bifurcation diagrams spec-
ified in Fig. 6.3, we can notice that the system exhibits steady-state kinetics for lower values
of f] in the taken interval. As we increase fi beyond its critical value, namely flh = 3.2525,
our system’s solution becomes periodic through Hopf bifurcation and yields a stable limit cy-
cle. Along with the change in the system’s dynamical behavior on changing f;, observing the
variation in population densities is also important. For this purpose, we have given the trend
of N,P,Z and T on varying f; in Table 6.2, keeping it in its stable range. From this table,
we can note that phytoplankton population density decreases as we increase parameter fi. As

zooplankton is the specialist predator of phytoplankton, its density also decreases but at a rapid



6.3. Numerical simulation 183

rate. Due to the reducing density of phytoplankton, the intake of nutrients decreases, due to
which their concentration increases, and similarly, increment in 7" can also be explained.

To study the change in the dynamical behavior of the system with respect to parameter A,
we have plotted the bifurcation diagrams for all four participants (N,P,Z,T) in Fig. 6.4 for
A € [6,8]. From these diagrams, we perceive that the system tends to coexistence equilibrium
for the lower addition rate of environmental toxins. As A crosses A = A" = 6.8525, there is
a rise of the stable limit cycle attractor. The trend of change in the N,P,Z,T on varying A
is reflected in Table 6.3. From these table, it is easy to notice that as the supply rate of toxins
increases, T increases due to which there is depletion in phytoplankton population density. Due

to which there is corresponding increment and decrement in N and Z, respectively.

14 //
75 — >
—
1.2 .
7+ ;
A 1 i
= 65 N A, os J
06 ;
° —-_/
0.4 f—— —
=
55 \
02 :
5 o ——
258 3 32 3.4 36 3.8 4 28 3 52 3.4 36 38 4
f1 fi
15 — 30
i
—
- 25
1 i 20 ~
N 2 B~ 15f 4
Dgigﬁ—% e $
N\, !
5 B
o o —
28 3 32 34 36 38 a 28 3 32 3.4 36 38 4
fi fr

Fig. 6.3: Bifurcation diagrams for model (6.1) using f; as the bifurcation parameter for
u = 2 and other parameters as in Table 6.1.
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Fig. 6.4: Bifurcation diagrams for model (6.1) using A as the bifurcation parameter for

u = 0.8 and other parameters as in Table 6.1.
fi N P Z T A N P Z T
2.5 6.7468 0.4097 0.5924 4.1447 6 6.7464 0.4098 0.6074 3.5519
277 6.7474 0.4096 0.5730 4.1457 6.2 6.7466 0.4097 0.5993 3.6707
29 6.7480 0.4095 0.5561 4.1466 6.4 6.7469 0.4096 0.5917 3.7895
3.1 6.7484 0.4094 0.5413 4.1473 6.6 6.7471 0.4095 0.5845 3.9082

Table 6.2: Trend of N,P,Z, T on variation of
Jf1 with u = 2 and other parameters as in Table
6.1.

Table 6.3: Trend of N,P,Z, T on variation of A
with # = 0.8 and other parameters as in Table
6.1.

Zooplankton free equilibrium E2 /

(a) Stable limit cycle for o = 0.18. (b) Stable E; for ox = 0.2.
Fig. 6.5: This figure depicts the eradication of oscillation and attaing stability by equi-
librium E, on increasing ¢, with f; =4, u = 2 and other parameters as in Table 6.1.

Phytoplankton’s inhibitory effect (o) against zooplankton is also one of the important pa-
rameters to be studied. The periodic oscillations for higher values of f; (Fig. 6.3) are eliminated
and zooplankton free equilibrium E, becomes stable on increasing . For Fig. 6.5(a), we keep

f1 =4, oo = 0.18 and remaining parameters same as of Fig. 6.3 for which system have a
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periodic solution. As we increase o to 0.2, the oscillations are wiped out, and the solution ap-
proaches the zooplankton free equilibrium. Accordingly, we can say that a rise in the inhibitory
effect may result in the extinction of both the zooplankton population and periodic fluctuations.
Thus the defence mechanism of phytoplankton can help to control the plankton blooms by
removing the periodic oscillations in the non-seasonal model. This deliberates the benefit of
using Holling type IV response for handling the phytoplankton-zooplankton interaction.
Multistability is a substantial property of a non-linear model, which makes it flexible in
an asymptotic way because a multistable system has more than one stable attractor. Due to
this, different solutions with different initial conditions tend to their respective attractors. Our
autonomous population model (6.1) also shows this character with three different stable attrac-
tors; stable interior equilibrium, stable limit cycle, and stable zooplankton free equilibrium.
In Figs. 6.6(a)-6.6(c), we have portrayed the time-series graphs of zooplankton population
from solutions with three different initial conditions (given in respective time-graphs). We can
notice from these figures that as we change the initial conditions, the asymptotic destination
changes correspondingly. In a 4-dimensional system, drawing the basin of attraction is not fea-
sible, thus for our system (6.1), we keep the nutrient coordinate of initial condition as constant
(N(0) = 10), and draw the basin by varying the remaining coordinates in Fig. 6.6(d).
Seasonal model
Now we do the simulations for analysing the behaviour of seasonally forced model (6.2). For
simulation purpose, the following parameters are assumed to have sinusoidal form while other

parameters are time-independent.
u(t) =u-+ugsin(wt), f(t) = f+ fosin(wr), 6(t) = & + dsin(wt),

where ug (0 < ug < u), fo (0 < fo < f), and & (0 < & < &) control the intensity related to
seasonal forcing, and the values of these ug, fy, & are assumed to be zero until mentioned in
the text.

Now, we analyse the impact of adding seasonal forces in the non-seasonal model (6.1).
For the parameters provided in Table 6.1, the interior equilibrium for model (6.1) is globally
asymptotically stable (Fig. 6.2). As we introduce the seasonality by taking w = 0.1, ug = 0.3,
for model (6.2), there is a rise of a positive periodic solution (Fig. 6.6) which is globally
attractive in nature as three solutions started from different initial conditions converge to it.
From Fig. 6.6(c), we can see that the solution of autonomous system with IC: [10, 4, 1.45, 1] is
non-permanent as the zooplankton population extincts. But as we introduce the seasonality in
this system by taking @ = 0.1, up = 0.1 and keeping all other parameters fixed as in Fig. 6.6(c),
solution of this non-autonomous system with the same initial condition becomes permanent

(Fig. 6.7(b)). Thus we can see that how the inclusion of seasonality in our system changes its
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dynamics.
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(a) IC: [10, 0.4, 1.6, 1].
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(b) IC: [10, 0.8, 1.6, 1].
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(c) IC: [10, 4, 1.45, 1].
Fig. 6.6: In Figs. (a), (b), and (c), the solution started from three respective different
initial conditions tend to stable interior equilibrium, stable limit cycle, and zooplankton
free equilibrium. For the Basins of attraction in Fig. (d), green, red, and blue dots refers
to initial conditions (P(0) € (0.1,4.5),Z(0) € (1,1.6),T(0) € (0.1, 1)) from where the
solution approaches interior equilibrium, limit cycle, and zooplankton free equilibrium,
respectively, with f = 1.267, o = 0.1333 and keeping other parametric values fixed
from Table 6.1.
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o 1250 2500 0 1250 2500
Time Time

Fig. 6.6: This figure demonstrate the global stability of the periodic solution of system
(6.2) for w = 0.1, ug = 0.3, and all other parameters from Table 6.1.

Zooplankton free equilibrium

(a) Autonomous system is non- (b) Non-autonomous system is
permanent. permanent.
Fig. 6.7: With IC: [10, 4, 1.45, 1], in (a) solution of autonomous system is non-
permanent whereas in (b) taking @ = 0.1, up = 0.1, solution of non-autonomous system
is permanent.

Now, we further examine our seasonal model by changing the parameters and study some
crucial qualities like; chaos and multistability, which are related to seasonal models [167]. For
a particular set of parameters (provided in the respective figure), seasonal model (6.2) behaves
chaotically. When a dynamical system becomes chaotic, predicting the future behavior of its
solution is not feasible, as it becomes sensitive to initial conditions. Thus to corroborate the
chaotic nature of this system, we perform sensitivity analysis by initiating two solutions from
two different but closed initial conditions ([1, 1, 1, 1] and [1.001,1.001,1.001,1.001]) shown in
Figs. 6.8(a)-6.8(d). From these figures, we can notice that these two closely started solutions
diverge from each other as time passes which endorses the system’s chaotic character. We have
also drawn a 3-dimensional Poincare map (Fig. 6.8(e)) in PZT-space keeping N = 5.5, and the
scattered distribution of points (magenta coloured) in this figure verifies the chaotic essence of

our model.
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Fig. 6.8: Figs. (a)-(d) show the sensitivity of solution of non-autonomous model (6.2)
with respect to initial conditions. Fig. (e) depicts Poincare map in PZT-space at N =5.5,
with parameters from Table 6.1 except w = 0.1,ug = 1.3, fo = 0.9,8 = 0.001, f; =
4 a=0.12,1; =17.

As stated earlier, multistability is an appealing character in non-linear models. Our seasonal
model (6.2) also exhibit this quality. From Fig. 6.9, we can see that for a set of parameters,
model has the attribute of tristability between a limit cycle (L; which is around zooplankton
free equilibrium), another stable limit cycle (L, around the interior equilibrium), and a chaotic
attractor. In Fig. 6.9(a)-6.9(c), we have plotted time-series graphs for nutrient coordinate of

three solutions started from three different initial conditions. Basins of attraction for all three
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attractors (L1, L, chaotic attractor) are also sketched in Fig. 6.9(d), in which green, blue, red
dots represent the initial conditions in NPZ-space from where solution goes to Ly, L, chaotic
attractor, respectively.

Taking ug = 2, 8 = 0.005, and remaining parameters same as in Fig. 6.9, now our seasonal
model shows tristability between period-1,2 and 4 limit cycles. To present this multistability,
we provide time-series graphs of nutrient coordinate of the solution with three different ini-
tial conditions (mentioned in Fig. 6.10(a)-6.10(c)), from where the solution tend to different
respective attractor. Again, we have have plotted the basins of attraction for these attractors
in Fig. 6.10(d). If we compare the basin diagrams in Figs. 6.9(d) and 6.10(d) with basin di-
agram presented in Fig. 6.6(d), we can note that these basins of attraction are very complex
and are scattered in a random way in the chosen domain. This behavior reflects the arise of
complexity in the dynamics of the system due to addition of seasonal forces. We can observe
that the presence of seasonal forcing in parameter § contributes in manifesting the complex
kind of multistablity and chaotic nature in the seasonal model. This reflects the significance of
incorporating the nutrient-plankton dynamics in our system.

As the intrinsic growth rate () is an important seasonal parameter, thus we try to see the be-
havior of the seasonal model (6.2) on changing « in a particular range. In Fig. 6.11(a)-6.11(d),
we have drawn the bifurcation diagrams for all the four populations of our model. From the fig-
ure, we can observe that the system switches its nature multiple times. From a chaotic regime,
it reaches to periodic region while passing through multiple chaotic and periodic windows. We
have also calculated the maximum lyapunov exponent (Fig. 6.11(e)) for the same range of u
and keeping other parameters fix as for drawing the bifurcation diagrams. We see from Fig.
6.11(e) that the positive values of maximum lyapunov exponent validates the chaotic nature of
non-autonomous system for this particular set of parameters. Thus one can say that the chaotic
nature of this system can be controlled by varying u in a particular domain. In similar manner,
we have drawn bifurcation diagram for varying f € (3.2,4) in Fig. 6.12. From these figures,
we can see that for the rightmost part of the interval f € (3.2,4); there is a single peak for each

value of f, which shows the existence of the period-1 limit cycle, i.e., the control of chaos.
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(¢) Chaotic attractor with IC: [5, 5, 1, 1].

Fig. 6.9: In Figs. (a), (b), (c), the solution started from three different initial conditions
([5,15,1,1],15,5,5, 1], [5, 5, 1, 1]) tend to a stable limit cycle (L;), another stable
limit cycle (L), a chaotic attractor, respectively. For the Basins of attraction in Fig. (d),
green, blue, red dots refers to initial conditions (N (0) € (0.1,3.5),P(0) € (5,20),Z(0) €
(1,1.5)) from where the solution approaches L; L,, and the chaotic attractor, respec-
tively, with parameters from Table 6.1 except w =0.1,up = 1.3, fp, = 0.9, 6, =0.001, f; =
4,0=0.12,1; = 17.

From the bifurcation diagrams presented in Figs. 6.11 and 6.12, we noticed how the ki-
netics of a system become complex after the introduction of seasonality. To view the complex
dynamics of our seasonal model in more depth, we have sketched a bi-parametric bifurcation
diagram in the uf-plane (Fig. 6.13). The combinations of u and f in this plane are divided
into seven types, depicted with different respective colors, which are presented in the color bar
given in the figure. Each color describes a periodic solution with a particular period. For ex-
ample, the blue combination of u and f gives a solution of period-1, red gives period-2, and so
on, whereas all the solutions in this figure are initiated from [1, 1, 1, 1]. This complex dynamics

represented in this figure also agree with results delineated by Hossain et al. [167].
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Fig. 6.10: In Figs. (a), (b), (c), the solution started from three different initial conditions
([15,5,5,5],11, 5,5, 5], [1, 1, 1, 5]) tend to periodic-1, periodic-2, and periodic-4 limit
cycle, respectively. For the Basins of attraction in Fig. (d), green, blue, red dots refers to
initial conditions (N(0) € (10,15),P(0) € (1,5),Z(0) € (1,5)) from where the solution
approaches periodic-1, periodic-2, and periodic-4 limit cycle, respectively, with parame-
ters from Table 6.1 except, w = 0.1,up = 2, fo = 0.9,00 = 0.005,u = 4,Ny = 0.5, f1 =
4, a=0.12,1; =17.
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Fig. 6.11: Figs. (a)-(d) shows bifurcation diagrams for all four populations of model
(6.2) whereas Fig. (e) gives the maximum Lyapunov exponent, with all other parameters
from Table 6.1, except w =0.1,u9 = 1.3, f1 =4,00 = 0.12,]; = 17.
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Fig. 6.12: Bifurcation diagrams for all four populations of model (6.2), with all other
parameters from Table 6.1, except w =0.1,ug =13, u=2.2, i =4, =0.12,[; = 17.
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Fig. 6.13: Bi-parametric bifurcation diagram in uf-plane, with w = 0.1,ug = 1.3, f; =
4, o0 =0.12,1; = 17 and rest of parameters from Table 6.1.

6.4 Discussion and conclusions

The main purpose of mathematical modeling in evolutionary biology is to formulate the eco-
logical interactions in the form of mathematical equations. In most of the works present in
literature, authors have ignored the seasonality of the physical parameters involved in predator-
prey interrelationships. However, recent works [46, 47] have incorporated this effect and de-
veloped the techniques to deal with such complex non-autonomous models. Inspired from
these, we aspire to study a seasonal NPZT-model with group defence of phytoplankton against
zooplankton.

Initialy we explained the formulation of our both autonomous and non-autonomous models
with necessary assumptions. We assumed that phytoplankton absorb nutrients through Holling
type II response whereas zooplankton consume phytoplankton via Holling type IV response.
Firstly, we provided the analysis for system (6.1) and then for system (6.2). We established

uniqueness and boundedness results for the autonomous model. Existence of equilibrium points
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and stability analysis of the system around these feasible equilibria are investigated next. Fur-
ther, we drived the condition for Hopf-bifurcation with respect to parameter A. In Section 6.2,
we did the mathematical analysis regarding to the non-autonomous model. This comprises
of driving the conditions for its permanence, existence of oscillatory solution, and its global
stability.

Next, through numerical simulation, we saw that system (6.1) undergoes Hopf bifurcation
for parameters f; and A. We observed that as long as both these parameters are less than some
threshold values, the system remained stable and after which there is the rise of oscillations.
We also examined the trend of change in N, P, Z, T as we vary f] and A (see Tables 6.2 and 6.3).
Phytoplankton’s inhibitory effect parameter (&) plays an observable role in the dynamics of
model (6.1). As we raised «, the oscillation present in the system (Fig. 6.5(a)) are eliminated
and zooplankton population went to extinction (Fig. 6.5(b)). Thus we can say that the defence
system of phytoplankton against zooplankton is capable of wiping the oscillations present in
the system and the zooplankton population. Our autonomous system (6.1) also showed the
characteristic of multistability (Fig. 6.6) between three attractors; stable interior equilibrium, a
stable limit cycle, and stable zooplankton free equilibrium. Further, we incorporated seasonality
in model (6.1) to get model (6.2). In Fig. (6.6), we demonstrated the existence and global
stability of periodic solution for non-autonomous system (6.2). The incarnation of seasonality
in the autonomous system made it permanent (Fig. 6.7). Thus we can say that the seasonality
promoted the coexistence of species in our system. For a particular set of parameters, system
(6.2) manifested chaotic nature. To confirm the chaotic nature of this system, we have done
the sensitivity analysis (Figs. 6.8(a)-6.8(d)). The sprinkled sampling points in the Poincare
map (Fig. 6.8(e)) also support the presence of the chaotic attractor. Moreover, system (6.2)
also exhibited multistability in complex ways. From Fig. 6.9, we can observe that the seasonal
model is multistable with three types of attractors; a stable limit cycle (L), another stable
limit cycle (L) and a chaotic attractor. Although, with some change in parameters it became
multistable with; a period-1 limit cycle, a period-2 limit cycle and a period-4 limit cycle (Fig.
6.10). There is also switching in the stability (Fig. 6.11(a)-6.11(d)) when we vary the seasonal
parameter u. We also calculated the maximum Lyapunov exponent (Fig. 6.11(e)) to verify the
chaos and switching of stability which is pictured in the above bifurcation diagrams for u. The
seasonal system showed a similar behaviour when we varied f (Fig. 6.12).

As we have extended the work of Mandal et al. [48], so we compare the model formula-
tion and the results of this chapter with their work. In their research paper, they assume that
zooplankton consume phytoplankton via Holling type II response and the reduction in zoo-
plankton density due to toxicity of phytoplankton is governed by a function, “i—zpz (Holling
type III response), where u is half-saturation constant for the toxin release by phytoplankton.

According to this assumption, even the low population density of phytoplankton contributes to
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reducing the zooplankton density, although phytoplankton does not release toxic chemicals at
low density. Thus to improve their model, we assume that zooplankton consumes phytoplank-
ton via Holling type IV response. In this response, there is no decrement in functional response
at the low density of phytoplankton. However, the response value decreases at high phyto-
plankton density, which abates zooplankton’s density. Thus the response taken to deal with the
phytoplankton-zooplankton interaction in the current work reflects the toxin-releasing mecha-
nism of dense phytoplankton in a more realistic manner than the previous one. As nutrients
play a vital role in plankton dynamics so to depict this role and make our model more compre-
hensive and realistic, we incorporated the nutrient-phytoplankton interaction in it. Therefore,
we can observe that the current model is a more realistic and extensive version of the model
given by [48].

One of the novel results in the non-seasonal model is that the defence mechanism of phy-
toplankton is capable of removing the oscillations present in the system, which can help in
controlling the plankton blooms. Further, when we introduce seasonality in the non-seasonal
model, chaos emerges for a set of parameters, making it more interesting to study. The non-
seasonal, as well as seasonal models show different kinds of multistability, which demonstrate
the noteworthy nature of the proposed work. To substantiate the results, we have also provided
extensive numerical simulation work by drawing time series graphs, 1-D and 2-D bifurcation di-
agrams, basins of attraction, Poincare map, etc. All the above features, which are not discussed
in previous study, make the present work more rigorous and reliable. This entire discussion
captures the vibrant nature of the proposed work; as a result, it is anticipated that the work
that has been put together will be able to help researchers to explore aquatic non-autonomous

systems in more depth.
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Conclusions

Mathematical modeling is an important tool for studying ecological interactions as it allows
researchers to simulate and explore complex ecological systems in a quantitative manner. By
using mathematical models, ecologists can develop a deeper understanding of how different
species interact with one another and how they are influenced by various environmental factors.
One of the primary benefits of mathematical modeling is that it allows researchers to make pre-
dictions about the behavior of ecological systems under different scenarios. By constructing
models that reflect different aspects of ecological systems, researchers can explore the conse-
quences of different assumptions and test the predictions of different ecological theories. In
this thesis, we have attempted to study prey-predator (particularly phyoplankton-zooplankton)
interactions with the inclusion of various physical parameters using the ordinary differential
and delay differential equations.

In each model, we first proved the well-posedness of that model by demonstrating the pos-
itivity and boundedness of its solution. Then the existence of all possible equilibrium points
is established, followed by their local and global stability analysis. Then we discussed all the
possible bifurcations with respect to significant parameters involved in that particular model.
Next, in the case of the delayed model, we did the local stability analysis for this. We did an
extensive numerical simulation for each model to reflect its corresponding theoretical findings.
In the numerical simulation, we drew various time-series graphs, different types of phase por-
traits, and bifurcation diagrams for non-chaotic as well as for chaotic systems; different kinds
of basins of attractions are also drawn in case of multistabilities.

In Chapter 2, we put forth a prey-predator model that takes into account the influence of
prey fear that the predator causes, as well as the prey’s anti-predator behaviour in response to
this fear. We observed that the rate of anti-predator behavior is an important parameter because
the number of interior equilibrium points changes as the value of rate of anti-predator behavior
varies. We studied the relationship between cost of fear and rate of anti-predator behavior. The
non-delayed system in this chapter showed the property of bi-stability between two equilibrium
points. We further noticed that, the delayed system suffered subcritical Hopf-bifurcation respect
to both delays and underwent chaotic regime for high values of fear response delay.

In Chapter 3, categorising phytoplankton into the two groups of NTP and TPP, we investi-

gated a phytoplankton-zooplankton system. To deal with zooplankton’s interactions with TPP
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and NTP, we choose generalised Holling type IV and Beddington-DeAngelis responses, re-
spectively. When we change the TPP’s inhibitory impact on zooplankton, it exhibits an unusual
behaviour: an initial increase in its value promotes the proliferation of zooplankton species be-
cause less of the poisonous food is consumed. Because of the increased grazing pressure that
zooplankton puts on NTP, this increase in zooplankton’s population causes a decline in NTP
population. However, as the zooplankton population depends entirely on NTP for survival, a
further rise in this inhibitory impact results in a decrease in the population. The non-delayed
system experienced Hopf and transcritical bifurcations with respect to different parameters.
The interference parameter of the predator is also crucial to the system’s dynamics. We no-
tice that an increase in this interference causes zooplankton species’ population densities to
increase rather than decrease and this shift also helps regulate the periodic oscillations. By
including two discrete delays, one to account for gestational delay and the other to assess the
temporal lag caused by the TPP’s cells maturing before they can release harmful chemicals, we
further analyse the system’s kinetics. A chaotic regime can be reached by increasing the second
delay in a delayed system.

Chapter 4 is dedicated to a phytoplankton-zooplankton-fish system with increased fish food
and anxiety of zooplankton due to fish. Holling type IV and type II responses handle the cor-
responding interactions. We observed that as fear rises to infinity, the fish population decreases
until it reaches a point at which the coexistence equilibrium remains constant. Increasing the
additional food quality can also help manage chaos at low levels of fear. This system demon-
strated the relationship of multistability between a positive and a planner equilibrium and dis-
played the paradox of enrichment while using phytoplankton carrying capacity as the control
parameter.

In Chapter 5, by combining both the characteristics linked to fear and its carry-over effects
with all the necessary assumptions, we worked on the non-delayed and delayed PZF-population
models. Simplified Holling type IV and II functional responses are postulated to govern the
corresponding PZ and ZF interaction. We have theoretically demonstrated that the fish species
saturates to a limited positive value for the carry-over effect parameter. The increase in zoo-
plankton’s PGR is the reason for the rise in the fish population. The non-delayed model flips
its stability twice and passes through several periodic and chaotic windows before stabilizing,
as seen by the variation of the COE parameter. Our non-delayed system exhibits the character
of enrichment of paradox suffered and transcritical bifurcation. Because there is a latency and
the carry-over effects are not immediate. We introduced a COE delay to make the non-delayed
model more realistic and applicable. Most studies find that adding delay to a model makes it
chaotic or periodic. However, there are rare cases when the presence of delay in an oscillatory
system can render it stable by AD (amplitude death). In our approach, delay aids in chaos

control by stabilizing it through the AD phenomenon.
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In Chapter 6, we studied a seasonal NPZT-model with group defence of phytoplankton
against zooplankton. We assumed that phytoplankton absorbs nutrients through the Holling
type 11 response, whereas zooplankton consumes phytoplankton via Holling type IV response.
We did a thorough analysis of the autonomous as well as non-autonomous models. Phytoplank-
ton’s inhibitory effect parameter played an observable role in the dynamics of the autonomous
model. When this parameter increases, the oscillation in the system was eliminated, and the
zooplankton population become extinct. Thus, the defence system of phytoplankton against
zooplankton can wipe out the oscillations present in the system and the zooplankton popula-
tion. Our autonomous system also showed the characteristic of multistability between three
attractors; stable interior equilibrium, a stable limit cycle, and stable zooplankton-free equilib-
rium. The incarnation of seasonality in the autonomous system made it permanent. Thus we
can say that seasonality promoted the coexistence of species in our system. For a particular
set of parameters, a non-autonomous system manifested chaotic nature. The non-autonomous
system exhibited multistability between different attractors. We noticed that our model is very
complex and comprehensive as we have included the nutrient-phytoplankton interaction. We
also showed that the seasonality in our model makes it permanent. Due to seasonality, the emer-
gence of chaos in our model made it more interesting to study. Our model also demonstrated

different kinds of multistability.

Future Directions

In this thesis, we worked on some ecological model by incorporating several important physical
parameters. We investigated the complex kinetics of these models and have obtained significant

outcomes. Future developments of our work can go in the following directions.

e In this thesis, we have worked on different kinds of local bifurcation, which are of
codimension-1 basically; in the future, higher codimension and global bifurcations can

also be explored.

e In this thesis, we have worked on temporal models, and in the future, this work be ex-

tended in spatial-temporal direction also.

e In the future more biological factors like; the Allee effect and predator taxis can be in-
corporated into the models. The predator taxis will make us learn new tools related to

functional analysis.
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